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Abstract
Debugging software remains challenging and costly due to the difficulty of

understanding program execution and tracing the origin of problems, which are

often obscured by system complexity. To debug object-oriented program, develop-

ers are traditionnally provided with debuggers featuring breakpoints, steps, and

a call-stack. They use these features to navigate the source code and methods

involved in a program execution. However, research suggests that, when main-

taining object-oriented programs, developers think not only in terms of source

code and methods but also consider the objects’ behavior, their state transitions,

and interactions with other objects.

To address the discrepancy between the available debugging tools and the in-

formation developers need while debugging, researchers have proposed object-
centric debugging. Object-centric debugging is an approach that proposes the use

of debugging tools focused on specific objects rather than on classes and meth-

ods. These tools include object-centric breakpoints, which pause program exe-

cution for specific objects. They also include omniscient debuggers that allow

developers to capture the behavior of objects during execution and then explore

it. Although evaluations of this approach have been proposed, mostly through

benchmarks and case studies, further research is needed to learn the impact of

object-centric debugging.

The objective of this thesis is therefore to investigate the impact of object-

centric debugging and propose solutions to improve the approach. To this end,

we conducted an empirical evaluation of object-centric breakpoints. Our results

suggest that these breakpoints could help developers save time while debugging.

However, they also reveal limitations in scenarios involving bugs in object ini-

tialization. Therefore, we compared these results with those of object-centric de-

bugging solutions based on omniscient debuggers. To do so, we conducted a case

study analyzing debugging sessions with object-centric breakpoints and their om-

niscient equivalent, Time-Traveling Object-Centric Breakpoints (TTOCB). Our

observations suggest that TTOCB would help developers debug scenarios in

which object-centric breakpoints seem limited, and reduce the number of actions

performed with the debugger. Finally, we compared the characteristics of exist-

ing object-centric debuggers with the debugging methodologies described in the

literature. We discovered a lack of technological support from debuggers for the

systematic debugging method. To address this issue, we propose Scopeo, an om-

niscient, queryable, and object-centric debugger featuring exploration scopes. Ex-
ploration scopes are subparts of program execution that developers can create and

reuse with queries. To illustrate the feasibility of debugging with an exploration

scope, we presented a case study of three debugging scenarios. We conclude this

dissertation by identifying potential avenues for future research.



Keywords Object-Oriented Programming, Object-Centric Debugging, Object-

Centric Breakpoints, Empirical Evaluation, Time-Traveling Debugger, Query-

Based Debugging, Debugging Method, Debugging Workflow, Object Relation-

ships, Debugging, Breakpoints.



Résumé

Le débogage des logiciels reste fastidieux en raison des difficultés liées à la com-

préhension de l’exécution des programmes et à la recherche de l’origine des

problèmes qu’ils présentent. Pour déboguer un programme orienté objet, les

développeurs disposent traditionnellement d’outils de débogage dotés de fonc-

tionnalités qui leur permettent de naviguer dans le code source des méthodes im-

pliquées dans l’exécution d’un programme. Cependant, des recherches suggèrent

que, lors de la maintenance de programmes orientés objet, les développeurs ne

pensent pas seulement en termes de code source, mais se questionnent aussi sur

le comportement des objets, leurs interactions et changements d’états.

Pour remédier à l’écart entre les outils de débogage et les informations dont

les développeurs ont besoin lors du débogage, les chercheurs ont proposé l’object-
centric debugging, le débogage centré sur les objets. Le débogage centré sur les

objets est une approche qui propose d’utiliser des outils de débogage axés sur des

objets spécifiques plutôt que sur des classes et des méthodes. Ces outils compren-

nent les object-centric breakpoints, des points d’arrêt qui suspendent l’exécution de
programme pour des objets spécifiques. Ils incluent aussi des débogueurs omni-

scients, qui permettent aux développeurs de capturer le comportement des objets

pendant l’exécution, puis de l’explorer. Bien que des évaluations de cette approche

aient été proposées, des recherches supplémentaires sont nécessaires pour con-

naître l’impact du débogage centré sur les objets.

L’objectif général de cette thèse est donc d’étudier l’impact de l’object-centric

debugging et de proposer des solutions pour améliorer cette approche. Pour

ce faire, nous avons mené une évaluation empirique des object-centric break-

points. Nos résultats suggèrent que ces points d’arrêt pourraient aider les

développeurs à gagner du temps lors du débogage, mais révèlent des limites pour

certains scénarios. Nous avons comparé ces résultats avec l’équivalent omniscient

des object-centric breakpoints, les Time-Traveling Object-Centric Breakpoints

(TTOCB). Nos observations suggèrent que les TTOCB aideraient les développeurs

à déboguer des scénarios pour lesquels les breakpoints object-centric semblent

limités et à réduire le nombre d’actions nécessaires pour déboguer. Enfin, en

étudiant la littérature, nous avons constaté que les debuggers object-centric

n’apportent pas d’outils pour aider les développeurs à suivre la méthode de débo-

gage systématique. Pour remédier à cela, nous proposons Scopeo, un debugger

omniscient, et centré sur les objets, qui introduit les exploration scopes. Ces scopes
sont des sous-parties de l’exécution du programme que les développeurs peuvent

créer et réutiliser via des requêtes. Nous présentons ensuite une étude de cas il-

lustrant la faisabilité du débogage à l’aide de Scopeo et terminons en identifiant

des pistes de futures recherches.
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Debugging is known to be a tedious and time-consuming part of the develop-

ment and software maintenance process [Tassey 2002, Telles 2001, Vessey 1986,

Zeller 2009, O’Dell 2017]. It consists in reproducing the behavior of a program,

understanding how it came to be and implementing the best possible solution

to rectify failures [Zeller 2009]. Among the challenges related to debugging, the

great diversity of bugs makes choosing an appropriate debugging strategy diffi-

cult [Cotroneo 2025, Ahmed 2023, Gyimesi 2021]. Additionally, some bugs can be

difficult to handle by nature [Perscheid 2017, Yin 2011, Costiou 2018]. The pro-

cess of debugging can also be particularly costly due to the need for developers

to maintain mental models of the program under investigation and the potential

for false assumptions leading to incorrect debugging hypotheses [Détienne 2001,

Yoon 1998, Vessey 1986, Gilmore 1991, Ko 2005, Spinellis 2018]. Additionally, it

seems that developers today are mostly self-trained [Beller 2018, Perscheid 2017],

even though teaching debugging seems to improve developers’ skills in this pro-

cess [Hassan 2024, Yang 2025]. At the same time, developers report that the tools

are perceived as difficult to use, forcing developers to rely on lower-level instruc-

tions, such as print statement [Beller 2018].

1.1 Context
Debugging object-oriented programs presents an additional challenge. Among

the debugging tools provided by Integrated Development Environments, break-

points are the ones most commonly used by developers [Beller 2018], particularly

to initiate an analysis of a program’s behavior [Fontana 2021]. These debugging

breakpoints are flags allowing developers to interrupt the execution of a program

at any point in the source code. First, developers examine the source code to de-

termine where to place a breakpoint. After placing a first breakpoint, they start
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the execution of the program. The system stops the program execution when it

reaches a breakpoint and displays the execution context in a call-stack debug-

ger. Usually, to present the execution context, debuggers display the stack of exe-

cuted operations (i.e., method calls) from the beginning of the program execution

up to the breakpoint location. This enables developers to inspect and analyze

the program’s state and behavior, and possibly set additional breakpoints in the

source code [Zeller 2009, Perscheid 2017, Petrillo 2019, Beller 2018]. However, re-

search suggests that these breakpoints and especially call-stack debuggers are not

suitable for debugging object-oriented programs [Lienhard 2006, Ressia 2012b].

These works highlight a conceptual gap between the perspective of standard de-

bugging breakpoints (i.e., the source code and themethod call-stack) and the ques-

tions developers ask when debugging object-oriented programs. When debug-

ging object-oriented programs, developers tend to ask questions about the be-

havior of the objects living in the execution context of the program [Sillito 2006,

Kubelka 2014], rather than about source code. Therefore, when debugging a sin-

gle suspect object, developers may experience unwanted interruptions because

the execution is stopped every time an object executes the same code as the sus-

pect object, on which the breakpoint was set. This does not help developers to

reason about the specific objects they are investigating about.

Consequently, Ressia et al. proposed object-centric breakpoints [Ressia 2012b]
that developers can use on objects rather than on the source code. With object-

centric breakpoints, developers can select a single object and place a breakpoint

on that object. The breakpoint is then active only for that particular object even

if that object shares source code with other objects.

1.1.1 Object-Centric Debugging

The approach of focusing the debugging perspective on objects has

been coined object-centric debugging [Lienhard 2006, Ressia 2012b].

Object-centric debuggers are expected to help analysis [Lienhard 2006,

Lienhard 2007, Lienhard 2009, Thiede 2023a, Thiede 2023b], under-

standing [Willembrinck 2021, Willembrinck 2022b], and debugging

[Hinkle 1993, Ressia 2012b, Corrodi 2016, Costiou 2018, Costiou 2020b] of

object-oriented programs. In particular, these debuggers aim at addressing the

discrepancy between the conventional representation of a software execution

as a linear control flow (with the stack of method calls) and the abstraction of

such a flow that is offered by object-oriented programs [Ressia 2012b]. These

programs represent the execution as a directed graph, wherein the nodes are

objects (representing a concept with a state and behavior) and the edges are

messages and commands that are sent from one object to another. Therefore, we

qualify as object-centric solutions those that aim to help developers follow the

interactions and state transitions of objects, tasks that would otherwise be chal-
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lenging using standard debugging tools, potentially demanding a greater number

of actions [Ressia 2012b] or leading to program crashes [Hinkle 1993]. Some

of these solutions enhance standard debuggers with object-centric operations

such as breakpoints [Hinkle 1993, Ressia 2012b, Corrodi 2016, Costiou 2022],

run-time behavioral adaptation [Ressia 2012a, Papoulias 2017, Costiou 2018],

and support for object-centric operators [Costiou 2020b]. Others enhance

back-in-time and time-travel debuggers with new object-centric views

and operators [Lienhard 2006, Lienhard 2007, Lienhard 2009, Yang 2011,

Willembrinck 2021, Willembrinck 2022b, Thiede 2023a, Thiede 2023b,

Bourcier 2024b, Bourcier 2024c].

1.2 Research Questions
While object-centric debugging has been shown to be effective in certain scenarios

[Ressia 2012b], there is still a lack of empirical evaluation of its impact on the

activity of debugging. This lack of evaluation makes it difficult for researchers

and developers to understand the true benefits and limitations of object-centric

debugging. Therefore, we cannot determine whether it is worthwhile to continue

making engineering efforts and conducting research to develop practical object-

centric debugging approaches.

Most studies have focused on illustrating the approach through case stud-

ies [Lienhard 2009, Gestwicki 2005, Hofer 2006, Ressia 2012b, Phang 2013], or

have used benchmarks to measure efficiency in terms of calculation and mem-

ory space [Hinkle 1993, Ressia 2012b]. However, few studies have involved de-

velopers directly in the evaluation process. Whyline, has been empirically evalu-

ated through several user studies [Ko 2004, Ko 2008, Ko 2009]. These evaluations

strongly suggest the superiority of Whyline over traditional tools when it comes

to facilitating debugging. However, the evaluation designs have limitations that

make confirming the results important. Willembrinck et al. also provides an em-

pirical evaluation related to object-centric debugging [Willembrinck 2021]. They

investigated a time-travel debugger using 14 program comprehension tasks. Two

of these tasks required the use of the object-centric options of the debugger. Even

though their evaluation shows significant results when considering all tasks, the

authors could not conclude about the object-centric tasks of their experimental

design. Without an empirical evaluation, we cannot assess the impact of object-

centric debugging on the debugging process. Therefore, we cannot determine

whether it is worthwhile to continue researching this topic or in which direction

the research should proceed to best help developers.



4 Chapter 1. Introduction

Hence our main research question:

RQ1. How does object-centric debugging impact the activity of debugging?

Later in our thesis we focus on the evaluation of object-centric breakpoints

as they represent the most researched object-centric debugging solution with a

stable implementation. However, many contributions to the field of object-centric

debugging propose using omniscient debuggers to explore program executions

in an object-centric manner. Therefore, in this thesis, we are also interested in

understanding the practical differences between object-centric approaches based

on breakpoints and those based on omniscient debuggers.

RQ2. What are the practical differences between object-centric approaches

based on breakpoints and those based on omniscient debuggers?

Object-oriented programs can manipulate a large number of different objects.

While debugging these programs, developers often wonder about the behavior

of the objects being manipulated [Sillito 2008, Kubelka 2019]. Developers fol-

low an iterative debugging methodology that includes hypothesis formulation,

verification, and refinement to accomplish this task [Gilmore 1991, Zeller 2009,

Spinellis 2018]. This methodology allows them to reduce the search space for

objects and potential flaws in their behavior. Existing object-centric debugging

approaches, particularly omniscient ones, partially support this cycle. In our the-

sis, we wonder if we can provide technological support to debugging cycles, and

how such support would impact the debugging of object-oriented program.

RQ3. Can we provide technological support for debugging cycles, and how

does such support impact the debugging of object-oriented programs?

1.3 Thesis Outline

This thesis investigates the impact of object-centric debugging on the debugging

of object-oriented programs and how to improve existing object-centric debug-

ging approaches. Below, we outline the structure of our dissertation.

Chapter 1: State of the Art

We begin our dissertation by identifying general debugging challenges from

the literature before presenting the main challenge to debugging object-oriented
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programs. We then list the existing object-centric approaches, their limits, and

conclude this chapter by highlighting the lack of empirical evidence supporting

this approach.

Chapter 2: Evaluating the Impact of Object-Centric Breakpoints on
Debugging

In this chapter, we present the first user study on object-centric breakpoints.

We designed and conducted a controlled experiment involving 81 developers

to investigate the impact of object-centric breakpoints on the debugging of

object-oriented programs. The results show that object-centric breakpoints can

facilitate debugging, but might also hinder it when bugs are located at program

initialization.

Chapter 3: A Case Study of Object-Centric Breakpoints and Time-
Traveling Queries

In this chapter, we introduce omniscient debuggers and time-traveling queries

as means to address the limitations of object-centric breakpoints highlighted by

the results of the empirical experiment. We present a case study that compares

the debugging sessions of one developer across four tasks with object-centric

breakpoints and with Time-Traveling Object-Centric Breakpoints, an equivalent

of object-centric breakpoints leveraging the potential of omniscient debuggers.

The results show that omniscient debugging approaches have the potential

to facilitate the debugging of programs in which defects are executed during the

initialization process. We also highlight how time-traveling queries facilitate the

implementation of object-centric debugging tools.

Chapter 4: Scopeo, Towards Object-Centric Debuggers Supporting De-
bugging Cycles

In this chapter, we introduce Scopeo, our proposal for supporting debugging

cycles. Scopeo is an omniscient debugger that automates the exploration of pro-

gram execution history by executing queries. We introduce the concept of an ex-
ploration scope with Scopeo. An exploration scope is a representation of subparts

of the execution history obtained as a result of queries. It supports debugging

cycles by being also reusable as input for new exploration phases.

We evaluated our approach using a case study, reusing scenarios from empir-

ical experiment presented in chapter 3. The results provide insights to how the

exploration scope can be used to support debugging cycles, and draw the limita-

tions of the current prototype of Scopeo.
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1.4 Contributions
1.4.1 Publications

International conferences - peer-reviewed
Valentin Bourcier, Pooja Rani, Maximilian Ignacio Willembrinck Santander,
Alberto Bacchelli, Steven Costiou, “Empirically Evaluating the Impact of
Object-Centric Breakpoints on the Debugging of Object-Oriented Programs”. In:
ACM International Conference on the Foundations of Software Engineering 𝐹𝑆𝐸.
2025. URL: https://hal.science/hal-04948470v1
Valentin Bourcier, Alexandre Bergel, Anne Etien, Steven Costiou, “Debugging
Activity Blueprint”. In: 2024 IEEE Working Conference on Software Visualization
(VISSOFT). 2024, pp. 48–58. DOI: 10.1109/VISSOFT64034.2024.00015. URL:
https://ieeexplore.ieee.org/abstract/document/10794853

Valentin Bourcier, Steven Costiou, “Scopeo: an Object-Centric Debugging
Approach for Exploring Object-Oriented Programs”. In: 2024 IEEE Interna-
tional Conference on Software Analysis, Evolution and Reengineering (SANER).
Rovaniemi, Finland, 2024. DOI: 10.1109/SANER60148.2024.00040. URL:
https://inria.hal.science/hal-04627606

International journals - peer-reviewed
Valentin Bourcier, Maximilian Willembrinck, Adrien Vanègue, Stéphane
Ducasse, Anne Etien, Steven Costiou, “Time-Traveling Queries: Extensible
Tools for Faster Program Comprehension.” In: The Journal of Object Technology
23.1 (2024), p. 1. URL: https://www.jot.fm/issues/issue_2024_01/
article7.pdf

Valentin Bourcier, Steven Costiou, Maximilian Ignacio Willembrinck Santander,
Adrien Vanègue, Anne Etien, “Time-traveling object-centric breakpoints”. In:
Journal of Computer Languages (2024). DOI: 10.1016/j.cola.2024.101285.
URL: https://inria.hal.science/hal-04629161

Workshop - peer-reviewed
Adrien Vanègue, Valentin Bourcier, Fabio Petrillo, Steven Costiou, “Debug-
ging Video Games: A Systematic Mapping”. In: Proceedings of the 1st ACM In-
ternational Workshop on Future Debugging Techniques. 2023, pp. 23–30. DOI:
10.1145/3605155.3605865. URL: https://inria.hal.science/hal-
04139070v1
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1.4.2 Awards
Technology Award for The Pharo Debugger - ESUG 2023

At the 2023 European Smalltalk User Group (ESUG) International Conference,

we received an award for presenting advanced debugging tools in Pharo. These

tools served as the foundation for the development of the debugging tools and the

research presented in this thesis.

1.4.3 Software
Scopeo [Bourcier 2025a]

Scopeo is an omniscient debugger that allows developers to ask questions in

the form of queries that collect objects and events related to those objects. Scopeo

allows developers to save a query’s results in an exploration scope that can be

reused as subject for new, more refined queries. This supports the refinement of

hypotheses that developers make during debugging.
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In this chapter, we present the challenges associated with debugging. We be-

ginwith a general overview of these challenges before diving into the details of the

challenges specific to the debugging of object-oriented programs. We then present

existing object-centric debugging approaches. First, we present approaches based

on breakpoints and outline their limitations. Then, we present omniscient ap-

proaches, which are an alternative to breakpoint-based approaches. We conclude

this chapter by listing the evaluations of object-centric approaches before dis-

cussing their limitations, explaining why these limitations constitute one of the

motivations for this thesis.

2.1 Debugging, a Challenging Task
A bug is characterized by unexpected behavior, also known as a failure of a

software program at runtime. A bug originates from a cause, or defect, in the

code [Zeller 2009]. When a defect is executed, it can corrupt the state of the pro-

gram. This corrupted state does not necessarily lead immediately to the program’s
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failure. In this case, the execution continues, and the corrupted state might prop-

agate to future program states until the program ends or fails [Zeller 2009]. De-

bugging involves identifying and understanding the sequence of infections from
the cause to the failure, also known as the cause-effect chain, and correcting

the defect [Zeller 2009, Beller 2018]. Of these two aspects of debugging, identi-

fying and understanding the cause-effect chain is seemingly the most complex

[Azadmanesh 2017, Zeller 2009, Yoon 1998, Gilmore 1991]. Although one might

expect Automatic Program Repair approaches to help developers avoid this com-

plexity, researchers report otherwise. Winter et al. [Winter 2023] surveyed 386

software developers to investigate their attitude toward Automatic Program Re-

pair. They found that developers tend not to trust automated debugging ap-

proaches due to challenges in code comprehension [Böhme 2017] and difficulties

in understanding automatically generated fixes [Parnin 2011]. Therefore, an in-

teresting question to consider is what common obstacles or challenges make it

difficult to understand code and programs? Fortunately, the research community

has already reported on the challenges that hinder code and program comprehen-

sion.

Bug diversity: Some bugs such as concurrent bugs or design related bugs are

inherently complex [Perscheid 2017, Yin 2011]. Researchers described several

difficult-to-correct bugs from the literature [Costiou 2018]. These are the Heisen-

bug [Gray 1986, Eisenstadt 1997, Zeller 2009], the Stealth-bug [Eisenstadt 1997],

the Mandelbug [Grottke 2007] and the Schröedinbug [Raymond 1996]. These

bugs have one thing in common: their defects do not leave clues of their

existence after corrupting the program. They may even remain undetected

during the testing phase and only appear in specific scenarios within the

program [Costiou 2018]. As of today, the literature contains taxonomies of

bugs that are relevant to the majority of software systems [Catolino 2019,

Tan 2014]. However, the research community continues to study the types of

bugs associated with specific programming paradigms, such as non-deterministic

and concurrent programming [Leesatapornwongsa 2016], event-driven program-

ming [Tchamgoue 2011], and domains like the gaming industry [Coppola 2024,

Butt 2023, Lewis 2010]. Studies have also been conducted on bugs encoun-

tered when using specific programming languages [Cotroneo 2025, Ahmed 2023,

Gyimesi 2021]. This research help to develop bespoke debugging strategies and

design and assess specific debuggers or automatic fault detection solutions. How-

ever, the variety of bug categories, languages, and tools can hinder the selection

of an effective debugging strategy for any given situation.

Cognitive load: When debugging, developers maintain mental models of

the program under investigation [Gilmore 1991, Yoon 1998, Azadmanesh 2017,
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O’Dell 2017]. They have a mental model of their understanding of the program

specifications and its expected behavior, as well as a mental representation of

the problem [Gilmore 1991, Yoon 1998, Détienne 2001]. While debugging, devel-

opers formulate implicit hypotheses about the differences between a program’s

actual state, behavior, and their mental model of it [Vessey 1986, Gilmore 1991,

Yoon 1998, Spinellis 2018]. To verify these hypotheses, they ask "why?",

"what?", or "how?" questions [Sillito 2006, Sillito 2008, Kubelka 2019], to which

they respond by modifying the code or using debugging tools [Layman 2013,

Perscheid 2017]. Once they have an answer, they update their mental model with

the newly acquired knowledge and start again the process until they find the

cause of the bug [Vessey 1986, Gilmore 1991, Yoon 1998, Spinellis 2018]. Since

mental models are approximations of reality used for reasoning about pro-

grams [O’Dell 2017], and because individuals can only handle so much cogni-

tive load, developers’ mental models of a program may contain false assump-

tions [Gilmore 1991, Ko 2005]. False assumptions lead to incorrect hypotheses,

forcing developers to repeat the debugging process. This cycle makes debugging

a particularly costly cognitive activity since it continues until the developers have

a sufficient understanding of the program to identify the source of the bug or ex-

perience a cognitive breakdown (which could lead to further bugs [Ko 2005]).

Debugging education: In a user study, Yin et al. reported that about 27%

of erroneous bug corrections are made by developers who never contributed

to the code containing the defect [Yin 2011]. When developers have a strong

understanding of the code involved in a bug, they can create a more accurate

mental model of the issue, increasing the chances of proposing the right fix.

Gugerty et al. found that more experienced developers demonstrate a stronger

ability to understand code and programs behavior [Gugerty 1986]. If debug-

ging skills play a role in understanding the program [Jeffries 1982, Vessey 1985,

Gugerty 1986, Chmiel 2004, Albluwi 2021], then an interesting question arises:

How are these skills acquired? Recent studies indicate that most developers

learn debugging skills independently rather than during their computer science

education [Perscheid 2017, Beller 2018]. Perscheid et al. highlight that among

the participants to their survey, those who did not receive an education to de-

bugging were performing similarly to those who received debugging educa-

tion [Perscheid 2017]. This suggests that as of today, developers mostly learn

to debug through practical experience. Yang et al. highlight that although

teaching debugging can be challenging because "students may lack confidence
in executing debugging strategies [...] may perceive that the strategies are slow-
ing them down ..." [Yang 2025], there is evidence that, through teaching, students

can learn how to debug more accurately [Yang 2025] and understand unfamiliar

code [Hassan 2024]. Therefore, it seems that during their studies many developers

miss out on exercises and knowledge that could help them to debug.
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Tools complexity: Many developers are unaware of advanced debugging tools

[Perscheid 2017, Beller 2018]. They continue to use print statements (code oper-
ations that log chains of characters) for debugging when needed, even though

they believe debuggers are more efficient [Beller 2018]. It’s only natural to won-

der what hinders the adoption of advanced debugging tools and why developers

resort to basic, low-level debugging approaches. It seems that, although some

advanced tools effectively improve users’comprehension strategies, they can also

hinder users’ ability to understand programs when they present insufficient infor-

mation or are not well-suited to the task at hand [Storey 2000]. This forces users to

change their debugging strategies, which adds cognitive load. In their user study

involving 458 participants, Beller et al. reported that developers "admitted that
debuggers are not easy to use" and that they "did not want more debugging features,
but for existing ones to be made easier to use" [Beller 2018]. This contradicts the
idea that debugging is a situational, fast-paced, and complex activity [Beller 2018].

In order to be adopted, debugging tools should help resolve hard problems in the

easiest way possible [Zayour 2001, Beller 2018]. Without that, developers might

continue using low-level approaches even when it is considered less efficient.

2.2 Debugging Object-Oriented Programs, Spe-
cific Challenges

In section 2.1, we have presented the challenges to debugging in general, without

going into detail about languages or programming paradigms. Each program-

ming paradigm, whether it is procedural, object-oriented, functional or logic pro-

gramming, uses a different approach to abstract the concepts developers want to

implement. A change in programming paradigms alters how developers think

about programs, organize and navigate source code, and seek information dur-

ing development or debugging [Wiedenbeck 1999]. The focus of this thesis is to

make debugging programs based on the object-oriented paradigm easier. Hence,

in this section, we detail themain challenges that developers face when debugging

object-oriented programs.

2.2.1 Observing Particular Objects
Most dynamic debugging tools shipped by default with Object-Oriented program-

ming languages face an important limitation. They provide developers with a

main perspective, the methods call-stack which is the sequence of methods exe-

cuted before reaching a certain point in the debugged execution. However, when

developing Object-Oriented programs, developers do not only think in terms of

code or methods, but also in terms of objects, their state transitions and inter-

actions with other objects [Sillito 2006, Sillito 2008, Kubelka 2019]. Indeed, the
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model representing the life-cycle of objects during program run time is closer to

a graph with the nodes representing objects and the edges representing their in-

teractions, than to a sequence of methods. Ressia et al. described this discrepancy

between the representation of objects and the perspectives of debugging tools as

a conceptual gap [Ressia 2012b].

Practical consequences. When developers want to know how objects behave

during the program execution they modify the lines of code and use low level

debugging operations [Beller 2018]. These operations such as print statements or

breakpoints are code instructions that pause the execution and open a traditional

call-stack based debugger, showing the program state before pausing. However, in

object-oriented programming languages the lines of codes defining methods be-

havior, hence objects’ behavior are written in classes. During program execution,

all objects instantiated from a class share the same methods. This means that

the low level instructions will be activated for every object that intends to per-

form the behavior defined by methods containing a debugging instruction. This

increases the cognitive load for developers and the number of actions that they

must perform to filter out debugging information unrelated to the objects they

are analyzing [Hinkle 1993, Ressia 2012b]. In some object-oriented environments,

particularly live programming environments, these debugging instructions may

be activated so frequently that they cause the program to crash [Hinkle 1993].

2.2.2 Accessing Particular Objects
Developers must gain access to an object if they want to observe it. How-

ever, while trying to reach some objects in the execution, developers have to

search within the entire living memory of the program. For the objects devel-

opers are trying to reach and observe, often an object that presents the symp-

tom of a bug, we can often find many similar objects instantiated from the same

class [Hinkle 1993]. Developers must search within these objects, all potential

candidates to the observation.

Practical consequences. To perform this research of objects that are relevant

to them among all potential candidates, developers have to use breakpoints, to

pause the execution where they suppose relevant objects come into action. Be-

cause this process relies on assumptions of where relevant objects are involved

during the execution, developers might have to place several breakpoints. When

their assumptions prove to be wrong, meaning that the breakpoints they used

are misplaced or missed a critical point when navigating forward in the execu-

tion, developers have to restart the program, using new breakpoints and careful

navigation steps [Willembrinck Santander 2023]. When the program being de-

bugged is non-deterministic, manipulates or create unpredictable values such as
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randomly generated identifiers, time stamps, environment variables, inputs from

external resources, two executions of that program might differ. The objects ma-

nipulated during a first execution might be different in a second execution, that

is, if they are created again.

2.3 Debugging Object-Oriented Programs, the Re-
quirements

In this section, we list the requirements a debugging approach must fulfill in order

to address the challenges of debugging object-oriented programs.

2.3.1 Requirement for Observing Particular Objects

As aforementioned, to better understand the behavior of objects during pro-

gram execution, developers need to monitor, or modify the attributes and interac-

tions of objects at various stages of program execution [Sillito 2006, Sillito 2008,

Kubelka 2019]. These facilities align with the definition of Object-Centric De-
bugging, an approach that consist in focusing debugging tools and operations

on particular objects [Ressia 2012b]. Therefore, in the following of this docu-

ment, we will use the adjective object-centric when referring to debugging tools or
methodologies providing developers with such features. To illustrate the concept

of object-centric debugging, Ressia et al. introduced the object-centric breakpoints.
Unlike conventional breakpoints, which are not specific to one object, these break-

points pause the execution and open a debugger when a chosen object’s methods

are invoked or its attributes modified during execution [Ressia 2012b].

Object-centric versus conditionals. One could argue that any debugging tool

supporting the execution of object-oriented programs should be considered as

object-centric. However, the challenge for observing particular objects, which

Object-Centric Debugging aims at addressing, is due to the fact that debugging

tools shipped by default with object-oriented programs often lack sufficiently high

level features to effectively interact with and visualize how individual objects

behave. Below, we illustrate this conceptual-gap [Ressia 2012b] between object-

centric and conventional debugging tools. Ressia et al. proposed an object-centric

breakpoint named theHalt on call. This breakpoints was designed to help develop-
ers finding when a method is being invoked on a particular object [Ressia 2012b]

by selecting the target object. To find a method invocation on a particular ob-

ject with a conventional breakpoint, developers would have to specify a condi-

tion [Beller 2018] in the source code so that this breakpoint only activates when

the object executing the targeted method matches the chosen object. To write
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such conditions developers refer to the object executing a method at runtime us-

ing language features such as this or self. To compare such object with the

object they want to pause the execution for, developers also use a reference or an

identifier (e.g., a hash). Ultimately a condition pausing the execution for a particu-

lar object can look like the following example: self hash == my_object_hash.
Because object-centric breakpoints allow developers avoiding the need to write a

condition, they are expected to require less effort from developers to debug object-

oriented programs than conditional breakpoints . Additionally, while our Halt on
call example seems easy to implement with a conditional breakpoint, there is more

complex examples like the Halt on read or Halt on interactions, for which devel-

opers would potentially need to apply several conditional breakpoints and think

aboutmore complex conditions underwhich to pause the execution for chosen ob-

jects. However, thinking under which condition a particular object of the program

can be observedmight be difficult [Beller 2018], and error-prone [Damevski 2016],

which makes conditional breakpoints impractical for debugging objects.

Object-centric definition. Following this discussion about object-centric ver-

sus conditionals, we precise our definition of object-centric. Not only an object-

centric debugging solution must help developers monitoring or modifying ob-

jects’ attributes and interactions, but it also relies on mecanisms for manipulating

objects at runtime or capturing traces of their behavior. This more precise def-

inition excludes from the term "object-centric", approaches tied to source code

or call stack representation such as conditionnal breakpoints, even though they

can serve as a low-level foundation for implementing object-centric debugging

solutions.

Requirement 1: object-centric. We argue that, to support the challenge

of observing particular objects with a program execution, a debugging tool

or methodology must be object-centric.

2.3.2 Requirements for Accessing Particular Objects

Developers can only observe specific objects if they have references to them.

However, as previously mentioned, obtaining such references is challenging

(cf. subsection 2.2.2) because debugging is error-prone and often requires restart-

ing the program multiple times (cf. section 2.1) to target objects exhibiting un-

expected behavior. This becomes especially difficult with non-deterministic pro-

grams, where unpredictable values cause each restart to produce a potentially

non-reproducible execution path.

Omniscient debuggers overcome this limitation by recording execution histo-

ries [Lewis 2003], capturing non-deterministic values in the process. Capturing
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these values ensures that developers will observe the same execution after repro-

ducing the bug once. This avoids the need for developers to restart their explo-

ration repeatedly to search for objects to debug.

Requirement 2: omniscient. We argue that, to support the challenge of

accessing particular objects within a program execution, a debugging tool

or methodology must be omniscient.

Existing literature has proposed multiple omniscient debugging approaches,

however the terminology used to categorize these approaches seems incon-

sistent. Consequently, in this thesis we identify the two distinct categories

of omniscient debugging approaches, which are outlined below. Back-in-time
approaches [Ko 2004, Hofer 2006, Pothier 2007, Ko 2008, Ko 2009, Pothier 2009,

Thiede 2023a, Thiede 2023b] perform a full record of a program execution and

provide ways to explore it afterward. Time-traveling approaches [Lienhard 2009,

Wang 2014, Willembrinck 2022b] perform a complete or partial recording of an

execution and replay that execution to allow live exploration of the program.

The ability of omniscient approaches to address the challenge of accessing

particular objects within the execution depends on what features they provide to

help developers exploring the execution history. Indeed, retrieving a specific ob-

ject within the recorded execution of an omniscient debugger is a manual process

that can be as tedious as when using non-omniscient debugging tools, especially

for large program executions [Willembrinck Santander 2023].

Requirement 3: scoping features. We argue that to support the chal-

lenge of accessing specific objects during program execution, a debugging

tool must provide features that help developers identify and access objects

in an execution history.

2.3.3 Requirement for Reducing the Cognitive Load

Object-centric debugging approaches aim to lower the cognitive effort needed to

debug by proposing debugging perspectives that align more closely with the ab-

stractions and mental models of programs provided by object-oriented program-

ming languages [Ressia 2012b]. However, as described earlier in section 2.1, part

of the cognitive load hindering the debugging activity is also due to the itera-

tion process developers go through while debugging [Vessey 1986, Gilmore 1991,

Yoon 1998, Spinellis 2018]. This iteration process, is mainly due to the difficulty

of maintaining mental models [Gilmore 1991, Ko 2005, O’Dell 2017] of programs

and to the assumption that these models contain [Ko 2005]. In particular, develop-
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ers report forgetting part of their program exploration and previous conclusions,

requiring them to repeat debugging actions to try answering again previous hy-

potheses [Sillito 2006, Sillito 2008].

Requirement 4: debugging iterations support. We argue that, to fur-

ther reduce the cognitive load associated with debugging of object-oriented

programs, object-centric debugging tools should provide better object-

oriented perspectives while helping developpers maintaining their train of

thoughts and the state of their inquiry throughout the debugging session.

2.4 Object-Centric Debugging, the State of the Art

In this section, we explore the object-centric debugging approaches identified in

existing research. We examine each approach to determine how well it satisfies

the requirements specified in section 2.3. From the literature, three categories of

object-centric debugging approaches can be distinguished. These categories in-

clude object-centric breakpoints and instrumentations, interrogative or scriptable

debugging tools, and debugging tools that provide graphical visualizations.

2.4.1 Object-Centric Breakpoints and Instrumentations

Object-centric breakpoints [Ressia 2012b] and instrumentation solu-

tions [Kiczales 1997, Yin 2013, Dupriez 2019, Costiou 2022], enable interaction

with specific objects involved in an ongoing program execution. Because of this

latter aspect, these types of approaches are sometimes referred to as live, online,

or interactive debugging approaches.

Object-Centric Breakpoints As mentioned in section 2.3, object-centric

breakpoints pause the execution when a chosen objects are called or modified

during execution [Hinkle 1993, Ressia 2012b]. Declarative breakpoints extend the

same idea to a set of objects [Corrodi 2016]. When proposing object-centric break-

points, Ressia et al. specify that these breakpoints can only augment traditional

debugging tools, not replace them [Ressia 2012b], because they apply directly to

an object’s reference. Indeed, the most common way to find such a reference is

to place a standard breakpoint in the code where the chosen objects can be used.

Then, once the call-stack debugger opens, use the call-stack to search for refer-

ences to those objects. While they do not apply directly on objects, and therefore

are not entirely consistent with our definition of object-centric, advanced break-

points, such as Stateful [Bodden 2011a] and Temporal [Pasquier 2023] breakpoints
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also help narrowing the conceptual gap described by Ressia [Ressia 2012b]. State-
ful breakpoints [Bodden 2011a] enable developers to reference an object as a crite-

rion for combining and activating different line breakpoints, thereby expressing

pausing conditions across several locations in the source code [Bodden 2011a].

Temporal breakpoints [Pasquier 2023], go further by enabling developers to define
breakpoints based on the programming language and through concurrent execu-

tions.

Object-Centric Instrumentations Instrumentation involves modifying a pro-

gram’s source code to add instructions for monitoring, diagnosing errors, and un-

derstanding the program’s internal state. Yin et al. proposed Pointcut, a language
allowing developers to express pausing conditions by describing expected objects’

state and behavior [Yin 2013]. Pointcut is based on Aspect-Oriented Programming
(AOP) [Kiczales 1997]. In object-oriented programs, aspects encapsulate the in-

strumentation instructions to apply on methods. Other techniques rely on object

proxies and anonymous subsclasses [Costiou 2020a, Costiou 2022]. Object proxies

are attached to objects to intercept the interactions coming to that object. These

proxies can be combined withmessage passing control [Ducasse 1999] to install in-
strumentation only when the behavior to be instrumented is activated. Bymigrat-

ing objects to anonymous subclasses [Hinkle 1993, Costiou 2020a, Costiou 2022],

one can override the original behavior of objects so that they execute the instru-

mentation instructions. When combined, proxies, anonymous subclasses, and

message-passing control can constitute the foundation for building a metaobject
protocol [Kiczales 1991], which allows developers to extend fundamental aspects

of object-oriented programs.

Requirements and Limitations To the best of our knowledge, object-centric

debugging tools based on breakpoints and instrumentation do not provide sup-

port for debugging non-deterministic programs, as they do not enable developers

to observe similar objects throughout several program executions. Although Tem-
poral breakpoints [Pasquier 2023] enable developers to reason about the past and

future of non-deterministic concurrent execution, to the best of our knowledge,

they do not address other possible sources of non-determinism, such as system

calls. Additionnaly, the approaches mentioned in this section do not provide sup-

port for developers when they need to iterate over the breakpoints they place

during a debugging session to verify their assumptions, as described in section

section 2.1. Furthermore, as they cannot guarantee the manipulation of the same

objects within an execution, object-centric breakpoint and instrumentation solu-

tions do not offer developers scoping features to facilitate isolation and observa-

tion of particular objects.
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2.4.2 Object-Centric Omniscient Debugging Approaches

In this subsection, we present the object-centric omniscient debugging ap-

proaches that we found in the literature, and explain how they address our list

of requirements for supporting the debugging of object-oriented programs. Ta-

ble 2.1 summarises the positioning of the different approaches that we present.

These approaches provide features that help developers explore execution his-

tories by offering queries, enabling scripted exploration, or providing graphical

views.

Table 2.1: This is a mapping of object-centric omniscient debugging approaches

with the requirements for supporting the challenges of debugging object-oriented

programs. A checkmark (✓) indicates that the corresponding approach supports

the requirement. A line (−) indicates partial support. A cross (×) indicates that
the requirement is not supported.

Object-centric debugging tools Omniscient
Scoping
features

Support
iterations

Interrogative and scriptable debugging tools

Query based OOP debugging
1 ✓ − ×

Unstuck
2 ✓ − ×

Whyline
3 ✓ − ✓

TOD
4 ✓ − ✓

Expositor
5 ✓ − ×

Seeker
6 ✓ ✓ −

Trace Debugger
7 ✓ − ×

Debugging tools providing visualizations

JIVE
8 ✓ − ×

Compass
9 ✓ − ✓

References
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8
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9
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Interrogative and scriptable debugging tools Expositor [Phang 2013] com-

bines scripting and time-travel debugging to allow programmers to automate de-

bugging tasks. From an execution, Expositor generates traces that developers

manipulate as lists with operations such as map and filter. Such operation can

help developers scoping their exploration around particular objects within an ex-

ecution. Whyline [Ko 2009, Ko 2008, Ko 2004] generates and answers "Why did?
and Why did not?" questions. By selecting instance variables of objects devel-

opers can ask question about the origin of the instance variable value. For in-

stance, developers can ask the question "Why did the color of this table change to
blue?", where the color is referenced by the instance variable color of an object

of type Table. TOD [Pothier 2009, Pothier 2007] allows developers to ask sim-

ilar Why? questions about the origin of an instance variable value. TOD does

not displays the answers in the form of a graphical visualization as Whyline does

(cf. section 2.4.2), but brings the highlight to the line of code from which the value

originate. While JIVE puts the accent on the visualizations of object-oriented pro-

grams’ executions, like the tools we presented previously, it also allows searching

for the origin of an instance variable. Unstuck [Hofer 2006] provides a language,

an API, that expose the recorded events’ properties. This API allows develop-

ers to express queries in order to filter the call-stack of the program execution.

Although Unstuck and TOD do not share the same querying feature, they are

similar debuggers. They both record and present the same execution events in a

similar manner. Both record the same events and present them in a similar man-

ner. Seeker [Willembrinck 2022b] supports the execution of Time-traveling queries
(TTQs). TTQs allow developers to formulate questions about the execution of a

program and to time-travel between the results provided by the debugger. Seeker

provides a pre-built list of object-centric queries. The set of queries is extensible

so developers can write their own to customize how they explore the execution.

Trace Debugger [Thiede 2023a, Thiede 2023b] supports queries about specific ob-
jects using objects’ protocol of supported messages, or queries about views of the

object state changes. Lencevicius et al. proposed a debugger allowing to express

queries to answer to before running a program [Lencevicius 1997]. While we do

not consider this approach as an omniscient debugging approach since it can-

not access all program states after its first execution, this omniscient capabilities

where brought later on by the authors in a second proposition [Lencevicius 2003].

Debugging tools providing visualizations Compass [Lienhard 2009] tracks

and displays the flow of objects in program execution. The flow of an ob-

ject refers to the events (e.g., an object is created, passed as a parameter, etc.)

that the object encounters during its life cycle. Compass uses green arrows

to highlight an object’s flow. These arrows show the object’s path in a exe-

cution tree visualization representing all the activated methods and their rela-

tionships during program execution. As mentioned in the previous paragraph,
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Whyline [Ko 2009, Ko 2008, Ko 2004] is primarily a querying approach. How-

ever, it provides developers with a graphical view of the sequence of inter-

actions that answer their queries. The Java Interactive Visualization Environ-
ment (JIVE) [Gestwicki 2005] provides developers with detailed and compacted

UML visualizations such as the Sequence Diagram or Object Diagram. While

JIVE [Gestwicki 2005] seems to be primarily a debugging approach based on vi-

sualizations, it also provide a querying interface, supporting PractQL, a variant of

SQL [Blanton 2012] and declarative queries [Czyz 2007], providing updated visu-

alizations as answers.

Requirements and Limitations Of the approaches we mentioned,

Seeker [Willembrinck 2022b] is the closest to fully supporting a scoping

feature that enables developers to retrieve a specific object within an execution

history. Thanks to its predefined list of time-traveling queries, such as Find
all instance creations of a class, Seeker is ready to help developers search for

objects, out of the box [Willembrinck Santander 2023]. To the best of our

knowledge, the other interrogative debugging tools we mentioned in this

section, Query based OOP debugging [Lencevicius 1997, Lencevicius 2003],

Unstuck [Hofer 2006], Expositor [Phang 2013], and JIVE [Gestwicki 2005]

require developers to write scripts or conditions to search the history for

objects of interest. Since learning a new protocol and writing scripts or

conditions incurs additional cognitive cost [Beller 2018, Damevski 2016]

compared to using ready-to-use features, we argue that these tools only

partially support the requirement for a scoping feature. Tools such as Why-
line [Ko 2009, Ko 2008, Ko 2004], TOD [Pothier 2009, Pothier 2007], and Trace
Debugger [Thiede 2023a, Thiede 2023b] provide ready-to-use queries to help

developers analyze the flow of objects. However, Whyline and TOD, are limited

toWhy? and Why did not? queries, and Trace Debugger is limited by the methods

supported by the objects present in execution histories. This may also limit

the ability of developpers to search for particular objects. Finally, although

Compass [Lienhard 2009] enables developers to visualize the evolution of a given

object during execution, to the best of our knowledge, it does not provide scoping

features that would help developers filter the execution history and focus on

particular objects.

Whyline, TOD and Compass support developers’ debugging iterations. These

tools allow developers to place bookmarks that reference events within the exe-

cution history. These bookmarks can serve as summaries of debugging sessions

and as ways to revisit parts of the exploration process. Seeker enables develop-
ers to execute follow-up queries from previous query results, allowing them to

refine their debugging exploration. Although Seeker provides a wider range of

queries than Whyline and TOD, it does not allow developers to mark or navigate

to previous stages of their exploration. Therefore, it offers partial support for de-
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bugging iterations. As far as we know, the other tools we mentioned do not allow

to execute follow-up requests based on previous query results without first stor-

ing those results and updating the initial query’s conditions. Additionally, these

approaches do not enable developers to mark a stage of their exploration so that

they can return to it later. To the best of our knowledge, none of the other tools

wementioned enable the execution of follow-up requests based on previous query

results without first storing those results and updating the initial query’s condi-

tions. Furthermore, these approaches do not allow developers to save a stage of

their exploration to return to later.

2.5 Object-Centric Debugging Evaluations
As mentioned at the beginning of this chapter in section 2.1, previous work

has highlighted that the difficulties associated with debugging are partly due

to the tools themselves. These debugging tools are sometimes considered too

complex and unsuitable, and they are often absent from educational train-

ing [Perscheid 2017, Beller 2018]. In order to make it easier for developers to de-

bug object-oriented programs and to determine which research direction to focus

on, in this section we present a brief overview of the studies conducted for each of

the object-centric debugging approaches we listed earlier. This overview is sum-

marized in Table 2.2 and use the following terminology of research design from

Creswell et al. [Creswell 2017]. User studies are empirical experiments involving

developers. They can focus on qualitative (QL) aspects of debugging, using ob-

servations and interviews, or quantitative (QT) aspects, when monitoring metrics

such as time to debug or number of actions. Case studies are extensive descrip-

tions of a real debugging scenario (i.e., with a real bug) using a given approach

that discuss the approach’s impact and limitations. We classify those focusing

only on presenting a debugging tool as evaluations through example.
From Table 2.2 we can observe that the majority of approaches have been

evaluated with case studies or examples demonstrating and discussing how

tools that implement these approaches work. Some researchers also pro-

vided benchmarks [Lencevicius 1997, Lencevicius 2003, Hofer 2006, Pothier 2007,

Pothier 2009, Ressia 2012a, Yin 2013] to illustrate the capacity of their approach

to process a maximum number of cases efficiently in terms of calculation but es-

pecially in terms of memory space, an aspect often criticized in omniscient ap-

proaches. In our litterature of object-centric debugging, two approaches, Why-
line [Ko 2009, Ko 2008, Ko 2004] and Seeker[Willembrinck Santander 2023] have

been evaluated using a user study design involving developers. The subsections

below detail these evaluations and their results. Our goal is to determine if and

how the object-centric debugging approach can help developers debug in practice.
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Table 2.2: Mapping of object-centric debugging approaches and their evaluation

methods, indicated by a checkmark (✓). Several checkmarks on the same line

indicates that the debugging approach has been evaluated under different research

design.

Object-Centric Debugging
Tools

User
Study

QL QT

Case
Study

Example Benchmark

Breakpoint and instrumentation debugging tools

Stateful
1 ✓

Object-Centric breakpoints
2 ✓ ✓

Pointcut
3 ✓ ✓

Reflectivity
4 ✓

Temporal breakpoints
5 ✓

Interrogative and scriptable debugging tools

Query based OOP
6 ✓ ✓

Unstuck
7 ✓ ✓

Whyline
8 ✓ ✓ ✓

TOD
9 ✓ ✓

Expositor
10 ✓

Seeker
11 ✓

Trace Debugger
12 ✓

Debugging tools providing visualizations

JIVE
13 ✓

Compass
14 ✓ ✓
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2.5.1 Whyline

The authors of Whyline [Ko 2004] performed an empirical experiment with Mas-

ter’s students, 4 participants in control, 5 participants in treatment. Participants

were videotaped and followed the think-aloud protocol so that their goals, strate-

gies and intentions could be interpreted later. The experiment seems to follow

a between participants design where the control group is compared to the treat-

ment group. Following this experiment the authors reported that participants can

solve 40% more tasks, and debug eight times faster when using Whyline.

Later, the authors performed another user study [Ko 2008] duringwhich 9 par-

ticipants debugged a color slider scenario. The bug caused the slider to not pro-

duce the expected color when moved. The selected population is heterogeneous,

with participants coming from all kinds of backgrounds, from non-programmers

to experts. The authors compared the results of the 9 participants with the results

of 18 self-proclaimed Java experts who participated in a prior study [Ko 2006]

with the same scenario. The authors concluded that, with Whyline, the partici-

pants were twice as fast as the experts from the prior study [Ko 2006] would be

without Whyline.

The last empirical evaluation of Whyline [Ko 2009] involved 20 participants,

10 in control and 10 in treatment. For the control and treatment tasks, the au-

thors used real bugs, from ArgoUML. Treatment group seemed to be faster and

have a better ability to solve bugs than the control group. During these user stud-

ies, Ko et al. also made qualitative observations. They reported on some of the

questions that developers ask when debugging the various features of the debug-

ger [Ko 2004, Ko 2008] and discussed the differences between novice and expe-

rienced developers [Ko 2008]. The Whyline authors also reported participants’

perceptions during the aforementioned evaluation, which suggests that develop-

ers appreciate Whyline’s features [Ko 2008].

Overall, the results obtained by the authors ofWhyline show that omniscient

object-centric debugging approaches based on querying features and providing

exploration bookmarks are promising a solution for helping developers debug.

However, further experimentation is needed to better understand the usefullness

of the object-centric debugging approach. In particular becauseWhyline’s queries
are limited toWhy? and Why didn’t? and therefore represent only a subset of the

object-centric debugging questions as proposed by Ressia et al. [Ressia 2012b].

Moreover, in the study [Ko 2006] that precedes [Ko 2008], we could not find a

mention to the 18 participants announced in [Ko 2008]. To our knowledge, only

10 of the announced 18 participants are mentioned. Additionally, in their latest

study [Ko 2009], the authors reported "The debugger used in our control condition
imposed limitations on participants’ ability to control the live program and both
conditions were disallowed from editing the program". Therefore, the results of the
control group are not perfectly representative of developers’ usual behavior (i.e.,
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the baseline for comparison) and may have influenced the authors’ observations

in favor of Whyline. To verify the results of Whyline’s evaluations and ensure

their generalizability, we suggest conducting additional empirical experiments.

2.5.2 Seeker

Willembrinck et al. investigated the impact of Seeker and the Time-Traveling

Queries on program comprehension, using 14 program comprehension tasks.

Of these tasks, two required to use the object-centric options of the time-travel

back end [Willembrinck 2021]. The experiment followed a repeated-measures de-

sign [Seltman 2015] with 34 participants. The authors measured for each task

the time taken required by participants understand the task, the precision of the

participant’s answer, and the number of debugging actions. They compared the

results obtained with Time-Traveling Queries and those obtained with standard

Pharo[Black 2009] debugging tools. The evaluation showed shows significant im-

provement in program comprehension and debugging performance (i.e., develop-

ers needed less time to debug using TTQs). However, it was not possible to draw

any conclusions about the two object-centric tasks in isolation. Conducting fur-

ther studies with different bugs and focusing on Time-Traveling Queries related

to object behavior, could complement the results of this experiment and bring

additional knowledge about object-centric debugging.

2.6 Conclusion

In this chapter, we first identified the general challenges of debugging software.

Then, we discussed the conceptual gap between object-oriented programs and the

debugging features of common call-stack-based debuggers.

We created a list of requirements that a debugging approach must fulfill in

order to facilitate the debugging of object-oriented programs. In particular, we

presented Object-Centric Debugging, an approach that fits this objective, as it

aims to bridge the conceptual gap by providing developers with advanced tools to

observe object behavior. Next, we identified debugging solutions in the literature

that offer similar or identical features.

From this literature, we learned that most existing object-centric tools do not

offer ready-to-use queries to enable developers to find and inspect the behavior of

objects during execution, nor do they allow developers to return to previous steps

in their debugging sessions. We argue that these features are essential to facilitate

debugging object-oriented programs and encourage adoption of object-centric de-

bugging tools. In this chapter, also we highlight that most existing object-centric

tools have been evaluated using examples, case studies, and benchmarks. How-

ever, the lack of user studies involving developers means that the scientific com-
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munity lacks knowledge about the real impact of object-centric debugging ap-

proaches on debugging. For example, it is possible that object-centric debugging

is a misguided approach, or, as we believe, that developers are missing an oppor-

tunity due to a lack of solutions adapted to real-world situations.

For these reasons and to facilitate debugging object-oriented programs, the

following chapters of this thesis aim to provide additional empirical knowledge

on the impact of object-centric debugging on debugging activities. They will also

compare interrogative approaches with approaches based on breakpoints or in-

strumentation using case studies. Finally, the last chapter presents our proposed

debugging solution, which aims to meet the requirements we defined.
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To investigate the impact of the object-centric debugging approach on devel-

opers’ debugging activities, we designed and conducted a controlled experiment

involving 81 developers. In order to evaluate its impact, we needed to select an

object-centric debugging tool that implements the object-centric debugging ap-

proach. We selected object-centric breakpoints because they are the only de-

bugging tool among those listed in our state-of-the-art research that has an in-

tegrated implementation in a production version of a language and development

environment. In particular three object-centric breakpoints were integrated into

the Pharo IDE [Black 2009] in 2019 and are still available for use in new Pharo
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versions ever since. Object-centric breakpoints are complex to implement (illus-

trated later in chapter 4). They require the creation of a back end to intercept all

method invocations on the object, as well as all accesses and assignments to its

instance variables (object attributes). Using a stable version of the debugging tools

allowed us to start the experiment without any preliminary engineering work.

In our experiment, participants completed two debugging tasks, one using

object-centric breakpoints and another without, taking an average of one hour

and thirty minutes to complete the entire study. Our analysis of the experiment

results, detailed in this chapter, shows that object-centric breakpoints seems to fa-

cilitate debugging. However, we also found that object-centric breakpoints might

hinder developers’ debugging approaches when the bugs are located at program

or software initialization. In this chapter, we discuss the implications of these

results for developers and detail research perspectives for further studying the

impacts of the object-centric debugging approach.

3.1 Object-Centric Breakpoints

Below, we present the implementation of object-centric breakpoints [Hinkle 1993,

Ressia 2012b] that we evaluate in our empirical experiment. This implementation

has been integrated in the production version of the Pharo IDE [Black 2009] since

2019.

A

B
C

Figure 3.1: The Pharo Inspector opened on a collection object, showing the inte-

gration of different object-centric breakpoints. Developers can install: (A) object-
centric method breakpoints on the objects’ methods, (B) object-centric field break-
points on the objects’ variables, and, from the top menu, (C) general field break-

points.

To apply a breakpoint on a given object, the Pharo environment relies on an-

other debugging tool—the inspector. The latter allows a developer to observe any

object in the memory of the executed program, in terms of its state (i.e., the con-
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tent of the instance variables, Figure 3.1 B) and the methods it can execute (Fig-

ure 3.1 A). The inspector is embedded in the debugger and displays the values of

variables in use within the currently pauseed method. Developers can place the

following object-centric breakpoints on the inspected objects:

Method-specific breakpoint. This breakpoint pauses the execution before the

target object executes a specific method. Ressia et al. [Ressia 2012b] have
proposed it as way to help when many instances of the same class execute

the same method (e.g., in a loop), but developers are interested in pauseing

the execution only when a particular object executes that method. Devel-

opers install an object-centric method breakpoint through the contextual

menu of a method, by selecting Halt on call (Figure 3.1 A) of theMeta pane.

Field breakpoint. This breakpoint pauses the execution when one of the in-

stance variables, attributes of a particular object, is accessed or modified. It

is intended to help whenmany instances of the same class are modified dur-

ing the execution, but developers are interested in tracking state changes in

only one target object [Ressia 2012b]. Developers install an object-centric

field breakpoint through the contextual menu of an instance variable, by

selecting Halt on read/write (Figure 3.1 B) of the Raw pane. The Halt on
state access (Figure 3.1 B) pauses the execution when the selected instance

variable is being either read or written to.

General field breakpoint. This breakpoint is a generalization of the field break-

point. It pauses the execution when any attribute of a target object is ac-

cessed or modified. In Pharo, these breakpoints can be activated using the

top menu of the inspector (Figure 3.1 C).

3.2 Research Methodology

Our overarching goal is to make a step towards understanding whether and how

object-centric debugging improves the debugging of object-oriented programs.

Towards this goal, we aim to study, through a controlled experiment, the impact

of object-centric breakpoints on (1) the ability of developers to fix bugs, (2) the

number of interactions/actions with the debugging tools required to fix bugs, and

(3) the time taken to fix bugs.

3.2.1 Research Questions

We structured our investigation around three research questions.
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RQ1. How do object-centric breakpoints affect developers’ ability to fix

bugs?

For object-centric breakpoints to be beneficial to the process of debugging, it

is essential not to hinder the ability of developers to fix bugs. Since object-centric

breakpoints are claimed to improve debugging [Ressia 2012b], we formulate the

following null hypothesis:

H01 Object-centric breakpoints do not affect the ability of developers to fix bugs.

RQ2. How do object-centric breakpoints affect the number of debugging

actions?

Current evaluation scenarios [Ressia 2012b] suggest that debugging with

object-centric breakpoints reduces the number of actions that developers perform

with debugging tools. Since wewant to evaluate the effect of object-centric break-

points, whether positive or not, we formulate the following null hypothesis:

H02 Object-centric breakpoints do not affect the number of debugging actions

developers perform to fix bugs.

RQ3. How do object-centric breakpoints affect the time taken to debug?

If object-centric breakpoints are expected to reduce the number of debugging

actions, we also expect they shorten the time needed for debugging. Therefore,

we formulate the following null hypothesis:

H03 Object-centric breakpoints do not affect the time developers take to fix bugs.

3.2.2 Experiment Flow

To study our hypotheses, we conducted an empirical experiment with 81 partic-

ipants. Figure 3.2 presents the sequence of the seven steps we asked our partic-

ipants to follow within the Pharo IDE in autonomy, using their own computer,

operating system, and work environment of choice. The steps are carried out

in order by a wizard tool [Steven Costiou 2021], and material is available in the

replication package [Bourcier 2025b].

(1) Welcome instructions We inform our participants about the objective of

the experiment and announce its estimated duration to be approximately one hour

and thirty minutes. We provide the instructions needed to setup the experimental
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GROUP 1

Lights OutAmmolite

Lights Out Ammolite

Control
task

Treatment
task

Welcome
instructions

Experiment
questions

Task
questions

Tutorial and
exercises

Task
questions

GROUP 2

1 3 4 6 752

Figure 3.2: Sequence of the seven steps followed by the experiment participants.

environment (i.e., the wizard), detail the steps and explain how to use the experi-

ment wizard tool [Steven Costiou 2021]. When starting the experiment, the par-

ticipants are asked to consent to their data being collected (with a default opt-out).

If they accept, they can proceed with the experiment and are randomly assigned

to one of the groups (Figure 3.2). To ensure that participants only use standard

tools, they are explicitly instructed not to import advanced tools, such as plug-

ins or libraries into the IDE. Finally, the participants were informed that they had

flexibility to work at their own pace and according to their own schedule. How-

ever, to ensure the accuracy of the results, we requested that they try to complete

the experiment in a single uninterrupted session whenever possible.

(2) Control task The wizard presents the participants with a description of

their first bug, either in Ammolite or Lights Out, depending on the participants’

group (step 1). They are asked to fix the bug using the standard debugger, in-

spector, and code navigation and modification tools. After completing the task,

participants are asked to explain the cause of the bug and how they resolved it.

(3) and (6) Post-task questions After control (step 2) and treatment (step 5)

tasks we ask participants a set of questions. The poll of questions comprises open

questions (asking for complementary information on participants’ understanding

of the bug), questionswithmultiple choices (e.g., to evaluate how long participants

were interrupted while performing the task), and Likert scale questions to get

feedback on the task and on the user experience the tool offers.

(4) Tutorial and exercises As soon as a participant starts this step of the exper-

iment, the wizard activates the object-centric breakpoints. Participants are then

presented with a tutorial explaining with text and video support the concepts be-

hind object-centric breakpoints and how to use them in Pharo, as presented in sec-

tion 3.1. We ask participants to complete two exercises to apply the knowledge

gained from the tutorial.
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(5) Treatment task The wizard provides the description for the second bug of

the experiment. As for the control task (step 2), the bug assigned in treatment de-

pends on the participants’ group (step 1). Participants are encouraged to try using

the object-centric breakpoints, using the object-centric version of the inspector

(Figure 3.1) in addition to the standard debugging and source code modification

tools. Similarly to the control task (step 2), participants are asked to explain the

cause of the bug and how they resolved it.

(7) Post-experiment questions Once both tasks are completed, we ask par-

ticipants to provide demographic information and any additional feedback on the

experiment.

3.2.3 Experimental Design
Every participant underwent a control condition using standard Pharo tools to

debug a task and a treatment condition using object-centric breakpoints to debug

another task (Figure 3.2 steps 2 and 5).

Although this resembles a within-participants design [Christensen 2015],

comparing each participant under different conditions presents risks related to

the unknown impact of object-centric breakpoints and to the difficulty of assess-

ing task complexity [Rein 2023]. First, object-centric breakpoints are uncommon

tools and we do not know what effect they might have on debugging. The tasks

must be complex enough: if they are too trivial, the object-centric breakpoints

may not show any difference from standard tools. This limits the number of tasks

that participants can perform, as adding too many tasks risks making the experi-

ment excessively long. Second, in a within-participant design with a limited num-

ber of tasks, the tasks have to be different enough to minimize learning effects, yet

similar enough to allow for meaningful comparisons across different conditions.

Given our current understanding of the impact of object-centric breakpoints,

we cannot ensure that two different tasks, even if similar in some aspects, would

be comparable under different conditions. We therefore opted for a between-

participants design [Christensen 2015] where independent measures (control and

treatment) are then compared per task.

3.2.4 Experimental Tasks
We designed the control and treatment tasks to mirror the object-centric break-

points scenarios [Ressia 2012b] described in section 3.1. To ease the presentation

of the tasks, we label these scenarios as follows: Scenario I corresponds to the

Object-centric debugging field breakpoint scenario, while Scenario II encompasses

both theObject-centric debugging method-specific breakpoint andObject-centric de-
bugging general field breakpoints scenarios.
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(a) Ammolite (b) Lights Out

Figure 3.3: Ammolite (a) and Lights Out (b) applications with the bug symptom

highlighted in red.

Object-centric debugging assumes that developers can access the problematic

object within the program execution [Ressia 2012b, Costiou 2020b]. To ensure

this assumption is met, we selected applications with graphical user interfaces,

and bugs with a single problematic object. We made these problematic objects

accessible by right-clicking on the graphical interface. Figure 3.3 presents the

applications of the tasks.

Ammolite (a) It is a real application for teachers to create balanced groups of

students based on their grades, indicated bymarkers (+ for above average and - for
below average). To generate and display the groups, the user clicks the "Generate"

button on the graphical interface.

A bug was discovered in the production version, where a student’s marker

was missing in the generated groups display. This bug matches an object-centric

debugging scenario because it requires accessing the problematic object’s marker
attribute, to observe its updates. This observation is challenging to do using a

standard debugger due to the attribute’s declaration in multiple methods (Sce-

nario I). Additionally, fixing this bug requires understanding how the problematic

object is displayed on the graphical interface and therefore identifying the meth-

ods executed by the problematic object and their caller. The latter is complicated

by the presence of identical student names and markers in the promotion (Sce-

nario II).

Lights Out (b) Originally a training exercise for learning Pharo, participants

may have seen an implementation of this game before the experiment. However,

they were unaware of the bug we introduced since we devised it from scratch.

The game features a grid where each tile represents a light, on when yellow and
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off when gray. Clicking on a tile turns it on along with the adjacent lights (top,

right, bottom, and left). The goal is to turn all lights on.

The bug symptom is that one of the corner lights is not switchable, its color

never changes. The symptom shifts to a new corner each time the application is

restarted. Similarly to Ammolite, this bug corresponds to an object-centric debug-

ging scenario as it demands accessing the problematic object’s color attribute to

monitor its usage and updates (Scenario I). In addition, it requires comprehension

of how the switch feature of the lights operates, which involves identifying the

methods executed by the problematic object. This bug is complicated by the 100-

tile grid, where each corner has an equal chance of exhibiting the bug (Scenario

II).

Task differences We designed the tasks so that one should not take signifi-

cantly longer than the other to solve using standard debugging tools, and ensured

the bugs were of a type commonly encountered in Pharo. However, the tasks

differ in how the bug is reproduced. In Ammolite, each click on the "Generate"

button re-executes the section of code containing the bug. In contrast, Lights

Out requires restarting the entire application to re-execute the erroneous code.

In Lights Out, the fault may lie deep within the initialization of the application,

requiring a combination of object-centric breakpoints to understand the symptom

and standard debugging tools to locate the root cause.

3.2.5 Experimental Variables

Table 3.1 presents the variables we use for our analysis of the data. We consider

object-centric breakpoints as the single independent variable of the experiment.

We seek to measure the impact of object-centric breakpoints on three dependent

variables, the correctness of participants answers to the tasks as a proxy to study

𝐻01, the debugging actions performed by participants as a proxy to study 𝐻02,
and the debugging time spent by participants to complete a task as a proxy to study

𝐻03. We qualify as debugging actions the absolute number of debugging-related

actions performed by each participants to complete a task. These actions are:

the number of added and removed breakpoints, of added, modified and removed

methods, of custom code execution (scripts), of call-stack navigation and of step-

by-step code execution action.

To control participants’ development experiencewhich could influence the de-

pendent variables, we assign randomly participants to the different groups (Fig-

ure 3.2). To control interruptions, i.e., time anomalies due to participants being

interrupted during a task, we correct the time measures using automatic compu-

tation from logs and participants’ feedback on interruptions.
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Table 3.1: Variables used for the statistical analysis model.

Variables Description

Independent variables

Treatment The introduction of object-centric breakpoints to standard debugging

tools.

Dependent variables

Correctness Whether the participant correctly or incorrectly explained the root cause

of the bug or fixed it.

Debugging

actions

The number of actions the participant performedwith the debugger dur-

ing the task.

Debugging time The total time the participant took to complete the task.

Control variables

Experience The participant’s development experience, measured in years.

Interruptions Duration of interruptions participants experienced while debugging.

3.2.6 Data Collection, Selection, and Correction

Participants used the Pharo 9 IDE [Black 2009] for the experiment. Our exper-

imental framework instruments the IDE immediately after the Welcome instruc-
tions (Figure 3.2, step 1) so that the IDE immediately starts generating usage logs.

For the data analysis, we collect the logs to reconstitute every participation. We

automatically extract information from the usage logs and compute from them

the time and debugging actions metrics. We delete incomplete participations (e.g.,
incomplete tasks) without processing the related data. To ensure the accuracy of

the measurements, we screen-recorded two pilot participations andmanually ver-

ified that the logs matched the video recordings. Metrics such as the Correctness
and the Interruptions are extracted from the questionnaires answers. The data are

transmitted to, processed and stored on an institutional server. The aforemen-

tioned process, in addition to the nature of the data collection through the use of

logs and questionnaires, was approved by the ethical committee of our research

institution.

Once extracted and computed, metrics data have to be adjusted to cope with

inconsistencies (e.g., time anomalies) and for information that require a human

decision (e.g., deciding if a task’s answer is correct). We devised protocols for

manual data adjustment [Bourcier 2025b], whichwe followed to select data, assess

tasks’ correctness and correct time anomalies. Each time, one of the authors first
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performed the time anomalies analysis and correction and a second author double-

checked the decisions.

Data selection We excluded the treatment tasks from our analysis where

object-centric breakpoints were not used, as comparing control and treatment

is only valid if the treatment condition is met. To do so, we created a script to

automatically scan the logs and reject tasks where no object-centric breakpoint

events were detected. In the process, we also rejected the tasks with incomplete

data (e.g., due to a data collection error) which we also consider as invalid.

Correctness assessment For each task, we manually analyzed participants’

answers and compared them against our knowledge of the bug. We considered a

task correct if the bug was fixed or when the provided answer explained the bug

root cause (i.e., the participant understood the bug). For both Ammolite and Lights

Out, we believe it’s enough to explain the root cause, because once understood,

bug fixing is trivial.

Correction of time anomalies We determined manually the amount of inter-

ruption time for each task (from participants’ interruptions declared in surveys

and from computed time gaps from the logs), then we subtracted this interruption

time from the total time of the corresponding task. For example, if we computed

a time gap of 20 hours and the time declared by the participants in the questions

was "more than 10 minutes", we simply removed these 20 hours from the task

time.

3.2.7 Required Number of Participants and Their Recruit-
ment

To estimate how many participants we should recruit, we performed an a pri-
ori power analysis using the G-Power software [Faul 2009]. We chose a large

effect size of 0.7 with a target statistical power of 0.8 because of the examples

presented in the literature [Ressia 2012b] suggesting that object-centric break-

points have a strong potential for facilitating debugging. For instance, in one

scenario [Ressia 2012b] understanding a bug would require 48 debugging opera-

tions with standard tools but only two operations with object-centric breakpoints.

Other scenarios highlight the considerable effort required to scope breakpoints to

one specific object among many of the same kind, and the implications of fail-

ing to do so (system crashes [Hinkle 1993], massive debugger noise (unwanted

interruptions) [Costiou 2020b]). Each example suggests a significant impact on

the number of debugging actions needed to understand a bug, and consequently,

on the time spent debugging. We employed a two-tailed Mann-Whitney U test



3.3. Results 37

(suitable for normal and non-normal distributions), with a significance threshold

of 0.05 and a balanced number of participants between control/treatment groups.

Under the assumption that our dependent variables would follow a normal dis-

tribution, the results of the analysis showed that we needed to recruit at least 70

participants, 35 in each group.

To recruit participants, we sent invitation letters by email to our professional

contact lists, to the Pharo community users channels (mailing lists and Discord

servers) and to public channels (Twitter). In addition, we contacted people directly

from the community who have a public Pharo development activity. To convince

people to participate, we told them beforehand that the goal was to evaluate the

(yet unknown) impact of a Pharo tool, and that they will be manipulating that tool

during the experiment. Participants were not compensated. We ran a pilot with 11

participants, developers and researchers from our research group. They reported

problems and instabilities. We took all this feedback into account in the actual

design and proceeded with the experiment. The results of the first participants

were not included in our study.

3.3 Results
The experiment involved 81 participants. After data selection, we obtained 76

valid participants for Ammolite (42 in control, 34 in treatment) and 72 valid par-

ticipants for Lights Out (38 in control, 34 in treatment). Overall, participants de-

scribed their role as full-time developers (37), part-time developers (7), students

(25), self-employed (3), unemployed (2), and other (7). Participants were evenly

distributed across tasks in both conditions (Figure 3.4), based on their self-reported

programming experience. Statistical tests on demographic data comparing both

conditions yielded no significant results. In this section, we report the results of

our investigation by research question.

Figure 3.4: Programming experience for Lights Out (left) and Ammolite (right) for

each condition.

3.3.1 Statistical Tests
In this section, we conduct a preliminary analysis of the data to ensure that we

chose appropriate statistical tests. For every statistical test we performed in the
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experiment, we considered a level of significance 𝛼 = 0.05 which is the common

threshold used to mitigate type I errors.

The time and the number of debugging actions performed are continuous vari-

ables. To test if their distribution follows a normal distribution and to choose

appropriate statistical tests for our analysis, we performed Shapiro-Wilk tests for

both tasks. All tests output p-values <= 0.001 except for time metric under the

treatment condition (Ammolite: 𝑝 = 0.011, Lights Out: 𝑝 = 0.105). These results
suggest that the data has little chance to be normally distributed.

TheH01 hypothesis concerns the correctness, which is a categorical variable.

To search for associations of this variable with the conditions of the experiment

(control and treatment), we propose to use contingency tables and 𝜒2
tests. The

H02 andH03 hypotheses concern the time and debugging actions which are con-

tinuous variables. Since normality tests suggest that they do not follow a normal

distribution, we propose to analyze the differences between the control and treat-

ment measures of these variables using Mann-Whitney U tests.

We report the Vovk-Sellke maximum p-ratio (VS-MPR) to help minimize the

risks for type I errors. VS-MPR represents the maximum odds of obtaining a given

p-value under the alternative hypothesis (as opposed to under the null hypothe-

sis) [Sellke 2001]. It gives an idea of how confident we can be when rejecting a

null hypothesis based on a p-value, especially when the p-value is close to the 0.05
threshold.

We report the rank-biserial correlation coefficient𝑅𝑟𝑏
1
as an appropriate mea-

sure of the effect size for the Mann-Whitney U test [Jané 2024], i.e., the magnitude

of the difference between the control and treatment groups. We interpret 𝑅𝑟𝑏 as

the arithmetic difference between the proportion of data supporting the hypoth-

esis that the values in control are greater than in treatment and the proportion

suggesting the opposite [Kerby 2014]. For example, for the time variable, an ef-

fect size 𝑅𝑟𝑏 = 0.2 (𝑟 = 0.6 − 0.4) would indicate that 60% of participants’ results

suggest that it takes more time to debug using standard tools compared to object-

centric breakpoints, while 40% suggest otherwise. We consider that such a 60%

proportion of data in the context of our experiment would constitute evidence

that the tool is worthy of more research efforts. Therefore, and following the

most recent 𝑅𝑟𝑏 interpretation guidelines [Funder 2019], we consider effect sizes

to be small when |𝑅𝑟𝑏| < 0.2, medium when 0.2 < |𝑅𝑟𝑏| < 0.3 and large when

|𝑅𝑟𝑏| > 0.3.

3.3.2 RQ1 - Ability to Fix the Bug—Correctness

We initially assumed that participants from the control and treatment groups

would give the same number of correct answers H01. However, the results in-

1
We use the R library effectsize [Ben-Shachar 2020] to calculate 𝑅𝑟𝑏.
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clude incorrect answers in both groups.

In control, Ammolite (𝑁 = 42) had 40 correct answers, while in treatment

(𝑁 = 34), had 32 correct answers. The 𝜒2
test shows no significant difference

(𝑝 = 1) in correctness between control and treatment conditions for the Ammolite

task .

Lights Out shows 32 correct answers in the control group (𝑁 = 38) and 24

correct answers in the treatment group (𝑁 = 34). The𝜒2
test shows no significant

difference (𝑝 = 0.269) in correctness between control and treatment conditions

for the Lights Out task.

The tests did not reveal a significant association between the object-centric

breakpoints and the number of participants that successfully fixed or explained

the bugs, therefore we cannot reject H01.

Finding 1. Object-centric breakpoints did not affect developers’ ability to

fix bugs.

3.3.3 RQ2 - Number of Actions to Debug

The introduction of object-centric breakpoints reduced Ammolite debugging ac-

tions by 49% on average, while increasing Lights Out actions by 40% on average.

The box plots in Table 3.2 illustrate the distributions of the results that support

these tendencies of a positive effect observed for Ammolite and a negative effect

for Lights Out. Indeed, the number of debugging actions required to debug Am-

molite appears to be lower and varies less when using object-centric breakpoints

compared to without. Conversely, getting Lights Out fixed required a slightly

higher (and less consistent) number of debugging actions from the participants.

The distributions of the results in the control and treatment groups show a strik-

ing similarity, particularly in the case of Lights Out. Therefore, it is not possible

to draw statistically meaningful conclusions solely from the distribution of the

results. In the next step, the Mann-Whitney U tests allow us to conclude.

The difference in debugging actions between the control and the treatment

condition is small for bothAmmolite (𝑅𝑟𝑏 = 0.204) and Lights Out (𝑅𝑟𝑏 = −0.112).
Moreover, the impact on the debugging actions for both Ammolite (𝑝 = 0.130) and
Lights Out (𝑝 = 0.417) is not statistically significant. Since the odds for observing
such results under an alternative hypothesis is low (VS-MPR: 1.388 and 1.000), we
decided not to reject H02.

Finding 2. Object-centric breakpoints did not have a significant effect on

the number of debugging actions required to fix bugs.
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Table 3.2: Descriptive statistics (1) of debugging actions required to debug Am-

molite and Lights Out in control (C) and treatment (T), and results of the Mann-

Whitney U tests (2) assessing the significance of the differences revealed by the

descriptive statistics.

(1) Group descriptives (2) Mann-Whitney U test
Task N Mean Distribution p-value VS-MPR 𝑅𝑟𝑏

Ammolite

42 (C) 149.238 0
93

427.4
0.130 1.388 0.204

34 (T) 73.294 0
50.5

246

Lights Out

38 (C) 157.447 0
86.5

617
0.417 1.000 -0.112

34 (T) 220.912 0
142

736.4

3.3.4 RQ3 - Time to Debug

While debugging Ammolite, participants were on average 41.5% minutes faster in

treatment than in control. In contrast, they were 29.5% slower to complete Lights

Out (Table 3.3). The box plots in Table 3.3 present the distributions of the results

that support these trends. A positive effect is evident for Ammolite, while we can

observe a negative effect for Lights Out. The time required to debug Ammolite

appears to be reduced and varies less when object-centric breakpoints are added

to the debugger. In contrast, resolving Lights Out’s bug required a longer amount

of time from participants.

Table 3.3: Descriptive statistics (1) of the time in minutes required to debug Am-

molite and Lights Out in control (C) and treatment (T), and results of the Mann-

Whitney U test (2) assessing the significance of the differences revealed by the

descriptive statistics.

(1) Group descriptives (2) Mann-Whitney U test
Task N Mean Distribution p-value VS-MPR 𝑅𝑟𝑏

Ammolite

42 (C) 34.238 0
24.5

85.3
0.014 6.262 0.329

34 (T) 20.014 0
16.9

41.48

Lights Out

38 (C) 29.352 0
27.1

61.7
0.031 3.412 -0.296

34 (T) 38.016 0
36.5

96.2

The results of the Mann-Whitney U test performed on the data confirm these

observations (Table 3.3). In Ammolite, a proportion of 66% of the participants de-

bugged in less time using object-centric breakpoints than without (𝑅𝑟𝑏 = 0.329 =
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0.664 − 0.335). Conversely, a proportion of 65% of the participants needed more

time to debug Lights Out (𝑅𝑟𝑏 = −0.296 = 0.352 − 0.648) when using the object-

centric breakpoints. The effect sizes are large (close to 0.3) and statistically signif-

icant for both Ammolite (𝑝 = 0.014) and Lights Out(𝑝 = 0.031). Since there are
6.262 and 3.412 more chances for observing such results under the alternative hy-

pothesis that our expectations about object-centric breakpoints are correct than

under H03, we take the decision to reject H03.

Finding 3. Object-centric breakpoints decreased the time needed to fix

Ammolite and increased the time needed to fix Lights Out.

3.3.5 Participants’ Perception

According to post-experiment feedback responses (Figure 3.2, step 7), 45% respon-

dents described the experiment as easy, while 30% were neutral and 25% reported

the experiment as difficult. A similar proportion of 45% respondents described

the experiment as long, the other stayed neutral (30%) or disagreed (25%). 76% of

respondents found object-centric breakpoints easy to learn and 94% that it would

be useful to improve the process of debugging. 90% of respondents anticipated

using the object-centric breakpoints in the future.

Task easiness and length Respondents to the post-task questions (Figure 3.2,

step 3 and 6) perceived Ammolite as an easy task (54% in control and 63% in treat-

ment) and Lights Out as a difficult task (37% in control and 47% in treatment).

Similarly, in treatment participants perceived Ammolite as short (59% of the an-

swers) and Lights Out as long (61% of the answers). As pointed out by some

participants, the randomness in the object presenting the bug in Lights Out might

be one of the reasons for its perception: “However, the cell that can not be turned

on changes randomly. It is hard to find which will be the faulty cell.”. Addition-

ally, the complexity of the task seems to be increased by the fact that the bug is

injected through the initialization of the graphical components: “Sadly, the com-

plexity of black-box frameworks [...] doesn’t really make debugging much easier

even if we know the object.”, “It was difficult to find because the method that cause

this behavior was injected in the morph package.” (morph and framework refer to

Pharo’s graphical components system). Lastly, it seems that participants encoun-

tered unexpected behaviour, possibly due to the randomness aspect of the bug:

“I got stuck because of a bug which meant that sometimes my 4 sides were col-

ored and sometimes not, whereas there should always have been only 3 of them

colored”, “I cannot get the game bug anymore so this is difficult to debug it.”.
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Debugging experience After debugging Ammolite or Lights Out using object-

centric breakpoints, the majority of participants perceived the debugging experi-

ence as enjoyable, efficient, intuitive, and the new breakpoints easy to use and

learn. Over 63% of the post-task questions repondents (Figure 3.2, step 3 and 6)

agreed with these statements for Ammolite and over 57% for Lights Out.

Object-centric breakpoints were highly valued by participants working with

Ammolite, with 82% finding them helpful including 72% considering them ex-

tremely helpful. For Lights Out, participants were less enthusiastic, with 61%

finding the tool helpful including 35% describing it as extremely useful. In their

feedback several participants gave reasons for this difference: “I was surprised at

the Lights Out task, as object-centric breakpoints does not particularly help there.

Once you have the object in question, it is too late to set any breakpoint as the

damage has been done.” “Because the bug occurs at initialization of the game, it’s

not easy to use object-centric debugger. The ’wrong’ state is already here when

one can install a breakpoint [...] when one understands this, the object-centric

is not useful anymore and one needs to switch to standard debugging and static

analysis.”

3.3.6 Analysis of the Difference between Ammolite and
Lights Out

We found that object-centric breakpoints have contradictory effects on debug-

ging, benefiting Ammolite and hindering Lights Out (subsection 3.3.3 and subsec-

tion 3.3.4).

Task difficulty Participants perceived Lights Out as harder to debug than Am-

molite (subsection 3.3.5) because of the random appearance of the symptom on

one of the corner lights. However, we designed the tasks so that they would re-

quire a similar number of debugging actions and time to complete. Since the pilot

run confirmed this (no difference in task difficulty was reported), we tested the

task difficulty aspect with the following null hypotheses𝐻𝑒𝑞10 ∶ the tasks require
the same number of debugging actions to complete and 𝐻𝑒𝑞20: the tasks take the
same time to complete. Overall, the data distribution for time and debugging ac-

tions for both tasks (𝑁𝐴𝑚𝑚𝑜𝑙𝑖𝑡𝑒 = 42, 𝑁𝐿𝑖𝑔ℎ𝑡𝑠𝑂𝑢𝑡 = 38) appears to be part of the

same population which is in favor of𝐻𝑡𝑒𝑞0 and𝐻𝑎𝑒𝑞0. We tested𝐻𝑒𝑞10 and𝐻𝑒𝑞20
using Mann-Whitney U tests to compare time and action data under the control

condition with Ammolite and Lights Out. We cannot reject 𝐻𝑒𝑞10 (𝑝 = 0.919,
𝑅𝑟𝑏 = −0.014) nor 𝐻𝑒𝑞20 (𝑝 = 0.962, 𝑅𝑟𝑏 = 0.007). The observed data does not

support the hypothesis of a different difficulty level between the tasks, and the

high p-values even suggest that to debug Ammolite and Lights Out developers

need a similar number of debugging actions and a similar amount of time.
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Task characteristics Participants reported that the characteristics of Lights

Out bugs may contribute to the perceived difficulty in debugging Lights Out (sub-

section 3.3.5). Notably, reproducing the bug in Ammolite requires to press a but-

ton on the graphical interface, whereas restarting the application is necessary to

reproduce the Lights Out bug. As highlighted by participants, it implies that to

identify the problematic code in Lights Out developers have to go through an ad-

ditional step. They first need to understand the symptoms of the bug and realize

that the bug occurs during the initialization process. Following this, developers

must switch to the code browser and analyze the source code specific to that ini-

tialization process. Therefore, we analyzed their tool usage behavior to further

understand the differences between the tasks and conducted appropriate tests to

find the differences, if there are any.

Table 3.4: Results of the Mann-Whitney U tests for significant changes in the

usage, in terms of time (T) and activations (A), of the development tools in control

and treatment when debugging Ammolite (1) and Lights Out (2).

(1) Ammolite tools usage (2) Lights Out tools usage
Tool p VS-MPR 𝑅𝑟𝑏 Tool p VS-MPR 𝑅𝑟𝑏
Task app (T) 0.020 4.781 0.302 Inspector (T) 0.005 13.211 -0.375

Browser (T) 0.006 11.520 0.356 Inspector (A) 0.009 8.763 -0.351

Debugger (T) 0.023 4.282 0.307 Spotter (A) 0.008 9.951 0.630

Wizard (T) 0.006 12.215 0.448

Implems (A) 0.019 4.798 0.377

Senders (T) 0.028 3.722 0.449

Task app: the application window of the task to debug, i.e., Ammolite (1) or Lights Out (2).

Wizard: the tool presenting the experiment tasks and surveys to participants during the experi-

ment, cf., subsection 3.2.2.

Implems and senders: tools displaying the implementations and callsites of a given method.

Activations: the number of times participants activated (opened or entered) a given tool window

to use it.

As a proxy to measure the tool usage, we recorded the number of tool ac-

tivation and amount of time spent in all the tools of the Pharo IDE, such as

browser, wizard, and debugger. Then for each tool we performed aMann-Whitney

U test to compare its usage in control and treatment, for both tasks. Since we

are conducting multiple tests, the likelihood of finding a statistically significant

result purely by chance increases. We applied the Benjamini-Hochberg proce-

dure [Benjamini 1995] to control for false discovery rate using 10% as an accept-

able threshold, adjusting the significance levels for the Mann-Whitney U tests to

𝑝 ≤ 𝛼 = 0.028 for Ammolite and 𝑝 ≤ 𝛼 = 0.009 for Lights Out. Table 3.4 presents
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only the results for which Mann-Whitney U tests’ results satisfied this require-

ment.

Overall for Ammolite, the introduction of object-centric breakpoints seems to

lower the usage of all the IDE tools (𝑅𝑟𝑏 > 0). In particular, the results suggest

a notable decrease in the time spent in the code browser 𝑉 𝑆 −𝑀𝑃𝑅 = 11.520
and in the wizard tool 𝑉 𝑆 − 𝑀𝑃𝑅 = 12.215. In contrast, with Lights Out, the

usage of the inspector is significantly higher with the object-centric breakpoints

than without (𝑅𝑟𝑏 < −0.296 and 𝑉 𝑆 −𝑀𝑃𝑅 > 8). Conversely, the usage of the
spotter, a static tool for code exploration, has significantly decreased (𝑅𝑟𝑏 < 0.630
and 𝑉 𝑆 − 𝑀𝑃𝑅 = 9.951). Lastly, while we observe a decrease in the usage of

the debugger when debugging Ammolite with object-centric breakpoints (𝑅𝑟𝑏 =
0.307), for Lights Out under the same condition, the Mann-Whitney U test reveals

a decrease 𝑅𝑟𝑏 = −0.296. Although, this last result (𝑝 = 0.035) is above the

false discovery rate of 10%, it is consistent with our previous observations that

the usage of dynamic tools is more intensive with Lights Out in treatment. These

results show that depending on the bug being addressed, Ammolite or Lights Out,

object-centric breakpoints alters how developers utilize IDE tools in a different

manner.

Finding 4. Even though Ammolite and Lights Out can be fixed with similar

amount of time and actions using standard IDE tools, depending on the bug,

introducing object-centric breakpoints has changed how developers use the

IDE tools.

3.4 Discussion
In this section, we discuss the implication of our findings.

Influence of object-centric breakpoints on debugging actions We did not

measure any significant impact caused by the use of object-centric breakpoints on

the number of debugging actions our participants performed. This result might

indicate that the actual effect size is smaller than what Ressia et al. [Ressia 2012b]
expected. Indeed, we calibrated our statistical power analysis to determine the

necessary sample sizes for detecting large effects (details in subsection 3.2.7). Fu-

ture research can be devised and conducted to test whether the potential for de-

bugging improvement showcased by Ressia et al. holds for smaller effect sizes, or

if the expected large effect size can be observed in other debugging scenarios.

Influence of object-centric breakpoints on the time to debug We mea-

sured a statistically significant impact caused by the use of object-centric break-

points on time to debug. Specifically, we measured decreased debug time for Am-
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molite, but increased debug time for Lights Out. As mentioned in subsection 3.3.6,

the nature of the bugs could be the root cause for this difference. Object-centric

breakpoints appear to be beneficial when bugs can be reproduced without restart-

ing the application; conversely, they seem to lead developers to spend more time

within the dynamic tools of the IDE (i.e., the debugger, the object inspector) when
fixing bugs requiring to restart the application to be reproduced (subsection 3.3.6).

Research has shown that developers who are debugging spend in average

14% [Beller 2018] and 16% [Alaboudi 2023] of their time in the debugger itself. We

observe about twice the time spent in the debugger, with 30% (control) and 29%

(treatment) in average for Ammolite, and 30% (control) and 38% (treatment) for

Lights Out. We attribute this difference from the literature to the nature of Pharo

and live programming, where emphasis is placed on dynamic tools. Alaboudi et
al. also observe that “source code remains the central anchor point in debugging

tasks” [Alaboudi 2023]. Our results show that participants navigate the source

code for, in average, 45% (control) and 22% (treatment) of their time for Ammo-

lite, and 40% (control) and 21% (treatment) for Lights Out. While for both task in

control and consistently with [Alaboudi 2023], navigating source code seems to be

the prominent activity, it becomes a less important activity after the introduction

of object-centric breakpoints. This could indicate that object-centric breakpoints

may succeed in swapping the debugging perspective from the IDE standards to an

OOP perspective, with the impact that we observed on the debugging time. This

opens new questions on the design and implementation of debugging tools: can

we shape our tools to adopt the underlying programming languages perspective

and how does that impact the debugging activity?

Do object-centric breakpoints improve the debugging of object-oriented
programs? The diverging results in terms of debug time in one case (faster

for Ammolite) vs. the other case (slower for Lights Out) open a new research

discourse. Compared to Lights Out, Ammolite presents several technical points

that may have played a role in the observed effectiveness of the object-centric

breakpoints. While past work considered strategies and techniques for debug-

ging [Böhme 2017, LaToza 2020], no study yet investigated whether a tool is best

suited for applying a specific strategy. Literature on bug classification focuses

on categorizing the type, source, cause and technical characteristics of bugs in a

large variety of contexts, such as bug classification in general [Catolino 2019],

in Java [Osman 2014, Osman 2016] and Javascript [Gyimesi 2021], for perfor-

mance [Sánchez 2020], security [Wei 2021], and compilers [Rahman 2023]. These

studies aim at helping to identify bugs and understand their consequences, but

further research is needed to investigate and provide insights on how to choose

appropriate debugging tools and techniques. From the perspective of studying

object-centric breakpoints, a first step would be to identify bug types and techni-

cal context that can be productively debugged with object-centric breakpoints.
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Technical differences observed betweenAmmolite and Lights out In Am-

molite, the defective object is deterministically initialized and remains constant

throughout the execution. This presents two advantages: participants always ob-

serve the same buggy object when reproducing the bug and breakpoints set on

that object remain active until uninstalled. In Lights Out, because participants

lose the buggy object when restarting the program for reproducing the bug, they

lose all breakpoints set on that object and have to set them again on a different

object. This might have advantaged participants using the object-centric break-

points to debug Ammolite (treatment), as they were not slowed down by this

technical limitation.

A single object-centric debugging step is enough to identify the root cause

of the Ammolite bug. The bug is a parsing error of the buggy object’s proper-

ties held into a field of the object (i.e., an instance variable). This root cause can

be directly observed by setting an object-centric method breakpoint on the prop-

erty’s getter method, or a field breakpoint on the instance variable holding the

property. It seems reasonable to think that in this case, the object-centric break-

points helped by minimizing the gap between the bug’s symptom (a property not

displaying correctly) and its root cause (improper parsing of the property). In

contrast, in Lights Out, the object-centric breakpoints only serve to understand

that something happened during initialization, then participants have to switch

back to standard tools to find the root cause. The necessity to recognize when

to switch between object-centric breakpoints and standard tools may contribute

significantly to slower debugging times in scenarios like Lights Out. While we

did not explore this aspect in this study, further studies could be conducted to de-

termine if recognizing the need for this switch impacts developers’ effectiveness.

If this is the case, additional training and tool support could be developed and

assessed to help participants better identify when a switch is necessary.

3.5 Threats to Validity
Internal validity To avoid self-report biases when removing the interruption

times declared by participants and deciding on the correctness of each task, we

devised a decision protocol and conducted a double-checking process with two

authors to ensure accuracy and consistency.

External validity Our study is specific to the Pharo language and environment

which threatens the generalization of our results. First, we selected our partici-

pants from the Pharo community which could prevent the generalization of our

results to developers in general. However, the results show that our participants

have various programming experience and backgrounds, including students, re-

searchers, and industry professionals, mitigating this bias. Second, it is known
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that Pharo developers frequently use the inspector to learn about the structure

of the objects in the program [Kubelka 2018]. This may have influenced the ac-

tions performed by participants during the experiment, potentially differing from

those thatwould be performed in other object-oriented languages or environment.

However, future work could recreate our bugs in other similar programming lan-

guages and environment and extend the results.

We acknowledge that the tasks we used in our experiment may not be rep-

resentative of common bugs encountered by developers. However, the Ammolite

bugwas a real bug of Ammolite’s application, andwe created the Lights Out bug to

match with scenarios of UI development where one component does not behave

as expected which was illustrated in Ressia’s research [Ressia 2012b]. Further-

more, one participant mentioned after the experiment that they frequently work

on the Pharo codebase and found both the Ammolite and Lights Out bugs to be

similar to those they regularly encounter in the Pharo system.

The study’s focus on evaluating a new Pharo tool and the way it was pre-

sented to participants may have unintentionally influenced participant selection

and responses. Specifically, it may have attracted individuals who are naturally

more enthusiastic about new tools (self-selection bias [Heckman 1990]), making

themmore inclined to favor object-centric breakpoints. Additionally, some partic-

ipants may have responded in ways they believed the researchers expected rather

than providing fully candid reflections on their experiences (moderator accep-

tance bias [Furnham 1986]). This bias could lead to an overestimation of the ben-

efits and adoption likelihood of object-centric breakpoints.

However, our analysis of participant feedback aligns with the experimental

results. Participants expressed appreciation for object-centric breakpoints when

they seemed useful based on our findings, such as in the Ammolite bug scenario.

Conversely, they showed less interest when these breakpoints seemed less suitable

for the task, as observed in the Lights Out bug scenario. This consistency of the

responses with our experimental results suggests that, despite potential biases,

participants provided meaningful insights into the practical value of the tool.

Another limitation is that we did not control participants’ work environments,

meaning external factors (such as computer hardware, software versions, network

stability, or surrounding noise) could have influenced their experience. To miti-

gate this, we provided detailed guidance on the expected setup and clear instruc-

tions on how to complete the experiment. Additionally, we remained available

whenever possible to assist with technical issues, particularly those related to the

preset environment (e.g., the Pharo image), rather than the tasks themselves.
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Construct validity Our findings are limited to the breakpoints described

in section 3.1. We provided five out of the eight breakpoints proposed by

Ressia [Ressia 2012b]. Future work could implement and re-evaluate the impact of

object-centric breakpoints with the missing ones and verify the consistency with

our findings.

All participants went through the treatment task after the control task. This

could induce learning and fatigue effect. However, given the negative results we

observe for Lights Out in treatment, we believe that the information participants

gathered from Ammolite in control did not help them in treatment. Moreover,

the bug differences highlighted in the paper are also a mitigating factor to the

learning effect between Lights Out in control and Ammolite in treatment. Even

though Lights Out was perceived as difficult, the results of the treatment group for

Ammolite are better than those of the control group, mitigating the fatigue effect

induced by Lights Out. However, since the treatment group was less effective

when debugging Lights Out than the control group, the possibility of a fatigue

effect induced by Ammolite in control on Lights Out in treatment remains.

Prior to using object-centric breakpoints under the treatment condition, par-

ticipants went through a tutorial (subsection 3.2.2, step 4) to learn how to use

them. This step was essential for conducting the experiment, but it might have

introduced a learning effect that may amplify the effect size of our statistical tests.

In the design, we strongly encouraged participants to debug using the object-

centric breakpoints under the treatment condition (subsection 3.2.2, steps 4-5),

which might be a factor for the results we obtained with Lights Out in treatment.

There is a possibility that because of this instruction, participants stayed stuck

in the debugger trying to use the object-centric breakpoints before realizing they

should switch back to the standard tools at some point (as reported in section sub-

section 3.3.5). However, this instruction was necessary so that participant use the

object-centric breakpoints, allowing us to measure a difference between standard

tools with and without object-centric breakpoints.

Conclusion validity Even though we reached the number of participants re-

quired by our a priori statistical power analysis, it is possible that the tests we

performed were of low statistical power, preventing us from detecting the ex-

pected effect. We assumed normal distributions and used a standard Cohen’s
d effect size estimate corresponding to a large effect size [Cohen 1988]. Since

the results yielded non-parametric distributions (subsection 3.3.1), we used the

non-parametric Mann-Whitney U test for which we chose the rank-biserial cor-

relation as an appropriate effect size measure [Jané 2024]. These violated as-

sumptions and the different statistical tests we used make it difficult to assess

if we detected the predicted effect size. Since we detected no significant effect

for the debugging actions subsection 3.3.3 we must consider being underpow-

ered. Because we ran identical tests for debugging action and time to debug,
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it is also possible that our tests for time are underpowered despite detecting a

large significant effect size. In this case, we could suffer from effect size inflation

[Ioannidis 2008, Gelman 2014, Lu 2019, Rochefort-Maranda 2021]. This could im-

ply that the true effect of object-centric breakpoints is actually smaller than the

one we detected. We recommend to perform future studies with increased sample

sizes to enable the detection of smaller effects.

3.6 Conclusion
We investigated the effect of object-centric breakpoints on the debugging process,

focusing on the time and actions required to fix two bugs in two distinct tasks.

Contrary to our initial expectations based on past literature [Ressia 2012b], we

could not measure a significant impact of object-centric breakpoints on debugging

actions. However, in one of the two tasks (Ammolite) we could measure a statis-

tically significant reduction of debugging time for participants who used object-

centric breakpoints vs. those using traditional debugging tools. Conversely, for

another task (Lights Out) we found an increased debugging time for participants

using object-centric debugging. Based on further analysis of the data, including

the feedback of our participants, it seems reasonable to attribute this divergence

to the different nature of the tasks and the distinct steps necessary to reproduce

the bugs. In particular, when the bug is located in the initialization process of

the objects, as in Lights Out, object-centric breakpoints seems to hinder the de-

bugging process. Overall, our findings suggest the need for additional research

to gain a deeper understanding of object-centric debugging and breakpoints, par-

ticularly to identify the scenarios where they are most effective. Meanwhile, we

recommend that developers use object-centric breakpoints when they have ac-

cess to faulty objects and can reproduce the bug without needing to restart the

application.
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In chapter 2 we discussed the practical limitations of breakpoint based ap-

proaches for object-centric debugging. We emphasized the complexity of defining

conditions for pausing and investigating programs, especially for programs gen-

erating or utilizing non-deterministic values. As a result of the empirical exper-

iment we presented in chapter 3, we found that object-centric breakpoints seem
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inadequate to help developers debugging certain types of scenarios. In partic-

ular, object-centric breakpoints can hinder the debugging of a program when a

defect is executed during the initialization process of the software or application

being debugged. Indeed, if the defect is part of the code that initializes the ob-

jects of a software, or application, its execution cannot be directly observed using

object-centric breakpoints because these breakpoints can only be applied to ob-

jects after their creation and initialization. Therefore, in this scenario, when using

object-centric breakpoints, developers must realize that the defect is located in

the initialization process and switch back to standard breakpoints and call-stack

based debugger. As discussed in chapter 3, we argue that this additional cognitive

cost brought by the object-centric breakpoints hinders the process of debugging.

In chapter 2, we described omniscient debuggers as those able to address issues

in programs that produce or use non-deterministic values. Since they are capable

of reaching any state of program execution, omniscient debuggers should also al-

low developer searching for events happening at the initialization of the program,

thus addressing that latter limitation.

Problem: In practice, we are unaware of the differences in implementation,

usage, and performance between object-centric breakpoints and omniscient ap-

proaches. Our knowledge of these differences is solely based on the theoretical

aspects of these solutions. Consequently, our conclusions and recommendations

may not be reliable in real-world situations and differ from developers’ experi-

ence.

Research questions: Therefore, in this chapter, we explore the practical differ-

ences between object-centric breakpoints and omniscient approaches. As a sub-

ject for comparisonwith the object-centric breakpoints, we use the omniscient de-

bugger Seeker [Willembrinck Santander 2023]. Seeker is currently the only omni-

scient debugger implementation we can find in the Pharo Smalltalk development

environment and therefore the best possible candidate for a comparison against

the object-centric breakpoints implementation that were subjects of our previous

experiment. Seeker implements the Time-Traveling Queries mechanism to pro-

vide developers with a way to explore a program execution automatically using

queries [Willembrinck Santander 2023]. Time-Traveling queries are extensible.

To extend the set of existing time-traveling queries, the mechanism provides an

API built to abstract away the technical complexity of collecting execution de-

tails. Theoretically this makes time-traveling queries an interesting foundation to

simplify the process of building object-centric tools.
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Therefore, we hypothesize that they facilitate the implementation of object-

centric debugging tools and ask the corresponding research question:

RQ1. What are the practical differences between implementing object-

centric breakpoints and object-centric time-traveling queries?

Omniscient debugging approaches present an overhead during execution

because of the information they record about the execution [Lienhard 2008,

Willembrinck Santander 2023]. Object-centric breakpoints do not have this limi-

tation, which is why we wonder:

RQ2. How does the performance of object-centric time-traveling queries

compare to that of object-centric breakpoints?

Omniscient debuggers and time-traveling queries allow developers to explore

and navigate execution backward and forward while object-centric breakpoints

only allow forward exploration. Additionally, automatically exploring the entire

execution using queries is a one-click process, whereas object-centric breakpoints

require at least to proceed with the execution every time a breakpoint pauses it.

Therefore, these debugging approaches theoretically produce different user ex-

periences. We hypothesize that breakpoints implemented using time-traveling

queries reduce the number of actions needed to debug and help developers col-

lect more information about the program execution compared to object-centric

breakpoints. This leads us to our second research question:

RQ3. What are the practical differences between debugging with object-

centric breakpoints and object-centric time-traveling queries?

Outline: In this chapter, we first present the time-traveling queries mechanism.

Using an example, we then compare how to implement object-centric breakpoints

and their equivalent Time-Traveling Object-Centric breakpoints (TTOCB). Next, we
perform 7 benchmarks to measure the differences between object-centric break-

points and their TTOCB equivalent in terms of performance. Finally, we present

a case study experiment re-using the object-centric scenarios from Willembrinck

et al.’s experiment [Willembrinck 2021] and comparing how they would be solved

with object-centric breakpoints and TTOCB. The results of these studies suggest

that despite the performance overhead, TTOCB would allow developers debug-

ging object-centric scenarios requiring less actions from developers and that they

would in certain cases allow developers to get more complete information about

their programs.



54
Chapter 4. A Case Study of Object-Centric Breakpoints and

Time-Traveling Queries

4.1 Time-Traveling Queries, an Overview
The following section introduces the Time-Traveling Queriesmechanism. The pur-

pose of this overview is to familiarize readers with the research work of Willem-

brinck et al.[Willembrinck Santander 2023], and serves as an introduction for un-

derstanding our thesis’s contributions presented in the next sections of this chap-

ter.

4.1.1 Time-Traveling Queries
Time-Traveling Queries is a mechanism that automatically explores program exe-

cutions to collect execution data called program-states (subsection 4.1.2). In order

to collect program states, the approach requires a debugging backend that controls

execution and collects information about it while it is running. Theoretically, any

omniscient debugging back-end is eligible for such a task. However, Willembrinck

et al. proposed to use a time-traveling debugger [Willembrinck Santander 2023].

Such time-traveling debugger annotates the program-states with time index, i.e.,

timestamps, to enable navigation to any point in the running execution of the

program where program-states were collected. Time-traveling queries filter the

program-states of the program execution to retrieve specific information. They

achieve this by using a selection function that determines the relevance of a

program state to the query’s objective. Later in our dissertation, in Table 4.1,

we present the selection functions we used to implement time-traveling object-

centric breakpoints.

GENERATE 
PROGRAM STATE

Program start
SELECT

PROGRAM STATE

Program stop

STORE
PROGRAM STATE

[selected]

[not selected]
[at end]

[not at end]

Time-traveling back end Time-traveling queries

Figure 4.1: A simplified view of the Time-Traveling Query system and its time-

traveling back end.

As illustrated by Figure 4.1, when a time-traveling query is activated, it trig-

gers the execution of the program by the time-traveling back end. While executing

the program, the backend returns program states that are fed back to the query

to be either selected then stored as part of the results or simply ignored.
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4.1.2 Program States
As introduced by Willembrinck et al. [Willembrinck Santander 2023], we can

qualify program states as facades to the traditional debugging call-stack frames.

A call stack frame is a representation of a program execution step. It contains ref-

erences to the instruction being executed and the execution environment of that

instruction. In other words, it contains all the variables accessible in the instruc-

tion’s scope.

In summary, program states provide an abstraction that enables the creation

of queries without the need to write code to extract data from lower-level call

stack frames.

4.1.3 Making Program States Object-Specific
Due to reverse-replay implementation of the underlying time-travel debugger

backend, objects are not consistently identifiable across different queries re-

sults [Willembrinck Santander 2023]. This means that by themselves program

states do not enable the creation of object-centric queries. Willembrinck et al.

solved this problem by proposing the Object Unique Identifier (OID) to identify

objects across executions [Willembrinck Santander 2023]. We will not dive into

the implementation details of such unique identifier as they come to answer the

constraints of the underlying time-traveling debugger backend, Seeker, and its

reverse-replay implementation. However, we note that, to enable developers

to write object-centric queries, the authors added to the program states an API

method to retrieve the OID of objects.

4.2 Time-Traveling Object-Centric Breakpoints
Before conducting our case study, we completed the list of object-

centric time-traveling queries implemented by Willembrinck et

al. [Willembrinck Santander 2023] so that there would be a time-traveling

equivalent to every object-centric breakpoints originally described by Ressia et

al. [Ressia 2012b]. We detail the time-traveling queries equivalents to object-

centric breakpoints which we called Time-traveling Object-centric Breakpoints
(TTOCB) in Table 4.1 below. In particular, we present a high level description of

the TTOCB’ selection function (cf. Figure 4.1).
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Table 4.1: Mapping between object-centric breakpoints [Ressia 2012b] and their

TTOCB counterpart. With a white background, we highlight the TTOCB already

implemented in previous work [Willembrinck Santander 2023], and with a gray

color the TTOCB we implemented.

Object-Centric
Breakpoints Time-Traveling Object-Centric Breakpoints

1 Halt on read

Selects the program states corresponding to an

instance variable read, where the oid of the

receiver object matches with the oid of the selected

object.

2 Halt on write

Selects the program states corresponding to an

instance variable assignment, where the oid of the

receiver object matches with the oid of the selected

object.

3 Halt on call

Selects the program states corresponding to a

message send, where the oid of the receiver object
matches with the oid of the selected object.

4 Halt on invoke

Selects the program states corresponding to a

message send, where the oid of the sender object
matches with the oid of the selected object.

5 Halt on creation

Selects the program states corresponding to an

instanciation message, where the name of the
class about to be instantiated matches with the one

selected.

6

Halt on object

in call or invoke

Selects the program states corresponding to a

message send, where the oid of the selected object

matches with one of the arguments oids.

7

Halt on

interaction

Selects the program states corresponding to a

message send, where the oid of the sender or the
receiver matches with the oid of two selected objects.

Out of all TTOCB presented in Table 4.1, three of them were already part of

Willembrinck et al. contribution [Willembrinck Santander 2023], the 2. Halt on
write, 3. Halt on call and 5. Halt on creation. We therefore completed the list of

object-centric debugging breakpoints adding the 1. Halt on read, 4. Halt on invoke,
6. Halt on object in call or invoke and 7. Halt on interaction as highlighted with
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a gray color in Table 4.1. Later in this chapter, in subsection 4.3.2 we provide a

detailed example of our implementation of the 7. Halt on interaction TTOCB.

4.3 Differences in Implementation Approaches
To implement object-centric breakpoints in Pharo, we use reflexive techniques,

while to implement time-traveling object-centric breakpoints, we rely on the time-

traveling query mechanism. To illustrate the differences between these two ap-

proaches, we present a comparison of the 7. Halt on interaction implementation in

both versions. Unlike the other breakpoints listed in Table 4.1, which only apply

to a single object, this breakpoint is particularly complex because it applies to two

objects. Specifically, it pauses execution each time an object sends or receives a

message to or from another object.

4.3.1 Implementation Based-on Reflection Techniques
To implement our 7. Halt on interaction breakpoint in Pharo [Black 2009],

we leverage the concepts of anonymous subclasses or lightweight classes

[Hinkle 1993, Ducasse 1999] and dynamic sub-method behavioral reflection

[Denker 2008, Costiou 2020a]. We illustrate the installation process of an anony-

mous subclass with Figure 4.2 a figure extracted from [Costiou 2022], and explain

it below.

Figure 4.2: Illustration of the anonymous subclassing process for object-centric

instrumentation, extracted from [Costiou 2022], Section 3.3, Figure 2.

Figure 4.2 illustrates the process of anonymous subclassing, and how it can

constrain code instrumentation to specific objects. In other words, it shows how

developers can create object-centric instrumentation. The authors of this ap-

proach devised the process in three steps:
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• Step 1: Create anonymous classes dedicated to the objects to instrument.

These classes must be positioned in the hierarchy as subclasses of the orig-

inal classes of the targeted objects. In the example, Figure 4.2, anonBottom
is subclassing Bottom, the original class of the object :aBottom.

• Step 2: Migrate the targeted objects from their original classes to their pre-

viously created anonymous classes. In Pharo, this step requires a primitive

operation such as class adoptInstance: object.

• Step 3: Copy all methods implemented in the class hierarchy of the targeted

objects into their anonymous classes. The objects now have an override for

every method they are susceptible to execute, i.e., object-specific method

overrides.

This process is simplified and should contain additional steps to tackle object-

oriented language execution specificities, such as the lookup ofmethods following

usages of the super keyword [Costiou 2022]. After Step 3, we apply instrumen-

tation on every code instructions (AST nodes) sending a message. For this, we

use the Reflectivity [Costiou 2020a] library on each copied method as illustrated

by Listing 4.1. We first do so for one of the 7. Halt on interaction selected objects.

With this instrumentation, we intend to capture each message sent by this object,

and verify whether the message’s recipient matches the other selected object. If

there is a match, it means we have identified an interaction between the objects

of the breakpoint, and that we must pause the program execution.

1 HaltOnInteraction >> #instrument: aMethod
2

3 | metalink |
4 metalink := Metalink new.
5 metalink metaObject: [ : messageReceiver |
6 messageReceiver == target ifTrue: [ Halt now ]
7 ].
8 metalink control: #before.
9 metalink arguments: #( messageReceiver ).
10

11 aMethod ast sendNodes do: [ :node |
12 node link: metalink
13 ]

Listing 4.1: Code snippet for instrumenting all message sending nodes of amethod

to 7. Halt on interaction between two objects.

As illustrated in the code snippet Listing 4.1, Reflectivity uses a metalink,

which is an object to describe the instrumentation to apply. To this metalink,

we pass a block closure using the method metaObject: (line 5). This closure will
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be responsible to check if the receiver of the message to be sent matches with our

7. Halt on interaction breakpoint designated object (line 6). If the verification is

correct, then we pause the execution using the Halt now (standard breakpoint)

statement (line 6). Lines 8-9 only contain parameters for the instrumentation, in-

dicating that the instrumentation is to execute before any message send and that

the receiver of each message must be passed as an argument of the closure at run

time. Finally, we install the instrumentation on every message send instruction,

using the AST (lines 11-13).

At this stage of the process we have applied the instrumentation on the meth-

ods of only one of the 7. Halt on interaction selected objects, we call it A. That
instrumentation checks for the messages sent by A to the other object, B. Since
both selected objects can send a message to the other one, this procedure must be

repeated so that B checks for the messages it sends to A. The installation of these

object-centric instrumentation must be synchronized to avoid missing interac-

tions between the objects. Additionally, because this object-centric breakpoint

targets two objects, it requires new integration with the system, to store the ref-

erence to one of the objects while developers seek in the call-stack debugger the

second object on which to apply the breakpoint.

4.3.2 Implementation Based-on Time-Traveling Queries
Using the example of the 7. Halt on Interaction we illustrate how straightforward

it is to implement an object-centric breakpoint equivalent with the support of an

omniscient debugger and the time-traveling queries mechanism. To do that, we

write a query selection function, i.e., the selection step of Figure 4.1. We first write

the following value: method of the selection function. This selection function

takes a program state object as a parameter and returns true if that program state

represents an interaction between our objects.

1 SelectAllMessagesBetweenObjects >> #value: pState
2 | expectedOids messageOids |
3

4 pState isMessageSend ifFalse: [ ^ false ].
5

6 expectedOids := { firstOid . secondOid }.
7 messageOids := {
8 pState oidOf: pState receiver .
9 pState oidOf: pState messageReceiver
10 }.
11

12 ^ messageOids first ~~ messageOids second and:
13 [ expectedOids includesAll: messageOids ]

Listing 4.2: Implementation of the selection function of the Halt on interaction
time-traveling object-centric breakpoint.
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Listing 4.2 shows our implementation of selection function for the Halt on in-
teraction time-traveling object-centric breakpoint. This implementation uses the

target object OIDs (line 6) obtained as arguments of the query at its creation and

stored as instance variables, firstOid and secondOid. These two OIDs identify

the objects for which the query seeks the interactions. In the last lines of our

selection function, we will compare our objects OIDs to those of the sender and

the receiver of message represented by the program state provided in argument.

We store theses OIDs as a pair in the messageOids variable (line 7-10). Note that

the keyword receiver (line 8) refers to the execution context receiver, which the

case of a message send in Pharo is the sender of the message. In our selection

function we perform three checks:

1. Line 4: we check that the current program state corresponds to a message

send (i.e., an interaction between objects),

2. line 12: to reject messages sent by an object to itself, we check that the

message sender (i.e., the first of the pair) is different from the object that

receives the message (i.e., the message receiver, second of the pair),

3. line 13: we check that the sender and receiver OIDs correspond to the ex-

pected objects OIDs.

Willembrinck et al. already provided a uniform way to add an argument to a

query [Willembrinck Santander 2023] by prompting popups to the user. So it be-

comes possible to use the query we just implemented as is, without further steps

of integration to the environment. Our query will be actionable via every menu

displaying objects in Seeker debugger, the first object being selected through a

right click and the second through a popup as the one illustrated bellow by Fig-

ure 4.3.

Figure 4.3: Screenshot of the popup for selecting an OID in Seeker

[Willembrinck Santander 2023].

4.3.3 Observations
Using the time-traveling queries to implement the TTOCB, we needed to under-

stand the concept of OID and define a selection function to filter program states.
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In contrast, when using reflective techniques to implement OCB, we needed to

understand and combine the advanced concepts of anonymous subclasses and

sub-method partial behavioral reflection [Denker 2008, Costiou 2020a]. Time-

traveling queries enabled us to implement object-centric breakpoints with less

code and fewer steps than reflective techniques, because there was no need for

code instrumentation.

Thanks to the program’s API, which abstracts the complexity of behavioral

instrumentation, time-traveling queries help implement object-centric tools with

seemingly less effort than traditional instrumentation approaches based on reflec-

tion.

4.4 Differences in Implementation Performances

To highlight the differences between the performances of object-centric break-

points and time-traveling object-centric breakpoints, we performed benchmarks

using the following unit test in Listing 4.3. We performed seven benchmarks, one

for each type of object-centric breakpoint implemented in Pharo, i.e. breakpoints
on variable read, writes, and method call (see Table 4.2). For each benchmark we

took 30 measures running the unit test, first using Pharo OCB implementation

and then with the TTOCB implementation.

1 TestClass >> #testStudentPrinting
2 | group |
3 group := AMGroup new.
4 self students do: [ :s | | str |
5 str := WriteStream on: String new.
6 group textPrintStudent: s on: str.
7 self assert: (#(+ -) includes: str contents last)
8 ]

Listing 4.3: A unit test of the Ammolite application.

All our benchmarks were executed using ReBench [Marr 2018], with Pharo 11 im-

age (Pharo-11.0.0+build.714) on anAppleM1Max, 32GBRAM, running onDarwin

Kernel Version 22.5.0. To ensure that we can run the benchmarks in a way that

produces comparable data, we use the following settings.

4.4.1 Object-centric breakpoints settings

An object-centric breakpoint is supposed to pause the execution. To create a

runnable benchmark, we modified the breakpoints’ behavior to avoid trigger an

execution interruption and return just before breaking. This way, the breakpoint
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mechanism is executed, but the execution interruption is only simulated and the

execution continues.

Additionally to measure the execution time of object-centric breakpoints we

need to ensure that they get activated during execution. To do so, we manually

provide the object to debug, one of the objects representing a student in List-

ing 4.3 (cf. line 4 and 6), and we install the breakpoint on it at the beginning of the

benchmark. The time required to install the breakpoint is included in the mea-

sures. However, it is negligible over the whole benchmark execution (less than 10

milliseconds).

4.4.2 Time-traveling object-centric breakpoints settings

Similarly to object-centric breakpoints, we must provide an object to ensure that

we collect the correct execution time for time-traveling object-centric break-

points. To obtain comparable results, the object must be the same.

However, to provide the object to the time-traveling object-centric break-

points, we have to run the debugger a first time, over the entire execution so

that the object OID is known by the debugger. Similarly to the installation of

object-centric breakpoints, this step is inevitable and is taken into account in the

results. Next, we execute the query corresponding to the evaluated breakpoint.

4.4.3 Benchmarks Results

Wedetail the results of the benchmarks in the following Table 4.2. We observe that

the average time required to execute the test with object-centric breakpoints is

between 140 and 240 milliseconds. The average time for the equivalent operation

using TTOCB is 97004 milliseconds. This performance evaluation shows that on

average TTOCB are 602 times slower than object-centric breakpoints.

4.4.4 Observations

These benchmarks confirm the statement we made in the chapter introduction,

there is an overhead to TTOCB execution. On average, TTOCB execute 602 times

slower than OCBs to provide the same information to developers.

This implies that TTOCB are applicable to smaller programs than OCBs. Fur-

thermore, beyond a certain execution time, TTOCB may be unusable in practice.

For instance, a program that takes one minute to execute with an OCB would re-

quire developers to wait approximately ten hours for the TTOCB equivalent of

the breakpoint to execute.
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Table 4.2: Time in milliseconds required to execute a controlled unit test (List-

ing 4.3) with the Pharo object-centric breakpoints and the equivalent time-

traveling object-centric breakpoints. (1 var) means the breakpoint is set on one

specific variable, 1 selector means the breakpoint is set on one specific selector.

Breakpoint type
Execution time

OCB (in ms)

Execution time

TTOCB (in ms)

TTOCB / OCB

overhead

Halt on state ac-

cess
170 ± 0 97512 ± 961 ×574

Halt on read 163 ± 2 102331 ± 692 ×629

Halt on write 150 ± 0 93131 ± 851 ×621

Halt on call

(1 selector)

240 ± 1 91927 ± 554 ×382

Halt on state access

(1 var)

150 ± 0 99570 ± 1229 ×664

Halt on read

(1 var)

149 ± 1 98413 ± 689 ×660

Halt on write

(1 var)

140 ± 0 96146 ± 1232 ×687

4.5 Differences in Debugging Procedures

In this section, we highlight the practical differences when debugging between

object-centric breakpoints (OCB) and time-traveling object-centric breakpoints

(TTOCB). We present the case study we conducted using four tasks. We asked a

developer to perform the tasks first with OCB and thenwith TTOCB, and to report

the actions needed to complete the tasks. We detail our researchmethodology and

present the details of the four comparisons of debugging procedureswithOCB and

TTOCB. We end the section by summarizing the results

4.5.1 Research Methodology

To highlight the differences between the use of OCB and TTOCB, we conducted

a case study in which a single developer performs a set of tasks twice, once with
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OCB and once with TTOCB. Our objective is to compare the practical differences

between the two kind of breakpoints. We selected four tasks from an empirical

study [Willembrinck 2021] on program comprehension, in which the developer

has to answer four questions (one per task). These questions require the developer

to adopt an object-centric perspective.

Participant We asked a student in software engineering to first perform the

tasks (and answer the questions) with OCB, then to try answering the same ques-

tions again but with the help of TTOCB. At the time of the experiment, the student

was currently at the end of a two years long internship on software debugging tool

development and used Pharo daily.

Observation protocol Both OCB and TTOCB allowed the participant to find

the elements required to answer the program comprehension questions. How-

ever, the methods used to reach these elements are different. To compare these

debuggingmethods we counted the number of debugging actions and breakpoints

the participant used to obtain the correct answers for these four questions. Addi-

tionally, we reported the information observed by the participant at every stage

of the procedure.

We qualify as debugging action any execution action (putting a breakpoint,

stepping the execution, resuming the execution, inspecting an object, select-

ing a variable) or observation action (i.e., deducing information that helps to

answer the question from the debugger). For example in the table describing

the debugging procedures for the Question 3 (Table 4.5), the third step of the

procedure with OCB reports the following action: Click Proceed. The participant
observes that pc is assigned 29. We count two actions: first, the Proceed action

resuming the execution, and second the observation of the assignment of

the value 29 to the variable pc. When counting the number of actions, we

consider that setting an OCB is equivalent to executing its TTOCB counterpart.

We apply this procedure for each line of the report tables and add up the numbers.

We describe the debugging procedure starting from the next page.
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4.5.2 Detailed Debugging Procedures
In these section, we report in Table 4.3, 4.4, 4.5, 4.6, our observations of the debug-

ging procedures followed by the participant to our experiment when debugging

the four comprehension tasks with OCB and TTOCB. We analyze these observa-

tions of the debugging procedures in the following subsection 4.5.3.

Table 4.3: Procedure to answer the question "When (=from which methods) is
the first object in the shapes collection receiving the #color: message? What
are the values of the arguments in each message?". The answer provided

by [Willembrinck 2021] is: The color: message is called only once on the first
object of the shapes collection, within the method RSNormalizer>>#normalize
that is called from the test, with the color green as an argument.

Question 1
Procedure with OCB Procedure with TTOCB

Debug the following test with Pharo:

RSNormalizerTest>> #testBasic
Debug the following test with Seeker:

RSNormalizerTest>> #testBasic
Do 1 step-over [Action 1], then 3

step-through [Actions 2-4] then 1

step-over [Action 5] to execute the

method #new on RSBox in the block

closure

Select the class RSBox [Action 1],
right-click and execute the query All
Instances Creation of class
named as selection [Action 2]

Select thisContext [Action 6] in
the debugger inspector and select the

RSBox instance [Action 7] at the 3rd
position in the stack

Seeker shows all created instances in

the execution, in a table. Time-travel

[Action 3] to the first instance

creation

In the inspector, select the object

class (RShape) [Action 8], right-click
on the color: method and set an

object-centric breakpoint on that

method [Breakpoint 1] .

Do 1 step-over [Action 4] and 1

step-into [Action 5] to reach the

RSBox instance, and execute the

query: All messages sent to
self [Breakpoint 1] (self in this

context represents the RSBox
instance.)

Click Proceed [Action 9]. The
breakpoint hits. Observe [Action 10]
that #color: is called within the

method

RSNormalizer>>#normalize that

is called in the test, with the color

green as an argument.

Seeker shows all messages sent to the

RSBox instance, in a table. Observe

[Action 7] that #color: is called

only once. Time-travel [Action 8] to
the corresponding step, and observe

[Action 9] that the method is called

from the test within the method

RSNormalizer>>#normalize, with
the color green as an argument.
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Table 4.4: Procedure to answer the program comprehension question "What in-
stance variables of RSBox b1 are modified during this test?" The answer provided
by [Willembrinck 2021] is: The instance variables of RSBox b1 that are modified
during this test are encompassingRectangle (twice), connectedLines, parent,
entryIndex, and isDirty.

Question 2
Procedure with OCB Procedure with TTOCB

Debug the following test with Pharo:

RSAttachPointTest>>
#testVerticalAttachPoint

Debug the following test with Seeker:

RSAttachPointTest>>
#testVerticalAttachPoint

Do 4 step-over [Actions 1-4] to do

the assignment b1 := RSBox new
size: 20

Do 4 step-over [Actions 1-4] to do

the assignment b1 := RSBox new
size: 20 to get the object of

interest b1
Inspect the object of interest b1
[Action 5], do not select any

instance variable and set an

object-centric breakpoint

[Breakpoint 1] on writings of all

instance variables

Select the variable b1[Action 5],
right-click and execute the query All
the assignments of instance
variables, of the object
currently pointed by the
selected variable [Breakpoint
1]

Click Proceed [Action 6] and a

breakpoint is hit. Observe [Action 7]
that an instance variables was

modified. Repeat these actions

(Proceed and observe) until the

execution ends, which happens 3

more times [Actions 8-9, 10-11,
12-13]. The following variables, in
this order, were modified:

encompassingRectangle,
connectedLines,
encompassingRectangle, parent

Seeker shows all the assignments of

all instance variables of the object b1,
in a table. Observe [Action 6] that
the instance variables are modified in

the following order: paint, isFixed,
matrix, shouldUpdateLines,
baseRectangle, baseRectangle,
encompassingRectangle, path,
baseRectangle,
encompassingRectangle, path,
encompassingRectangle,
connectedLines,
encompassingRectangle, parent
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Table 4.5: Procedure to answer the question "What are the different values of the
pc instance variable of the newContext object during this test?" The answer pro-
vided by [Willembrinck 2021] is: The values of the pc instance variables of the
newContext object during this test are 29 and nil

Question 3
Procedure with OCB Procedure with TTOCB

Debug the following test

with Pharo:

ContextTest>> #test-
SteppingReturnSelfMethod

Debug the following test with Seeker:

ContextTest>>.
#testSteppingReturnSelfMethod

Do 9 step-over [Actions 1-9]
to do the assignment

newContext :=
aMethodContext step

Select the variable newContext [Action 1]
and execute the query All the
assignments of variable with
selected name [Breakpoint 1]

Inspect the object of interest

newContext [Action 10],
select the instance variable

pc [Action 11], and set an

object-centric breakpoint on

writings of this instance

variable [Breakpoint 1]
(via right-click on pc)

Seeker shows all assignments of the variable

newContext. Time-travel [Action 2] to the

first assignment and do 1 step-over [Action 3]
to get the object of interest newContext

Click Proceed [Action 12].
Observe [Action 13] that pc
is assigned 29

Select the variable newContext [Action 4],
right-click and execute the query All
assignments of instance variables of
the object currently pointed by the
selected variable [Breakpoint 2]

Click Proceed [Action 14].
Observe [Action 15] that pc
is assigned nil

Seeker shows all assignments of all instance

variables of the object newContext, in a table.

To filter the results to get only the

assignments of the instance variable pc,
time-travel [Action 5] to an assignment of

the instance variable pc, select the variable pc
[Action 6], right-click and execute the query

All the assignments of a selected
instance variable, of self
[Breakpoint 3]. Observe [Action 7] that the
instance variable pc is assigned 4 times, the

values: 25, 28, 29, nil.
Click Proceed [Action 16],
the test ends its execution.
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Table 4.6: Procedure to answer the program comprehension question

"How many times is generator>>#atEnd called on the generator ob-
ject and from which methods?" The answer provided by [Willembrinck 2021]

is: The method Generator>>#atEnd is called 7 times: 4 times from
the method GeneratorTest>>#testAtEnd and 3 times from the method
Generator>>#next.

Question 4
Procedure with OCB Procedure with TTOCB

Debug the following test with Pharo:

GeneratorTest>>#testAtEnd
Debug the following test with Seeker:

GeneratorTest>>#testAtEnd
Do 2 step-over [Actions 1-2] to do

the assignment generator := self
numbersBetween: 1 and: 3

Do 2 step-over [Action 1-2] to do the

assignment generator := self
numbersBetween: 1 and: 3 to

get the object of interest generator
Inspect the object of interest

generator [Action 3], select the
object class Generator [Action 4]
and right-click on the method #atEnd
and set an object-centric breakpoint

on that method [Breakpoint 1]

Select the variable generator
[Action 3], right-click and execute

the query All messages sent to
the selected object
[Breakpoint 1]

Click Proceed 7 times [Action 5-11]
until the test ends its execution.

Observe that the 7 breakpoints are hit

(one at each breakpoint) [Action
12-18] of the method #atEnd being

called: 4 times from the method

GeneratorTest>>#testAtEnd and

3 times from the method

Generator>>#next

Seeker shows all the messages sent to

the object generator, in a table.

Observe [Action 4] that the object
generator receives the atEnd
message 7 times: 4 times from the

method

GeneratorTest>>#testAtEnd, 3
times from the method

Generator>>#next
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4.5.3 Observations
Below, we summarize the observations we made on the debugging procedures

presented in subsection 4.5.2. The following Table 4.7 presents the differences in

the number of actions performed with the debugger and the number of break-

points used, between the debugging sessions of our participant with OCB and

TTOCB.

Table 4.7: Count of installed breakpoints and performed debugging actions when

answering 4 program comprehension questions with OCB and TTOCB (see sub-

section 4.5.2).

OCB TTOCB

Question 1
Actions 10 9

Breakpoints 1 1

Question 2
Actions 13 6

Breakpoints 1 1

Question 3
Actions 16 7

Breakpoints 1 3

Question 4
Actions 18 4

Breakpoints 1 1

Total
Actions 57 26

Breakpoints 4 6

TTOCB Compared to OCB Regarding Debugging Actions

In order to complete all the comprehension tasks, our participant had to perform

approximately twice as many actions with the OCB as with the TTOCB. The dif-

ference in the number of breakpoints used for all the tasks is only two. Specif-

ically, the participant used two more TTOCB than OCB to complete Question

3 Table 4.5. On average, the developer performed 7 actions before using OCBs

and only 3 before using TTOCB. Therefore, it seems that the main difference lies

in how the objects of interest for program comprehension are accessed before

applying breakpoints.

The procedure in Question 3 Table 4.5 illustrates this well. The participant per-

formed his first TTOCB after only one action, compared to 11 actions in the OCB



70
Chapter 4. A Case Study of Object-Centric Breakpoints and

Time-Traveling Queries

case. This initial action enabled him to use the breakpoint All the assignments
of variables with selected names to obtain the desired object. The partic-

ipant then made two additional requests to answer the comprehension task.

It seems that TTOCB reduce the effort required to obtain a reference to the

objects to be debugged compared to OCBs, which could facilitate their adoption.

TTOCB Compared to OCB Regarding the Access to Program Information

Within this chapter, we have formulated the hypothesis that time-traveling

object-centric breakpoints would enable more comprehensive information to be

obtained regarding program execution, particularly with execution details occur-

ring during software initialization, and therefore during the initialization of ob-

jects themselves.

The details of the debugging procedures followed by our participant to answer

Questions 2: "What instance variables of RSBox b1 are modified during this test?" Ta-
ble 4.4 andQuestion 3: "What are the different values of the pc instance variable of the
newContext object during this test?" Table 4.5 seem to support this hypothesis. For

both questions, our participant collected more information about the evolution of

the designated objects’ instance variables when using TTOCB. As we can observe

from the tables, when using the object-centric debugging breakpoints our partic-

ipant first needed to use multiple step-throughs commands to navigate forward

within the execution until being able to apply breakpoints to designated objects.

For Questions 2, our participant accessed the object of interest after the execution

of b1 := RSBox new size: 20 using the value of the variable b1. Similarly,

for Question 3, after the execution of newContext := aMethodContext step
using the value of the variable newContext. Only from that point in the execu-

tion the object-centric breakpoints could highlight the objects’ modifications of

instance variables.

That is how our participant missed some instance variable writes. They were

performed before accessing the variables within the execution details on the right-

hand side of the assignments. Using TTOCB allowed our participant to collect

such modifications in the scope of the entire program execution history as soon

as the object could be found.

Time-traveling, object-centric breakpoints seem better suited to helping devel-

opers access more information about program execution than traditional object-

centric breakpoints. In practice, this could provide developers with information

that could improve their understanding of program execution.

4.5.4 Discussion

Our observations suggest that time-traveling object-centric breakpoints are eas-

ier to implement than object-centric breakpoints based on reflective implementa-
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tions. We also made some observations in terms of a practical approach to debug-

ging. Specifically, TTOCB appear to reduce the number of actions required for

debugging compared to traditional object-centric breakpoints. Additionally, the

manual search for objects made our participant miss information happening prior

to finding objects of interest with OCB, whereas TTOCB provided all the details

of execution about these objects. These observations support our hypothesis that

TTOCB can overcome the limitations of OCBs when debugging programs whose

defect lies in the initialization of objects. As discussed in the introduction, there

are also theoretical differences between TTOCB and OCB. TTOCB can be applied

to non-deterministic programs, allowing developers to move to any point of inter-

est during execution. On the other hand, non-deterministic programs can make

OCB innefective if restarting execution is required to debug.

However, our benchmarks reported that TTOCB take 602 times longer to ex-

ecute than OCBs. Furthermore, if TTOCB can easily provide the complete list

of object instantiations, message sends, or assignments to any instance variable

of an object in one execution, the number of results can be significant. Filter-

ing these results is then an additional burden for developers. This mitigates our

observation that TTOCB significantly reduce the number of required action to

debug. TTOCB provides two ways to support results filtering. We can filter the

list of results based on a string representation (e.g., by filtering method names).

However, to do this, it is necessary to know what we are looking for, which is not

always the case when debugging. We can also time-travel to one of the results

and execute another TTOCB based on contextual information. However, in this

situation, we also need to know when to time-travel and on what new elements

base our TTOCB exploration. For this reasons, we must consider the size of the

programs to be debugged when making our observations. If the program takes

too long to execute and contains too much information, the benefits of TTOCBs

will be reduced.

Therefore, we recommend prioritizing the implementation and use of TTOCBs

when developers have specific needs and want adapted object-centric debugging

tools rapidly. We also recommend TTOCB in cases where the program is non-

deterministic or where a bug is suspected to be present during object initializa-

tion. These recommendations only apply if a time-traveling debugger with an API

similar to that of program states is available and the program executes quickly.

4.5.5 Threats to validity

TTOCB is based on Time-Traveling Queries, for which an empirical experiment

[Willembrinck 2021] has shown that developers using queries did 38% less de-

bugging actions than developers using the standard Pharo debugger. While our

results seem consistent with the latter experiment, they are based on only four

examples, which limits our ability to generalize our conclusions. These results
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should be investigated more thoroughly to confirm them. However, they suggest

that further research based on empirical experience would be worthwhile.

In our analysis, we counted only the debugging actions that we could observe

from our participant’s report. Therefore we do not know how many implicit ac-

tions the developer may or may not have performed to decide when to step into a

message send or when to step over it, etc. While this could have an impact on the

results we reported, as we followed the same counting protocol for both the OCB

and TTOCB possible biases should be mitigated and not in favor of one particular

approach.

In this experiment our proxy to interpret the effort required for debugging is

the number of actions performed by developers with the debugger. However, the

number of actions does not reflects how difficult it is to perform an action. Some

actions might be related to a higher cognitive load than others. Additionally, our

participant performed each comprehension task in the same order: first with OCB

and then with TTOCB. Although the tools are different, the participant may have

learned details about the task while debugging with OCB that may have helped

with TTOCB. This could have potentially biased our observations.

Therefore, future work should evaluate OCB and TTOCB in a controlled man-

ner. Think-Aloud protocol [Ericsson 2017] should be used to capture and associate

developers’ intentions with their actions. They should also be asked about their

perception of the debugging difficulty. To mitigate learning effects, future evalu-

ations should consider randomly switching the order of the tasks (i.e., OCB first,

then TTOCB, and vice versa). This would provide a more accurate comparison

between OCB and TTOCB.

4.6 Conclusion

In this chapter we explore the practical differences between object-centric break-

points (OCB) and time-traveling object-centric breakpoints (TTOCB), their equiv-

alent based on time-traveling queries. We illustrate how TTOCB abstract away

low-level concerns, saving developers from having to understand and use complex

language reflection techniques for implementing and extending object-centric

breakpoints. Our user study across four example scenarios indicates that TTOCB

could reduce the number of actions needed for debugging and offer more detailed

information about program execution than traditional object-centric breakpoints.

This suggests a promising improvement of TTOCB in terms of debugging effort

and support to program comprehension. In contrast to OCB, TTOCB appears

helpful to developers in debugging scenarios in which bugs are located in the ini-

tialization process of objects. However, as the 7 benchmarks we performed high-

lighted, the advantages of TTOCB over OCB come with a performance tradeoff.

TTOCB is 602 times slower than OCB, implying that it is less suited to help devel-

opers debug large programs. Overall, our findings suggest the need for more re-
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search to confirmour observations, with thorough empirical designs that include a

wider range of real-world scenarios. Additionally, research addressing the limita-

tions of OCB and TTOCB in terms of implementation, usability, and performance

remains a worth the efforts. In the meantime, we recommend that developers pre-

fer time-traveling object-centric breakpoints over object-centric breakpoints for

small program executions.
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In the second chapter, chapter 3, we demonstrated through empirical experimen-

tation that, while object-centric breakpoints have the potential to help developers

debug their object-oriented programs, the limitations of these breakpoints can

also hinder debugging in some cases. In chapter 4, we then showed how using

omniscient approaches with queries to explore program execution history com-

pare to object-centric breakpoints, and how they address limitations in certain

scenarios.

In this chapter, we continue to seek for improvements of the approaches for

debugging object-oriented programs. We detail our motivation, derived from ana-

lyzing various existing debugging methodologies and relating them to the object-

centric debugging approaches listed in the state of the art section of chapter 2.

Specifically, we point out that object-centric debugging approaches do not pro-

vide technological support for the iterative process of hypothesis and exploration

in which developers engage during debugging.

To facilitate the debugging process, we argue that it is necessary to provide

developers with technological support for these iterations. In this chapter, we

present Scopeo, an omniscient debugger that supports the execution of queries to

automate the exploration of program execution histories. The main contribution

of Scopeo is the exploration scope, a representation of subparts of the execution

history, obtained as result of the queries and reusable as input for new exploration

phases, i.e., new queries.

We evaluated our approach using a descriptive case study research design. We

used Scopeo to debug three practical scenarios while observing and describing the

limitations of the approach. For two cases of our study, we reused the scenarios

from the empirical experiment presented in chapter 3. This enables us to gain

further insight into the potential of omniscient debuggers to address bugs that

object-centric breakpoints seem limited to help with.

In the final section, we discuss the limitations of Scopeo and our analysis, and

we outline potential improvements and areas for future research.

5.1 Background and Motivations

To research what the next generation of object-centric debuggers could look like,

we first examine the different stages that comprise existing debugging models.

Then, in this section, we present how the object-centric debugging solutions listed

in chapter 2 support the different stages. This allows us to identify and discuss

the gaps in support that motivate our approach.



5.1. Background and Motivations 77

5.1.1 Common Models of the Debugging Process
Studies on debugging models teach us that debugging is product of both program

comprehension and a systematic method of acquiring knowledge about how pro-

grams behave [Gilmore 1991, Zeller 2009]. This simplified scientific method is of-

ten referred to as the debugging process [Vessey 1985, Gilmore 1991, Yoon 1998,

Spinellis 2018]. Gilmore has schematized this process, illustrated by Figure 5.1.
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 Cognitive processes
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Figure 5.1: Schematic view of many models of debugging, extracted from

[Gilmore 1991], Introduction, Figure 1. In this diagram, Real-World stands for real-

world knowledge.

Although there are more recent and detailed versions of Figure 5.1’s model

[Spinellis 2018], Gilmore’s version is particularly interesting because it highlights

the comprehension process as well as the mental representation of the program

in the debugging model. In Figure 5.1 we can observe that the comprehension

process and the mental representation stages occur before the iterative process

of formulating and testing hypotheses about the problem to find the fault loca-

tion. This fault localization process is illustrated in Figure 5.1 by the Bug Loca-
tion block, which shows a loop consisting of Hypothesis Formation followed by

Hypothesis Testing. The loop ends when a hypothesis about the bug location is

validated. However, because of this separation between the comprehension pro-

cess and fault-localization process, this model cannot represent how a conceptual
bug co-existing with a teleological bug can be debugged [Gilmore 1991]. Gilmore

provides the following definition for these two types of bugs "In the latter case
the program contains a traditional error, but in the former the program may be syn-
tactically and semantically correct, the error arising because the program solves the
wrong problem.". In this explanation, we assume the traditional error refers to the

raise of a software exception or a program crash.
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5.1.2 Program Comprehension In the Debugging Process

Following the presentation of the general debugging model’s limitations (as we

previously outline in subsection 5.1.1), Gilmore conducted an analysis of debug-

ging data from a controlled experiment involving 80 participants who debugged

ten versions of two programs, each of which contained two bugs. Gilmore then

proposed the debugging model depicted in Figure 5.2.
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Figure 5.2: Schematic view of debugging viewed as design, extracted from

[Gilmore 1991],Amodel of debugging, Figure 4. In this diagram, Real-World stands
for real-world knowledge.

The Gilmore debugging model, illustrated in Figure 5.2, includes program and

problem comprehension in the debugging iteration loop, as the initial stage. This

stage is then following by the updating of mental representations of the program

and the observed problem [Gilmore 1991]. After completing this phase, develop-

ers compare their mental representations with the reality of program execution

to identify potential mismatches (represented in Figure 5.2 by the Mismatch de-
tection and Mismatch correction processes). This iterative process yields a revised

program, the New program at each iteration. In contrast to the preceding model
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(Figure 5.1), in which the iterations terminate once developers identify the defect,

in this new model, developers exit the debugging iteration cycle when they can-

not detect further differences between their mental representation of the program

(and that of the problem) and the behavior they observe at execution. Follow-

ing this newly acquired comprehension of the program, developers can initiate

the Repair process to produce a Correct program. Gilmore categorizes this model

among program design activity [Gilmore 1991], as it does not strictly differentiate

between program understanding and fault localization.

5.1.3 Object-Centric Debugging Support to the Debugging
Process

In this chapter, we explore ways to improve the debugging of object-oriented

programs. We find the aspects of debugging that are less supported by existing

object-centric approaches to be more interesting to work on. To identify these

least-supported aspects, we compare the object-centric debugging approaches

presented in chapter 2 with the debugging models presented in Figure 5.1 and

Figure 5.2.

It appears that many object-centric debugging approaches primarily focus on

supporting developers in validating their hypothesis regarding program execu-

tion. For example, tools such as Whyline [Ko 2004, Ko 2008, Ko 2008, Ko 2009],

Unstuck [Hofer 2006], Seeker [Willembrinck 2021,Willembrinck Santander 2023],

or TraceDebugger [Thiede 2023a, Thiede 2023b] facilitate the answering of ques-

tions related to events that occur during program execution. Therefore, the stages

Hypothesis formation and Hypothesis testing depicted in Figure 5.1, are already

supported.

Tools that automate code repair have been proposed to help developers debug

code, thereby supporting the Repair stage of the debugging models we presented

[Parnin 2011, Böhme 2017, Winter 2023]. However, as aforementioned in chap-

ter 2, these tools appear to pose significant challenges for developers because de-

velopers require an understanding of the proposed repairs in order to integrate

them into the program code [Winter 2023]. Although none of the object-centric

debugging approaches we reviewed in our state-of-the-art chapter 2, have been

found to provide automated code repair features, it seems wiser to focus on pro-

gram comprehension itself rather than automated repair mechanisms given that

this type of approach also requires support for comprehension.

As Gilmore illustrated in his debugging model Figure 5.2 and as we have also

shown in our current state of the art chapter 2, it appears necessary to diminish

the cognitive load associated with understanding programs to facilitate debug-

ging. To reduce the cognitive load of object-oriented programs, we can work

on two aspect of Gilmore’s model. The first, the mental representation of pro-

grams, is addressed by all object-centric approaches. Indeed, these approaches
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offer perspectives aimed at bridging the conceptual gap between object-oriented

programs and debugging tools, as described in chapter 2. The second aspect is the

debugging cycle itself, the iterative process of program comprehension. To the

best of our knowledge, these debugging cycle is the least-covered aspect of de-

bugging by object-centric debugging approaches. Compass [Lienhard 2009] and

TOD [Pothier 2009] provide bookmarks that allow developers to save key points

in their exploration. While this prevents them from repeating actions, they still

need to remember what these key points correspond to and how their different

debugging iterations are related. Whyline [Ko 2008, Ko 2009] allows to execute

follow-up queries based on the answers to previous queries and thus establish

links between debugging iterations. However, the queries supported by Whyline,

Why? andWhy Not?, are not extensible and focus on fault localisation, which can

limit program comprehension.

For the remainder of this chapter, we will focus our research on supporting

the debugging cycle to facilitate understanding of programs.

5.2 Scopeo, the Approach in a Nutshell
In the previous section, we identified the debugging cycle, i.e. the iterative process

of program comprehension, as the aspect of debugging that is the least supported

by object-centric approaches. We argue that integrating support for this iterative

process would make debugging programs easier. Hence, in this section we present

our proposal, Scopeo, an omniscient debugger supporting the execution of queries

for program exploration and designed to provide support for the iterative process

of program comprehension. Figure 5.3 illustrates how we combine elements from

Gilmore’s debugging models Figure 5.1 and Figure 5.2 to propose a debugging

method that supports the debugging cycle.

Below, we present Scopeo’s features, following the order of stages in the pro-

posed method (Figure 5.3).

(1) Reproduced execution - Omniscient back end. In our approach, we pro-

pose incorporating the debugging activity into the framework of an omniscient

debugger. This is necessary to potentially benefit from the following aspects. It al-

lows addressing bugs in programs that manipulate or produce non-deterministic

values, as discussed in the state-of-the-art chapter chapter 2. As we observed

in chapter 4, the omniscient debugger should enable comprehensive exploration of

execution, including the initialization process. Additionally, an omniscient debug-

ger should allow developers to perform all necessary debugging iterations with-

out replaying bugs several times [Willembrinck Santander 2023]. Thus, this first

stage in Scopeo’s debugging method is to reproduce the bug with an omniscient

debugger activated, so that the execution is recorded.
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Figure 5.3: Schematic view of our proposal, the Scopeo debugging model, which

was inspired byGilmore’smodel,Amodel of debugging (Figure 4), [Gilmore 1991].
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(2) Exploration scope We propose to provide developers with the exploration

scope as a unit of reasoning. The exploration scope is a representation of pro-

gram execution structured as a tree. This tree contains all events related to the

execution of object-oriented programs, including method executions, variable as-

signments, and message sends between objects. This makes the exploration scope

an enhanced version of the traditional call stack that is closer to the graph model

of the object-oriented paradigm. We chose a tree structure for the exploration

scope because it theoretically allows for the implementation of queries that can

traverse the tree recursively and filter its content while maintaining the order and

hierarchy of the filtered information. We argue that such queries are easier to im-

plement using a tree structure than a graph structure because a tree structure does

not allow for cyclical information, which could lead to an infinite loop when ex-

ecuting queries. Furthermore, since the tree structure contains all the execution

related information, it can still be transformed into a graph if necessary in the

future. We will discuss these queries in further detail in our explanation of stage

five below. At this second stage of the method, the omniscient debugger creates

an initial exploration scope for the developers to work with in the third stage.

This scope encompasses the entire execution resulting from the reproduction of

the bug in the previous step.

(3) Comprehension process - Object-centric mental representation The

comprehension process is a cognitive activity during which developers observe

and attempt to understand the program, while also considering their understand-

ing of the problem [Gilmore 1991]. According to Gilmore et al.’s model, this

process yields an updated version of the mental representations that develop-

ers have of the program and the problem [Gilmore 1991]. In our proposition, we

encompass the update of the mental model as part of the comprehension pro-

cess. We make this choice because we argue that bringing to developers object-

centric perspectives will closely align with developers’ mental models of object-

oriented programs [Ressia 2012b], ultimately supporting the cognitive process.

The object-centric perspectives we propose with Scopeo are the object flow, ob-
ject trace or object history, i.e. the list of methods, messages, or variable assign-

ments used by or using a particular object, as offered in Compass [Lienhard 2006],

Unstuck [Hofer 2006] or Trace Debugger [Thiede 2023a]. Following the compre-

hension process, developers can decide to end their debugging session if they

understand the problem, or proceed to stage four.

(4) Hypothesis formation Most debugging approaches involve generating hy-

potheses, testing them, and repeating the process as long as cause of the bug is

not identified as illustrated by Figure 5.1 and discussed in chapter 2. We pro-

pose to integrate the same stages of Hypothesis formation and Hypothesis verifi-
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cation to Scopeo’s debugging model. The only difference as compared to tradi-

tional approaches is that developers iterate over the comprehension process as

suggested by Gilmore et al.’s instead of focusing the iterations on the bug loca-

tion [Gilmore 1991]. Therefore, at this stage of the process, developers formulate

hypotheses about the program’s behavior, the possible cause of the bug, and their

own understanding of the program.

(5) Hypotheses testing with queries. To help developers verifying their hy-

potheses, we propose building upon existing work such as Whyline [Ko 2004,

Ko 2008, Ko 2008, Ko 2009], Unstuck [Hofer 2006], Seeker [Willembrinck 2021,

Willembrinck Santander 2023], or TraceDebugger. These works use queries to

search a program execution for elements that developers can then compare to

their hypotheses. For example, if a developer wants to test the hypothesis that

a method is called three times, they can run a query to find all the events rep-

resenting calls to that method during the execution. The number of results will

allow them to verify the hypothesis. Therefore, the ability of our approach to help

developers verify their hypotheses depends primarily on the queries they can ex-

ecute. These queries are presented later in this chapter in section 5.4.1. Queries

are executed within an exploration scope and generates a new exploration scope

containing only the elements filtered by the query. This new exploration scope is

a subtree of the scope selected for the query. Upon its creation, every new explo-

ration scope is stored and displayed to the developer, who can then begin a new

program comprehension cycle. Developers can return to an exploration scope at

any time, thus avoiding the loss or forgetting of steps in their debugging session.
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5.3 Presentation of The Scopeo Debugger
In this section, we will introduce the Scopeo debugger. It implements our ap-

proach to supporting program comprehension iterations during the debugging

process. The Scopeo debugger is an omniscient debugger, and more precisely, it is

a back-in-time debugger. To debug a program with Scopeo, one must first repro-

duce the bug while Scopeo is activated. This allows the debugger to record every

instruction executed during program runtime (cf. section 5.2). These instructions

are reified as traces in Scopeo’s record and are structured in a tree representing

the relationships between the methods, messages, and assignments that occurred

during execution. For the remainder of this chapter, we will use the term traces
to refer to these instructions that occurred during program execution.

§

C

A

D

E B

Figure 5.4: Screenshot of the Scopeo debugger with color-coded rectangles high-

lighting its capabilities. The light blue rectangles■ show the features that Scopeo

has in common with traditional, call-stack based debuggers. The orange rectan-

gles■ highlight the features that are unique to the Scopeo debugger.
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The Scopeo interface presents the program execution tree using themiller list
component labeled A in Figure 5.4. This view, similarly to call-stack-based de-

buggers, allows developers to navigate the program’s execution traces. The com-

ponent is divided into two panels that both display traces representing method

calls, variable assignments, and messages sent from one object to another. The

left panel displays traces that execute before those in the right panel. More pre-

cisely, the traces are displayed according to their hierarchy. The left panel shows

the parent level, and the right panel shows the child level. The right panel always

shows traces that originate directly from the selected trace in the left panel at run

time. When a new selection is made in the left panel, the right panel automat-

ically updates. However, when a trace is selected in the right panel, that panel

shifts to the left. This pushes the previous panels into a non-visible area. Then,

a new panel is created to take the previous role of the child traces panel. When

panels move into the non-visible area, the debugger displays a horizontal scroll

bar that allows the developer to navigate the different levels of execution.

Following the selection of a trace, from anywhere in the Scopeo debugger

interface, the pane labeled B gets updated to display the trace’s details. When

the trace reifies a message or method execution, the pane will display the object

executing the method or receiving the message, its arguments, the return value,

and so on. For an assignment, the pane displays the variable affected, as well

as its values before and after the assignment. Additionally, this view shows the

source code of the method from which the trace was recorded during execution.

In the case of messages and assignments, it also highlights the corresponding line

of code. In terms of functionalities, this view is equivalent to the combination of

the code editor and the Inspector of the Pharo standard debugger (cf. section 3.1).

The orange rectangles in Figure 5.4 highlight the debugger components spe-

cific to Scopeo. The component labeled as C is a button that, when activated,

opens a panel that allows the configuration of a query to run in order to explore

the execution of the program being debugged. The configuration of a query with

Scopeo is a three-step process. We will illustrate this process in section 5.4.1. Af-

ter performing a query, a new exploration scope is created. Upon its creation, the

scope appears in the list highlighted by the D label. Selecting a scope in this list

refreshes the E component to show the details of the selection.

The E component is where the object-centric perspective is provided to de-

velopers. This component is divided into two parts, a top part and a bottom part.

The top part is an execution tree, visually identical to component A . However,

the execution tree of an exploration scope only contains the traces filtered by the

query from which the exploration scope originated. Therefore, it is a subtree of

the complete execution tree shown by component A .

The bottom part of the E component, contains the object-flow panels. The

list on the left contains all the objects involved in the execution tree resulting
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from the query that created the exploration scope. The list on the right displays

all the methods, messages, and assignments involving the object selected in the

left pane.

5.4 Case Study
This section shows how developers can use Scopeo in a debugging session. We

conduct our case study using the scenarios of our empirical experiment, chap-

ter 3. We then compare the solution to the proposed scenarios using object-centric

breakpoints with the solutions we propose using Scopeo.

5.4.1 First Debugging Scenario: LightsOut
As shown in Figure 5.5, LightsOut is a game consisting of a 10x10 grid of cells.

Each cell represents a light that can be in two different states: lit, which is indi-

cated by yellow, or off, which is indicated by gray.

?

Figure 5.5: Screenshot of the Lights Out game graphical interface, with the bug

symptom highlighted by red . A larger screenshot is available in subsection 3.2.4.

Due to a bug in the game, one of the lights placed in a corner of the grid

never switches to the lit (yellow) state. Each time we restart the game, the bug’s

symptoms appear in a new corner of the grid. This information suggests that

the bug is part of the grid initialization process, which will guide our debugging

session.
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Initiating the Debugging Session

To debug LightsOut, we first launch the game via Scopeo. In the current version

of our prototype, this involves executing the following code.

ScopeoDebugger debug: [ LightsOut open ]

Running this code triggers the opening of the LightsOut interface. Clicking on

the cells in the corners of the grid reveals that the top left corner at coordinates 1

@ 1 (in Pharo coordinate notation), presents the bug’s symptoms. In addition to

opening the LightsOut interface, running the sample code above also opens the

Scopeo interface, which is shown in Figure 5.6.

§

A

B

Figure 5.6: Screenshot of the Scopeo debugger opened on the execution of Light-

sOut. The label A designates the execution tree, while B designates the detailed

view of the traces.
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In the LightsOut execution tree A , Scopeo displays the first executed method

by default. In our case, this method named open is visible thanks to the detailed

view of execution traces B , illustrated in Figure 5.6. The code for this method

shows the creation of a new LOPane object, which is then assigned as the value of

the pane variable. The line of code responsible for the assignment is highlighted

because, after this observation, we selected it in the execution tree A . Based on

this initial observation, we assume that this code is responsible for creating the

LightsOut grid. To verify this, we open the Pharo Inspector to view the details of

the LOPane object. To perform this action, as showcased by Figure 5.7, we use the

context menu of the trace detail view B . The inspector opens, allowing us to see

the game’s grid of cells exactly as it in Figure 5.5. Therefore, our assumption is

correct, the LOPane object represents the grid.

Performing a Query

Wewould now like to retrieve all instructions involving the LOPane object created

at the beginning of the execution. Rather than manually exploring the execution,

we can use one of Scopeo’s queries to do that. Before doing so, however, there is

an additional step. We need to mark the LOPane object as the object about which

we are going to ask the question. In Scopeo, we call the objects marked as input

for future queries the subjects.

B

Figure 5.7: Screenshot of an assignment detailed view, labeled B , showing how

to mark an object as a subject for future queries using the context menu.
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For every possible type of trace, the detailed view B enables the opening of

a context menu with the possibility of inspecting the objects referenced by the

different fields of the trace. For a method or message trace, it is possible to inspect

the arguments and the result. For assignments, we can inspect the values before

and after they are assigned to a variable. To add an object as a subject for a future

query we must use the option named Add to subjects for a future question from

the context menu as visible in Figure 5.7. To perform a query, we must first click

on the Run a query to create an exploration scope button in Scopeo’s interface C .

This action opens the query configuration window. This window will display a

new panel for each of the three configuration steps illustrated by Figure 5.8 that

we need to complete.

C1 C2

C3

Figure 5.8: Screenshot of the configuration panels of a query. C1 is the pane

for selecting a query, C2 for selecting a query’s subject and C3 the exploration

scope of delimiting the query’s execution.

Of the pane showcased by Figure 5.8, the first one to be displayed in the query

configuration window is the query selection pane C1 . As its name states, this

pane lists all queries currently supported by Scopeo. Scopeo provides a majority

of object-centric queries, such as All messages received by an object in a selected
exploration scope. While the object-centric queries allow developers to collect pre-

cise information about the behavior of objects they want to observe, in order to

perform such queries, it is first necessary to collect objects of interest. To enable

the collection of such objects of interest, we propose shipping Scopeo with queries

for finding initial focus points [Sillito 2006, Sillito 2008, Kubelka 2019]. On exam-

ple of such a query is All classes involved in a selected exploration scope, which
is provided by Seeker [Willembrinck Santander 2023]. To retrieve all instructions
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involving the LOPane object we are interested in, we select in C1 the query All
events involving <an Object> in <scope>. In Scopeo’s queries, words between brack-
ets, such as <anObject>, <scope> and so on, indicate a parameter. These parameters

can be selected using C2 for the subject of a query and C3 for the exploration

scope. In our selected query, the subject is the object of interest, LOPane. Since we
previously marked this object as subject for future queries (cf. section 5.4.1) it is

available in C2 , (cf. Figure 5.8). Therefore, we select it in the table and click Con-
tinue to select the final parameter required to configure our query, the exploration

scope. Since this is the first query of our debugging session, the only available ex-

ploration scope is the default one, the Full execution scope, as displayed in C3 .

The Full execution scope contains the entire execution tree. Visualizing this scope

would result in the same view displayed by the A component in Figure 5.4 and

Figure 5.6. After selecting the exploration scope named Full execution and click-

ing the Perform query button, Scopeo closes the query configuration window and

computes the query results, yielding a new exploration exploration scope that is

a subtree of Full execution.

Investigating the Exploration Scope

After running the query, the resulting exploration scope is displayed in the fol-

lowing list displayed by Figure 5.9 and labeled D .

D

Figure 5.9: Screenshot of the list of the available exploration scopes, labeled D as

in the full debugger screenshot Figure 5.4.

As shown in Figure 5.9, the parameters <an Object> and <scope> of our query
All events involving <an Object> in <scope> are replaced by the string representa-

tion of the subject and the exploration scope that we selected for the query in the

previous subsection. To help developers distinguish between exploration scopes

originating from queries about objects of the same type, the string representation

of each object is concatenated with its unique numerical identifier. For example,

LOPane(208977664)-208977664. As in the latter example, the unique identifier

may appear twice in the string representation. Indeed, by default objects provide

their identifier in parentheses when asked for a string representation. We dupli-

cate and concatenate again this number, because we must account for possible

overrides of this default behavior.
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To explore our query result we only need to select the corresponding explo-

ration scope in the list of component D . We now can observe the results displayed

in the following screenshot of the component E , Figure 5.10.

E1

E2 E3

Figure 5.10: Screenshot showing the details of an exploration scope. E1 is the

pane for exploring the scope execution tree, E2 for exploring the objects in-

volved in the scope, E3 is the list of traces involving the selected object, i.e., its

object-flow E2 .

As shown in the screenshot Figure 5.10, the first traces involving our object

of interest, LOPane(208977664), are representing a message, initialize, that
the object received, followed by the execution of a method of the same name.

Selecting the latter trace updates the A , B , and E1 panes to show information

about it. In the B pane we therefore can observe the source code of the method

initialize executed by our object of interest. We read the code to understand

how the LOPane, i.e., the grid of the LightsOut game is initialized. In this method,

we can observe the following loop (cf. Listing 5.1) that initializes all the cells of

the grid.

1 matrix := Array2D rows: size columns: size.
2 cells := matrix indicesCollect: [ :x :y |
3 self newCellAt: x @ y
4 ]

Listing 5.1: Listing of the code initializing LightsOut’s grid of cells
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In this initialization loop, we can observe that the message newCellAt: is

sent to self, i.e. the LOPane (line 3). The next step in this debugging session is

to get a reference to the cell presenting the bug, i.e., the cell that fails to switch to

yellow.

Accessing the Object of Interest

The cell presenting the bug is the one in the top left corner (1 @ 1) of the Light-

sOut grid, and is initialized by the newCellAt: method. To obtain a reference to

the object representing the faulty cell, and investigate about its behavior, we will

first reduce our previous exploration scope. To do so, we type newCellAt: in

the filter under the object-flow of the LOPane object, visible in the E3 window

(cf. Figure 5.10). The filter updates the list to display only the traces containing

anything related to the string newCellAt:. We obtain 203 results out of the 5535

traces involving the LOPane. At the beginning of the list, we select the trace that

correspond to a newCellAt: message taking as argument the coordinates 1 @ 1.
Then, in component B , within the displayed details of the message we selected,

we click on the value returned by the message, the object LOCell(804933888).
Similarly to what we did for our first query in Figure 5.7, we select this value as a

subject for future queries.

Narrowing Down the Exploration Scope

We now would like to narrow down our exploration scope to observe only the

interactions between our object of interest, the cell presenting the bug and the

LOPane, the object responsible for its creation. For this, we perform a new query.

In particular, we select the query Any event refering to <an Object>, in <scope>:
in the query selection pane (annotated C1 in Figure 5.8). We then choose the

LOCell(804933888) object as subject for our query using the dedicated compo-

nent C2 , as showcased by Figure 5.8.

C3

Figure 5.11: Screenshot showing the reuse of an exploration scope in a new query.

C2 refers to the pane for selecting the exploration scope to perform a query on

as in Figure 5.8.
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The exploration scope that we select for this new query, in Figure 5.11, is

the one yielded by our first query (cf. section 5.4.1). After performing this new

query, Scopeo updates the E1 window to display a new exploration scope named

Any event refering to "LOCell(804933888)-804933888", in: Any event refering to "a
LOPane(208977664)-208977664", in: Full execution. The details of this new explo-

ration scope are illustrated in below Figure 5.12.

BE1

Figure 5.12: Screenshot of by a screenshot of the bottom part of the Scopeo de-

bugger interface after selecting in D (cf. Figure 5.4) updates the exploration scope

named Any event refering to "LOCell(804933888)-804933888", in: Any event refering
to "a LOPane(208977664)-208977664", in: Full execution. Component B shows the

details of the trace selected in E1 .

The list of events involving the LOPane and LOCell all seem to occur during

the initialization process of the game. As we can observe in components E1
and B in Figure 5.12, they take place in the context of the newCellAt: method

(cf. Listing 5.1), where the LOPane creates the LOCell object, set its position, the

action to perform onmouse click, and finish by adding the LOCell to the interface

(using the addMorph: message).

Navigating Outside the Exploration Scope

Since the bug appears related to the positionning of the cell, we decide to explore

the method executed after the position: message selected in E1 . However, the

E1 component only shows the sub tree of the execution containing the events

that involve both the LOPane and LOCell objects. As the trace corresponding to

the position: message has no children in displayed in E1 , we deduce that only

the LOCell is involved in the execution of the position: method. While this
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provides us with some information, it does not help us to inspect the execution of

this position: method. Therefore, to access the trace of the position: method

execution, we use the complete execution tree as displayed by Figure 5.13.

§

A

Figure 5.13: Screenshot of the entire execution tree, labeled A , where a trace is

being selected.

Because the A component shows the execution of the program in an unfil-

tered manner, it allows us to access the trace of the position: method following

the trace of the position: message (in the execution).

Identifying the Cause of the Bug

As the selection of the latter trace in component A triggers the update of the de-

tailed view of the traces (i.e., component B in previous screenshots), we observe

the following source code:

1 LOCell >> #position: aPoint
2 super position: aPoint .
3 aPoint = self class getCorner ifTrue: [
4 onColor := offColor .
5 ]

This source code contains a condition that can evaluate to true after calling

the getCorner method. If this condition evaluates to true, the cell’s onColor at-

tribute takes the value of the offColor attribute. In other words, the yellow color

representing the cell’s lit state becomes identical to the gray color representing

the off state (line 4). For this cell presenting the bug, it is impossible to differenti-

ate between the lit and off states. Removing this method and rerunning the game

supports the hypothesis that this position: method is responsible for the bug,

because the symptom is no longer present after that.

5.4.2 Discussing the LightsOut Debugging Scenario
Through a debugging session of LightsOut using Scopeo, we illustrate how object-

centric debugging tools based on an omniscient debugger allow developers debug-

ging programs containing bugs that execute during initialization.
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With Scopeo, we defined an exploration scope encompassing the initialization

phase of the LightsOut grid and cells. We created this first scope from the object

representing the grid. Then, we created a new exploration scope, that displayed

only the initialization of the cell exhibiting the bug.

Using object-centric breakpoints, we would have applied either Halt on call or
Halt on state access to the faulty cell. This would have paused the execution when-
ever the cell was updated or executed a method. To apply these breakpoints, we

would have first needed to navigate the execution using stepping instructions,

until the affectation to the cell variable (cf. component B in Figure 5.12). How-

ever, after executing the assignment instruction, the (faulty) position: method

would have already been executed. This implies that, by trying to use object-

centric breakpoints, we would have missed the cause of the bug. Ultimately, we

would have had to restart the debugging process, and navigate to the faulty cell

using standard breakpoints and stepping instructions, until the execution of the

position: method.

This debugging scenario with Scopeo corroborates the observations we made

in chapter 4, according to which omniscient solutions are better suited than

object-centric breakpoints for observing the initialization process of objects.

The exploration scope which we narrowed down in this scenario is equiva-

lent to the All interactions between objects query, which we implemented in the

previous chapter chapter 4. Therefore, debugging experiences with Scopeo and

Time-Traveling Object-Centric Breakpoints may be similar for developers in this

scenario. A future comparison of the two approaches would be interesting for ex-

ploring the different uses of the All interactions between objects query. However, it
is currently not possible because the TTOCB backend does not support executing

programs that open graphical interfaces.

5.4.3 Second Debugging Scenario: Ammolite

Ammolite is our second scenario for exploring Scopeo’s ability to support debug-

ging iterations. Similarly to LightsOut, it is taken from our empirical experiment

material (cf. subsection 3.2.4).

Ammolite, illustrated by Figure 5.14, is an application allowing teachers to

create groups of students balanced according to their level. In the application,

the level of a student is indicated by a marker, + or -. For a promotion of stu-

dents, when generating the groups, the marker of one student named Adèle is

disappearing in the list of groups.

Initiating the Debugging Session

To debug this scenario, we first launch the following code with Scopeo to record

an execution that contains the bug. This code initializes Ammolite, and generates
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Figure 5.14: Screenshot of the Ammolite application with the bug symptom high-

lighted by a red questionmark. A larger screenshot is available in subsection 3.2.4.

balanced groups of students. It also and opens Scopeo, similarly to Figure 5.6 for

LightsOut.

ScpDebugger debug: [ AmmoliteMagenta run generate. ]

As before, our first objective in this exploration is to obtain a reference to

an object of interest. In this scenario, the object of interest is Adèle, the student

presenting the bug symptom. We begin by observing Ammolite’s initialization

process using the entire execution tree component A in Figure 5.15.

§

A

Figure 5.15: Screenshot of the execution tree ( A ) after Scopeo’s opening on the

Ammolite scenario.

In Figure 5.15, we observe a call to the promotion method. Using the detailed

trace view (component B in previous screenshots) we read the following source

code of the promotion method.
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1 AmmoliteMagenta >> #promotion
2

3 | promotion students |
4

5 promotion := AMPromotion new.
6 promotion name: ’Ammolite promotion ’.
7

8 students := (self students splitOn: Character cr)
9 collect: [ : studentDataString |
10 AMStudent readFromDataString: studentDataString
11 ].
12 promotion students: students .
13

14 ^ Array with: promotion

Listing 5.2: Source code of the promotion method in Ammolite.

In Listing 5.2 at line 10, we observe that in Ammolite, students are described

by the class AMStudent.

Accessing the Object of Interest

Therefore, to retrieve our object of interest, we perform a first query,Objects which
are of class <a Class> in scope: <scope>. After selecting the query in the list of query
of component C1 , we select the class AMStudent in the list of possible subjects

in component C2 , as illustrated by Figure 5.16.

C2

Figure 5.16: Screenshot of the subject selection pane, labeled C2 , showing how

the interface automatically adapts to allow selection of a query parameters. In

this example, a class is being selected for the query Objects which are of class <a
Class> in scope: <scope>.
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We perform the query in the Full execution scope, which yields as a result the

new exploration scope Objects which are of class "AMStudent" in scope: Full execu-
tion. As a result, we obtain all the instanciated objects E2 and their associated

object-flow E3 , as displayed by Figure 5.17.

E2 E3

Figure 5.17: Screenshot of the exploration scope name Objects which are of class
"AMStudent" in scope: Full execution. E2 shows the list of all students created in

the execution of Ammolite. E3 displays the events involving the student named

Adèle, selected in E2 .

Identifying the Cause of the Bug

As showcased in Figure 5.17, we selected in the list the student named Adèle and

filtered in its object flow all the events refering to the marker. Among the 14

resulting traces, we can observe in the first 3 ones the assignment of the string +
with a trailing space. A little bit further in the list we also observe an call to the

accessor of the marker made from the textPrintStudent:on: method showed

in Listing 5.3.
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1 AMStudent >> #textPrintStudent: student on: stream
2

3 student textPrintOn: stream .
4 ({ ’+’. ’-’ } includes: student marker) ifFalse: [
5 ^ self
6 ].
7

8 stream space.
9 stream << student marker asString

Listing 5.3: Source code of the textPrintStudent:on: method in Ammolite.

As we can observe in the source code of the textPrintStudent:on: method,

a verification is performed against the marker (line 4). If the marker does not

matches with a plus or a minus symbol, the method returns immediately (line 5),

without concatenating the marker to the string representation of the student (line

8 and 9). Since the value affected to the marker of our object of interest presents a

trailing space, it does not satisfies the condition, which is the reason why it does

not appear in Ammolite’s interface. After adding an instruction to trim the value

before affecting it to the marker, the marker is correctly printed on the interface,

in the list of generated groups, suggesting that we correctly fixed the bug.

5.4.4 Discussing the Ammolite Debugging Scenario
As in the case of LightsOut, Ammolite is based on experimental materials from

our empirical study evaluating the object-centric breakpoints on debugging (cf.

chapter 3). Therefore our observations and the procedure we followed while con-

ducting the debugging session can be influenced by this prior knowledge of the

scenario.

In the empirical experiment, participants were being providedwith a reference

to the object presenting the symptom of the bug. Without such advantage, to de-

bug Ammolite using object-centric breakpoints, we would need to step through

the execution until the complete creation the list of students displayed in Ammo-

lite.

Using Scopeo, with a single query, we could list all potential objects of in-

terest. This suggest that having dedicated queries to initiate debugging ses-

sions [Sillito 2008, Kubelka 2019] operating within the framework of an om-

niscient debugger could help developers debugging. This observation is con-

sistent with the empirical results obtained by studying the impact of Seeker

[Willembrinck Santander 2023], where similar queries were used.

After identifying the object exhibiting the symptom, we used only its object-

flow view to continue our exploration. Filtering the view allowed us to find all

references to the problematic marker attribute. Although equivalent to setting

the object-centric breakpoint that pauses execution when an attribute is accessed
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or modified (i.e., the General Field Breakpoint in section 3.1), we argue that this

manipulation is more straightforward. Indeed, in comparison, to place the equiv-

alent breakpoint on the marker attribute of the object, we would have needed to

open an Inspector on the object, navigate to the view for the attributes, and then

select the breakpoint through the menu.

Instead of directly exploring the filtered object-flow view, we could have exe-

cuted new, more precise queries. Although our choice may have been influenced

by our prior knowledge of Ammolite, we consider a set of 14 filtered results to be

small enough to navigate directly. These results allowed us to observe the bug’s

symptoms and the helpful source code, so it appears that combining the object-

flow view with filters can minimize the number of queries required to understand

program execution.

5.4.5 Third Debugging Scenario: Microdown
Microdown [Ducasse 2020] is a variant of the Markdownmarkup language used to

support Pharo [Black 2009] documentation. Microdown documents can contain

JSON blocks of metadata within the document header. However, a bug was intro-

duced to the Microdown parser, as illustrated by Listing 5.4. Since then, whenever

the parser reads a valid metadata block (on the left of the listing), the resulting

block ((on the right side of the listing)) only contains the last line. As we can

observe on the right of the listing, the contents of line 2 has disappeared.

1 {
2 " authors ":"S. Ducasse " ,
3 "title":"Pharo by Example "
4 }
5

6 # Pharo by Example .
7

8 Text content ...

{

"title":"Pharo by Example "
}

# Pharo by Example .

Text content ...

Listing 5.4: Example of a Markdown document with JSONmetadata in the header,

that highlights theMicrodown bug. The source code on the left shows the original

block of metadata. The result of the parsing is shown on the right, with missing

information on line 2.
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The symptom of this bug is caught by the following unit test in Listing 5.5.

When executed the unit test fails with the error, KeyNotFound: key "authors" not
found in Dictionary.

1 MicMetaDataBlockTest >> #testAtKey
2

3 | source root metadata |
4

5 source := ’{
6 " authors " : "S. Ducasse " ,
7 "title" : "Pharo by Example "
8 }’.
9

10 root := parser parse: source .
11 metadata := root children first.
12

13 self assert: ( metadata atKey: ’authors ’)
14 equals: ’S. Ducasse ’.
15

16 self assert: ( metadata atKey: ’title ’)
17 equals: ’Pharo by Example ’

Listing 5.5: Source code of the testAtKey unit test that highlights the Microdown

bug.

The error is triggered by the code in the first assertion (lines 13 and 14). After

parsing the string of metadata defined at the beginning of the test code (lines

5–8), the resulting object stored in the metadata variable does not contain the

expected key, authors. Therefore, this unit test precisely reflects the example

of Listing 5.4, with the error triggered by the absence of data on line 2 (in the

example) after Microdown parsing.

Initiating the Debugging Session

Webegin debugging this scenario in the sameway as previous ones. Using Scopeo,

we launch a code snippet to reproduce and capture an execution containing the

bug symptoms.

1 [ MicMetaDataBlockTest new setUp; testAtKey; tearDown ]
2 on: Error do: [ :e | e crTrace ]

In the above code snippet, we prepare, launch the unit test (line 1) and catch the

error resulting from the Microdown bug (line 2) to avoid pausing the execution

and therefore the recording performed by Scopeo.
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Our goal is to isolate the behavior dedicated to the parsing of the metadata,

were the bug should be located. To do so, we first seek all the events in the ex-

ecution in which the Microdown parser is involved. We begin by skimming the

execution down to the execution of testAtKey, the unit test method, until reach-

ing the message statement parser parse: source (line 10). To navigate in the

execution until that line, we used the component A (cf. Figure 5.18), as presented

across previous scenarios.

§

A

Figure 5.18: Screenshot of the execution tree ( A ) after Scopeo’s opening on the

Microdown scenario.

At this point in the execution we add the object referenced by the variable

parser to the list of subjects for a future query, using the detailed view of the

message trace B as shown in Figure 5.19.

B

Figure 5.19: Screenshot of an message trace detailed view, labeled B , showing

how we mark the value of the parser variable as a subject for future queries

using the context menu.
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We then perform the queryAny event refering to <an Object>, in scope: <scope>,
with our selected subject, the object referenced by the variable parser and in the

scope of the Full execution (using the C components previously described, C1 ,

C2 and C3 ).

Narrowing Down the Exploration Scope

Among these events where the parser object is involved we are interested only

in those that also involve the results we obtain from the parsing, pointed by the

metadata variable. The underlying question we are wondering about is how the

parser creates the reified version of the metadata. To answer this question we

follow the same steps as we just did to create our exploration scope with all the

parser related events. We navigate the execution to reach the line number 11

using component A , as in Figure 5.18. Then we select the value of the metadata
variable as subject for a query, as shown by Figure 5.19. Once again we perform

the query Any event refering to <an Object>, in scope: <scope>. But this time our

subject is the value of the metadata variable, and the exploration scope on which

to perform the query is the one resulting from the last step. The new result-

ing scope entitled Any event refering to "Metadata: a Dictionary(’title’->’Pharo by
Example’)-216975360", in scope: Full execution is illustrated by Figure 5.20.

BE

Figure 5.20: Screenshot of the exploration scope E named Any event refering to
"Metadata: a Dictionary(’title’->’Pharo by Example’)-216975360", in scope: Full exe-
cution. The detailed trace view B shows the event corresponding to the message

body selected in component E .
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When examining the events involving both the metadata and parser ob-

jects using the E component in Figure 5.20, we observe various parsing-related

events. These events do not provide insightful information about the cause of

the bug. However, we observe that the 19th result is a message that returns a

dictionary matching the corrupted version of the metadata in our example List-

ing 5.4. We therefore wonder how does the parser, the metadata object and

this dictionary interact with each other. To answer that question, we perform,

once again a the query Any event refering to <an Object>, in scope: <scope>. As
a subject to this query, we select the dictionary returned by the body message,

using the context menu shown in component B in Figure 5.20. For the scope

on which to execute the query, we select our last exploration scope. Perform-

ing this query yields the following exploration scope named Any event refering to
"a Dictionary(’title’->’Pharo by Example’)-107969012", in scope: Any event refering
to "Metadata: a Dictionary(’title’->’Pharo by Example’)-216975360", in scope: Full
execution.

B

E3

Figure 5.21: Screenshot of the exploration scope yielded by the query Any event
refering to "a Dictionary(’title’->’Pharo by Example’)-107969012", in scope: Any
event refering to "Metadata: a Dictionary(’title’->’Pharo by Example’)-216975360",
in scope: Full execution. E3 highlights the object-flow of the object a
Dictionary(’title’->’Pharo by Example’) and B shows the source code

of the assignment trace selected in E3 .
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Figure 5.21 shows the exploration scope resulting from the query. In the source

code of the assignment, visible in B (line 4), we observe the conversion of a

string into a JSON object, which is interesting since Microdown metadata are in

JSON. This conversion is made by the statement STONJSON fromString: ’(’,
body, ’)’. However, at this point in the execution, as we can observe in the pane
at the top of the component B , that the value of the body variable is an object of

type SmallDictionary. From these observations, it seems that the bug is due to

the fact that the body of the metadata object is a dictionary rather than a string

of characters.

Creating a New Exploration Scope

To confirm this hypothesis, we search for all the assignments to the body vari-

able in order to observe the evolution of its values. To do so we perform the

query All state modifications of the object <an Object>, in scope: <scope>. For

this query we reuse the dictionary object that we previously selected as sub-

ject for queries and the full execution for the exploration scope parameter. This

creates the new exploration scope named All state modifications of the object
"Metadata: a Dictionary(’title’->’Pharo by Example’)-216975360", in scope: Full ex-
ecution. In the object-flow view (component E3 ) of the object Metadata: a
Dictionary(’title’->’Pharo by Example’)-216975360, we use the filter to
show only the assignments refering to the body variable.

E3

Figure 5.22: Screenshot of the object flow (component E3 ) of Metadata: a
Dictionary(’title’->’Pharo by Example’)-216975360, in the exploration

scope yielded by the query named All state modifications of the object "Metadata:
a Dictionary(’title’->’Pharo by Example’)-216975360", in scope: Full execution.

As the results in Figure 5.22 indicate, the object is modified four times in the

execution.

Identifying the Cause of the Bug

When looking at the details using component E3 , we observe a first assignment

of the value of a SmallDictionary to the body variable. Then, two more modifi-
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cations occur. Using the component B , we realize that both these modifications

result from a concatenation operation between the dictionary and the content of

the metadata from the unit test (line 6 and 7). This concatenation happens in the

following source code.

1 MicMarkupBlock >> #bodyFromLine: line
2 body := body
3 ifNil: [ line ]
4 ifNotNil: [ body , String cr , line ]

After each execution of this code, the variable body contains a dictionary

object containing as key-value pair, the indexes and letters of the concatenated

string, e.g. 1->", 2->t, 3->i, 4->t, 5->r, 6->e, 7->". From this ob-

servation we learn that concatenating a dictionary with a string of characters will

always yield a new dictionary with these aforementioned key-value pair of in-

dexes and letters. Once again, it seems that body should be of a type String
and not SmallDictionary. To verify that, we remove the first assignment to the

body variable after reaching its source code by a click in the object-flow cf. Fig-

ure 5.22. We execute the unit test again. The test now passes which suggest that

we correctly fixed the bug.

5.4.6 Discussing the Microdown Debugging Scenario
Of the three scenarios of our investigation, theMicrodown scenario is the only one

that is not derived from the empirical experiment presented in the first chapter of

this thesis, chapter 3.

To resolve the Microdown scenario, we narrowed down the exploration scope

twice. As a result, we obtained a new exploration scope containing all interactions

between the Microdown parser, the Metadata object referencing the metadata

after parsing, and the metadata itself. This process of refining the exploration

scope allowed us to highlight the body attribute of the Metadata object as poten-

tially part of the problem.

Next, we created a new exploration scope that included only changes

to the state of the Metadata object. Unlike other omniscient debuggers in

the literature that base program execution exploration on queries (such as

Seeker [Willembrinck Santander 2023] and Trace Debugger [Thiede 2023a]), per-
forming a new query does not erase the exploration scope (or results) originating

from previous investigations. With Scopeo, it is always possible to return and

inspect a previous exploration scope, such as with Compass [Lienhard 2006] or

Whyline [Ko 2008].
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The last query we executed is equivalent to the object-centric breakpoint that

pauses execution when an attribute is modified. We previously refered to this

breakpoint as the Field Breakpoint in section 3.1 and the Halt on Write in sec-

tion 4.2. However, for the same reasons as in the LightsOut scenario, this object-

centric breakpoint would not have returned the assignment of a dictionary to the

body variable, which is the cause of the bug.

5.5 Discussion
In this section, we present additional observations from our scenarios. We discuss

differences with object-centric breakpoints, the impact of the exploration scope

and limitations of our approach.

5.5.1 Differences Between Scopeo andObject-Centric Break-
points

To illustrate how Scopeo’s debugging support compares to object-centric break-

points, we reused the scenarios from our empirical experiment. Although our

prior knowledge of LightsOut and Ammolite may have influenced the solutions

we brought to these scenarios using Scopeo, it was the only way to make such

a comparison without conducting a dedicated experiment. As mentioned in the

discussion of our scenarios, thanks to its omniscient nature, Scopeo allows devel-

opers to explore the initialization process of the objects they want to debug with-

out restarting program execution or switching to other debugging tools. When

debugging an object with object-centric breakpoints, however, developers seem

to access the object through a variable or method that references it during exe-

cution. The problem with this method of access is that the object has a greater

chance of being fully initialized, so developers cannot observe the initialization

process. These observations corroborate the results of our previous experiments

in chapter 3 and chapter 4. Therefore, if developers want to address a bug that

appears to be part of an object’s initialization process, we recommend using an

omniscient debugging solution.

5.5.2 Impact of the Exploration Scope

We used the exploration scope in two out of three of our scenarios, LightsOut, and

Microdown. Scopeo supported the verification of our hypotheses as they became

more detailed, especially with Microdown, by storing exploration scopes and al-

lowing their reuse for new queries. Specifically, using exploration scopes enabled

us to reduce the amount of information that needed to be inspected to verify our

hypotheses, thus facilitating the understanding of bug scenarios. This suggests
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that the exploration scope can help reducing the cognitive cost of program com-

prehension. In comparision, other approaches, such as Unstuck [Hofer 2006] or

Seeker [Willembrinck Santander 2023], offer queries that filter only complete pro-

gram executions. These queries can yield a considerable number of results, requir-

ing more effort for analysis than a narrowed down exploration scope. However,

our three scenarios do not provide insight into the cognitive effort required to

narrow down the exploration scope or how often this occurs. Therefore, more

research is needed to determine the actual impact of the exploration scope on

debugging activities.

5.5.3 Problems and Limitations

Our approach may have limitations and problems that could hinder its adoption

and evaluation compared to other approaches, which we discuss in this subsec-

tion.

Bug reproduction With our current prototype, reproducing a bug in Scopeo

requires executing the code that is suspected to be faulty. For small programs,

like those in our scenarios, it does not seem to be problematic. However, for large

programs, prior knowledge of the program is required to isolate a code sample

that can reproduce the problem while keeping it as small as possible. This sample

must be as small as possible because omniscient debuggers consume additional

hardware resources, including a lot of memory, to capture the program’s execu-

tion history.

Additionally, some bugs arise from a specific sequence of user actions through

the graphical interface, such asmousemovements or button presses. Since Scopeo

requires code as input, these actions must be translated into a programmatic ver-

sion. This code can be challenging to develop because it often necessitates an

understanding of how the graphical interface was designed. This represents an

additional cognitive cost that may hinder the adoption of Scopeo. This raises the

question of how to capture a bug without writing code.

User experience The E1 component displays the execution subtree of the

exploration scope selected in the D component. When executing our scenarios,

we did not use the E1 component, therefore we question its usefulness for de-

velopers when debugging. However, we may have rarely used this component

because our scenarios did not require it or because the tree-like representation of

the exploration scope was not helpful to developers.

To execute queries with Scopeo, we implemented a multi-step workflow. First,

we pre-select an object as a potential subject of a query from a point in the execu-

tion. Then, we select the query, the subject, and the exploration scope in which to
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search and filter the elements. Repeating the steps of this workflow can generate

cognitive costs added to the cognitive overhead required to understand the pro-

gram. Although we argue that this additional cost is inherent to every advanced

debugging tool, more research is necessary to determine its magnitude.

In our prototype, the exploration scope names are a concatenation of the name

of the query fromwhich they originate, and the names of that query’s parameters.

As the exploration scope is refined, the names of new exploration scopes become

increasingly long as they include the names of previous exploration scopes. Iden-

tifying these scopes can therefore become difficult, and may hinder the adoption

of our approach in the future.

If future experiments with scoped exploration prove promising, addressing

these aspects will be essential.

Limited Set of Queries As our queries selection is guided by our research fo-

cus on object-centric debugging, the set of queries integrated into Scopeo is lim-

ited. The queries we have included are equivalent to almost every object-centric

breakpoint described in section 4.2, except forHalt on Read due to technical matu-

rity issues. The additional queries are intended to help developers begin exploring

their programs. It is possible that this set of queries we have chosen is not minimal

or sufficient for developers to debug their object-oriented programs.

Throughout our scenarios, we identified thatmost queries we usedwere aimed

at reducing the exploration scope rather than augment it. This can limit the im-

pact of the exploration scope by forcing developers to create a new scope when

they can no longer reduce the existing one. Adding queries that, for example,

would allow developers searching for common elements between two exploration

scopes, could enable them keeping the same exploration scope throughout their

debugging session by updating it, rather than recreating new ones. We believe

this could reduce the cognitive cost of debugging because the exploration scope

would be a reification of the developer’s journey through the execution history of

the debugged program.

5.6 Conclusion
We presented Scopeo, an object-centric queryable omniscient debugger support-

ing debugging iterations by allowing developers to narrow down their exploration

to subparts of the execution history called exploration scope. The exploration

scopes are obtained and can be iterated over using queries.

In this chapter, we performed a case study on three scenarios to observe in

practice the impact of introducting the exploration scope as an element to ma-

nipulate during debugging sessions. Our study suggest that it is possible to debug

using such exploration scope, even though more research is needed to understand
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its impact on debugging. Furthermore, this study confirms the observations we

made in the previous chapter, suggesting the potential of query-based omniscient

debuggers to address limitations encountered with object-centric breakpoints in

the debugging scenarios of the experiment.

However, we also identified practical challenges. Currently, using Scopeo re-

quires translating the steps to reproduce the bug into programmatic code to ensure

the bug is captured. Compared to traditional call-stack based debuggers, which

usually only require a click to activate, this is an additional burden for developers.

Additionally, the limited set of queries integrated into Scopeo primarily focuses

on narrowing the exploration scope, which can affect the workflow for exploring

the execution and contribute to the cognitive cost of debugging.

To challenge our observations, future research should empirically evaluate the

quantitative and qualitative [Creswell 2017] impact of the exploration scope on

debugging activity. This will help us understand how developers would benefit

from and perceive the tool. Setting up such experiment might require researchers

to conduct preliminary experiments to confirm the limitations we identified and

ensure the prototype is mature enough to consider launching the evaluation of

the exploration scope on a larger scale. Based on our observations, the following

work may be necessary: developing methods for capturing bugs without trans-

lating programmatically the reproduction steps, streamlining the query execution

workflow, and expanding the range of available queries.
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In this chapter, we present the results of our research and offer our perspec-

tives on future work.

6.1 General conclusion
The goal of this thesis is to improve debugging, particularly for object-oriented

programs. To this end, we studied object-centric debugging, an approach that

enhances traditional debugging tools by offering perspectives focused on objects

rather than only on the source code.

Chapter 2 We explained the main challenge in debugging object-oriented pro-

grams, the conceptual gap between traditional debugging tools and the object-

oriented paradigm. We also presented existing object-centric debugging ap-

proaches and their characteristics that enable them to address this challenge. After

analyzing existing evaluations of these approaches, we emphasized the need for

empirical research on the impact of object-centric debugging.

Chapter 3 To answer our first research question RQ1. How does object-centric
debugging impact the activity of debugging?, we conducted an empirical exper-

iment involving 81 developers. This experiment investigated in particular the

impact of object-centric breakpoints on the activity of debugging. The study re-

vealed the nuanced impact of object-centric breakpoints, showing that depending

on the nature of the debugging task, they can be beneficial to developers or hinder

the debugging. To the best of our knowledge this experiment is the first evalu-

ating the impact of object-centric breakpoints. This highlights the need for more
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research, particularly about the different types of bugs and how object-centric ap-

proaches affect the debugging of these bugs. Such research would help determine

the situations in which these approaches are most helpful for developers.

Chapter 4 Following this experiment, we hypothezied that omniscient debug-

ging approaches can address limitations of object-centric breakpoints. Therefore,

to provide insight to our second research question RQ2. What are the practi-
cal differences between object-centric approaches based on breakpoints and those
based on omniscient debuggers? we conducted a case study to compare both ap-

proaches. In particular, we introduced the Time-Traveling Object-Centric Break-

points, an equivalent for object-centric breakpoints, based on the existing con-

cept of Time-Traveling queries. We then compared how a developer would ap-

proach debugging with these different tools. Our observations support our hy-

pothesis, however the benefits of query-based omniscient debuggers over object-

centric breakpoints comes at a performance cost. Although research aimed

at improving the performance of omniscient debuggers has already been con-

ducted [Pothier 2007, Lienhard 2008], we recommend using these tools for smaller

executions.

Chapter 5 Based on our understanding of the literature, we highlighted a gap

in the support brought by object-centric debugging tools to the iteration of in-

vestigation and comprehension that constitute the activity of debugging. There-

fore, we asked the following question RQ3. Can we provide technological sup-
port for debugging cycles, and how does such support impact the debugging of
object-oriented programs?. To provide an answer to this question, we developed

Scopeo [Bourcier 2025a], a query-based omniscient debugger incorporating ex-

ploration scopes to support debugging cycles. We highlighted through a practical

case study how Scopeo’s exploration scopes can support the debugging cycle. We

observed promising results in narrowing down the search space for exploring the

execution. However, our study revealed potential challenges and limitations in the

bug reproduction and query creation workflows, as well as in the expressiveness

of the queries themselves. We recommend addressing these limitations prior to

conducting full scale empirical experiments to learn about the impact of Scopeo’s

exploration scope on debugging activity.

Our goal is to facilitate the debugging of object-oriented programs by develop-

ing object-centric debugging approaches. To this end, we investigated the impact

of these approaches on debugging, compared the two main types of approaches:

omniscient and breakpoint based. We have also opened a new avenue of research

by developing Scopeo, an object-centric debugger that explores ways to support

the debugging cycle. Our work calls for further research in object-centric debug-

ging and establishes a foundation for future studies in this area.
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6.2 Future Work
In this section, we offer multiple perspectives to further explore the impact of

object-centric debugging and facilitate empirical experimentation in this field.

6.2.1 Replicate the Object-Centric Breakpoints Experiment

The conclusions drawn from the experiment presented in chapter 3 apply to the

Pharo Smalltalk language. Pharo relies on a live development environment that

allows developers to inspect and modify any object in a program or the environ-

ment itself while it is running. Therefore, Pharo developers are accustomed to

observing objects in programs. This threaten the generalizability of our conclu-

sions. To better understand the impact of object-centric breakpoints and verify

that our conclusions apply to more general contexts, we must replicate the exper-

iment with other object-oriented languages such as Python and Java.

Furthermore, our findings suggest that the impact of object-centric break-

points varies depending on the bug being addressed. This raises the following

question: in which cases these breakpoints can facilitate debugging and, con-

versely, hinder the process. Working on a bug taxonomy to answer this question

would also open up a new avenue of research: preemptively identifying debug-

ging techniques adapted to a situation. In the case of object-centric breakpoints,

we wonder whether it is possible, before debugging begins, to identify charac-

teristics that would indicate whether object-centric breakpoints will facilitate the

comprehension of a given bug.

6.2.2 Empirically Evaluate Scopeo

Our case study on Scopeo does not allow us to determine its practical impact on

debugging sessions led by developers. To learn more on this subject, we need

to conduct an empirical experiment like the one reported in chapter 3. For this

experiment, we propose using a within-participants design in which developers

first perform a sequence of debugging tasks without Scopeo and then with it. We

have identified two specific research questions to explore.

RQ1. How does the exploration scope affect developers’ comprehension?

RQ2. How does the exploration scope affect the debugging process?

Our hypothesis is that developers will be able to gain a better understanding

of programs with the exploration scope. By conducting this experiment with de-

velopers, we will gather information that provides new insights into omniscient,

object-centric approaches. This information could help us identify limitations to



114 Chapter 6. Conclusion

work on, and also potential benefits, which could open up new opportunities for

developers. Based on our experience with experiments and the preliminary work

required to prepare Scopeo for evaluation, we estimate that this experiment will

take approximately one year to complete.

6.2.3 Support Debugging Experiment with Visualizations

As discussed in this dissertation, debugging is a challenging activity that requires

significant cognitive effort. This makes conducting empirical experiments on de-

bugging difficult, as it involves recruiting developers and requiring them to make

considerable cognitive efforts.

Therefore, it is important to collect as much information as possible about the

entire process for each experiment conducted. This involves both quantitative

and qualitative information. Quantitative information includes time spent debug-

ging and the number of actions performed. Qualitative data includes the tools

used, the graphical elements manipulated in the debugging environment, and the

developers’ intentions and perceptions when using various tools. Because of its

large volume, it is difficult to correlate the different metrics and interpret this data.

In parallel with the work presented in this document, we have started pre-

liminary work to address this challenge and proposed the Debugging Activity
Blueprint [Bourcier 2024a]. The Debugging Activity Blueprint is a visualization

that allows one to observe how developers navigate the development environ-

ment during debugging. The goal of this visualization was to identify patterns

that would enable us to explain, and subsequently analyze, debugging sessions. As

shown in Figure 6.1 below, we identified certain patterns using three case studies.

One pattern is the chain, which is a sequence of actions with different graphical

windows of the same tool.

Figure 6.1: Screenshot of the chain pattern identified using the Debugging Activity
Blueprint [Bourcier 2024a]. The pink color represents debugger windows, green

highlights code browsers, gray refers to the debugged application and the light

green to method implementors.
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However, these three case studies do not provide enough evidence to confirm

that the patterns we identified are actually patterns. Furthermore, the current

state of this work necessitates that researchers interpret the developers’ intentions

from which the patterns emerge. This introduces a bias that could lead to false

conclusions about the developers’ intentions during debugging.

In future research, we propose conducting debugging sessions that follow

the think-aloud protocol. This protocol requires developers to formulate their

thoughts during debugging sessions. Afterwards, we propose to analyze the

data used to generate the visualization using statistical tools such as Markov

chains [Damevski 2016]. This initial analysis should allow to confirm or refute

the patterns we’ve identified. Next, we propose mapping the audio samples from

the think-aloud protocol to the identified patterns. This should enable researchers

to link the developers’ intentions to the visual patterns.

This work aims to accelerate the analysis of empirical debugging experiments

results by proposing a tool that allows researchers to visually synthesize com-

plex debugging sessions. Continuing this work would open up the possibility

of conducting debugging experiments with a large number of developers while

maintaining the ability of researchers to analyze the resulting data. Ultimately,

the goal is to maximize the value of experimental research efforts, better under-

stand developer behavior during debugging, and propose better research avenues

and debugging tools.
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