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Abstract
Context. Robotic systems are used more widely in homes and industry, but
their often ad hoc development methods reduce the reliability needed for ongo-
ing growth. Recently, more robotics experts have adopted software engineering
best practices to improve system reliability. Building on previous work, we aim
to further support the development of reliable robotics missions.
Objective. The objective of this thesis is to build systematic knowledge
from empirical insights into the current state of practice in specifying robotics
missions, and to develop solutions that support improved software engineering
practices for the development of robotic missions based on our accumulated
knowledge.
Method. This thesis employs a mixed-methods approach, combining empir-
ical and constructive research methodologies. The empirical phase involved
knowledge-seeking studies that employed comprehensive analyses of behavior
modeling languages and their domain-specific languages, mined open-source
projects, and conducted action research and survey studies with practitioners.
The constructive research phase involved solution-seeking studies employing
the accumulated knowledge to design, implement, and evaluate two solutions
in collaboration with practitioners to problems identified in the previous phase.
Our research was grounded in the context of robotics software engineering and,
when possible, conducted in collaboration with both academic and industrial
practitioners.
Result. The empirical contributions provided a comprehensive understand-
ing of behavior trees as a behavior modeling language for robotics missions.
This included comparisons with UML behavior modeling languages and state
machines, as realized in robotics, regarding modeling concepts and language de-
sign, their adoption in open-source robotic projects, and practitioner practices
and experiences. Based on these insights, two solutions were developed and
evaluated with practitioners. The first introduces a meta-model extension and
domain-specific language for behavior trees, integrated into a popular library,
to specify quality concerns. The second proposes an approach for supporting
industrial risk assessment by integrating behavior trees, enabling early iden-
tification of risk concerns and ensuring that their outcomes are adequately
considered in the software implementation of robotics missions.
Conclusion. This thesis advances empirical understanding of behavior mod-
eling languages for specifying robotics missions, focusing on behavior trees, an
emerging model for behavior coordination and execution in robotics. The built
knowledge about behavior trees characterizes their support, usage, and prac-
titioner perspectives. The developed solutions show behavior trees’ potential
beyond coordination and execution, using them to capture quality concerns and
support risk assessment, thereby opening new directions for their role within
the broader robotic software engineering lifecycle.

Keywords

Behavior trees, Robotics, Software engineering, Empirical research, Model-
based engineering
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Chapter 1

Introduction

Robotics systems are increasingly shaping various sectors of industry and society.
They are being deployed to perform a wide range of missions, from pick-and-
place in factories to disinfecting hospitals. Even as early as 2017, a survey
of over one thousand CEOs worldwide indicated that 52% of surveyed CEOs
were already exploring opportunities and benefits associated with integrating
machines to collaborate with humans [1]. The inherent complexity of robotic
systems arises from the need to integrate multiple hardware and software
components to achieve desired functionality. The widespread deployment of
robotic systems across various sectors, particularly in environments shared
with humans, has heightened environmental uncertainty and increased the
challenges associated with developing robotic missions. As robotic missions
become more complex and further integrated into human contexts, additional
research is required to ensure the safety and reliability of these systems.

Unreliable robotic systems can result in catastrophic incidents, causing
injury to humans and damage to property. For example, delivery robots
operated by a private company have, on separate occasions, collided with
bus shelters in Chicago. These incidents have prompted debate regarding the
readiness of such systems for widespread deployment in public spaces, leading
to increased public concern and closer regulatory monitoring [2]. Delays in
production and a rise in incidents are among the consequences of unreliable
robotic systems, potentially resulting in the suspension or withdrawal of robotic
deployments. In addition to harming individuals and property, unreliable
robotic systems may also adversely affect future economic growth. According
to PwC [3, 4], the adoption of smart technologies, including robotic systems,
is projected to have a significant impact on economic growth, with estimates
suggesting that these technologies could contribute up to 14% to global GDP
by 2030, equivalent to approximately $15 trillion at current values. Therefore,
enhancing the reliability of various components within robotic systems is
essential for realizing both economic and social benefits.

Throughout this thesis, our goal is to support the development of reliable
robotic missions by applying software engineering practices. To accomplish
this, we pursue two objectives. First, we provide empirical insights into the
current state of practice in specifying robotics missions, thereby establishing
practical knowledge that informs improved solutions and methodologies. Sec-
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2 CHAPTER 1. INTRODUCTION

ond, we develop solutions that address identified practical gaps, leveraging our
accumulated knowledge to support the creation of reliable robotics missions.
In our studies, we leverage model-based and model-driven engineering tech-
niques, separation of concerns and roles, explicit requirements specification,
and traceability between risk analysis and implementation artifacts as software
engineering practices.

The thesis is organized as follow: Section 1.2 familiarizes the reader with key
concepts used later in the thesis and related work where possible in, Section 1.1
establishes the motivation behind our work, Section 1.3 presents the RQs
guiding the thesis, Section 1.4 discusses the followed methodology to answer
the RQs, Section 1.5 discusses the answers of the RQs and their implications,
and finally Section 1.7 provides a concluding overview about the thesis and
future directions.

1.1 Research Motivation
Robotic systems are increasingly deployed to perform domestic and industrial
tasks. With this wide deployment, it is becoming essential more than ever
to have fast and reliable development of robotic systems. Developing robotic
systems is inherently multidisciplinary and complex requiring collaboration
among experts from different domains and combining multiple hardware and
software components. Despite the rapid deployment of robotic systems, the
maturity of robotic software development has lagged behind. Practices differ
significantly across teams and software researchers often described robotic
systems as ad hoc [5, 6, 7]. According to the robotic 2020 multi-annual report
ICT-2017, a shift towards adopting software practices is needed to manage the
complexity of robotic systems [6].

In response, the last two decades have seen a shift in the robotic community
to adapt some of the best practices from different domains to support fast
and reliable robotic systems. The Robot Operating System (ROS) is the most
prominent example. ROS was created as a collective effort by industrial and
research practitioners to create an open-source robot operating system that
provides support for reusing code and building scalable robotic software systems
[8]. As the research around ROS was growing, the community around it did as
well. The collective effort of the community developed supporting tools with
the aim to improve robotic software systems [9], growing ROS into one of the
de facto platforms for robot software. Later, ROS was re-engineered as ROS 2
to meet the design, architecture, and real-world deployment requirements not
anticipated by the original version [10].

Examining other solutions that have been developed by industrial and
research practitioners in robotic software systems, we observe an interesting
trajectory illustrating how robotics software matures. Solutions emerge from
practice, and community-driven adoption and research for understanding their
strengths and limitations feeds the next generation. Motivated by similar
trajectory, the aim of this thesis to support the maturity of developing reliable
robotic missions.

Behavior modeling languages are at similar trajectory as ROS. Researchers
have noted that the majority of solution-seeking research in behavior modeling
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languages are only applied in the lab or applied to simple examples [11, 12]. As
such, additional work needs to be conducted to make them usable in practice
and everyday life [12]. Within this landscape a specific behavior modeling
language called behavior trees (BTs) has emerged. BTs have been developed
and widely embraced by the robotic community for specifying robotic behavior,
thus, they are promising for further investigation. [13]. One of the Projects
that have been funded by the European Union’s Horizon 2020 Research and
Innovation Program under the RobMoSys project umbrella focused on creating
tools for using BTs [14].

Despite this popularity, BTs remain comparatively under-studied from a
software engineering lens. This thesis therefore takes BTs as a focal behavior
modeling language for supporting reliable robotic missions to create an empirical
understanding and build solutions. We want the developed knowledge and
understanding in this thesis to inform not only BTs themselves, but the design
and evaluation of future behavior-modeling languages in robotics software
engineering, much as the study of ROS informed its successors.

1.2 Background & Related Work
In the following, we introduce key concepts used in this thesis and relate our
work to the existing body of research.

1.2.1 Model-Driven and Model-Based Engineering

Figure 1.1: The relation between the different modeling terms in software
engineering. Figure origin from [15].

This thesis uses the terms model-based (MB) and model-driven (MD)
engineering. Model-driven engineering is often conflated with model-based
engineering. To clarify these terms, this thesis adopts the definitions and
illustrations provided by Brambilla et al. [15]. Figure 1.1 presents an overview
of the relationships among various modeling terms in software engineering,
as described in [15]. Model-based engineering (MBE) incorporates models
within the development process, though models may not necessarily be the
primary artifacts. In contrast, model-driven engineering (MDE) treats models
as the central artifacts of development. Additional approaches include model-
driven development (MDD), in which code is generated semi-automatically
from models, and model-driven architecture (MDA), the standardized form of
MDD promoted by the Object Management Group (OMG). MDA enables the
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definition of models at multiple levels of abstraction, and promotes separating
platform-independent models (PIM) from platform-specific models (PSM), as
illustrated in Fig. 1.2. It is out of our scope to discuss the terms in detail. Our
focus throughout the thesis remains on leveraging models to improve robotic
systems, irrespective of whether models serve as the primary artifacts.

Figure 1.2: The three levels of modeling abstraction in MDA. Figure origin
from [16].

The robotics 2020 multi-annual report ICT-2017 highlights the need for the
robotics domain to adopt MD and MB techniques to reduce system complexity,
enhance reusability and maintainability [6]. Multiple Projects have been funded
by the European Union’s Horizon 2020 Research and Innovation Program under
the RobMoSys project umbrella to develop methods and tools for adopting MD
and MB techniques. We refer the reader to the mapping study by Casalaro et
al. [12] for a comprehensive overview of MDE in robotic systems.

1.2.2 Behavior Modeling Languages
Throughout this thesis, we investigate the specification of robotics missions
using behavior modeling languages. In software engineering, multiple definitions
of a model have been proposed, all sharing an emphasis on abstraction [17].
For the purposes of this thesis, a model is defined as a combination taken from
Nordmann et al. [11], Baerisch [17], and Casalaro et al. [12]: a model is an
abstraction of a system that "often represents a partial and simplified view of a
system or specific aspect" by "hid[ing] information about some aspects of the
software to present a simpler description of others". Crucially, models "can be
processed by sophisticated modeling tools and infrastructures provided by software
engineering experts to perform more complex analyses and transformations
automatically—thus liberating domain experts from the need to become software
engineering experts themselves". According to OMG [18], "structure, terms,
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Figure 1.3: An overview of the UML 2.4 classification of diagrams. Figure
origin from [19].

notations, syntax, semantics, and integrity rules that are used to express a
model constitute the modeling language".

Figure 1.3 provides an overview of the UML classification of models, il-
lustrating various types of behavior modeling languages commonly used in
software engineering, noting that additional types may exist beyond those de-
picted. This classification reflects the UML perspective, and different domains
often use different realizations and naming for these languages. For example,
state machine diagrams, also referred to as state diagrams and state charts
in UML, have a similar concept in robotics called state machines (SMs), also
known as finite state machines. However, as our results will show later, they
deviate from UML in both the terminology and the concrete realization of this
behavior modeling language.

Researchers have advocated for the use of composable behavior-coordination
modeling languages, also referred to as behavior modeling languages, to enhance
the abstraction level in robotics mission development [5, 20]. In robotics,
behavior modeling languages and their supporting tools provide an executable
high-level representation of the coordination among different skills that form a
mission [21, 22]. By supporting tools, we refer to domain-specific languages
(DSLs). DSLs are high-level software languages developed for a specific domain
to make it easy for experts to express solutions in that context [23, 24].

In robotics, we could not find a single, widely used term to describe languages
or models for specifying robot behavior. For the purposes of this thesis, we
adopt the term behavior modeling language as a unifying label, even though it is
not commonly used in robotics literature. Agent control architectures, execution
mechanisms or models for task execution, mathematical models of computation
and deliberation technologies are among the terms used in robotics research
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and by robotics practitioners to refer to models offering similar functionalities
[13, 25, 26, 27, 28]. Behavior trees, state machines, hierarchical state machines,
teleo-reactive [25], and decision trees [29] are examples of models used to specify
the behavior of robotics missions, each having advantages and disadvantages
compared to the others [30, 31]. Throughout the thesis, we use the term
behavior modeling language to refer to the notation used to create models
representing abstractions of robotics missions, and we use the term DSLs to
refer to the supporting tools for creating and executing these models. The term
is mostly used by practitioners with a software engineering background. With
the thesis goal of supporting software engineering practices in the development
of robotics missions, we use this term to unify such models.

DSLs are popular solutions for adopting MD and MB in robotics to raise the
abstraction level beyond general-purpose languages (GPLs) [11, 12, 32]. The
usage of DSLs supports key software practices in robotics, such as separation
of concerns [33, 34] and separation of roles [35]. DSLs are categorized as either
internal or external DSLs [24]. Internal DSLs are embedded within an existing
host language, such as C++ or Python, often as a library. External DSLs are
defined as separate languages with distinct syntax, parser, and occasionally
textual or visual notation. By offering domain-aligned concepts and notations,
DSLs enable users to describe functionalities more effectively [15, 36, 37]. In
this thesis, we investigate popular DSLs for two behavior modeling languages
in robotics. To support software practices in robotics, we develop our own
DSL using MDE techniques to explicitly specify quality concerns in robotics
missions.

1.2.3 Behavior Trees
In this thesis, we focus on BTs as an emergent behavior modeling language in
robotics. Figure 1.4 provides the visual presentation of the main node types
of BTs aggregated from robotics and gaming studies about behavior trees
[13, 38, 39]. We illustrate BTs with an example of a disinfecting robotic mission
in a healthcare facility in Figure 1.5, shortly explained. In the illustrated
scenario, the robot executes a disinfecting sequence across four rooms. For each
room, the robot navigates to the location and performs disinfection, repeating
this process for all four rooms. If the battery level becomes low, the robot
interrupts the disinfecting sequence to recharge.

We use the term robotics missions in the sense of Menghi et al. [22] "the high-
level tasks the robotic software must accomplish". Robotic missions typically
comprise various skills, often referred to as actions, such as CollectWayPoints,
which can be programmed at a low level using GPLs. The coordination of these

Root Root Sequence Selector ?

Parallel

?
Root

Decorator Action

Condition

?

Root

Figure 1.4: Behavior Trees node types (visual syntax) taken from paper A
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SelectorSelectorSelector

Sequence 
Recharge
Sequence 
Recharge
Sequence 
Recharge

BatteryLow? MoveToRechargeStation

Sequence 
ExploreSeq
Sequence 

ExploreSeq
Sequence 

ExploreSeq

CollectWayPoints

 Repeat
[IN] num_cycles: 4

Sequence 
DisinfectSeq

Sequence 
DisinfectSeq

Sequence 
DisinfectSeq

PopWayPoints MoveBase Disinfect

RootRoot

Figure 1.5: An illustration of BTs representing a disinfecting robotic mission.
Legend in Figure 1.4.

skills may be implemented at a low level of abstraction in GPLs or modeled
at a higher level of abstraction using specialized constructs. For instance, to
interrupt the disinfecting sequence for recharging, coordination behavior can be
programmed explicitly in a GPL or represented using the Selector construct
provided by the BT modeling language, as illustrated in Figure 1.5. Employing
high-level abstractions for behavior coordination enhances the clarity of the
skills involved, beyond implementation details in GPLs, and enables robotic
practitioners to modify and maintain robotic missions more efficiently than by
altering low-level code.

BTs are directed trees for modeling and executing the coordination of an
agent’s reactive behavior, with two types of nodes: execution nodes (leaf nodes)
and control-flow nodes (non-leaf nodes). Execution nodes represent actions
(e.g., CollectWayPoints) or conditions (e.g., BatteryLow). Main control-flow
nodes include sequence, selector, decorator, and parallel. Figure 1.5 shows
three sequence nodes (Recharge, ExploreSeq, DisinfectSeq), a selector, and
a type of decorators (Repeat). BTs operate on ticks, which are signals sent
at a fixed frequency from the root to children to update node status: success,
failure, or running. For more details, see the background sections in papers A
and B. The modularity of BTs allows missions to be broken into reusable tasks
called subtrees (e.g., Recharge subtree) for flexible, maintainable missions.

In this thesis, we focus on BTs which originated from the gaming domain
to model the behavior of autonomous non-player characters [40] and were
later used in robotics [13]. They differ from the requirement-specification
notation with the same name in behavior engineering [41], which is used to
formalize natural-language requirements rather than to model the coordination
of robotic behavior. Since this thesis focuses on practical aspects of supporting
robotics missions, we do not focus on Dromey [41] requirement-BTs since they
are design-time specification models without execution semantics, whereas
Colledanchise and Ögren [13] BTs considered in this thesis are used at design
time and are executable at run time. In addition, there are different variants of
BTs in robotics. We focus on BTs as realized in certain popular robotics DSLs
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to provide a relevant comparison with other behavior modeling languages.
Over the past two decades, BTs have become one of the most popular

behavior modeling languages for specifying robotic missions because of their
modularity, flexibility, and reusability [13, 42, 43, 44]. The growing use of
BTs in robotics has led to several DSLs tailored to roboticists’ needs [38].
Most existing research focuses on the technical and formal aspects of BTs,
as well as advancements in BT formalisms and supporting algorithms [13,
31, 43, 44, 45, 46, 47, 48, 49, 50, 51]. However, empirical studies on BTs
from a software engineering perspective remain limited, particularly regarding
the tools that support BTs (i.e., their DSLs), including their design and
practical use. Many studies are narrow in scope, reflecting only specific practical
experience and missing the broader practices and challenges faced by the wider
practitioner community. As a result, the current body of knowledge offers only
partial insights into the software-engineering dimensions of behavior modeling
languages such as BTs. This thesis addresses these gaps by examining BTs
through a software engineering lens and exploring additional potential.

1.3 Research Questions
To achieve our research goal, we conducted five studies and organized our
work into three main RQs. RQ1 concerns understanding existing support for
specifying robotics missions using model-based techniques, with BTs as the
primary lens in our investigations. RQ2 builds practical knowledge about
BTs adoption in robotics, focusing on open-source projects and practitioners.
Drawing on established knowledge, RQ3 addresses the development of solutions
to existing gaps in quality concerns and the risk assessment process identified
in RQ1 and RQ2. In the following, we list our research questions and the
motivation for each.
RQ1. What support exists for specifying robotics missions using model-based
techniques, specifically, behavior modeling languages?

We seek to understand the existing support of model-based techniques in
robotics, particularly the use of behavior modeling languages as a technique
to specify robotics missions. We examine the concepts provided by different
behavior modeling languages in software engineering and robotics for specifying
robotic missions (RQ1.1). We dive deeper into our knowledge building by
focusing on BTs, as they currently dominate behavior modeling for robotics
missions and lack an empirical understanding in robotics software engineering.
We analyze the implementations of BTs in practice by looking into relevant
DSLs and compare them to other robotics DSLs for SMs (RQ1.2). We argue
that understanding BTs as members of the broader family of behavior modeling
languages, and their implementations in practice, contributes to the adoption
of more model-based engineering techniques in robotics software engineering.
RQ1.1. What concepts do behavior trees provide compared to traditional
behavior modeling languages in software engineering and robotics?

We address the current knowledge gap in understanding BTs and their
offered concepts as conceptualized in robotics. We position the support pro-
vided by BTs against the most well-understood and standardized (via UML)
behavior modeling languages in software engineering, activity diagrams and
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state diagrams. In addition, we compare the concepts offered by BTs to the
traditional and widely used modeling language in robotics, SMs. Reporting
and comparing the concepts offered by BTs in practice, as well as against other
established behavior models for expressing robotic mission behavior, facilitates
a comprehensive understanding of the existing support and gaps for language
improvements. Paper A and paper B report the findings of this question.

RQ1.2. How are behavior-tree DSLs engineered compared to state-machine
DSLs in robotics?

Multiple DSLs were developed to support the implementation of BTs in
robotics. However, existing research has not examined the design of these lan-
guages from a software engineering perspective, including the support provided
compared to established modeling languages in robotics. We investigate the
available DSLs for behavior trees and state machines in robotics, analyzing
what these languages offer and how they are engineered. By reporting on the
current status of the investigated DSLs in robotics, we contribute to building
knowledge that informs improvements to these languages and enhance the
quality of robotic software systems. Paper A and B reports the findings of this
question.

RQ2. How are behavior trees adopted in robotics software engineering in
practice?

Most available insights about BTs come from theory or polished examples,
leaving a knowledge gap regarding practical use and practitioners’ practices
and experiences with BTs. We want to build this knowledge by empirically
investigating how BTs are actually used. By building empirical knowledge,
we ensure effective allocation of development and research resources and the
creation of support tools for BTs that address practical needs and challenges.
We analyze the use of BTs in open-source projects and compare their use with
the roboticists’ traditional choice, SMs (RQ2.1). Furthermore, we examine,
from a software engineering perspective, the experiences of an industrial team
adopting BTs through technical action-research and report on both academic
and industrial practitioners’ practices and experiences using a survey study
(RQ2.2).

RQ2.1. How are behavior trees used compared to state machines in open-source
robotic projects?

Open-source robotics projects offer a window into how BTs are actually
used. We analyze open-source projects using behavior-tree and state machine
DSLs. We analyze which concepts of the investigated DSLs were used, the
characteristics of models in projects, and how BTs and SMs were reused. We
compare the DSLs’ usage in open-source projects. By comparing BTs and SMs,
we ground our observations and help separate what is specific to BTs from
what holds more broadly for robotics behavior modeling languages. Paper B
reports the findings of this question.

RQ2.2. What are the experiences and practices of robotics practitioners when
adopting behavior trees?

Our analysis of open-source projects revealed how practitioners use BTs and
their DSLs. However, it did not uncover the underlying reasoning, challenges,
or workflows behind adoption decisions. Practitioners’ own experiences are
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needed to surface the practices and workarounds they implement, as well
as the perceived benefits and challenges that influence the adoption of BTs.
To build this knowledge, we combine a technical action-research study in an
industrial context with a survey targeting industrial and academic practitioners
to investigate the practices, experiences, and influencing factors involved in
adopting BTs. Paper C reports the findings of this question.

RQ3. How can behavior trees support quality and risk concerns through robotics
software engineering?

Our built knowledge revealed two key gaps. First, robotics missions specified
with BTs often lack explicit quality concerns. Second, during the technical
action-research study, practitioners highlighted that the risk assessment process
and related information are frequently isolated, making integration into robotic
mission implementation challenging. Additionally, risk assessment outcomes
are typically documented separately from implementation artifacts, leading to
incomplete incorporation of essential information.

Both quality concerns and risks assessments information are key concerns in
developing reliable robotic missions. In paper A and paper B, we noticed, while
analyzing open-source projects using BTs, that even without formal mission
descriptions, explicit information modeling within a behavior-tree model helped
us comprehend the intended missions, and that this explicit representation
facilitated the reuse of tree components. Unfortunately, quality concerns are
usually identified late and are not clearly linked to specific mission components
because they remain implicit within robotics mission models. Similarly, risk
assessment identifies failure modes, and prevention strategies tend to stay
isolated from mission implementation in separate models and files. This
separation makes it difficult for practitioners to apply and keep track of quality
and risk concerns during robotics mission development and implementation.
Both types of concern exhibit a common pattern: they are essential to robotic
software engineering, are documented in separate files and disconnected from
robotics missions implementation, and consequently, are often not implemented
consistently. Due to their increasing adoption and role as the coordinating
artifact for missions, BTs present a promising boundary object for addressing
this gap.

RQ3.1. How can behavior trees support capturing explicit quality requirements
in robotic software systems?

In robotics, mission specifications define both functional and quality (non-
functional) requirements for robotics software systems. Currently, behavior-
tree modeling languages make functional requirements explicit by mapping
them to action nodes or subtrees, while quality requirements are not directly
represented. We want to support capturing quality requirements in the behavior-
tree modeling language and make them explicit, ensuring quality concerns are
not disconnected from implementation. We propose a meta-model extension
for BTs to capture quality requirements. To apply the extension, we develop
a fit-for-purpose DSL using model-driven engineering techniques, inspired by
observations from our analysis of behavior-tree DSLs. By making quality
concerns explicit in a behavior-tree DSL, we ensure that developers can express,
refine, and monitor quality requirements within the same model that already
executes the robotic mission, supporting a development workflow in which
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quality concerns are visible from early design through runtime rather than
treated as an afterthought. Paper D reports the findings of this question.

RQ3.2. How can behavior trees support industrial risk assessment process?
Risk assessments are important for assuring high-quality robotic missions

in industry. Risk assessments processes involve identifying failure modes,
prevention strategies, and mitigation that should be transferred into the imple-
mentation and execution models of robotics missions. However, practitioners
frequently report that conducting risk assessments is time-consuming and that
transferring the results is challenging. Although the information produced
is essential for safe robotics missions, it typically lives outside the implemen-
tation artifact and sometimes reaches developers only partially. In paper C,
we observed that the visual and modular structure of BTs, which visualizes
decision-making logic, facilitated team communication and improved mission
understandability. In addition, we observed that using BTs in the development
process led to clear communication of technical details among stakeholders
with varying levels of technical expertise. Thus, we investigate how to support
the risk assessment process by proposing a model-based approach that centers
BTs at the core. By having BTs supporting the risk assessment process and
explicitly representing its outputs, we ensure that risk information remains
visible from analysis through implementation within the same model used for
mission coordination and execution. This approach provides developers with
direct access to risk reasoning during implementation and offers safety and risk
analysts a living artifact that can be revised as the system evolves. Paper E
reports the findings for this question.

Figure 1.6 presents a mapping between the contributing publications to
this thesis and the research questions.

1.4 Research Methodology
The development of robotics software systems has grown considerably as a
discipline. Yet the state of developing reliable robotic missions using software
practices remains only partially understood, with the literature highlighting a
limited understanding of current engineering practices and persistent challenges
in transferring research solutions into practice [6, 7, 11, 21]. A comprehensive
understanding of the field is essential for developing reliable robotic missions
and empirically grounded solutions.

This thesis aims to facilitate the development of reliable robotic missions by
drawing on software engineering practices. We focus on BTs as one of the dom-
inant mission-coordination models in current robotics practices. Accordingly,
we aim to provide empirical insights into BTs in robotics software engineering
and to develop empirically grounded solutions by leveraging them.

The nature of this thesis requires a mixed-method approach of knowledge-
seeking and solution-seeking studies. In software engineering, knowledge-seeking
and solution-seeking studies serve to expand domain knowledge and develop
solutions to identified problems [52]. Knowledge-seeking studies strive to
understand the field through analysis and observation of software artifacts to
reveal problems that require attention, as well as practices and tools that could
benefit practitioners and researchers. Once we establish sufficient knowledge of
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a software problem, we conduct solution-seeking studies to develop appropriate
tools and methods.

We conducted knowledge-seeking studies to answer RQ1 and RQ2 (i.e.,
papers A-C), and we conducted solution-seeking studies to answer RQ3 (i.e.,
paper D and paper E). Figure 1.6 provides an overview of the methodologies
followed in each study. In the following, we detail the methods used across the
constituting studies.

1.4.1 Knowledge-Seeking Studies - RQ1 & RQ2
To facilitate the development of reliable robotic missions, we need to understand
the existing support. Thus, we started by building the body of knowledge
about existing support for specifying robotic missions using behavior modeling
languages in RQ1.

In RQ1.1, we started with a comprehensive analysis of existing behavior
modeling languages in both software engineering and robotics. We focused our
lens on the current state of practice for an emerging behavior modeling language
in robotics: BTs. We conducted two empirical studies to compare existing
support for BTs in comparison to (1) two UML-standardized behavior modeling
languages (paper A) and (2) a popular choice among robotic practitioners
for modeling robotic behavior (paper B). For the software behavior modeling
languages, we chose the most popular, well-understood, and standardized UML
behavior modeling languages: state diagrams and activity diagrams. For the
robotic behavior modeling language, we chose SMs. SMs are traditional among
roboticists and well understood in software engineering, making them a natural
choice.

In software engineering, a DSL reflects the concepts and notation that
practitioners actually use, making DSL a reliable source for identifying the
concepts a behavior modeling language supports in practice. Thus, we searched
and identified BT DSLs according to specified criteria on GitHub. We conducted
an exploratory literature search and reviewed the documentation of these
DSLs to identify existing modeling concepts and their semantics. We mapped
identified BT concepts, based on semantics, to the UML behavior modeling
languages. We focused on the semantics of BT concepts and examined whether
state diagrams and activity diagrams offer direct support for similar concepts
or require indirect expression. In addition, we examined characteristics of
the behavior modeling languages for supporting users, such as openness of
the modeling languages, and users’ prerequisites. After understanding the
expressiveness of BTs relative to software behavior modeling languages, we
shifted the focus of the comparison to the robotic behavior modeling language
of SMs. We searched and identified SM DSLs based on the same criteria for
BT DSLs using ROS wiki (wiki.ros.org). We used the ROS wiki instead of
GitHub because it is commonly used by developers to publish open-source
languages and tools for developing robotics applications, making it a reliable
source. In addition, a GitHub search for SM DSLs returned hundreds of
results with unclear DSL support for robotic systems, rendering the ROS
wiki a more consistent data source for our purpose. We reviewed the DSLs
related literature and documentation to extract key modeling concepts, their
semantics and characteristics of the modeling languages. We then mapped the
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BT concepts from paper A to concepts from SM DSLs and analyzed the offered
support to users.

Our analysis built an empirical understanding of the offered concepts and
modeling support for the investigated behavior modeling languages for spec-
ifying robotics missions. To further advance empirical knowledge regarding
existing support for robotics behavior modeling, we conducted a comprehensive
analysis of the identified DSLs for BTs and SMs (paper B). In RQ1.2, we
focused the analysis on BTs and SMs, as the RQ1.1 results showed that they
provided broader and more adequate support for robotics behavior model-
ing than their traditional software counterparts, and BT and SM DSLs lack
empirical software understanding.

In RQ1.2, we examined the identified DSLs from a software language design
perspective, focusing on their dynamicity of changing the model, separation of
concerns and separation of roles, concrete syntax, concurrency model, imple-
mentation type (internal or external) and execution mechanism (interpreted
or compiled). We focused on these aspects since they characterize how the
modeling languages are realized in their DSLs and how they behave at runtime,
shaping users’ interaction with the behavior modeling languages. We reviewed
tutorials and related publications about the DSLs. We also reviewed the DSLs’
GitHub implementations and accompanying documentation. More details can
be found in the methodology sections of papers A and B.

So far, our analysis indicated limited empirical understanding of how BTs
are adopted in robotics software engineering. The current body of knowledge
primarily focuses on the robotic functionality of BTs, such as improving their
execution algorithms or integrating them with planners and large language
models [13, 49, 53]. There is little empirical evidence on the use of BTs and
their DSLs in real projects, and on how practitioners adopt them, leaving a
knowledge gap that could inform improvements to current tools and practices.
Thus, we decided to dive even deeper into collecting empirical knowledge about
the practical adoption of BTs in robotics software engineering in RQ2.

In RQ2.1, we mined GitHub for open-source projects using the identified
DSLs for BTs and SMs. We targeted open-source projects on GitHub since
they provide a glimpse into the usage of a concept in practice [54, 55, 56], in
our case, BTs. We used a multi-step filtering mechanism after an iterative
analysis of the mined projects to exclude projects belonging to a course or
tutorial, and to reflect on actual usage of the DSLs. Using the mined projects,
we analyzed the popularity of the investigated DSLs over time on GitHub,
as popularity trends reveal their adoption trajectories. To conduct a deeper
analysis, we sampled the mined projects using random sampling applied to two
data pools based on model size (defined as the number of nodes). To capture
how practitioners tend to construct models, we calculated metrics that reflect
the core structural aspects of the models and reported on the usage of the
concepts offered by BT and SM DSLs. To observe how practitioners reuse
skills or tasks in BT and SM models, we analyzed the sampled projects using a
mix of visual and code-level inspections. We examined reuse patterns across
the mined projects, as reuse is a major issue in robotics software engineering
[21, 57, 58, 59]. In addition, understanding the support for reuse that a behavior
modeling language provides reflects its ability to enhance the maintainability
and quality of robotics software [30, 58, 60, 61]. We refer the reader to paper
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B methodology section for further details.
In RQ2.2, we conducted a two-stage mixed-methods study to build em-

pirical knowledge of practitioners’ experiences and practices in adopting BTs.
Stage 1 was a technical-action research (TAR) [62] study conducted with a
team at an automotive company (company A) to explore and understand the
experiences of practitioners adopting BTs in their projects, resulting in a deep
understanding of the problem. Stage 2 was a survey study targeting academic
and industrial practitioners to gather their experiences and practices, with
the aim of enriching and cross-validating our observations from the technical
action-research study and achieving a broader understanding.

We adapted Wieringa’s TAR structure for our study [62], a practice ac-
ceptable in empirical software research [63, 64, 65]. We chose TAR since it is
an artifact-driven approach in which researchers actively introduce an artifact
into a real-world context to solve a relevant problem and, in doing so, build
knowledge about it [62, 66]. We chose the survey approach to collect data
because it allowed us to reach a large, diverse group of practitioners from both
academia and industry within a manageable timeframe. We direct the reader
to paper C methodology section for details about the design of both studies.

1.4.2 Solution-Seeking Studies - RQ3
To facilitate the development of reliable robotic missions, we wanted to build
solutions supporting our goal using software engineering practices. The un-
derstanding we built of BTs in open-source projects and the TAR study we
conducted in an industrial context highlighted two gaps that are key concerns
for the development of reliable robotic missions. The first identified gap con-
cerns the lack of support for explicitly specifying quality concerns during the
specification of robotics missions using BTs. The second gap came to our
attention when an industrial safety expert in the TAR study highlighted that
the risk assessment process and information are often isolated and difficult
to translate into the implementation of robotics missions. In addition, files
and models about the outcome of a risk assessment typically live outside the
implementation artifact, making essential information for developing reliable
robotic missions partially implemented. RQ3 investigates developing solutions
to support the development of reliable robotic missions by tapping into the
two highlighted gaps about quality concerns and risk assessments during our
knowledge building phase.

In RQ3.1, our goal was to explicitly represent qualities and quality require-
ments in the implementation of a robotic mission by using BTs. We used an
earlier meta-model for BTs that we reverse-engineered in paper A from one of
the studied DSLs, and provided an extension for the meta-model with quality
concerns (quality and quality requirements). We used a mobile-laboratory robot
mission inspired by Burger et al., [67], a mobile robotic chemist, to demonstrate
the instantiation of our BT meta-model extension. We designed and developed
a DSL to showcase the applicability of our approach and support domain
experts. Having the goal of using the best practices from software engineering,
we used software language engineering (SLE) and MD practices to develop
the DSL. Building upon established solutions, we integrated the DSL into an
existing robotics DSL to leverage its functionalities. Finally, we conducted
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a preliminary evaluation with six industrial and academic practitioners by
holding individual sessions, 20-30 minutes long, with different practitioners and
researchers to introduce our solution and share a survey to collect data. We
evaluated the feasibility of using the developed DSL to specify quality concerns
of robotic missions, and assess the needs, drawbacks, and missing features of
the developed DSL. We direct the reader to paper D methodology section for
details about the applied MD practices and development of the DSL and the
evaluation design.

In RQ3.2, our goal was to support practitioners in robotics while conducting
risk assessments to overcome challenges they face. We wanted to support the
risk assessment process to ensure consistency and traceability between risk
assessment findings and their corresponding software implementations by using
BTs as a useful boundary object. We followed design science, applying two
cycles, to create our solution [68]. We collaborated with an industrial team,
a safety expert, and a robotic system developer to develop an approach for
using BTs in a risk assessment process. The industrial team was the same as
in paper C. We conducted a workshop and multiple meetings with the team to
derive relevant requirements for such an approach. Finally, we evaluated the
approach with five practitioners from different companies using a think-aloud
study [69]. We conducted a recorded one-hour session per practitioner. We
assessed the effectiveness of using BTs in the process of risk assessment, focusing
on risk identification, integration of outputs into the implementation phase,
and visualization of results. We analyzed the data using thematic analysis [70].
We direct the reader to paper E methodology section for further details about
the development process of the approach.

1.5 Results & Discussion
In this section, we revisit the research questions and provide corresponding
answers. Additionally, where applicable, we reflect on the research impact of
the contributions and appended papers. We refer the reader to Figure 1.6 for
an overview of the contributions in each study and the mapping to the RQs.

1.5.1 Existing Support Using Behavior Modeling Lan-
guages (RQ1)

In the following, we summarize our results describing existing support for speci-
fying robotics missions using different robotics and software behavior modeling
languages. In addition, we summarize results that describe the software lan-
guage engineering behind the investigated behavior modeling languages’ DSLs.

1.5.1.1 Concepts Offered by Robotics Behavior Trees and Other
Behavior Modeling Languages (RQ1.1)

RQ1.1 is answered through our empirical research in paper A and paper B.
In the papers, we extracted offered concepts from BT relevant literature and
DSLs, BehaviorTree.CPP and PyTrees family (PyTrees and its ROS extension
PyTrees_ros). Furthermore, we extracted offered concepts from SM relevant
literature and DSLs, SMACH and FlexBe. Finally, we compared the concepts
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extracted from BTs with those extracted from SMs and the two UML behavior
modeling languages, state diagrams and state machines. We refer the reader
to papers A and B for details on the results.

Our analysis in RQ1.1 showed that BT and SM languages provided a wider
range of concepts for coordinating behavior using design patterns than the
investigated UML behavior modeling languages. Table 1.1 shows an overview
of the concepts offered by the investigated behavior modeling languages. The
leftmost column lists concepts relevant to BTs due to inclusion in BT DSLs.
The last column briefly comments on how the respective concepts are handled
in SMs, as realized in the DSLs and the two UML behavior modeling languages.
As presented in Table 1.1, the investigated UML behavior modeling languages
required customization to offer similar support. This finding is not unique to the
UML modeling languages investigated. In general, the need to customize UML
modeling languages before using them in practice is a common feature [32, 71].
It might be related to concerns about making a modeling language complex if
design patterns are implemented explicitly as constructs in it. However, the need
to customize UML modeling languages seems to deter robotics practitioners.
Robotics practitioners prefer to use already-customized modeling languages,
such as DSLs, over UML-based ones due to their expressiveness and ease of
use [32].

Openness of the robotics modeling languages, BTs and SMs, was a first-class
concern, supported by both of them and expected by the users. In both BT and
SM languages, the ability to extend the languages’ semantics beyond available
concepts was possible. Only bare-bones functionalities were provided in the
meta-classes of simple node types in BTs and basic state types in SMs, and
users were expected to extend them. The same was not true for the UML
languages investigated. UML’s State diagrams and activity diagrams did not
openly support the extension of their concepts nor require the users to do
so. Of course, it was possible to extend the UML modeling languages to
support a wider set of concepts by using advanced modeling techniques, such
as stereotyping [72]. However, it required advanced knowledge of modeling
techniques and was seen rather rarely.

We should recall that the examined BT and SM DSLs emerged from col-
laborations between academic and industrial practitioners to address specific
challenges [13, 14, 73, 74]. Consequently, openness was supported in both
robotics behavior modeling languages through extensible meta-models in re-
sponse to roboticists’ needs. The need for openness of the robotics behavior
modeling languages comes from the need to easily adapt to diverse scenarios in
robotics and the lack of agreement between robotics practitioners about the
ideal control model for robot behavior. Although robotics practitioners are
usually not trained in meta-programming, this language design seems needed
and well received in light of the DSLs usage trend later discussed in RQ2.1 and
RQ2.2 (check Fig. 3.8 for open-source usage and Fig. 4.7 for usage as reported
by practitioners).
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Table 1.1: Selected key model concepts for BTs compared with robotics SMs
and two UML diagrams. Content originates from combining two tables in
paper A and paper B.

Concept BT languages
PyTrees, PyTrees_ros,
BehaviorTree.CPP

SM
languages
SMACH,
FlexBe

Activity
diagrams

State
diagrams

simple
nodes

Execute actions
(arbitrary commands, both
instantaneous and
long-lasting) or evaluate
conditions (value
translated to
success/failure)

Basic state
with
associated
action/con-
ditions

Basic
activity

Basic
action

exit status Each node reports success,
failure, or an in-operation
state (“running”) each
time it is triggered. Status
report causes the
computation (the
traversal) to advance to
the next node

Each state
reports its
status (also
known as
outcome).
Outcomes
are user
defined.
Execute
function
checks
periodically
for outcome

Completion
of an
activity
advances
state like in
BTs,
failures
modeled by
exception-
s/handlers

No direct
support,
control-flow
mostly
driven by
message
passing, not
by activity
flow

composite
nodes

Define hierarchical
traversal, the control-flow
for each epoch (tick).
Sequentially composed.
Nodes may start
concurrent code though

Similar to
container
concept.
Allow state
nesting and
control flow
constructs

Nested
activities

Nested
states, both
sequential
and parallel

root Serves as entry point for
every traversal. Has
exactly one child node.
The root node is
re-entered at every epoch

Initial state
(first state
added to
the
container)

Initial node,
possibly a
root
activity,
initialized
only once

Initial state,
possibly a
root state,
initialized
only once

sequence Trigger children in a
sequence until the first
failure. If no failure return
success, otherwise fail

Supported
using a
predefined
container

No direct
support,
detect
failure with
exception
handler

No direct
support,
use a
parent
transition
on failure

selector Trigger children in a
sequence until the first
success. If no success
return failure, otherwise
succeed

No direct
support,
could use
container to
extend.

No direct
support,
difficult to
model with
exceptions

No direct
support,
use a
parent
transition
on success
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Table 1.1: Concepts comparison (continued)

Concept BT languages
PyTrees, PyTrees_ros,
BehaviorTree.CPP

SM
languages
SMACH,
FlexBe

Activity
diagrams

State
diagrams

parallel Generalize
sequence/selector with a
policy parameter. Several
polices available, e.g.
meeting a minimum
number succeeding
children

No direct
support,
could use
guards to
extend

No direct
support

No direct
support

goto
(jumps)

No general jump construct,
the computation always
traverses the tree

Supported Supported Supported

decorators
inverter Invert the Success/Failure

status of the child
No direct
support,
could use
container to
extend

No expl.
inversion
operator

No expl.
inversion
operator

repeat Trigger the child node a
set number of times, then
succeed. Fail if the child
fails

No direct
support.
Could use
the Iterator
container in
SMACH as
repeat-until
loop where
the desired
outcome for
breaking
the loop is
user-
defined

No direct
support.
Encode
with loops
+ counter/-
guard

No direct
support.
Encode
with loops
+ counter/-
guard

succeed Return success regardless
of status returned by the
child

No direct
support,
could use
container to
extend

No expl.
support for
status

No expl.
support for
status

retry Run the child node and
retry it immediately if it
fails for a maximum
number of times, otherwise
succeed

No direct
support.
Similar to
repeat
concept,
Iterator
container
can be
modified
and used

No direct
support.
Encode
with loops
+ counter/-
guard

No direct
support.
Encode
with loops
+ counter/-
guard
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1.5.1.2 The Engineering Behind Behavior-Tree and State-Machine
DSLs (RQ1.2)

RQ1.2 is answered as part of paper B findings. In the paper, we analyzed the
software languages design of five DSLs. For BT DSLs, we analyzed the C++
library BehaviorTree.CPP, the Python library PyTrees and PyTrees_ros, an
extension for PyTrees to support ROS binding. Throughout the thesis, we are
going to use the term PyTrees family to refer to both PyTrees and PyTrees_
ros since they share the same language design with modifications to support
ROS. For SM DSLs, we analyzed the two Python libraries SMACH and FlexBe.
Our analysis focused on implementation type (internal or external DSL),
dynamic modification capabilities, programming model, execution mechanism
(interpreted or compiled), support for visualization (GUI support), and finally
separation of concerns and separation of roles. We refer the reader to paper B
for details about the results.

Our findings highlighted similarities and differences in the design of the
DSL. Dynamic modification capabilities, interpreted execution models, and
the ability to specify concurrency models were among the common features
of the investigated DSLs. Compared to the investigated UML languages,
the implementation of the UML languages did not usually allow altering
the execution order during runtime or offer comparable features. Robotics
missions inherently demand continuous adaptation to dynamic environments
and evolving tasks. Furthermore, robotics software systems often integrate
different hardware and software components, necessitating customization to
meet user requirements. Consequently, incorporating such features into the
design of robotics DSLs is a more pressing concern than in the domains where
UML-based languages traditionally originated. In terms of differences, we
observed that BehaviorTree.CPP and FlexBe could be clustered into one design
group, and the PyTrees family and SMACH into another. Adapting specific MD
techniques, providing a GUI, supporting separation of roles and supporting
model consistency verification were among the features that distinguished the
two groups of DSLs.

We observed similarities and differences among the investigated DSLs,
which shaped how practitioners specified robotics missions in the models
examined later in RQ2.1. As we discuss later in RQ2.1, certain design decisions
affected the usage of certain concepts and our ability to analyze sampled
models. One of the design decisions was the close coupling of models to
specific robotic platforms across all DSLs, which hinders reuse and external
analysis. Only BehaviorTree.CPP allowed model analysis without a working
robotic environment. Analyzing models from the other DSLs in RQ2.1 required
us to implement workarounds. In an empirical study targeting companies
and industrial practitioners, decoupling robotic systems was reported as an
important aspect that companies strive to support to promote reusable robotic
systems across projects, and the researchers highlighted the need for tools
promoting software-hardware decoupling of software components [75]. For
robotics missions development, we recommend the same to language developers
to achieve a clearer separation and decoupling between models and the execution
environment, and we anticipate advancement in the supporting DSLs. Enhanced
separation would facilitate external processing for visualization, testing, and
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reuse, thereby improving interoperability, productivity, and portability of
robotic systems [32].

Reflecting on both RQ1.1 and RQ1.2 findings, we observed that adapting
modeling and language-engineering methods was relevant in practice and well
received by robotics practitioners. The investigated DSLs drew on modeling
and language engineering practices, adapting them well to the needs of domain
users. Robotics practitioners come from lower-level programming paradigms.
The well-designed DSLs allowed them to raise the level of abstraction and
use the robotics behavior modeling languages, BTs and SMs, to effectively
implement missions of robots in higher-level representations. This is a clear case
of using software practices and redefining them to adapt to the needs of other
disciplines. Researchers in software engineering have been pushing to do that,
especially for adapting abstraction engineering and MDE techniques within
other disciplines [76, 77]. We need to remember that all the investigated DSLs
emerged from practical needs of roboticists (bottom-up language design). So,
other developers of robotics languages would benefit from using the available
knowledge in this thesis about their design and usage patterns. As stated by
de Araújo Silva et al. [32] "The most successful MDE practice is driven from
the ground up".

Recommendations inspired by RQ1 findings
Concepts and modeling openess. We recommend using our reported
data on supported concepts and on the openness of behavior modeling lan-
guages in robotics to inform the development of future modeling languages,
keeping in mind that the reported features reflect practitioners’ needs.

DSL design features needed by Roboticist. We recommend using
the reported similarities as starting guidelines for robotics language design-
ers since incorporating such features is needed by practitioners.

From the ground up. We recommend using the analysis of robotics
behavior modeling languages and their DSLs as inspiration for adapting
more modeling and language-engineering practices, such as MD techniques.

1.5.2 The Adoption of Behavior Trees in Practice (RQ2)
In the following, we summarize results on the adoption of BTs in practice. We
summarize the results from comparing the usage of BTs and SMs in open-
source projects. Finally, we summarize the experiences and practices followed
by robotics practitioners when using BTs in their projects.

1.5.2.1 Behavior Trees and State Machines in Open-Source Projects
(RQ2.1)

RQ2.1 is answered as part of the findings in paper B. We mined from GitHub1

1086 projects using SMACH and FlexBe and 271 projects using Behavior-
Tree.CPP and PyTrees family. After applying our filtering mechanism to
discard course and tutorial projects, we had 620 projects using SM DSLs,

1the mining was conducted until 31/12/2021
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including 2507 SM models, and 169 projects using BT DSLs, including 658 BT
models. Our random sampling of BT and SM models in the mined projects
yielded a total of 150 models (75 BT models and 75 SM models), belonging
to 43 projects (25 BT projects and 18 SM projects) from eleven domains
(check Figure 3.9). We analyzed the usage trend of the investigated DSLs in
open-source projects and how practitioners constructed BT and SM models
by examining metrics that capture core structural aspects of the models and
the usage of the DSLs’ offered concepts in the models. Finally, we reported
three patterns of model reuse among users. We refer the reader to paper B for
details about the results.

The metrics we calculated showed that practitioners kept the overall model
structure simple in both behavior modeling languages (shallow models of
moderate size). Yet, our metrics revealed differences in how practitioners
built BT and SM models, particularly in the size and vertical structure of
both models (depth for BTs and nesting level for SMs). For example, BT
models had an average model size three times that of SM models across the
sampled population. The practitioners’ preference for larger BT models may
be attributed to the explicit modeling of control-flow constructs in the BT
meta-model. With moderate BTs size, readability is generally maintained [31].
In contrast, the typical SM meta-model does not enforce explicit control-flow
constructs, which may influence practitioners’ modeling habits and result in
smaller models. Furthermore, it is well established that as SMs grow in size,
their readability is affected negatively [31, 48].

Connecting our findings in RQ2.1 to the RQ1.2 findings on the DSLs’
design revealed that the way models were constructed and the usage patterns
of concepts were not incidental. We observed that certain usage patterns
might be traced back to specific design decisions within the DSLs. We observed
distinctions in the calculated metrics among the DSLs within the same behavior
modeling language that might relate to GUI support and underlying DSL
development language (C++ and Python). FlexBe and BehaviorTree.CPP
shared language design characteristics that distinguished them from SMACH and
the PyTrees family. Both FlexBe and BehaviorTree.CPP adopted specific
MD techniques, provided a GUI, and supported model consistency verification.
Interestingly, both ’DSLs’ usage growth in open-source projects was much higher
than that of SMACH and the PyTrees family (check Figure 3.8). Although we
cannot confirm whether that is the reason for their popularity relative to the
other two DSLs, it would be interesting to investigate further. Additionally,
we observed that those design decisions might also have influenced the use of
DSL concepts and the reuse of models. Notably, certain built-in constructs
were used more frequently in FlexBe and BehaviorTree.CPP, which offered
GUI support and are external DSLs. Whereas projects using SMACH and the
PyTrees family tended to embed such constructs directly in code rather than
in the model, noting that both are internal DSLs without GUI support. This
pattern suggests that external DSLs with GUI support promoted consistent use
of DSL constructs, whereas users of internal DSLs are more likely to rely on
GPL constructs. Furthermore, we experienced a harder time analyzing models
that integrated constructs directly into code, rather than abstracting them into
models. This insight is relevant for both robotics DSL developers designing
future behavior-modeling DSLs and practitioners selecting among available
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options.
We observed the choice of reuse mechanism was influenced by the design

of the DSL, whether one reuses skills or tasks and the available support of
predefined skills to reuse them. In our work, reusing refers to the ability
to reuse skill code (also known as an action) or reuse code of a repeated
task (composed of different skills) in the same model or across models in a
project. We use skill-level and task-level to reference each concept, respectively.
Our analysis showed that predefined skills APIs could facilitate reuse. For
example, ROS Navigation Stack skills (wiki.ros.org/navigation) was used in
55% of the SMACH projects and 60% of the PyTrees_ros projects. The same
was observed in FlexBe offered skills APIs and supporting libraries where
the predefined skills were used in 70% of projects. This observation suggests
potential to support additional predefined skills APIs and mechanisms and
could be worth considering by developers to facilitate reuse. As stated by
Bencomo et al [76]: The ability to reuse existing components in new contexts is
essential to the effective development of software systems. It is an important
engineering principle and a sign of a maturity of a discipline.

Finally, we provide an open-source repository containing 2507 SM models
and 658 BT models to facilitate future research. To ensure transparency and
reproducibility, we include all code for model analysis and visualization, as
well as calculated metrics organized in Excel sheets for further analysis. We
encourage researchers to build upon our work.

1.5.2.2 The Experiences and Practices adopting Behavior Trees by
Robotic Practitioners (RQ2.2)

RQ2.2 is answered in paper C. In the paper, we conducted a TAR study with
industrial practitioners at Company A, and a survey study with 34 industrial
and academic robotics practitioners. The results covered BTs adoption by
robotic practitioners exposing practices, experiences and influencing factors
for different software engineering aspects. The paper findings covered eight
interest areas spanning BT design, integration, and use in practice. The areas
of interest were identified during our TAR study on the adoption of BTs
with the industrial practitioners. The eight interest areas were: granularity
of BT model, BT libraries, BT-to-ROS nodes architectural design, mixing
programming languages during the programming of BTs, team communication,
understandability, the usage of planning algorithms with BTs and the scalability
of BTs. We provided several directions for both researchers and practitioners
as implications to certain findings. We refer the reader to paper C for more
details.

For context, we briefly introduce information about the survey respondents
and the industrial practitioners at Company A. Most survey respondents were
from industry, comprising 67.6% of the total respondents, while academic
respondents accounted for 29.4%. Most respondents reported over 2 years of
experience in robotics (82% of total responses), and only 18% of respondents
had less than 2 years of experience. The majority of respondents used BTs in
their projects (91% of total respondents), and only a minor percentage used
BTs in toy and tutorial contexts (38% of total respondents) (check Figure 4.3).
Regarding the TAR study participants, we had three participants; two of them

https://wiki.ros.org/navigation
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were actively involved throughout the cycles. The two participants were a
safety expert and an industrial researcher. None of the participants had prior
experience with BTs. In the following, we use the term practitioners when
referring to both survey respondents and TAR participants; otherwise, we refer
to them as respondents and participants, respectively. We also use the term
library instead of DSL when referring to supporting tools for using the behavior
modeling language, BTs.

An interesting connection to our findings in RQ1.2 and RQ2.1 is that practi-
tioners reported positive experiences and implementation challenges that were
related to BT libraries’ design decisions, BehaviorTree.CPP and the PyTrees
family. Improvements in providing practical guidelines for starting with BTs,
integrating them with ROS, and developing additional supporting tools were
among our findings. For example, practitioners preferred using Behavior-
Tree.CPP over other BT libraries (check Figure 4.7). They reported that it was
easy to start with BehaviorTree.CPP because the GUI was decoupled from
the implementation, making it easy to begin modeling and visualizing a robotic
mission. We reported in RQ1.2 and RQ2.1 how the coupling of models to a
specific platform and requiring a working environment to start modeling and
visualizing a robotic mission, except for BehaviorTree.CPP, would hinder prac-
titioners’ usage of a library. In general, the reported findings further emphasize
how a library design choice affects practitioners’ usage and experience, and
the need to build empirical knowledge by talking to practitioners to develop
solutions from the ground up.

Beyond implementation, we examined practitioners’ experiences concerning
the impact of BTs on team communication, as well as their influence on
understanding decision-making logic and the execution of robotic missions. In
general, practitioners indicated that BTs facilitated improved communication
among team members and non-technical stakeholders about technical details.
In addition, BTs enhanced the clarity of robotic decision-making logic. This
finding concerns the abstraction of behavioral coordination and the composition
of tasks for a robotic mission using a behavior modeling language, in this case
BTs, and underscores the need for supporting tools to enable this process
[78]. Clear communication among different types of stakeholders and a good
understanding of the decision-making logic of robotic missions are important
for the development of reliable robotic missions and the success of robotic
systems in industry [75].

Looking at the overall experience reported by practitioners, specifically
certain reported challenges about documentation gaps and transitioning from
BTs modeling to integration with ROS, a recurring observation draws our
attention. The TAR participants who were new to BTs found certain aspects
challenging, whereas survey respondents with BT experience did not collectively
report them as challenging. This disparity may be attributed to an initial
learning curve faced by new users, which diminishes over time (onboarding cost).
Additionally, experienced users may have established their own workarounds,
so they no longer notice these gaps and challenges. In RQ2.1, we created our
own workaround to analyze models that lacked GUI support in their DSLs,
suggesting that other practitioners employ similar practices. In empirical
software engineering research, this friction between new and experienced users
is not new, and experienced practitioners tend to compensate for inadequate
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support by devising workarounds [79, 80].
Reflecting on practitioners’ reported experiences and practices, we provided

in paper C directions for practitioners and researchers to reinterpret the findings
as a future agenda rather than mere reporting. The majority of the implications
fall into improvements to certain supporting algorithms and libraries, as well
as the development of solutions that incorporate reported experiences and
relevant contextual factors. Additionally, we observed several challenges and
areas for improvement that emerged from the broader context in which BTs
were applied, rather than from the formalism of BTs alone. We foresee a
shift in the research agenda for further empirical research to understand how
BTs and other behavior modeling languages are used effectively by treating
context as a primary variable, i.e., what works for whom, where, when, and
why [81, 82]. To enable practitioners to develop reliable robotics missions
by adapting abstraction and MD techniques, it is essential to consider the
statement by Whittle et al. [71] regarding the success of MDE techniques in
industry: [...] social and organizational factors are at least as important in
determining success as technical ones.

Finally, we provide an open-source repository containing the survey in-
strument, the anonymized answers and the thematic analysis coding as a
replication package to support the transparency of research and to support
further research.

Recommendations inspired by RQ2 findings
Intentional design decisions. We recommend treating design choices
such as internal vs external realization, user flexibility, and graphical
support as intentional design decisions rather than technical afterthoughts,
since these factors influence how practitioners construct, experience, and
reuse their models.

Offered concepts and reuse. We recommend using our analysis data
in open-source projects focused on concept usage and reuse to guide
improvements in current BT DSLs and their successors.

Starting points for improvements. We recommend using our reported
findings about practitioners’ experiences, practices and influencing factors
when adopting BTs to guide further efforts for improvements.

Avoiding a one-size-fits-all We recommend avoiding a one-size-fits-all
approach and instead prioritizing contextual factors, such as target users,
as primary variables when developing supporting methods, algorithms, and
tools for BTs and other behavior modeling languages.

1.5.3 Supporting Quality and Risk Concerns Using Be-
havior Trees (RQ3)

In the following section, we summarize results on integrating BTs with soft-
ware engineering practices to enhance the reliability of robotic missions. This
approach specifically addresses gaps in explicit specification of quality con-
cerns, as well as supporting the risk assessments process identified during the
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knowledge-building phase in RQ1 and RQ2.

1.5.3.1 A Solution for Capturing Quality Requirements Using Be-
havior Trees (RQ3.1)

RQ3.1 is answered in paper D. We developed a solution to explicitly specify
quality concerns in a robotic mission by incorporating them into the behavior
modeling language, BTs, using SLE and MD techniques from software engi-
neering. Our solution consists of three parts: a quality-focused meta-model
extension of BTs, a textual DSL to explicitly express quality concerns within
BTs, and a model-to-text transformation to transform any model created with
our DSL into a BehaviorTree.CPP XML-like code format. We direct the reader
to paper D for details about the solution and evaluation results with external
practitioners. In this context, we discuss the contributions of our solution and
the implications of the solution’s evaluation results.

Figure 1.7: Our quality-focused meta-model extension of BT modeling language
from paper D

Our approach paves the way for the explicit incorporation of quality con-
cerns into robotics mission behavior modeling languages. This promotes early
expression of qualities in robotics missions and provides a clearer overview of
mission components and their contributions to addressing quality concerns.
When a desired behavior of a robotic system cannot be explicitly specified and
traced to specific components, it is insufficient to claim that the validity of
requirements alone guarantees the system’s reliability [83]. Figure 1.7 presents
the first part of our solution, the quality-focused meta-model of BTs. We
designed the meta-model to be generally applicable to all kinds of quality
requirements and provide flexibility to domain experts throughout the lifecycle
of a mission. By lifecycle of the mission, we refer to early and later design time,
as well as the implementation (coding) of the mission.

Figure 1.8 shows an overview of the user process to use the textual DSL
and a snip of the DSL syntax. By using insights about DSL design and usage
from paper A and paper B (RQ1 and RQ2), we contributed a textual DSL
with an intuitive and light syntax taken from the literature. The idea behind
providing the model-to-text transformation is to leverage existing functionalities
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in BehaviorTree.CPP, which RQ2 highlighted the most preferred BT library
by practitioners and open-source users. In addition, we observed in paper B
the effect of having a GUI on the explicit usage of concepts; thus, we wanted
to have a graphical visualization to further support practitioners in specifying
quality concerns explicitly. With the integration to BehaviorTree.CPP, we
support users in using its GUI, Groot, to visualize BTs with quality concerns
and we do not disrupt users’ existing workflows.

The results of our preliminary evaluation were promising and provided
insights into drawbacks in the DSL design and potential feature enhancements.
All participants expressed the benefit of using our DSL to express qualities
directly in BTs at early-stage design time of robotic missions, and they appre-
ciated the overview it provided for important qualities in BTs. Two drawbacks
were expressed about the usage of Eclipse and the DSL being a textual DSL in-
stead of a graphical one. Three features were requested for future enhancements
regarding automatic runtime monitoring for quality compliance, providing the
probability of quality compliance, and an easy way for reuse of cross-cutting
quality requirements.

In software requirements engineering, quality concerns have long been
recognized as a key factor in system success [84]. Moreover, standardization
bodies such as the IEEE Robotics and Automation Society (RAS) are developing
guidelines, with one recommendation being to develop better tools and methods
for explicit requirements elicitation and verification, as today’s practices fall
short [83, 85]. Reflecting on our evaluation results and the general state of
research on comparable solutions indicates a need among practitioners for
similar solutions that enable the explicit specification of quality concerns at
the earliest stages of robotics missions [21, 86, 87]. We emphasize the need to
support existing practitioners’ workflows rather than disrupt them and provide
a flexible and iterative way to specify quality concerns. We also emphasize
leveraging existing knowledge in this thesis about existing support and reported
experiences, so that researchers do not duplicate effort.

Finally, we provide an online repository for all the solution parts. We hope
others build on top of our solution and create their own with the goal of making
quality concerns explicit for reliable robotic missions.

1.5.3.2 A Solution for Supporting Industrial Risk Assessment Pro-
cess Using Behavior Trees (RQ3.2)

RQ3.2 is answered in paper E. Our solution consists of two parts: a list of
five derived requirements for designing our approach, and our approach, which
supports early risk assessment in a development-centric way. The solution is
the result of collaboration with the industrial team from RQ2.2, during which
we spent time deriving the requirements and developing the approach. We
direct the reader to paper E for details about the solution and evaluation results
with external practitioners. In this context, we discuss the contributions of our
solution and the implications of the solution’s evaluation results.

The derived requirements spanned multiple aspects that targeted supporting
safety experts with no prior experience and identifying risks as early as possible
during the risk assessment process (support an early and iterative process,
support low-dependency on prior data, and support visualization of mission
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behavior). Furthermore, the derived requirements required integrating the
risk assessment findings into the life cycle of missions development (support
tracking in code, support light and accessible documentation). We suggest
that the derived requirements may hold for other companies, since the needs
that gave rise to the requirements stem from companies racing to adopt new
intelligent and collaborative robotics systems, especially with the growth of
Industry 5.0 [88], and from regulatory bodies seeking to ensure reliable and
safe robotics missions [83].

Figure 1.9 presents an overview of the proposed approach, which integrates
BTs to support the risk assessment process. We aimed to integrate risk-
assessment findings into the engineering workflow rather than maintain them
in a separate silo by employing BTs as a boundary object. BTs are already
utilized by practitioners throughout the entire development cycle of robotics
missions. Therefore, incorporating them early in the risk assessment process,
rather than relying on Excel-based documentation and outcomes transfer, is a
logical progression. As Bucchiarone et al. [77] state: "Models in model-based
systems engineering allow for a more systematic representation of information
compared to documents, such as spreadsheets".

Our evaluation results with external industry practitioners yielded positive
aspects, such as BTs as a mental model for risk identification. It also yielded
future seeds for further development, such as providing version control for
change traceability and suggesting an extension to an existing BT library to
support the visualization of risk assessment information. By leveraging BTs’
strength in clearly visualizing the behavioral logic of a mission, they could
serve as an information bridge to ensure alignment between high-level risk
assessments and low-level implementation (code).

The overall findings in RQ3.2 indicate that BTs can serve as a shared
behavior-modeling language spanning the robotics mission development cycle,
from early risk identification to implementation. This positions BTs as boundary
objects between cybersecurity engineering and robotics software engineering
practices, a role that introduces several open research questions. A potential
open research question comes from one of our evaluation results. The result
highlighted that the level of granularity of the BT model used in the process
can both clarify the mission and introduce bias in hazard identification, so it
is a challenging decision to take. This challenge is not solely for using BTs in
the risk assessment process. One of the findings in RQ2.2 showed, in general,
how practitioners find it challenging to determine the appropriate level of
granularity to model in BTs. Further investigation is needed into how early
modeling decisions, such as the chosen level of granularity, affect the results
of a risk assessment process. Another open question comes from the lack of
available tooling for supporting BTs representing risk assessments outcomes. In
paper E, we used BehaviorTree.CPP GUI, Groot to represent risk assessments
outcomes in BTs and assess the approach. Our evaluation highlighted the need
for better tooling, which is normal since Groot is not designed for this purpose
in mind. However, this finding highlights how the current BT libraries and
editors lack consideration for risk information. A promising research direction
could investigate further potential risk-aware BT libraries. Finally, we do not
claim that our approach is generalizable. Further empirical studies involving
practitioners are necessary to determine whether BT-centric risk assessment
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can scale beyond individual missions and generalize across domains.

Recommendations inspired by RQ3 findings
Seeds for further development. We recommend leveraging the evalu-
ation results for the developed DSL and the online materials provided
in RQ3.1 to advance the solution, as the current solution demonstrated
potential according to the evaluation responses.

Introducing open questions. The use of BTs as boundary objects be-
tween two domains demonstrated potential and opened further questions.
We recommend that researchers explore additional applications of behav-
ior modeling languages, such as BTs, to bridge gaps among practitioner
groups.

A new research direction. Reflecting on the findings of RQ3.1 and
RQ3.2, we foresee a research direction toward combining both solutions
to better support robotics practitioners throughout the entire cycle of
developing robotics missions.

1.6 Research Limitations
In this section, we consider the thesis as a whole, evaluating the scope of
our combined evidence and the extent of our findings. The appended papers
address the threats to validity associated with each individual study, where we
direct the reader for more information.

Our knowledge-seeking findings are derived from specific variants and liter-
ature of BTs, open-source projects and practitioners. The derived practitioners’
knowledge comes from a community that has already adopted BTs in ROS
ecosystem and new users in the same settings. Consequently, our research
focuses on creating knowledge about BTs in specific community context, rather
than the broader robotics community. For example in RQ1.2 and RQ2.1, we
highlighted that DSL design decisions, such as having a GUI support and the
coupling of models to specific platforms, influence how practitioners construct
and reuse their models. Our conclusions about concept usage, model structure,
and reuse are closely tied to the studied DSLs. Similarly, some of the challenges
reported by practitioners arise from the interface between BTs and ROS, rather
than from BTs as a standalone model, and may manifest differently with other
ecosystems. Finally, the two solutions we developed were evaluated with prac-
titioners in session-based settings. As a result, we demonstrate their feasibility
and perceived usefulness, but do not assess their impact on the overall quality
of robotic missions or on development effort throughout a full cycle of robotic
project development.

Beyond these boundaries, the broader applicability of our work lies in our
analytical approach rather than in solely the quantitative results. We see parts
of our built knowledge reaching further than BTs and transferring to other
behavior-modeling languages. Investigating a behavior modeling language
alongside its DSLs, linking language design decisions to practitioner usage, and
reporting experiences and challenges are relevant to any behavior modeling
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language in robotics. Our solutions are based on properties that BTs share
with other behavior-modeling languages, such as raising the abstraction level,
modularity and a transparent clear decision structure that facilitates stakeholder
engagement. Where a behavior-modeling language provides these features and
others, we anticipate that similar solutions can be implemented. In contrast,
when a robot behavior coordination remains implicit within code, there is no
shared model to convey quality or risk information. Finally, a broader lesson for
robotics software engineering, the idea of using BTs and other behavior modeling
languages in robotics as a boundary object and exploring new possibilities to
support different stakeholders is an important insight of the thesis.

1.7 Conclusion and Future Work
The work in this thesis aimed to support the development of reliable robotic
missions by drawing on software engineering practices. We started by building
an understanding of existing support for specifying robotic missions using
behavior modeling languages. We looked at concepts offered by different
behavior modeling languages and, from that, established a research direction
focused on BTs for the broader support they provide in terms of concepts
and modeling openness compared to other behavior modeling languages. To
ground our knowledge, we compared BT DSLs with SM DSLs and investigated
their language engineering. After understanding the existing support in terms
of offered concepts and the design of DSLs, we wanted to build knowledge
about the adoption of BTs in practice. We started by investigating how the
two behavior modeling languages in robotics, BTs and SMs, are adopted in
open-source projects. Then, we conducted an empirical investigation into the
experiences and practices of robotics practitioners when adopting BTs. Finally,
by drawing on our built knowledge about BTs, we identified two potential gaps
that BTs can address. We developed two solutions using BTs to support two key
concerns in developing reliable robotic missions: quality and risk assessment.
We provided multiple open-source repositories for BT and SM models, as well
as our two developed solutions, to enable the research community to build on
our results.

Future Directions: This thesis contributes to the development of reli-
able robotic missions by building comprehensive knowledge about the behav-
ior modeling language, BTs, and creating solutions to address existing gaps.
Throughout our discussion of the results, we highlighted potential research
directions and recommendations for researchers and practitioners to improve
the current state of practice. One future research direction is to construct a
framework that integrates the various knowledge components and solutions
presented in this thesis to support the full cycle of developing reliable robotic
missions. At different stages of a robotic mission, various perspectives may
be required depending on the stakeholders involved. We envision a framework
that accommodates diverse stakeholders by representing their concerns using
behavior modeling languages. We have already begun this journey by incorpo-
rating quality and risk considerations into the development cycle for robotic
missions. By extending the use of our open-source resources, researchers can
further develop the solution and support the explicit specification of other
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important concerns. Izzo et al. [53] already took the first step by using our
dataset of BT models from papers A and B to train lightweight large language
models (LLMs) to generate BTs from natural-language mission specifications.
We see this as an encouraging sign that the groundwork laid in this thesis can
further open other directions of research.
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