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“The trouble with having an open mind, of course, is that people will
insist on coming along and trying to put things in it.”

- Terry Pratchett
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Abstract
Context. Robots are increasingly becoming involved in our lives and currently, teams
of service robots cooperate to support humans by performing useful, repetitive, or
dangerous tasks. However, engineering the robots’ software to ensure their robustness
and autonomy has become a bottleneck in their development, mainly due to the
inherent complexity of the domain. Service robots typically operate in partially
constrained environments—often populated by humans—and provide many services
for which they require a blend of hardware and software components. This requires
developers to possess a diversity of expertise stemming from different disciplines.
Building software with the ability to be changed, customized, or configured to fit
different contexts, environments, or purposes is one of the core means to address
these challenges. Unfortunately, software engineering has been mostly considered an
auxiliary concern in the robotics community in the past.
Objective. The objective of this thesis is to investigate practices and challenges
in service robotics software engineering to provide guidance for practitioners and
researchers as well as to engineer solutions for some of the challenges we identified.
Method. Our research methodology combines knowledge-seeking and solution-
seeking research. The former’s aim is to learn about a specific phenomenon; in this
case, the state-of-the-art and -practice in service robotics software engineering. With
this aim, we conducted interviews with practitioners, an online questionnaire, and a
systematic literature review. The goal of solution-seeking research is to solve problems
within a specific context, for which we designed solutions. The research for this thesis
has been conducted in the context of a European project in collaboration with industrial
partners. This allowed us to identify software engineering problems in the service
robotics industry and validate our solutions in real-world scenarios and robots.
Results. We outline with our empirical results the current practices, characteristics,
and challenges of service robotics software engineering. We found that the most press-
ing challenges are validating and achieving the robustness of autonomous systems,
especially those whose behavior and control systems are intended to be changeable,
configurable, or customizable. The solutions we engineered consist of a software
architecture for multi-robot applications (SERA), a domain-specific language for robot
mission specification (PROMISE), and a software component that is able to synthesize
plans considering only partial knowledge of a robotic application (MAPmAKER). We
integrated our engineered solutions into an industry-validated robotic framework that
is structured by the premises established for SERA and whose composing modules
were validated in terms of flexibility, robustness, and efficiency.
Conclusions. Our empirical contributions help to enhance the current empirical
understanding in the domain of service robotics software engineering and its practices,
characteristics, and challenges with the aim of providing guidance for practitioners and
researchers. Our engineered solutions consist of methods and tools whose aim is to
support practitioners and researchers in building well-engineered robotic applications
and in operating them.

Keywords

Autonomous and (Self-)Adaptive Systems, Service Robots, Robotics Software En-
gineering, Software Architecture, Empirical Research, Model-Driven Engineering,
Domain-Specific Languages, Variability.
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Chapter 1

Introduction

Robots are becoming increasingly involved in our everyday life to support us in
monotonous, menial, or dangerous tasks. Contrary to automatized, reprogrammable
manipulators that are typically applied to industrial environments like assembly lines
(i.e., industrial robots), service robots are a rising robotics domain with broad applica-
tions in many fields—e.g., logistics, healthcare, telepresence, maintenance, domestic
tasks, education, and entertainment [121]. A service robot is “a type of robot that
performs useful tasks for humans or equipment excluding industrial automation appli-
cations” [71]. Service robots range from robots that automate housework like vacuum
cleaning or lawn mowing to professional service robots used by companies to perform
specialized tasks (e.g., supplies transportation in logistics contexts).

Moreover, service robots have demonstrated being of tremendous utility in situa-
tions when human lives are at risk. They are currently being used in the fight against
COVID-19. Relevant examples for the latter issue are disinfecting robots able to kill
bacteria and viruses in human-populated areas such as hospitals, government buildings,
offices, hotels, airports, and universities,1 as well as delivery robots that transport items
around hospitals, reducing the time pressure on hospital staff and helping with safety
distancing.2 In this context, several market domains have noticed the convenience of
implementing robotic applications to their environments since they are not constrained
by travel bans or health issues and help to keep social distancing.3 COVID-19 has
indeed boosted the robotics market, and more especially for disinfection and logistics
robots. This growing tendency sums up to a previously reported growth: the sales
value of professional service robots was estimated to be increased by 32% to USD11.2
billion worldwide between 2018 and 2019.4

Robots are cyber-physical systems that blend hardware and software components
to interact with their environment [22, 25]. As autonomous robots have started to
become commodities, the service robotics industry community has realized that the
cost of developing new robotic products is significantly related to the complexity of de-

1https://www.forbes.com/sites/richblake1/2020/04/17/in-covid-19-
fight-robots-report-for-disinfection-duty

2https://www.mvpromedia.com/article/robots-to-assist-fight-against-
covid-19-in-hospitals/

3https://ifr.org/img/worldrobotics/Executive_Summary_WR_2020_
Service_Robots.pdf

4https://ifr.org/ifr-press-releases/news/service-robots-record-
sales-worldwide-up-32
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2 CHAPTER 1. INTRODUCTION

veloping software control systems that are flexible enough to be changed in order to fit
different contexts, environments, or purposes [25]. The development and integration of
hardware, software, and environmental components that fit these requirements give rise
to the significant complexity of service robotic systems. The management of such com-
plexity calls for systematic software engineering practices—as they have been success-
fully applied to other cyber-physical domains, e.g., automotive or aeronautics—that
could impact the robotics marketplace by stimulating component supply-chains [17].
The rationale is that software engineering research and practices strive to develop and
validate methods, technologies, and tools that can practically be useful in supporting in-
dustry [112]. We define robotics software engineering as the systematic application of
engineering practices, methods, and tools to the development of software for robotics.

The development of a robot requires expertise stemming from diverse areas that
need to be integrated into a common platform, including mechatronics, computer
vision, and control theory. This also implies that many developers involved in the
development of a robot are not necessarily software engineers; however, developing
software applications without applying software engineering practices, methods, and
tools gives rise to challenges such as quality assurance, validation, and integration.
Furthermore, service robotics poses domain-specific challenges, as the ones implied by
the complexity caused by multi-robot applications [76] and human-robot interaction
[60, 54]—besides the challenges imposed by operating cyber-physical [100] real-time
[88] systems. In this thesis, we identify challenges for practitioners in service robotics
software engineering, e.g., integrating heterogeneous software components, validating
and instilling robustness in robotic applications.

Concretely, we identified that managing variability—“the ability of a software
artifact to be changed in order to fit different contexts, environments, or purposes”
[47]—is a core challenge that affects service robotics companies. Robotics software
needs to account for a diversity of hardware, operating environments, and customer
demands, without being redeveloped from scratch. As such, robot developers need
to manage variability in their software using so-called variability mechanisms, which
are implementation techniques to realize variation points. However, while drivers of
variability—i.e., hardware diversity, environment uncertainty, or the different purposes
and functions of robots—and variability mechanisms are reasonably well understood
in other domains, that is not the case for the vibrant domain of (autonomous) service
robots. If not managed properly, variability in complex systems may lead to failures,
including drops of performance or crashing of the system.

The overall objective of this thesis is to investigate practices and challenges
in service robotics software engineering to provide guidance for practitioners and
researchers as well as to engineer solutions for some of the challenges we identified.
This objective is divided into two subgoals:

G1: To provide empirical insights of the current state-of-the-art and -practice of
service robotics software engineering that lead to establishing effective practices,
methods, and tools for engineering service robotics applications.

G2: To identify, explore, and engineer solutions for some of the practical problems
in the service robotics domain from our findings in G1.

To fulfill our objectives we conducted a combination of knowledge-seeking
research—aiming to learn about robotics software engineering—and solution-seeking
research—aiming to solve identified practical problems for which we engineered
solutions [124, 125].
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Outline. The remainder of this chapter continues as follows. In Section 1.1 we
introduce the required background for the thesis. We then describe in further detail
the goals of this thesis in Section 1.2 and the methodology we followed to accomplish
them in Section 1.3. Section 1.4 provides a summary of the contributions in the form
of appended papers to the thesis. In Section 1.5 we discuss our findings. We conclude
and provide our next steps as future work in Section 1.6.

1.1 Background and Related Work
In this section, we introduce important concepts that will be mentioned and used
throughout the thesis. Concretely, we present concepts within the topics of service
robotics, mission specification, the Robot Operating System, software architectures,
and variability and its management.

1.1.1 Robots

The first part of this section gives a short notion of the history of robotics and the
second introduces technical terms required for this thesis.

1.1.1.1 A Bit of History

The idea of human-looking animated entities that serve, protect, or interact with human
beings goes back more than two millennia. The first possible example of such an idea
appears in Greek mythology in the form of Talos, a sort of giant automaton made of
metal (see Figure 1.1c) built to protect Crete from pirates and invaders. Many centuries
later, the first artificial human makes an appearance in the 19th century by the hands
of Edward S. Ellis in his book “The Steam Man of the Prairies” (Figure 1.1a). In this
book, a “colossal, steam-powered man” is manufactured by a teenager and is used to
carry a carriage in various adventures. Later in the early 20th century, L. Frank Baum
introduces Tik-Tok (see Figure 1.1b), a character that has been termed “the prototype
robot” [38] 10 years before this term was coined. As opposed to previous animated
humanoids from literature, Tik-Tok is described as a mechanical man with intelligence
and the power of reasoning.

The term robot was coined in 1921 by the Czech writer Karel Čapek in his play
Rossum’s Universal Robot (R.U.R.). In this satire, robots are artificial people who
perform all unpleasant manual labor. Indeed, robot is a variation of robota, which in
Czech means “servitude” or “forced labor.”

After some attempts of building robots as machines able to learn and reproduce
some basic tasks such as giving a speech or writing [62], the first industrial robot is
developed in 1959 by George Devol and Joseph Engelberger [84, 65]. Industrial robots
have been since the second half of the 20th century the most widespread type of robot.
The International Organization for Standardization (ISO) 8373:2012 [73] defines
an industrial robot as: “an automatically controlled, reprogrammable multipurpose
manipulator programmable in three or more axes.” This type of robot has been
successfully applied in industrial automation [84], where they perform automated
tasks in highly constrained environments. The domain of industrial robots has reached
a high state of maturity, with a special focus on the automotive industry, being a driver
for superior productivity and earnings [66].
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(a) Cover of Edward S. Elis’ 1868
book The Steam Man of the Prairies.

(b) Cover of L. Frank Baum’s 1907
book Ozma of Oz.

(c) Scene from Don Chaffey’s 1963 film Jason and the Argonauts.

Figure 1.1: Examples of artificial humans from mythology and modern literature.5

In the last decades, other types of robots have appeared in the scene [65]. Nowadays
robots are complex systems that embody a blend of hardware and software and that
interact with the environment, a.k.a., cyber-physical systems. The ISO 8373:2012
standard describes a robotic control system as a “set of logic control and power
functions that allows monitoring and control of the mechanical structure of the robot
and communication with the environment” [73]. Nowadays robots are highly versatile
machines that are able to achieve a surprising variety of tasks for which they need
to operate in various environments. Examples of applications for contemporaneous
robots help with, among others, enhancing transportation safety, reducing agricultural
pesticide use, and improving public safety and crime-fighting efficacy [25, 67].

1.1.1.2 Service Robotics

In this thesis, we focus on service robots, which are defined by the ISO 8373:2012
as a type of robot that supports humans by performing useful tasks [73]. As opposed
to industrial robots, service robots are called to operate in partially constrained en-
vironments due to their versatility [17, 121]. In such scenarios, service robots will
need to cope with uncertainty and possibly with humans, with which robots could be
required to cooperate [121]. In our studies, we further classify service robots into two
subclasses:

• Professional service robots, according to the ISO 8373:2012 [73], usually re-
5The figures are in the public domain and attribution is not legally required.
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quire a trained operator for their operation and are applied to specific commercial
tasks. As they are mostly targeted to end-user domains, they typically do not
require programming skills from the operator to operate the robots although they
require an expert to program the robots’ functionalities beforehand. Examples
of professional service robots are the UVD6 and Stockbot7 robots.

• Research platforms are a type of robot whose special features make it adequate
for research. They may be used to assess the efficiency of robotics software
and newly developed applications as well as to create proofs-of-concept to
validate scientific contributions. These robots are mainly targeted at researchers
and developers and therefore their operation usually requires knowledge of
programming languages and robotics. Examples of research platforms are the
TurtleBot28 and the TIAGo9 robots.

The ISO 8373:2012 [73] defines the operator as the person designated to start,
monitor, and stop the intended operation of a robot. In other words, the operator is the
person in charge of commanding tasks and missions (explained shortly) to the robots.
For the remainder of the thesis, we differentiate between technical and non-technical
operators. Technical operators are knowledgeable on programming languages or
robotics and are able to use advanced mechanisms for mission specification—e.g.,
behavior trees, finite-state machines, general-purpose languages. On the other hand,
non-technical operators do not necessarily possess knowledge of programming or
robotics and therefore mechanisms such as user-friendly graphical interfaces may be
more suitable for them.

The environment is defined as the space and situation where the robots operate. Ex-
amples of environments treated throughout the thesis are hospitals, warehouses, farms,
universities, and offices, each of them posing different requirements and constraints.
We refer to the ISO/PAS 21448:2019 [72] to define events as phenomena that may
occur in the environment. Robotic applications need to react to those events based on
predefined triggers and adapt their behavior accordingly [105].

The mechanical embodiment and the sensors and actuators a robot equips provide
it with a set of capabilities. The locomotion system of a mobile robot allows it to
navigate, a robotic manipulator can grasp objects thanks to its robotic arm, and a robot
equipped with a camera can “see” the environment where it operates. In turn, skills are
the programmed actions a robot can perform, based on its capabilities. The ISO/PAS
21448:2019 introduces the term action as “an atomic behaviour that is executed by
any actor in a scene” [72]. Skills are often implemented as software modules or
components by experts. Examples of robotic skills range from the software program
used by a robot to grasp an object to controllers for sensors and actuators. Another
important term used throughout the thesis is mission, described as a coordinated
combination of skills and actions that express the desired behaviors of the robots. This
term has been introduced and used in literature, by among others, Garcı́a et al. [48],
Ghzouli et al. [52], Menghi et al. [97], and Menghi et al. [95].

An example of a mission is: “A robot r1 operating in a hospital consisting of
a number of rooms and corridors must reach room2 and disinfect it.” The terms
mission and task are often used synonymously in the literature, even in reference

6https://www.uvd-robots.com
7https://pal-robotics.com/robots/stockbot/
8https://www.turtlebot.com/turtlebot2/
9https://pal-robotics.com/robots/tiago/
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documents such as the H2020 Robotics Multi-Annual Roadmap (MAR) [121]. The
ISO 8373:2012 [73] defines a task program as the “set of instructions for motion and
auxiliary functions that define the specific intended task of the robot or robot system.”
To make a clearer definition of these terms, we refer to tasks as repetitive and simpler
processes than missions. Therefore, tasks are repetitive and simple coordinated robotic
behaviors that are realized as a combination of skills. A mission can be constructed
by composing several tasks; for instance, in the example above, navigating to target
locations and disinfection routines are considered tasks in this thesis.

1.1.2 Mission Specification
Future robotic applications will include multi-purpose mobile robots that may be
configured or specified by (possibly non-technical) operators to perform missions
of everyday life, as interpreted by the MAR [121]. For example, the specification
of the mission introduced above in which a robot disinfects rooms in a hospital can
be performed either programmatically in a General-Purpose Language (GPL), via
Domain-Specific Languages (DSLs), or by using logical languages [55, 120, 113, 90].
In the following, we describe technologies that have been used for mission specification
by the robotics community.

1.1.2.1 Behavioral modeling

A wide range of languages and formalisms for modeling and reasoning about be-
haviors has been developed, many of these have also been used for describing the
behavior of robots. Statecharts [59] have been successfully applied to describe robotic
missions [15, 126, 78, 6]. They are an extension of state machines and state diagrams,
with a graphical syntax and formal semantics. This type of diagram requires a detailed
definition of the steps a robot (or a team of robots) must perform in order to achieve a
mission, which may become complicated in practical cases.

Another formalism is Petri Nets [107], which in the past have been successfully
applied to develop robotic applications [133, 140]. In particular, Petri Net Plans
(PNPs) [140] were developed to allow developers to describe plans for teams of robots.
Despite their expressive power, PNPs require a precise definition of every action a
robot is requested to perform.

Behavior trees [29] is a formalism originally conceived to define the behavior
of autonomous non-player characters (NPCs) in computer games [70]. The idea
behind the formalism was to support NPCs to behave in a reactive manner and to make
decisions in complex and unpredictable environments [61, 70]. This way of behaving is
similar to that of robots, which makes behavior trees an attractive formalism to define
robotic behavior (i.e., mission specification). Furthermore, behavior trees enable
modularization and reusability in mission specification and provide a purportedly
easy-to-understand hierarchical structure, able to represent layers of behavior [29].
Compared to hierarchical state machines [139], whose usage simplifies the modeling
and specification of complex and dynamic scenarios compared to simple state machines
[61], behavior trees are considered more human-readable and easy to understand [29].

1.1.2.2 Domain-Specific Languages

Programming robots and their behaviors is complex, challenging, and error-prone for
reasons ranging from the variety of capabilities robots may provide, their interaction
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with the real world, and the fact that they constitute safety-critical systems. One of the
biggest factors that trigger this complexity lies in the fact that robot programming is
a knowledge-intensive task. That is, programming a robot to execute a, for example,
transportation mission10 requires knowledge from several domains, including control
theory, computer vision, mechatronics, and software engineering.

As explained by Schneider et al. [118], approaches based on Model-based Devel-
opment (MBD) and the Model-Driven Engineering (MDE) [117] paradigm permit
exploiting the knowledge for systematic software development. For instance, the study
of Bhave et al. [14] applies MBD to heterogeneous models using architectural views of
cyber-physical systems. Mappings among those views are used to ensure the structural
consistency of the models. The study is extended by Rajhans et al. [110], where they
propose a framework that employs behavioral semantics to support heterogeneous
multi-model development of cyber-physical systems.

The MDE paradigm uses the concept of meta-models to design, develop, and
investigate abstractions over a certain domain in a layered fashion. Looking at the
4-level metamodel hierarchy of the OMG11 [19] (see Fig. 1.2), the level M2 represents
the metamodel level. This level formalizes the domain knowledge, including domain
concepts and their names, relations among them, and their properties. This level of the
hierarchy can be implemented or represented by a Domain-Specific Language (DSL)
[46], which according to Van Deursen et al. [131], can be defined as “a programming
language or executable specification language that offers, through appropriate no-
tations and abstractions, expressive power focused on, and usually restricted to, a
particular problem domain.” These languages can map the domain knowledge with
familiar terminology and syntactical constructs to the domain practitioners, which
makes contemporary DSLs more user-friendly and tailored to the robotics domain
than General-Purpose Languages. Thus, DSLs help improving productivity for de-
velopers while at the same time improving communication with domain experts [46].
Furthermore, metamodels for a domain are stable whereas domain models may differ,
which enhances the design and development of software by and for reuse.

In fact, MDE has been identified by the H2020 Multi-Annual Robotics Roadmap
(MAR) [121] as a core technology to support developers when designing robotic
systems. The MAR makes special emphasis on DSLs, which are required to achieve
a separation of roles in the robotics domain while also improving composability
and system integration while addressing non-functional properties. The research
community has already worked in the last years on the use of languages for the
development of robotic software systems [26, 117, 115, 122]. They have also been
used to reason on the robot’s behaviors through automated reasoning techniques such
as simulation, model checking, and theorem proving, as compiled in the surveys
conducted by Nordmann et al. [103, 104].

1.1.2.3 Temporal Logic

Classical Boolean logic allows formulating specifications ϕ over a set of propositions
Π. Each proposition π ∈ Π can either be true > or false ⊥. Temporal logic extends the
Boolean logic by operators with temporal semantics. This additional expressiveness
makes temporal logics useful for specifying the desired behavior of autonomous
systems, effectively capturing the temporal evolution of these systems.

10https://www.youtube.com/watch?v=rfljWQomk-I
11https://www.omg.org



8 CHAPTER 1. INTRODUCTION

Domain 
model

Metamodel 
(DSL)

Meta-metamodel

Metamodel 
(DSL)

Real-world systems

conforms to
Domain 
model

Domain 
model

conforms to

M3

M2

M1

M0

conforms to

Figure 1.2: OMG’s 4-level metamodel hierarchy, as adapted from Klotzbücher et al.
[79].

The ability to prove formal properties on the behavior of a cognitive robotic system,
especially related to safety, is pivotal to their introduction in the market and society
[121]. In this light, the H2020 Multi-Annual Robotics Roadmap declared: “Formal
methods are needed to specify and synthesize robot control systems starting from rich
models of the robot, of the environment, and of the task. [...] Tools like temporal
logics and description logics have reached a good degree of maturity, and are a good
candidate to create such methods.”

Temporal logics such as Linear Temporal Logic (LTL) [108], Computation Tree
Logic (CTL) [9], and Probabilistic Computation Tree Logic (PTCL) [58] provide
formal high-level languages that can describe robot behaviors. These languages
abstract and simplify the mission-specification task with respect to other approaches
like the well-studied point-to-point navigation [80, 87, 89].

Originally resulting from the field of model checking and verification [7], LTL
applied to robotic behavior planning provides a formalism to unambiguously specify
the expected behavior. As such, an LTL specification can be used to describe the result
of an expected behavior, while the way to achieve this result is automatically derived
by the system. This means that as opposed to imperative point-to-point navigation
specifications, an LTL specification is declarative and the steps to be taken by the robot
are automatically computed (i.e., planned) by a planner. LTL is currently used due
to the variety of existing planners that take LTL-based models as input [96, 57, 43].
Furthermore, CTL allows specifying properties that predicate on a branching sequence
of assignments. For these reasons, LTL and CTL are being increasingly used by
robotics experts for mission specification [97, 92, 56, 44, 96, 128, 43, 57, 137, 83].

PCTL is a language based on CTL that allows stating soft deadlines using prob-
abilities and time bounds, which has been used for probabilistic model checking
[119, 53, 85]. The community has proposed studies on probabilistic specifications
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using the model checker PRISM and its capabilities of quantitative analysis [86] with
which robotic applications have been modeled [27].

1.1.3 The Robot Operating System

This section provides an overview of key concepts of the Robot Operating System
(ROS) [109]. We also describe aspects of the ROS community that we deem important
to highlight.

1.1.3.1 The ROS Framework

According to the large-scale developer study presented in Paper A, ROS is the current
de facto framework for robotics. It is already available for a huge variety of robots
including, among others, ground mobile robots, static manipulators, autonomous
vehicles, humanoid robots, unmanned aerial vehicles, and underwater robots.12

ROS is an open-source robotic framework that provides a message-based peer-to-
peer communication infrastructure, called roscore, supporting the integration of
independently developed software packages. ROS packages are the most atomic unit
of build and the unit of the release of the ROS’s ecosystem. The goal of packages
is to promote reusability and modularity in ROS-based software development, also
allowing writing robotic software that can be reused on different hardware platforms.
There is no established rule on how to build ROS packages, but they tend to follow
a “Goldilocks” principle, that is, to provide enough functionality to be useful, but
not too much that the package is heavyweight and difficult to use by other software.
Packages might contain different software artifacts that constitute a software module,
including libraries, datasets, configuration files, third-party pieces of software, or ROS
nodes. Nodes are independently developed software components that encapsulate
processes that perform specific computational tasks, such as controlling actuators,
running navigation algorithms, or processing images. In ROS, nodes are combined into
a graph and communicate among them using topics or RPC services. Topics are named
channels over which nodes exchange messages using a publish/subscribe paradigm.
In turn, messages are a strictly-typed data structure that considers standard primitive
types such as integer and boolean as well as more complex ROS-defined datatypes.13

Differently, services are pairs of services that allow request/reply interactions. Most
often, ROS applications depict graphs of nodes connected by topics, as stated by
Estefo et al. [42].

The ROS framework is complemented by a set of tools for software development,14

debugging,15 simulation,16 and visualization.17 One of the main goals for this frame-
work is to decouple robotic software from the hardware so as to make ROS-based
applications robot-agnostic.

12https://robots.ros.org
13http://wiki.ros.org/rosmsg
14http://wiki.ros.org/catkin/conceptual_overview
15http://wiki.ros.org/rqt
16http://gazebosim.org
17http://wiki.ros.org/rviz
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1.1.3.2 The ROS Community

One of the main keys to the success of ROS is the active community that supports the
middleware [49, 42]. The development, maintenance, and variability management of
ROS’s main platform are centralized and performed by volunteers and employees of
the Open Source Robotics Foundation, Inc. (OSRF).18

A free market is an essential goal of ROS. There are hundreds of ROS repositories
hosted by companies, universities, and individuals around the world as GitHub reposi-
tories. They are indexed by the distribution directory of the rosdistro repository.
The maintainers are responsible for managing and licensing the repositories, while
in turn, they retain direct ownership and control over the code. As the ecosystem
composed of distributed packages grows, the community needs to keep efficient com-
munication channels. The most commonly used include ROS Answers19—a Q&A
website formatted similar to Stack Overflow—, mailing lists, ROS Discourse20—forum
in which users discuss topics regarding the future of ROS—, and GitHub.

ROS consumers include technically skilled end-users, such as robotic experts who
develop individual ROS packages providing specific robotic functionalities as well as
application experts, who develop complete robotic systems integrating a large variety
of functional packages.

1.1.4 Software Architectures
Software architectures are currently key for the successful development of large and
complex systems and play a vital role in ensuring the fulfillment of functional and
non-functional requirements [116]. It is accepted that architecture-centric software de-
velopment enhances the quality, modularity, and reusability [24] of systems. Through
the history of software architectures, several definitions have been proposed [8]. The
two seminal works of Garlan and Shaw [50] and Perry and Wolf [106] each provide
definitions that we consider had an enormous impact on the software engineering
community and adjust well to our research. Perry and Wolf [106] built the foundation
for software architecture and a year later Garlan and Shaw [50] defined the term of
software architectures as “a higher-level abstraction of a software system that consists
of a collection of computational components together with connectors that describe
the interaction between these components.” A decade later, Bass et al. [8] wrote in
their book “Software Architecture in Practice” that “the software architecture of a
system is the set of structures needed to reason about the system, which comprises
software elements, relations among them, and properties of both.”

1.1.4.1 Robot Software Architectures

The earliest architectural approaches for autonomous robots in the late 1960s relied on
the Sense-Plan-Act (SPA) paradigm [2, 81, 20]. This paradigm decomposes robotic
control systems into three distinct subsystems: (i) the sensing system acquires sensory
measures and updates an internal world model (sense); (ii) the planner uses the world
model to generate a sequence of actions that would achieve a given goal (plan); and,
(iii) the executor sends the actions to the actuator of the robot (act). These three
subsystems are executed independently. One limitation of the SPA paradigm is the

18https://www.openrobotics.org/company
19http://answers.ros.org
20https://discourse.ros.org
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centrality of the world model: it takes a long time to plan in any real-world domain
and the world model becomes rapidly inaccurate in a dynamic environment. But most
importantly, using this paradigm the plan is executed without actively using the sensors
that created the model. The execution of a plan without involving sensing may cause
dangerous behaviors in a dynamic world [81].

In the early 1980s, several new robot control architecture paradigms were pro-
posed to overcome the drawbacks of the SPA paradigm. With the reactive paradigm
[45], robotic systems could plan in a quick and reactive manner. The subsumption
architecture of Brooks [20] was perhaps the most influential work of its time. The
subsumption architecture consists of a layered collection of loosely interconnected
modules that directly connect sensors to actuators. These modules are implemented
as finite-state machines named behaviors (e.g., follow a target seen by the camera, or
avoid an obstacle detected by the laser scanner). Behavior-based control architectures
have proved to be successful for the design of relatively simple systems that mimic
the behavior of simple insects and small rodents. However, it complicated composing
behaviors to achieve long-range goals and optimizing the robot behavior [81].

Modern robot control architectures integrate the SPA deliberative approach with
the behavior-based reactive approach in many different ways. One of the most popular
architectural paradigms used to integrate those two approaches is layered architectures,
in which each layer serves one purpose, encapsulates a certain functionality, and
depends on the layer(s) above or below to complete a system’s functionality [3]. A no-
table example is the CLARAty architecture [102] designed to support the heterogeneity
of a number of NASA Mars Rovers.

During the last 20 years, the robotics research community has increasingly ex-
plored the synergies between robotics and software engineering to enhance its quality
and reduce development costs. The pioneering work of Coste-Maniere et al. [31] sets
the basis for this new trend by promoting architectural design as the central activ-
ity in robot system engineering. Architecture-centric robotics research and practice
can be characterized by various architectural models that emerged over time such
as: (i) Object-Oriented Architectures, enabling modularity [99], (ii) the Componen-
t-Based Software Engineering (CBSE) paradigm, supporting reusability [74], and
(iii) Service-Oriented Architectures, exploiting dynamic composition of software [28].

Currently, robot control architectures are mostly designed according to the CBSE
approach [3]. A possible explanation is that, as discussed previously (see Section 1.1.3),
the Robot Operating System (ROS) [109] favors a software development approach
that consists of designing software components, which implement common robotic
functionalities and communicate by exchanging messages according to the publisher-
subscriber paradigm. The strength of this approach is the possibility to develop a large
variety of different control systems by composing in multiple ways reusable software
building blocks. However, one of the most pressing associated challenges consists of
selecting, integrating, and configuring a coherent set of components that provide the
required functionality taking into account their mutual dependencies and architectural
mismatches.

1.1.5 Variability Management

A core challenge affecting robotics software engineering is its need for variability,
which is described by Galster et al. [47] as “the ability of a software artifact to be
changed in order to fit different contexts, environments, or purposes.” A variety of
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strategies and mechanisms to plan, design, and implement (i.e., to manage) variability
has been proposed [130, 5, 11, 101, 33]. In the following, we introduce some of these
strategies and mechanisms ranging from more ad hoc to more systematic variability
management.

Clone & own is an ad hoc strategy to create variants of a product by copying and
adapting existing variants to new requirements. This strategy is simple and cheap, but
does not scale well with the number of variants [37, 13]. To overcome the scalability
issues of this strategy, organizations could adopt configuration mechanisms to reduce
redundancies. There are several techniques to be used for these mechanisms, and
typically they generate configuration options (or calibration parameters), which are de-
clared in a model. Organizations may also make use of clone-management frameworks
[91]. These frameworks allow to integrate cloned variants into a configurable platform
by following platform-oriented engineering methods such as software product line
engineering [5, 130]. A clone-management framework also allows deriving individual
variants from those previously cloned by configuring the platform. By implementing
an integrated platform, an organization can also remove redundancies and integrate all
variants instead of cloning them. Variability in a platform is represented by features,
which represent a distinct and well-understood aspect of a system [12]. To structure
and keep a common understanding of features, organizations may create a feature
model [10, 34, 101]—tree-like structures organizing features in a hierarchy, together
with constraints among the features.

1.2 Goals of the Thesis

As stated in the introduction, the overall goal of this thesis is to investigate practices
and challenges in service robotics software engineering to provide guidance for prac-
titioners and researchers as well as to engineer solutions for some of the challenges
we identified. To this end, we formulated seven research questions that map to our
goals as follows. Research questions RQ1 (including RQ1.1 and RQ1.2) and RQ3.1
are formulated to cover the first of our research subgoals (see the introduction), G1:
to provide empirical insights of the current state-of-the-art and -practice of service
robotics software engineering that lead to establishing effective practices, methods,
and tools for engineering service robotics applications. On the other hand, RQ2,
RQ3.2, and RQ4 are framed in the context of the second subgoal, G2: to identify,
explore, and engineer solutions for some of the practical problems in the service
robotics domain from our findings in G1.
RQ1. What are the current software engineering practices for developing service
robotic applications? (Papers A and B)

RQ1.1. What are the current software engineering practices for developing service
robotic applications and how are they shaped by the distinguishing characteristics of
the domain and its challenges? (Paper A)

RQ1.2. What are the most recurrent drivers of variability in the development of
service robotic applications, what challenges do they pose, and what practices do
practitioners apply to overcome them? (Paper B)

The data we collected to answer RQ1 may be exploited to establish methods and
tools for developing and managing robotic applications. Both Paper A and Paper B
report several challenges and limitations in the service robotics software engineering
domain, focusing on applications in industry. Paper A follows a broad approach to
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assess applied practices, distinguishing characteristics, and challenges of the domain
while Paper B studies the same domain focusing on the impact of variability and its
management. Based on the limitations identified through the study of Papers A and
B, we decided to focus on and study three issues that we considered fundamental
to improve the development pace of service robotics software engineering. These
topics are software architectures, robot mission specification, and planning of robotic
applications under uncertainty. We formulate three research questions for these topics.

RQ2. How can software architectures help to build decentralized and self-adaptive
applications for heterogeneous multi-robot teams? (Papers D, G, H)

The first research question of our engineered solutions arises from the identified
lack of common software architectures in service robotics software engineering. Soft-
ware architectures are considered necessary to structure and build robotic applications
in a systematic manner [3], enhancing their quality, modularity, and reusability [24].
Still, the H2020 Multi-Annual Robotics Roadmap (MAR) [121] stated that current
robotics software development processes lack architectural models. We consider it
crucial to understand how software architectures support robot development and to
what extent software architectures simplify software development, integration, and
deployment within a specific domain. We investigate the state-of-the-art on the topic
in Paper D and engineer a solution, which is put to test in Paper G and Paper H.

RQ3. How can tools and mechanisms such as Domain-Specific Languages and
Integrated Development Environments support operators specifying the intended
behaviors of robotic systems? (Papers C, E, G, H)

RQ3.1. What Domain-Specific Languages and Integrated Development Environ-
ments exist to support the specification of mission and behaviors of robotic systems in
end-user domains? (Paper C)

RQ3.2. How to support operators in the specification of complex missions for
teams of heterogeneous robots combining expressiveness, simplicity, and rigorousness?
(Papers E, G, H)

The MAR foresaw a near future where service robots are deployed in a variety of
social and industrial environments, which, as discussed in the introduction, is happen-
ing nowadays. As service robots operating in hospitals, hotels, or warehouses become
a reality, the need for mission specification mechanisms and strategies to operate them
grows in importance. Paper C provides an overview of Integrated Development En-
vironments and Domain-Specific Languages (DSLs) in robotics and Paper E proposes
a language and integrated tool for operators. In Papers G and H, we describe the
integration of our DSL into a framework and its testing in real-world scenarios.

RQ4. What are the applicable strategies to manage heterogeneous robotic applications
with only partial knowledge of dynamic environments? (Paper F)

Robots must be able to operate in partially constrained, dynamic environments
with the presence of uncertainty [121] (e.g., has the environment changed so the
computed plan is not valid anymore? Is the goal of the mission still achievable or does
an environmental event impede it?). Therefore, we build upon an existing planning
component and instill it with the capability of enabling teams of heterogeneous robots
to operate in environments with the presence of uncertainty.
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1.3 Research Methodology

Robotics involves researchers, practitioners, and developers from several disciplines
(e.g., mechatronics, computer vision, control theory, software engineering) who need
to collaborate in the process of developing complex, safety-critical systems. Due to
the crucial role of human behavior in this process and to the overall lack of empirically
captured insights in service robotics software engineering, the domain needs to be
studied with systematic and appropriate empirical research methods. Based on the
knowledge and insights obtained through empirical methods that identify the industry’s
problems and needs, candidate solutions can be engineered and evaluated.

With this aim, we conducted a combination of knowledge-seeking and solution-
seeking studies, as described in the studies of Stol et al. [124, 125], where it is
explained that software engineering studies can be roughly classified into these two
categories. The former category aims to learn about the world around us. In the specific
context of service robotics software engineering that includes practices, challenges,
trends, and artifacts from the robotic software development process. The studies of the
latter category observe a certain technical or practical problem and engineer a solution
to address it.

To help overcome the limitations and challenges that such a vibrant and complex
domain poses, we conducted three knowledge-seeking studies (i.e., Papers A–C). The
knowledge and insights from those studies permitted us to identify technical and
practical problems in the domain. We then conducted five solution-seeking studies
(Papers D–H) to overcome the identified problems by engineering solutions that meet
industrial needs.

The overall methodology followed in this thesis to reach the combination of
knowledge-seeking and solution-seeking studies is inspired by the design science
research paradigm. Design science is a research paradigm whose overall goal is to
solve real-world problems [41]. According to Wieringa [136], design science consists
of the iterative design of an artifact that improves something for stakeholders within a
project or context and its validation and evaluation through empirical investigation. In
this thesis, we refer to Van Aken’s definition for research paradigm: “the combination
of research questions asked, the research methodologies allowed to answer them, and
the nature of the pursued research products” [129].

The work of Hevner et al. [63] provides an overview of the design science paradigm
in the context of information systems and illustrates it by proposing a conceptual
framework. The framework depicts three major units (see Fig. 1.3a). The first of them
is the environment (i.e., the problem space containing the phenomena of interest),
and includes people, organizations, and technology. The second one, namely the
knowledge base is composed of foundations (e.g., theories, frameworks, models) and
methodologies. The third unit, the research, acquires the business needs from the
environment and the applicable knowledge from the knowledge base to iteratively
build and evaluate practically useful artifacts.

Wieringa [136] conceived another framework, largely based on that of Hevner
et al. [63], but considering software engineering practices. A major difference be-
tween these two frameworks is that Wieringa’s separates design (i.e., designing an
artifact to improve a problem context) and investigation (i.e., answering knowledge
questions about an artifact in a given context). Wieringa’s framework consist of
several components (see Fig. 1.3b), explained in the following. The social context
comprehends the stakeholders (e.g., operators, maintainers, instructors, developers,
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Figure 1.3: Conceptual frameworks for design science.

researchers) who may affect or be affected by the project in context. The knowledge
context contains the body-of-knowledge applicable to a project, which in turn includes
theories from different science and engineering disciplines, specifications of currently
known designs, models, and frameworks, as well as reported experience of researchers
in earlier design science projects. Knowledge is typically divided into prior knowledge
(i.e., available before the project) and posterior knowledge (i.e., produced as a result
of the project). These types of knowledge may be used in the framework to answer
knowledge questions and may be extended by producing new designs.

In our knowledge-seeking studies, we extracted the state-of-the-art- and -practice
in the studied domain, that is, service robotics software engineering. This helped us
understand the environment and knowledge components of the framework proposed by
Hevner et al. [63], or as put by Wieringa [136], the social and knowledge contexts of
the domain. In other words, we learned about existing business needs and applicable
existing knowledge so we were able to formulate new goals for our research. By
means of the conducted solution-seeking studies, we engineered solutions through
building and evaluating (Hevner et al. [63]) or designing and investigating (Wieringa
[136]) iterations.

Figure 1.4 provides an overview of the methodology that we followed for this
thesis, labeling activities and contributions, which are then referenced to the appended
papers. The figure depicts activities associated with design science as columns, namely
problem/need identification as well as design, development, and investigation of so-
lutions. It is important to remark that design science, as opposed to other research
methods like case studies focuses on the design of an actual artifact instead of under-
standing a situation in its context without actively changing it. Hence, the research
conducted during our knowledge-seeking studies (i.e., Papers A–C) solely constitutes
the problem or need identification processes we followed (e.g., identifying the need
for architectural solutions in the robotics industry).

Table 1.1 lists the research methods used in this thesis for collecting and analyzing
empirical data—either qualitative, quantitative or both—in this thesis. These methods
will be further discussed accordingly in Sections 1.3.1 and 1.3.2.

The research presented in this thesis has been conducted in the context of the
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European project Co4Robots.21 The project consortium was formed of four academic
and two industrial partners, which are described below. Working with these two
companies allowed us to design and investigate our engineered solutions within an
industrial frame and to ensure that they meet business needs.

PAL Roboticsa (Spain) is a medium-sized robotics company that mainly man-
ufactures humanoid robots. The company provides robotic solutions to both
research institutions and companies, focusing on the areas of research, logistics,
retail, and social robotics. At the company, the humanoid robots are considered
mainly research platforms while TIAGo baseb and StockBotc are considered
professional service robots.
The Bosch Center for Artificial Intelligenced (Germany) is a medium-sized
company focused on developing innovative AI technologies for Bosch. The
Dynamic Multi-Agent Planning division is interested in optimizing the goal
achievement of multi-agent systems safely while enabling operators to specify
goals and requirements directly and unambiguously. For that task they mainly
use research prototype robots such as the Intelligent Transport Assistant (ITA).

ahttp://pal-robotics.com/
bhttps://pal-robotics.com/robots/tiago-base/
chttps://pal-robotics.com/robots/stockbot/
dhttps://www.bosch-ai.com/

21http://www.co4robots.eu/
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Table 1.1: Research methods used for empirical data.

Paper Research method Data sources

A Mixed methods Online questionnaire (156 answers)
28 semi-structured interviews (16 companies)

B Case study 11 interviews (2 companies)
B Systematic literature review 28 papers
D Focus groups 3 focus groups with a total of 21 participants
D Online questionnaires 2 online questionnaires (6 responses to each

of them)
E Focus groups 4 focus groups with a total of 21 participants
E User studies 2 user studies, with 9 and 6 participants
F Focus groups 2 focus groups with a total of 21 participants

1.3.1 Knowledge-Seeking Studies

For the study of Paper A, we interviewed and surveyed practitioners from many
robotics companies all around the world to collect qualitative and quantitative data by
using mixed methods research. It is a complex research method that uses data collec-
tion and analysis techniques for both qualitative and quantitative data. It emerged due
to the potential weaknesses of using separate research methods with the idea of com-
pensating for those using other methods so as to apply their strengths [32, 39]. This
method permits researchers to obtain a more extensive picture of a studied phenomenon
however at the cost of being more challenging than other methods due to the need to
extensively collect, analyze, and triangulate the required data [39, 68]. In paper A, we
conducted mixed methods research using a sequential exploratory design and collect-
ing, analyzing, and triangulating data from an online questionnaire and semi-structured
interviews [32, 39]. We started the research with an exploratory study consisting of
four semi-structured interviews with robotics practitioners. Based on what we learned
from them we designed an interview guide and, in parallel, a survey questionnaire.
After the exploratory study, we conducted another 14 interviews with an updated
version of the interview guide and published the designed online survey. In summary,
we interviewed 18 practitioners from 15 different companies, who work in 9 different
countries. We collected 156 answers to our online survey, from which we could extract
94 email addresses based on the metrics of the respondents’ demographics, which
we used to track the company for which the respondents work. Out of the total, 22
correspond to academic practitioners from 16 different universities from 10 different
countries. The rest of the email addresses (72) correspond to industrial practitioners
working for 58 different companies from 20 different countries, as depicted in Fig. 1.5.

In Paper B, we conducted a stage-based methodology that combines data from three
different sources through triangulation. In the first stage, we gathered our experiences
from different projects—our experience stems from various EU, academic, and indus-
trial robotics software engineering projects—and enriched them with two interviews
with robotics experts. In the second stage, after identifying the main topics we wanted
to explore in detail, we designed a multiple-case study [39] and contacted and inter-
viewed nine robotics experts working for two different companies with headquarters in
two countries (i.e., Spain and Denmark). The third stage consists of a Systematic Liter-
ature Review. In this stage we analyzed 178 papers from which, based on the inclusion
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Figure 1.5: Map of responses from industrial practitioners to our online questionnaire
as tracked based on the respondents’ demographics.

and exclusion criteria outlined in Paper B, we selected 28 and extracted data from them.
Paper C consists of an overview of tools and mechanisms available for researchers

and engineers to program robots. With this aim, we investigated 15 robotics-specific
Integrated Development Environments (IDEs) and discussed details on target users,
languages supported, features that go beyond a general IDE, and how they support
roboticists. The main focus of the study is however in Domain-Specific Languages
(DSLs) for mission specification in robotics, for which we investigated a total of 15
DSLs. We discuss the application of those languages, their tool implementation, their
notation, and how they support the operator during mission specification.

1.3.2 Solution-Seeking Studies

We conducted five solution-seeking studies (Papers D–H) with the aim of engineering
solutions for problems that were identified during the knowledge-seeking studies. In
particular, we investigated and engineered software architectures (Papers D, G, H),
mission-specification languages (Papers C, E, G, H), and planning components (Paper
F). To engineer our solutions we conducted iterative steps of design, development, and
investigation, the latter most often through experimentation and empirical validation.

Paper D introduces SERA, a software architecture conceived to support decentral-
ized multi-robot applications. The research conducted in Paper D stems from the ne-
cessity of supporting the building of robotic applications in a systematic manner while
observing specific features (e.g., decentralization, heterogeneity, self-configuration).
The business needs behind this necessity were identified and corroborated through the
study of Papers A and B and the MAR [121] as well as through focus groups [77] with
the Co4Robots’s consortium. Concretely, as stated in the MAR: “Usually there are no
system development processes (highlighted by a lack of overall architectural models
and methods). This results in the need for craftsmanship in building robotic systems
instead of following established engineering processes.” The development of SERA
comprehends an iterative and continuous process of design, development, and investi-
gation that lasted several months and was further updated in the following three years.
To identify the requirements for such an architecture we leveraged data collected from
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focus groups, demonstrations, and informal surveys (Table 1.1). This was comple-
mented by identifying current problems and challenges in robot software architectures
in the literature, especially from the systematic mapping study conducted by Ahmad
and Babar [3]. Our software architecture’s main features, that is, following a 3-layer
hierarchy and a component-based approach as well as supporting self-adaptation, are
based on those of the well-known architecture by Kramer and Magee [82]. The inves-
tigation activity required several iterations of validation through experimentation—in
both simulation and real-world scenarios—and collecting empirical data from focus
groups and demonstrations. The evolution of SERA lasted for the whole duration of
the Co4Robots project (i.e., 38 months), from its requirements elicitation, theoretical
foundation, software implementation, and realization as a distributed framework. The
experimentation aspect of the validation and the evolution of SERA through the years
are documented in Papers D, G, and H.

In Paper E we introduce PROMISE, a Domain-Specific Language (DSL) developed
to support operators in the specification of missions for heterogeneous multi-robot
teams. We identified the need for rigorous and expressive yet user-friendly mission
specification mechanisms through focus groups with the Co4Robots’s consortium.
This was later corroborated and further motivated by conducting Papers A–C and
carefully reading the MAR [121]. The latter states: ”robots will need to become
intuitively integrated with human operators. Systems will be designed to complement
and act as an aid to a human mission expert.” To conceive our language, we studied
the knowledge context and received inspiration from the formalism of behavior trees.
As detailed in Paper E, the design and development of PROMISE consisted of several
iterations. The ability of PROMISE and its toolchain implementation to be used to
specify and execute a variety of missions by operators without experience in robotics
was validated empirically by conducting two user studies with nine and six participants,
respectively. PROMISE was also validated through experimentation in both simulation
and real-world scenarios, as detailed in Papers E, G, and H.

Paper F proposes a planning solution that decomposes a team of robots into
subclasses, considers missions given in temporal logic, and at the same time works
when only partial knowledge of the environment is available. We identified the
necessity of supporting planning for robotic applications operating in environments
with the presence of uncertainty for paper F in a similar manner to Papers D and E.
That is, by conducting two focus group sessions with the Co4Robots’s consortium
in the first months of the project, conducting the research for Paper A, and studying
the MAR [121]. As put by the latter: “In many real applications there will be a task
balance between the capture of new knowledge about an environment and the execution
of the task at hand with incomplete or uncertain data. The development of decision
support mechanisms that are able to manage this balance will be critical to a number
of application domains.” Our first step was to explore existing problem-solving
knowledge and designs from the knowledge context. We selected an appropriate
planner already available in the literature [127], which we used to validate our solution.
To validate our study and the conceived theory, we implemented MAPmAKER upon
Tumova and Dimarogonas’s planner as a proof-of-concept standalone application using
MATLAB.22 The algorithms were evaluated through experimentation in different
simulated scenarios with different configurations.

22https://se.mathworks.com/products/matlab.html
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1.4 Summary of Contributions
This section details our contributions as a summary of the appended papers to this
thesis. In the following, we describe each paper’s research motivation, goal, and how
they contribute to answering the research questions introduced in Section 1.2. We refer
the reader to the individual papers appended in Chapters 2–9 for a detailed discussion
of the related work.

1.4.1 Robotics Software Engineering (Paper A)

Traditionally, the most successful field in robotics has been factory automation, where
robots have built-in proprietary controllers for repetitive tasks that allow a simple
programming style. In this context, software engineering has been considered an
auxiliary concern for robotic system construction. The focus of research on robotic
software is often on inventing new algorithms (e.g., for sensor fusion, motion planning,
deliberative control) instead of on structuring robotic software [23]. Despite more
studies are being conducted in the very last years, there is little evidence about the
concrete software development practices, methodologies, and tools applied in software
engineering for service robotics. The study reported in Paper A is motivated by this
lack of empirical knowledge.

To build effective and safe robots, it is crucial to provide guidance to better support
practitioners, increasing the adoption of software engineering best practices. Our
long-term goal in Paper A was to establish effective software engineering practices
for a substantial lifting of the state-of-practice for engineering service robotics and
provide guidance for practitioners. We also aim to help the research community to
scope future research that meets industrial needs. Paper A constitutes a comprehensive
assessment of the state-of-practice in service robotics software engineering following
the methodology detailed in Section 1.3.1.

Contributions. The main contributions of Paper A include the findings from
our interview data and results from our online survey, which combine qualitative
and quantitative data. We first report on roboticists’ software development practices,
that is, applied development activities, processes, paradigms, software languages and
frameworks, as well as quality assurance and reuse practices. The study also provides
information on the used tools for the practices described above. Secondly, the study
investigates the distinguishing features of service robotics software engineering, espe-
cially with respect to other cyber-physical domains (e.g., automotive, avionics). Third,
we surveyed practitioners to determine the specific software engineering challenges
in service robotics, their impact, and how they are addressed. Finally, we synthesize
the collected data through triangularization and propose three research themes that
pose important software engineering challenges and limitations in service robotics
according to the observations we made throughout the paper. Each research theme
contains a summary of its associated observations, hypotheses we formulate from them
to explain the phenomena, and our proposed actions for researchers and engineers to
improve development processes in said themes.

1.4.2 Software Variability in Service Robotics (Paper B)

A core challenge affecting service robotics software engineering is variability—the
ability of a software artifact to be changed in order to fit different contexts, envi-
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ronments, or purposes [47]. Robotic software needs to account for a diversity of
hardware, operating environments, and customer demands, without being redeveloped
from scratch. Similar to other domains that need to cope with variability, such as
automotive, avionics, telecommunication, and industrial automation [13], variability
in robotics arises from dedicated drivers of variability. These drivers stem from the
diversity of hardware, operating environments, and missions the robots may perform.
As such, robot developers need to manage variability in their software using so-called
variability mechanisms, which are implementation techniques to realize variation
points. However, while drivers of variability and variability mechanisms are reason-
ably well understood in other domains, that is not the case for the vibrant domain
of (autonomous) service robots. If not managed properly, variability in complex
systems may lead to failures, including drops of performance or crashing of the system
[123, 135], or as pinpointed by the MAR: ”Robots that operate in environments with
high levels of variability, both in terms of objects and in terms of dynamics, will in-
evitably display lower levels of dependability for a given technology level than robots
working in structured and near static environments” [121].

Our long-term goal in Paper B was to improve the methods and tools for managing
variability in the robotics domain. Variability in robotics is mainly described by
drivers not seen in other domains and is managed in ways that lack behind the state-
of-the-art in systematic variability management. However, to improve the situation,
we first need to improve our empirical understanding of variability in service robots.
With this aim, we investigated the drivers, practices, methods, and challenges of
variability from companies that provide service robotic applications. We analyze the
state-of-practice and the state-of-the-art—the former via an experience report and
eleven semi-structured interviews with industrial experts from two service robotics
companies; the latter via a Systematic Literature Review (SLR).

Contributions. In Paper B, we identified the characteristics of the drivers of
variability that affect our subject companies, the practices applied to manage them,
and the challenges that variability and its management pose. We discuss their impact
on the studied companies’ development processes. In summary, the main contributions
of Paper B are

• Qualitative empirical data about drivers of variability, management mechanisms
and strategies, as well as challenges.

• An SLR on variability management in service robotics.

• A comparison between the state-of-the-art and the state-of-practice in on the
topic of variability drivers, management, and challenges in service robotics.

Similar to what we did for Paper A, another contribution of Paper B is the grouping of
key observations into themes that we deemed deserve further investigation. Based on
that grouping, we formulated hypotheses from the observations and propose actions
for researchers and practitioners.

1.4.3 Multi-Robot Software Architecture (Papers D, G, H)
Service robots support humans by performing specialized tasks; however, the complex-
ity of certain tasks may require more than one robot for their achievement. Furthermore,
service robots are often required to operate in highly dynamic environments, possibly
populated by humans [121]. In certain situations, robots might even be required to
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collaborate or assist humans. To enable robots to operate in such scenarios, today’s
robotic applications demand architectures that support inter-robot collaboration and
human-robot interaction along with self-adaptation.

In the last years, research in the field of self-adaptation has grown significantly
[94] and many architectures for self-adaptive systems have been proposed [35, 132,
94]. The body-of-knowledge generated by those studies has been applied to the
robotics community [3], which derived in robot software architectures supporting self-*
features (i.e., self-configuration, self-adaptation and self-healing, self-monitoring, and
self-tuning) [82, 27, 94, 40, 51, 69, 18]. Nevertheless, most of the existing robot
architectures that support self-* features typically do not support multi-robot and robot-
human decentralized collaboration or have not been tested in real-world scenarios.

In the context of robotic coordination, decentralization has been deemed important
since it: (i) allows managing large teams of robots, (ii) facilitates—through loose
coupling—the addition, substitution, and removal of robots, (iii) minimizes the cost
of changes since the responsibility of every action is within every single robot that
observes its environment and acts on events, (iv) facilitates data-centric workflows
since data are passed directly to where they are required, and (v) increases robustness
and decreases system vulnerability (e.g., reducing single points of failure) [138].

The main goal of the research conducted in Paper D (and partially in Papers G and
H) is to support the systematic building of software applications for heterogeneous
multi-robot teams that operate and collaborate in a decentralized and self-adaptive
manner. With this aim, we designed and implemented a software architecture by
following the methodology detailed in Section 1.3.2. In Paper D, we explain the design
and first implementation of our architecture and its platform along with their first
evaluation steps. Paper G describes how SERA and its platform are applied to build a
robotic application that supports robot to robot and human-robot collaboration. Finally,
Paper H details the realization of SERA and its platform as a framework that supports
a number of features to support the building and operation of robotic applications.

Contributions. The main contribution of Paper D is SERA, a Self-adaptive
dEcentralized Robotic Architecture. SERA is defined as a three-layered, decentralized
architecture, that follows a component-based approach. Our architecture promotes
the development of applications that embed self-* features. SERA is integrated into
a software platform that integrates various software components developed by other
partners from Co4Robots (e.g., self-localization tools, motion planning and control
algorithms) through suitable glue code. More specifically, the glue code represents the
logic concerning the interfaces among the architecture’s components. We showed the
feasibility of implementing SERA by realizing a prototype using ROS.

SERA enables integrating the solutions proposed in Papers E and F as components
of its architecture (see Figure 1.6). In particular, PROMISE (Paper E) implements the
components of the architecture’s Central Station unit. The interpreter of PROMISE’s
toolchain implements the component Local mission manager. Then, MAPmAKER is a
planning solution that could be integrated as the component Adaptation manager. For
Papers D, G, and H, robotic capabilities (i.e., perception, navigation, and manipulation)
are implemented in a modular way by a developer. They are referred as to components
in Papers D and H and as to skills in Paper H.

Paper H describes the last version of SERA and its realization as a distributed frame-
work that allows for automatically composing and adapting heterogeneous multi-robot
behavior from a set of individual robot capabilities. Every Paper H’s skill is modeled
as a labeled Markov Decision Process (MDP), i.e., a well-studied model of sequential



1.4. SUMMARY OF CONTRIBUTIONS 23

local mission[robot1]
Global mission manager

Global mission decomposer
global mission

Mission 
Management
Layer

Local mission manager
local mission

high level specification

High level 
specification manager

Change 
Management
Layer

Component
Control
Layer

local mission[robot1]

Adaptation manager

Plan executor
plan

Motion planning & control
call

[gestures 
robot state 
environment]

method 
call

Legend

component unit

Central 
station

Robot

robot status
local mission
shared map

sharing

loca
l m

iss
ion[ro

bot4]

Gestures recognition

Detection executor

Localization & mapping

Robot interface Sensors interface

Hardware & drivers

[robot state, mission status
environment] Communication & 

collaboration manager

Information manager

[call status]
[plan status]

notify

[mission status]

Legend
Legend

local mission[robot1]
Global mission manager

Global mission decomposer
global mission

Mission 
Management
Layer

Local mission manager
local mission

high level specification

High level 
specification manager

Change 
Management
Layer

Component
Control
Layer

local mission[robot1]

Adaptation manager

Plan executor
plan

Motion planning & control
call

[gestures 
robot state 
environment]

method 
call

Legend

component unit

Central 
station

Robot

robot status
local mission
shared map

sharing

loca
l m

iss
ion[ro

bot4]

Gestures recognition

Detection executor

Localization & mapping

Robot interface Sensors interface

Hardware & drivers

[robot state, mission status
environment] Communication & 

collaboration manager

Information manager

[call status]
[plan status]

notify

[mission status]

Paper C

Paper D

Figure 1.6: SERA architecture integrating Paper E and (possibly) F.

decision making under uncertainty that has been applied in a variety of significant
real-world settings [134]. The framework described in Paper H also integrates mission
specification capabilities consisting of task-specific patterns, which may be exploited
by a domain expert either programmatically, using PsALM [98, 95] or using PROMISE
(explained shortly in Section 1.4.4). The mission specification patterns build upon the
existing catalog of patterns used by PROMISE (as explained in Section 1.4.4). In this
framework, both the skills from each robot that will take part in the mission and its spec-
ification are combined to a task model whose formulation is distributed so each robot
only models a local subset of the complete system. To allow the execution of the mis-
sion specification, Paper H’s framework provides task planning capabilities that require
an input in form of a Linear Temporal Logic (LTL) specification. LTL is used to guar-
antee that only skills and actions within the skill MDPs are selected that conform with
the given specification. In other words, any sequence of propositions resulting from the
actions of the robots and the modeled dynamics of the environment should satisfy the
given task formula. The use of LTL as the formalism to express tasks and the combi-
nation with online auctions [114] for dynamic task allocation allows for an automated
decomposition and meaningful collaboration between the different robots. Whenever
new online observations are obtained, the re-allocation of tasks ensures that the team
always follows the specified reactions and incorporates possible additional tasks.

1.4.4 Mission-Specification DSL (Paper C, E, H)
Imagine a social or industrial facility such as a hotel, an office, a hospital, or a ware-
house where a team of robots has been deployed to provide services and accomplish
everyday tasks. Such robots may help humans by performing monotonous, menial,
or dangerous tasks. In those contexts, service robots with various capabilities need to
be commanded or coordinated by an operator for them to achieve such tasks. To meet
these business needs, we consider it crucial to conceive mission specification tools,
mechanisms, and methods for operators to easily command missions to teams of robots.

As explained in Section 1.3.2, the MAR [121] has foreseen the need for human
(possibly non-technically skilled) operators to specify missions for robots that are
now part of their everyday jobs.23 This calls for tools, mechanisms, and methods of
mission specification to be user-friendly yet rigorous. Domain-Specific Languages

23https://spectrum.ieee.org/automaton/robotics/medical-robots/
autonomous-robots-are-helping-kill-coronavirus-in-hospitals



24 CHAPTER 1. INTRODUCTION

(DSLs) have gained traction in the last years because they aid domain experts to
easily define their concerns by providing robotics-tailored tools, mechanisms, and
methods [103, 104, 118]. In Paper C, we conduct a study on mission specification
languages currently used in robotics, provide an overview, and discuss their main
characteristics including style, notation, and main features. The study’s main focus is
on languages available online for end-user domains. Paper E provides another study of
the state-of-the-art on mission specification languages, this one focusing on research
studies. The goal of Paper E is to provide a language, toolchain, and implementation
that support operators in mission specification combining expressiveness, simplicity,
and rigorousness. Concretely, Paper E presents PROMISE (simPle RObot MIssion
SpEcification), a DSL that (i) provides a user-friendly syntax while having well-defined
semantics; (ii) enables a rigorous and precise specification required for the use of
planners, analysis tools, simulators or other modules; (iii) permits the specification of
complex missions by providing executable and combinable tasks and operators; and
(iv) is platform-independent and highly customizable.

Papers G and H convey the usage of the results of Paper E in four real-world
scenarios and their integration into the framework described in Section 1.4.3.

Contributions. The main contribution from Paper C is a comprehensive study
of the state-of-the-art of robotics-specific IDEs and DSLs, which mainly focuses on
end-user domains. Paper E presents PROMISE (simPle RObot MIssion SpEcification),
a DSL that provides a graphical and textual interfaces (each of which is supported by
a dedicated editor) to support operators in mission specification. Our language builds
upon a catalog of mission-specification LTL-based patterns [97, 95]. Those patterns
were proposed by Menghi et al. to perform mission specification in temporal logics
from recurrent mission specification problems, ensuring the correctness of the seman-
tics while at the same time raising the level of abstraction with respect to imperative
specification languages or general-purpose languages. We refer to such patterns as
tasks. PROMISE allows the composition of those tasks into more complex missions
using operators, which were inspired by those from the behavior trees formalism [29].

PROMISE was developed as a standalone language that can be integrated into a
variety of frameworks. In its current implementation, PROMISE is integrated into a
toolchain that:

• Allows the decomposition of global missions into robot-specific local missions.

• Provides a transformation engine that automatically generates an intermediate
language, which encodes a number of LTL-based formulae.

• Enables the mission parsing and execution of the mission by an interpreter.

Furthermore, PROMISE was first implemented into the platform of SERA—as
described in Papers D and G—and was later exploited by the framework described
in Paper H (see Section 1.4.4). Specifically, it implemented SERA’s High-level
specification manager, Global mission manager, and Global mission decomposer
components. The interpreter integrated into PROMISE’s framework is implemented
as the Local mission manager (see Figure 1.6). Being integrated into the platform and
framework allows our language to exploit robotic functionalities including planning,
self-localization, and motion planning to compose complex missions and thus being
evaluated in several scenarios.
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1.4.5 Planning under Uncertainty (Paper F)

Robotic applications usually rely on planners that given a robot or a team of robots,
compute plans that specify how the robot(s) can fulfill their missions. Current robotic
applications require planners for automated planning that address two main challenges:
(i) the planning algorithm should work when (only) partial knowledge about the
system—including the robots and their working environment—is present; and (ii) the
planning problem should incorporate methods and tools that help to reduce the planning
overhead, allowing replanning during execution.

The main goal of Paper F is to provide a decentralized planning solution that
considers missions given in temporal logic and at the same time works when only
partial knowledge of the environment is available.

We define the concept of partial robot model in Paper F in terms of three aspects
of robotic missions that may be affected by uncertainty, concretely:

• Partial knowledge about the execution of the actions. MAPmAKER’s repre-
sentation of the environment is a grid composed of cells. To represent the
impossibility of transitioning between cells not all movements are allowed.
Knowledge of transitioning between two cells may be partial if, for instance,
the state of a door between two rooms is uncertain.

• Unknown service provisioning. Robots provide services (e.g., collect an object)
in specific locations of the environment (i.e., cells). The provision of specific
services might be uncertain under certain contexts if, for instance, there is partial
knowledge of the whereabouts of the object targeted to be collected.

• Unknown meeting capabilities. Some services are complex enough to require
the collaboration of two or more robots for their achievement.24 The meeting
possibilities of robotic applications may be uncertain if only partial knowledge
of the meeting location is known. For instance, two human operators may be
working at the station where the robots are intended to meet and collaborate.

Contributions. Paper F’s main contribution is MAPmAKER (Multi-robot plAnner
for PArtially Known EnviRonments), a novel decentralized planner for partially known
robotic applications. MAPmAKER workflow starts by decomposing a given robotic
application into subclasses—dictated by the mission to be achieved by each robot—
and computes plans for each robot within the subclasses in a decentralized manner.
Plans may be definitive or possible, i.e., definitive plans ensure the satisfaction of
each robot’s mission, while possible plans may satisfy the local mission due to some
unknown information in the robotic application. MAPmAKER then chooses among the
computed plans the one to be executed based on defined policies—e.g., always opt for
shorter plans even if they contain uncertainty, avoid possible plans. Partial knowledge
is handled by calling twice a classical planning algorithm—e.g., a robot must replan if
the path of its possible plan goes through a closed door. MAPmAKER was designed to
be integrated into SERA’s architecture to provide its platform with a planning solution
as an implementation of the Adaptation manager component (see Figure 1.6).

24https://www.youtube.com/watch?v=q7dMLawf0y0
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1.5 Discussion
In the previous sections, we have introduced the seven appended papers and their main
goals and contributions. In the remainder of this section, we discuss and synthesize
the answers to the research questions formulated for this thesis.

RQ1. What are the current software engineering practices for developing service
robotic applications?

Papers A and B employ empirical methods to study the state-of-the-art and -practice
of service robotics software engineering. The former investigates—pursuing a broad
approach—the applied practices to develop software and studies the impact of the
main characteristics and challenges of the domain. The latter studies the same domain
with a focus on software variability. Concretely, Paper B investigates the main drivers
of variability in the development of service robotic software applications. To answer
RQ1, Paper B also investigates the practices (i.e., strategies, methods, mechanisms,
and tools) commonly used to manage the variability stemming from such drivers as
well as existing challenges.

RQ1.1. What are the current software engineering practices for developing ser-
vice robotic applications and how are they shaped by the distinguishing charac-
teristics of the domain and its challenges?

In Paper A, we collected information from practitioners working in service robotics
via interviews and an online questionnaire to understand the state-of-the-practice of
that particular domain. Service robotics software engineering is a special software
engineering domain, which is concerned with all the aspects of software development
for robots [21]. To answer RQ1.1, we empirically studied three questions: (i) What
practices are applied in software engineering for service robots? (ii) How is service
robotics software engineering perceived to be different from software engineering in
other domains? And (iii) what challenges do practitioners face related to software
engineering for service robots?

The first question comprehends the topics of activities, development paradigms,
development processes, software languages and frameworks, quality assurance, reuse
practices, and used tools. Data shows that the activity most commonly performed by
roboticists is implementation (99% of the survey respondents perform this activity
always or very often). Surprisingly, real-world experimentation is performed more
often than testing and simulation with 88% and 79%, respectively. These activities
are usually performed using frameworks for agile methodologies (e.g., Scrum). To
perform such activities, roboticists usually rely on software frameworks, especially
the Robot Operating System (ROS) [109]. Aligned with the widespread use of ROS,
the most used programming languages are C++ and Python—most libraries in ROS
are written in either of those languages—, which are used always or very often by
89% and 83% of the respondents, respectively. Also, the most applied paradigms
are object-oriented programming (OOP) and component-based software engineering
(CBSE) with 92% and 65% of the respondents, respectively. The usage of OOP might
be explained by the widespread usage of C++ and Python while the usage of CBSE
could be a consequence of the popularity of ROS, whose way of structuring data into
modules enforces this paradigm. The most applied quality assurance techniques are
code reviews and testing, integration testing being the most repeated testing technique
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(65% of the participants always or very often apply it). The common usage of integra-
tion testing might be caused by the popularity of ROS, which, as said before, enforces
the CBSE paradigm for developing software and therefore requires the integration
of several software modules to build a robotic application. Although one of the most
commonly named characteristics of robotics software engineering is its cyber-physical
nature (explained shortly), performance testing is rarely performed (only 36% of the
respondents performed it always or very often). Surprisingly, simulation (82.1%)
and runtime monitoring (75%) are almost equally important sources of testing data.
This might mean that robotics practitioners perform almost as much simulation as
real-world testing. The most reused types of artifacts by roboticists according to our
interviewees and respondents are source code and libraries: 82% and 80% of the
respondents stated that they always or very often reuse them. However, documentation
is not reused very often (47%), which might be linked to some of the main roadblocks
for reusing artifacts and challenges we identified from our data. The main roadblocks
for reusing artifacts are mainly technical problems (78.2%) and lack of documentation
(46.8%). Respondents stated using specialized tools for the most common activi-
ties (i.e., implementation, real-world experimentation) and generic tools for the least
common ones (i.e., requirements engineering, automatic code generation).

For the second question, we studied the perception of our interviewees and re-
spondents of service robotics software engineering, emphasizing the distinguishing
characteristics of the domain. The most repeated characteristic was the robots’ very
cyber-physical nature, which was mentioned by 64 survey respondents out of the
total of 156. Robotic systems integrate hardware and software components to be able
to operate in and interact with the environment. The development, integration, and
customization of hardware, software, and environmental components give rise to the
significant complexity of service robotic systems. The management of such complexity
calls for systematic software engineering practices, methods, and tools. The second
most repeated characteristic—mentioned by 24 respondents—was the heterogeneity of
disciplines that are required to develop a full-working robot. A robotic system bridges
diverse domains such as mechatronics, computer vision, and AI. This not only requires
the collaboration of experts with different backgrounds to develop a robotic system
but also the experts to have a general idea of the rest of the applied disciplines. The
integration of all these expertise and components developed by different groups calls
for appropriate methods such as software architectures. On the other hand, eight survey
respondents and one interviewee deemed the differences to other domains negligible.

Finally, we designed a list of challenges from our preliminary study in Paper A
and surveyed our respondents to identify the most problematic ones—we also allowed
participants to name new challenges if they deemed it necessary. In line with the
perception that service robotics is a cyber-physical system domain with an emphasis
on heterogeneous contexts and autonomy, the respondents agreed or strongly agreed
that the most pressing challenges are achieving robustness in their robotic applications
(83%), validating them (74%), and performing dynamic adaptation (62%). The
solutions that are most frequently applied to such challenges are rigorous test processes
involving real-world testing. As mentioned above, the lack of documentation is another
key challenge for robot development in general (63%), often forcing developers to look
into undocumented source code. We hypothesize that the lack of documentation in
software resources might impact negatively their reuse, hindering the development pace
of service robotics software engineering. Among the most common solutions provided
by survey respondents to the lack of documentation, we found creating reviews, using
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wikis, adding guidelines on comments, and the automatic generation of documentation.

RQ1.1. Summary of main findings

� Even though testing practices are among the most widespread quality
assurance techniques in robotics, and thorough real-world testing and
experimentation processes are the most performed activities, our results
point out that robustness and validation are still perceived as the top
challenges of the domain.

� Practitioners rely on experimentation as much and sometimes even more
than on simulation.

� The development of robotic software mostly consists of integrating
reusable components that implement recurrent functionalities.

� The lack of documentation in software resources is one of the most
commonly mentioned challenges that might impact negatively their reuse,
hindering the development pace of service robotics software engineering.

� In practice, software integration is complicated by the wide range of
disciplines practitioners working to develop a robotic system have.

RQ1.2. What are the most recurrent drivers of variability in the development of
service robotic applications, what practices do practitioners apply to overcome
them, and what challenges do they pose?

In Paper B, we triangulate data from our experience, a multiple-case study, and a
Systematic Literature Review (SLR). Thus, we were able to analyze the state-of-the-
art and -practice of software variability in service robotics. We investigated three
questions in detail: (i) What are the drivers of variability in the service robotics
domain? (ii) What variability management practices are applied by service robotics
companies to address the different drivers of variability? And (iii) what challenges do
service robotics companies face when managing variability?

Through the study of Paper B we learned that hardware diversity, dynamic environ-
ments, and customized missions require variability in robotic applications. We identi-
fied such drivers of variability from our subject companies and described their charac-
teristics that impact the company’s practices. We learned that the environment in which
a robot operates dictates the hardware the robot may equip, the standards to which it
must adhere (e.g., in case the robot operates in human-populated environments), and
the conditions under which it must operate robustly. The scope of robotics companies
heavily determines the impact of hardware variability in their products. Companies
may allow hardware customization of their products, which requires managing the
variability of the robot software control systems that support such customization. On a
similar note, companies targeting non-technical operators as customers may not allow
them to specify missions but rather just to configure some aspects of them. The reason
is their presumed lack of technical and safety regulation knowledge. Companies target-
ing technical operators may allow them to specify and manipulate the robots’ missions,
at their own risk. The company should then provide dedicated tools and mechanisms to
support its customers in this task. We also learned that interaction and communication
between the operator and the robots are key for the operating of the latter. To support
such interaction, service robotics companies implement intuitive interfaces.
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In Paper B we studied what practices are applied by service robotics companies
and the literature to manage the variability that stems from the studied drivers. One of
the most repeated practices through the interviews was the installation process, which
requires the involvement of a technical operator to “install” a robotic application to
the desired environment (e.g., the facilities of a customer). The installation process
comprehends tasks such as mapping the environment, specifying the possible missions
to be performed by the robot, and defining adaptation rules to features or events from
the environment. In that regard, behavior trees [29, 52] and finite-state machines
[111, 36] are mechanisms used by our studied companies to specify both missions
and adaptation rules for their robotic applications. The most mentioned mechanism
to manage variability by our interviewees and the SLR is configuration files. These
files are used to configure robotic sensors, actuators, and software components for the
robotic applications to operate in specific environments or perform specific missions.
Companies parameterize the configuration files to make their software customizable
and reusable and strive to make those configurations as generic as possible. Their goal
is to find the “sweet spot” in which robots operate successfully without handling every
single event that may occur in the environment or requiring operators to fine-tune the
robots every time they are to perform a mission.

Generating generic, reusable, and parameterized configuration files that allow
the robots to operate robustly requires raising the level of abstraction to make them
generalizable enough, which results in a complicated task that involves many iter-
ations of testing. The complexity of developing generic solutions is exacerbated
by assumptions made by companies in terms of hardware and capabilities a robot
provides—e.g., an omnidirectional navigation algorithm might not be usable by a robot
with differential locomotion. Other recurrent challenges in the context of software
variability in service robotics mentioned by both the companies and the literature are
(i) ensuring the reliability of variant-rich systems, (ii) integrating a wide variety of
hardware, electronic, and software components along with mechanics and protocols
into a complex cyber-physical system as a robot, and (iii) developing user-friendly
tools that manage the underlying complexity of variability while hiding it to the user.

RQ1.2. Summary of main findings

� Hardware diversity, dynamic environments, and customized missions are
drivers of variability in the development of service robotic applications.

� Each driver of variability is described by characteristics such as whether
hardware is customizable by customers, whether the robots’ intended op-
erating environment is populated by humans, or the mission specification
mechanism provided for specific customers.

� Service robotics companies often use the same mechanisms (i.e., behav-
ior trees, finite-state machines) to both specify robotic missions and to
model the way robots must react to events from the environment.

� Configuration files are largely used by service robotics companies to
manage and describe variability in their systems.

� Generating generic, reusable, and parameterized configuration files that
allow robots to operate robustly with minimum manual configuration
from the operator is seen as a challenge by service robotics companies.
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RQ2. How can software architectures help to build decentralized and self-adaptive
applications for multi-robot heterogeneous teams?

The discussion of the answer to RQ2 revolves around the problems firstly introduced
in Section 1.3.2 and further explained in Paper D. These problems were inferred from
the collection of empirical data we conducted with roboticists and the analysis of the
literature on the topic. Each of the three problems (P1–P3) groups together a number
of challenges (Ch1–Ch11) from a list proposed by Ahmad and Babar [3] and extended
by us.
P1: Robotic framework. The H2020 Multi-Annual Robotics Roadmap [121] states
that there is a lack of overall architectural models and methods in the robotics software
development processes. This causes overhead in terms of effort a developer must invest
when building robotic systems, which may be mitigated by following established,
well-engineered processes. This is, in fact, in line with our findings from Papers A and
B, as mentioned in the discussion of RQ1. In this context, SERA provides a number
of features to tackle the first of the problems and to aid developers.

Ch 1 - Distributed Resources Access. When using SERA, each robot is considered
a service with limited knowledge of the configuration and status of the rest of the
team. This makes systems built with SERA scalable and enables an easy substitution
of robots or the addition of new ones. This feature is introduced in Paper D and
commented on in Paper G. The framework introduced in Paper H uses distributed
formulations of task models with which each robot only models a local subset of the
complete system. In order to plan a team policy in the task model, the robots need
to communicate and exchange relevant information, for which they utilize ROS’s
communication framework.

Ch 2 - Re-engineering. SERA defines strictly fixed but well-defined interfaces
among components. On one hand, this approach reduces the architecture’s flexibility
since the components and their interfaces cannot be easily changed. On the other
hand, it greatly reduces the development time and component integration effort since
developers are not concerned with communication code but just the logic of the
components. This has been proved in several “Integration Weeks,” in which the
developing partners of the Co4Robots’s consortium met to deploy and integrate their
individually-developed software components into the same robotic platform with the
aim of experimentation. This policy was kept thorough all the stages of SERA, as
explained in Papers D, G, and H.

Ch 3 - Modeling. The first version of SERA, as described in Paper D, was conceived
to automatically generate the communication code whenever a user instantiated a
robotic application based on the components of the architecture. However, it has not
been directly addressed yet. The framework that realizes SERA in Paper H exploits
the concept of skill models to encode robotic capabilities in one consistent formalism
to support task formulation and allocation.

Ch 4 - Design. Through all its stages, SERA has followed a component-based
software engineering (CBSE) approach. The architecture encapsulates functionalities
of the robotic system into reusable, modular, and exchangeable components (Papers D
and G) or skills (Paper H).

Ch 5 - Programming. Each component instantiation in SERA extends an abstract
class that contains methods and the communication code of each component. This,
together with the application of the CBSE paradigm, enables the software platform
that integrates SERA to collect a “library” of software component instantiations. The
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combination of CBSE and practices from object-oriented programming ensures the
correct implementation of the communication between components code and supports
developers to instantiate their robotic applications or extend the platform introduced
in Paper D and G. The framework of Paper H did not exploit this feature since the
components that compose it—the same ones developed for SERA’s platform in Papers
D and G—were not expected to have different instantiations, i.e., they were fixed.
Instead, the framework provides models of the robots and their capabilities using a
consistent formalism. This allows the extension of the framework by implementing
new robot and capability models for the task formulation and allocation.
P2: Collaboration of heterogeneous teams. As stated in the MAR [121], groups of
heterogeneous robots will be required to operate in near-future industrial and social
environments to carry out complex tasks. What is required for software architectures
to successfully support the building of heterogeneous groups of robots?

Ch 6 - Information Fusion. In order for robots to collaborate, they need to collect,
process, and share information. SERA through all its stages—Papers D, G, and
H—provides specific components (i.e., Communication and collaboration manager,
Information Manager, and Localization and mapping) with this aim. Furthermore,
Paper H’s framework permits that whenever new online observations are obtained, the
tasks to be achieved can be re-allocated among robots. As SERA has been implemented
using ROS, we made use of the MoveIt framework25 for, among other tasks, fusing
data from the robots’ perception sensors.

Ch 7 - Multi-robot. To achieve complex tasks, robots may need to collaborate. For
this reason, contemporary software architectures for service robots are required to
provide mechanisms to support building multi-robot applications. The first two stages
of SERA (as described in Papers D and G) rely on a communication approach among
robots inspired by service-oriented architectures [3] using REST services. This may
be easily exploited by mission specification (as demonstrated with the implementation
of PROMISE in Paper E) or fleet-management tools. Paper H’s framework bases the
multi-robot management on a distributed task model, which makes use of the models
of robotic capabilities and task specifications. As mentioned above, the framework is
implemented using ROS, and therefore it exploits ROS’s communication infrastructure
and MoveIt for inter-robot communication and data sharing.

Ch 8 - Decentralized. The perks of decentralization for robotic applications
have been listed in Section 1.4.3. SERA as described in Papers D and G works in
a decentralized manner during mission execution while mission specification and
distribution are performed from a centralized unit. In Paper H, the framework relies
on a distributed task model to achieve decentralization.

Ch 9 - Human-robot collaboration. Robots are becoming a reality and even a com-
modity in certain domains. Therefore, and based on data from the MAR [121], human
operators will be increasingly required to collaborate with robots in their daily jobs.
This calls for reliable software architectures to build robotic applications that support
such collaboration. Our architecture supports human-robot collaboration by integrating
components dedicated to, for instance, recognizing gestures from an operator. Gestures
may be used to alter the robotic mission or guide the robot during mission execution.
This feature was tested by several means for SERA, as explained in Papers D, G, H.
P3: Self-adaptation. Service robots are often required to operate in highly dynamic
environments [121], and as discussed for RQ1, it is essential for robots to implement

25https://moveit.ros.org
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self-adaptive capabilities [27].
Ch 10 - Reconfiguration. A common strategy in robotics to allow robots to

robustly operate in dynamic environments is to instill them with the capability of
reconfiguring their components and behavior. SERA’s first stages, as described in
Papers D and G, support the components reconfiguration by following a MAPE-K-like
approach [30]. For instance, during one of our Integration Weeks, we detected the high-
computation requirements of the gesture-recognition component. This affected the
overall performance of the robot, sometimes causing errors in the collision-avoidance
algorithm, which led to physical crashes. Therefore, we provided SERA with a
mechanism to load and unload instantiations of its components as plugins. However,
the first stages of SERA lacked the runtime monitoring activity within the MAPE-K
loop [64] and therefore the loading and unloading of components’ instantiations were
performed manually. On the other hand, the reconfiguration of robotic behavior is
mainly documented in Paper E. Three components of SERA support the autonomous
behavior adaptation at different levels through reconfiguration, namely: (i) the Local
mission manager performs local mission adaptation (e.g., the robot should go to its
charging station if it detects a low battery level); (ii) the Adaptation manager perform
tasks’ adaptation, as high-level replanning (e.g., there is a closed door in the robot’s
path so the path needs to be replanned); (iii) the Motion planning and control performs
low-level replanning (e.g., collision avoidance). In Paper H, the adaptation is achieved
through an auction approach to re-allocate tasks among the robots that are part of the
team based on their observations.

Ch 11 - Fault Tolerance. Paper H’s framework allows the re-allocation of robots to
other tasks based on their capabilities in case of fault identification.

RQ2. Summary of main findings

� SERA as presented in Paper H addresses all the challenges identified by
Ahmad and Babar [3] and those by us.

� SERA exploits the CBSE paradigm to promote modularity, reusability,
and exchangeability of its components.

� SERA supports robot-robot and human-robot collaboration by providing
appropriate components that support sharing information and updates in
their mission through gestures from a human operator at run time.

� Mission execution is performed in a distributed manner by robotic appli-
cations built with SERA.

� SERA provides self-adaptive capabilities to robotic applications through
the usage of appropriate software components and models.

RQ3. How can tools and mechanisms such as Domain-Specific Languages and
Integrated Development Environments support operators specifying the intended
behaviors of robotic systems?

To answer RQ3 we conducted a combination of a knowledge-seeking study (Paper C)
and three solution-seeking studies (Papers E, G, and H), which in turn helped us to
answer RQ3.1 and RQ3.2, respectively.

As stated by the MAR [121] and confirmed by Paper B, in order to reduce costs and
establish a vibrant component market in service robotics, there is a need for instruments
that support mission reuse and diversification that at the same time allow coping with
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the variability of conditions of application scenarios. Furthermore, we identified
through the study of Paper A that the complexity of mission specification often does not
reside in commanding a robot with a set of tasks but in making the robotic application
robust enough to cope with the variability that characterizes the real environments in
which the robots are required to operate, especially those that involve humans.

Another concern we identified through the reviews of the literature we conducted
in both Papers C and E, is that most articles in Domain-Specific Languages (DSLs)
for robotics focus on the technical aspects and experimentation of the language and
rarely on its implementation process. The community would require engineers and
researchers to conceive new DSLs that capture and simplify the specification of the
concerns of operators as well as papers that detail the DSL’s development process
[118]. This should include the description of involved stakeholders and their role in
the development, the activities in which they take part (e.g., extraction and analysis of
subdomains, description of use cases, tooling implementation), and the artifacts and
models that are generated from those activities.

RQ3.1. What Domain-Specific Languages and Integrated Development Envi-
ronments exist to support the specification of mission and behaviors of robotic
systems in end-user domains?

Through the study of the Integrated Development Environments (IDEs) and DSLs
for robotic mission specification in Paper C, we discovered that the community has
made substantial progress in the field. In the last years, mission specification lan-
guages and end-user-oriented mission environments have been proposed both from
the research community and industry. However, we concluded that the mission specifi-
cation problem still requires solutions able to make robots usable in everyday life for
accomplishing complex missions. Concretely, we identified a list of themes that in
our opinion would require further investigation from researchers and practitioners to
tackle the challenges stated throughout the discussion of RQ3.

• Reusability. DSLs could make use of reusable libraries of tasks and skills,
including libraries from other projects and initiatives, such as RobMoSys [1].

• Explicit specification of concerns. DSLs could allow (potentially non-technical)
operators to specify explicitly: (i) the variability of conditions of real-world
scenarios, and (ii) requirements and constraints—e.g., safety standards26—given
by, for example, the robots’ operating environment.

• Autonomous mission allocation. Instead of requesting (potentially non-technical)
operators to specify robot-specific local missions, a mechanism integrated into
the DSL could automatically assign and potentially re-assign robots to missions
during mission execution according to their capabilities and various quality
parameters. In other words, operators would only be concerned with specifying
the overall mission and the DSL would decompose it autonomously.

• Human-robot collaboration. DSLs could support specifying missions that re-
quire collaboration with humans.

26https://www.york.ac.uk/assuring-autonomy/projects/unmanned-aerial-
vehicles-safety/
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RQ3.1. Summary of main findings

� Many solutions from both academia and companies have been proposed
in the last years for mission specification in robotics. Most solutions
consist of DSLs that incorporate descriptions of missions in natural
language and visual and end-user-oriented mission environments.

� We hypothesize that to support mission reuse and diversification while
at the same time allow coping with the variability of conditions of ap-
plication scenarios occurring in real environments, more investigation
needs to be conducted in four themes, namely (i) reusability, (ii) ex-
plicit specification of concerns, (iii) autonomous mission allocation, and
(iv) human-robot collaboration.

RQ3.2. How to support operators in the specification of complex missions for
teams of heterogeneous robots combining expressiveness, simplicity, and rigor-
ousness?

In Paper E, we analyzed several methods that have been used in the robotics community
for mission specification. We evaluated all these mission specification methods, based
on three features:

• Expressiveness. Mission specification must be expressive enough to model a
variety of behaviors and actions. An expressive language allows for a richer
definition of concerns by the user, for instance recovering after errors.

• Simplicity. In the scenarios envisioned by the H2020 Multi-Annual Robotics
Roadmap (MAR) [121], mission specification methods must promote simplicity
to support users without deep knowledge of programming languages—i.e., non-
technical operators. This was corroborated by our knowledge-seeking study of
Paper B, as the development of user-friendly mission specification mechanisms
was considered one of the most pressing challenges by our interviewees.

• Rigorousness. Rigorous languages ensure that mission specification precisely
and unambiguously represents the mission to be executed.

In our understanding, mission-specification languages should promote these qualities.
The patterns and operators on which this work is based promote the expres-

siveness of PROMISE since they enable specifying complex missions with their
combination. The expressiveness of PROMISE was validated by experimentation,
defining a series of complex missions formulated for a well-known robotics compe-
tition (RoboCup@Home [93]), and a home-grown one in Paper E. The expressiveness
and rigorousness of PROMISE along with its implementation was evaluated through
experimentation in several real-world scenarios with real robots, as documented in
Papers G and H. As the target user for PROMISE are domain experts in robotics—i.e.,
operators with expertise in robotics but who may not have advanced knowledge about
programming languages—, simplicity is promoted by tailoring the terminology of
our language to that of the domain of robotics and by conceiving operators that do
not require knowledge of programming languages for their usage. Also, our goal was
to develop a declarative language so the user could focus on specifying the goal of
the mission instead of the required steps to satisfy it. We evaluated the simplicity of
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PROMISE by conducting two user studies from which we collected the perception
of the participants on the user-friendliness of the language and its implementation. We
strove to enhance the trade-off between expressiveness and simplicity of our language
(i.e., usability) while keeping rigorous semantics. The rigorousness of PROMISE is
granted by the use of LTL as the underlying language used by the planning component.
Nevertheless, users do not need to concern with the semantics and syntax of LTL,
inasmuch as PROMISE raises the level of abstraction from such temporal logic.

As stated above, to accomplish complex tasks, robots with different capabilities
might be required to operate collaboratively. Hence, mission specification methods will
be required to support teams of heterogeneous robots. To this end, PROMISE and its
toolchain were designed to be platform-agnostic, only requiring making a few changes
in the toolchain’s interpreter when adding a new robot platform to the application.

RQ3.2. Summary of main findings

� PROMISE was evaluated to provide a combination of expressiveness,
simplicity, and rigorousness as a mission specification language.

� After a training of 75 minutes divided in two sessions, all of the par-
ticipants to the second user study were able to correctly specify all the
missions we proposed.

� Using PROMISE, a trained user can successfully specify all the missions
from a well-known robotics competition such as RoboCup@Home.

� The users from our user studies perceived the language of PROMISE
more satisfactory than its implementation.

� We believe that a better implementation of PROMISE and the integration
of subdomain-specific operators would further improve the perception
from users in terms of expressiveness and simplicity.

RQ4. What are the applicable strategies to manage heterogeneous robotic appli-
cations with only partial knowledge of dynamic environments?

To evaluate the underlying theory of MAPmAKER, we developed a proof-of-concept
tool using MATLAB that is built upon the planner proposed by Tumova et al. [127].
We conducted two evaluations aiming to assess (i) the performance of MAPmAKER
in scenarios with only partial information and (ii) the usability of MAPmAKER to het-
erogeneous groups of robots. To this end, we evaluated the ability of MAPmAKER to
compute plans in partially known environments and to what extent the employed decen-
tralized algorithm reduces computation overhead. We evaluated MAPmAKER through
experimentation, the setting was as follows. We conducted three experiments; one for
each aspect of robotic missions that could be affected by uncertainty, as described in
Section 1.4.5. The experiments took place in two simulated real-world environments.
The first of them was found in the RoboCup Logistics League [75] and the second
represents an apartment where a number of robotics projects have been applied to assist
elderly people [4]. We considered for the evaluation of MAPmAKER nine different sce-
narios, which result from a combination of three configurations of the robot models in
terms of partial information and three initial conditions for the robots within the robotic
application. For all scenarios, we included two robots in the robotic application, since
this is the number typically used in the scenarios within the RoboCup Logistics League.
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For the first evaluation (i.e., assessing the performance of MAPmAKER in scenar-
ios with partial information), we performed two steps, both of them considering the
nine scenarios explained above. In the first step, we run MAPmAKER allowing the
computation of possible plans in all scenarios. In the second step, unknown transitions,
services, and meeting capabilities were set as not executable, not provided, and not pos-
sible, respectively. We performed measurements in the time computation and length
of the plans of each scenario in both steps so as to compare the results. Based on the
results, we concluded that MAPmAKER is effective whenever it computes a possible
plan and during its execution a true evidence of partial information is detected—i.e.,
a robot discovers that a piece of partial information of the model is true. When no
partial information was involved in the plans computed by MAPmAKER, they had
the same length as the plans generated by a classical planner (as the one presented by
Tumova et al. [127]). In several scenarios, MAPmAKER allowed the achievement of
the mission while a classical procedure could not. MAPmAKER was able to compute
possible plans when no definitive plan was available and true evidence about partial
information was detected during the plan execution. Finally, the detection of a false
evidence—i.e., a robot discovers that a piece of partial information of the model is
false—decreases the effectiveness of MAPmAKER. This is caused by the need for
recomputing the plans for the robots.

For the second evaluation (i.e., assessing whether MAPmAKER improves compu-
tation of plans for heterogeneous robotic applications), we run the same nine scenarios
(consisting of the same combination of robot partial models and initial conditions) in
the same two simulated environments. To assess whether the decentralized procedure
helps with the planning computation, we added a third robot to the robotic application.
The third robot was not required to meet with the two other robots and therefore the
decentralized procedure split the robotic application into two subclasses—one with
the first two robots that must meet to achieve their missions and a second one with
the third and independent robot. The second evaluation also consisted of two steps:
in the first one we enabled the decentralized procedure that divides the robotic team
into subclasses, and in the second we disabled it. We set a time frame of one hour
for the planner to compute and execute the plans. For all the scenarios of the first
step, MAPmAKER was able to finish its execution within the given time frame of
one hour. As opposed, MAPmAKER could not finish the computing and execution of
plans within the time frame for the second evaluation. We conclude that decentralized
procedures are of paramount importance to implement planning solutions in real-world
robotic scenarios that require scalability.

RQ4. Summary of main findings

� MAPmAKER allows robotic applications to achieve their missions in
scenarios with partial information, while a classical procedure could not.

� In scenarios without partial information, plans computed by MAP-
mAKER have the same length as plans generated by a classical planner.

� MAPmAKER is effective whenever it computes a possible plan and
during its execution a true evidence of partial information is detected.

� Detecting a false evidence during mission execution decreases MAP-
mAKER’s effectiveness, since it requires recomputing the plans.

� MAPmAKER’s decentralized procedure permits a faster computation of
plans for heterogeneous robotic applications than a centralized approach.
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1.6 Conclusion and Future Work
This thesis aims at helping consolidate the community of service robotics software
engineering to substantially lift the state-of-practice for engineering service robotic
applications. The goal is to investigate practices and challenges in service robotics
software engineering to provide guidance for practitioners and researchers as well
as to engineer solutions for some of the challenges we identified. To fulfill this goal,
we conducted a combination of three knowledge-seeking studies and five solution-
seeking studies following a methodology inspired by the design-science paradigm.
Our knowledge-seeking studies identify limitations, challenges, and problems in the
domain of service robotics software engineering. In the five solution-seeking studies
we engineered solutions for some of the identified problems. In particular, we study:

• Architectural models to enable and enhance aspects of systematic development
of robotic applications (e.g., modularity, reusability).

• Robotic mission specification methods, focusing on domain-specific languages.

• Decentralized planning solutions that allow robotic applications to plan and
operate in environments with the presence of uncertainty.

Besides these problems, we envision three lines of future work:
Feature-modeling architecture. In the study of Papers B and D, we learned about

the complexity of managing variability for service robotics companies. Service
robotics is a fast-paced domain in terms of growth, and according to Moore’s Laws [16]
it will only become more complex with time. Thus, robotics companies will increas-
ingly need to manage variability when it comes to complex and computationally
expensive tasks. For these reasons, we will extend SERA (as proposed in Papers D
and G) to support variability in a domain where variability is typically performed in
an ad hoc manner. The main goal of this study is to provide a framework based on
the software product line engineering paradigm to support roboticists with a guided
means of customizing their products and model bindings of their features. In sum-
mary, the proposed framework implementation would alleviate extension complexity,
reduce performance costs, and minimize resource consumption in robotic systems
instantiation and customization.

Improvements in PROMISE. To tackle some of the identified limitations from
our Domain-Specific Language (DSL), we will: 1) refine the current implementation
of the DSL to solve some of the problems stated by the participants of the second
conducted user study; 2) create support for run-time changes to a mission specification;
3) conduct further user studies with participants with different expertise to assess the
simplicity of PROMISE and to collect users’ feedback; and 4) investigate the optimal
ways for supporting the synchronization among robots.

Mission specification mechanisms in other domains. Some of the studies con-
ducted for this thesis demonstrate and discuss the importance of DSLs for mission
specification in robotics. We propose applying the knowledge acquired from this
thesis to use those languages in other domains. Concretely, we see a huge potential in
applying behavior trees to autonomous vehicles. Among other benefits, this would
allow engineers to specify realistic behaviors for autonomous vehicles and other agents
in test-case scenarios.
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[76] S. Kernbach, D. Häbe, O. Kernbach, R. Thenius, G. Radspieler, T. Kimura,
and T. Schmickl, “Adaptive collective decision-making in limited robot swarms
without communication,” The International Journal of Robotics Research,
vol. 32, no. 1, pp. 35–55, 2013.

[77] J. Kitzinger, “Qualitative research: introducing focus groups,” BMJ, vol. 311,
no. 7000, pp. 299–302, 1995.
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