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Abstract

The thesis aims to contribute towards the state-of-the-art in the non-functional
requirements (NFRs) elicitation and conflict consideration process for robotic
systems. Initially, the research introduces and validates a novel framework,
SCARS, designed as a Domain Specific Language (DSL) that extends ROS2
DSL capabilities. SCARS facilitates the analysis of NFR impacts, computing the
optimal NFR satisfaction parameters tailored to specific system constraints, as
tested in the Gazebo simulation with iRobot® Create®3.

Building upon this, the study introduces a simulation-based methodology
for pre-emptive identification of NFR conflicts in different operational contexts.
Based on a single-robot system, the simulation results are helpful in inferring
and evaluating the different conflicts between NFRs and studying the impact of
different contexts on the requirements themselves.

The methodology is further extended to elicit correlations between NFRs and
operational environments in multi-robot systems, highlighting how environmen-
tal dependencies can lead to unexpected system behaviours post-deployment.
Through simulation, this work identifies NFR correlations, providing system
designers with insights to foresee and counteract possible threats in uncontrolled
environments for multifleet systems.

Lastly, the research extends into the domain of physical robots by proposing
enhancements to behaviour trees, focusing on integrating non-functional and
operational constraints within the functional goals. Using an interview-based
approach, this part of the study profiles the inclusion of NFR considerations
in LLM-supported behaviour trees for the RoboCup@Home 2024 challenge. A
subsequent methodology proposes LLM-assisted NFR profiling, reducing the
dependency on an NFR analyst for profile creation.

Collectively, these studies contribute to a comprehensive understanding of
NFR management in robotics, offering methodologies that enhance system relia-
bility, safety, and operational awareness across varied and dynamic environments.
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Chapter’s Summary: This chapter lays the groundwork for the thesis
framework, discussing core concepts and introducing preliminary notions
to aid comprehension. It outlines the research objectives and presents

a general methodology proposed and refined in the chapters ahead.
Contributions are highlighted, and the thesis structure is detailed for
the ensuing chapters. The summary of each following chapter lays out the
objectives and contributions in brief.

1.0 INCEPTION

Robotics - the study of robots. The term was fashioned into existence, quite
unknowingly, by the famous science-fiction writer Issac Asimov around the
mid-1900s. Fast forward to the present, and many of those fictional stories are
now a reality. Robotic systems have now become synonymous with automation,
progressively more so in the last decade [1]. They are no longer a one-trick pony
earmarked for specific operations such as automobile assembly. Robots of today
are capable of general-purpose operations to some degree, as well as boasting a
wider array of functionalities complementing their primary goals.

Computers have often been called immobile robots [2]. By extension, robots
can be called mobile computers and, like computers, can be considered a com-
bination of hardware and software components. Robots, however, differ in one
crucial aspect when compared to traditional computers. They can move. That
capability comes with way more mechanical components than those found in
typical personal computers. Marrying the mechanical components with the com-
puting hardware and the software to top it off, we have quite the complex system
on our hands.
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Robotic systems can be called cyber-physical systems [3] that perceive the
world by sensors, interact using actuators, and have decision-making capabilities
on-the-go owing to their control systems. The software component helps the sys-
tem establish a two-way communication interface with the external environment
and coordinate its own internal modules. Here, components and modules refer
to special characteristics (hardware and software) of the system that facilitate
system design, integration, interoperability, and reuse [4]. Robots are a network
of computers [4] as they usually comprise various computing resources strapped
on top of a mechanical skeleton. Each robot has some form of internal network
that organizes and synchronizes its internal components. A middleware platform
usually works as a mediator between hardware and software. On the topmost
layer, we have the software components that handle everything from function-
alities to interacting with the environment. As true for computers themselves,
software is what makes robots feel "alive" in a way.

When we drive a car, we expect it to be reliable, that is, it won’t be break-
ing down unexpectedly. We expect it to be fuel-efficient - gasoline, electric or
otherwise. Same goes for robots as they are found not only in manufacturing
facilities but also in some medical facilities [5]. They no longer are in isolated
controlled environments. With that comes the expectation of safe, reliable and
efficient robots. More so when operating in a safe human space. Each of the terms
"safe", "reliable", and "efficient" can mean many different aspects and properties
depending on the context. With the deployment of robots far and wide in various
domains nowadays, we have a lot of the aforementioned context to go off of. Not
only is it required that the robot is able to perform its specified functions, but
also that it is done "well". More often than not, the focus is on the expansion of
marketable feature-set by manufacturers rather than the comprehensive quality
assurance of the functions themselves. Quality features such as system security
can be expensive to implement and therefore often overlooked, as revealed in
the study [6]. This is one of the many instances of cases in robotic system design
where the non-functional requirements (NFR) take a backseat in comparison to
the prioritization of functional requirements of the system. Collectively, these
issues shaped the concept of the thesis.

1.1 AN EXAMPLE SYSTEM: WALL-I

Let us consider a small robot. We shall call it WALL-I. Its purpose in life -
compress and collect garbage on earth. Let us now try to break down its primary
functions a bit.

1. Identify the garbage.
2. Compress it to specification according to its carrying capacity.
3. Collect and dump garbage at the designated place.

Consider each of these points a bit. First, consider the details of garbage iden-
tification. Can garbage be identified in low-light conditions? What parameters
lead to the identification of objects as garbage? Is this identification accurate?
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Going over the second point, can the compression process lead to spillage of
the garbage? Is it safe for the robot to perform all types of garbage compression?

Coming to the last point, again, can the collection and dumping of garbage
lead to spillage under certain conditions? Can environmental factors, such as
weather, influence its ability to perform these actions?

We find that it is not only a matter of ensuring that the robot is able to fulfill
its primary functional goals but also ensuring that certain secondary functions
are maintained as well, complimenting its primary objectives. Only then can the
system be performant according to the expectations. A chain is only as strong as
its weakest link. Quality compromise in one aspect can have a cascading domino
effect on the system as a whole. The literature does not provide many examples
of such secondary goals being identified and prioritized similarly to its primary
goals.

The thesis attempts to bridge these identified gaps within the existing liter-
ature. Focusing on the often neglected aspect of requirements engineering, the
work proposes methodologies to elicit and analyze NFR constraints. Software
is an integral part of every computing system. Reliable and efficient software
broadly describes some of the most desired qualities in a deployed system.
Robotic systems are no different. In this work, we propose solutions that aim to
improve the design of the system.

1.2 PRELEMINIARIES

Prior to venturing into the objectives in detail, this section provides a concise
overview of key concepts, beginning with non-functional requirements and
extending to those specific to robotic systems.

1.2.1  Non-functional Requirements in Software Engineering

Requirements engineering is a fundamental pillar of any software development
cycle. The formal specification of the software requirements sets the foundation
for its development. Before the software blueprint is even drafted, a formal
document called the Software Requirements Specification (SRS) [7] is drawn up
between the development team and the stakeholders. The SRS encapsulates two
primary categories of requirements, each distinct and interdependent. Functional
requirements (FR) delineate the essential operations and capabilities that the
software must deliver. These requirements form the foundational blueprint
of the system’s purpose, outlining its intended functionalities with precision.
While functional requirements specify "what" is to be done, the non-functional
requirements specify "how" it is to be done. NFRs supervise the system’s quality
[8, 9]. They apply constraints to the system that must be adhered to in order to
ensure desired system quality [10]. NFRs function as overseers of the system’s
qualitative attributes, encompassing aspects such as efficiency, reliability, security,
and user experience among other properties. It is often difficult to pinpoint all
the quality expectations from the start, and thus non-functional requirements
elicitation needs a thorough elicitation process from the stakeholders [11, 12]. The
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literature asserts that NFRs can exert a more decisive influence on the success of
a system than the FRs themselves [13].

Taking an example, we are to design a calculator software. Functional goals
for software are easier to establish since they are at the forefront of the motivation
behind building software. For a simple calculator, it needs to support all the basic
mathematical operations. The software should provide an option to input the
calculation to be done and then display the correct output. It may seem that that is
all there is to it for a simple calculator application, but there are also some quality
attributes to be considered. The software interface has to be user-friendly, that is,
navigating the interface should be intuitive even for a non-technical person. The
software should be light-weight; that is, it should use minimal system resources
and preserve most of the resources for the calculation operations themselves. The
software should support the numerical system, units, and number formatting
familiar to the user.

The literature classifies non-functional requirements into 26 types [14]. Each
of these types broadly determines a set of related non-functional requirements.
The nature of these requirements lies in the quality attributes of the broader
requirement type. Each categorized group of non-functional requirements is
loosely interconnected. Consequently, there might be overlaps and correlations
between the NFRs themselves. Consider our example software again. Simplifying
the software interface may also correlate with a lesser consumption of system
resources. Likewise in some software, depending on the context of usage, correla-
tions among the NFRs might have a negative effect. In the literature, we find that
conflicting NFRs can be quite detrimental to a system. These must be taken care
of early on in the software development cycle so that there is minimal impact
during the maintenance phase of the software lifecycle.

1.2.2  Robotic Systems

Robotic systems are interdisciplinary engineering constructs that integrate me-
chanical components, electronic circuits, and sophisticated software to perform
automated tasks with precision. These systems typically comprise actuators for
movement, sensors for environmental perception, and control algorithms for
decision-making, enabling them to operate autonomously or semi-autonomously
in diverse applications [15]. Based on principles from robotics, computer science,
and control theory, they are designed to interact with physical environments,
often mimicking or surpassing human capabilities in repetitive, hazardous, or
complex scenarios. Examples range from industrial manipulators to mobile ser-
vice robots, each tailored to specific functional and non-functional requirements
such as reliability, safety, and real-time responsiveness.

The complexity of coordinating these heterogeneous elements underscores
the critical role of middleware platforms in robotic systems. These platforms
serve as an intermediary layer to streamline communication, data exchange, and
interoperability among disparate hardware and software components.
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Robotics Middleware Platforms

Robotics Middleware Platforms (RMPs) are software frameworks that streamline
robotic systems’ development, integration, and operation by abstracting hardware
complexities and standardizing communication. Literature reviews such as in
[16, 17] compare and contrast the various middleware platforms for robotic
systems. Middleware for Robots (MIRO) [18] offers object-oriented abstractions
for sensor-actuator integration, suited to distributed robotic systems. Open Robot
Control Software (OROCQOS) focuses on real-time control with its Real-Time
Toolkit (RTT), supporting component-based design for industrial precision [19].
Player /Stage, also noted in the survey, provides 2D simulation and multi-robot
control, though its scalability is limited [20]. Open Robot Interface for the Network
(ORiN) [21] targets industrial interoperability with a standardized interface for
robot controllers. At the same time, RT-Middleware uses a component model for
modular, reusable robotic software [22].

Other popular proprietary robotic system development platforms include the
NVIDIA Isaac Software Development Kit (SDK), Boston Dynamics” Spot SDK,
and Choreographer, among others. The NVIDIA Isaac SDK [23] is designed
to accelerate robotics development with tools for perception, navigation, and
manipulation, tightly integrated with NVIDIA hardware (e.g., Jetson platforms)
and the Isaac Sim simulation environment. Boston Dynamics” Spot SDK [24] and
Choreographer offer a proprietary ecosystem for the Spot quadruped robot, which
is widely adopted in inspection and research applications. The SDK provides
APIs for motion control, sensor data processing (e.g., LIDAR, thermal imaging),
and autonomy, while Choreographer enables graphical programming of complex
behaviours.

While these platforms provide robust development tools in their own ecosys-
tems, developers are locked into one ecosystem and cannot translate their work
into different applications outside that specific ecosystem. A pivotal framework
in this domain is the Robot Operating System (ROS), an open-source middleware
that provides a structured, yet flexible environment for developing robotic soft-
ware. ROS facilitates modular design through a collection of libraries, tools, and
communication protocols, allowing seamless integration of disparate components
and enabling developers to manage complex robotic behaviours efficiently.

This thesis leverages the ROS framework, an open-source platform with
extensive community backing, ensuring the research remains anchored in a
pertinent robotics ecosystem while contributing to a well-established platform.

Robot Operating System

The Robot Operating System(ROS)* was developed by Open Robotics as a bridge
between the hardware and software that makes up the robotic system. It is the
lingua-franca among roboticists due to the widespread adoption and unified
approach to robotic system middleware. The ROS-based system represents its
processes as a ROS graph consisting of an atomic-entity node. Nodes may
receive and send information through message passing. The messages include
data from actuators, sensors, control systems, planners, and other components

1 For more information: https://www.ros.org/
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[25]. The latest iteration of ROS [26] improves the limitations of ROS mainly
in basic security features and uses the Data Distribution Service (DDS) [27] for
communication. ROS also comes with an inbuilt simulation tool, called Gazebo.
The core components of ROS 2, the latest iteration of ROS, consist of:

e Nodes - Nodes are atomic entities that use ROS to communicate with other
nodes. For example, the robot_state is a node that collects and publishes
data on the robot’s state.

* Messages - A message is a data type used to subscribe or publish to a topic.
For example, sensor_msgs may be used to communicate sensor data between
nodes.

* Topics - Nodes can publish messages to a topic and/or subscribe to a topic
to receive messages. An example of topic would be battery_state, which
publishes the robot’s battery status.

* Actions - An action is an asynchronous call to another node’s functional-
ity. For example, a drive_distance action may be issued to perform linear
translation.

These elements facilitate the establishment of internal communication and control
mechanisms within the robot’s constituent modules while orchestrating the
coordination of the decentralized system. ROS facilitates the resolution of certain
operational challenges in robotic systems, which we will now briefly explore.

* Reusability: ROS is structured around a modular architecture in which es-
sential functionalities are encapsulated as independent "nodes," as outlined
in the ROS components previously discussed. These nodes are capable of
intercommunicating and synchronizing messages among themselves. This
design enables code reusability across diverse workspaces and minimizes
the need for redundant code development.

* Distributed System: ROS enables nodes to run on different systems and
communicate through the DDS protocol network. This is great for complex
systems where computation may need to be offloaded to remote servers
while still maintaining a reasonable runtime response. More complex
systems deploying multiple robots in the system can be scaled quickly with
minimal upkeep.

* Community Support: ROS, due to its prevalence in the robotics community,
enjoys a large community support where third-party modules are readily
available. The user can just plug and play the modules in their own projects.

ROS faced limitations in real-time performance, multi-robot system support,
and cross-platform compatibility, relying on a single-master architecture prone
to bottlenecks and lacking robust security. ROS 2 overcomes these with a DDS-
based distributed architecture, enabling real-time capabilities, scalable multi-robot
communication, and improved security via encrypted channels [26]. This thesis
adopts ROS 2 for this very reason to keep the work applicable in the state-of-the-
art.
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1.2.3 Non-Functional Requirements in Robotic Systems

Non-functional requirements (NFRs) in robotic systems define the qualitative
attributes that govern their performance, reliability, and user interaction, distin-
guishing them from functional specifications that dictate what a system does.
These requirements encompass a broad spectrum of properties, including safety,
scalability, real-time responsiveness, and energy efficiency, which are critical
to ensuring robotic systems operate effectively within their environments. For
instance, safety is paramount in human-robot interactions, necessitating robust
fault tolerance and emergency-stop mechanisms. At the same time, real-time
responsiveness is essential for tasks requiring immediate sensor-based decisions,
such as autonomous navigation. Scalability ensures adaptability to evolving oper-
ational demands, and energy efficiency prolongs system autonomy, particularly
in mobile robots.

Consider the da Vinci Surgical System [28], a robotic platform for minimally
invasive surgery: It exemplifies NFRs such as precision (submillimeter accuracy),
safety (failsafe mechanisms to protect patients) and real-time responsiveness (im-
mediate haptic feedback for surgeons). Based on systems engineering principles,
NEFRs are often loosely coupled, allowing flexibility in design but posing chal-
lenges in trade-off analysis and verification. Collectively, these attributes shape
the system’s operational integrity and user satisfaction, making their rigorous
specification and evaluation indispensable in robotic development.

Discussion on the literature on NFRs in robotic systems can be found in
Section 3.1.1 of Chapter 3.

1.2.4 Domain Specific Languages

Domain-specific languages (DSLs) are specialized programming languages de-
signed to address the unique demands of a particular application domain. Unlike
general-purpose languages, DSLs feature tailored syntax and semantics that en-
able precise and efficient expression of domain-specific concepts. Their utility lies
in enhancing developer productivity through concise, domain-aligned abstrac-
tions, reducing error rates, and optimizing system performance within the target
field, such as robotics or data processing. DSLs are narrowly tailored to specific
domains, but they lack versatility. Conversely, general purpose languages (GPLs),
such as Python or C++, provide broad applicability across diverse domains with
flexible, generic constructs but often require more expertise to address specialized
tasks, sacrificing the specificity of DSLs for adaptability. An in-depth analysis
of the literature on DSLs is presented in [29], where the author compares DSL
techniques, investigates research topics in DSL studies, and highlights challenges
in DSL development.

After reviewing the preliminary notions, let us examine the objectives of this
thesis.
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1.3 OBJECTIVES

The objectives of this thesis can be laid out in answer to the following three
research questions.

Q.1 How can robotic system developers be supported in the elicitation of non-
functional requirements (NFRs) for physical robots?

Q.2 How can the examination of correlations between non-functional require-
ments be leveraged to enhance the performance optimization of a robotic
system?

Q.3 How feasible would it be to implement these solutions in physical robotic
systems?

The problems are addressed in the chapters that follow. The subsequent sec-
tion provides a concise overview of the general methodology employed through-
out the thesis, towards the elicitation and inference of contextual correlations
between NFRs and operational contexts.

1.4 METHODOLOGY

We start with some basic assumptions, the details of which shall be explored in the
following chapters. Working our way through increasingly complex systems from
a simulation point of view, we attempt to validate the proposed methodologies.
The methodology is adapted as we move from system to system, addressing the
new nuances.

1.4.1 Requirements Analysis in Robotics

Two schools of thought can be followed for requirements correlation study in
robotic systems.

One method of investigating NFR correlations is using prototypes. Prototyp-
ing [30, 31] involves constructing tangible robot instances to test requirements
in real-world settings, offering direct insight into hardware-software integration
and environmental interactions, such as sensor accuracy or mechanical reliability.
However, prototyping is resource-intensive, requiring time, materials, and specific
hardware, which limits scalability and adaptability to varied configurations.

Simulation of robotic systems [32, 33] employs software environments, such
as Gazebo or Isaac Sim, to model robotic behaviours and interactions virtually,
enabling the evaluation of functional and non-functional requirements (NFRs)
like latency, safety, and scalability under controlled, repeatable conditions. This
method excels in flexibility, allowing rapid iteration across diverse scenarios,
for instance, multi-robot fleets in dynamic contexts without physical resource
demands. Simulators provide a scalable opportunity to set the run-time environ-
ment, but also have limitations of their own. Simulation may lack the fidelity
of physical constraints (e.g., unmodeled hardware failures) and thus may fail to
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highlight some of the hardware-specific challenges. Literature on simulators for
robotic systems is discussed in subsection3.1.2 of Chapter 3.

The rationale behind the focus towards simulation approach in this thesis
can be given by its preferability for greater generality in methodological design
due to its capacity to abstract and generalize across robotic systems and contexts.
Using parameterized models, simulation enables the systematic analysis of NFRs
such as response time or task management in various hypothetical scenarios
without the constraints of the hardware dependencies of the physical prototyp-
ing. This adaptability supports the development of a methodology applicable to
heterogeneous robotic fleets, compared to the narrower, instance-specific focus of
prototyping, which improves its utility in establishing broadly relevant require-
ments frameworks. Simulation and prototyping does not have to be mutually
exclusive either. Simulation can serve as a precursor to prototyping, enhancing
the overall design of a system [34].

1.4.2 Simulation Approach to Elicit Context-NFR Correlations

Our objective with this work is to explore the impact of context sensitivity for
multi-fleet robotic systems deployed often in a shared human space. The approach
also attempts to expose NFR-context parameter correlations that may be present
but hidden compared to single robot systems due to their complex nature. The
proposed approach can help system designers to become aware of potential issues
that arise from context and NFR correlations. We aim to build upon existing
methodologies based on a simulation approach to elicit correlations among NFRs
in robotic environment scenarios. The general methodology used consists of the
following steps briefly:

1. Selection of robot fleet, simulator, and simulation world: The components of the
simulation must be chosen after careful consideration of specifications and
requirements elicited from the stakeholders.

2. Task setup and simulation execution: The tasks corresponding to the real-world
targets for the robotic system have to be set according to the robotic fleet
organization and capability. This is to be followed by the execution of the
aforementioned tasks in the simulator, and the observable NFR parameters
will have to be recorded.

3. Analysis of parameter data and identifying correlations: Finally, the experimen-
tal data must be analyzed for correlations arising from NFR and context
parameters. This analysis can be performed by graphically plotting the
parameters in pairs and observing the trends.

1.5 PRIMARY RESULTS AND CONTRIBUTIONS

The thesis proposes methodologies to elicit, analyze, and identify correlations in
non-functional requirements for robotic systems. The scripts, results and tools
developed in contribution to this thesis are available at:

11
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e SCARS Tool and Results - https://github.com/RESSA-ROB/SCARS/tree/
main

* NFR Analysis - https://github.com/raunakb47/NFRinRobotics/tree/main

Publications

The content of this thesis is derived, in part, from the publications listed below.

* Bag, Raunak, Mandira Roy, Agostino Cortesi, and Nabendu Chaki. "Elic-
iting context-oriented NFR constraints and conflicts in robotic systems.",
Innovations in Systems and Software Engineering pp. 1-14. Springer, 2023.

doi: 10.1007/511334-023-00545-y [35]

* Roy, Mandira, Raunak Bag, Novarun Deb, Agostino Cortesi, Rituparna
Chaki, and Nabendu Chaki, “SCARS: Suturing wounds due to conflicts
between non-functional requirements in autonomous and robotic systems,”
Software: Practice and Experience, vol. 54, no. 5, pp. 759795, Wiley Online
Library, 2024. doi: 10.1002/spe.3297 [36]

* Bag, Raunak, Nabendu Chaki, and Agostino Cortesi, “Contextual correla-
tion inference in multi-fleet robotic systems,” in International Symposium
on Applied Computing for Software and Smart Systems, pp. 275—294,
Springer, 2024. doi: 10.1007/978-981-97-9762-2_17.[37]

1.6 THESIS ORGANIZATION

The thesis is structured into 6 chapters. Chapter 2 introduces and discusses key
DSLs for robotic systems. The SCARS framework is briefly discussed alongside
the validation of the framework through gazebo simulation. The framework
provides an optimized set of parameter values that conform to desired constraints
when provided with an initial set of calibration parameter values.

Chapter 3 introduces our methodology for eliciting NFR constraints in single
robot systems. We dive into the world of robotics simulation approaches in the
literature, as well as narrow down on specific simulation setups used in this
thesis. We identify correlations among NFRs and their potential impact on the
overall system if they are not taken into cognition. The methodology is validated
on the Create 3 educational robot simulation.

The methodology is revisited in Chapter 4, now adapted to multi-robot
systems. Conflicting NFRs are more likely to be present in multi-robot and multi-
fleet systems than in single-robot systems, as has been investigated in the chapter.
This study specifically examined how inherent complexity and concurrency
impact NFRs and operational constraints. We validate the methodology in the
Open-RMF simulation setup using two different simulation environments.

Chapter 5 shifts the focus by connecting the simulation approach to a more
physical real-world scenario. We explore the possibility of introducing NFR and
operational constraints consideration in the behaviour trees governing robot’s ac-
tion plans for tasks to be executed in robotics competitions. We aim to investigate
potential improvements to the behaviour tree employed for task execution logic
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in robotics. The experimental evaluation focuses mainly on RoboCup@Home
challenges, specifically from the rulebook [38] of 2024.

Finally, Chapter 6 summarizes and concludes the thesis, highlighting potential
future works.
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Chapter’s Summary: In autonomous and robotic systems, functional require-
ments (FRs) and NFRs, gathered from diverse stakeholders, map to specific
system components and depend on operational contexts, often resulting in
conflicting or inconsistent sets. NFR conflicts are influenced by the char-
acteristics of the execution environment, necessitating their analysis in
the early design phase for systematic development. 1In this Chapter, we in-
troduce SCARS (Systematic Context-Aware Requirement Satisfaction), a frame-
work? that: (a) extends the R0S2 DSL to incorporate environmental context
specifications, (b) provides tools to evaluate context impacts on NFRs, and
(c) computes optimal NFR satisfaction across configurations. Its efficacy
is validated by simulation in the iRobot® Create®3 robot in Gazebo.

7 https://github.com/RESSA-ROB/SCARS/tree/main

2.0 INTRODUCTION

The development of a robotic system often involves an intricate and multifaceted
process. Chapter 1 lists the research questions that this thesis endeavors to
address. Starting off with the Q.1 research question outlined in Section 1.3 of
chapter 1, developers already have their hands full with the complexities inherent
in robotic systems. In what ways can additional support be provided to facilitate
the elicitation and integration of non-functional requirements of the system?

15
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We attempt to answer this question in two parts. First, we propose an
enhancement to the ROS Domain Specific Language (DSL) based on the existing
literature in this chapter. The framework formally integrates an analysis of
environmental context with non-functional requirement (NFR) considerations,
assessing the influence of said context and determining optimal parameters to
ensure NFR fulfillment across configurations. In another take detailed in later
chapters, we investigate the elicitation of relationships between non-functional
requirements (NFRs) and contextual factors within robotic systems. Returning to
the subject of DSLs, what exactly are they?

Domain-Specific Languages serve as a dynamic instrument to assist developers
in system design, particularly in satisfying non-functional requirements (NFRs).
This chapter will delve into the application and significance of DSLs within the
realm of robotic systems as it unfolds. Further discussion of Domain-Specific
Languages (DSLs) is available in subsection 1.2.4 of chapter 1.

Before proceeding with the chapter, it is pertinent to understand current
state-of-the-art domain-specific languages (DSLs) for robotic systems to see the
novelty presented in this chapter.

2.1 RELATED WORKS

General-purpose modeling languages are widely recognized for their utility in
system specifications. However, within the robotics research community, domain-
specific languages (DSLs) have gained widespread adoption to specify system
requirements [39]. We shall now initially examine various metamodels and
domain-specific languages used in robotic systems. Subsequently, we go through
the formal analysis methodologies documented in the literature. Finally, we
review existing approaches to non-functional requirement (NFR) conflict analysis
proposed to date.

2.1.1 Metamodels and DSL

In robotics requirements engineering, domain-specific modelling languages
(DSLs) play an essential role in providing formal specifications. For instance,
RoBMEX, a DSL outlined in [40], focuses on drone missions through three dis-
tinct metamodels: ROSProML for ROS-based systems, RosModL for handling
general operations with ROS variables, and ROSMiLan for detailing mission-
specific aspects. In contrast, RoboChart, presented in [41], is a Unified Modeling
Language(UML)-inspired DSL that utilizes RoboTool to support modelling, type
checking, and CSP model generation, effectively representing robotic platforms,
parallel controllers, and communication patterns. Similarly, RobotML, described
in [42], offers a DSL tailored to define missions, environments, and behaviours,
enabling the specification of architectures - whether reactive, deliberative, or
hybrid - and components such as sensors, actuators, and planners, along with
their interactions. Together, these DSLs address both functional requirements
(FRs) and non-functional requirements (NFRs), underscoring the importance of
NFRs in achieving high-quality, successful robotic systems.
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Table 1: Qualitative Comparison with Existing Works

Metamodel concepts Requirements Analysis
Components Communication
Research work ROS-based P C icati C icati FR-NFR Context-NFR | NFR Temporal Heat
(atomic and FRs NERs ! . Qos
: among components | QoS parameters Dependency | Correlation | Conflict | Property
composite) C
. Not Not Not
Ramaswamy et al. [43] | Mentioned | Included | Included Not mentioned | Included | Included | Included » » ) Not mentioned
Parra et al. [45] Mentioned | Included | Included Included Not - Not | Net Not o Net o gNot puded
Ladeiraetal. [s] | Mentioned | Included | Tncluded Not mentioned | Included | N0t | Net Not Mot N Not mentioned
Miyazawa etal. [41] | Mentioned | Included Not mentioned Not mentioned | Included | 1emPoral | Not Not Not Included | Not mentioned
NERs only
Cristina et al. [44] Not Not Not mentioned Not mentioned | N Included | N Included Not Not Not mentioned
mentioned | mentioned i i mentioned | mentioned
Dhouib et al. [4] SRCLCOS Included | Included Not mentioned | Included | N | Not o Not Nt Not gy angioned
ase
Brugali [47] Not Included Included Not mentioned | Included | Included | o Included Not Not Not mentioned
mentioned i i d

Adopting an alternative methodology, the SafeRobots[43] framework pro-
poses two models: a functional model defining behavioural requirements (inputs,
outputs, and their relationships) and a non-functional model specifying quality
attributes. In [44], RoOQME, an Eclipse-based metamodel, includes two meta-
models: one for defining Non-Functional Properties, contexts, and observations
and another for mapping these to RobMoSys Service Definitions. The research
carried out in [45] proposes a DSL enabling experts to specify and verify the
requirements and capabilities of Quality of Service (QoS) in ROS 2-based robotic
systems. Meanwhile, in [46], authors note that most human-machine system lan-
guages focus on functional behaviour, proposing a metamodel for non-functional
aspects of both human and machine models. In [47], an extended UML MARTE
profile supports modelling and analyzing robotic-specific NFRs, such as safety in
navigation systems. SysML’s requirements module captures requirements and
their interrelations (derive, namespace, copy, refine) and links to model elements,
while its block diagrams define hardware/software components, properties, and
constraints. Researchers have integrated SysML with DSLs for autonomous
systems on multiple occasions: [48] uses SysML for unmanned aerial vehicle
(UAV) command system traceability, [49] introduces UavSwarmML for aerial
robot swarm missions, and [50] develops a SysML profile with DSL to incorporate
ROSz2 objects and attributes.

The existing literature primarily uses DSLs and metamodels to formalize
robotic functional behaviours, with little attention to the diverse hardware compo-
nents. The interdependencies between functional and non-functional properties of
these components, especially in achieving higher-level objectives, remain underex-
plored. Moreover, a generic framework for modelling NFRs and their correlations
in robotic systems is noticeably absent.

Table 1 provides a detailed comparison of some of the formal approaches for
robotic autonomous systems. The table includes only those works that have at
least provided a metamodel or DSL in their proposal. Building on the structured
frameworks of metamodels and DSLs, formal tools extend these concepts by
integrating rigorous verification and synthesis techniques.

17
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2.1.2  Formal Tools for Robotic Specifications

Literature on formal tools for robotic specifications showcases a range of precise,
systematic methods to define and verify system behaviours. In [51], a ROS-
integrated behaviour Tree (BT) execution engine is optimized for efficiency (NFR),
paired with a method to transform task specifications into BTs (FR) and verify
temporal NFRs, tested on real robots to improve standardization in robotics
requirements engineering. LTLMoP, detailed in [52], converts structured English
into linear temporal logic (LTL) formulas to model robot behaviour and envi-
ronments, synthesizing tasks into automata based on environmental conditions.
Similarly, [53] introduces an LTL-based language for reactive systems, enhanced
by Spectra Tools, allowing analysis, synthesis of correct implementations and
specification refinement, while identifying conflicts between safety and liveness
properties through state machine generation.

The survey in [54] explores formal specification and verification challenges in
autonomous robotics, while [55] emphasizes the need for system reconfiguration
due to NFR-environment interactions. In [56], self-adaptation strategies are
proposed to address NFR violations in unpredictable settings, and the HAROS
[57] framework focuses on static analysis to ensure the quality of robotic software,
prioritizing middleware design checks.

2.1.3 NFR Conflict Analysis

Non-functional requirements (NFRs) often affect the fulfilment of each other,
leading to conflicts when satisfying one NFR affects another [14]. The literature
primarily adopts heuristic or ontology-based approaches to identify such conflicts.
Heuristic methods, widely studied, have produced conflict catalogs [58] that
support industry practitioners in system design. In contrast, ontology-based
approaches define categories and detection rules [59] to systematically uncover
conflicts. Catalog-based analyses have been proven to be more practical and
effective [60, 61]. Specifically addressing robotic systems, [62] explores NFR
conflicts in ubiquitous and IoT applications, while [63] evaluates pertinent NFRs
of the IoT. However, comprehensive analyses of NFR conflicts in autonomous
robotic systems remain scarce, with only limited contributions from [64, 53],
underscoring a critical research gap. The literature review of NFR studies for
Robotic Systems can be found in subsection 3.1.1 of Chapter 3.

2.2 PRELIMINARIES

Now that we have a grasp on the state-of-the-art, we shall discuss some of the
notions important to understanding the proposed approach.

2.2.1 Runtime NFRs

Run-time NFRs can be measured directly from the system’s operational envi-
ronment by observing the performance characteristics. In this research, we have
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limited our focus only to run-time NFRs, as they are measurable both qualitatively
and quantitatively. The document provided at * shows the NFR categorization
as architectural and run-time NFRs. Each of these run-time NFRs is expressed
in terms of one or more metrics [65]. However, there are some run-time NFRs
for which no specific metrics have been defined in the literature. Keeping this in
mind, we have further refined our run-time NFR list to contain only those NFRs
that have a well-defined metric associated with them (see').

The run-time NFRs that are considered can be further classified into the
following two categories.

1. Optimistic Low (C-1): We assign those NFRs to this category for which
a lower value of the associated metric implies better satisfaction of the
NFR. For example, NFRs like response time and cost, are optimistic toward
minimum value, i.e, lower the response time of the system, the better the
system performance.

2. Optimistic High (C-2): We assign those NFRs to this category for which a
higher value of the associated metric implies better satisfaction of the NFR.
For example, NFRs like accuracy and availability are optimistic toward
maximum value, i.e, the higher the system’s availability, the more reliable it
becomes.

2.2.2  NFR Conflict Identification

As NFR conflict knowledge base for autonomous systems in particular robotic
systems, we rely on data collected from the existing literature (namely, [66, 14,
62, 58, 67, 68, 69, 63]) and by collating knowledge from domain experts. The
document provided at' contains the NFR conflict catalog that we have built and
used in this research work.

2.2.3 QoS Policies

Quality-of-service policies allow us to tune communication between nodes. ROS2
has defined several QoS policies® for communicating nodes. In the definitions, of
the QoS policies a publisher refers to the node sending a message or data and a
subscriber refers to the node receiving a message or data. The QoS policies can be
captured in the proposed DSL metamodel.

2.2.4 Challenges in the design of Robotic Autonomous System

Autonomous systems, in particular robotic systems, consist of various nodes
deployed internally or externally that coordinate and exchange data to perform
some tasks. The components of these systems belong to two categories (i) opera-
tional components (hardware and software) and (ii) communication components.
These components are associated with several constraints like NFRs, dependency

1 https://github.com/RESSA-ROB/SCARS/blob/main/NFR_Catalog.pdf
2 https://docs.ros.org/en/rolling/Concepts/About-Quality-of-Service-Settings.html
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(between FR and NFR), compliance with standards, scenario constraints, and
others. Such a component-based system that has a variety of operational tasks,
non-functional properties and communication channels gives rise to the following
concerns or issues -

I-1 Intra NFR Conflict- Whether the non-functional properties of a component are in
conflict? If they are in conflict how they can be operationalized so that all required
priorities are met?

I-2 Inter NFR Conflict- Whether there exist conflicts among the non-functional prop-
erties of a group of components (like a swarm of robots or a group of heterogeneous
components) when they are deployed in a particular environment?

I-3 NFR Compliance- How compliance of NFRs with standards can be ensured at
design time?

I-4 Context-NFR Correlation- How the satisfiability of non-functional properties of
the system are affected in different contexts?

I-5 QoS Compatibility- Are communicating nodes compatible with QoS policies?

These issues are related to the research objective (Q-2). Each of these issues
involves different analyses of the system specification. The SCARS framework
addresses in particular issues I-1, I-2, I-4, and I-5 above.

2.3 THE PROPOSED APPROACH

This section details the proposed DSL metamodel and the SCARS framework.

2.3.1  The DSL Metamodel

The proposed DSL metamodel is shown in Figure 1, consisting of three categories
of artifacts: (i) operational artifacts, (ii) communication artifacts, and (iii) con-
straints. It should be noted that operational and communication artifacts have
already been proposed in the literature in different forms. However, a single DSL
metamodel in the literature does not constitute all the artifacts together. We intro-
duce the constraints as the new artifact for explicitly identifying NFR conflicts
and inconsistencies in different environmental contexts. Each of these artifacts
consists of one or more classes. The concepts (or classes) of the DSL metamodel
are further illustrated using examples created on the Meta Programming System
(MPS) platforms3.

* Operational Artifacts- The classes representing the operational artifacts are as
follows (marked in blue in Figure 1)-

— AutonomousSystem is the root class of the metamodel. Its instances are
characterized by a systemName that can be used to refer to the domain
where robots are deployed. For example the class AutonomousSystem
can represent a Hospital where a swarm of robots are deployed.

3 https://www.jetbrains.com/mps/concepts/
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— MinValue : EinfegerObject

= MaxValue : ElntegerCbject

= MostiikelyValue : ElntegerObject

[1.7] ScenariaNFRImpact T

Figure 1: DSL Metamodel

— Components class represents the different components of autonomous

robotic systems. Each instance of Components class has a Name. The

Components class can represent composite components of the system.

Hence each artifact that is defined using Components class, consists of
one or more sub-components. These sub-components can again be
composite (defined using Components class) or atomic (defined using
Hardware or Software class). The AutonomousSystem class comprises
one or more Components.

Example 1 in Table 2 captures the specification of a robot that is a
composite component defined in MPS platform. The Sub Components
class in this example contains other composite components that make
up the robot.

— The Components class is composed of two subclasses Hardware and

Software. The Hardware and Software classes are used to represent
atomic components.

— The instances of Hardware class are characterized by its HID (a unique

identifier), Type (represent the type of the device which may be sensors
or actuators), and Category (captures the class of devices mechanical or
electrical part).
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Table 2: Examples of Operational Artifacts

Operational Artifacts

Example 1

Component Name: ROBOT1
Sub Components
CAM1
CAM2
Hardware Components
Actuator: Robot Wheel
Sensor: H1
Controller: H103
Software Components
Path Planner
Functional Objective
FR Name: Fetch
Description: Fetch
clothes from the racks.
FR Name: Deliver
Description: Deliver clothes

to the washer.

Example 2

Component Name: CAM2

Sub Components

Hardware Components
Sensor: Lens 1.2
Software Components
Motion Detector
Functional Objective
FR Name: Object Capture
Description: Records objects even in

low illumination.

Example 3

Hardware component: Robot Wheel
Type: Actuator
Category: Mechanical HID: W1o1
Functional Objective
FR Name: Rotation
Description: Wheels should

rotate 360 degrees.
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Table 3: Examples of Communication Artifacts

Communication Artifacts
(Input Port) ID — IN101
Receive Topic Type: Location
Message: Object Detected.
QoS Profile: Checks
QoS Profile Type: Location
(Output Port) ID — OT101
Send Topic Type: Warnings

Example 4

Message: Failed to complete tasks.
QoS Profile: Check1
QoS Profile Type: Warnings

Connections

Topic Type: Location
Example 5 OT102 — IN105

Topic Type: Warnings

OT101 — IN108

Policy List: Check1
QoS Profile Type: Warnings
Reliability == RELIABLE
Durability == TRANSIENT_LOCAL
Liveliness == MANUAL_BY_TOPIC

Deadline == 12

Lease Duration == 10

Policy List: Checkz2

QoS Profile Type: Traffic
Reliability == BEST_EFFORT
Durability == VOLATILE
Liveliness == AUTOMATIC
Deadline == 15

Example 6

Lease Duration == 12
Policy List: Check3

QoS Profile Type: Location
Reliability == RELIABLE
Deadline == 7

— The instances of Software class are characterized by its SID (a unique
identifier), ModuleType (that may be connectivity, power management)
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and Category (captures the class of software like operating system or
user interface).

Devices like cameras and actuators can be defined as atomic com-
ponents (using Hardware class) or as composite components (using
Components class). This depends upon the level of detail the system
engineers need to capture. Example 2 in Table 2, a camera is defined
as a composite component. Example 3 in Table 2, a wheel (actuator)
is defined as an atomic component. CAM2 and Robot Wheel are the
components referred in the specification of ROBOT1 in Example 1.

The FunctionalRequirement class captures the FRs. The instances of
FunctionalRequirement are characterized by their FRName (identifier
for a functional requirement) and Description. The Hardware, Software
and Components classes are composed of class FunctionalRequirement.
The functional goals of each atomic and composite component can be
captured in the DSL metamodel. Example 1 and Example 3 in Table 2
show some sample FRs of a robot and a wheel, respectively.

* Communication Artifacts- The classes representing the communication arti-
facts are as follows (marked in green in Figure 1):

— The Ports class is used for representing communication ports. The

Components class is also composed of one or more Ports. Each instance
of Ports class is characterized by a Port_ID. The attribute Port_ID
represents a unique identification number of each port.

The Ports class is a supertype for two subclasses InputPort and
OutputPort.

The instances of InputPort are characterized by the attributes - Mes-
sage (data/message component receives) and ReceiveTopicType (type of
message received, for example traffic alert, object detection).

The instances of OutputPort are characterized by the attributes - Mes-
sage (data/message component sends) and SendTopicType (type of mes-
sage send).

We have pre-defined some of the plausible topic types [45] while
implementing the language model in MPS. The designer can select
a topic from the list while creating a specification. This list can be
extended as required. Example 4 in Table 3 shows a component’s
sample input and output port specification.

The Connections class defines how the information flow occurs be-
tween the ports of one device to another. The instances of this class are
associated with attributes iport (refers to input ports), oport (refers to
output ports) and TopicType (records the type of data exchanged). Each
instance of Connections class defines data flow from an output port to
an input port. The AutonomousSystem class is composed of one or more
connections. For instance, Example 5 in Table 3 shows connections
defined between pairs of ports. Each connection also includes the type
of data exchanged between the ports.
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— The QoSProfile class represents the different quality of service pa-
rameters associated with communicating nodes. Each instance of
QoSProfile consists of - QoSprofileType (this profile type corresponds
to the different topics of input and output ports) and policyList (list
of QoS policies). The specification of QoSprofileType is significant as
the exchange of different information may require different QoS pa-
rameters. The InputPort and OutputPort classes are associated with
one or more QoSProfile classes. Example 6 in Table 3 shows how
QoS policies are captured in the proposed DSL. Each QoS policy has
a type associated with it. The type of InputPort and OutputPort i.e.
attributes ReceiveTopicType and SendTopicType respectively, must match
the type of QoS profile (attribute QoSprofileType) assigned to it (as
shown in Example 4 in Table 3).

— The QoSCompatabilityCheck class captures the compatibility issues
between different QoS profiles. The instances of this class are character-
ized by the attributes - QosProfilePair (QoS profiles whose policies are
incompatible) and ProfileCompatability (records the compatibility issues).
The QoSCompatabilityCheck class consists of the CompatabilityCheck()
function that checks for the compatibility of QoS profiles associ-
ated with different ports that communicate to exchange data. The
CompatabilityCheck() method refers to the QoS compatibility rules
defined for ROS22.

e Constraints- We have defined several constraints as classes in the metamodel
(marked in red in Figure 1).

— The NonFunctionalRequirement class captures the NFRs associated
with operational artifacts. The instances of NonFunctionalRequirement
class are characterized by the following attributes:

+ NFRID: A unique identifier.

+ NFRName: It represents the NFR category, such as security.

+ MetricName: Captures different metrics that are associated with
each NFR category, such as encryption level for security.

+ MinVal: Represents the minimum value of an NFR.

+ MaxVal: Represents the maximum value of an NFR.

+ MostLikelyVal: Represents the most likely value of an NFR.

+ Parameters: It captures other NFRs on which a particular NFR is
dependent. This is applicable mostly in the case of composite com-
ponents that are made up of several sub-components (atomic or
composite). The satisfaction of the NFR of a high-level composite
component may be dependent on the NFRs of its sub-components.

+ Operation: It specifies how the NFRs of lower-level sub-components
are related to the NFR of the higher-level component.

The minimum, maximum, and most likely values are expected to be
provided by the requirement analyst. The domain of these values
depends on the individual NFR category (see Example 11 in Table 4).
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When these values are used in computations, they are normalized in
the same scale. The Hardware, Software and Components classes are
composed of class NonFunctionalRequirement. Example 7 in Table 4
shows the NFRs defined for component ROBOT1 of Example 1 in Table 2.
The NFR N601 is related to two NFRs N101 and N301 and the operation
is max. Then the maximum of the most likely values of these two NFRs
must match the most likely value of NFR N601.

The DependencyAssociation class is used to capture the associations
between FunctionalRequirement and NonFunctionalRequirement.

NEFRs are feature-centric [70]. The DependencyAssociation class cap-
tures relevant NFRs associated with the functional features that must
be satisfied. The specification of NFRs for each functionality ensures
that it is realized in such a manner that the required non-functional
properties can be satisfied. Also, it can be used to verify whether
the deployed system meets or violates non-functional properties. The
instances of DependencyAssociation class are characterized by FRID,
NFRID and DependencyValue. The attributes FRID and NFRID refers
to the attributes FRName and NFRID of FunctionalRequirement and
NonFunctionalRequirement class respectively. The DependencyValue
represents the degree of dependency between FRs and NFRs. The
domain of DependencyValue is within 1-10, in our framework. These
associations are expected to be identified by the requirement analyst
[71] using existing frameworks such as [72]. The DependencyValue is
also used to derive optimum satisfaction values of NFRs. Example 8
in Table 4 shows an association between the NFRs of Example 7 with
the FRs defined in Example 1 for the component ROBOT1.
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Table 4: Examples of Constraints

Constraints

Example 7

Non-Functional Objective

Non-functional Property:

ID: N6o1

NEFR Category: Availability —>

Metric: Probability percentage of system uptime
Minimum value: 70 Maximum value: 9o

Most Likely value: 85

Parameters: N1o1 NFR Category: Availability —>
Metric: Probability percentage of system uptime
N301 NFR Category: Availability —>

Metric: Probability percentage of system uptime
Operation

Max

Non-functional Property:

ID: N602

NFR Category: Performance —>

Metric: Response Time

Minimum value: 2 Maximum value: 10

Most Likely value: 5

Parameters

<<L>>

Operation

<<L..>>

Example 8

Deliver ->N6o1 NFR Category

Availability —>Metric: Probability percentage of system uptime
Dependency Value: 8

Deliver ->N60o2 NFR Category

Performance —>Metric: Response Time

Dependency Value: 9

Fetch ->N6o1 NFR Category

Availability —>Metric: Probability percentage of system uptime
Dependency Value: 8

Fetch ->N602 NFR Category

Performance —>Metric: Response Time

Dependency Value: 6

Continued on next page
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Table 4 — continued from previous page

Constraints
Contexts-NFR Association
ID: C1 Name: Lightning Values: Dim
Impacted NFR: N6o1 NFR Category:
Availability —>Metric: Probability
percentage of system uptime N6o2 NFR Category:

Performance —>Metric: Response Time

Contexts-NFR Association

ID: C2 Crowd: Low

Impacted NFR: N6o1 NFR Category:

Availability —>Metric: Probability percentage of system uptime
N6o2 NFR Category:

Performance —>Metric: Response Time

Contexts-NFR Association

ID: C3 Name: Crowd: Heavy

Impacted NFR: N6o1 NFR Category:

Availability —>Metric: Probability percentage of system uptime
N602 NFR Category:

Performance —>Metric: Response Time

Example 9

Scenario:

Scenario ID: S1

Example 10|Contexts: C1 -Lightning: Dim , C2 - Crowd: Low
Scenario ID: S2

Contexts: C1 -Lightning: Dim , C3 - Crowd: Medium

Scenario-NFR Impact

Scenario ID: S1 NFR: N6o1 NFR Category:

Availability —>Metric: Probability percentage of system uptime
Min Value: 60 Max Value: 8o

Example 11\ Most likely Value: 70

Scenario ID: 52 NFR: N6o2 NFR Category:

Performance —>Metric: Response Time

Min Value: 5 Max Value: 10

Most likely Value: 7

— The ConflictAnalysis class captures the conflict relationship between
different NonFunctionalRequirement. The instances of this class con-
sist of the following attributes:
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+ NFRpairs: The pair of NFRs that are identified to be in conflict by
the ConflictIdentification() function.

+ ConflictImpactvalue: The degree of conflict among NFRs. The im-
pact values can be of three types- linear, polynomial and exponential.

+ RiskType: The risk imposed by each identified conflict. the risk can
be- low, moderate, high.

The ConflictAnalysis class also consists of three functions-

+ Conflictldentification(): Identifies pair-wise conflict among NFRs.

+ AffectionFunction(): It derives the degree of conflict and risk in-
volved.

+ NFROptimzation(): It derives an optimized satisfiability value of
each NFR in conflict.

— The class ContextNFRAssociation is used to represent the different
environmental contexts and correlates these contexts with NFRs. The
context represents environmental conditions in which system has to
operate. The instance of this class is characterized by the ContextName,
ContextValue and ImpactedNFRList. The attribute ContextName and Con-
textValue defines an environmental context and its label respectively.
The attribute ImpactedNFRList lists the different non-functional proper-
ties that may get affected in a particular context. Example 9 in Table 4
shows instances of sample contexts and impacted NFRs as defined in
MPS platform.

— The scenario class in the metamodel is used to represent different
scenarios in which the system has to operate. Its instances are char-
acterized by the ScenariolD and ContextList (that is inherited from
ContextNFRAssociation class). Each scenario is a combination of mul-
tiple environmental contexts. The attribute ContextList consists of the
set of contexts that make up a particular scenario. Example 10 in
Table 4 shows how the contexts of Example 9 are combined to create
different scenarios.

— The class ScenarioNFRImpact captures how multiple contexts, when
they occur together, affect different non-functional properties of the
system. Its instances are characterized by the following attributes:
ScenariolD, NFRID (this NFRs must match with the one defined with
the contexts for a particular scenario), MinValue, MaxValue and Most-
LikelyValue. The parameters MinValue, MaxValue and MostLikelyValue
capture how the NFR values may undergo changes for a particular
scenario. This class addresses the issue I-4 mentioned in Section 2.2.4.

Example 11 in Table 4 shows the correlation between NFRs and sce-
narios. The NFR N601 that was defined earlier in Example 7 in Table 4
undergoes a change in its specification in scenario S1 in Example 11.
These correlations are to be determined manually by system analysts.
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2.3.2 The SCARS Framework

This section illustrates the general workflow and different modules of SCARS
(refer to Figure 2). We assume that the following conditions are satisfied:

1. The availability of conflict catalogs (based on state-of-the-art literature).
These catalogs must include conflicts between NFRs specific to the robotic
autonomous system (refer to!).

2. The availability of a QoS policy list? for the system under consideration.

3. Relevant data on the environmental contexts under which the system shall
operate.

The architecture of SCARS is shown in Figure2. The end-to-end flow of activities
is shown using solid arrows. The dotted arrows represent some of the optional
activities that the system designer can perform. The architecture is divided into
three modules, namely: (A) SYSTEM AND SCENARIO SPECIFICATION (B) REQUIRE-
MENTS ANALYSIS and (C) NFR OrrimizaTioN. The following subsections illustrate
each module in detail.
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Figure 2: The SCARS framework

SYSTEM AND SCENARIO SPECIFICATION

This module consists of two activities: (1) requirement specification using the
DSL metamodel; and (2) integration of scenario constraints in the requirement
specification. The requirement engineer will use the DSL metamodel (described
earlier) to generate a general requirement specification for the target system. This
specification is then embedded with scenario-specific constraints.
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Integration of Scenario Constraints in The Requirements Specifications

The system specification must include the different scenarios (Scenario con-
straints in Figure 2) in which the system has to operate and how in different sce-
narios the non-functional properties of the system are affected (refer to Example
11 in Table 4). The scenario information will be obtained from different stake-
holders of the system. The Integration and Duplication process in the framework
takes the general requirement specification of the target system and augments
them with scenario information. That is, for each scenario, a scenario-specific
requirement specification is created and fed into the subsequent processes of
the framework. Suppose that there are 7 scenarios in which the system has
to operate, our framework creates n separate requirement sets (one for each
scenario) for further analysis (refer to Figure 2). The objective of doing this is
to separately check the risk factors (conflicts, inconsistencies) associated with
different scenarios. This will assist the system designer in building various config-
urations of the system with minimum risk. In Example 11 there are two different
scenarios. Each scenario has some effect on the non-functional properties that
were specified in Example 7. Hence, the Integration and Duplication process creates
two separate scenario-specific requirement specifications (say R1 and R2). In the
requirement specification, R1 the specification of NFR N601 will be replaced by
the one mentioned for scenario S1 in Example 11. In the R1 specification of NFR
N602 will remain the same as in Example 7. In the requirement specification, R2
the specification of NFR N602 will be replaced by the one mentioned for scenario
S2 in Example 11. In the R2 specification of NFR N601 will remain the same as in
Example 7.

It should be noted that each scenario can affect multiple NFRs. In our exam-
ples, we have shown only a single instance for simplicity. In the requirement sets
R1 and R2 only the NFR specification of different components is changed. Figure
3 shows the description of FRs and NFRs description for ROBOT1 in scenarios S1
and S2.

R1 (Scenario S1)

NFR ID: N601 NFR Category: Fg;iminﬁ\e‘égcn s R
sailability - ity : y
tln:heslfrom the racks. A‘;’;‘[‘sm’;‘gE:ﬂ?;&s[ﬁ;}?gg"’ clothes from the racks Avallabilty _j a0
FR Name: Deliver Min Value: 0 Max Value: 80 FR Name: Deliver Melric: Probability percentage of
Deseriplion: Dolar clothas Most likely Value: 70 Description: Deliver clothes system uptime
i NFR ID: N602 NFR Category: to the washer Minimum value: 70 Maximum value: 90
Performance — Most Likely value: 85
Metric. Response Time NFR 1D: NB02 NFR Category
Minimum value: 2 Maximum value: 10 Performance - Metric: Response Tims
Most Likely value: 5 Min Value: 5 Max Value: 10
Most likely Value: 7

FR Name: Feich
Description: Fetch

Figure 3: Scenario-specific requirement set

REQUIREMENT ANALYSIS

In this module, each of the scenario-specific requirement specifications is subjected
to analysis. It includes three different processes that check for incompatibilities,
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inconsistencies and conflicts in the requirement sets, respectively. These processes
can be executed in parallel and are explained in the following subsections.

QoS Compatibility Check

The management of QoS policies is an important aspect of an autonomous system
as different devices communicate among themselves to publish and subscribe to
information. The quality parameters associated with the communication ports of
the devices define the characteristics of communication. The QoS Compatibility
Check module of the framework takes as input the system specification (in different
scenarios), which includes devices that are communicating among themselves to
share information. The module generates incompatible QoS profiles for different
communicating devices. The ROS2 community has already defined the set of
incompatible QoS profiles. We have implemented those rules? in the model
checker in MPS. This QoS Compatibility Check module addresses the issue I-5
mentioned in Section 2.2.4.

Table 5: Example of Qos Profile

QoS Profile
Policy List: Profile1

QoS Profile Type: Location
Reliability == BEST_EFFORT
Durability == VOLATILE
Example 12 Deadline == 5
Policy List: Profile2

QoS Profile Type: Location
Reliability == RELIABLE
Durability == VOLATILE

Deadline == 3

Consider two QoS profiles profiler and profile2 shown in Example 12 in Table 5
that are associated with ports 0T102 and IN105 respectively (refer to Example 5
in Table 3). The port 0T102 is publishing location information that is subscribed
by port IN105. In Figure 4, we can see that the QoS profiles associated with these
two ports are incompatible due to their Reliability and Deadline policy.

54 issues found
Errors (37 issues)
S Demo 327 usages
m Demo.a_model 37 usages
BH 2
BH2 5
R/ Path Planner
M) ROB1 9 usages

® Error: The Profiles OT102 and IN105 are incompatible due to Deadline policy.

# Error: The Profiles OT102 and IN105 are incompatible due to Reliability policy.

Figure 4: QoS Profile Compatability Check Result
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NER Consistency Check

An autonomous system is built from an aggregation of several atomic and
composite components. These heterogeneous components coordinate to perform
particular tasks.

Consider the situation where a robot is expected to deliver some goods in the
hospital from point A to point B and the expected response time for the task is ¢,
sec. Now in performing this task the sensing device of the robot (response time
ts sec) will locate the goods, the task and motion planning software modules
(response time ft,, sec) compute a route for the robot and the wheels (time
required to move from point A to B is t,, sec based on wheel velocity) help in
the movement. Each of these components has its own individual response times.
Hence, it is necessary to compare whether these individual response times (ts,
tm, tw) of the components are sufficient to obtain the response time required for
the task (t;).

In our DSL metamodel, we have the provision for specifying NFRs for each
individual component, and how the NFRs of different components are related.
Algorithm 1 checks whether the NFRs associated with high-level composite
components are consistent with the non-functional properties of its constituting
components. This consistency check is performed at the inter-component level
that is among different components (both atomic and composite). The function
COMPUTE applies the specified operation on the most likely values of the NFR
in the parameters field and stores it in variable cvalue. The function COMPARE
compares the covalue with the most likely value of the NFR of concern. This
comparison also depends on the NFR category. For example, for NFR Security
if coalue obtained is less than the required encryption level value, then it is
inconsistent. However, for NFRs like Response Time if cvalue is less than the
required response time value (mvalue) then it is acceptable. A shorter response
time is usually considered better.

Algorithm 1 NFR Consistency Check

Arguments:
1. Ceomp: A set of composite components.
Output:
1. A set of higher-level NFRs incompatible with lower-level associated NFRs.

1: function NFR CoNsisTENCY CHECK(Ccomp)
2 for each comp € Ccomp do

3 for each nfr € comp do

4 cvalue <~ COMPUTE(nfr.parameters, nfr.operation)
5: result <~ COMPARE(cvalue, nfr.mostlikely)

6: Print result.

7 end for

8 end for

9: end function
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We have implemented an NFR category check before comparing their values.
This consistency check method is executed for different requirement sets that
exist for different scenarios. This NFR Consistency Check module addresses the
issue I-2 mentioned in Section 2.2.4

Model Checker: m Demo.a_model

» 8 35 issues found
Errors (20 issues)
S Demo 20 usages

@

# Demoa_model 20 usages
®H1 2usage
® H2 5usage
¥ Path Planner

) Swarm
W Error: The Profiles OT102 and IN105 are incompatible due to Deadline policy.

3 " §
I % Error. Robot ROBOT1 --> Parameter values are inconistent for N601. Max most likely value for the parameters is 80.0. Required value is 85.0. I

3 € o> ol % X

Figure 5: NFR Inconsistency Result

In Example 7 in Table 4 we observed that NFR N601 is related to NFRs N101
and N301 and the Operation is Max. NFRs N101 and N301 are associated with the
sub-components of the ROBOT1 (H1 and H103 respectively). In this case, the
maximum of their most likely values are not consistent with the most likely value
of NFR N601. This is analyzed by the model checker in MPS and shown as an
error in Figure 5.

NER Conflict Check

The NFR Conflict Check is performed at the intra-component level and is the
most important function of Requirement Analysis. The NFR Conflict Check module
addresses the issue I-1 mentioned in Section 2.2.4. This module consists of two
major activities, (1) Conflict Identification and (2) Conflict Impact Analysis.

Conflict Identification: The Conflict Identification procedure is performed on
the NFRs of each component (atomic and composite) defined in the specification.
As mentioned earlier in Section 2.3.2 for each n scenarios in which the system is
likely to operate the framework creates a different specification. Hence conflict
identification is performed for each component in n scenarios. A pre-defined
conflict catalog is used for detecting conflicts among NFRs (refer to'). Algorithm
2 illustrates the steps for conflict identification. It takes a set of n requirement
specifications as input. Then for each specification, it checks for the NFR conflicts
in each of the components separately. The CHECK function checks whether a
pair of NFRs are in conflict by referring to the conflict catalog and returns 1 or o
respectively.

Conflict Impact Analysis: The objective of this activity is to analyze the risk
(or severity) associated with different conflicting pairs of NFRs and how a change
in the weight of one NFR impacts its conflicting NFR. It involves the following
steps-

i Expected Value Computation- We have used PERT [73] for computing an initial
expected value of each NFR. Each NFR is associated with three values-the
minimum value, the maximum value, and the most likely value (refer to
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Algorithm 2 NFR Conflict Identification

Arguments:

1. Spec[n]: An array of requirement specifications for n scenarios.

2. k: Let k be the total number of components in the specification.

Output:

1. Conflicti[K][colsizel, 1 € [1,1]: A set of 2-D arrays storing the conflicts for

each component in n scenarios. The colgi, is set to ("21), where m is the
maximum total number of NFRs of all components.

1: function CONFLICT IDENTIFICATION(Spec, k)

T o T T = S S S
N 2 A RN R Q

18:
19:

Set index < 1
while index < n do
Fetch Specification Speclindex].
Set count < 1
while count < k do
Fetch specification for component conf,,,,;,+ in Spec[index]
Set conf.yynt < 0.
for each (nfr;, nfr;) € confyy s do
result «— CHECK(nfry, nfr;)
if result = 1 then
Increment conf g4
Add (nfr;, nfr;) to Conflict;,, 3,. [count]lconfepypt]
end if
end for
Increment count.
end while
Increment index.
end while

20: end function

Section 2.3.1). The PERT determines the expected value using the following
formula-

Oval + Pval + 4Mva1

Expectedyqiue = c

(1)

where, O, 41 refers to the optimistic value, P,q1 refers to the pessimistic
value and M, 41 refers to the most likely value.

In the case of NFR of the category C-1, the optimistic value is the minimum
value, and the pessimistic value is the maximum value. Similarly, for
NFRs of category C-2, the optimistic value is the maximum value, and the
pessimistic value is the minimum value. The expected values are computed
for each NFR pair that is in conflict. The same NFR can have different
expected values in different scenarios.
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ii

iii

Normalization of Values- The metrics of different NFRs have their minimum
and maximum values in different ranges. The initial expected values
computed for different NFRs lie in different ranges. These initial expected
values are normalized in the range [0-1] using the following formula-

X_Xmin

max Xmin

()

Xnormalize dval = X

where X is any value that must be normalized, Xy, in is the minimum value
X can have and X, o is the maximum value X can have.

C-1 category NFRs are optimistic towards minimum value and C-2 category
NEFRs are optimistic towards maximum value. To simplify the calculation,
we complement the normalized expected values of C-1 category NFRs (refer
to equation 3).

Xcomplement =1- Xnormalizedval (3)

This step makes all NFRs optimistic about the maximum value. This
normalization and complementation help to compare the NFRs uniformly.

Let us consider the NFR N602 in Example 77 in Table 4, which belongs to
category C-1. Using PERT (equation 1) the expected value is 5.33. The
normalized value for N602 is 0.41625. Now complementing the normalized
value using equation 3 we get the value 0.58. It should be noted that here
we have not considered the impact of the scenario on the NFR N602.

Estimating Risk of Conflict- For every pair of NFR conflicts, we classify
them into one of the following three classes. This conflict classification
is performed for each of the n requirement specifications. Suppose that
the NFR pair (nfr;, nfr,) in scenario m is in conflict with normalized
(and maybe complemented) expected values E; and Ey, respectively. The
expected values computed reflect the desired user expectation from the
system. We consider these expected values and conflict information to
determine the risk imposed by NFR conflicts. If the computed expected
values lie between 0-0.5 then it is assumed to be in the pessimistic range
and that between 0.5-1 is to be in the optimistic range.

* Low Risk- If the values of E; and Ey are in the range [0.5, 1] then the NFR
pair (nfr,, nfr,) are said to be in a low-risk conflict. Now, increasing
the expected value of nfr; will negatively influence (decrease) the value
of nfr, as they are in conflict. However, since the value of nfr, is in the
optimistic range, the impact may not be too severe.

* Moderate Risk- The NFR pair (nfr;, nfr, ) are said to be in a moderate
risk conflict when one NFR have their expected value in the pessimistic
range and another in the optimistic range. nfr; negatively influences
nfr,.. Suppose E; lies in the range [0.5, 1] but Ey lies in the range [0, 0.5].
Now, increasing the expected value of nfr; will negatively influence
(decrease) the value of nfr, . If the value of nfry is below a minimum
threshold, it implies that the NFR cannot be satisfied.

* High Risk- If the values of E; and Ey lie in the range [o, 0.5] then the
NER pair (nfr;, nfr, ) are said to be in high-risk conflict. Since both lie
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in the pessimistic range whenever we try to improve the value of one
NEFR towards the optimistic range, it severely affects the other.

“—
Ek -f(A)
) | | | |
A. Low Risk | | |
0 0.5 | 1
Ei +A
—
<
Ek -f{a)
i | |
B. Moderate Risk | | |
0 0.5 1
Ei +A
—
Ek -f(A)
; : | | | |
C. High Risk | | |
0 | 0.5 1
Ei+A
—

Figure 6: Risk associated with NFR conflicts

In Figure 6 the blue bar represents the initial expected value of Ey
and the green bar represents the initial expected value of E; for the
low-risk, moderate-risk, and high-risk cases, respectively. A represents
any constant value by which the expected value of nfr; increases. Then
expected value of nfr, decreases by a value that is a function of A -
(f(A)). The f(A) depends on the risk category and it is discussed in the
next step.

iv Impact Analysis- We have defined an Affection function that is a mathematical
function to analyze the risk profiles of different NFR conflicts and to deter-
mine how a change in the expected value of an NFR negatively impacts the
weight of another NFR. The impact value is computed based on the risk
category as follows:

* When the NFR pair (nfr;, nfr, ) have a low risk, increasing the value of
NEFR nfr; will have a linear impact on the value of nfr, and vice versa.
That is, we increase the value of nfr; by a constant A, then the value of
nfr, decreases by A x diff, where, diff= Ey - 0.5.

* When the NFR pair (nfr;, nfr,) have moderate risk, increasing the
value of NFR nfr;, decreases the value of nfr, polynomially and vice
versa. That is, we increase the value of nfr; by A then the value of nfr;

decreases by Ak*diﬁ, where k is any constant of power of 10. The value
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of diff is determined using the same formula as above. The values of
A and diff both lie in the range [0, 1]. A to the power of diff will give a
very small value. Hence, we multiply diff by k.

* When the NFR pair (nfr;, nfr,) have a high risk, increasing the value
of NFR nfr;, decreasing the value of nfr, exponentially and vice versa.
That is, we increase the value of nfr; by A then the value of nfr;
decreases by e2*4tfT. The value of diff is determined using the same
formula as above.

The value of A is in the range of [0.1, 1-E;]. We assume that the
minimum value of A is 0.1 and the maximum value as 1-E;, since the
value of NFRs is in the [o,1] range.

Hence, the Affection function is defined as follows.

A xdiff if risk is low
£(8) = < AR if risk is moderate
eAiff if rigk is high

Algorithm 3 demonstrates the above-mentioned steps of conflict impact anal-
ysis activity.

Let us consider the NFRs N601 and N602 (refer to Example 7 in Table 4). Their
initial expected values are found to be 0.59 and 0.61 respectively in scenario S2
(refer to Example 11 in Table 4). When trying to improve the value of N601, the
value of N602 degrades linearly as they have low risks. If we increase the value of
N601 by A then the value of N602 decreases by Axdiff. The value of A will lie in
the range of 0.1 to 1 —0.59 i.e., 0.41 and diff value is abs(0.5 —0.61) i.e., 0.11.

All these algorithms have been implemented within the model checker in
MPS.

NFR OPTIMIZATION

In this module, we apply a multi-objective optimization approach to compute
the optimal satisfaction values of NFRs in different scenarios for the various
components in a robotic system. This optimization module provides feasible
satisfiability values of each NFR given their conflicts and association with various
FRs. Based on the output of the optimization module, system designers can build
appropriate system configurations in different scenarios, reducing the cost and
risk of system refactoring.

We have used the pymoo library# in python to solve our optimization problem.
Each component has one or more functional goals that it must achieve. These
functional goals have different degrees of association with one or more NFRs
(refer to Example 8 in Table 4). These NFRs may also have a negative impact
on each other. The function AFFECTION (see Algorithm 3) provides the degree
of conflict among different pairs of NFRs. Considering the FR-NFR dependency
and NFR conflict relationship, we create a multi-objective optimization problem

4 https://github.com/anyoptimization/pymoo
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for each component considering their NFR values in different scenarios. If the
system has to operate in n scenarios, then each component will have a different
optimization problem for n scenarios.

Consider again the NFR pair N601 and N602. The robot ROBOT1 (refer to
Example 1 in Table 2) has two functional goals Fetch and Deliver. The goal
Fetch is also associated with NFR N601 and N602 with dependency values 8
and 6 respectively. The goal Deliver is associated with NFRs N601 and N662
having dependency values 8 and g respectively. Let w1 and w2 be the decision
variables for NFRs N601 and N602 respectively. The objective functions are formed
by multiplying the decision variables w1 and w2 by the dependency values
corresponding to each FR. Two objective functions will be created with respect
to each functional goal (Fetch and Deliver). The constraints are formed by the
conflict impact relationship derived by Algorithm 3. The constraints show how
an increase in the weight of one NFR affects another NFR. In this case, we know
that if we increase the value of N601 by A then the value of N602 decreases by
A*diff.

The optimization problem in this case can be formalized as:

maximize
wlw2

8wl 4+ 6w2
8wl + 9w2

stwl+w2+4+8—06xdiff >0,
wl +w2+ 06— 06 *diff <2,
diff =0.11,6 =0.1...,0.41

The values of diff and A are explained in the previous section. By solving
this optimization problem using the NSGA 2 algorithm with a population size
of 100 and the number of generations 50, we obtain the weights of w1 and w2,
respectively. These weights may vary in different scenarios. Based on these
weights, the system designer can know a priori the optimal satisfaction values of
the concerned NFRs in different scenarios. This helps explain the behaviour of
the system.

2.4 EXPERIMENTAL EVALUATION

The proposed approach can be validated on any autonomous system. In this
work, we have used a simple ROS-based robotic system to perform the validation.
Through these experiments, we show how the optimal values produced by the
framework can be used in real scenarios. The experiments are executed on a
workstation with AMD Ryzen g processor, GPU AMD Radeon RX, 32GB DDR5
RAM and Ubuntu 20.04 operating system. The experimental scripts and results
are available on our GitHub repository®.

We consider a simple delivery robot in a static environment, i.e. with no
moving or movable elements. The robot is simulated to start at some random
location A, retrieve an item from location B, and finally deliver the item to

5 https://github.com/RESSA-ROB/SCARS/tree/main/Experiments
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Algorithm 3 NFR Conflict Impact Analysis

Arguments:

1. Conflicti[k][colsizel, 1 € [1,n]: A set of n number of 2-D arrays storing the
conflicts generated by Algorithm 2.

Output:
1. Riski[kl[colsizel, 1 € [1,n]: An array storing risk of each NFR conflict.
2. Impacti[k][colsizel, i € [1,n]: An array storing impact of each NFR conflict.

1: function ArrecTIiON(Conflict;[k][colsize].....Conflict, [k][colsize])
for spec =1ton do
forrow =1to k do
for col =1 to colgi,e do

2:
3
4
5: if Conﬂictspec[row] [col] # @ then
6: Fetch NFR pair (nfri, nfry) from Conflict, .. [rowl[col]
7 E; + EXPECTEDVALUE(Nnfry)
8 Ey < EXPECTEDVALUE(nfr, )
9: Let A be any value between [0.1, (1-E;)].
10: Let diff «+ abs(0.5 — Ey).
11: if 0.5 < Ei, Ex < 1 then
12: Riskspec[row][col] < "Low-Linear"
13: Impactspec[row][col] < A*diff
14: elseif 0.5 <E;i <1 and 0 < Ex €0.5 then
15: Riskspec[row][col] «- "Moderate-Polynomial"
16: Impactspec[row][col] < Akdiff > where k=
10random(1,10)
17: else if 0 < Ey, Ex < 0.5 then
18: Riskspec[row][col] < "High-Exponential"
10: Impactspec[row][col] + eA*diff
20: end if
21: end if
22: end for
23: end for
24: end for

25: end function

point C. The experiment is carried out in two different simulation environments;
one consists of an indoor house setting, whereas the other is a hospital. The
experimental steps are as follows:

Step 1: Selection of a simulator

We have selected the ROS 2 Gazebo simulation stack for the iRobot® Create®3
Educational Robot to perform our experiments. iRobot® Create®3 Simulator can
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be used to quickly develop new applications and eventually run them on a real
robot without having to change anything. For more details, see 3.2.1. Figures
2.7(a) and 2.7(b) represent the two simulation environments. Figure 2.7(a) shows
a home environment consisting of two rooms and a single robot. Figure 2.7(b)
shows a hospital environment with multiple rooms and a single robot.

_‘_;ii-y o L A
L] (5 (0 _EI

(b) Hospital Environment

Figure 7: Simulation Environments

Step 2: Defining functional goals

The Create®3 robot can be navigated to a specified position and orientation. In
our experiments, we used middleware APIs to navigate the robot to different
positions. We define a simple functional task for the robot-

® T-1: The robot begins at an initial position A, picks up an object from
position B and delivers it as position C.

The Create®3 robot design does not provide a provision for the actual pick-up of
an object from a place. Thus, in our experiments, we simply move the robot to a
location B and introduce a time delay for the picking of objects. The position A,
B and C were determined randomly. The robot performs the same task in both
simulation environments (refer to Figures 2.7(a) and 2.7(b))
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Step 3: Determining the NFRs associated with the Functional Goals

The non-functional parameters that can be manipulated within this simulator are
(i) safety and (ii) speed. The non-functional parameters like response time and
battery discharge can be observed from the logs generated by the simulator. The
NEFRs that must be satisfied for task T-1 are as follows:

* N-1 Response Time- The response time associated with task T-1 is a category
C-1 NFR.

* N-2 Battery State or Battery Discharge rate- The battery state of the robot is
also category C-1 NFR.

* N-3 Speed- The speed of the robot is a category C-2 NFR.
* N-4 Safety- The safety of the robot is a category C-2 NFR.

These qualitative definitions of NFRs have been quantified while creating the DSL
specification within the SCARS framework.

Step 4: Determining the scenarios that can occur for the task T-1

We have instantiated the task T-1 for 100 different settings in both environments.
Thus, we have 100 settings for the home environment (Figure 2.7(a)) and 100
settings for the hospital environment (Figure 2.7(b)). In each of these settings
the positions A, B and C (defined in Step-2) are unique. The positions A, B and
C are randomly generated within the hospital room and the map and details
are discussed in the Appendix. In Figure 2.8(a) the objects marked in red as
Ob1 - Ob22 at home are the obstacles the robot has encountered in its path while
executing the task T-1. Similarly, in Figure 2.8(b) the objects marked in red as Obz
- Ob31 in the hospital are the obstacles that the robot has encountered on its path
while executing the task T-1. The positions of the obstacles are fixed within the
room and on the hospital map. Now, for performing task T-1 by the robot along
the path A-B-C in these 100 different settings (in both environments), different
situations can arise as follows.

* The path A-B-C does not include obstacles.
¢ The path A-B-C has only one obstacle.

¢ The path A-B-C has multiple obstacles.

These different situations form different scenarios. Table 6 illustrates the different
scenarios we have obtained based on obstacles in the home and hospital environ-
ment and randomly generated positions for A, B and C for both environments.
In the home environment (Figure 2.7(a)), we have encountered all seven scenarios
in Table 6. In the hospital environment (Figure 2.7(b)), we have encountered only
the first six scenarios.
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(b) Hospital Environment

Figure 8: Simulation Environments with Obstacles

Table 6: Experimental Scenario

Scenario Contexts
# Obstacle | Obstacle Before Pickup | Obstacle After Pickup
S1 o o S
Sz 1 1 5
S3 1 o .
S4 2 > o
S5 2 0 2
S6 > 1 .
S7 3 1 5

Step 5: Creating DSL specification

In this step, we elaborate on the DSL specification created for this experiment.
DSL specification in this case includes the following.

* Component Specification- In our experiments, only a single robot exists.
Create®3 robot consists of different hardware (such as mechanical and
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electrical) and software (sensing and navigation) parts. Figure 34 shows a
portion of the component specification created for the Create®3 robot.

Functional Goal Specification- The task T-1 defined in Step 2 is captured
within the DSL specification in Figure 35. In the DSL specification, we have
divided the task T-1 into two parts that are: (i) picking up an object that
involves moving from point A to B (RG1o1) (ii) delivering the object from
point B to C (RG1o02). This is because in table 6 we can observe that the
robot may collide with an obstacle either before picking up an object or
after picking up an object. Hence, the NFR parameter values (like speed) of
the robot differ before and after picking up an object in different scenarios.
The functional goal specification in both environments is the same, since
the same task is executed.

NEFR Specification- Figure A.36(a) and A.36(b) show the NFRs specified
corresponding to FRs RG1o1 and RG102. The FRs can have the same NFR
metric values or different ones. Figure A.36(c) shows the corresponding
FR-NFR dependencies. We have defined three NFR parameters in the DSL
specification - Speed, Response Time, and Energy Efficiency (for Battery
State). We have not captured the safety parameter in the DSL specification,
as in the simulator, it takes only fixed qualitative values (none, back_up_only,
full). The SCARS framework only supports quantitative metric values of
NEFRs. The specifications in Figures A.36(a), A.36(b), and A.36(c) are for
the home environment. The specification for the hospital environment is
different, as the NFR priorities vary in different environments. Table 7
illustrates how the maximum, minimum and most likely values of NFRs
are set within the DSL specification.

Table 7: NFR Parameter Values

NFR Minimum Value Maximum Value Most Likely Value
Battery Battery discharged Battery discharged
Discharge for moving the robot | for moving the robot | Based on NFR
(Energy at two extreme points | at two extreme points | category C-1
Efficiency) at maximum speed at minimum speed
Time taken for Time taken for
Response ) .
Ti moving the robot at | moving the robot at | Based on NFR
ime
two extreme points two extreme points at | category C-1
(Performance) o o
at minimum speed minimum speed
Speed Create®3 robot Create®3 robot Based on NFR
documentation documentation category C-2

* Scenario Specification- Figure 37 shows the different contexts and how

these contexts can be combined to create scenarios in Table 6. Here we have
only shown for scenario S3 in home environment. In the context-NFR
association section in Figure 37, it can be observed that with each context
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we associate different NFRs that could be affected. In Scenario-NFR Impact
section we define how the values of NFRs N105, N106 and N107 are affected
according to the scenario. These values are determined considering robot
safety (to ensure the robot’s safety against damages, the speed has to be
lowered, as it reduces the impact of the collision with the obstacle) and
the priority of different NFRs. We are not manipulating the values of
NFRs N101, N102 and N103 as they are associated with RG1o1 and here
an obstacle is encountered while achieving RG1o2. Hence in the scenario-
specific requirements specification generated by MPS for scenario S3 the
values of NFRs N101, N102 and N103 will remain the same as in Figure
A.36(a), but the values of NFRs N105, N106 and N107 will be replaced with
the one in Figure 37. The other scenario specifications are available within
the language model at®.

Step 6: Generating optimal values of NFRs

The model checker in MPS identifies the conflicts (refer to Figure 38) between
NEFRs in the specification. Then it uses this conflict information and FR-NFR
dependencies (refer to Figure A.36(c)) to generate a multi-objective optimization
problem. There are a total of seven different optimization problems generated
for each of the seven scenarios in table 6 for the home environment. In the case
of the hospital environment, six different optimization problems were gener-
ated for the first six scenarios in table 6. Figure 39 shows the multiobjective
optimization problem created for the requirement specification of scenario S3
in the home environment. This multi-objective optimization problem is solved
using the Pymoo library in Python. We have used the NSGA-2 algorithm to
solve this optimization problem. The NSGA-2 algorithm has been proven to be
computationally efficient for two objective optimization problems [74]. Table 8
shows the parameters set to solve the optimization problem. The population
size and the number of generations are subject to vary depending on the size of
the problem. Each constraint in Figure 39 is transformed into two constraints,
one satisfying the lower bound and the other the upper bound. Hence, the total
number of constraints in Table 8 is 8. The decision variables w1 and wy) are for
the speed values for FRs RG1o1 and RG1o2 respectively. The decision variables
wg1 and wg; are for the battery discharge values for FRs RG1o1 and RG1o2
respectively. The decision variables wg1 and wg; are for the response time values
for FRs RG1o1 and RG1o02 respectively. The values of the variables [wg1, wg1,
WR1, Ws2, WB2, WR2] are found to be [0.83, 0.71, 0.75, 0.76, 0.75, 0.8]. These values
imply the maximum values that each of the NFRs can have in that particular
scenario (S3). The multi-objective optimization problems for other scenarios can
be visualized by running the language model available at®.

® https:/ /github.com/RESSA-ROB/SCARS/blob/main/DSL_v1.zip
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Table 8: Parameters of optimization problem

Parameters Value
Number of Variables 6

Number of Objectives 2

Number of Constraints | 8
Method NSGA-2

Population Size 100

Number of Generations | 50

Step 7: Setting the values of the NFR parameters within the simulator

The values obtained in the previous step are normalized on the scale 0 — 1 and
must be assigned to their respective ranges. As mentioned earlier, the simulator
takes as input speed values and generates response time and battery discharge
values as output. So for goal RG101 the value of the speed metric is 0.45 and for
goal RG102 the value of the speed metric is 0.3. These values are obtained by
mapping the optimal speed values (values of wg1 and wy;)) in their respective
ranges using the formula 4. The value of w; is mapped in the range of NFR
N1071 in Figure A.36(a). The value of w;; is mapped in the range of NFR N105 in
Figure 37. After setting the values, the simulator is executed to record run-time
NEFR values.

Valnew = ((Valora — oldmin) * neWrange)/Oldrange (4)

where, old;ange= 0ldmax - 0ldmin and Newrqnge= NeWmax - N€Wmin.

The code for running the different scenarios within the simulator is available

at>.

Step 8: Obtaining the NFR values from the simulator

This is the final step of the experiment. We record the response time and battery
discharge values for the different scenarios. Table 9 provides a summary of
the values of the NFR parameters recorded in different scenarios for the home
environment. Similarly, Table 10 provides a summary of the values of the NFR
parameters recorded in different scenarios for the hospital environment. Tables
9 and 10 record the number of times each scenario has occurred in the 100
different settings. The velocity or speed metric value for FR RG101 and RG102
is determined by Step 5-7 for each scenario independently. Tables 9 and 10
also record the average response time and battery discharge in each scenario.
The distribution of the number of times each scenario occurred depends on the
random coordinates generated for executing task T-1 in the two environments.



Table 9: Experimental Results for Home
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Scenario | Number of Cases Velocity for | Velocity for | Average Response | Average Battery
FR RG1o1 | FR RGi1o2 Time Discharge
S1 42 0.46 0.46 48.12 0.59
S2 14 0.4 0.46 76.60613571 0.7535714286
S3 33 0.45 0.3 81.53432424 0.7615151515
S4 0.33 0.46 109.65545 0.895
S5 10 0.46 0.24 122.73635 0.87
S6 0.4 0.3 91.33313333 0.7666666667
S7 0.4 0.24 153.1283667 0.9733333333
Table 10: Experimental Results for Hospital
Scenario | Number of Cases Velocity for | Velocity for | Average Response | Average Battery
FR RG1o1 | FR RGi1o2 Time Discharge
S1 52 0.46 0.46 160.2063904 1.430192308
S2 23 0.44 0.46 175.3486217 1.558695652
S3 17 0.46 0.32 192.9473765 1.462941176
S4 0.4 0.46 138.9066 1.15
S5 8 0.4 0.313 212.534925 1.34
S6 0.4 0.32 182.617 1.685
2.4.1 Discussion
Analysis of Results

The experimental Step 6 generates the optimal values of different parameters of
the NFR (speed, response time and battery discharge). The optimal speed values
are fed to the simulator to execute the tasks in different scenarios. The simulator
generates the response time and battery discharge as log records. This generated
response time and battery discharge are compared with the optimal values (of
response time and battery discharge) generated by the optimization algorithm
to validate. It should be noted that we have run the result in the simulator in
each setting three times and taken an average of them. Now, we analyze the NFR

parameter values obtained from the simulator for each scenario.

e Scenario S1: In this scenario, the robot does not encounter obstacles in its
path. Table 11 shows the optimal values (maximal) of the NFR parameters
generated by the optimization algorithm for the home and hospital envi-
ronment. Figure 2.9(a) shows the distribution of the total response time
and the total battery discharge at home for the 100 settings obtained from
the simulator log records. Figure 2.9(b) shows the distribution of the total
response time and the total battery discharge in the hospital for the 100
settings obtained from the simulator log records. In both home and hospital
settings we observe that the value of the NFR parameter of the simulator
lies within the maximum optimal value (refer to table 11) except for very

few cases where a deviation is observed.
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Home Environment- The optimal values for speed or velocity are found to be
0.46 for both FRs. The optimal response times generated by the optimization
algorithm are 50 and 70 units for FR RG101 and RG102 respectively. That
is, the total response time should not be more than 120 units. The optimal
values for battery discharge generated by optimization are 0.4 and 0.6 for FR
for RG10T and RG102, respectively. That is total battery discharge should
not be more than 1.0 units. Figure 2.9(a) shows the distribution of the total
response time and the total battery discharge obtained for the 100 settings
from the simulator log records. We observe that the NFR parameter value
from the simulator lies within the maximum optimal value except in a
single case where a deviation is observed.

Hospital Environment- The optimal values for speed or velocity are found
to be 0.46 for both FRs. The optimal response times generated by the
optimization algorithm are 100 and 150 units for FR RG101 and RG102
respectively. That is, the total response time should not be more than 250
units. The optimal values for battery discharge generated by optimization
are 1.0 and 1.5 for FR for RG101 and RG102, respectively. That is total
battery discharge should not be more than 2.5 units. Figure 2.9(b) shows
the distribution of the total response time and the total battery discharge
obtained for the 100 settings from the simulator log records. We observe
that the NFR parameter value from the simulator lies within the maximum
optimal value except for very few cases where a deviation is observed.

Table 11: Optimal Values for NFR Parameters in S1

NFR FR RG1o01 FR RG1o02
Parameters | Home | Hospital | Home | Hospital
Speed 0.46 | 0.46 0.46 | 0.46
Response 50 100 70 150
Time units | units units | units
Battery 0.4% | 1% 0.6% | 1.5%
Discharge

Scenario S2: In this scenario, the robot encounters a single obstacle before
picking up the object. Table 12 shows the optimal values (maximal) of the
NFR parameters generated by the optimization algorithm for the home
and hospital environment. Figure 2.10(a) shows the distribution of the
total response time and the total battery discharge at home for the 100
settings obtained from the simulator log records. Figure 2.10(b) shows the
distribution of the total response time and the total battery discharge in
the hospital for the 100 settings obtained from the simulator log records.
In both home and hospital settings we observe that the value of the NFR
parameter of the simulator lies within the optimal value (refer to Table 12)
for all cases.

Home Environment- The optimal values for speed or velocity are found
to be 0.4 and 0.46 for FRs RG101 and RG102 respectively. The optimal
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S1: Response Time S1: Battery Discharge

(a) Home Environment

Response Time Battery Discharge

(b) Hospital Environment

Figure 9: NFR parameter values in S1

response times are 50 and 70 units for FR RG101 and RG102 respectively.
That is total response time should not be more than 120 units. The optimal
values for battery discharge are 0.5 and 0.6 for FR for RG101 and RG102
respectively. That is total battery discharge should not be more than 1.1
unit. Figure 2.10(a) shows the distribution of total response time and total
battery discharge. We do not observe any deviation of the NFR parameter
values here.

Hospital Environment- The optimal values for speed or velocity are found
to be 0.44 and 0.46 for FRs RG101 and RG102 respectively. The optimal
response times are 199.91 and 100 units for FR RG101 and RG102 respec-
tively. That is total response time should not be more than 299.910 units.
The optimal values for battery discharge are 1.99 and 1.0 for FR for RG101
and RG102 respectively. That is total battery discharge should not be more
than 2.99 unit. Figure 2.10(a) shows the distribution of total response time
and total battery discharge. We do not observe any deviation of the NFR
parameter values here.

Table 12: Optimal Values for NFR Parameters in S2

NFR FR RG1o1 FR RG1o02
Parameters | Home | Hospital | Home | Hospital
Speed 0.4 | 0.44 0.46 | 0.46
Response 50 199.91 70 100
Time units | units units | units
Battery 0.5% | 1.99% 0.6% | 1.0%
Discharge
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Figure 10: NFR parameter values in S2

* Scenario S3: In this scenario, the robot encounters a single obstacle after

picking up the object. Table 13 shows the optimal values (maximal) of the
NFR parameters generated by the optimization algorithm for the home
and hospital environment. Figure 2.11(a) shows the distribution of the
total response time and the total battery discharge at home for the 100
settings obtained from the simulator log records. Figure 2.11(b) shows the
distribution of the total response time and the total battery discharge in
the hospital for the 100 settings obtained from the simulator log records.
In both home and hospital settings we observe that the value of the NFR
parameter of the simulator lies within the optimal value (refer to Table 13)
for all cases.

Home Environment- The optimal values for speed or velocity are found to be
0.45 and 0.3 for FRs RG101 and RG102 respectively. The optimal response
times are 50 and 80 units for FR RG101 and RG102 respectively. That is total
response time should not be more than 130 units. The optimal values for
battery discharge are 0.4 and 1.5 for FR for RG101 and RG102 respectively.
That is, the total battery discharge should not be more than 1.9 units. Figure
2.11(a) shows the distribution of the total response time and the total battery
discharge. We observe a slight deviation of the values of the NFR parameter
in a single case.

Hospital Environment- The optimal values for speed or velocity are found
to be 0.46 and 0.32 for FRs RG101 and RG102 respectively. The optimal
response times are 100 and 249 units for FR RG10T and RG102 respectively.
That is total response time should not be more than 349 units. The optimal
values for battery discharge are 1.0 and 1.99 for FR for RG101 and RG102
respectively. That is total battery discharge should not be more than 2.99
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unit. Figure 2.11(a) shows the distribution of total response time and total
battery discharge. We observe a slight deviation of the NFR parameter

values in a single case.

Table 13: Optimal Values for NFR Parameters in S3

NFR FR RG1o1 FR RG1o02
Parameters | Home | Hospital | Home | Hospital
Speed 0.45 | 0.46 03 | 032
Response 50 100 8o 249
Time units | units units | units
Battery 0.4% | 1.0% 1.5% | 1.99%
Discharge
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Figure 11: NFR parameter values in S3

Scenario S4: In this scenario, the robot encounters two obstacles before
picking up the object. Table 14 shows the optimal values (maximal) of
NFR parameters generated by the optimization algorithm for home and
hospital environment. In home environment out of 100 settings this scenario
occurred only twice and in hospital only once. In both home and hospital
settings we observe that the value of the NFR parameter of the simulator
lies within the optimal value (refer to Table 14) for the three cases.

The optimal values for speed or velocity are found to be 0.33 and 0.46 for
FRs RG101 and RG102 respectively. The optimal response times are 80 and
50 units for FR RG101 and RG102 respectively. That is, the total response
time should not be more than 130 units. The optimal values for battery
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discharge are 1.2 and 0.4 for FR for RG101 and RG102 respectively. That is,
the total battery discharge should not be more than 1.6 units. This scenario
has occurred only in two settings, as mentioned in Table ??. In both cases,
the values of the NFR parameter are found to be less than the optimal
values.

Table 14: Optimal Values for NFR Parameters in S4

NFR FR RG1o1 FR RG1o02
Parameters | Home | Hospital | Home | Hospital
Speed 0.45 | 0.4 0.3 0.46
Response 80 200 50 100
Time units | units units | units
Battery 1.2% | 2.0% 0.4% | 1.0%
Discharge

Scenario S5: In this scenario, the robot encounters two obstacles after
picking up the object. Table 15 shows the optimal values (maximal) of the
NEFR parameters generated by the optimization algorithm for the home and
hospital environments. In the home environment out of 100 settings, this
scenario occurred only twice and in the hospital only three times. In both
home and hospital environments, we observe that the value of the NFR
parameter of the simulator is within the optimal value (refer to table 13) for
the five cases.

Table 15: Optimal Values for NFR Parameters in S5

NFR FR RG1o1 FR RG102
Parameters | Home | Hospital | Home | Hospital
Speed 0.46 | 0.46 0.24 | 0.313
Response 50 100 100 299.17
Time units | units units | units
Battery 0.4% | 1.0% 1.5% | 1.99%
Discharge

Scenario S6: In this scenario, the robot encounters two obstacles, one
before picking up the object and another after picking up the object. Table
16 shows the optimal values (maximal) of NFR parameters generated by
the optimization algorithm for home and hospital environment. In home
environment out of 100 settings this scenario occurred only thrice and in
hospital only four times. In both home and hospital environments, we
observe that the NFR parameter value from the simulator lies within the
optimal value (refer to table 16) for the seven cases.

Scenario S7: In this scenario, the robot encounters three obstacles, one before
picking up the object and two after picking up the object. This scenario was
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Table 16: Optimal Values for NFR Parameters in 56

NFR FR RG1o1 FR RG1o02
Parameters | Home | Hospital | Home | Hospital
Speed 0.4 | 0.44 03 | 032
Response 50 199.91 8o 249
Time units | units units | units
Battery 0.5% | 1.99% 1.5% | 1.99%
Discharge

observed only in the home environment based on the randomly generated
coordinates for the task. The optimal values for speed or velocity are found
to be 0.4 and 0.24 for FRs RG101 and RG102 respectively. The optimal
response times are 50 and 100 units for FR RG101 and RG102 respectively.
That is total response time should not be more than 150 units. The optimal
values for battery discharge are 0.4 and 1.5 for FR for RG101 and RG102
respectively. That is, the total battery discharge should not be more than
1.9 units. This scenario has occurred only in two settings. Here in one case,
we observe that the response time recorded from the simulator is slightly
more than the derived optimal value.

The total response time and battery discharge depend on the (i) speed, (ii)
distance covered, and (iii) number of obstacles encountered in its path. When the
robot collides with an obstacle, it stops, moves back, and detours to reach the
destination. This detour requires some additional time and energy which may
vary depending on the size of the obstacle. This may be due to the deviation of
the NFR values from the optimal values in some cases. In some cases, the distance
may be very small and hence response time appears to be much lower than the
maximum (optimal) value produced by our framework. Since the positions are
randomly determined for task T-1. We have obtained only a small number of
cases for scenarios S4-Sy7. In these small cases, only a single violation of optimal
values is observed. However, from this, we cannot conclude that the optimal
values derived are perfect for these scenarios.

Through these experiments, we have tried to show how the derived optimal
values can be used to build a smart system that can adapt to various scenarios.
We found that the NFR parameter values derived for most cases were satisfied.
The speeds in different scenarios are obtained considering its conflict with other
NFRs and different contexts that occur. The complete set of experimental results
is provided in our GitHub repository®.

2.5 CONTRIBUTIONS

In Table 1, we provide a summary of the different DSLs proposed for robotic
systems. Most of these works have considered the specification of components
and communication among components and FRs. Some of them also allow for
the specification of NFRs, but have not done any analysis on their conflicts. We
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find only a single work that tried to correlate NFRs with context information.
However, there are not enough research works that have attempted to address
the issues of NFRs and the impact of contexts on them. Few works have analyzed
only temporal NFRs for robotic systems.

The proposed SCARS framework is an integration of specification and analysis.
It provides a specification section that tries to cover all aspects of a robotic system
within a single DSL metamodel. The analysis portion checks for inconsistencies,
incompatibilities, and conflicts among the non-functional parameters. In addition,
it provides optimal satisfaction values for different NFRs that are in conflict. Table
22 provides an overview of the NFR analysis conducted in the experiment. The
SCARS framework identified and optimized multiple NFR conflicts, showcasing
its effectiveness in robotic system development.

2.5.1 Industrial Viability

Considering the experimental validation and the framework’s suitability for in-
dustrial applications, we can identify its potential real-world impacts. In the
hardware industry, inconsistency and incompatibility checks[75] are standard
practice, with tests conducted before final design to ensure system consistency.
Likewise, software safeguards and checks are crucial to maintain consistent
behaviour across the entire system. Our demonstration and analysis have concen-
trated on the runtime environment and context parameters, which differ across
systems. The SCARS framework is intended for use during the requirements
analysis phase of the software development cycle. In contrast, runtime frame-
works like Isaac-SDK and Open-RMF (discussed in Chapter 4) are utilized in the
design phase to simulate system behaviour and controls. SCARS can seamlessly
integrate into the industrial development cycle, complementing other frameworks
used at various stages.

The framework consists of two primary technical components: a DSL meta-
model developed using JetBrains MPS and the Python Pymoo library” implement-
ing the NSGA-II algorithm. JetBrains MPS is compatible with Windows, macOS,
and Linux 8. While the NSGA-II algorithm can be computationally demanding for
edge devices, SCARS operates as a pre-design tool, meaning real-time execution is
unnecessary. The algorithm can be run on a workstation during the requirements
analysis phase, allowing optimized values to be precomputed. As SCARS is
utilized before the design stage, its outputs (validated NFR specifications and
optimized NFR values) provide a conflict-free, context-aware foundation that
guides the subsequent design and development of the robotic system.

Furthermore, SCARS framework extends the ROS2 DSL and is thus portable
to any project using ROS2, a middleware common in industrial robotics. The DSL
itself can be customized by including domain-specific contexts or NFRs (for ex-
ample, "navigate at 0.5m/s in human proximity"). Adopting SCARS in industrial
settings may face a challenge due to the learning curve associated with the MPS
tool; however, this can be countered by noting that DSLs are commonly employed
in requirements analysis to define requirements and constraints formally. Tools

7 https://github.com/anyoptimization/pymoo
8 https://www.jetbrains.com/help/mps/installation-guide.html
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like Eclipse Ecore are broadly utilised, and MPS can operate using an Ecore-based
model, facilitating its integration.

Consider an industrial logistics automation scenario (e.g., warehouse fleet
management systems).

Context Specification: Autonomous Mobile Robots (AMRs) face varying
contexts like congestion, package weight, or network latency. SCARS lets us
specify these in the requirements phase (e.g., "latency < 2oms in high-traffic
zones"), ensuring NFRs account for real-world variability.

Conflict Detection: Automation often deal with conflicts, such as battery
life ("operate for 10 hours") vs. navigation speed ("move at 2 m/s"). SCARS
identifies these early, allowing developer to adjust requirements before
designing the fleet’s navigation algorithms.

Optimization: SCARS can optimize NFRs across the fleet, ensuring balanced
performance. For example, it might recommend reducing speed to 1.8 m/s
for heavier loads to extend battery life, which can then use as a design
constraint.

In another scenario, Healthcare Robotics (e.g., Hospital Delivery Robots) can
find the use of SCARS framework.

Context Specification: Hospital delivery robots operate in dynamic envi-
ronments with contexts like patient proximity, noise levels, or sterilization
requirements. SCARS can specify these contexts (e.g., "safety: stop within
10cm of a patient”), ensuring NFRs are context-aware.

Contflict Detection: Contextual conflicts can arise, such as a latency NFR
('mavigate within 5 seconds") overlapping with a safety NFR ("verify position
twice before moving"). SCARS detects these early, ensuring compliance
with healthcare standards (e.g., ISO 13482) before design.

Optimization: SCARS can optimize NFRs like speed and power consump-
tion, providing values (e.g., "speed = 0.8 m/s, power = 15W") that can be
use to design the robot’s control algorithms.

2.5.2 Limitations

Although the experiment and the framework have demonstrated their validity,
showcasing tangible results that affirm their robustness and promise, there is still
room for improvement. In the following, we spotlight key shortcomings of the
work unveiled in this chapter, challenges we are eager to tackle head on in the
chapters to come.

1.

The experiments were conducted exclusively within static contexts. How-
ever, real-world scenarios can encompass dynamic contexts, such as the
movement of individuals within a room. In such scenarios, it will be
more challenging to adjust the NFR parameters accordingly. We have not
considered this issue within the scope of this work.
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2. The experiments rely solely on formal specifications, with context-NFR im-
pact values assigned based on the system analyst’s interpretation, potentially
leading to ambiguity or inconsistency. Unknown contextual parameters
during system design further complicate this. Machine learning-based
methods could address this by analyzing scenarios and their NFR impacts.
Previous work by our research group [76] offers a framework for qualita-
tively correlating contexts and NFR conflicts, helping to evaluate the impact
of the predictive scenario NFR rather than manual derivation.

3. A simulation environment may not be an exact representation of reality.
Hence, the validity of the results is still subjective. The evaluation needs to
be performed in real settings or in other similar simulation platforms.
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Chapter’s Summary: Non-functional requirement (NFR) conflicts present

a significant challenge to robotic systems, where early detection before
deployment is vital and heavily influenced by varying environmental con-
texts. This Chapter introduces a simulation-based approach to identify NFR
conflicts in single-robot systems across diverse contexts, enabling system
designers to mitigate their impact and prevent failures from overlooked con-
flicts. The simulation results? facilitate the analysis and evaluation of
NFR conflicts, elucidating the effects of different contextual factors on
these requirements. The methodology employed is straightforward and can be
replicated across various development scenarios.

7 https://github.com/raunakb47/NFRinRobotics/tree/main/Single-Robot%20Sim

3.0 INTRODUCTION

The previous chapter introduced the SCARS framework, which focuses on formal
specification and optimization of non-functional requirement (NFR) parameters
to align with contextual constraints. It also highlighted potential inconsistencies
and conflicts among these parameters, underscoring the need for their optimal
calibration. This chapter delves into a solution for Question Q.2, as presented
in section 1.3. Taking a step back from formal specification, the focus shifts to
eliciting NFR constraint correlations and potential conflicts in robotic systems,
enhancing the simulation-based experimental setup. The impact of the NFR
context is thoroughly examined by incorporating randomized elements into the
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robotic system within the scenario, followed by parameter analysis to identify
possible correlations.

Due to the safety-critical nature of robotic systems [77], it is important to
understand how the non-functional properties of the robotic system may be
affected in different contexts. In the software specification phase, this task may
be performed by relying either on "throw-away" prototypes or on simulators (see
subsection 1.4.1 for a comparative discussion). Developing real-world prototypes,
though, especially for multi-fleet robotic systems, can be time-consuming and
costly in some instances. Simulators provide a scalable opportunity to set the
runtime environment and provide information to study non-functional properties.

There are several robot simulators [78, 79] designed that can be used to
study how the robot may perform in different contexts. In these simulators,
robots can be deployed in different environments, and observations about their
non-functional characteristics can be made. This research work proposes a
methodology to study and analyze correlations among multiple NFRs, as well as
the association of NFRs and contexts for robotic systems. The proposed method-
ology does not pinpoint specific NFRs for robotic systems; rather, it generates
potential correlations among the NFRs provided within the system specifications.
Conflicts may arise wherein satisfying one non-functional requirement (NFR)
could compromise the fulfillment of another. The elicitation of NFR constraints
serves as an elemental step for analyzing conflicts emerging between multiple
requirements within a context, tailored to a specific robotic system instance.

The derived correlations validate non-functional requirement (NFR) con-
straints in the system specification, enabling robotic system redesign if needed.
Quantified NFR conflicts, measured through conflict coefficients, inform fea-
ture prioritization using multi-criteria models [80]. Context-NFR correlations,
derived from simulation data, allow analysts to adjust parameter weights (e.g.,
throughput) across contexts via regression techniques [81]. Designers can then
embed runtime NFR adjustments (e.g., dynamic scheduling) to mitigate conflicts,
reducing failure risks from unmodeled contexts.

The subsequent section reviews the literature, emphasizing the approaches
taken to address non-functional requirements (NFRs) and the application of
robotic system simulators in academic research. This exploration delves into
how previous studies have tackled NFRs, such as performance, reliability, and
scalability, within robotic frameworks. In addition, it examines the pivotal role of
simulators, such as Gazebo or Webots, in facilitating rigorous experimentation
and validation of robotic systems, offering a controlled environment to assess
NFR impacts and system behaviour under varied conditions.

3.1 RELATED WORKS

The first sub-section discusses works on the handling of NFRs in autonomous
systems, while the second sub-section explores the state-of-the-art usage of
simulation for autonomous systems design.
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3.1.1 Addressing Non-Functional Requirements in Robotic Systems

Autonomous systems are becoming increasingly common in the human environ-
ment day by day. Trust in such systems is crucial for their wider adoption [25, 82].
For instance, the need for transparency in the operations of Highly Autonomous
Vehicles (HAV) such as self-driving cars becomes crucial. The elicitation and
modeling of transparency requirements to make autonomous systems such as
self-driving cars more robust are discussed in [83]. Apart from an operations
standpoint, a reliable testing methodology is also important for such systems to
gain wider acceptance. The disengagement behaviour in autonomous driving
systems is analyzed in [84], providing recommendations for testing management
that concern not only the vehicular system but all involved stakeholders.

Among the many non-functional requirements that are often present in robotic
systems [64], security is often at the forefront. The Robot Operating System 2 (ROS
2) bolsters real-time multi-robot functionality through its DDS-based middleware,
yet this broadens its attack surface, exposing vulnerabilities like eavesdropping, as
noted by Deng et al. [85]. SROS 2, a security toolkit, mitigates some risks, though
weaknesses such as inadequate authentication persist, prompting solutions like
enhanced encryption and runtime monitoring [86], with ongoing refinements
by the SROS GitHub community. Historical ROS security issues, including
unencrypted communication, carry over to ROS 2’s distributed design [87], while
its modularity-focused legacy limits scheduling capabilities [88]. Vilches et al.
[4] propose the Robot Security Framework (RSF) to standardize vulnerability
assessments (e.g., privilege escalation), and Dieber et al. [89] identify runtime
exploits impacting availability, advocating integrated security-task solutions.

A general approach for determining non-functional properties (NFPs) for
service-based robotic systems is introduced in [53]. An important criterion for the
system’s decision-making in this approach is to balance external task requirements
with the need to save internal resources. In [47] a UML-profiling approach is
proposed to model robotic system-specific NFPs. This enables an autonomous
robotic system to reconfigure its control systems at run time to keep in line
with the NFRs of the system. The researchers of [64] list the vital challenges in
addressing the analysis of NFP in the robotic system with model-driven software
engineering. Trade-offs may often have to be considered, since the NFPs may be
conflicting among themselves to varying degrees.

The prioritization of NFR during runtime is addressed in [55], where the
author delves into self-adaptive systems (SAS) and presents a model to reflect
the changing priorities of NFR during runtime in an uncertain environment. In
another work focusing on runtime mechanisms in SAS, researchers of [9o] put
forward an approach to adjust the quality attributes of the system to deal with
changing environments and stakeholder preferences.

There are several articles in the literature that provide formal methods for
handling NFRs and their association with contexts for autonomous systems.
However, these works often do not consider the dynamic scenarios in which
autonomous systems have to operate and the NFR conflicts that may occur.
Studies [64, 62] indicate that failing to meet non-functional requirements can
impede the successful completion and overall quality of the primary objectives.
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Several approaches have been developed over the years for non-functional
requirements elicitation. The authors of [91] review common techniques for
eliciting requirements from stakeholders in the system. The research work
discusses approaches from interviews and questionnaires to domain analysis and
prototyping, among other methods. In a separate review of the literature [92],
requirements elicitation techniques are classified into groups such as traditional,
cognitive, contextual, etc., according to their maturity. Another investigation
by Palomares et al. [93] on the state-of-the-art for requirement elicitation in the
industry considers the roles and challenges in adopted approaches.

Recent trends in addressing non-functional requirements (NFRs) in robotic
systems emphasize automation and adaptive frameworks. Studies such as [94]
highlight the integration of machine learning to dynamically elicit and optimize
NFRs, enhancing the resilience and performance of the system in real-time
contexts.

3.1.2 Robotic Systems Simulators

Simulators for robotic systems have become indispensable tools in robotics com-
munity, providing controlled, repeatable environments to study system behaviour,
validate frameworks, and assess non-functional requirements (NFRs) without
the cost and complexity of physical hardware. The surveys [95, 96] examines
key simulators widely used in robotics research, including CoppeliaSim, Gazebo,
IsaacSim, and other popular platforms.

CoppeliaSim [97], formerly V-REP, is a highly flexible script-driven simulator
renowned for its modular architecture and extensive customization options. It
employs multiple physics engines (Bullet, ODE, PhysX, Newton) to simulate
realistic dynamics, supporting a wide range of robotic systems from manipu-
lators to drones. The simulator’s plugin ecosystem extends its functionality
with ROS/ROS 2 bridges and custom APIs, while built-in features like inverse
kinematics solvers and collision detection enhance its applicability to complex
scenarios, such as human-robot collaboration or industrial automation. Its open-
source availability and active community support its widespread use in education
and research, including RoboCup, for prototyping and validating sophisticated
robotic algorithms.

Isaac Sim', developed by NVIDIA, represents a simulator built on the Om-
niverse platform. It excels in high-fidelity physics and photorealistic rendering,
leveraging PhysX* and RTX3 technologies to simulate sensors (e.g., LIDAR, cam-
eras) and train Al-driven robots. Its recent integration with ROS 2 and support for
URDF imports make it a versatile tool for bridging simulation-to-real (sim-to-real)
workflows.

ARGOS stands out as a highly modular multiphysics simulator tailored for
large-scale heterogeneous swarm robotics. Designed to optimize real-time per-
formance, it supports multiple physics engines (e.g., ODE, Bullet) and allows
integration of custom plugins for sensors, actuators, and communication media.

1 For more details and installation, see https://developer.nvidia.com/isaac/sim
2 https://github.com/NVIDIA-Omniverse/PhysX
3 https://www.nvidia.com/en-us/design-visualization/technologies/rtx/
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Pinciroli et al. [98] highlights its ability to simulate up to 10,000 wheeled robots
with full dynamics, making it a preferred choice for swarm intelligence studies.

Gazebo[99], an open source simulation tool provided as a part of the Robot
Operating System (ROS), uses ODE to model rigid body dynamics, collisions, and
constraints in conjunction with sensor simulations for LiDAR, cameras, and IMUs.
Its plug-in architecture allows customization of robot models, environments, and
physics parameters. The simulator can also model multiple robots operating in
a common environment while enabling communication between them. Gazebo
also enjoys the large community support of ROS benefiting from a vast repository
of pre-built models and active discourse. Studies such as [100, 101] demonstrate
the capabilities of the simulator for different robots.

Other notable simulators include Webots* leveraged in [102] to showcase Deep
Reinforcement Learning (DRL) in various robotic system scenarios; Stealth Centric
Autonomous Robot Simulator (SCARS) [103] assessing the stealth characteristics
of robot navigation and planning.

This work adopted the Gazebo simulator due to its seamless integration with
ROS 2. The analysis of parameters derived from the ROS output is essential for
the collection of NFR data utilized in the present study.

3.2 PRELIMINARIES

Having explored the literature on robotic simulators such as Gazebo and NFR
management techniques, it is evident that integrating contextual dynamics with
requirement analysis remains underexplored. To lay the groundwork for address-
ing this in our methodology, this section briefly introduces details on the robotic
system used for verification, which is essential to understand the experimental
evaluation later on.

3.2.1  iRobot® Create®3 Educational Robot

The iRobot® Create®3 robot> is an advanced educational robotics platform devel-
oped by iRobot, built upon the core architecture of the Roomba i3 robotic vacuum
but re-engineered for research, development, and education. Data from robot
sensors are published on ROS 2 topics. Subscribing to these topics lets us monitor
system parameters such as robot speed, hazard detection vector, wheel status, etc.
Interaction with the system involves invoking exposed ROS 2 APIs which in turn
issues a chain of ROS actions to fulfill the command.

The Create®3 is a differential-drive mobile robot with a circular chassis, with
a weight of around 4.7 kg (including battery). It is powered by two independent
DC drive motors, each coupled with a wheel encoder providing odometry data
at a resolution sufficient for precise motion tracking (approximately 508 ticks per
wheel revolution). The mobility of the robot is enhanced by a caster wheel for
stability, which allows a maximum speed of 0.5 m/s (measured maximum speed:

4 Simulator documentation can be found here: https://cyberbotics.com/doc/guide/index
5 https://iroboteducation.github.io/create3_docs/
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0.46 m/s) and angular velocity up to +4.25 rad/s. Its sensor suite is extensive,
tailored for autonomy and environmental interaction:

e Wheel Encoders: Two quadrature encoders track wheel rotation, feeding
into odometry calculations.

¢ Inertial Measurement Unit (IMU): A 3D gyroscope and accelerometer pro-
vide orientation and acceleration data, critical for pose estimation.

¢ Optical Flow Sensor: A downward-facing sensor measures ground move-
ment, improving odometry accuracy on varied surfaces.

¢ Infrared Sensors: Four cliff sensors detect edges, and six obstacle sensors
(including two-zone front bumper detection) enable proximity awareness.

¢ User inputs: Two programmable buttons allow for manual interaction or
custom triggers.

¢ Battery Monitor: Tracks the charge level of the 1800 mAh Li-Ion battery,
supporting up to 3 hours of operation.

The robot also comes with a safety parameter to ensure that the robot is able
to avoid dangerous circumstances and is able to perform defined reflex actions
in response to unexpected situations. The maximum speed at which the robot
can reach is locked at 0.306 m/sec. while the safety parameter is enabled. The
overriding of the safety parameter enables us to reach the maximum hardware
speed supported by the robot. A change in the safety parameter does not affect
the robot’s defined safety reflex actions such as moving a small distance back
when an obstacle is encountered.

The Create®3’s integration with ROS 2, governed by Open Robotics, takes
advantage of real-time communication of the DDS (Data Distribution Service)
middleware of the platform. Key ROS 2 features include:

* Standard and Custom Messages: The robot employs standard ROS 2 mes-
sages (e.g., geometry_msgs/msg/Twist for velocity commands, nav_msgs/
msg/0dometry for pose data) alongside custom messages in irobot_create
_msgs package for unique functionalities (e.g., IrIntensityVector for IR
sensor data, LightringLeds for LED control). Topics like /odom, /tf, and
/cmd_vel provide a familiar interface for ROS developers, with /tf exposing
transforms (odom -> base_link, odom -> base_footprint) for coordinate
frame tracking.

* Odometry: Create 3 generates fused odometry by integrating wheel encoder,
IMU, and optical flow data, published on the /odom topic as a nav_msgs/
msg/0dometry message. This includes position, orientation, and velocity,
with a right-handed coordinate system (x forward, y left, z up). The
publish_odom_tfs parameter (default: true) enables or disables related
transform broadcasts, configurable via a ROS 2 parameter file at startup.

* Topics: More than 20 topics are exposed, including /battery_state (battery
status), /hazard_detection (obstacle and cliff events), /imu (orientation
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data), and /wheel_vels (wheel speeds). These enable comprehensive system
monitoring and control, with data rates adjustable via ROS 2 command line
interface (CLI) tools (e.g., ros2 topic pub).

* Service and Action Servers: ROS 2 services like /e_stop (emergency stop) and
/robot_power (power management) provide discrete control, while action
servers (e.g., for docking or motion tasks) support goal-oriented operations,
accessible via the ros2 service list and ros2 action list.

® Parameter Configuration: Parameters such as wheel_accel_limit (1—900
mm/s?, default: goo) and lightring_led_brightness (10-100, default: 15)
are adjustable via ROS 2’s parameter API, although changes require a restart
when they load from a configuration file hosted on the robot’s web server.

¢ Simulation Support: The create3_sim package offers a Gazebo Harmonic
simulation stack, mirroring the ROS 2 interfaces of the robot. This allows
testing and development in a virtual environment, with launch files like
create3_gz.launch.py for single-robot setups.

The preliminaries and related works outlined the essentials of ROS 2 through
the iRobot Create®3, Gazebo simulation strengths, revealing gaps in the handling
of contextual constraints in ROS 2 systems. Using this foundation, the method-
ology presents an approach to elicit context-NFR correlations using Gazebo
simulations and ROS 2 interfaces.

3.3 THE PROPOSED METHODOLOGY

The methodology presented in this study is specifically tailored for system
developers, particularly those engaged in designing and implementing robotic
systems with an emphasis on integrating non-functional requirements (NFRs) into
operational frameworks. It assumes a targeted audience with working proficiency
in key technical domains to effectively apply the proposed approach.

3.3.1 Pre-Requisite Knowledge

The following prerequisite knowledge is essential for developers to leverage this
methodology optimally:

* Familiarity with ROS 2 Architecture: Developers should have a solid under-
standing of the Robot Operating System 2 (ROS 2), including its DDS-based
middleware, the topic-based publish-subscribe model, and service/action
interfaces.

* Proficiency in Robotic Simulation: A practical grasp of simulators, particularly
Gazebo, is required, which includes the ability to interpret sensor data
(e.g., LIDAR, IMU) and utilize Gazebo ROS 2 plugins for real-time system
emulation. Familiarity with simulation workflows aids in testing NFRs such
as latency or security under controlled conditions.
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* Understanding of NFRs: Developers need a conceptual and operational
knowledge of NFRs, such as response time, power management, and their
implications in robotic systems. This includes the ability to identify trade-
offs, as informed by frameworks like in [64].

The required prerequisite knowledge can be justified by ROS 2’s emergence
as the standard middleware platform within the robotics community, offering
robust support for real-time robotic systems. This shift, as evidenced by Macenski
et al. [26], underscores the adoption of ROS 2 for its DDS-based architecture and
extensibility, necessitating familiarity with its tools and ecosystems (e.g. Gazebo)
to effectively address NFRs such as security and task management in modern
robotic applications.

The methodology also requires some system-specific information listed below:

I-1 Information of the hardware and software specification of the robot.

I-2 Information of the desired requirements, that is, functional goals the robot
needs to achieve and NFRs in question. These functional goals and NFRs
are elicited from the different stakeholders of the system.

I-3 Information of the environments in which the robot shall operate.

3.3.2 Contextual Correlation Inference

The approach consists of three major steps:

1. Selection of robot, simulator and environment. This step involves initializing
the platform to depict the robotic system and the environment in which the
robot has to be deployed to perform some tasks.

(a) A robotic system X (which may be a single robot or a swarm of robots)
must be selected that matches the desired specification (mentioned
in I-1) and is capable of performing the required tasks (mentioned in
I-2). Robots with support for open-source robotic middleware such as
ROS 2 are recommended, since they already conform to a standardized
approach and are widely adopted in the robotic community.

(b) A simulator S for robotic systems has to be selected which can support
the selected robotic system X and the middleware platform (such as
ROS). The simulator S should also generate log records of the robot’s
non-functional parameters during the execution of tasks within the
simulator.

(c) Next, the environment E has to be selected such that it is as mentioned
in I-3 and should be compatible with the simulator S. If the desired
world environment E (mentioned in I-3) is not available, such an envi-
ronment will first have to be created in the simulator S. If simulator S
does not support environment building, dedicated virtual environment
development software such as Unity® can be used. This requires an

6 For details, check: https://unity.com
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additional step to ensure that the generated environment is compatible
with the simulator S.

2. Running the simulator and recording the parameters: After setting the envi-
ronment within the simulator, in this step, the robot performs the tasks
mentioned in I-2. This step involves the following.

(a) At first, a script has to be written that implements the functional goal
to be executed by the robot. Consider the functional goal in which the
robot has to deliver an object from one position to another. The script
must specify the position from which the robot must pick up the object
and the position where the object has to be delivered. This script will
be executed within the simulator, which guides the robot through the
tasks.

(b) The script is then integrated with the path planning information for
the functional goals that have to be carried out in environment E
within simulator S. This can be done by employing run-time robotic
navigation stacks such as Nav27 or by using the middleware APIs
responsible for the manipulation of the robot’s movement.

(c) In this step, we identify which of the NFRs obtained in I-2 can be
observed from the simulation setup. The simulation setup may not
provide a record of all the NFRs of concern for the particular robotic
system.

(d) Once all of the above steps are complete, the robot is to be executed
within the simulator S to perform the scripted tasks, and the NFR
parameters should be recorded.

(e) Task executions should be iterated enough times to ensure consistency
of the recorded values of the NFR parameters. To add uniqueness to
each iteration, some well-defined aspect of the environment may be
randomized in each run (like the movement of human actors within
the simulation environment). This would bring the simulation scenario
closer to a real-world use case and keep the environmental bias to a
minimum.

3. Deriving correlations among NFRs and contexts: In the final step, the system
designer analyzes the recorded NFR parameters and environmental contexts.
The result of the analysis should yield identified NFR conflicts and context-
NEFR correlations.

Each pair of values of the NFR parameter is mapped together for all execu-
tions to identify whether they have a negative correlation. The correlation
or conflict among NFRs can be derived simply by graphically mapping the
NFR values and observing the trends. The degree of conflict among pairs
of NFRs can be categorized on the basis of the rate of degradation of one
NFR when another NFR increases or decreases positively. The degree of
NEFR conflict is classified as follows:

7 Fore details, check: https://navigation.ros.org
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(a) Low- When the rate of degradation lies between 0-0.3%.
(b) Moderate- When the rate of degradation lies between 0.3-0.6%.
(c) High- When the rate of degradation lies between 0.6-1%.

The system specification must include different operative contexts of the sys-
tem (I-3). These contexts must be set up within the simulation environment.
Then these different context parameters are checked for their effect on the
values of the NFR parameters, if any. In this case, context values and NFR
parameters can also be plotted together to observe trends or patterns. We
have not defined any specific approach for selecting the contexts; rather, it
is subjective to the different environments and the experience of the analyst.

3.4 EXPERIMENTAL EVALUATION

We demonstrate the effectiveness of the methodology introduced above through
simulation experiments. The experiments were carried out on a system with
AMD Ryzen 9 6000 series CPU, AMD Radeon RX 6000 series GPU, and 32 GB
DDR5 RAM running Ubuntu 20.04 operating system.

The experiment required both automated and manual effort. The automated
effort consisted of running the scenario scripts. Each of the 50 scenario scripts
was run three times with the safety parameter enabled and disabled, totalling
300 runs. The cumulative computational time required to execute all scripts
was around 17 hours, averaging roughly 204 seconds per scenario. Additionally,
manual effort was necessary for tasks that could not be fully automated, such
as monitoring for runtime errors and consolidating results from diverse records.
Accounting for both automated computation and manual work, the entire process
spanned approximately one week.

For conducting the experiments, we consider the following prerequisite (as
mentioned in Section 3.3):

¢ The robot has to perform a simple functional goal (G-1) of starting from
an initial position, moving to another position to retrieve an item, and
depositing it in the cache. a third position.

* The NFR parameters that are of concern are safety, speed, the response time
of the task, and battery retention after the execution of the task.

¢ This fetch and deposit job is performed by the robot within a hospital
environment to manage workload.

In our experiments, we have not assumed any specific hardware or software
configuration of the robot.

3.4.1 Experimental Steps

Based on the proposed methodology, the experimental steps are as follows.

1. Selection of robot, simulator and environment
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Figure 12: A portion of simulation environment with an instance of task positions and
the route followed

(a) We have selected the ROS 2 based Create®3 robot® (explained in Section
3.2.1) for our experiment.

(b) The Gazebo simulation? for the Create®3 robot has been used. The
simulation uses Gazebo version 11. ROS 2 Galactic'® is installed as the
middleware to run the simulation.

(c) For our work, we have chosen the Amazon Web Services (AWS) hos-
pital environment'* (shown in Fig. 12). The environment was easily
available and compatible with the gazebo simulator.

2. Running the simulator and recording the parameters- This step involves actual
executions. Some of the assumptions in our experiment are as follows:

* The Create®3 robot does not have a defined human-robot interaction,
such behaviour if required is considered as a predefined fixed time
delay in the task execution.

¢ A fixed time delay is considered for the pickup and deposit of the item
by the robot.

¢ The robot can detect an obstacle and perform an obstacle avoidance
reflex action' if necessary.

8 For more information: https://iroboteducation.github.io/create3_docs/

9 https://github.com/iRobotEducation/create3_sim
Ohttps://docs.ros.org/en/galactic/index.html

T https://github.com/aws- robotics/aws- robomaker-hospital-world/tree/ros2
12 https://iroboteducation.github.io/create3_docs/api/reflexes/
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The steps performed for execution are as follows.

(a)

(b)

(©

(d)

(e)

In experiments we consider that the robot starts at a position A, fetches
an item (such as a blood sample) from position B, and deposits it to
another position C (that may be sample deposit room).

Fig. 12 shows the sample positions (marked in red) A, B and C within
the hospital environment. The robot follows the green-marked path to
cover the A-B-C route.

We randomly generated 50 different settings within the AWS hospital
environment map for the execution of the same tasks G-1. This virtual
hospital environment is capable of matching the context derived from
the specification (as mentioned in I-3). In each of these settings, the
start, fetch, and deposit have unique positions determined randomly.
Careful consideration has been taken not to overlap the generated
coordinates.

A route for achieving the functional goal G-1 is scripted by invoking
the ROS APIs for linear robot translation and rotation. A script is
generated for each of the 50 different settings, since for each setting the
positions (for start A, fetch B and deposit C) are different and require
separate path planning. The locations A, B and C may not be traversed
through a linear path (observe the sample positions in Fig. 12) due to
the presence of several static objects (like walls). Deviations from a
linear path connecting locations A, B and C are required to complete
the goal G-1 within the environment. Obstacles encountered, if any,
are cleared by taking a detour and then continuing along the charted
path. The robot may take multiple detours if multiple obstacles are
encountered or a large obstacle crosses its path. These deviations and
detours to avoid obstacles are programmable for the different settings.

In Fig. 12 the presence of static path obstructions such as walls requires
rotation operations prior to linear translations. In this case, the robot
has to perform 8 rotations along the planned path.

After generating the script for path planning in different settings, we
have looked into the NFR parameters that can be manipulated and
observed from the simulation. The Gazebo simulation for the Create®3
robot allows for manipulation of the safety and speed parameters. The
speed of the Create®3 robot varies depending on the safety parameter
as mentioned in Section 3.2.1. NFR parameters such as total task com-
pletion time (or response time) and battery retention can be observed
after the completion of the tasks.

In each of the 50 scenarios, we have run the experiment in the following
two ways.

¢ Safety parameter enabled and translation speed 0.46 m/sec.

¢ Safety parameter disabled and translation speed 0.306 m/sec.
Thus, for each of the different scenarios, we obtain results, one with the

safety parameter enabled and another with the safety parameter dis-
abled. The Create®3 robot has some safety features in place, such as the
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safety parameter and the backup limit. They ensure that the robot can
avoid dangerous situations. The safety parameter modifies the maxi-
mum speed of the robot. Disabling the parameter allows the robot to
achieve its maximum supported hardware speed. The scripts are avail-
able at: https://github.com/raunakb47/NFRinRobotics/tree/main/
Single-Robot%20Sim/Scripts.

(f) After all the executions were completed, the log files generated by the
simulator were studied to record the following parameters and are
tabulated (for all the scenarios)-

¢ Total number of obstacles encountered on the path (A-B-C).

¢ Total path length in meters, i.e. the total distance the robot tra-
verses from the start to the deposit position.

* Number of deviations from the linear paths connecting the A, B
and C positions. This is obtained by recording the number of
rotations the robot has to perform while following the path. These
deviations are required whenever the robot encounters an obstacle
in the path and also without an obstacle as the path is not a straight
line path.

¢ Status of the safety parameter.

* Speed of the robot in meters/second.

¢ Battery retention percentage after completion of the task.

¢ Total task completion time (or response time) in seconds

¢ Obstacle clearance time in seconds.

All of the values of the above parameters were recorded with both
safety parameters enabled and disabled.

Data for the parameters were obtained by monitoring the ROS topics
battery_state and rosout. The output generated by the ROS actions,
issued in response to the invocation of ROS APIs is also recorded
to gather the response time of the robot from the start to the end of
its operation (i.e. total time to complete G-1). A limitation of this
simulator is that the robot’s speed does not affect the battery drain
percentage. To resolve this issue, we have modified the battery drain
percentage formula in the simulation by taking the normalized value
of the robot’s speed as a multiplicative factor to the formula. These
data are stored in log files.

The goal G-1 has been executed in each setting three times, both with
safety parameters enabled and disabled. That is, in each setting the
goal G-1 is executed a total of 6 times. The parameter values have been
taken as the geometric mean of the test runs for each of the settings
with the safety parameters enabled and disabled. A summary of the pa-
rameter values is represented in Table 17. The experimental results can
be found at: https://github.com/raunakb47/NFRinRobotics/tree/
main/Single-Robot%20Sim/Experimental%20Results.

3. Deriving correlations among NFRs and contexts: The tabulated values obtained
from the previous step are analyzed to identify conflicts and context-NFR



70

CONTEXT-BASED NFR ANALYSIS FOR SINGLE-ROBOT SYSTEMS

correlations. The analysis involves two parts, (i) identification of NFR
conflicts and (ii) impact of contexts on NFRs. The analysis is elaborately

discussed in the following subsection.

Table 17: Experimental Results

No. of | No. of | Average | Average | Average Safety Enabled Safety Disabled
Obstacles | Cases Path Number | Obstacle Average Average Average Average
Average Average
Length of Clearance Speed Response | Battery Speed Response | Battery
ee ee
(m) Rotations Time P Time Retention P Time Retention
(m/sec) (m/sec)
(sec) (sec) (%) (sec) (%)
o 26 62.4 8.4 N/A 0.306 236.4 98.58 0.46 169.46 98.48
1 20 55.9 9.75 5.65 0.306 241.8 98.5 0.46 175.37 98.44
2 4 42.6 12.75 10.5 0.306 205.7 98.77 0.46 158.47 98.6

3.4.2 Discussion

This section illustrates how the above experiments can lead to useful insights
about NFR conflicts and context-NFR correlation.

Identification of NFR Conflicts

In our experiments, we have four parameters of NFR- (a) safety (b) speed (c)
completion time or response time of the task and (d) battery retention. Each pair
of NFR parameters are compared to analyze their impact on each other.

* Response Time and Battery Retention - The graph in Fig. 3.13(a) shows a

mapping between response times and battery retention observed for the
different executions, keeping the safety parameter enabled. The graph
depicts a linear relationship between them; the lower the response time,
the more battery retention. We observe that the average battery retention
is 99.1% when the response time lies in the range of 9o-169 s. When the
response time lies in the range of 170-300 s, the average battery retention is
slightly lower, which is 98. 5%. When the response time is greater than 300
seconds, the average battery retention falls to approximately 97.5%. This
pattern is observed in most cases. However, there are executions where
the robot encounters obstacles in its path. An additional effort is required
to overcome the obstacle. Depending on the extra tasks (rotations, brakes,
detours) the robot performs to bypass the obstacle, battery retention gets
affected slightly more.

The graph in Fig. 3.13(b) shows a mapping between response times and
battery retention observed for the different executions, while the safety
parameter is kept disabled. Similarly, this graph also depicts a linear
relationship between them, that is, the lower the response time, the more
battery retention. We observe that the average battery retention is 99. 1%
when the response time is in the range of 70-110 s. When the response time
lies in the range of 111-230 s, the average battery retention is slightly lower,
which is 98. 5%. When the response time is greater than 300 seconds, the
average battery retention falls to approximately 97. 7%.
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Figure 13: Correlation between Response Time and Battery Retention

In the first scenario (refer to Fig. 3.13(a)) where safety was enabled, the
average increase in response time for different executions is around 5.76
seconds. Consequently, the average decrease in battery retention with
increasing response time is 0.034 %. These values imply that battery usage
does not vary significantly with every 5.76 seconds increase in response
time.

In the second scenario (refer to Fig. 3.13(b)) where safety was disabled,
the average increase in response time for different executions is around
3.93 seconds. Consequently, the average decrease in battery retention with
increasing response time is 0.035 %. These values imply that the amount of
battery usage does not vary significantly with every 3.93 seconds increase
in response time.

Thus, in both scenarios, the battery retention decreases at a rate of approxi-
mately 0.03%. However, for the robotic system, an increase in response time
by 5.76 seconds or 3.93 seconds is quite significant.

Based on this analysis, we identified a conflict between response time
and battery retention; that is, as response time increases, battery retention
decreases. The rate of degradation of battery retention is 0.03%. Thus,
the degree of conflict is low, as we observe that battery retention does not
decrease significantly with increasing response time.

Response Time, Safety and Speed - The graph in Fig. 14 shows a comparison
between the response times observed for each execution when the safety
parameter was enabled and disabled, respectively. When the safety pa-
rameter is enabled, the maximum speed at which the robot travels in the
simulator is 0.306 m/sec, and when the safety parameter is disabled, the
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Figure 14: Response Time Behaviour

maximum speed at which the robot travels in the simulator is 0.46 m/sec.
In all executions, we observe that the response time is significantly shorter
when the safety parameter is disabled as the robot travels at a speed of 0.46
m/sec. Although we are obtaining better response time, by disabling the
safety parameter, the safety of the robot is compromised. This comparison
indicates the following NFR conflicts -

1. Speed and Response time - A decrease in speed increases the response
time and vice versa. From the results shown in Fig. 14, the average
difference between the response times when the safety parameter is
kept enabled and disabled is 65 seconds. That is, for an increase of
speed by 0.154 m/sec, the response time decreases by 65 seconds on
average. That is, with a decrease in speed to 0.306 m/sec, the response
time increases at a rate of 0.37%. That is, the degradation rate of the
response time is 0.37%. Thus, the degree of conflict between speed and
response time is moderate.

2. Safety and Speed- Enabling the safety parameter restricts the speed
up to a certain value. Disabling the safety parameter increases the
speed to a maximum of 0.154 m / s. The speed decreases by o. 33%
when safety is enabled. Thus, the degree of conflict between safety
and speed is moderate.

3. Safety and Response time- Enabling the safety parameter restricts the
speed, which in turn negatively influences the response time of a task.
The degree of conflict between safety and speed is moderate and that
between speed and response time is also moderate. Thus, the degree of
conflict between safety and response time is moderate.

The NFR conflicts mentioned above are important to handle before deploy-
ing the actual system to avoid later refactoring.

* Battery Retention, Safety and Speed - The graph in Fig. 15 shows a compar-
ison between the battery retention observed for each execution when the
safety parameter was enabled and disabled, respectively. When the safety
parameter is enabled, the maximum speed at which the robot travels in
the simulator is 0.306 m/sec and the robot takes more time to complete
the tasks (as discussed previously). Response time and battery retention
are conflicting NFRs. Hence, the longer the response time, the less battery
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retention. When the safety parameter is disabled, the maximum speed at
which the robot travels in the simulator is 0.46 m/sec. In this case, the robot
takes significantly less time to travel, but consumes more battery due to
the increased speed. Speed directly impacts the battery usage of the robot.
Hence, an increase in speed also negatively influences battery retention. In
Fig. 15, it can be observed that with an increase in speed (disabled safety
parameter), battery retention is smaller for all executions compared to when
safety was enabled. An anomaly is observed only for a single case where
battery retention increases with an increase in speed. We were unable to
track the cause of this anomaly, possibly due to a bug in the Create®3 robot
simulator.

This comparison indicates the following NFR conflicts -

1. Speed and Battery Retention- A decrease in speed increases response
time, which in turn affects battery retention. An increase in speed
consumes more battery and decreases battery retention. The difference
between battery retention for the two scenarios (safety parameter
enabled and disabled) in all executions is almost the same. The average
difference is 0.095. That is, for an increase of speed of 0.154 m/sec,
battery retention decreases by 0. 095% on average. The amount of
battery retention that is acceptable depends on the application domain.
Thus, the degree of conflict between speed and battery retention is
low. The system designer should set the robot speed so that battery
retention is favorably optimized.

2. Safety and Battery Retention- Enabling the safety parameter restricts
the speed, which in turn negatively influences the response time of a
task and decreases battery retention. The conflict between response
time and battery retention is found to be low and that between speed
and response time moderate, and so we may say that the conflict be-
tween safety and battery retention is low to moderate.

In Create®3 robot, the safety parameter can take three values: Norne,
Backup Only and Full. Thus, safety in this instance is modeled only
qualitatively and so the rate of degradation of affected NFR is not
computed.
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Impact of Contexts on NFRs

This section illustrates how different contexts affect the satisfaction of NFRs.
The parameters that were recorded, the path length, number of rotations, and
obstacle clearance effort, are considered different contexts in this analysis. We
have considered combinations of contexts to analyze the impact on NFRs.

CNFR-1

In Fig. 16 we have tried to correlate how different contexts might affect the
satisfaction of NFR response time. We considered the number of rotations
and path length as two different contexts and compared them against the
NER response time for all executions of the experiment. The context number
of rotations refers to the total number of times the robot brakes and changes
its orientation while traveling from the start to the deposit position. This is
recorded as the parameter number of deviations (see Section 3.4.1).
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Figure 16: Correlation between Path Length, No. of Rotations and Response Time

Fig. 3.16(a) shows the correlation between contexts and response times
when the safety parameter is enabled. Fig. 3.16(b) shows the correlation
between contexts and response times when the safety parameter is disabled.
The value of the x-axis in the figures represents the number of rotations
performed in each execution. The rotations are required as the hospital
environment consists of several placed objects and as the source and des-
tination (for different executions) are not a straight line path, it requires
taking turns. Each rotation takes a constant amount of time, as observed
from the simulation log.

In both scenarios (Fig. 3.16(a) and Fig. 3.16(b)) we observed that for the same
number of rotations, the longer the path length, the slower the response
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Figure 17: Correlation between Path Length, No. of Rotations and Battery Retention

time. We also observed that in both scenarios (Fig. 3.16(a) and Fig. 3.16(b)),
for a smaller path length but a large number of rotations, the response time
is longer than the execution where the path length is longer and the number
of rotations is less. So, the number of rotations and path length provide a
cumulative effect on the response time of the robot.

This analysis can assist the system designer in planning the path of a task in
an optimal way. When the response time of a task is bounded in the system
specification, path planning should not only consider the shortest route but
also one with fewer rotations.

In Fig. 17 we have tried to correlate the number of rotations and the path
length in the same context with the retention of the NFR battery. We have
considered the context number of rotations and path length and compared
it with the NFR battery retention for all executions of the experiment. Fig.
3.17(a) shows the correlation between contexts and battery retention when
the safety parameter is enabled. Fig. 3.17(b) shows the correlation be-
tween contexts and battery retention when the safety parameter is disabled.
The value of the x-axis in the figures represents the number of rotations
performed in each execution.

In both scenarios (Fig. 3.17(a) and Fig. 3.17(b)) we observed that for the
same number of rotations more is the path length lesser the battery retention.
Similarly here also for both scenarios (Fig. 3.17(a) and Fig. 3.17(b)), we
observed that for smaller path length, but a large number of rotations, the
battery retention is less than the case where the path length is longer and
the rotations are less. So, the number of rotations and path length provide
a cumulative effect on the battery retention of the robot.
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This analysis can assist the system designer in planning the path for a task
such that battery usage can be optimized, considering not only the path
length but also the number of rotations.

From the above two observations, we find that the number of rotations and
path length influence both response time and battery retention. Apart, from
this, we also observe that for the same number of rotations and nearly the
same path length, the response time and battery retention can vary. In these
cases, although the number of rotations is the same, they may differ by the
degree of rotations. This degree of rotation has an additional impact on
the NFR parameters. Even if the path length is shorter, but the number of
rotations is greater, the response time increases and drains the robot battery.
Thus, different contexts also enhance the conflict between response time
and battery retention.
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Time

CNFR-2 In Fig. 18, we have tried to correlate obstacle clearance effort and path

length in the context with NFR response time when the safety parameter
is enabled and disabled, respectively. In Fig. 19, we have tried to correlate
obstacle clearance effort and path length with NFR battery retention when
the safety parameter is enabled and disabled, respectively. In Figs. 18 and
19 we have considered only executions in which the robot has encountered
an obstacle on its path.

The robot may encounter obstacles in its path, which can be any object
that it encounters in its pre-defined path for the task. The obstacle may
be a human or a trolley that moves in the robot’s path. Whenever the
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robot encounters any obstacle in its path, it needs to bypass it to reach its
destination. This bypass depends on the size of the obstacle. The obstacle
clearance effort refers to the amount of extra time required by the robot to
bypass the obstacle. We have categorized the obstacle clearance effort into
three qualitative categories-

(a) Low- when the time required to bypass the obstacle is between 1-4
seconds.

(b) Medium- when the time required to bypass the obstacle is between 5-8
seconds.

(c) High- when the time required to bypass the obstacle is between 9 and
above seconds.

In our experiments, the minimum time used for obstacle clearance is 2
seconds, and the maximum time is 13 seconds.

The results in Figs. 18 and 19 show that for low, medium, and high category
of obstacle clearance effort, the response time and battery retention varies
accordingly with increasing path length. However, comparing the results,
we also observed that even if the path length is shorter, response time
increases, and battery retention decreases with greater obstacle clearance
effort (i.e. medium or high). Hence, the system designer must consider the
dynamic obstacles that the robot may encounter in its path that affect the
satisfaction of the required NFR values.
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3.5 CONTRIBUTIONS

Extensive literature exists within the field of robotic system design, with numer-
ous formal specification frameworks proposed to manage system requirements.
Nevertheless, the treatment of non-functional requirements (NFRs) and their
inherent conflicts has received comparatively less attention. Furthermore, the
interplay between NFRs and environmental contexts remains underexplored in
the literature. This study addresses these gaps by identifying NFR conflicts and
elucidating context-NFR impacts, thereby equipping developers with insights to
enhance system design. Experiments were conducted to substantiate the validity
and practical utility of the proposed methodology, as captured and summarized
in Table 22. Identified conflicts, such as robot safety and response time, can be
taken into account by the system developers to design a better system. Although
the simulation employed herein is relatively straightforward, the methodology
is adaptable to more sophisticated simulations, such as those utilising digital
twins, which could capture more intricate compound relationships beyond those
demonstrated in this work.

3.5.1 Limitations

Despite the methodology’s demonstrated efficacy, constraints such as static con-
text assumptions warrant scrutiny to fully contextualize the study’s scope and
guide future refinements. The following are the limitations of the work presented
in this chapter, some of which will be addressed in the following chapter, and
some that are beyond the targeted scope of this thesis. Nonetheless, the challenges
form an interesting notion that can be tackled in future works.

1. Awvailability of a supporting simulator: Although there are quite a number of
robotic simulators available, they may not meet the desired specifications
of the target system to be developed. Lack of simulators matching target
system specs may require custom development, threatening applicability.

2. Simplified Conflict Modeling: Focus on pairwise NFR conflicts overlooks
complex interactions involving three or more NFRs. Analysis also depended
solely on log-accessible contexts, potentially overlooking dynamic scenarios.

3. Manual Path Planning: Reliance on manual path planning via middleware
APIs occurred due to Nav2’s incompatibility with the simulator at the time
of experiment. Scaling to multi-purpose robots across diverse configurations
(e.g., hospital vs. manufacturing) would be resource-intensive and time-
consuming. A more dynamic and automated path planner would be able
to handle more complex scenarios.
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Chapter’'s Summary: Non-functional requirements (NFRs) are highly sensitive
to the operating environment, potentially leading to unforeseen behaviours
that threaten robotic systems deployed in uncontrolled settings. This chap-
ter presents a simulation-based approach to uncover NFR correlations in
multi-robot systems across diverse environmental contexts. The simulation
outcomes? enable the analysis and assessment of NFR conflicts, shedding
light on how varying contexts influence these requirements. By identify-
ing these correlations, system designers can mitigate their effects and
address commonly neglected issues, reducing the risk of post-deployment
failures. Consistent with the previous chapter, the methodology is designed
for straightforward replication in various development contexts.

? https://github.com/raunakb47/NFRinRobotics/tree/main/Multi-Fleet%20Sim%20Results

4.0 INTRODUCTION

In the preceding chapter, a methodology was introduced to systematically elicit
and evaluate conflicts among non-functional requirements (NFRs) alongside
their correlations with environmental contexts. The accompanying experiment
substantiated the efficacy of this approach, yielding valuable insights into context-
NER correlations that offer developers a critical lens to assess potential adverse
effects on system performance. These findings, while promising, were tempered
by certain limitations, as highlighted in section 3.5.1. In this chapter, particular
attention is directed towards addressing the limitations listed in points 2 and 3.
To this end, the experimental framework transitions from a static environment
to a dynamic one, incorporating a greater complexity of concurrent events and
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the operation of multiple robots in parallel, thereby enhancing the realism and
applicability of the analysis. The chapter subsequently is also able to offer
resolutions to research questions Q.1 and Q.2, as articulated in section 1.3 of
chapter 1, while refining and enhancing the solutions previously presented in
earlier chapters.

The increasing prevalence of robotic systems designed for multifaceted func-
tionalities has influenced the deployment of multi-robot configurations, frequently
organized into coordinated fleets. Such fleets may be task-oriented, comprising
heterogeneous robots tailored to diverse objectives, or function-oriented, utilizing
homogeneous robots optimized for specific roles. This chapter shifts the focus
to multi-robot systems, aligning the methodology more closely with real-world
operational paradigms. By adapting the approach to accommodate the intricacies
of fleet-based robotics where inter-robot interactions, resource contention, and
environmental variability amplify NFR challenges; the study aims to provide a
more robust framework for developers to navigate the design and deployment of
sophisticated robotic ecosystems.

The primary objective of this chapter is to investigate the influence of context-
sensitivity on multi-fleet robotic systems, particularly when deployed in shared
human environments characterized by dynamic interactions and spatial con-
straints. This study extends beyond the analysis of single-robot systems by
seeking to uncover correlations between non-functional requirements (NFRs) and
contextual parameters. Some of these correlations, due to the intricate and paral-
lel nature of multi-robot fleets, may remain obscured in simpler configurations.
Specifically, the approach aims to illuminate how factors such as environmental
variability, human presence, and inter-robot coordination introduce complexities
that affect NFRs like reliability and responsiveness. By systematically exposing
these latent NFR-context correlations, the proposed methodology equips system
designers with a level of awareness of potential challenges, enabling them to
anticipate and mitigate issues stemming from these interactions. This, in turn,
facilitates the development of more resilient and adaptive robotic systems tailored
to the demands of collaborative, human-centric operational domains.

4.1 RELATED WORK

To contextualize the proposed methodology, the following review examines the
literature on multi-robot systems, their current relevance and applications, and
requirements elicitation and analysis approaches, identifying gaps this study
addresses.

4.2 MULTI-ROBOT APPLICATIONS AND DESIGN CONTEXT

Multi-robot systems, increasingly deployed in industrial and urban settings, ex-
hibit diverse applications necessitating advanced requirements elicitation and
analysis. In industrial environments such as warehouses, heterogeneous robotic
systems that collaborate with humans can improve efficiency through augmented
reality (AR), as demonstrated in [104]. By detecting safety vests worn by hu-
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mans, AR systems enable robots to navigate tasks without relying on costly laser
scanners. However, effective navigation also requires addressing path planning
challenges. Partial environmental knowledge, shared among robots and mod-
eled using Petri nets [105], improves spatial estimation and informs movement
decisions. Additionally, task allocation and path planning leverage deep reinforce-
ment learning from visual data [106], while image processing enhances precision
in actions like grasping granular materials [107]. These visual processing de-
mands, however, strain resource-constrained systems, a limitation mitigated by
edge computing co-design paradigms [108].

Beyond industrial contexts, multi-robot systems are gaining traction in urban
mobility applications, such as domestic healthcare, leisure, and goods retrieval
[109]. In assisted living, robots equipped with 3D depth sensors provide detailed
environmental insights, identifying risks for the elderly or mobility-impaired
[110]. Smart homes similarly benefit from integrating robotic systems with
automation, though feasibility and autonomy challenges persist, as explored in
[111] and [112]. User-driven design preferences for such systems, derived from
focus groups, are documented in [113]. Yet, a recurring gap noted in [114] is the
insufficient attention to care context, underscoring the need for context-aware
operation. These findings emphasize the critical role of context-sensitive robotic
systems, particularly in human-inhabited spaces [115]. For further exploration
of heterogeneous and distributed robotic systems beyond this study’s scope,
readers are directed to comprehensive surveys in [116] and [117]. This literature
underscores the necessity of adapting robotic design to diverse, dynamic contexts
to optimize functionality and interaction.

4.2.1  Task Management in ROS 2 Systems

ROS2 is often noted for its limited task management capabilities, which are essen-
tial for multithreaded robotic applications [118]. To address this issue, Zhang et
al. [119] have improved task management through ROS 2 edge-cloud simulations,
effectively tackling scalability non-functional requirements (NFRs). Similarly,
ROS-Llama [120] handles real-time latency issues in ROS 2 by automating latency
management, reducing maximum response times under load with minimal real-
time expertise required, despite challenges from unpredictable workloads and
Linux platform constraints. The open-source nature of ROS 2 promotes these
advancements by encouraging community-driven solutions that balance security
with task management needs. We have uncovered a gap in the existing literature
when it comes to understanding contextual correlation inference in multi-robot
systems. This presents a unique opportunity for further exploration and advance-
ment in the field, considering task management challenges as well. To overcome
this challenge, our study leverages Open Robotics Middleware Framework (Open-
RMF) [121] simulations, with its own task and traffic management system along
with ROS 2 integration to test overlapping NFRs alongside operational constraints
like latency in multi-robot coordination.
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4.3 PRELIMINARIES

In this section, we briefly lay out some of the concepts intended to assist the
reader in better understanding the work.

4.3.1  Open-RMF

Developed by Open Robotics, Open-RMF is an open-source software system built
on Robot Operating System 2 (ROS 2), designed to enhance interoperability and
coordination among heterogeneous robot fleets in shared environments. It lever-
ages ROS 2’s Data Distribution Service (DDS) middleware to provide a scalable,
modular architecture for managing multi-robot operations. Open-RMF facilitates
seamless integration with physical infrastructure (e.g., lifts, doors) and opti-
mizes resource sharing—such as space and traffic lanes—through standardized
communication protocols and reusable libraries.

The framework was initially developed for the healthcare industry but also
found relevance for large public structures such as airports, offices, hotels, and
more. It provides tools capable of achieving interoperability among robots from
different vendors, minimizing risks in the process. We describe some of its core
components briefly.

1. Traffic Editor: The traffic editor rmf_traffic, handles traffic scheduling and
conflict resolution using a Traffic Schedule Database and a Planner class for
route optimization and is adaptable to both automated guided vehicle
systems (AGVs) and autonomous mobile robots (AMRs). It can annotate
floor plans while also generating traffic patterns involving multi-fleet robot
operations. The editor can also generate simulation world files that can be
used even outside of RMF.

2. Fleet adapter: For each robot fleet in the system, a fleet adapter is assigned
to it. This adapter connects the fleet’s specific API to the core RMF traffic
scheduling and negotiation system. Additionally, the fleet adapter man-
ages communication between the fleet and various standardized smart
infrastructure interfaces, such as opening doors and summoning elevators.
Adapters enable dynamic negotiation among fleet managers to resolve
resource conflicts (e.g., prioritizing tasks based on urgency).

3. RMF-Web: RMF-Web provides an internet interface capable of monitoring
and controlling different aspects of Open-RMF deployment. Task allocation
to the robot fleets is also enabled from the interface itself.

4.3.2 Menge Crowd Simulation

Open-RMF leverages a customized variant of Menge crowd simulation for mod-
elling dynamic human movement within the simulation. The Menge Crowd
Simulation framework [122], developed at the University of North Carolina, is an
open-source, cross-platform tool for efficiently modeling pedestrian dynamics.
Menge works by decomposing the simulation problem into two sub-problems:
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1. Global Path Plan: Generates a connection graph, defining human-reachable
areas and a finite state machine, defining states and transitions for a human
heading to a target.

2. Local Collision Avoidance: Employs Optimal Reciprocal Collision Avoidance
(ORCA) [123], modelling humans as circles with modifiable radius.

4.4 METHODOLOGY

This study builds upon the methodology (see 3.3) introduced in Chapter 1 for
single-robot systems to investigate its utility in multi-robot systems. Developers
of multi-fleet robotic systems can utilize this approach to improve system design,
enabling more effective and efficient configurations tailored to the complexities
of multi-robot operations.

The pre-requisite knowledge for the developers aligns with that of the previ-
ously mentioned methodology, detailed in subsection 3.3.1.

3.3.1.
For multi-robot systems, we assume the following necessary system information
is available:

I.1 Hardware and software specification of robots in the fleet.

I.2 Functional and non-functional requirements of the robots and fleets as
gathered from system stakeholders.

I.3 Organization information of robot fleets.

I.4 Operational environment of robotic system’s deployment.

The overall procedure can be described in three primary steps elaborated as
follows:

1. Selection of robot fleet, simulator, and simulation world: This step describes the
selection of simulation components representing their real-world counter-
parts for the selected operation.

(a) Select specification I.1 compliant robotic system R compatible with the
requirements according to the information available from I.2. Prefer-
ence should be given to robotic systems supporting widely adopted
open-source middleware platforms like ROS2. This would ensure
better compatibility among the various components of the simulation.
Third-party component drivers are supported very well by open-source
communities such as that of ROS2.

(b) Select simulator S supporting multi-fleet operations and the robots
R. The simulator S should have provisions for recording and logging
NFR parameters from 1.2 in runtime.
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(©

Select simulation environment E conforming to 1.4 and compatible
with the simulator S. Unavailability of the required environment E may
be mitigated if the simulator S has provision for environment design.
Otherwise, 3D-environment design software able to output simulator
S compatible world file may be employed.

2. Task setup and simulation execution: Upon the setup of simulation components,
tasks have to be assigned for simulation scenarios and then executed.

(a)

(b)

(©

(d)

Set robot tasks T for the simulation scenarios according to the organ-
isation gathered in I.3. The tasks may be internally assigned among
the robot fleets if a fleet manager system is available in the simulator.
Otherwise, manual assignment has to be done per the functions avail-
able for the robots. Randomization of some elements of a task can
elicit more nuanced cases. Simulation scenarios should be enough in
numbers to provide consistent data for analysis.

Set path planner according to task information if planning is done
statically. This step can be skipped if the simulator S is using a dynamic
runtime path planner.

Identify environment constraints and the observable NFR parameters
from I.2 within the simulator’s capability. The NFRs to be included
have to be selected by the system designer(s) conforming to 1.2 taking
into account the operational environment of the system.

Execute the simulation scenarios and record the observable NFR pa-
rameters.

3. Analysis of parameter data and identifying correlations: The analysis of experi-
mental data can be decomposed into the following steps:

(a)

(b)

Analyze the NFR parameters in pairs for correlations among them.
Graphically plotting the values for pairwise comparison should yield
trends that will help in identifying NFR pairs with correlations among
them.

Analyze the impact of contextual factors such as the simulation envi-
ronment and its novel features on the NFR parameters recorder for the
robotic system fleets. Context parameters can be plotted against NFR
parameters graphically and contextual-sensitive nature can be exposed
when present. Context parameters are simulation environment depen-
dent and up to the discretion of the system designer to be selected as
deemed relevant.

The methodology described above attempts to address the gap in the inves-
tigation of context-NFR correlations in multi-fleet robotic systems, as gathered
from the literature in Section 4.1. The presence of these correlations may im-

pact the system in often unexpected ways. The following section elaborates

on the experimental validation of this methodology, providing evidence of its
effectiveness.
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4.5 EXPERIMENTAL EVALUATION

This section validates the proposed methodology for multi-fleet robotic systems
in simulation. The experiment simulations were run on a computer with AMD
Ryzen 9 6gooHS CPU with 32 GB DDR5 4800MHz RAM and AMD Radeon RX
6000 series GPU, running Ubuntu 22.04 Operating System.

The experiments were automated to the extent of the capabilities of the
frameworks used. The time to conduct the experiments will vary depending on
the tasks chosen for the scenarios as they depict closely the real-world execution
time for the task. The setup time for the simulation consisted primarily of the
module and framework installation time.

The pre-requisite knowledge for the experiments as required by the method-
ology mentioned in Section 5.5 is as follows:

¢ The system specifications for the robots in the simulation (SESTO, MiR10o0,
Magni, Hospi) were gathered.

* The functional goals G are defined according to the robots in the fleets’
capabilities:

1. Clean: Navigating to and cleaning a well-defined zone within the
simulation environment E

2. Delivery: Delivering an item from one location in the simulation envi-
ronment to another.

3. Patrol: Navigating and monitoring a specified path in the simulation
environment. The path can be looped as many times as specified in
the task request.

¢ The organization information on the robot fleets was specific to the simula-
tion environments used and was gathered according to the world demon-
strations available in the simulation framework.

* Operational environments involving high interactivity were selected from
the Open-RMF demos.

4.5.1 Experiment Steps

The proposed methodology is illustrated experimentally as follows:

1. Selection of robot fleet, simulator and simulation world: We have selected the
following components for the simulation:

(a) Robots SESTO, MiR100, Magni, and Hospi were selected according to
their functionality to carry out the three types of functional goals G.

(b) The Open-RMF* framework’s simulation demos were selected for the
experiments. ROS2 Humble was selected as the middleware plat-
form and the corresponding branch of Open-RMF was installed. The
simulation was run on Gazebo 11.

1 Demos at: https://github.com/open- rmf/rmf_demos
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Level 1

Figure 20: Hotel ground floor map for a scenario with overlapping robot paths

(c) The simulation operating environments chosen for this experiment
were:

i. Hotel® environment consisting of three floors with four available
robots divided into three fleets according to their function.

ii. Airport3 environment comprising an airport terminal with several
boarding gates with static as well as simulated dynamic human
movements. Menge crowd simulation runs as a plugin in this
environment for human motion. Ten robots divided into three
fleets are available in this environment.

Open-RMF also has Traffic Editor# tool to auto-generate 3D world files
for simulation and can annotate 2D-floor plans to do so.

2. Task setup and simulation execution:

(a) The robot tasks were assigned to the fleet manager of Open-RMF in
the simulation from the web portal RMF-Web>. The fleet manager
distributes the tasks among fleets and ultimately to the robots based
on their functions and availability. The task elements like task type,

2 https://github.com/open- rmf/rmf_demos/blob/main/rmf_demos_maps/maps/hotel/hotel_L1.
png

3 https://github.com/open-rmf/rmf_demos/blob/main/rmf_demos_maps/maps/airport_
terminal/airport_terminal.png

4 https://osrf.github.io/ros2multirobotbook/traffic-editor.html

5 https://github.com/open- rmf/rmf-web
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Figure 21: Airport map for a scenario with overlapping robot paths

destination, number of loops, priority, and schedule were randomized
to gather as much unbiased data as possible.

(b) Open-RMF employs fleet adapters that use a bidding mechanism

to assign tasks to fleets and robots with the most suitable bid. Path
planning is done dynamically during runtime, accounting for changing
circumstances during the simulation run. Fleet adapters are also
responsible for traffic decongestion for overlapping robot paths. If
task priorities are assigned (o for no preference, 1 or more for higher
priority), robots gain precedence according to their task priority. For
same-priority tasks, precedence is given to the task with a shorter next
intermediate goal. An instance of a scenario in both environments
with overlapping path tasks is shown in figure 20 and 21.

(c) The identified observable NFR parameters are as follows:

¢ Fleet availability: Robots available in the fleet for new tasks.

¢ Task completion time: Time to complete the assigned tasks.

* Battery retention: Battery capacity remaining after execution of
the task by a robot.

* Navigation events: Decomposition of a task into navigation and
action goals.

¢ Traffic resolution events: "Wait" events as a resolution step for
traffic congestion during navigation.

(d) The simulation was executed with 30 scenarios for each of the two

environments selected. The parameter values recorded were obtained
from the status update and log from the RMF-Web panel as well as
terminal command outputs. Information about tasks such as task type,
destination, number of loops, and priority was also tabulated along
with the observable parameter values in the previous sub-step.

3. Analysis of parameter data and identifying correlations: The analysis of the
recorded data obtained in the previous sub-step has been done in two parts
and elaborated in the following subsection.
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Summaries of the recorded data from hotel and airport environments are pre-
sented in Table 18 and Table 19. The experimental results are available at: https:
//github.com/raunakb47/NFRinRobotics/tree/main/Multi- Fleet%20Sim%s20Results.

Table 18: Hotel Environment Results

No. of No. of Average Task | Average | Average Traffic
0.0
Active . Completion | Navigation Resolution
Scenarios )
Robots Time Events Events
1 4 331.7 26.25 0
2 14 385.5 44.8 2
3 12 356.4 54.8 4

Table 19: Airport Environment Results

No. of No. of Average Task | Average | Average Traffic
0.0
Active . Completion | Navigation Resolution
Scenarios
Robots Time Events Events
1 3 459-3 13.6 0
2 14 545.6 20.8 0.1
3 9 519.7 304 0.3
4 719.2 46.2 2.5

4.5.2  Discussion

This section provides the result of the analysis made on recorded parameters
from the experiment. The analysis has been done in three parts as explained
next. The parameters of interest for analysis include battery retention, scenario
completion time, navigation events and traffic resolution events.

Hotel Environment

The hotel simulation environment consists of three floors, accessible by a lift
and sliding doors sectioning the ground floor, both of which are interactable by
the robots. Three robots operate in two fleets capable of cleaning and patrolling
tasks. We compare the different parameters for the hotel environment simulation
scenarios as follows:

Figure 22 compares the number of active robots, the average number of
navigation events and the average number of traffic resolution events among
those. It is evident from the graph that an increase in the number of active robots
follows an increase in the average number of navigation events and average traffic
resolution events almost linearly. Increasing the number of active robots from 1
to 2 in the scenario also increases the average number of navigation events by
70.6% from 26.25 to 44.8. In contrast, with three active robots, the rise is 22%
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Figure 22: Hotel scenario execution time and events

as compared to the two active robot scenarios. The average number of traffic
resolution events increases linearly in all three cases.
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Figure 23: Hotel environment with one active robot

Next, we look at the impact of scenario execution time on the average battery
retention of robots in the scenario. The observations in the graph have been
ordered by the increasing complexity of the assigned tasks in the scenario. A
cleaning task is considered to be more complex than a patrolling task since it
takes much more time to complete on average. The bottom row of the X-axis
labels represents the number of cleaning tasks while the row above represents the
number of patrolling tasks. Each column of the labels represents one scenario.

The graph in Figure 23 shows the result for scenarios involving a single active
robot. The scenario with only one cleaning task shows the expected trend of
a decrease in average robot battery retention with an increase in the scenario
execution time. We are not able to gain meaningful insight into the other cases
from this graph. This may warrant further investigation in the nature of the task
locations for those scenarios.
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Figure 24: Hotel environment with two active robots

Figure 24 plots scenarios with two active robots. We can see a general expected
trend of an increase in the average battery retention of robots with a decrease in
the scenario execution time. Deviations such as the last observation for scenarios
with one cleaning and three patrolling tasks require further investigation into the
location of the assigned tasks as the environmental context may come into play

not evident from this graph.
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Figure 25: Hotel environment with three active robots

We can see a similar expected trend in Figure 25 for three active robot scenarios.
The rise in scenario execution time results in a fall in the average battery retention

percentage of the robots in the scenario.

Airport Environment

The airport simulation environment consists of a large terminal area with ten
robots operating in three fleets capable of cleaning, patrolling and delivering

tasks. The recorded parameters are analyzed for correlations as follows.
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Figure 26: Airport scenario execution time and events

In Figure 26, we try to find the relation in scenario parameters among the
number of active robots, the average number of navigation events and the subset
of traffic resolution events within them. We observe a gradual increase in both the
average number of navigation events and traffic resolution events in the scenarios
employing one to three active robots. Further increasing the number of active
robots to four results in a larger jump in the number of average navigation events
while also witnessing a steep increase in the average traffic resolution events. The
average number of navigation events goes up by 52% while the average traffic
resolution events see a jump of over 7 times the number from three active robot
scenarios.

Figures 27 to 30 look for the relation between scenario execution time and
average battery retention percentage for different numbers of active robots. The
increasing task complexity scenarios have ordered the observations. Of the three
types of tasks robots in this scenario are capable of, cleaning tasks are considered
to be the most complex, followed by patrolling tasks, next and finally delivery
tasks. The complexity has been determined in terms of the task completion
time for each type on average. The last row of the X-axis labels represents the
number of cleaning tasks while the row above represents the number of patrolling
tasks. The top row represents the number of delivery tasks. Each column of the
labels represents one scenario. The graph in Figure 27 validates the expected
behaviour of the simulation for a single active robot. The observations consist of
a maximum of four tasks in each scenario. The decrease in the battery average
battery retention is almost proportional to the increase in the scenario’s execution
time for each observation.

Figure 28 and 29 showcases a similar behaviour, that is, the battery retention
goes down as the time to execute the scenario goes up in most of the cases. The
rate may not be proportional and this can be attributed to the particular objective
of the tasks, primarily in the location of the tasks. The system designer may
investigate the influence of the task locations in the environment of concern.
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Figure 28: Airport environment with two active robots

The graph for four active robots shown in Figure 30 indicates adherence to
the expected tendency of the scenario execution time increasing when the average
robot battery retention decreases in the second and third observations. The first
and fourth observations bucks from the expected trend. While not particularly
insightful directly, this may serve as a starting point for further investigation for
the system designer to elicit potential correlation among the task objectives itself
with scenario execution time and average battery retention of robots.

Context Impact Analysis

Finally, we compare the two environments used in the simulation for the experi-
ments to discern the impact of context on the task execution scenarios.

We compare the three parameters: the number of events with traffic resolution,
the average navigation events and the average scenario execution time between
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Figure 30: Airport environment with four active robots

the two environments in Figure 31. The scale of the environments can be judged
from the maps referred to in 2 and 3.

From the graph, on one hand we observe that the average number of navi-
gation events and the number of events with traffic resolution is much higher
in the hotel environment than in the airport environment despite having less
number of maximum active robots. This can be attributed to the fact that the
airport map is much larger on a single level than the hotel environment and also
has more open areas for the robots to navigate in. This results in the sub-task
objectives represented by the navigation events being simpler for the airport
environment. The number of traffic resolution events is also reduced as the robots
have more open operating areas and can choose fewer overlapping paths. The
hotel environment in contrast consists of many environmental elements within a
small area, reducing the operating area of the robots and causing more frequent
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Figure 31: Comparison of hotel and airport environment parameters

path overlaps as well as more navigation events due to the increased complexity
of navigation.

On the other hand, we also observe that the average scenario execution time
is quite high for the airport environment in comparison to the hotel environment.
This can be explained by the scale of the airport environment. The larger environ-
ment also results in task locations that are further from the robots and thus take
a longer time to complete.

Apart from the observations already made in this section from the analysis
of recorder parameters, the simulation also ran into a few problems during the
execution of the scenarios in the environments. Of particular interest was the
occurrence of deadlock in certain rare cases. One instance of such occurrence was
in the hotel environment when two robots, on different floors were requesting
access to the shared resource lift at the same time. The Open-RMF planner could
not resolve the deadlock and the simulation had to be terminated. In another
instance, a robot navigating to an objective in the airport environment got stuck
due to the presence of a lamp-post in its path, which the planner was not able to
recognize.

The occurrence of these unexpected behaviours within the simulation nonethe-
less highlights the presence of factors such as a deadlock possibility and unlabeled
or incorrectly labelled environment elements that the robot is unable to recog-
nize. The system developer may take note of these issues that can also impact
real-world execution and improve the system design.

46 CONTRIBUTIONS

The previous chapters focused on NFR analysis and correlation elicitation for
single-robot system. This chapter extends the perspective to multi-fleet robotic
systems. Layers of complexity in multi-robot systems are only convoluted further
by the presence of environmental contexts that can impact the various NFR
constraints relevant to the system. The main contribution of the work is the
analysis of how to use complex simulation environments of multi-fleet robotic
systems to identify correlations between non-functional requirements in different
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contexts, thus providing valuable information for requirements engineering
[36, 124]. The experiments, as summarized in Table 22, demonstrate the validity
of the proposed approach and identify NFR-context relations for the generated
scenarios. Notable findings include the threshold at which the number of active
robots leads to significant delays in traffic resolution events. The correlation
between the environment and the average response time of the robotic system
setup highlights one of several system design optimization opportunities for
developers to consider. These insights can assist in managing the complexities of
multi-fleet robotic systems by understanding the relationships between context
and NFRs.

4.6.1 Limitations

Simulation can be very effective as compared to real-world testing and verification.
Robots in simulation can be charged instantly, downtime for resetting between
runs is not present, and collision events do not have physical consequences.
These are some of the benefits of using a simulation approach. Nonetheless,
the approach and methodology adopted in this work have drawbacks too. We
highlight the limitations of the proposed methodology that are threats to its
validity:

1. Availability of a suitable simulator may be lacking for the system to be
developed. While there has been significant improvement in the simulation
tools available to a developer, there is still limited open-source support for
some robot types that require very complex physics simulation. Projects
like Open-RMF are aimed at tackling this problem but they still have some
way to go before they are easily able to cater to different system designer’s
requirements.

2. The simulation environment available to a system designer may not be able
to depict real-world interactions in a realistic enough way for all intents
and purposes [125]. A simulator’s capabilities limit the complexity of
the scenarios within the simulation. This may hinder the application of
the proposed approach to more demanding and critical systems such as
healthcare. The reliability of simulation data also depends on the complexity
of the tasks and the simulator’s capabilities.

3. The System designer is required to have a good understanding of NFR and
contextual parameters relevant to the system being designed to derive the
correlations between parameters. Identification of proper parameters to be
analyzed is crucial in obtaining useful information about the contextual-
sensitive nature of the system. The work also assumes the expertise of
the system designer in the operational environment of the system and the
ability to identify relevant NFR constraints with regard to that context.
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Chapter’s Summary: This Chapter proposes two methodologies to enhance
robotic behaviour trees by incorporating non-functional requirements (NFRs)
and operational constraints. The first approach employs an NFR analyst to
create constraint profiles? through an interview-based technique, adapted
from software engineering, focusing on profiling non-functional and oper-
ational constraints for behaviour tree generation. The second approach
leverages Large Language Models (LLMs) to automate NFR elicitation and pro-
file creation from functional goals and operational contexts, streamlining
behaviour tree synthesis. Both methods are evaluated using the RoboCup @
Home 2024 Rulebook to improve task execution, system quality, and constraint
adherence while addressing potential conflicts and operational challenges.

? https://github.com/raunakb47/NFRinRobotics/tree/main/RoboCup%40Home%20GPSR

5.0 INTRODUCTION

Previous chapters explored non-functional requirement (NFR) analysis through
a simulation-based approach, documenting observable NFR parameters and
examining their correlations with simulation environment contexts. However,
as noted in the limitations outlined in subsections 3.5.1 and 4.6.1, simulation
setups may overlook hardware-specific nuances critical to system performance.
This chapter addresses these shortcomings and responds to the third research
question (Q.3) from section 1.3, shifting focus from simulation to physical robots.
Two alternative methodologies are proposed to help developers integrate NFR
considerations into the design of robotic systems.
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The first methodology entails an NFR analyst profiling system-specific NFRs
derived from functional objectives, a process elaborated in section 5.3. Targeting
domestic robots in RoboCup@Home competitions, this approach aims to elevate
system quality by identifying NFR constraints. These constraints inform the
generation of behaviour trees governing robotic action plans, embedding the
process within the behaviour tree creation pipeline to enable runtime efficacy
assessment.

The second methodology circumvents the need for an NFR analyst by har-
nessing Large Language Models (LLMs) to automate NFR profile generation.
This enhances scalability by removing the reliance on specialized expertise and
offers a more generalized framework. Given the rapid advancements in LLMs,
this approach holds broad applicability across contemporary robotic systems.

5.1 RELATED WORKS

A review of the literature on domestic robots in robotics competitions follows,
providing insight into established directions and the role of NFR profiling in such
contexts. As previously established, NFRs can make or break a system depending
on the context of its application.

5.1.1 NFR Profile

Non-functional requirements (NFRs) profiling involves identifying and priori-
tizing system qualities like performance, safety, and usability, which are vital to
software quality but often overlooked compared to functional requirements. Com-
mon approaches include UML-based profiling [126], and systematic literature
reviews such as [127] on NFRs in Agile development model contexts. How-
ever, challenges exist, including the vagueness of NFRs, which complicates their
elicitation and documentation [128], in addition to difficulties integrating NFRs
into Agile due to its focus on functional delivery. We did not find much work
and there is a gap in the literature on domain-specific NFR profiling such as for
particular use cases of domestic robots.

5.1.2  Service Robotics

Service robots are autonomous, adaptable, system-driven interfaces designed
to interact, communicate, and provide services to an organization’s clientele, as
defined in [129]. The review advances service robotics research by offering three
key contributions. First, it defines service robots, detailing their attributes and
contrasting their capabilities with frontline employees, clarifying task domains
where robots or humans excel. Second, it advances the Service Robot Acceptance
Model (sRAM), examining consumer perceptions and adoption dynamics. Third,
it outlines ethical and societal implications of robot-delivered services across
micro, meso, and macro levels, setting a comprehensive research agenda for
future exploration.
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These robots are evolving rapidly, revolutionizing the service sector, fueled by
innovations in Al and post-COVID demand in healthcare [130] and logistics as
pointed in the study [131]. The study explores the technological trends in service
robots, looking into common applications and commercial technologies used
onboard such systems. In a different research [132], the perspective is shifted on
customers (e.g., acceptance, service quality) and employees (e.g., productivity
gains, autonomy loss, job insecurity). The study claims current research is
fragmented, conceptual, and adoption-focused, necessitating more emphasis on
long-term effects, behaviours, well-being, and ethical risks. Humanoid robots,
while trying their best to mimic their human counterparts, may also induce
eeriness and discomfort in customers and in turn affect companies deploying
them, as investigated in [133].

Domestic Robots

Domestic robots have slipped out of science fiction stories and into our homes,
transforming from niche novelties into everyday helpers. They have witnessed sig-
nificant advancement in recent years, evident from the emergence of commercially
available robots with enhanced capabilities and reliability. One such example is
Caesar, a domestic service robot that advances Al-driven task execution through
an extended Readylog language that interprets qualitative human spatial terms
(e.g., “near,” “far,” etc.) and integrates decision-theoretic planning for flexible
command handling. Robotic vacuum cleaners have a well-established presence,
with research documented in the literature spanning over a decade [134]. Inspired
by these designs, educational robots like the iRobot® Create®3 (for more details,
see 3.2.1) emerged, engineered as versatile platforms for more general research
and instructional applications.

However, the progress in domestic robots reveals a disparity between the
current state of domestic robots and modern computing potential, as articulated
in [135]. As these robots increasingly cohabit shared spaces with humans [136],
ensuring their operational safety and human comfort emerges as a paramount
concern [137]. A comprehensive survey by [138] examines the state-of-the-art
safety mechanisms for domestic robots, underscoring the critical need to address
non-functional requirements (NFRs) such as safety and usability to facilitate
seamless human-robot coexistence. Automation is an equally important aspect of
domestic service robots. Schneiders, Eike, et al. propose a method for automating
tasks in such robots as presented in [139]. Exploring another facet of potential
domestic robot issues, the study [140] explore the domain from a security, privacy,
and legal perspective, and reveals that privacy and security concerns hinder
adoption, while awareness of legal implications remains limited among users.

Domestic Robot Competitions

This growing emphasis on domestic robotics has also permeated robotics com-
petitions, which serve as vital platforms for scientific inquiry and innovation.
The robotics community has embraced these challenges, leveraging competitions
to refine and evaluate robotic systems. A benchmarking methodology for such
studies is delineated in [141], providing a structured framework to assess perfor-
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mance and NFRs across competitive platforms. Similarly, [142] details strategies
employed by competitors to surmount challenges in RoboCup events, highlight-
ing adaptive approaches to task execution. The evolution of the RoboCup@Home
competition, analyzed in [143], demonstrates a progressive enhancement in ad-
dressing complex functionalities and NFRs over successive iterations, reflecting
the field’s maturation. Furthermore, an approach to derive robot requirements
in the RoboCup Small Size League is proposed in [144], offering a systematic
method to profile NFRs like responsiveness and precision, tailored to competitive
contexts. Collectively, these studies illustrate the pivotal role of competitions in
advancing domestic robotics through rigorous NFR profiling and validation.

The proposed approaches attempt to combine the elements touched upon
in this literature review section, starting with practical applications refined year
after year through robotics competitions.

5.2 PRELIMINARIES

Before proceeding with the methodology, we first explore several foundational
concepts to facilitate comprehension of the proposed techniques. This approach
leverages LLAMA-ROS and seeks to refine the behaviour tree generation process
that governs the robot’s action logic. Accordingly, this section briefly addresses
these preliminary notions.

5.2.1 LLAMA-ROS

The LLAMA-ROS framework® integrates the llama.cpp library into the Robot Op-
erating System (ROS) 2 ecosystem, enabling the deployment of GGUF-formatted
Large Language Models (LLMs) and Vision-Language Models (VLMs) within
robotic systems. This system architecture facilitates natural language processing
and generation, leveraging modular ROS 2 package suites llama_ros and llava_ros
to interface with underlying Al tools. Core technical specifications include config-
urable parameters such as context length (n_ctx), batch size (n_batch), and GPU
layer offloading (n_gpu_layers), optimized for performance on platforms like
NVIDIA CUDA with appropriate toolkit support. The framework supports model
retrieval from Hugging Face repositories (e.g., TheBloke/Marcoroni-7B-v3-GGUF?)
and real-time adaptation via Low-Rank Adaptation (LoRA) updates, accessible
through ROS 2 services (/11lama/list_loras, /1lama/update_loras).

Functionally, LLAMA-ROS enhances ROS 2 systems by embedding LLM-
driven decision-making and human-robot interaction, demonstrated in applica-
tions like chatbot_ros, which integrates speech recognition (whisper_ros) with
response generation, orchestrated via YASMIN state machines. The explain-
able_ros module further augments transparency by employing LangChain and
vector databases for log-based reasoning, addressing NFRs such as interpretability
and responsiveness. Scalability is supported through multi-threaded execution

1 https://github.com/mgonzs13/1lama_ros
2 https://huggingface.co/TheBloke/Marcoroni-7B-v3-GGUF
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(n_threads) and token prediction limits (n_predict). This framework advances
ROS-based systems by bridging linguistic abstraction with robotic control.

5.2.2  Behaviour Tree in Robotics

behaviour trees originated within the gaming industry as a mechanism to endow
non-playable characters (NPCs) with decisive, responsive behaviours, addressing
limitations inherent in Finite State Machines (FSMs). FSMs, despite their historical
dominance in robotics for task execution and dynamic decision-making, suffer
from inflexibility and poor modularity, particularly as behavioural complexity
escalates—resulting in unwieldy state transitions for intricate scenarios [51].
In contrast, behaviour trees introduce a centralized, hierarchical architecture,
wherein leaf nodes represent discrete states, each mapped to specific robotic
actions, such as navigation or manipulation.

In recent years, behaviour trees have gained prominence in robotics, notably
through their integration into the Navigation 2 stack within the Robot Operat-
ing System (ROS) 2, now a de facto middleware standard [26]. This adoption
underscores their superior parallelism and modularity, facilitating seamless incor-
poration of Artificial Intelligence (Al) techniques—e.g., reinforcement learning
or planning—into robotic control systems. Defined via XML schemas, behaviour
trees offer a streamlined, machine-readable structure, compliant to automated
generation by Large Language Models (LLMs), thereby enhancing design ef-
ficiency and adaptability [145]. These attributes position behaviour trees as a
robust alternative to FSMs, optimizing both scalability and system integration in
modern robotic applications.

5.3 METHODOLOGY 1: NFR PROFILE CREATION BY AN ANALYST

Interview-based approaches have been widely used in the software requirements
analysis domain [146] to elicit quality constraints from developers. We propose
the following strategy based on an interview approach by an NFR analyst, to
extract the quality attributes and non-functional requirements of concern. The
NFR constraints elicitation in previous chapters used a simulation approach. In
the approach adopted in this chapter, the elicited NFRs are condensed into a
profile. The elicited NFR and operational constraints are then factored into the
action plan generation process.

Text Prompt i
LLAMA-ROS —>| Ber.}::':”r - Task Execution

i Task Execution
Text Prompt Eeedback i .| Enhanced by NFR
; and Operational
Constraint profile

Task Specification

NFR and Operational Constraint Profile

: Task Description

Figure 32: Component overview of the proposed methodology
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The methodology involves the NFR profile generation process, including
profile consideration and action specifications for the given tasks. This method-
ology is geared towards the use of LLAMA-ROS to generate action plans or
behaviour tree nodes. As has been established earlier (see subsection 1.2.2), ROS
has now become the de facto middleware platform within the robotics community.
LLAMA-ROS is fine-tuned to work with ROS code and thus was the LLM of
choice for this work. Figure 32 gives the overview of the constituent components
within this methodology. The following steps elaborate on the approach:

1. Constraint Elicitation From the Contestant: The contestant uses an interview-
based approach to elicit the NFRs and operational constraints.

(a) For each task, the approach of the contestant to the task at hand is
subdivided into progressive steps.

(b) The constraints in context are elicited through questions on the ap-
proach adopted for each step.

(c) The applicable constraints are noted from both the operational and
environment context point of view.

2. NFR and Operational Constraint Profile Creation:

(a) Based on the elicited constraints and NFRs, a task-specific profile is
created.

(b) The profile highlights the relevant contextual environment, operational
constraints, and constraints regarding the robotic system.

The following types of constraint are included in the profile:

* Quality attributes
* Robotic system constraints

¢ Operational constraints

For each task sub-step, the constraints are noted as part of the task-specific
profile.

3. Prompt Modification:

(a) The generated profile is appended to the engineered prompt for
LLAMA-ROS as an additional consideration point to generate action
plans. These actions are part of the behaviour tree that implements
control logic in the participating robotic system.

(b) The profile consideration appended to the prompt is specific to the
task and is detected from the task specification during competition.

4. Feedback Consideration: The system feedback is recorded to ascertain the
impact and adherence of the determined non-functional constraints. The
feedback can be in different forms, such as human experience, system
telemetry, and parameter records.



5.4 USE CASE DEMONSTRATION

The generated profile can be validated by doing a comparative study of the
LLM-generated actions for behaviour trees, with and without the profiles being
considered by the LLM used. Empirically, the score obtained for the task that
adheres to the rules of the rulebook can be used to validate the effectiveness
of the proposed methodology. In addition, since the competition tasks are
targeted towards real-world scenarios, a user satisfaction survey can also provide
a measure of the effectiveness of the analysis.

5.4 USE CASE DEMONSTRATION

To demonstrate the methodology, the General Purpose Service Robot (GPSR)
challenge in RoboCup@Home competition can be used for a comparative study:.
Detailed in [38], here is a brief description of the GPSR objectives to be carried
out by the competing robot:

¢ Environment: RoboCup@Home Arena The RoboCup@HomeArena is a
realistic home setting (an apartment) with interconnected rooms. The
minimal configuration consists of:

— A Bedroom

— A Dining Room
- A Living Room
— A Kitchen

e Task- GPSR: The robot is tasked to understand and execute three commands
an operator gives.

— Focus: The test emphasizes task planning, object and people detection
and recognition, object feature recognition, and object manipulation.

— Procedure
1. Test start: The robot moves to the Instruction Point when the arena
door opens.

2. Command execution: The operator issues a command, and the robot
performs the task.

3. Return to the Instruction Point: After completing a task, the robot
returns to the Instruction Point and waits for the next command

— Command Template: https://github.com/johaq/CompetitionTemplate
— Optional goal(s): Understand a command given by a non-expert opera-
tor.

¢ Setup Locations:

— Task location: The task occurs inside the Arena, but some commands
may require the robot to go out. The Arena is in its nominal state for
this task.
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— Start location: The robot starts outside the Arena. When the door opens,
the robot moves towards the Instruction Point.

— Instruction point: The robot moves to the Instruction Point at the begin-
ning of the test and after finishing the first and second commands.

Going through the methodology steps, each step is elaborated for the consid-
ered use-case as follows.

STEP-1 With the given task specification, the NFR analyst sits down with the
contestant team members for an interview.

The analyst carefully goes through each of the steps taken by the competing
team in the interview and elicits the different constraints.

STEP-2 A profile is created including all the elicited constraints organized according
to the action order in fulfillment of the given task. The complete GPSR
NER profile can be found at https://tinyurl.com/RoboCupHomeGPSR. The
general constraints specification for GPSR task is given in Table 20 while
the NFR profile for one of the task subcategories is given below in Table 21.

Table 20: A snippet of general NFR profile for GPSR task.

Command Execution

‘ Handle a variety of tasks as instructed, which may require different capabilities

Quality Attribute(s)
Perform the task independently without further human intervention

‘ Correctly interpret and decide actions to be taken for the command given by the operator

| |
| |
| |
‘ Robot Constraints ‘ Record the command given in its entirety clearly ‘
| |
| |

Operational Constraints ‘ Background noise should be low enough for the microphone to record commands properly

Table 21: A sub-task NFR profile for GPSR task.

‘ Count the objects of a specific type in a location

‘ Quality Attribute(s) ‘ Object type is recognised correctly

‘ Robot Constraints ‘ Able to recognize and count objects of same type even with different visual attributes (e.g., colour)

‘ Components involved ‘ Camera ‘

‘ Operational Constraints ‘ Ambient lighting is sufficient for object detection

STEP-3 The NFR profile information is saved in a JSON file to be appended in the
behaviour tree generation prompt. The profile contains subtask-specific
constraints to be comprehended by the LLM when generating an action plan
for each specific subtask. A snippet from the JSON file is provided below
for one such substeps, the constraints information for which is provided
in Table 21. The complete JSON file for NFR can be found in the GitHub
repository mentioned earlier.

1 {
2 "profiles": [

4 "name": "count_object",
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5 "Quality Attribute(s)": [

6 "Object type is recognized correctly"

7 P

8 "Robot Constraints": [

9 "Able to recognize and count objects of same type even
with different visual attributes (e.g colour)"

10 1,

11 "Operational Constraints": [

12 "Ambient lighting is sufficient for object detection"

13 ]

14 }

15 }

16 NFR Profile Snippet

STEP-4 Feedback can be in the form of:

* Human Experience: Judge’s observations, user feedback on interaction
quality.

o System Telemetry: Data logs from sensors regarding navigation accuracy
and object manipulation success rates.

® Parameter Records: Analysis of how well the robot adheres to NFRs
regarding performance metrics.

NEFR profiles for tasks other than GPSR has also been created and are avail-
able at https://tinyurl.com/GitNfrRepo. Although the use-case centres on
the RoboCup@Home competition, the methodology extends to other robotics
competitions, given their shared characteristics, such as scoring systems that
reward exceptional performance. While oriented toward robotics competitions,
the methodology’s broader significance lies in its alignment with these events’
focus on addressing cutting-edge domain challenges, which are updated annually
to reflect advancements in the field. By enhancing solutions within these compe-
titions, the approach contributes to the domain’s literature, thereby advancing
the state-of-the-art in robotics.

Although this approach facilitated the development and integration of NFR
profiles into action plan generation for behaviour tree nodes, its reliance on
an NFR analyst constrains its broader applicability. The subsequent section
introduces an alternative methodology designed to address this limitation.

5.5 METHODOLOGY 2: LLM ASSISTED NFR PROFILING

The following methodology augments the prior framework by integrating Large
Language Models (LLMs) to elicit non-functional requirement (NFR) constraints
and generate system profiles from functional specifications and operational
contexts. LLMs process stakeholder input to extract and formalize NFRs (e.g.
performance, scalability) while synthesizing profiles that encapsulate functional
goals and environmental parameters, enhancing automation and precision in
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requirements engineering. Special care has been taken to ensure consistent
LLM-generated profiles across multiple runs.

1. Pre-Training and Fine-Tuning of Multi-Modal LLM:

(a) Model Selection: Utilize a state-of-the-art multi-modal LLM like GPT-40

(b)

or a similar model to process language and visual data. This model
should understand the physical and operational context of robotic
tasks.

Fine-Tuning: Fine-tune the model with a data set comprising;:

* ROS-specific domain knowledge and documentation. Documenta-
tion for core ROS2 packages like rclpy (ROS2 Python client library)
and rclcpp (ROS2 C++ client library), including API references
and ROS 2 versions3? tutorials, can be used. ROS2 design docu-
mentation* can give insights into the fundamental mechanisms of
ROS-based systems.

¢ Example tasks with annotated NFRs and constraints from prior
robotics projects and competitions.

¢ Synthetic and real-world sensor dataset> from robotic operations
to improve environmental® understanding.

2. Automated Constraint Elicitation:

(a)

(b)

Task Analysis: Input the task description directly into the LLM. Use the
model’s language comprehension to break the task into sub-tasks or
steps. Input the permissible actions, the labelled environmental objects
and the competition ruleset list to ground the LLM response to the
robotics competition. This ensures that LLM-model-specific differences
do not impact the outcome from the LLM.

Data Integration: Feed environmental data (e.g. from simulations or
actual sensor data) to the LLM to enrich context understanding, helping
to identify operational and environmental constraints automatically.
This could involve:

* Analyzing sensor data from LiDAR or cameras to understand
spatial constraints.

e Real-time feedback from robot simulations or hardware can be
used to infer dynamic constraints.

3. NFR and Constraint Profile Generation:

(a)

Profile Creation: Utilize the LLM, augmented with the Chain-of-Experts
(CoE) approach [147], to generate an NFR profile by integrating spe-
cialized sub-modules, each an expert in distinct domains (NFR quality
attributes, hardware constraints, operational dynamics). The CoE

https://docs.ros.org

https://design.ros2.org
https://paperswithcode.com/dataset/kitti
https://github.com/TixiaoShan/Stevens-VLP16-Dataset
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framework processes task analysis outputs and environmental data to
produce a profile, incorporating;:

* Quality attributes: Derived from task specifications and environ-
mental data.

® Robotic System constraints: Based on robot hardware and software
capabilities, using insights from ROS API interactions.

® Operational constraints: Inferred from static task descriptions and
dynamic environmental inputs.

¢ Adherence to Guidelines: Enforce conformity checks to ensure LLM
generates the profile following the permissible actions, the labelled
environmental objects and the competition ruleset lists.

(b) Verification: Use another instance of the LLM to cross-check the gener-
ated profiles against known standards or past data for consistency and
completeness.

4. Dynamic Prompt Engineering:

(a) Prompt Adaptation: Automatically adapt prompts for the LLM based
on the generated profile, ensuring that action plans or behaviour trees
reflect constraints and NFRs without manual prompt modification.

(b) Behaviour Tree Generation: Directly generate or modify behaviour trees
using LLM, potentially using methodologies like BTGenBot [148] for
creating adaptive behaviour trees from natural language inputs.

5. Feedback Loop Automation:

(a) Continuous Learning: Implement a feedback loop in which telemetry
data, human feedback, and system performance metrics are fed into
the model to refine future profiles and action plans.

(b) Model Update: Periodically update the LLM to improve the accuracy of
constraint prediction and profile generation with this feedback.

The use of LLMs and Al in general must adhere to ethical guidelines whenever
applicable. The AI Act [149], put forward by the European Commission, outlines
ethical Al usage in its articles. This act builds upon the 2019 ethics in artificial
intelligence guidelines [150] established by the European Commission. The
proposed methodology must be executed in compliance with these guidelines,
ensuring proper citation and acquisition of all copyrighted materials used in the
input, training, and response processes.

5.6 USE-CASE DEMONSTRATION

The methodology can be substituted in the RoboCup@Home GPSR action plan
generation in section 5.4 instead of the previous one. This methodology overcomes
the limiting factor of the need for NFR analysts to prepare the NFR profiles. In
the next subsection, we propose a qualitative way to validate the methodology.
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5.6.1 Behaviour Tree Generation for RoboCup@Home GPSR

Experiment Setup:

* Robot: TIAGo robot (by PAL Robotics), deployed with ROS 2 Humble,
LiDAR, RGB-D camera, and a 6-Degrees-of-Freedom (DoF) arm for manip-
ulation.

¢ Environment: Sharing the same environment as specified in section 5.4.
¢ Task Specification: GPSR Challenge specification from section 5.4.
¢ Setup Locations: Same as specified in 5.4.

The implementation of each step can be carried out as outlined below:

STEP-1. Pre-Training and Fine-Tuning of Multi-Modal LLM:

(a) Model Selection: Deploy LLaMA-ROS locally on a companion worksta-
tion for TIAGo. The LLM is already pre-trained on ROS 2 code with
VLM capability as well.

* Qualitative Outcome: LLaMA-ROS interprets GPSR tasks, for
example, "Bring me the cup", as a sequence of ROS 2 actions.
(b) Fine-Tuning: Refine LLaMA-ROS with-
¢ RoboCup@Home rulebook
* RoboCup dataset report - ROSbag Collection [151]
* TIAGo APIs

¢ Annotated GPSR tasks from RoboCup@Home (e.g., "fetch mug,
safety: 0.3m clearance")

* TIAGO's real sensor data examples, pre-processed into text (e.g.,
"obstacle at 0.7m")

* Qualitative Outcome: Model aligns with TIAGo’s capabilities,
enhancing NFR awareness.

STEP-2. Automated Constraint Elicitation:

(a) Task Analysis: Interprets voice command synthesized into text. For
instance, the command "Bring me the yellow coffee mug from the
kitchen", can be decomposed as:

i. Navigate to kitchen
ii. Detect yellow coffee mug
iii. Choose nearest one for multiple detections
iv. Grasp mug with arm
v. Return to user
(b) Data Integration: Feed TIAGO0's real-time arena and sensor data-

¢ LiDAR: Map bitmap and constraints (e.g., "o.7m wide at kitchen
entry")
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® RGB-D: Pre-processed via VLM to text (e.g., "Mug on table, 0.5m
from edge")

* Dynamic Feedback: Detects referee/participant movement

* Qualitative Outcome: Constraints identification reflecting real-world
arena dynamics. For instance,
- Narrow entry slows navigation
— Referee presence triggers a pause
— Choose nearest object in multiple detections

STEP-3. NFR and Constraint Profile Generation:

(a) Profile Creation: Use LLaMA-ROS with CoE sub-modules-

¢ Safety Expert: E.g., "Ensure 0.4m clearance from obstacles/hu-
mans" (TIAGo’s footprint)

¢ Responsiveness Expert: E.g., "Navigation < 10s; grasp < 3s" (TIAGo’s
arm speed)

¢ Reliability Expert: E.g., "Wait for successful grasp detection; retry
on failure"

* CoE integrates these into a profile with quality attributes (e.g.,
"Safety: high"), system constraints (e.g., "Max speed: 0.6 m/s"),
and operational constraints (e.g., "Arm retry: 2")

(b) Verification: A secondary LLaMA-ROS instance validates against RoboCup@Home

rules (e.g., "No collisions") and TIAGo logs, confirming coherence (e.g.,
"Profile fits safety norms").

* Qualitative Outcome: Example - Profile can balance safety ("Avoid
referee"), responsiveness ("Quick grasp"), and reliability ("Correct de-
tection").

STEP-4. Dynamic Prompt Engineering:

(a) Prompt Adaptation: Adapt the prompt: "Generate a behaviour tree for
‘Bring me the yellow coffee mug from the kitchen,” ensuring safety
(0.3m clearance), responsiveness (< 13s total), reliability (wait until
grasp successful), with constraints: narrow entry, human presence."

(b) Behaviour Tree Generation: Example LLaMA-ROS behaviour tree node
output in Figure 33

* Qualitative Outcome: Example behaviour tree embeds NFRs (e.g.,
"StopIfHumanDetected ensures safety”) and constraints (e.g., "Speed:
0.6 m/s fits entry")

STEP-5. Feedback Loop Automation:

(a) Continuous Learning: Example adjustments on TIAGo in the recreated
arena-
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NavigateToKitchen ~ StopIfHumanDetected ™
Speed: 0.6 m/s . < 0.4m ‘

Clearance: 0.3m el -

DetectMug
RGB-D
Confidence > 0.95

Sequence

GraspMug

Arm

ReturnToUser

Speed: 0.6 m/s

Figure 33: behaviour Tree for GPSR Challenge: "Bring me the yellow coffee mug from
the kitchen," incorporating NFRs and constraints.

¢ Telemetry: "Navigation: 11s; grasp: 1 retry."

¢ Human Feedback: "Frequent stops; adjust to o.5m."

* Score: "9/10 (delay detected)"

* Feedback refines profile (e.g., "Safe human distance: 0.5m")

(b) Model Update: Retrain LLaMA-ROS locally with recreated arena data,
improving predictions (e.g., "Reduce stop sensitivity").

* Qualitative Outcome: Updated tree can reduce delays ("Enhanced
QoS"), and adapt to TIAGo’s real performance.

5.7 CONTRIBUTIONS

This chapter shifts focus from simulation-based analysis to the evaluation of
non-functional requirements (NFRs) and operational constraints within physical
robotic systems.

Two methodologies are introduced to address these aspects in robotic ap-
plications. The first methodology targets NFR integration in domestic service
robotics competitions, notably RoboCup@Home, which provides a structured
environment to tackle cutting-edge challenges. Efficacy is quantifiable through
competition scores, reflecting a team’s ability to execute tasks with minimal
assumptions while approximating human-like performance. Prioritizing NFR
constraints, such as safety and responsiveness, enhances task quality, directly
elevating scores and yielding dual benefits: improved competitive outcomes and
refined solutions to real-world domestic robotics challenges.



5.7 CONTRIBUTIONS

The second methodology offers a scalable alternative, leveraging advances
in artificial intelligence, particularly Large Language Models (LLMs). Emerging
techniques, such as Chain-of-Experts (CoE) enhance LLM performance and reduce
reliance on domain experts, including NFR analysts. This approach suits scenarios
lacking expert availability, automating NFR profile generation. Validation can
mirror the first methodology’s use-case, with a comparative experiment assessing
both against a baseline task-solver lacking NFR considerations, thus revealing
their relative effectiveness in optimizing robotic system performance.

The methodologies do, however, have their own limitations as discussed next.

5.7.1 Limitations

The limitations discussion is split in two parts, one for each of the methodologies.

For the first methodology, limitations include,

1. Dependence on NFR Analyst: The dependence on NFR analyst for NFR profile
creation can be a limiting factor in its applicability and scalability.

2. Robotics Competition Specificity: The methodology is designed specifically for
domestic robot competitions, and its efficacy beyond this domain requires
evaluation. Refinement of the methodology may be essential to enhance its
effectiveness in broader contexts.

The limitations of the second methodology can be listed as follows:

1. Training and Fine-Tuning of LLM: Training and fine-tuning the LLM for
NEFRs and operational constraints in robotics competitions and projects can
be challenging owing to the potential lack of documented and annotated
examples.

2. Accuracy of NFR Profile: As a corollary to the previous point, inadequate
datasets for training and fine-tuning may result in less precise NFR profiles,
potentially overlooking subtle NFR constraints. Identifying NFRs from
task specifications poses inherent challenges, as their interpretation varies
by context. Misinterpreting NFRs could compromise task quality and, in
extreme cases, adversely impact performance.

While the methodology does have a human-in-the-loop process in the
Feedback Loop Automation (Step 5), it may incur delays in implementation.

3. Computational Complexity and Latency: The verification step (Step 3b) uses
a secondary LLM instance, adding computational complexity and latency,
potentially clashing with real-time NFRs like responsiveness in ROS 2
systems.

4. Consistency in Response: Achieving consistent responses poses difficulties, as
minor variations in the LLM’s interpretation may introduce subtle shifts in
NER profiles. Given the inherently nuanced nature of NFRs, such variability
can undermine the reliability of LLM-generated behaviour trees and action
plans across repeated executions.
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Mitigation

1. Addressing the third limitation, a solution could be to implement a distilled
LLM (e.g., TinyLLaMA [152]) to cross-check profiles against cached stan-
dards, reducing latency while maintaining consistency. Even so, it sacrifices
model capacity compared to full-scale LLMs, potentially weakening the
detection of nuanced inconsistencies in complex NFRs like safety.

2. Addressing the fourth limitation, one solution can be the implementation
of the following changes:

During fine-tuning ( Step 1b), fine-tune the multi-modal LLM with a
curated dataset to have a fixed context every time, but as highlighted
in the first limitation, dataset availability remains a concern.

In Step 2a, compute a cryptographic hash (e.g., SHA-256) of the in-
put prompt and environmental data concatenation, creating a unique
Prompt-Environment Identifier (PEI). This PEI serves as a deterministic
key to anchor the LLM’s context analysis.

This comes with a limitation of its own. The reliance on a fixed
Prompt-Environment Identifier (PEI) via hashing (Step 2a) assumes
static prompt and environmental data equivalence across instances,
potentially overlooking subtle contextual variations.

Modification of Step 3a to cache the generated NFR profile—comprising
quality attributes, system constraints, and operational constraints
against the PEI in a persistent key-value store(e.g., RocksDB?). For
subsequent identical prompts, the LLM retrieves this cached profile,
ensuring output invariance. In Step 3b, the verification instance cross-
checks against this cached standard, flagging deviations for correction.
However, caching profiles in a persistent store introduces storage
and retrieval overhead, scaling poorly with large datasets or frequent
prompt diversity, which may strain resource-constrained robotic plat-
forms.

Adapt Step 4a to embed the PEI within the prompt structure, enabling
the LLM to reference prior outputs implicitly, maintaining consistency
in behaviour tree generation across runs.

We see that both methodologies have a place of their own, depending on the
use case, and complement each other in filling the gaps. Future works can explore
a further refined version of the LLM-assisted NFR profile creation approach and
verify the current proposed LLM-assisted methodology.

7 https://github.com/facebook/rocksdb
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Chapter’s Summary: The introductory chapter put forth three key research
questions that laid the foundations of this thesis. In this concluding
chapter, the questions are revisited after gaining insights from previous
chapters. Future works to extend or improve the research done for this
thesis are also discussed.

6.0 INSIGHTS AND REFLECTIONS

Returning to the three questions from section 1.3 back in Chapter 1, this section
examines each sequentially, exploring potential solutions derived from insights
obtained through the research conducted for this thesis.

6.0.1 Supporting System Developers in elicitation of NFRs

Q.1 Asks how robotic system developers can be supported in eliciting non-
functional requirements (NFRs) for physical robots.
The solution provided in this thesis is provided in two parts,

i. DSL Modeling: Chapter 2 introduces the SCARS (Systematic Context
Aware Requirement Satisfaction) framework, which empowers developers
by extending the ROS 2 Domain Specific Language (DSL) with tools to elicit
NEFRs systematically. SCARS incorporates environmental context specifica-
tions into a unified metamodel, capturing hardware constraints, operational
contexts, and sensor interactions. The accompanying analysis tools detect
overlaps and conflicts (e.g., responsiveness versus energy efficiency), com-
puting optimal NFR values to guide requirement elicitation. Validation on
the iRobot® Create® 3 in Gazebo (subsection 2.4.1) confirms SCARS” utility
in revealing context-driven NFRs, as seen in parameter variations (Tables 11
to 16), equipping developers with actionable insights.

ii. Simulation Support: Chapters 3 and 4 provide simulation-based method-
ologies for single and multi-robot systems, respectively, designed to assist
developers in eliciting NFRs by exposing correlations and conflicts with
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environmental contexts. These setups enable developers to identify and re-
fine NFRs—e.g., reliability—through iterative simulation testing, leveraging
observable parameter shifts to inform requirement specification.

6.0.2 NFR Correlation Analysis for Performance Enhancement

Q.2 Asks how the obtained NFR correlation analysis can enhance the robotic
system’s performance.

The NFR correlation analysis conducted in this thesis enhances robotic system
performance by providing developers with actionable insights into optimizing
operational parameters, as detailed across multiple chapters. In Chapter 2, the
SCARS framework employs two distinct simulation scenarios on the iRobot®
Create®3 in Gazebo, revealing how environmental factors such as obstacle fre-
quency and size, shift NFR parameters. These context-driven correlations, often
subtle and complex, enable developers to preempt conflicts (e.g., responsiveness
versus energy efficiency) and refine system settings for improved Quality of
Service (QoS), with optimal values evidenced in Tables 11 to 16.

Chapter 3 further analyzes single-robot context-NFR correlations, focusing on
obstacle avoidance impacts. Section 3.4.2 highlights conflicts, such as response
time opposing battery retention, where intuitive trends hold but deviate under
specific conditions (e.g., frequent obstacles). Experiments toggling the safety
parameter demonstrate trade-offs: disabling safety boosts speed and energy
efficiency but risks stability, with correlations (Figures 3.16(a) and 3.16(b)) showing
longer response times for shorter paths with more rotations. These insights guide
developers in tuning parameters for balanced performance.

Extending this to multi-robot systems, Chapter 4 upgrades the simulation
with ROS 2 Humble' on Ubuntu 22.04, incorporates dynamic elements like lifts,
interactable doors, and human agents across two novel scenarios distinct from
prior chapters, minimizing environmental bias. The analysis identifies deviations
such as deadlock emergence during lift access with multiple robots operating
concurrently, offering developers a basis to investigate root causes and adjust
configurations. Another example shows navigation efficiency dropping as lift in-
teractions increase, which is linked to latency in inter-robot communication. These
findings give developers an initial understanding of conflict origins, facilitating
targeted optimizations such as priority-based scheduling or path replanning.
This correlation analysis enhances system reliability and efficiency in multi-fleet
robotic contexts by clarifying NFR conflicts and their runtime effects.

6.0.3 Implementation of Solution on Physical Robots

Q.3 Asks on the feasibility of implementing previous solutions in physical robots.

Chapter 5 addresses Q.3 by exploring the practical feasibility of applying NFR-
focused solutions to physical robots, using the RoboCup@Home competition
as a demonstrative use-case. Two complementary methodologies are proposed
to facilitate NFR elicitation and integration into robotic systems deployed in

1 https://docs.ros.org/en/humble/index.html
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domestic service contexts. The first methodology leverages an NFR analyst to sys-
tematically profile requirements—such as safety and responsiveness, tailored to
the competition’s state-of-the-art challenges, which evolve annually to reflect real-
world domestic robotics advancements. These profiles directly inform behaviour
tree nodes, shaping the action logic to optimize task execution while elevating
Quality of Service (QoS). Validation within RoboCup@Home’s controlled en-
vironment can demonstrate the feasibility as measurable score improvements
benefiting competitors and advancing domain solutions.

The second methodology introduces a scalable alternative, employing Large
Language Models (LLMs) with techniques like Chain-of-Experts (CoE) to auto-
mate NFR profile generation, minimizing reliance on analysts. This approach,
adaptable to scenarios lacking expert availability, generates profiles that similarly
influence behaviour trees, ensuring functional goals align with NFR constraints.
Feasibility is assessed through comparative experiments against a baseline devoid
of NFR considerations, revealing consistent QoS gains across physical implemen-
tations. By bridging simulation-derived insights (e.g., Chapters 3, 4) to hardware,
both methodologies prove viable, offering developers practical tools to enhance
physical robot performance, with broader applicability beyond competitions
dependent on further real-world testing.

Table 22: Summary of NFR Analysis in Experiments

Chapter Robotic Simulation NFRs Analyzed Identified NFR Conflicts Optimization
System Environment Result
Speed . .
. Response Time and Battery Retention
. . Response Time . .
2 Single Create 3 (House, Hospital) Safety and Response Time SCARS Parameter Tuning
Battery Retention .
Safety and Battery Retention
Safety
Speed Response Time and Battery Retention
Response Time Speed and Response Time L
5 . . Context-aware Optimization
3 Single Create 3 (Hospital) Battery Retention Safety and Speed Highlight
1 1 S
Routing Safety and Response Time 58
Safety Safety and Battery Retention
X . No. of Active Robots and Response Time
Availability ) .
- No. of Active Robots and Avg. Traffic Res. Events L
Response Time R T d Battery Retenti Context-aware Optimization
) . esponse Time and Battery Retention
4 Multi-fleet | Open-RMF (Hotel, Airport) | Battery Retention P K Y . Highlights for Multi-Fleet
L Task Complexity and Response Time
Navigation Events . X Systems
N X Task Complexity and Avg. Battery Retention
Traffic Resolution Events . .
Environment and Avg. Response Time

The distinct contributions of each chapter are tabulated in Table 22, sum-
marising the NFRs evaluated in the thesis experiments and the various conflict
identifications observed.

6.0.4 Discussion

This thesis enhances robotic system design by addressing NFR management
through distinct yet complementary contributions. Chapter 2’s SCARS framework
provides a context-aware DSL extension for systematic NFR specification and
conflict resolution. Chapters 3 and 4 leverage simulation to elicit and analyse NFR
correlations, optimising performance in single and multi-robot systems. Chapter
5 introduces two methodologies: one employing an NFR analyst to profile NFRs
precisely and another utilising LLM support for scalable, automated NFR profile
generation. Together, these approaches bridge elicitation, analysis, and practical
implementation, contributing to the field of robotics requirements analysis.
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6.1 FUTURE WORKS

While some of the limitations (see subsection 2.5.2) in Chapter 2 were partially
mitigated in the subsequent chapters, comprehensive validation experiment re-
mains unexplored. This could leverage machine-learning techniques to assess
NFR impacts within dynamic, robot-interactable environments, integrating in-
sights from both simulation and physical robot implementations as examined in
Chapter 5. Such an approach would extend the current framework by analyzing
complex scenarios and their influence on system performance.

The experimental evalulation in Chapter 4 advances from static single-robot
simulations to a dynamic multi-fleet setup. Nonetheless, the work could be
extended to a more capable and generic robotics simulation setup that could nar-
row the gap between simulated and actual robotic behaviours. 3D-Environment
design tools such as Unreal Engine 52 can depict real world environment very
realistically with robust physics engine and easily programmable logic implemen-
tation within the environment via Blueprint3. Integrating such design tools with
ROS 2 framework can provide a more robust simulation setup.

Considering the limitations outlined in Chapter 5, a future study could
develop a dynamic methodology adaptable to specific use-case constraints. This
would harness state-of-the-art LLMs to unify the NFR analyst and LLM-supported
approaches from Chapter 5 into a single, flexible framework, enhancing scalability
and accuracy to diverse robotic contexts. An additional study could also conduct
the qualitative evaluation using a physical robot implementation.

To extend this thesis’s research, a future investigation could explore discrep-
ancies between simulation and real-world outcomes. While simulation-based
methods have validated the proposed approaches, integrating digital-twin tech-
nologies [153] with bidirectional data exchange between physical robots and
simulations could refine validation accuracy. This would align theoretical findings
more closely with practical robotic deployments, reaching a good compromise.

2 Documentation and more details can be found at: https://dev.epicgames.com/documentation/
en-us/unreal-engine/unreal-engine-5-5-documentation

3 More on: https://dev.epicgames.com/documentation/en-us/unreal-engine/
blueprints-visual-scripting-in-unreal-engine



APPENDIX: DSL

A.1 GENERATION OF CO-ORDINATE POINTS

First, the coordinates for the extremities of the simulation environment have to
be determined. For the environments used in our experiments, the extremity X
and Y coordinates were:

e AWS Small House: (-9, 9) and (-5.5, 5.5)
¢ AWS Hospital: (-12, 10) and (-32, 10)

Next, a script to generate the desired number of coordinates has to be created.
For our experiments, we generated a set of three random coordinates per itera-
tion, namely for the start, fetch, and deposit positions. These coordinates were
generated using a Python script that leveraged numpy.random.uniform random
sampling method. A map of the three coordinates is generated per iteration as a
tuple of the coordinate list.

A.2 DSL SPECIFICATION FOR EXPERIMENTS

Figure 34-39 shows the DSL specifications optimization problem for our experi-
ments.
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Component Name: CreateR_3

Sub Components

K< ... »>

Hardware Components

Sensor : Light Ring

Actuator : Caster Wheel

Software Components

Navigation

(a) Create®3 Robot (b) Hardware Component

Hardware component: Caster Wheel

Iype: Actuator

Software Module: Navigation

Category: Mechanical ID: H182
Type: Route Planner

D: S181
Functional Objective

i Wawe SHteh Functional Requirements

Description Turn in tight places. FR Name $6161
Description Generate navigation information.

(c) Hardware Component (d) Software Component

Figure 34: Component DSL

Functional Objective

FR Name RG101

Description Move from point A to B to pick up cbhject.

FR Name RG102
Description Move from point B to C to deliver objects.

Figure 35: Functional Goals DSL



A.2 DSL SPECIFICATION FOR EXPERIMENTS

Non-Functional Objective

Non-functional Property
I0: N161
NFR Category: Movement_Efficiency --> Metric: Speed

Parameters
<< ol o>>
Operation
<no operation>

Non-functional Property
I0: N162

Parameters
S
Operation

<no operation>

Non-functional Property
I0: N103
NFR Category: Performance --> Metric: Response Time

Parameters
<< .. >>
Operation

no oneration:

Minimum value: 25 Maximum value 160 Most Likely value

Minimum value: 6.1 Maximum value 0.46 Most Likely value: 6.4

NFR Category: Energy Efficiency --> Metric: Battery Discharge
Minimum valve: 1 Maximum valve 3 Most Likely value: 8.4

40

Non-functional Property
0: N105

NFR Category: Movement_Efficiency --> Metric: Speed

Minimum valve: 0.1 Maximum value 0.4 Most Likely value: 0.4

Parameters
Operation
<no operation>

Non-functional Property
ID: N186

NFR Category: Energy Efficiency --> Metric: Battery Discharge
Minimum value: 1 Maximum value 3 Most Likely value: 1.2

Parameters
Operation
<no operation>

Non-functional Property
ID: N1@7

NFR Category: Performance --> Metric: Response Time
Minimum value: 30 Maximum value 100 Most Likely value: 50

Parameters
<< . >>
Operation
<no operation>

(a) NFR specification

(b) NFR specification

Dependency Association

RG161 -> N103 NFR Category: Performance

RG162 -> N107 NFR Category: Performance

RG161 -> N181 NFR Category: Movement_Efficiency

RG101 -> N102 NFR Category: Energy Efficiency --> Metric: Battery Discharge Dependency Value 7

RG102 -> N185 NFR Category: Movement_Efficiency --> Metric: Speed Dependency Value 8

RG102 -> N186 NFR Category: Energy Efficiency --> Metric: Battery Discharge Dependency Value 7

--> Metric: Speed Dependency Value 9

--> Metric: Response Time Dependency Value 9

--> Metric: Response Time Dependency Value 8

(c) FR-NFR Dependency specification

Figure 36: Non-functional parameter specification

Contexts:

Contexts-NFR Association

ID: C101 Name: Obstacle Count Values: 1

Impacted NFR: N181 NFR

Category: Movement_Efficiency --> Metric: Speed

N182 NFR Category:
N183 NFR Category:
N1B6 NFR Category:
N187 NFR Category:

Contexts-NFR Association

Energy Efficiency --> Metric:
Performance --> Metric:
Energy Efficiency --> Metric:
Performance --> Metric:

Battery Discharge
Response Time
Battery Discharge
Response Time

ID: C104 Name: Obstacle after pick up Values: 1

Impacted NFR:

N185 NFR Category: Movement_Efficiency --> Metric: Speed

Ni1@8é NFR Category: Energy Efficiency --» Metric: Battery Discharge
N187 NFR Category: Performance --> Metric: Response Time

Scenario:

Scenario ID: S3 Contexts:

Scenario-NFR Impact:

Scenario ID: 33 NFR:
Most Likely Value: 0.3

Scenario ID: S3 NFR: N1G86 NFR Category:
Most Likely Value: 1.5

“Scenario ID: S3 NFR:

C101 - Obstacle Count

1 || €184 - Obstacle after pick up

N187 NFR Categary: Performance --> Metric: Response Time Min Value:

N1@5 NFR Category: Movement_Efficiency --> Metric:

111

N185 NFR Category: Movement_Efficiency --> Metric: Speed Min Value: 8.1 Max Value: 0.306

Energy Efficiency --> Metric: Battery Discharge Min Value: 1 Max Value:

50 Max Value: 1680

3

Figure 37: Context and Scenario DSL
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APPENDIX: DSL

W] Warning: Scenario 53 The NFR pair EnergyEfficiency-N102-Performance-N103 are in conflict. They are at low risk. The impact relationship between them is linear. The initial expected values are ; 0.97 and 0.7
W Warning: Scenario $3Performance-N103-Safety-N101 are in conflict. They are at low risk. The impact relationship between them is linear. The initial expected values are ; 0.7and 0.72 respectively. For every in
W Warning: Scenario $3 The NFR pair EnergyEfficiency-N106-Performance-N107 are in conflict. They are at low risk. The impact relationship between them is linear, The initial expected values are : 0.77 and 0.65
# Warning: Scenario S3Performance-N107-Safety-N105 are in conflict. They are at low risk. The impact relationship between them is linear, The initial expected values are : 0.65and 083 respectively. For every inf

Figure 38: NFR Conflicts

For Goal RG101 - Objective function is- 9w.1+ 7Ws1 + YW1

For Goal RG102 - Objective function is- 8w.; + 7wa2 + 8Wr

Range constraint is 0<= Ws1, Wa1, Wr1, Ws2, We2, Wr2 <=1

Conflict constraint: 0 <= ws1 + we1 + M -M*0.22 <=2 where M value lies in the range 0.1 - 0.22
0 <= wp1 + Wgt + M - M * 0.1999 <=2 where M value lies in the range 0.1 - 0.1999
0 <= Wez + Wra + M -M*0.3299 <=2 where M value lies in the range 0.1 - 0.35

0 <=wpz + Wgz+ M-M * 0.15 <=2 where M value lies in the range 0.1-0.15

ws1: Value of NFR101, wgs: Value of NFR102, wrs: Value of NFR103

Wsz: Value of NFR105, wg;: Value of NFR106, wg,: Value of NFR107

Figure 39: Multiobjective Optimization Problem
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