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Abstract

Autonomous Unmanned Aerial Vehicles (UAVs) increasingly use onboard compan-
ion computers to handle mission logic, perception tasks, and system management.
These systems are often designed as microservice-oriented architectures made up
of several interacting components. While this design improves modularity, it also
creates challenges in system startup and supervision on resource limited embedded
platforms.
This thesis presents the design and implementation of a mission based initializa-

tion system for autonomous UAVs. The proposed Mission Scheduling Component
(SCH) is developed for micro-services based architectures. It interprets mission de-
scriptions written in Behavior Tree based XML format and maps mission tasks to
the required software components through a static mapping process. The sched-
uler controls component startup, monitors runtime health using heartbeat signals.
And performs component restart or safe shutdowns when needed. The system is
implemented as a lightweight C++ daemon running on a Linux based embedded
platform (Jetson Nano). Experimental results show that the scheduler performs
correct mission-dependent component initialization and reliable fault supervision
with minimal runtime cost. These findings indicate that mission driven system
initialization can improve autonomy and reliability in embedded UAV operations.
Keywords: Software component configuration, Behaviour Tree, Mission
representation languages, System initialization
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1 Introduction

1.1 Background

Today unmanned aerial vehicles (UAVs) are not single machines but complex sys-
tems composed of airframes, propulsion units, sensors, communication links, power
supplies, control software and human operators. Early practitioners learned that de-
veloping these elements in isolation leads to systems that do not work well together.
This insight launched a systems engineering approach in which designers think of the
UAV as a ”system of systems,” integrating mission requirements with subsystems
such as flight controls, communications and payloads [1, 2]. From the viewpoint of
the UAV system itself, understanding its evolution means tracing how its hardware
and software components have grown more sophisticated and integrated over time.
The sections that follow describe these stages and highlight how they shape today’s
UAV architectures.

1.1.1 Historical UAV system components

Early unmanned aerial vehicles, known as drones, were created mainly to replace
balloons, which were the primary method of aerial observation over the trenches
during the war. UAVs conducted surveillance tasks without putting soldiers at
risk on the battlefield [3]. These early UAVs were mainly used for reconnaissance,
jamming and decoy operations. These early UAV systems had a few components,
as shown in Fig. 1.1. Initially, radio signals were used from the line of sight to
communicate with the UAVs. Later, it became possible to control the unmanned
aircraft with wireless telemetry components after the data link and sensors were
introduced in UAV systems. However, the UAVs were still limited to short range
communication. This led to satellite based UAV communication systems. With
the increasing demand of missions more electronic units and sensors were deployed
into the UAVs payloads. Development in the UAV sector stalled due to rising costs
associated with sensors and electronic units used in designing UAVs [4, 3].

Planning and Control: Software Side As discussed in the section 2.5 of [1], defin-
ing missions for UAVs can be even trickier than classifying the vehicles themselves.
Early literature grouped missions into reconnaissance, target acquisition and des-
ignation, electronic warfare, communications relay and weapon delivery. But later
practitioners realized that missions overlap and evolve. For example, a reconnais-
sance platform may also carry a laser designator or communications relay. The

11



1 Introduction

Figure 1.1: Early UAV Basic System Components [1]

difficulty of mission classification underscores that UAVs are ultimately tools serv-
ing broader operational goals. And the system must be flexible enough to adapt
payload and software to the mission at hand.
Mission planning and operational control involve defining flight paths, waypoints,

sensor tasks and contingency procedures. Modern UAVs can execute preprogrammed
routes using GPS and inertial navigation systems, but human operators remain in
the loop to handle unexpected events. And this control ranges from manual using
joysticks or trackballs, to fully autonomous with intermediate modes that allow op-
erators to intervene while autopilots maintain stability, as explained in the section
9.2 of [1]. Ground station software architectures, operator training workload, and
human machine interfaces play critical roles. A UAV’s effectiveness depends on how
its software and interface support the operator’s tasks.

1.1.2 Affects of AI in UAVs

Early UAV systems relied almost exclusively on tightly coupled flight control loops
implemented on micro-controller based flight controllers. While sufficient for ba-
sic navigation and control, such architectures limited computational headroom and
were not designed to support data intensive or adaptive decision making tasks. As
UAV missions rely on perception driven intelligence, including object or anomaly
detection, tracking, mapping, and adaptive path planning. These tasks typically in-
volve processing high bandwidth sensor data and machine learning algorithms. Such
workloads require heterogeneous computing resources (CPU, GPU, accelerators) and
significantly higher memory bandwidth than those available on conventional flight
controllers. These are explained elaborately in sections II–V of [6, 7].
Multiple studies emphasize that onboard AI processing is essential for autonomy

under degraded or disconnected conditions. Intrusion detection systems, for ex-
ample, must continue to function even when communication links are jammed or
unavailable, necessitating local inference and decision making [8]. Similarly, real
time perception and tracking applications in remote sensing demand immediate on-
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1 Introduction

board processing to avoid delays inherent in cloud-based architectures [9]. This shift
toward edge AI, i.e. executing AI models directly on the UAV. A need for comput-
ing platforms that are both powerful and flexible, yet decoupled from the real time
flight control loop is created.

Companion Computers as UAV Intelligence Nodes The companion computer
emerged as a response to these requirements. Typically implemented using embed-
ded Linux platforms equipped with CPUs, GPUs, or specialized accelerators, the
companion computer serves as a dedicated execution environment for AI, perception,
mission logic, and high level decision making. Such platforms enable the deployment
of computation intensive payloads while preserving the reliability and determinism
of the flight controller [10].
Faster onboard computation enables quicker decision cycles, reduced hover times,

and more efficient trajectory execution effects. This outweigh the additional power
consumed by the compute subsystem itself, as explained in sections I–II of [11].
These findings reinforce the role of companion computer not merely as an auxiliary
processor, but as a central enabler of intelligent autonomy.

Increasing Software Complexity on the Companion Computer While the
introduction of the companion computer solved the raw computational bottleneck,
it also introduced a new challenge: software complexity. AI enabled UAV systems
now consist of multiple interacting software components with different lifecycles,
resource demands, and reliability requirements. Modern UAV software increasingly
resembles a distributed cyber physical system rather than a monolithic embedded
application, as explained in section II of [6].
Furthermore, edge AI surveys highlight that onboard systems must simultaneously

handle several functions often under dynamic conditions [12]. As mission profiles
diversify, UAVs can no longer be limited to a single fixed task. They now need
to accommodate multiple mission types while efficiently sharing the same hardware
resources.

1.1.3 Microservices based UAV software architecture

Early companion computer software stacks often followed monolithic or layered ar-
chitectures, where several task logic were compiled into a single executable or a
tightly coupled process set. While this approach simplifies deployment, it becomes
difficult as the code base grows and many developers work on the same application.
The short-comings of monolithic architecture is discussed in section 2.1 of [13].
As, a solution microservices emerged along with its key advantages such as mod-

ularity, independent scaling and deployment [14]. By decomposing functionality
into small well-defined services, developers can reason about system behavior at
the component level rather than at the level of a monolithic code base. Matlekovic
and Schneider Kamp has explained in sections 4-5 of [13], how they migrated from

13



1 Introduction

monolithic to microservices based architecture. Microservices also support hetero-
geneity in implementation technologies. Companion computer software often inte-
grates components written in different languages, For e.g., C++ for performance
critical modules and Python for AI pipelines. An advantage highlighted in both
precision agriculture UAV systems [15] and drone as a service platforms [16].
From a system perspective, microservices improve fault isolation. A failure in one

service does not necessarily propagate to the entire system, which is particularly
relevant for long duration or autonomous missions. Battseren in [17] demonstrates
that loosely coupled components combined with a shared knowledge base can signif-
icantly improve robustness in safety critical onboard processing systems. Chapter 6
in [17] explains microservices. As system grows with respect to several components,
the complexity grows exponentially.

1.2 Problem Statement

Recent years acknowledged increased interest in microservices based UAV archi-
tectures consisting of multiple independent software components that must be ini-
tialized, executed, supervised, and terminated without human intervention. The
challenge is in automating the system initialization and remove the human depen-
dency from deciding which components, when to start and how to start for a UAV
mission.

The core problem addressed in this thesis is therefore: Creating an automated,
mission driven system initialization mechanism. That is used for launching, super-
vising, and shutting down software components in blackboard based, micro service
oriented UAV architectures operating on resource constrained onboard hardware.
This enables fully autonomous, repeatable mission execution without reliance on
manual setup procedures.

1.3 Motivation

The motivation for this thesis is rooted in the growing dependence of autonomous
UAV systems on microservice based onboard software architectures, which introduce
new challenges in system coordination, and runtime reliability.
Autonomy requirement: Autonomous UAV missions operate with human depen-

dency on scenarios to start components manually on startup and pre flight scripting.
This dependency is limiting to the true autonomous UAV system. Mission execu-
tion therefore requires an onboard mechanism that can initialize, coordinate, and
supervise software components solely based on a mission description, without human
involvement.
Resource efficiency constraint: UAV companion computers, such as the Jetson

Nano, operate under strict CPU, memory, and power limitations. Launching all
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1 Introduction

available services irrespective of mission needs leads to unnecessary resource con-
sumption and contention. A mission driven scheduler that activates only required
components is essential for efficient use of onboard resources and for preserving
computational headroom for time critical tasks.
Reliability and fault management: Autonomous missions must tolerate partial

software failures without immediate human intervention. Create a centralized mis-
sion scheduling component that supervises runtime health of components via shared
memory. It enables early fault detection and controlled recovery, reducing the risk
of silent failures and mission loss.
In summary, the problem addressed by this work is not merely an implementa-

tion detail but a system level necessity. Reliable, mission driven initialization of
software components is a prerequisite for achieving a dependable UAV operation on
constrained onboard hardware.

1.4 Research Aim and Objectives

1.4.1 Research Aim

The proposed mission scheduling component enables automated initialization, su-
pervision, and shutdown of software components from a mission definition, with
explicit focus on deployment on resource constrained companion computers such as
the Jetson Nano.

1.4.2 Research Objectives

To achieve this aim, the following objectives are defined:
Objective 1: To design a modular and deterministic mission scheduling architec-

ture that interprets mission files, maps tasks to software components, and manages
component life cycles via a shared memory blackboard.
Objective 2: To implement the proposed architecture as a C++ daemon capable

of automated component startup, runtime supervision using heartbeat monitoring,
and controlled shutdown behavior.
Objective 3: To integrate the scheduler into a realistic UAV software stack com-

posed of loosely coupled microservices operating in a Linux based environment.
Objective 4: To evaluate the scheduler under representative mission scenarios with

respect to correctness of component selection, and reliability of runtime supervision.
Together, these objectives aim to validate a reusable mission scheduling com-

ponent as a practical architectural contribution toward reliable autonomous UAV
operation under real world resource constraints.
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1.5 Scope and Limitations

The scope is limited to automated initialization, runtime supervision, and controlled
shutdown of software components using predefined mission descriptions on resource
constrained companion computers.
Several aspects are intentionally excluded. Mission planning and decision making

logic such as, path planning or behavior tree execution are assumed to be handled
externally. Likewise, low level flight control algorithms and stabilization mechanisms
are treated as independent components and are not modified or redesigned as part
of this work.
The scheduler does not intervene in internal real time scheduling, threading, or

execution policies within individual components. Its responsibility ends at inter com-
ponent initialization. Fault handling is also limited in scope: while heartbeat loss
detection and controlled stopping are implemented, advanced recovery mechanisms
such as dynamic replanning, component hot swapping, or redundancy management
are beyond the boundaries of this thesis. Finally, the work does not include hard-
ware in the loop simulation or aerodynamic modeling, as the focus remains strictly
on software architecture and runtime behavior.
By narrowing the scope in this way, the thesis allows for a focused and in depth

investigation of mission orchestration under realistic onboard constraints such as,
shared memory IPC, modular software components, and limited computational re-
sources without conflating the orchestration concerns with unrelated control or plan-
ning problems.

1.6 Thesis Structure

This thesis progresses logically from background of UAVs. Chapter 2 outlines the
theoretical and technical concepts, covering component based design, IPC, black-
board architectures, containerization, and the AREIOM Platform. Chapter 3 sur-
veys related research on mission representation, initialization, orchestration, and
monitoring for embedded and IoT systems. Chapter 4 introduces the conceptual de-
sign of the SCH, including system overview, use cases, and design rationale. Chap-
ter 5 details its implementation, components, mission files, and scheduling logic.
Chapter 6 evaluates SCH through functional performance, and fault recovery tests
focusing on heartbeat based monitoring and restart behavior. Finally, Chapter 7
summarizes the main contributions and outlines future research directions.
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2.1 Component Based Software Design

Component based software architecture views a software system primarily as a com-
position of independently developed units, rather than as a single program con-
structed through incremental coding. These components already contain the neces-
sary functionality, but their internal implementations are hidden. Developers inter-
act with them only through well defined interfaces.
This architectural stance emerges from the need to support open systems that

must operate across heterogeneous platforms, and continuously evolving require-
ments as a normal condition of system life as explained in section 1.1 of [18]

2.1.1 What constitutes a component

A component is designed from the outset to participate in composition with other
components. Unlike objects, which encapsulate state and behavior at a relatively fine
granularity, components may encapsulate any useful software abstraction, including
modules, services, behaviors, or subsystems. A component is described as a static
abstraction with plugs:

� Static, because it is a long lived entity stored independently of any particular
application.

� Abstract, because its internal realization is hidden.

� With plugs, because it exposes explicit connection points used for composition
.

Individually, a component does not necessarily perform a complete computation.
Meaningful system behavior arises only when components are connected and con-
figured together, similar to mechanical parts whose function emerges only when
assembled [19].

2.1.2 Architecture as composition structure

The architecture specifies interaction patterns, communication mechanisms, con-
figuration parameters, and coordination rules that allow independently developed
components to function as a coherent system [22]. Figure 2.2(b) motion planning
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(a) [20] (b) [21]

Figure 2.1: Conceptual separation between computational behavior and composi-
tional structure

component interconnected by means of provided and required interfaces. Compo-
nent based systems explicitly treat components as architectural units. The flexibility,
reusability, and evolvability of the system depend on how component interactions are
structured and how much variability is isolated behind interfaces [23]. Figure 2.2(a)
illustrates the architecture of a component assembly.

(a) [23] (b) [22]

Figure 2.2: Architectural decomposition into computation, communication, and con-
figuration

2.1.3 Component lifecycle

Authors in [24] extends the traditional waterfall model for software product lifecycle
to develop component based systems. In the component-based variant of the Wa-
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terfall model, the traditional phases are preserved but their content changes signifi-
cantly. The requirements, design, and implementation phases all become constrained
and shaped by the existing assortment of components and by decisions about reuse.
Further in component based system development, Component assessment involves
finding candidates, selecting the best fit, verifying properties, and storing them in
repositories with metadata like test results. Component development mirrors system
development but prioritizes reusability, generality, and adaptability across multiple
future systems. See Figure 2.3, how components are reused to realize a system.

Figure 2.3: Parallel processes of Component-based development [24]

Jackson explains in [25] the components based on CPS cyber physical systems and
proposes that behaviours themselves should be the primary components of design,
and that they are always the result of interaction between the machine and multiple
problem domains such as devices, people, and engineered artifacts. In section 2.3
of [25] Jackson explains the insistence on formal models of both the machine and
relevant parts of the problem world, so that the concrete system behaviour can in
principle be calculated as their parallel composition, denoted CSB = M ∥ W , while
acknowledging that such models are contingent on an explicitly defined operating
envelope.
Crnkovic explain in [26] how an approach can support both development and

maintenance of embedded systems. He does this by explaining core CBD principles,
outlining the defining issues, properties of embedded software, and suggesting ways
to adapt component thinking to these contexts.
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2.2 Inter Process Communication (IPC)

IPC refers to mechanisms that allow separate processes to exchange data and syn-
chronize their actions while maintaining isolation. In Linux based systems common
IPC facilities include pipes, message queues, shared memory, signals, and socket
based communications. These mechanisms enable processes to coordinate, share
information, and respond to events. Which is a critical capability in multitasking
embedded environments where components must work in concert. Refer to section
6.4 of [27] for understanding in detail.

2.2.1 Mordern IPC Mechanisms

Dhaske’s survey examines a range of IPC methods in modern operating systems.
From classic options like shared memory and pipes to newer approaches such as
UNIX domain sockets and RPC. Shared memory provides excellent speed but de-
mands careful synchronization to avoid race conditions, making it best for high
volume, local data exchange. Pipes and FIFOs are simpler and suitable for par-
ent child communication but offer only moderate performance. Sockets and RPCs,
though more complex, support both local and networked communication with decent
efficiency [28].

2.2.2 IPC Performance in Linux

Krishnaveni and Ruby’s paper [29] did performace testing on Linux kernel 2.2.5-15
and FreeBSD 4.1/4.2 for comparing pipe, messages queue, streaming and datagram
sockets. They tested throughput across varied message sizes to mimic embedded
networking scenarios, finding Linux outperformed the others overall.
Key Performance insights they found were that message queues edged out pipes

for small payloads due to their record based design, reliability, flow control, and
preserved boundaries, unlike byte stream pipes. For larger transfers, sockets outper-
formed the others: UDP datagrams delivered the highest speed by avoiding stream
setup overhead and kernel queue copying, while TCP provided consistent, optimized
performance across all sizes, refer figure 2.4.
Use message queues for small, structured messages within the same system that

require reliable delivery and ordering. Switch to UDP sockets for high-volume data
transfers or networked tasks where maximum speed matters more than guaranteed
delivery. Their analysis of memory usage, transfer speeds, and buffer sizes helps
engineers pick the right IPC method for each scenario.

2.2.3 Signals and Semaphores in IPC

All the above referred papers [27, 30, 29, 31, 28] on IPC, explains the deadlock and
race condition problem. While the previous papers emphasize data transfer methods.
Linux IPC also relies on signals and semaphores for control and synchronization.
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Figure 2.4: Comparison of response time for pipe, queue and sockets [29]

Signals act as lightweight software interrupts from the OS, notifying processes of
events like child process termination or timer expiry. They carry minimal data, just a
signal number and optional small value therefore they are ideal for triggering actions
like sending SIGTERM or SIGUSR1 rather than transferring bulk information.
Semaphores serve as synchronization tools within the shared memory setups.

They function as protected counters that processes wait on or signal. This ensure
mutual exclusion to avoid race conditions. Semaphores don’t move data themselves
but coordinate access, guaranteeing that producer fills a shared buffer before a con-
sumer reads it. In Linux IPC particularly for real time or embedded systems, signals
handle event notifications while semaphores enable safe coordination, complement-
ing core data channels like queues, pipes, and sockets.

2.3 Blackboard Architecture

A blackboard architecture is a distributed problem solving approach in which mul-
tiple agents contribute incrementally to a shared solution state. It is commonly
characterized by three core elements: (i) the blackboard, (ii) knowledge sources,
and (iii) a control mechanism It is stated in the abstract of [32].

2.3.1 Shared solution representation

In Hayes Roth’s formulation, blackboard assumes that all solution elements gen-
erated during problem solving are recorded in a structured, global database called
the blackboard. Blackboard’s structure organizes elements along two axes: solution
intervals and levels of abstraction. Solution intervals correspond to regions of a solu-
tion on problem specific dimensions (e.g., in multiple task planning, plan execution
time intervals). Levels of abstraction represent the solution in different degrees of
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detail (e.g., a higher level may represent task sequencing, while a lower level includes
task details and travel routes) assumptions are explained in the section 3.1 of [33].

(a) (b)

Figure 2.5: (a) illustrate how a partial plan is represented across time (solution inter-
vals) on the blackboard. (b) Levels of abstraction for the multiple-task
planning blackboard [33]

Craig describes a closely related principle: a blackboard system should include
a hierarchical, global database, a collection of knowledge sources, and a scheduler.
Craig also notes that an early HEARSAY-II organization used a single blackboard
divided into multiple abstraction levels, and its organization is shown in Chapter 3
Fig. 1 of [34].

2.3.2 Knowledge sources

In the blackboard model, solution elements are generated and recorded by indepen-
dent processes called knowledge sources. Knowledge sources have a condition–action
format, where the condition specifies situations (often requiring a configuration of
blackboard elements) in which the knowledge source can contribute, and the ac-
tion specifies behavior that typically creates or modifies solution elements on the
blackboard [33]. Craig likewise states that knowledge sources are structured as con-
dition action pairs. Where the condition monitors blackboard events and the action
makes changes to the blackboard by modifying entries or solution islands explained
in section 2.3 of [34]. In Hayes-Roth’s account, knowledge sources are independent
(they do not invoke one another) yet cooperative, because they contribute solution
elements to a shared problem by responding only indirectly via information on the
blackboard, explained in assumption2 section 3.1 of [33].
A blackboard architecture includes a control scheduler responsible for selecting

which eligible actions to execute. Craig states that the scheduler acts upon trig-
gered knowledge sources and uses problem specific parameters to determine which
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Figure 2.6: HEARSAY-II Knowledge Sources 1975 [34]

knowledge source action to execute. And that multiple knowledge sources may ex-
ecute concurrently in a parallel environment. Craig also defines opportunism as
a control strategy that makes the best use of the current solution state, where the
scheduler may temporarily ignore a top down strategy to act on a promising solution
island [34, 32].
In Hayes-Roth’s formulation, blackboard activity is often event-driven, where each

change to the blackboard constitutes an event that may trigger one or more knowl-
edge sources in the presence of additional information. Each unique triggering pro-
duces a KSAR that represents the particular knowledge source by a blackboard
event. On each problem solving cycle, a scheduling mechanism chooses a single
KSAR to execute its action, resolving competition among pending activations using
scheduling criteria assumption2 and assumption three in section 3.1 of [33].
Draper et al. describe a distributed blackboard system for image understanding

in which schema instances (object experts) execute independent, potentially con-
current recognition strategies and communicate asynchronously through a global
blackboard. They state that the control component of each schema schedules the
application of knowledge sources to gather appropriate support for or against a hy-
pothesis. They also define system components including the blackboard, knowledge
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Table 2.1: Attributes of knowledge sources [33].

Attribute Definition

Name Identifying label

Problem-Domain Domain(s) of application

Description Characteristic behavior

Condition Situation of interest: Trigger and Pre-Condition

Trigger Event-based predicates for triggering

Pre-Condition State-based predicates required for execution

Condition-Vars Specification of variables used in Condition

Scheduling-Vars Specification of variables to be used in scheduling

Action Program of blackboard changes

sources, and interpretation, noting that strategies fulfill the role of a scheduler, in
chapter 2 of [35].

2.3.3 Blackboard as an architectural pattern

Figure 2.7: A UML object diagram depicting the structure of the blackboard pattern
[36]

Solms describes the blackboard pattern as infrastructure for specialized process-
ing units (experts) to collaborate in developing a possibly partial or approximate
solution to a difficult problem where no deterministic solution strategy is known.
Solms states that an observable blackboard hosts both the problem specification and
the current state of the solution. Solms further specifies that a controller manages
a pool of experts and feeds problems into a blackboard observed by them. Experts
decide when to process published information or requests. Outputs are fed back
into the blackboard and may trigger further activities. The controller decides when
a solution or sufficient approximation has been obtained, refer section 3.2 of [36].
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Table 2.2: Impact of architectural patterns on organizational qualities. An
up/down-arrow indicates that the pattern makes it easier/more difficult
to realize a quality attribute, whilst the tilde symbol indicates that it has
no significant effect on a quality attribute [36].
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Microkernel ∼ ∼ ↑ ∼ ↑ ↑ ∼ ↓ ↑
Blackboard ↑ ↑ ↑ ↓ ↑ ↑ ↑ ↓ ↑
Hierarchcal ↓ ↓ ↓ ↑ ↓ ↓ ↑ ∼ ∼
Pipes & Filt ↓ ↓ ↑ ∼ ∼ ↑ ∼ ∼ ∼

2.4 Containers

Containers are a form of operating system level virtualization that allow multiple
isolated user-space instances to run on a single host kernel. They package an ap-
plication along with its dependencies and environment, but unlike traditional VMs,
containers do not bundle a separate operating system for each instance. This means
all containers on a host share the host’s OS kernel, making them much lighter and
faster to start compared to VMs. Because containers avoid the overhead of emulat-
ing hardware and booting full OS images, they are significantly smaller in size and
can launch almost instantly. This lightweight nature allows hundreds of containers
to reside on a host and enables efficient scaling and resource utilization in cloud
environments [37].

2.4.1 Linux Namespaces: Isolation of Resources

Linux namespaces are fundamental to container isolation, partitioning global system
resources so that each container sees a private, sandboxed view of the operating
system. When a process is placed in a new set of namespaces, it has the illusion
that it is the only process on the machine for those resource domains [37]. The Linux
kernel provides several types of namespaces, each isolating a particular resource or
abstraction:

� PID Namespace: Gives the container its own process ID space, so processes
inside a container have PID 1 as their init and are not visible to processes in
other containers. This ensures containers have isolated process trees.

� Mount (Filesystem) Namespace: Provides each container with what appears
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to be its own distinct filesystem hierarchy. A container can have its own root
filesystem and mount points, preventing it from seeing or affecting the host or
other containers’ files.

� Network Namespace: Gives each container its own network stack, including
interfaces, IP addresses, routing tables, and port ranges. To the processes
inside, it looks like they have unique network devices and addresses, enabling
containers to have overlapping IPs or even mimic separate machines on a
network.

� UTS (Unix Time-sharing System) Namespace: Allows a container to have
its own hostname and domain name, isolating system identifiers so that a
container can rename itself without affecting the host.

� IPC Namespace: Provides isolation of inter-process communication resources
(System V IPC and POSIX message queues), so that IPC mechanisms (shared
memory segments, semaphores, etc.) in one container are distinct from those
in another.

� User Namespace: Isolates user and group ID numbers, letting containers run
as a non-root user on the host even if they have a “root” user inside the
container. In a new user namespace, processes can have elevated privileges
(UID 0) inside the container while the kernel maps that to an unprivileged
UID on the host, greatly enhancing security.

Using these namespaces, a container runtime can polyinstantiate the global envi-
ronment [38, 37].

2.4.2 Control Groups (cgroups): Resource Management

While namespaces isolate what each container can see, Linux control groups regulate
what each container can use. Cgroups are a kernel feature that limits and monitors
the resource usage of processes. By organizing processes into hierarchical cgroups
and applying resource controllers, the kernel can enforce quotas and priorities on
CPU, memory, I/O, and more. In practice, each container’s processes are placed in
specific cgroup subsystems that govern resources [39, 38].
Cgroup policies can be configured via the virtual filesystem interface (usually

under /sys/fs/cgroup/), setting limits like memory max usage, CPU shares, block
I/O priorities, etc. For example, when Docker runs a container with memory limits
(docker run –memory=X), it creates a corresponding cgroup in the memory con-
troller and assigns the container’s process to it; the kernel will enforce that the
container cannot exceed X bytes of RAM. Similarly, CPU shares or quotas can en-
sure one container doesn’t starve others of CPU time. In summary, cgroups provide
a fine-grained mechanism to partition and distribute system resources among con-
tainers. By binding containers to their cgroups, the runtime achieves controlled
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performance isolation in addition to the security isolation provided by namespaces
[38, 40].

2.4.3 Union File Systems and Layered Images

Containers also rely on efficient storage mechanisms to manage the file system con-
tents of images and containers. The concept of a layered image is central to container
portability and efficiency. A container image is a packaged file system that includes
the application and its dependencies (libraries, run times, etc.), but it is typically
built in layers rather than as one monolithic archive. Modern container systems
use union file systems or similar copy on write file systems to achieve this layering.
Each command in the process of building an image creates a new layer on top of
the previous ones. These layers are stacked to form the final image. Conceptually,
the image is composed of a base layer (for example, a minimal OS) and additional
layers capturing incremental changes (application files, configurations, etc. added
on top) [37].
This layered design has several advantages. First, layers can be shared and reused

between images. For instance, if two images both use the same base OS layer (say,
Ubuntu 22.04), that layer needs to be stored on disk and in memory only once, even
if dozens of containers use it. Each container image just adds its specific differences
on top. Second, launching a new container is fast because the runtime can combine
the pre-existing layers without duplicating data; it uses a union mount so that the
container sees a single coherent file system assembled from the layers. Any writes
a container makes at runtime (to its file system) can be directed to a thin writable
layer on top (often called the container layer), leaving the underlying image layers
untouched (copy-on-write). This means multiple containers can safely share the
same read-only image layers simultaneously. It also means that distributing images
is efficient: only new layers need to be downloaded when pulling an image, if the
base layers are already present on the host [37]. In summary, the layered image
approach and union file systems make container images lightweight, shareable, and
portable, which is crucial for scaling containers in practice [38].

2.4.4 Containerization in Embedded Systems

Container technology was first used in cloud systems, but it is now also common in
embedded and IoT devices. Embedded systems benefit from containers because the
application and its environment are packaged together, which separates software
from hardware and makes deployment easier. As a result, control software does
not need to be tied to one specific device, and studies show that containers can
decouple control logic from physical systems even in real time settings [41]. This is
especially useful in IoT scenarios where the same software must run on many different
devices, and platforms such as AWS Greengrass and Azure IoT Edge demonstrate
that containers are well suited for portable and lightweight edge deployments [42].
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Embedded devices often have limited CPU power, memory, and storage, so the
extra cost of containers must be considered carefully. Containers are lighter than
virtual machines, but they still introduce overhead in the form of startup delays,
increased memory use, and slower input or output on low power hardware [42]. These
effects are important in real time applications, so lightweight container runtimes are
used to reduce the impact. One example is BalenaEngine, which is smaller than a
standard Docker installation while still being compatible with it [39]. Containers can
also be used together with real time Linux systems, and with the right configuration,
studies show that containerized applications can still meet strict timing requirements
on shared hardware [41].
Overall, containerization improves portability, modularity, and the ability to up-

date software in embedded systems. It allows software to change without requiring
new hardware and helps to extend device lifetimes. With careful management of
limited resources, containers remain a practical option for many modern embedded
and edge platforms [41, 42].

2.5 AREIOM: Adaptive Research Multicopter
Platform

2.5.1 Modular Software Components: Mission, Vision, and
Navigation Subsystems

The proposed software architecture is organized into three primary subsystems: Mis-
sion, Vision, and Navigation. Each responsible for a distinct set of system functions.
This separation enables clear responsibility boundaries and supports scalable and
maintainable system design.
The Mission subsystem coordinates high level system behavior and execution

through a collection of cooperating software components. Within this subsystem,
the Scheduler (SCH) is responsible for organizing and sequencing mission related op-
erations, while the Control Handler (CTH) manages the processing and execution
of control commands. Decision making logic is encapsulated within the Expert Sys-
tem (EXS), which contributes intelligent reasoning capabilities to guide autonomous
behavior. In parallel, the Ground Control Server (GCS) serves as the communica-
tion interface between the onboard system and ground based control units, enabling
mission supervision and operator interaction [17].
The Vision subsystem provides perception and visual feedback necessary for navi-

gation and inspection tasks. This subsystem consists of multiple specialized compo-
nents. The Camera Gimbal Control (CGC) manages camera orientation to support
target tracking and stabilization. Visual data acquisition is handled by the Ac-
quisition (ACQ) component, while the Object Detection (DET) module processes
incoming data to identify relevant objects in the environment. The Streamer (STR)
component enables real-time transmission of video data, and the Recorder Streamer
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Figure 2.8: AREIOM Software Architecture [17]

(REC) supplements this functionality by storing selected data streams for offline
analysis.
The Navigation subsystem is responsible for vehicle motion control and position-

ing. Its functionality is primarily realized through the MAVLink Abstraction Layer
(MAL), which provides a simplified interface for interacting with the MAV’s flight
controller. By abstracting low-level communication details, this subsystem ensures
reliable command execution and state feedback necessary for stable and accurate
navigation.

2.5.2 Shared Memory Based IPC: Enabling Inter Component
Communication

Efficient communication between software components is achieved through a shared
memory based IPC mechanism, which forms a central element of the system ar-
chitecture. This approach allows multiple components to exchange data through a
common memory region, ensuring timely and coordinated information flow across
the system. By enabling direct access to shared data, IPC minimizes communication
overhead and supports fast data exchange, which is essential for real time system
operation.
The shared memory mechanism provides a structured and efficient means of inter

component communication by allowing multiple processes to read from and write to
a designated memory space concurrently. From the perspective of each component,
this shared region behaves similarly to local memory, enabling straight forward data
access. To maintain data consistency and avoid concurrency related issues such
as race conditions or data corruption, synchronization mechanisms mutexes and
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Figure 2.9: Shared memory based IPC [17]

semaphores are employed. These mechanisms regulate access to shared memory
regions, ensuring controlled and safe data interaction among processes.
Effective coordination between software components is critical for timely and re-

liable mission execution. For instance, when the Mission Scheduler (SCH) assigns a
new task to the Control Handler (CTH), the task information can be written directly
into shared memory. The Control Handler can then retrieve this data immediately,
without the delays associated with more complex communication protocols. Such
low latency data access is especially important for applications that require rapid
responses and tight integration between perception, decision making, and control
components [17, 43, 44, 45, 46, 47].
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3.1 Mission Representation in Autonomous Robotic
Systems

Mission representation is a critical aspect of autonomous robotic and UAV systems.
It encompasses how high level tasks and objectives, i.e. mission are specified, mod-
eled, and ultimately executed by robots. In general, a mission is described at design
time in some formal representation language, which is then interpreted or executed
at run time by an underlying control model or architecture. At a high level, mission
representation approaches in the literature can be grouped into two categories:

� Mission Control Models: These define how missions are executed and con-
trolled. this include run time frameworks that dictate the robot’s behavior
and decision logic during mission execution.

� Mission Specification and Configuration Languages: These are the de-
sign time representation. Designers encode mission plans, objectives, and con-
straints in a structured way that can later be interpreted by the control system.

3.1.1 Mission Representation as Control Models

FSMs and FSA

Finite state machines or Finite State Automaton have long been a staple for robot
control. In an FSM based controller, the mission is represented as a set of states.
Each state often corresponding to a behavior or an action, and transitions triggered
by events or conditions. A classic example is the MissionLab system’s finite state
acceptor representation. Where actions are nodes, and perceptual triggers, which
define the conditions for transitioning to the next action, serve as the directed edges
connecting them. An entire mission plan can thus be seen as a graph of states
connected by sensor driven transitions, defining a workflow of activities [48]. FSMs
are conceptually simple and offer clear execution semantics, at any time the robot
is “in” a particular state and will switch to another state when the corresponding
condition is met. This simplicity has made FSMs widely adopted in practice. In
recent years, FSM based approaches remain among the most widespread solutions
for encoding robot and UAV behaviors during mission execution [49]. They excel
in well defined scenarios where the sequence of actions and conditions is mostly
predetermined.
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Strengths: Finite state machines are easy to understand and visualize. They allow
designers to explicitly map out the mission logic and are supported by many tools.
FSMs enumerate states and transitions explicitly. This makes the mission execution
logic transparent. For smaller missions, the logic is also relatively straight forward
to debug or verify. They have been effectively used in single robot scenarios and
even in coordinated multi robot missions by deploying an FSM on each robot, refer
section 4 of [48]. Many commercial or standard autopilot systems also implicitly use
an FSM for missions, where a waypoint following mission can be viewed as an FSM
cycling through waypoints.
Limitations: The simplicity of FSMs comes at the cost of scalability and flexi-

bility. As missions grow in complexity with more states and concurrent tasks, the
state graph can quickly expand and become difficult to manage. This problem is
often referred to as state explosion. Adding new behaviors or handling numerous
contingencies increases the number of states and transitions, reducing readability
and maintainability. FSMs also handle concurrency poorly. A basic FSM is sin-
gle threaded and allows only one active state at a time. Representing concurrent
sub tasks therefore requires complex extensions or several state machines running
in parallel. FSMs are not inherently modular either. Changes in one part of the
mission logic can affect other parts, and reusing sub graphs of behavior is difficult.
Recent studies show that while both FSMs and newer models can accomplish the
same tasks, maintaining mission behavior as a Behavior Tree becomes easier as task
complexity increases [50]. In summary, FSMs tend to become brittle in complex
or highly dynamic missions where many alternative flows or interrupts must be
managed.
Use Cases: FSMs are well suited for missions divided into clear sequences of

modes or stages with defined event triggers. Typical examples include structured
inspection routines, scripted surveillance patrols, and competition scenarios where
the sequence of steps is predetermined. Early demonstrations of multi robot missions
also used FSMs. For example, an indoor and outdoor reconnaissance mission was
implemented with both UAVs and UGVs running its own state machine to represent
its specific role in the mission [48]. Even today, many robotics middlewares provide
state machine libraries for creating mission executives, such as SMACH in ROS.
FSMs remain common in industrial settings like manufacturing robotics. Because
of this wide use, many engineers are already comfortable with the model, even
though newer paradigms are available.

Behavior Trees

Behavior Trees have gained significant popularity in robotics over roughly the last
decade as an alternative to FSMs for modeling robot decision logic and mission
execution. Originally coming from the video game industry, BTs offer an extensible
tree based representation of missions [51]. A behavior tree organizes behaviors such
as actions or sub tasks in a hierarchical tree structure. It uses control flow nodes like
Sequence, Selector, and Parallel to determine the execution order and decision logic.
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The tree is usually executed from top to bottom on each tick or event. Nodes return
statuses such as success, failure, or running, these control how the traversal proceeds.
This structure decouples sequencing, fallback decision making, and concurrency in
a modular way.
Conceptual Role: In mission representation, a Behavior Tree acts as a runtime

policy or control program for the robot. It is a formalism that lies between purely
reactive behaviors and high level planning. This provides a execution model that can
orchestrate complex tasks while being responsive to changes. Each branch of the tree
can encapsulate a sub mission or behavior. Using it designers can compose complex
missions by nesting simpler behaviors. This hierarchical structuring is touted as
more modular and reusable than monolithic FSMs [51]. BTs are proved useful for
facilitating modular design and code reuse, because subtrees can be swapped or
reused across different missions. They also have an explicit notion of fallback via
selector nodes, which facilitates the encoding of robust behavior, such as trying an
alternative when the preferred action fails [52].
Strengths: BTs include readability and modularity. Many robotics developers

find BTs more intuitive to comprehend and modify than equivalent state machines
[53]. The tree structure often shown as a graphical diagram, aligns well with the
way humans naturally break down tasks into hierarchical steps. Because behav-
iors and conditions are encapsulated in nodes and subtrees, BTs lend themselves
to incremental development: new capabilities can be added as branches without
rewriting the entire structure. Another strength is their inherent support for reac-
tivity and fallback behaviors. A BT continuously reevaluates conditions and can
switch behaviors if a higher priority condition becomes true. This is very useful in
dynamic environments. They handle concurrent behaviors through parallel nodes
more naturally than a basic finite state machine. This structure allows actions to
be interleaved, but careful design is needed to prevent conflicts. BTs have formal
semantics and can generalize several other control architectures, including certain
FSM patterns. They provide a unifying framework for sequencing and selection
tasks [51].
Limitations: While behavior trees improve on FSMs in many respects, they also

have their own limitations. One limitation is that, in their standard form, behavior
trees do not explicitly model state beyond what is represented in the tree struc-
ture and the running statuses. This means that if a mission requires remembering
complex state or coordinating many parallel conditions, a behavior tree can become
large or may need extensions such as memory variables or decorators to handle it.
Additionally, the execution of a behavior tree is typically managed by a tick loop.
This approach may not be as straightforward for a beginner to understand as a sim-
ple FSM diagram, and therefore introduces a learning curve for effective use. Some
critics point out that because behavior trees allow many ways to compose behaviors,
ensuring correctness and avoiding conflicts can be challenging without careful de-
sign. Formal verification of behavior trees remains an active research area. Despite
these challenges, ongoing studies and direct comparisons suggest that behavior trees
scale better with increasing complexity. For example, an experimental comparison
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found that while a robot’s external behavior could be equivalent under an FSM or
a BT, maintaining the BT was easier as the mission complexity increased. This
improvement was largely due to better modularity and separation of concerns [50].
Use Cases: BTs have been successfully applied in a wide range of autonomous

robot missions, from service robots to drones. They are also common in artifi-
cial intelligence for game non player characters, and this practice has translated to
robotics. Examples include mobile manipulators performing sequences of tasks with
contingencies, or unmanned aerial vehicles conducting surveillance while reacting to
unexpected events, such as detecting a target and switching to a tracking behavior.
A concrete use case appears in mobile manipulation and long duration robot mis-
sions. BTs enable the combination of deliberative actions with reactive checks. For
instance, a BT can represent a high level plan while continuously monitoring battery
levels or safety conditions as higher priority branches. In multi robot teams, BTs
are sometimes used to define each robot’s role in a loosely coupled manner. They
can simplify coordination by structuring behaviors, although explicit synchroniza-
tion often requires additional mechanisms. The robotics community has developed
standard BT libraries and graphical editors, which are integrated into Robot Op-
erating System (ROS) ecosystems as a popular choice for the executive layer. The
combination of human readability and machine interoperability has made BTs a key
component of modern robotic software frameworks. They serve as an intermediate
mission representation that functions both as a modeling language and an efficient
runtime control policy [51].

Petri Net Based Mission Controllers

Another line of mission execution models in robotics is based on Petri nets, a well
known formalism for concurrent systems. Petri nets provide both a graphical and
mathematical means to model states and events with explicit representation of con-
currency, synchronization, and resource sharing. In robotics, Petri Net Plans, or
PNPs, have been introduced as a formal model for representing and executing multi
robot plans [54]. A Petri Net Plan extends basic Petri net theory to encode robot
actions, sensing, and control structures. According to Ziparo et al. in section 3.1
of [55], a single robot Petri Net Plan consists of places and transitions arranged to
represent various stages of action. Places correspond to stages such as the start of
an action, action execution, and completion, whereas transitions represent events
such as starting, stopping, or receiving external triggers. Tokens capture the robot’s
progression through these stages. The Petri net model can be enhanced with control
places and transitions corresponding to high level programming constructs such as
conditional branches, loops, or parallel sections. This enables Petri Net Plans to en-
code complex missions involving conditionals, iteration, concurrency, and interrupts
within a unified formal model [55].
Strengths: Petri net based control models are highly expressive, especially for

multi robot or multi agent missions requiring concurrency and synchronization. Un-
like a linear FSM, a Petri net naturally supports multiple tokens, allowing a robot
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or several robots to occupy multiple states or perform subtasks concurrently. This
property aligns well with missions where multiple objectives or parallel processes
must occur simultaneously. The formal foundation of Petri nets also supports anal-
ysis and verification. Properties such as reachability, deadlock freedom, and liveness
can be examined using well established Petri net theory. Petri Net Plan frameworks
often include execution engines that ensure correct firing of transitions based on the
net’s state. For instance, a transition will only occur when all prerequisite tokens
are present, guaranteeing logical consistency.
Petri nets manage synchronization between robots through shared transitions. In

a multi robot Petri Net Plan, one robot’s transition can produce a token that enables
another robot’s transition, effectively coordinating behaviors between agents. This
capability to model coordinated team plans provides a significant advantage in multi
robot scenarios, as discussed in sections 1 and 2 of [55].
Limitations: The expressiveness of Petri nets comes with increased design com-

plexity. Building a Petri net model for robotic missions requires specialized knowl-
edge and may not be intuitive for users unfamiliar with formal modeling. The
graphical representation can also become complicated for large missions, although
hierarchical approaches such as colored or object oriented Petri nets help group
related components. While Petri nets excel in representing concurrency and syn-
chronization, they may be less intuitive for purely sequential logic compared to
FSMs or BTs. Another limitation is tool support and integration. FSMs and BTs
are widely integrated into common robot software frameworks, whereas Petri net
execution engines are more specialized and less standardized. Despite these chal-
lenges, interest in Petri net approaches remains strong. Recent research has explored
the use of colored Petri nets, a compact and data aware variant, for UAV mission
control to manage complex coordination and resource constraints more effectively.
The literature suggests that Petri Net Plans are valuable when high assurance of
correct coordination is required, though they demand a more formal and disciplined
design process [49, 55].
Use Cases: Petri net models are particularly suitable for multi robot missions that

involve tight coordination or synchronized actions. Examples include cooperative
surveillance or search tasks where multiple robots must periodically rendezvous or
exchange information. These can be naturally represented as places for states and
transitions for communication events. One documented example involves a cooper-
ative UAV–UGV task in which a UAV guides a ground robot toward a target. Using
a Petri Net Plan, the UAV’s detection event can be modeled as a transition that pro-
duces a token enabling the UGV’s approach action. This ensures that the ground
robot proceeds only after the aerial robot has located the target [56]. Petri nets
have also been applied in robot soccer and swarm robotics, where multiple robots
must coordinate roles and actions under strict time constraints [54]. While Petri net
based frameworks are primarily seen in academic and research environments such
as multi robot programming prototypes, they continue to influence modern mission
specification languages. Some of these languages incorporate Petri net semantics at
their core [57].
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Deliberative Planning and Hybrid Control Models

In contrast to fixed state or scripted execution models, some mission control ap-
proaches rely on online planning and decision making. These deliberative or AI
planning based models treat mission execution as a continuous planning problem,
where the system generates action sequences to achieve goals and may replan as the
environment changes. A prominent example is the use of automated planners with
languages such as PDDL to represent mission domains and goals. In robotics, a
classical planner can create a sequence of actions to accomplish a high level mission
objective, which is then executed and monitored by a runtime system, often referred
to as an executive.
For instance, a mission like “map these five waypoints and take photos of any

detected objects” can be given to a planner that computes an optimal route or task
sequence. Execution semantics in such systems are typically embodied in a plan
execution engine or a hybrid architecture. In these architectures, the planner gener-
ates tasks, and a lower reactive layer executes them while responding to immediate
sensor feedback.
In the literature, purely classical planning approaches, such as STRIPS based

planners, are recognized as powerful for mission plan generation but must be adapted
or combined with reactive mechanisms to be effective in robotics [58]. Robots op-
erate in dynamic environments where plans may fail or conditions change unex-
pectedly; thus, modern frameworks integrate planners with reactive control loops.
Some hybrid architectures combine HTNs or policy learning at higher levels with
state machines or behavior trees at lower levels for task execution. The execution
semantics of such systems often revolve around continually checking plan progress,
validating preconditions, and triggering replanning when necessary. For example, if
an action fails or a new obstacle is observed, a replanning process may be initiated.
A runtime planner can therefore be viewed as a control model that selects the next
action based on the current world state and goal, rather than following a predefined
sequence.
Strengths: The main strength of deliberative planning models lies in their flexi-

bility and autonomy. A robot is not restricted to a hard coded sequence of actions
but can derive its own solution in real time, which is crucial for complex or open
world missions. This capability enables adaptation to unpredictable environments.
Here, the mission specification may be as abstract as a goal condition or a reward
function, allowing the robot to make decisions to achieve that goal. Another major
advantage is optimality: planners can optimize paths or schedules according to a
cost function, something fixed scripts cannot achieve. Additionally, formal planning
languages such as PDDL or temporal logic specifications allow missions to be ex-
pressed at a very high level. For example, “visit these locations and gather data”
without specifying how. This high level abstraction reduces the burden on human
designers. In multi robot missions, deliberative approaches can handle dynamic task
allocation and cooperative behavior at runtime by using algorithms to assign roles
or sub goals as conditions evolve.
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Limitations: Pure planning systems face several challenges in real time robotic
control. Planning algorithms can be computationally expensive and may fail to
meet timing requirements when mission spaces are large. Consequently, many sys-
tems restrict planning to the high level while relying on faster reactive controllers for
execution; otherwise, a robot might spend too much time thinking when it should
be acting. Another limitation concerns predictability and safety. Automatically
generated plans must be validated to ensure they do not violate constraints such as
power limits or safety distances. This requires encoding numerous domain specific
rules within the planner, which can add considerable complexity. Planners also typ-
ically assume an accurate environmental model; if the model is incorrect or becomes
outdated, the resulting plan can be sub optimal or fail entirely. For these reasons,
integration with reactive layers and continuous monitoring is emphasized in the lit-
erature [58]. A deliberative planner alone does not constitute a complete execution
model, it requires an executive to monitor execution, trigger replanning, and often a
low level controller to manage real time actions. Designing such integrated systems
is non trivial. As a result, many researchers have proposed hybrid control architec-
tures, consisting of deliberative, executive, and reactive layers. These frameworks
are powerful but complex to implement and tune.
Use Cases: Planning based control is commonly used in high level task planning

for service robots, such as a domestic robot planning how to serve drinks to several
guests in a specific order. It also appears in logistics robots that schedule deliveries,
and planetary rovers that plan daily paths and science activities. In multi UAV sys-
tems, researchers have developed temporal planners that dynamically assign UAVs
to sub tasks such as area coverage or target tracking. This adaptability is vital for
missions like disaster response, where goals can shift based on new information [58].
A notable formal approach in the literature involves LTL specifications. In such

frameworks, users describe missions as temporal logic formulas for example, “Even-
tually survey area A and then B, and always avoid nofly zone C.” The system then
automatically synthesizes a correct by construction controller or plan that satisfies
the specified mission [59]. This approach merges planning with formal methods,
ensuring that if a plan fulfilling the specification exists, the controller will find it.
Such methods have been successfully demonstrated for high level reactive mission
planning, where the outcome is an automaton or set of policies that guarantee
fulfillment of the LTL specified requirements [59]. These use cases illustrate that
planning based control is most advantageous when missions require reasoning over
alternatives or when the environment can significantly influence the best course of
action.

Reactive and Behavior Based Architectures

A final category worth noting includes purely reactive or behavior based control
architectures, such as subsumption architectures, rule based systems, and BDI (Be-
lief–Desire–Intention) agent architectures. In these models, there may not be an
explicit graph or tree representing the mission. Instead, the system consists of a set
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of behaviors or rules that concurrently evaluate conditions and produce actions.
For example, a rule based reactive planner might include rules of the form, “IF

condition X holds, THEN execute behavior Y,” with mission logic emerging from
the interaction of these rules. The subsumption architecture a classic behavior based
approach layers simple behaviors (such as obstacle avoidance, corridor following, or
goal seeking) with priorities. At runtime, the highest priority applicable behavior
takes control. These systems were historically popular for robust low level control.
In terms of mission representation, they often lack a clear design time script; their
“representation” is implicit in the collection of programmed behaviors. Nevertheless,
they are sometimes combined with higher level mission scripting for instance, a top
level finite state machine may switch between behavior based control modes.
Strengths: Purely reactive control excels in dynamic, uncertain environments

because the robot can respond immediately to stimuli without relying on preplanned
sequences. Reactive systems are generally robust to variations in the environment;
for example, a robot will always avoid an obstacle if one suddenly appears, regardless
of any higher level goal. The absence of rigid structure can also contribute to fault
tolerance. If one behavior fails, the mission does not necessarily halt other behaviors
continue to function. This can be compared to an insect whose other legs continue
moving even if one leg becomes stuck, analogous to independent reactive modules
continuing to operate.
Limitations: The main drawback of purely reactive systems is their difficulty

in guaranteeing the completion of complex missions that require sequential logic
or memory of past actions. They may fall into local loops or fail to reach their
objectives if not carefully designed. Because there is no explicit high level repre-
sentation therefore it is also challenging for humans to specify complex missions in
this paradigm. As a result, purely behavior based architectures are typically used as
complementary mechanisms within structured mission representations, rather than
as stand alone mission specification methods.
Use Cases: Low level navigation and real time obstacle avoidance almost always

rely on reactive control, such as PID controllers, potential fields, or rule based
avoidance algorithms. In terms of mission execution, purely reactive architectures
were used in early mobile robots for behaviors such as wandering, following, and
simple goal seeking. In modern practice, they are rarely used alone for mission level
tasks but are common within hybrid systems. For example, a higher level planner
might invoke a reactive behavior such as “wander until the target is found,” which
is internally implemented as a rule based behavior.
The BDI model is primarily an AI paradigm, but its execution mechanism ef-

fectively functions as event driven reactive planning supported by a library of plan
templates. Although less common in mainstream robotics literature over the past
decade, it remains influential in multi agent system research [60].
Summary of Control Models
In summary, mission control models define the runtime execution semantics for

robotic missions. Finite state machines provide deterministic sequencing with simple
semantics but can become unwieldy for complex tasks. Behavior trees offer a more
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modular and reactive structure, increasingly adopted for complex missions requiring
flexibility. Petri net based controllers introduce formal concurrency handling, well
suited for synchronized multi robot missions, albeit at the cost of greater design
complexity.
Deliberative planners and hybrid architectures enable online decision making and

adaptivity, which are essential for open ended missions, but must be paired with exe-
cution mechanisms to meet real time and reliability constraints. Reactive, behavior
based schemes underpin all of these models by ensuring that robots can respond
immediately to environmental events, though they do not in themselves provide a
convenient mission level programming interface.
Finally, As noted by Molina et al., purely sequential waypoint scripts are rigid

and cannot adapt to dynamic changes or branching logic. This limitation has driven
ongoing efforts toward richer and more flexible execution models, including combina-
tions such as planners integrated with reactive control, or state machines augmented
with concurrent threads. These hybrid models better address the needs of modern
autonomous missions.

3.1.2 Mission Representation as Specification Languages

Mission specification languages are the notations, formats, or tools that enable hu-
man designers or higher level software to describe the missions a robot or team
of robots should perform. These can take various forms, including textual domain
specific languages, markup files such as XML, JSON, or YAML, graphical interfaces
where missions are visually composed, and formal logic specifications. Unlike con-
trol models, which focus on execution behavior, specification languages concern the
representation and encoding of mission requirements, which are later interpreted or
compiled into executable form. Over the past decade, the literature has introduced
a wide range of mission specification approaches, often tailored to different abstrac-
tion levels and user expertise. The main categories and representative examples are
reviewed below.

Domain Specific Mission Programming Languages

A number of DSLs have been proposed specifically for describing robotic missions.
These languages provide constructs such as keywords, syntax, and data structures
that align with the conceptual elements of missions (tasks, actions, events, robots,
and so on). As a result, they make it easier to encode complex missions without
dealing with low level programming details.
Early efforts included TDL and PRS like agent languages, but more recent exam-

ples are particularly noteworthy. TML (Task Mission Language) is a DSL designed
for UAV missions within the Aerostack framework [61]. TML uses an XML based
syntax that is both machine and human readable, allowing users to define missions
in terms of a hierarchical task tree with associated actions and an event handling
section for reactive behaviors. The conceptual aim of TML is to provide a logical,
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Table 3.1: Comparative View of Mission Representation as Control Models

Model Execution
Semantics

Strengths Limitations Typical Use
Cases

Finite State
Machines
(FSMs)

Deterministic
state transi-
tions based on
events or condi-
tions

Simple, intu-
itive, widely
used; good
for linear or
well structured
tasks

State explosion
with complex
missions, poor
modularity,
weak concur-
rency support

Structured mis-
sions, indus-
try applica-
tions, sequen-
tial UAV/UGV
tasks

Behavior
Trees (BTs)

Hierarchical,
reactive traver-
sal with con-
trol flow nodes
(e.g., Sequence,
Selector)

Modular, read-
able, supports
fallback and
reactivity, scal-
able for com-
plex tasks

Needs care-
ful design for
memory/state,
harder to for-
mally verify,
some learning
curve

Mobile manip-
ulation, patrol,
adaptive mis-
sions, robotic
games/NPC
logic

Petri Nets
(PNPs)

Token based
concurrency
and syn-
chronization
through places
and transitions

Formal concur-
rency support,
verification
friendly, suit-
able for multi
robot coordina-
tion

High complex-
ity, harder to
design, less
mainstream
tool support

Cooperative
robotics, syn-
chronized team
behaviors,
robotics re-
search demos

Deliberative
Planners

Plan generation
and dynamic
replanning us-
ing symbolic
reasoning (e.g.,
PDDL, HTN)

Goal driven
autonomy, flex-
ibility, supports
runtime adap-
tation, high
level task plan-
ning

Computational
cost, needs ac-
curate models,
requires inte-
gration with
execution moni-
tors

Autonomous
logistics, plan-
etary rovers,
task scheduling,
dynamic goal
missions

Reactive Ar-
chitectures

Event driven
or rule based
reactive behav-
ior arbitration
(e.g., subsump-
tion, BDI)

Robust to dy-
namic changes,
fast response,
no need for pre-
planned mis-
sions

Lack of mem-
ory, hard to
ensure goal
completion, dif-
ficult to express
high level logic

Obstacle avoid-
ance, emer-
gency response,
behavior layer
of hybrid archi-
tectures
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high level representation of missions that abstracts away low level implementation
details the user specifies what tasks to perform and when or under what conditions
certain events trigger actions, rather than how to implement them.
As noted earlier, a TML mission is executed by an interpreter that follows the task

tree in a depth first manner while reacting to events to deviate from the sequence
when necessary [58]. Thus, TML serves as a prime example of a mission specification
language tightly integrated with a runtime control model in this case, a custom
reactive planner or executive within the Aerostack framework.
Another example is BDL, a DSL for defining missions of teams of robots with

reconfigurable hardware. BDL was created to facilitate coordination among multiple
UAVs and allow flexibility across different sensor configurations. Its syntax and
semantics combine elements of UML activity diagrams and Petri nets. A BDL
mission is represented as a network of “blocks” (nodes) connected by flow relations,
supporting parallel branches and synchronization, much like an activity diagram,
while inheriting concurrency semantics from Petri nets.
A BDL mission file models the mission at a high level including patterns for multi

robot collaboration and is deployed to a runtime system called DMDE. DMDE
contains a mission player that executes the mission by instantiating the specified
blocks at runtime. The language is designed to be hardware agnostic and extensible;
for instance, BDL supports placeholders for specific robot capabilities that are bound
to concrete implementations at runtime, enabling mission reusability across different
robot platforms [57].
Beyond TML and BDL, several other DSLs have been proposed. MDL (Mission

Description Language) is cited as a declarative, XML based language for defin-
ing missions, likely originating from a research project focused on multi robot co-
ordination. There are also POMDP based or policy specification languages, al-
though these belong more to the planning domain. Another noteworthy family is
PPR (Plans, Procedures, and Rules) languages used in space robotics for example,
NASA’s PLEXIL, developed in the mid2000s.
More recently, the PROMISE framework aimed to let users specify high level

goals for multiple robots collaboratively, rather than prescribing low level steps.
PROMISE introduced a language emphasizing multi robot collaboration and ab-
stract goal descriptions [62]. Experimental studies have shown that such DSLs
lower the entry barrier for domain experts who are not traditional programmers.
For example, the FLYAQ system enabled non experts such as firefighters to specify
drone missions using a high level modeling language, which was then automatically
compiled into low level flight plans [63].
Strengths: DSLs offer expressiveness tailored to robotic missions without the ver-

bosity of general purpose programming languages. They often include abstractions
for common mission patterns such as patrol, survey, or object delivery and can en-
force structural correctness that helps prevent design errors. For instance, TML’s
task tree ensures that every mission has a well defined beginning and end, and that
event handlers are explicitly defined, improving verifiability [58].
Another strength is their readability and usability for end users. Many DSLs em-
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ploy intuitive syntax or pseudo natural language. For instance, the PROMIS frame-
work allows missions to be specified directly in terms of high level tasks and teams,
aligning with how non programmers conceptualize multi robot missions. Some DSLs,
such as BDL, are designed to be domain independent by enabling the definition of
custom mission tasks as plug in extensions. Importantly, because DSLs have for-
mal semantics, they support verification and automatic translation. A mission DSL
script, for example, can be compiled into a finite state machine or directly into exe-
cutable robot code, ensuring correctness and consistency between specification and
implementation.
Limitations: The effectiveness of a DSL depends heavily on its supporting tools

and on the range of missions it can naturally express. Some DSLs are too low
level, essentially mirroring general purpose programming, while others are overly
abstract and limit user control. Adopting a DSL also requires learning its syntax
and semantics, which can be a significant investment especially when the language
lacks broad adoption or mature tooling beyond research prototypes.
DSLs can also restrict flexibility: by constraining how missions are represented,

they may make it difficult to specify unconventional behaviors that fall outside their
abstractions. For example, if a DSL assumes a strictly hierarchical task decompo-
sition, it might be ill suited for dynamic, non hierarchical missions. Furthermore,
every DSL must interface with real robot software; mismatches between the language
abstractions and the actual hardware capabilities can lead to either oversimplified
or repeatedly adjusted mission definitions.
In practice, many mission DSLs have not achieved widespread adoption due to

these limitations. The literature often observes that most existing mission specifi-
cation approaches “focus only on a subset” of desirable features such as usability,
domain independence, or extensibility [62]. No single DSL fully addresses all needs,
which is why multiple coexist today and why integration with underlying runtime
control remains essential an interaction explored in the next section.
Use Cases: DSLs are widely used in advanced research projects and frameworks

where missions are sufficiently complex to warrant a dedicated specification lan-
guage. For example, TML has been used in indoor drone competitions involving
reactive mission tasks, such as search and rescue scenarios with moving targets.
Teams could quickly adjust missions by editing XML definitions rather than modi-
fying code [58].
BDL has been applied in scenarios involving modular robotic teams for instance,

drones with interchangeable sensors or components. Because BDL missions reference
abstract capabilities rather than specific hardware, they remain valid even when
the configuration changes, making them ideal for re-configurable deployments [57].
Another DSL, Buzz, was designed as a programming language for drone swarms and
enables concise expression of swarm behaviors and interactions [62].
Buzz has been used in academic experiments involving large numbers of drones

performing cooperative tasks, such as collective surveillance or ad hoc network for-
mation. Using a high level swarm DSL greatly simplifies specification compared to
programming each drone individually in C++.
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In summary, DSLs excel in describing multi robot or complex single robot missions
where higher level abstractions significantly reduce programming effort and potential
for error.

Graphical Mission Configuration Tools

In parallel with textual languages, many mission representation approaches use
graphical formalisms. These include state charts, flowcharts, behavior tree editors,
and custom GUI based mission planners. Graphical tools are a form of mission
specification mechanism they represent missions visually and often export a ma-
chine readable format such as XML that corresponds to the designed mission. For
example, Mission Lab’s GUI, developed at Georgia Tech, allowed users to draw the
mission’s finite state machine graphically by placing behavior icons and connecting
them with transitions. This approach is essentially graphical mission programming,
where Mission Lab compiles the visual design into executable behavior code [48].
Similarly, Robot ML is a graphical modeling language based on UML/MARTE that
enables users to model missions and robot architectures within a unified environment
[62]. Robot ML provides a modeling palette for creating state machines and activity
diagrams representing robot behavior, and it supports automatic code generation
for execution.
Another example is the use of flowchart style mission editors in high level tools.

Schwartz et al. As cited in Gutmann et al. presented a mission representation
using a flowchart like diagram that is intuitive and easy to construct, essentially
allowing users to depict tasks and decision branches visually. The advantage of these
diagrams is that domain experts can quickly express mission logic without writing
code. However, as noted in the literature, such flowcharts may “lack proper support
for concurrency,” as they typically enforce single threaded logic unless specifically
extended [62].
Graphical tools include standard robotics GUI mission planners such as ArduPilot

Mission Planner, DJI Ground Control Station, and QGround Control. Users mark
waypoints on a map and define basic commands such as takeoff, go to, or land. The
result is a mission script, usually a list of waypoints and associated actions, that the
UAV executes. Although not academic innovations in themselves, these interfaces
are the defacto mission specification tools in the UAV domain. Their functionality
is limited mainly supporting sequential waypoint missions [58]but research tools
are increasingly building on them to introduce more advanced capabilities. For
instance, FlyAQ provided a graphical interface in which users such as firefighters
could draw no fly zones, specify survey regions, and select mission templates e.g.,
“perimeter sweep”, with the system automatically generating a safe flight plan that
met those constraints [63]. Another framework, the Mission Definition System for
UAV based infrastructure inspection developed within an EU project, uses a GUI
for defining missions with points of interest and measurement actions, translating
them automatically into executable flight plans [64].
Strengths: Graphical mission representations are highly accessible because they
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use visual metaphor ssuch as blocks, arrows, and maps that align with how humans
plan tasks. They significantly reduce the learning curve and enable non programmers
to design missions intuitively. For complex systems, graphical models, particularly
UML based ones, help manage complexity through hierarchical diagrams or multiple
abstraction layers (for example, a top level state chart can encapsulate sub state
charts). Many graphical tools also integrate simulation and verification features.
For instance, developers can step through a state chart to simulate mission logic
or apply model checking to validate UML based state machines if formal semantics
are provided. When based on standardized formalisms such as UML or SysML,
graphical models also enhance communication and coordination among development
teams in large engineering projects.
Limitations: A common drawback is that graphical models become unwieldy for

large missions a single diagram may not fit on one screen or page, making it harder
to manage than text based specifications. In some cases, graphical notations can
also be ambiguous or informal; a simple flowchart might omit details required for
execution unless the tool enforces completeness. Another limitation is vendor lock
in: proprietary GUI tools may store missions in closed formats, hindering export and
integration with other autonomy frameworks. In research contexts, some graphical
approaches are criticized for being ad hoc and lacking formal semantics, which makes
it difficult to reason about mission correctness. Frameworks such as Robot ML
attempt to address this by grounding their models in formal UML semantics [62].
Expressing concurrency and complex event logic is another challenge. Many GUI

based tools simplify their interfaces by omitting those features, limiting the expres-
sive power of the resulting missions. For example, a standard waypoint interface
cannot easily capture conditional logic such as “perform X until condition Y be-
comes true, then switch to Z.” To address such limitations, advanced graphical tools
often integrate scripting components or adopt state chart based modeling instead of
simple flow diagrams.
Use Cases: Graphical mission specification is widely used in field robotics where

domain experts are directly involved in mission planning or supervision. For ex-
ample, in disaster response exercises, a commander might graphically assign survey
areas to different UAVs on a map effectively defining missions that are translated
into executable commands by an underlying system. Graphical representations are
also valuable for education and rapid prototyping; students or researchers can cre-
ate mission state machines or behavior trees visually and immediately test them in
simulation or on physical robots.
In industry, model driven development tools such as Math Works State flow or

IBM Rhapsody are commonly used to design robot task logic through diagrams
that are automatically converted into embedded code effectively serving as graphical
mission specifications. Graphical interfaces also play an important role in human
robot interaction, where users may define missions by drawing routes or constructing
flowcharts on a tablet. The accessibility and immediacy of visual mission design
make graphical tools especially suited to rapid iteration in early development stages.
With the ongoing improvement of modeling tools and integration with automation
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frameworks, increasingly complex missions can now be designed entirely through
graphical interfaces.

Markup and Data Formats

Many mission specifications are stored in structured data formats such as XML or
JSON. These formats do not constitute mission models themselves but serve as con-
tainers for data that describe models defined elsewhere. In practice, mission files
typically adhere to a predefined schema, as seen in XML based task languages or
waypoint definitions used by UAV ground control systems[61]. Their main strengths
lie in machine readability and the ease with which they can be generated, transmit-
ted, and modified. Importantly, these formats provide a means of representation
rather than semantics. The mission logic is interpreted and reconstructed at run-
time. This separation between format and model promotes modularity and interop-
erability, enabling missions to be designed visually, stored in standardized files, and
executed by general purpose engines.
Strengths: Using standardized data formats makes mission representations easier

to parse, validate, and even auto generate. XML schemas, for example, can be
used to validate mission files, ensuring that required elements and attributes are
present. Engineers are generally familiar with these formats, and they integrate
well with version control systems, allowing mission file differences to be tracked
and merged like code. Another advantage is scalability: even large and complex
mission specifications remain manageable when supported by XML or JSON tooling,
such as XSLT transformations or JSON query utilities. For multi robot systems,
standardized mission formats in JSON can be shared among heterogeneous robots,
as long as each platform knows how to interpret the shared schema.
Limitations: Human readability can decline as mission complexity increases.

Deeply nested XML or JSON structures can become as difficult to follow as raw
source code if not well documented. These formats also introduce redundancy and
can be error prone to edit manually: a missing bracket or closing tag can inval-
idate an entire file. As a result, such representations are typically used behind
the scenes, with users interacting instead through higher level DSLs or graphical
interfaces. Another limitation concerns performance: parsing large XML files or
executing transformations may add slight overhead, though this is usually negligible
compared to mission execution timescales.
The main caution is not to confuse the format with the model. A mission file in

XML has no inherent meaning without knowledge of the schema’s semantics and
its link to an execution model. For example, a tag such as ¡state name=”Survey”/¿
has no operational significance unless it is known to represent a state within a finite
state machine where Survey triggers specific behaviors or actions.
Use Cases: Structured data formats are ubiquitous in modern robotic mission

systems. In ROS based systems, missions are often defined in configuration files for
instance, a sequence of waypoints encoded in a YAML list. Web based robot dash-
boards use JSON to transmit mission plans via REST APIs. In research contexts,
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XML is frequently employed to encode complex plans, allowing different planning
and execution tools to exchange data efficiently. The Task Description Language
proposed by Simmons et al. was text based but can be viewed as an early structured
task representation [65].
A notable standardization effort is BT.XML, in which behavior tree libraries define

a shared XML notation for representing trees. This has enabled a degree of cross
compatibility: a behavior tree created in one tool can be executed in another library
if both conform to the XML specification similar to how UML diagrams can be
exchanged via XMI.
In summary, markup and structured data formats serve as ubiquitous implementa-

tion mechanisms, ensuring that robotic missions can be stored, exchanged, validated,
and processed in a uniform and interoperable manner.

Formal Specification Languages

At the highest level of abstraction, mission requirements can be specified using
formal languages such as temporal logics or other mathematical formalisms. One
widely studied approach uses Linear Temporal Logic, or LTL, and related logics such
as cosafe LTL and Signal Temporal Logic to describe missions [66]. For example,
an LTL formula might describe a surveillance mission requirement such as Target
Detected, meaning “repeatedly detect the target over time,” which ensures persistent
search. Another example could be not Alarm until Battery Low, then eventually go
to Charge Station, meaning “if no alarm occurs until the battery is low, the robot
must eventually go to the charging station.” These logic based specifications are
declarative. The user specifies what conditions the mission must satisfy over time
rather than how to achieve them. Formal methods such as model checking or reactive
synthesis can then generate an automaton or control strategy that guarantees the
specification is met, if possible.
This process effectively automates mission programming and provides correctness

guarantees. KressGazit et al. pioneered this approach in 2009 by converting high
level LTL mission specifications into hybrid controllers for robotics [59, 67]. Re-
search has continued along this path, improving scalability and user accessibility.
Recent developments include structured English like patterns that compile into LTL
formulas [68].
Another formalism used for mission specification is Temporal Action Logic, or

TAL, developed by Doherty et al. [62]. TAL describes missions in a high level logic
that specifies actions and their effects over time. It can generate task plans that
account for complex temporal constraints. Researchers have also developed property
specification patterns tailored for robotics. These serve as reusable templates such
as “Eventually do A” or “Do B until C.” They help users create formal mission
specifications without requiring deep expertise in temporal logic [68].
Strengths: The key advantage of these approaches is their clarity and mathe-

matical precision. Formal languages provide unambiguous specifications and allow
formal verification or automatic synthesis of correct controllers. This capability is
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vital for safety critical domains such as autonomous driving or space robotics, where
the system must never enter unsafe states and must achieve its objectives when pos-
sible. Formal specifications are platform independent. They describe missions using
abstract conditions and events that apply across different systems. In multi robot
scenarios, temporal logic can capture collaboration and sequencing requirements,
ensuring coordination between robots by design.
Limitations: Writing formal specifications requires specialized knowledge. Even

with pattern libraries and structured English tools, users must still think in terms of
temporal logic, which many find unintuitive. This can lead to incorrect specifications
that produce valid but unintended behaviors.
Computational complexity is another concern. Synthesis and verification can

become expensive for large specifications or complex environment models. Advances
in realizability analysis and abstraction techniques have improved scalability, but
challenges remain.
Integrating synthesized controllers with robot systems can also be difficult. Con-

trollers often take the form of automata that must interface with low level robot
actions and sensors. This requires explicit mapping between logical propositions
and real world signals. Bridging discrete logic with continuous motion planning
adds another layer of complexity.
Overall, formal languages are extremely powerful for describing high level mission

logic, but they usually form part of larger hybrid systems rather than acting as
standalone solutions.
Use Cases: Formal mission specification techniques are used in various domains.

In autonomous driving, temporal logic can encode traffic rules and mission objec-
tives, enabling automated synthesis of decision making modules. In robotics compe-
titions such as DARPA challenges, teams have used temporal logic to define complex
behaviors and synthesize compliant controllers.
Temporal logic is also applied in adaptive or safety critical missions. For exam-

ple, a UAV required to maintain continuous communication can have this property
defined in logic and automatically enforced by the synthesized controller.
A practical example is multi robot persistent surveillance. In such missions, one

can specify that “each area A, B, and C must be visited repeatedly by some robot,
and no area may remain unvisited for more than T minutes.” The corresponding
temporal logic formula can then generate a patrol strategy that satisfies those con-
ditions.
Recent research integrates formal specification with higher level mission descrip-

tion languages. For instance, a DSL may allow users to attach LTL constraints
to mission plans so that monitors or enforcement behaviors are automatically gen-
erated. Other approaches compile structured mission descriptions such as “go to
region 1 or region 2, avoid region 3, then return home” into optimization or au-
tomata based models. This bridges declarative mission logic with motion planning
and execution in an automated, verifiable way.
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Strengths and Weaknesses: Comparative View of Languages

Mission specification languages vary primarily in their design objectives, intended
users, and level of maturity. Studies highlight an inherent trade off between usability
and expressiveness. Graphical and markup based languages are more accessible to
non programmers but tend to be restricted to particular mission types or platforms.
In contrast, programming centric solutions, such as Java or script based languages
for swarm missions (e.g., KARMA and Buzz), offer greater expressive power at
the cost of requiring advanced development skills. XML based languages like TML
and MDL simplify mission definition but limit flexibility. To balance these factors,
intermediate frameworks such as PROMISE seek to offer better mission specification
while minimizing user effort. In terms of strengths [62]:

� DSLs and markup languages excel in readability and rapid development. They
enable domain experts, such as field operators, to specify missions through
simple forms or scripts without writing software code.

� Graphical tools make mission logic immediately understandable and help de-
tect design errors early. For example, missing connections or unreachable
states can be identified at a glance.

� Formal specification languages provide precision and eliminate ambiguity, of-
fering strong guarantees of correctness.

In terms of limitations [62]:

� Many DSLs and tools are tied to specific robotic platforms or middleware.
Missions designed in those environments may not transfer easily to other sys-
tems, although general frameworks such as RobotML attempt to address this
issue.

� Graphical models that lack concurrency support cannot effectively represent
multi threaded mission behavior.

� Formal methods offer theoretical rigor but face practical challenges. Integrat-
ing formal specifications with real time control and unpredictable physical
environments remains difficult.

Typical Use Cases: The choice of mission specification language often depends on
the target application [62].

� For teams of heterogeneous robots performing complex collaborative tasks,
languages oriented toward multi robot coordination such as BDL or Buzzare
typically used. These may be complemented by temporal logic specifications
that define global mission goals.

� For single UAV missions that follow structured workflows, state charts or be-
havior trees are more common. These can appear in graphical tools or XML
based mission planners such as typical ground control station (GCS) software.
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� For safety critical missions, such as those in space exploration or medical
robotics, formal specification and analysis approaches are often mandatory.
In such contexts, languages supporting model checking or the synthesis of
provably correct controllers are preferred.

Table 3.2: Comparative View of Mission Representation as Specification Languages

Model Execution Se-
mantics

Strengths Limitations Typical Use
Cases

Domain Spe-
cific Languages
(DSLs)

Translate to or
interpreted by
underlying control
models (e.g., FSM,
BT, interpreter)

Readable, task
oriented, enables
rapid mission def-
inition by non
programmers

Often tied to spe-
cific frameworks,
limited flexibility
for unforeseen be-
haviors

UAV inspection
missions, in-
door drone tasks,
robotic team coor-
dination

Graphical
Tools (e.g.,
State charts,
Flowcharts, BT
editors)

Visual represen-
tations compiled
into runtime exe-
cutable models

User friendly, ac-
cessible for do-
main experts, sup-
ports debugging
and simulation

Poor scalability
for large missions,
limited formal
semantics (unless
standardized)

Prototyping, edu-
cational robotics,
mission sketching
for UAV GCSs

Markup /
Structured For-
mats (XML,
JSON, YAML)

Serialization of
mission models
interpreted by
control engines

Machine readable,
supports valida-
tion, tool integra-
tion, widely used

Poor human read-
ability for complex
logic, semantics
depend on schema
or control model

ROS based mis-
sion configuration,
BT/FSM serializa-
tion, GCS mission
files

Formal Spec-
ification Lan-
guages (e.g.,
LTL, TAL)

Automatically
synthesized into
controllers or ver-
ified against mod-
els

Provides correct-
ness guarantees,
precise mission de-
scription, platform
independent

Requires exper-
tise, computa-
tional overhead,
harder integration
with low level sys-
tems

Safety critical sys-
tems, adaptive
missions, verifica-
tion of temporal
goals
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3.2 Component Orchestration and System
Initialization

3.2.1 Boot Time and Process Level Initialization

Embedded Linux boot up in UAVs and robots follows a fixed sequence: a boot
loader hands control to the Linux kernel, which then launches an init process to
start user space components. Early approaches use simple static scripts or run lev-
els to start mission critical processes at boot, often with hard coded parameters or
environment variables for configuration. For example, a UAV’s autopilot software
and support modules may be invoked via initialization scripts (e.g., /etc/rc.local or
System V init) with commandline arguments or environment variables specifying
modes and sensor interfaces. Such command based startup is straightforward but
inflexible each process starts with predefined settings, and any change requires a
reboot or manual intervention. In practice, this static model yields a system ar-
chitecture that rarely changes after initialization. Configuration parameters (e.g.,
network addresses, sensor IDs) are typically passed in at launch either via environ-
ment variables or a global parameter server to customize each component’s behavior
[69]. This approach ensures a predictable boot sequence and initial state but lacks
dynamic adaptability.
Modern embedded Linux distributions for robotics increasingly employ depen-

dency aware init systems (e.g., systemd) to manage boot time services. These
enable parallel startup and explicit dependency ordering, which can reduce boot
delays and ensure prerequisites (drivers, network services) are ready before higher
level processes start. However, the fundamental paradigm remains static: a fixed
set of processes is defined to launch at boot. Academic literature notes that such
static startup mechanisms assume all required components are known in advance
and remain available. For instance, ROS 1 (Robot Operating System) uses static
launch files (XML) that enumerate which node processes to start, along with their
parameters and inter process remapping settings. These launch descriptions can in-
clude conditional logic and nested includes but ultimately describe a predetermined
configuration of the system at startup. Timperley et al. (2022) observe that ROS
launch files result in architectures that are largely fixed after boot components and
connections do not typically change at runtime unless manually relaunched [69].
This static initialization paradigm offers simplicity and transparency: system engi-
neers can carefully script the exact sequence of initializations, ensuring that sensors,
actuators, and communications are brought up in the correct order with known pa-
rameters. The approach is also lightweight, with minimal orchestration overhead,
which suits resource constrained single board computers onboard UAVs.
Limitations: The static boot time model struggles as system complexity grows.

Because processes are launched in a predefined manner, dependency management
is manual or relies on basic ordering rules. Missing or late starting dependencies
(e.g., a sensor driver) can cause failures that the init process cannot intelligently
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resolve. There is little builtin resilience if a critical process crashes, traditional
init scripts will not restart it unless a watchdog or ad hoc looping script is used.
Even frameworks like ROS 1 launch offer only rudimentary supervision (a respawn
flag to restart a node if it dies). There is no global oversight of system health
in static init: the system “fires and forgets” processes at boot. As Portugal et
al. (2025) note, ROS 1 (a prototypical static launch system) lacks support for
real time operation and fully distributed multi robot deployments [70]. In essence,
early stage initialization mechanisms optimize for a predictable startup but not for
adaptivity or fault tolerance. They assume a stable runtime environment, which
in safety critical autonomous systems is a significant drawback. If a component
hangs or a new module needs to be launched dynamically, the static framework
has no general solution. Scalability is also limited adding more processes or inter
process dependencies increases boot configuration complexity and boot time, with
no runtime load balancing. These limitations set the stage for architecture level
orchestration approaches that introduce modularity and runtime dynamism.

3.2.2 Architecture Level Orchestration Approaches

As autonomous systems grew more complex, researchers moved toward service ori-
ented and middleware centric architectures. The goal was to organize software com-
ponents beyond simple boot time scripts. In a service oriented UAV software system,
functionality is decomposed into loosely coupled services with well defined interfaces.
These services often run as independent processes or even on separate nodes, commu-
nicating through middleware. This mirrors the Service Oriented Architecture princi-
ples used in enterprise systems, adapted for robotics. NASA’s ICAROUS framework
for UAS is explicitly service oriented. It separates autonomy functions into services
for conflict detection, resolution, and mission management. These services interact
through a common interface using monitor–resolver patterns to enhance reliability
and modularity [71].
Each capability such as path planning, vision processing, or flight control is treated

as an independent service. This design makes UAV software more extensible and
fault tolerant. A failing service can be restarted or replaced without crashing the
entire system. Magyar et al. (2015) note that robotic software platforms were
introduced to handle common tasks such as state management, communication, and
synchronization, allowing developers to focus on innovation [72]. Middleware and
service oriented frameworks thus take over the “glue” logic once managed by static
boot scripts. Middleware centric architectures now dominate UAV and robotics
software. Middleware provides an abstraction layer between hardware or operating
systems and higher level software components. It manages message passing, data
marshalling, and component life cycles.
The Robot Operating System (ROS) is the best known example. Described as a

robust middleware for integrating robotic modules [70], ROS popularized the pub-
lish/subscribe pattern in robotics. Each software module, or node, publishes data or
offers services. Other modules subscribe or call them, all mediated by the ROS mid-
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dleware layer involving the master node and transport system [73]. This approach
decouples components and enables distributed operation across multiple processes
or machines while maintaining a unified architecture. ROS handles name registra-
tion, message typing, and data transport, freeing developers from writing custom
networking code [70].
Architecturally, this is a distributed asynchronous system rather than a mono-

lithic program. A UAV’s perception, planning, and control modules can run as
separate nodes connected by topics for example, the camera node publishes im-
ages that a vision node subscribes to. According to Portugal et al. (2025), such
middleware creates a critical abstraction layer that integrates diverse hardware and
software components. Over the past two decades, many middleware systems such
as OROCOS, MOOS, and YARP have been developed, but ROS remains the most
widely used [70]. Its success illustrates the dominance of middleware centric orches-
tration: instead of a single initialization script, architecture now defines interacting
components managed by middleware for communication and synchronization.
Architecture level orchestration adds mechanisms for configuration, dependency

management, and limited runtime supervision. These improve on static boot. Con-
figuration has shifted from shell scripts to structured metadata files for example,
ROS launch files or YAML configurations that list parameters and connections.
Timperley et al. (2022) describe that ROS 1 launch files let developers declare
which nodes to start, their parameters, and any communication remapping [73].
This formalization helps manage dependencies. The launch system ensures required
services such as the ROS master or a database node start before dependent com-
ponents. It can also verify that critical environment variables or parameters are
set, reducing mis configurations. ROS Discover by Timperley et al. analyzes ROS
launch configurations, checking for missing connections or mismatched parameter
types [73]. This highlights how dependency wiring is essential in such systems.
Compared to raw boot scripts, middleware based configurations are more declar-

ative and scalable. Complex UAV software stacks with many nodes can be managed
through hierarchical launch files and plugin descriptions. In larger systems, a ROS
launch can even include another robot’s configuration to form a multi robot system.
Despite these advances, middleware based systems still have limitations. ROS 1
primarily relies on static launch time composition. Once running, the configuration
cannot easily change adding a new node or rerouting data must be done manually.
Most frameworks also lack autonomic supervision. The middleware routes data but
does not monitor node health or replace failed components unless the developer
adds a supervisor process. ROS 1 has additional weaknesses, including no real time
guarantees and limited peer to peer coordination without a central master [70].
As the number of services increases. For example, in UAV fleets or sensor net-

works, service oriented design alone is insufficient. Systems need runtime orchestra-
tion to decide which services run where and how they recover from faults. These
challenges have driven interest in dynamic, cloud, and container based approaches.
Even so, the service and middleware paradigm was a major milestone. It introduced
modularity, abstraction, and reuse. Components could be developed and tested in
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isolation. Then integrated through middleware, its a clear improvement over static
boot. Magyar et al. (2015) compare different robotic middleware systems, showing
how they simplify development by managing communication and enabling software
reuse [72]. The ROS ecosystem in particular demonstrates this through its library
of interoperable modules for mapping, control, and more.
A related evolution is the adoption of containerization and microservices for UAV

software deployment. While ROS nodes already provide modularity, researchers
have explored packaging components as containers to isolate dependencies and en-
sure consistency. A container based deployment treats each major function as a
microservice that can run on a UAV, at the edge, or in the cloud. This approach
addresses portability and dependency conflicts in complex robotics software. For
example, a UAV may run a vision module inside a Docker container onboard, while
a heavy AI or database module runs remotely. Containers seamlessly interconnect in
operation. They also simplify integration of heterogeneous environments, allowing
different library or OS versions to coexist. Lumpp et al. (2023) highlight container-
ization as a best practice in robotics because of its portability and isolation benefits
[74]. It allows packaging ROS nodes or other programs with all required libraries cru-
cial for reproducibility when deploying on multiple drones. Containerization aligns
with service oriented design since it provides a practical implementation method for
services. Its true value appears in the next stage: using container orchestration to
manage and scale these services dynamically at runtime.

3.2.3 Runtime Orchestration and HealthAware Supervision

The current state of the art is moving toward dynamic runtime orchestration. In
this paradigm, the system can supervise, start, stop, and relocate components dur-
ing operation. It can adapt to changing conditions or recover from faults auto-
matically. This marks a major shift from static, architecture centric paradigms.
Instead of a fixed set of processes or services, systems now rely on a managed set
of containers or tasks controlled by an orchestration platform in real time. In re-
source constrained edge environments such as UAV onboard computers or remote
robots, adopting cloud derived orchestration technologies like Kubernetes presents
both challenges and opportunities. Current research is focused on bringing container
orchestration to the edge for autonomous systems. Lightweight frameworks such as
K3s and KubeEdge have been demonstrated on UAV platforms to coordinate mul-
tiple software components and even clusters of drones [75]. The goal is to apply key
features of cloud orchestration automated deployment, scheduling, monitoring, and
self healing to robotics. A clear example is presented by Awada et al. (2022), who
integrated Kubernetes into a federated aerial edge computing system. Earlier multi
drone systems could not efficiently share resources. Awada and colleagues proposed
AirEdge, a system that treats a fleet of drones and edge servers as a unified resource
pool managed from a federated control plane. Using a lightweight Kubernetes tool
called Kubermatic, the system dynamically deploys tasks across UAVs and ground
edge nodes. It determines where each software component should run to meet per-
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formance goals [76]. If one drone becomes overloaded, tasks are offloaded to another
drone or an edge server in real time.
Kubernetes orchestration provides elasticity by scaling services up or down. It

also offers builtin self healing, when a containerized component fails. The orchestra-
tor restarts or redeploys it on another node. Zhang et al. (2023) demonstrated this
approach by integrating K3s, a minimal Kubernetes distribution, with ROS 2 in a
multi robot system. Their orchestrator monitored node health and recovered failed
nodes with minimal downtime, improving robustness [75]. Compared with static sys-
tems that require human intervention or a full reboot after a crash, an orchestrated
system reacts immediately to failures. Another important aspect of runtime orches-
tration is health aware scheduling and supervision. Orchestrators not only recover
from failures but also proactively manage the system based on health metrics and
performance constraints. In safety critical autonomous systems, this includes mon-
itoring real time deadlines, CPU or memory usage, and sensor or actuator health.
The system can reconfigure itself when conditions become abnormal. Lumpp et al.
(2023) introduced RTKube, an extension of Kubernetes that adds real time aware-
ness for autonomous robots. Standard orchestrators cannot manage real time tasks
such as flight control loops, which is a major limitation. Robotic systems often
combine both hard real time control and best effort computation [74]. RT Kube
adds a monitoring layer that detects missed deadlines at runtime. It can migrate
or throttle lower priority containers to maintain timing guarantees. In experiments
on a mobile robot, when a high priority control task lagged due to CPU contention,
the orchestrator automatically relocated perception tasks to another node, freeing
resources [74]. This health aware approach goes beyond fault tolerance. It contin-
ually optimizes system performance and reliability. The system ensures that each
component not only runs but also meets its quality of service requirements such as
timing or accuracy. If not, it reconfigures by restarting, migrating, or scaling to
restore acceptable performance. For UAV and robotic platforms, runtime supervi-
sion can also include physical health metrics such as battery level, sensor status,
or communication quality. Although most research has focused on computational
orchestration, some studies combine it with system health management. A super-
visory controller, for example, may shut down or restart noncritical services when
battery power is low or temperatures are high. While UAV specific implementations
remain limited, interest in this direction is increasing.
Robotics middleware is also converging with orchestration frameworks. ROS 2

has introduced managed life cycles for nodes, allowing each node to transition be-
tween configured, activated, and deactivated states under external control [70]. This
enables higher level orchestrators for either ROS processes or container managers
to safely bring down or restart system components. ROS2 also supports launching
nodes inside containers and integrating with external orchestration tools. Portu-
gal et al. (2025) note that ROS2 was designed to overcome ROS1’s limitations in
distributed deployments. Its life cycle management and managed launch features en-
able better supervision in multi robot systems [70]. Runtime orchestration provides
clear benefits. It enhances fault tolerance through automatic recovery, improves
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scalability by enabling dynamic component management, and optimizes resource
use by scheduling tasks where capacity is available. These advantages have been
proven in experimental platforms. For instance, orchestrating a vision algorithm
across a drone swarm via edge computing reduces latency and maintains operation
even when drones drop out [76]. Orchestrators such as Kubernetes include valuable
mechanisms like health checks, replication controllers, and load balancers. Adapted
for edge deployment, they address many limitations of earlier static or middleware
approaches. However, challenges remain. Full Kubernetes orchestration is too re-
source intensive for most UAVs with limited CPU and memory. This has led to
lightweight variants such as K3s, MicroK8s, and KubeEdge. In KubeEdge, the con-
trol plane runs in the cloud while a lightweight agent operates on the robot. Even
with these optimizations, orchestration introduces nontrivial overhead. Careful tun-
ing is required to avoid wasting computational resources. Network unreliability adds
another challenge. Orchestration frameworks generally assume stable communica-
tion, but UAV swarms often experience intermittent connectivity. Awada et al.
(2022) addressed this by implementing edge level federation so that orchestration
decisions can be made locally. Their scheduling algorithm also considered drone mo-
bility and availability [76]. Real time performance is another concern , As Lumpp et
al. (2023) point out, standard orchestrators cannot ensure strict timing guarantees,
making extensions such as RTKube essential [74]. Finally, dynamic orchestration
increases system complexity. The orchestrator itself acts as an additional OS like
layer. Ensuring that this layer does not become a single point of failure or a source
of software errors remains an open research issue. Dependable robotics literature
identifies this as a key challenge for safety certification. In summary, runtime orches-
tration and supervision represent the latest stage in the evolution of initialization
mechanisms for autonomous systems. The field is moving from static, predefined
startup sequences toward adaptive systems that can reinitialize or reconfigure com-
ponents on the fly.
This progression is reflected in recent research. Early 2010s studies focused on

boot time optimization and static scheduling. The mid 2010s introduced middleware
and service frameworks, still largely static after startup. From the late 2010s onward,
containerization and cloud native techniques began dominating robotics [74, 75].
The long term vision is a self managing UAV or robotic system, one that not only
initializes at boot but continuously orchestrates its components during operation.
Such systems aim to maintain optimal performance, reliability, and safety without
human intervention.
Table 3.3 Evolution of system initialization paradigms in embedded/autonomous

systems, from static boot up to dynamic orchestration. Each paradigm builds on
the previous, increasing flexibility and autonomy at the cost of greater complexity.
Sources: boot time characteristics from Timperley et al. 2022; middleware patterns
from Magyar et al. 2015 and Portugal et al. 2025; dynamic orchestration features
from Lumpp et al. 2023 and Awada et al. 2022.
Over the past decade, research in autonomous robotics and UAV systems has

followed a clear trajectory in how initialization and orchestration are handled. Early
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Table 3.3: Comparison of System Initialization and Orchestration Paradigms

Paradigm Mechanism
and Scale

Config and
Dependen-
cies

Runtime
Supervi-
sion

Strengths Limitations

Boot-Time
Static Ini-
tialization

Single-host
OS startup.
Fixed pro-
cesses
launched
at boot on
one device.

Static scripts
or launch
files. De-
pendencies
defined man-
ually or via
init order.

Minimal su-
pervision.
Optional
process
restart via
scripts.

Simple and
predictable.
Low over-
head. Suit-
able for
small sys-
tems.

Inflexible
after boot.
No dynamic
reconfigura-
tion. Poor
scalability.

Architecture
Level Or-
chestration

Middleware-
based coor-
dination of
components.
Supports sin-
gle or multi-
ple hosts.

Declarative
launch files
(XML,
YAML).
Middleware
manages dis-
covery and
naming.

Basic mon-
itoring of
connections.
Node restart
often exter-
nal or man-
ual.

Modular
design. Im-
proved reuse
and integra-
tion. Han-
dles moder-
ate complex-
ity.

Largely
static at
runtime.
Limited fault
handling.
Integration
complexity
increases.

Runtime
Dynamic
Orchestra-
tion

Container-
based or-
chestration
with a con-
trol plane.
Supports
distributed
nodes.

Configuration-
as-code.
Dependen-
cies declared
and resolved
dynamically.

Active
health
checks.
Automatic
restart and
rescheduling
on failures.

High re-
silience and
adaptabil-
ity. Supports
complex mis-
sions and
updates.

Higher over-
head and
complexity.
Real-time
guarantees
are challeng-
ing.
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systems relied on static, boot time initialization, a single shot setup that was simple
and reliable but not scalable. As system complexity increased, middleware centric
and service oriented architectures emerged. These allowed multiple components to
launch and integrate more systematically, though the runtime configuration often
remained static. More recently, inspired by cloud computing, researchers have begun
exploring dynamic orchestration techniques on robotic platforms. These enable
runtime supervision, self healing, and resource aware adaptation. This evolution
reflects the growing demand for autonomy and robustness.
Literature from 2015 to 2025 highlights this trend showing a rise in container-

ization, edge orchestration frameworks, and health monitoring supervisors. Despite
progress, open challenges remain. Issues such as real time assurance, network relia-
bility, and computational overhead still require further investigation. Experimental
solutions like RT Kube address some of these challenges but remain in early stages
of adoption [74]. In summary, system initialization in autonomous platforms has
evolved from a one time boot procedure to a continuous orchestration process. Each
paradigm retains relevance. Static frameworks remain suitable for small or deeply
embedded systems. Middleware based launch systems such as ROS continue to dom-
inate industrial and research applications. Dynamic orchestration is beginning to
shape deployed systems, especially in resilient multiUAV networks and autonomous
driving fleets. Each stage has contributed essential building blocks from simple ini-
tialization and configuration passing to structured launch descriptions and finally to
full orchestration with runtime feedback. Together, these advances form the founda-
tion for future autonomous platforms that can both start themselves and maintain
operation under adverse conditions. The transition toward dynamic health aware
orchestration is still underway. Current studies offer promising prototypes and case
studies, but further work is needed in longterm field validation and standardization.
The robotics community is moving beyond static initialization toward systems ca-
pable of orchestrating and supervising themselves in real time autonomous robots
[74, 76].

3.3 Monitoring Techniques for Embedded and IoT
Systems

Embedded and Internet-of-Things (IoT) systems operate in environments where
crashes or hangs can have serious consequences. Section 3.2 of the thesis System
Health Monitoring for Autonomous MAV System reviews research on diverse mon-
itoring techniques designed to keep such systems reliable. The approaches span
from reflective frameworks that observe software at run-time to hardware-supported
mechanisms. Each technique brings unique strategies for early fault detection, re-
covery and performance optimisation. The following sections summarise these tech-
niques without reproducing the original wording.
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Run-time Reflection Framework

Run-time reflection frameworks provide instruments for logging, monitoring and di-
agnosing software behaviour. They offer real-time visibility into system activities,
enabling quick identification of failures using dedicated monitoring components. En-
gineers specify system behaviours and timing requirements with structured assertion
languages such as SALT, which support the generation of monitors that verify prop-
erties at run-time. Model-based diagnosis complements this by using descriptions of
a system and observed outputs to infer possible causes of failures. Together, reflec-
tive frameworks and diagnostic techniques foster rapid fault detection and facilitate
strategies for recovery or detailed logging when anomalies occur [77].

Component-Based Model

The component-based model treats software as a collection of self-contained modules
with well-defined interfaces. Components communicate via these interfaces and can
emit events when certain conditions arise. A monitoring framework integrates with
the system to listen for these events, processing them according to predefined rules.
This processing may involve logging events, taking corrective actions or notifying
users and other components. By capturing events in real time, the framework gathers
information about component health and behaviour; this data supports run-time
adjustments, error identification and performance analysis. Event-based monitoring
in component-based systems therefore enables the detection of failures and timely
corrective measures while preserving modularity [78].

Model-Driven Architecture (MDA)

Model-Driven Architecture blends rule-based and model-based reasoning to classify
system behaviour. In this approach, a set of rules defines normal behaviour; de-
viations from these rules signal abnormalities. Concurrently, abstract component
models capture expected interactions and dependencies; comparing observed be-
haviour to these models reveals discrepancies. Combining both techniques yields a
more comprehensive monitoring strategy that enhances anomaly detection. The in-
tegration of rules and models allows systems to detect and classify unusual behaviour
with greater accuracy, providing a powerful tool for embedded-system reliability [79].

OFMspert Architecture

The OFMspert architecture assists operators in managing complex systems such as
satellite control centres. It interprets operator actions, infers intentions and responds
in real time using a blackboard modela shared data space where various program
parts write information that others can read. For error detection, OFMspert moni-
tors telemetry data (raw state data). When abnormal telemetry signals appear, the
architecture automatically launches a troubleshooting process to determine causes
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and suggest solutions. By acting as a vigilant assistant that continuously moni-
tors system performance, OFMspert reduces the need for manual intervention and
shortens response times [80].

Distributed Component-Based Software Architecture

Distributed component-based architectures aim to build real-time applications that
span multiple platforms and languages. Implementations often rely on middleware
such as the Common Object Request Broker Architecture (CORBA) to enable com-
munication. Each distributed component periodically sends status messages to a
central monitoring entity; if messages are absent beyond a threshold, corrective
actions handle failures or unavailability. An integration tool helps compose compo-
nents visually, generate adapters, adjust properties and embed real-time monitoring
and scheduling features. This tool thereby facilitates fault tolerance and real-time
features in distributed applications [81].

Software Watchdog Service

The Software Watchdog architecture is designed for automotive safety systems to
detect component failures. It integrates three main units: a heartbeat monitoring
unit, program flow checking unit and task state indication unit. The heartbeat
unit verifies that software components (runnables) execute on schedule by tracking
their aliveness and arrival rates. The program flow checking unit ensures the cor-
rect sequence of execution, detecting deviations indicative of program errors. The
task state indication unit logs errors and produces reports to derive error states
for tasks and applications. Results from these units are integrated to enable global
fault detection and to trigger response actions. The watchdog architecture has been
incorporated into the EASIS platform for integrated safety systems in vehicles, un-
derscoring its relevance to automotive reliability[82].

Heartbeats Framework

Self-aware computing systems adjust their behaviour to meet goals despite changing
conditions. The Heartbeats framework provides a way for applications to monitor
and communicate their performance and objectives to external observers. Systems
employing this framework can dynamically allocate resources and adapt to power,
performance and metering challenges across embedded, mobile and high-performance
environments. Complementary tools such as Smartlocks use reinforcement learning
to optimise synchronisation in multicore systems. Experimental results show that
these mechanisms enable applications to articulate goals, while system services eval-
uate goal fulfillment and apply adaptive strategies to adjust the architecture, oper-
ating system and algorithms in real time. Such adaptability enhances performance,
reliability and resource efficiency [83].
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Integrated Event-Driven Monitoring Approach

An integrated event-driven monitoring approach embeds specialised code within the
application to generate events, handle errors and monitor security and performance.
These hooks track execution in real time, enabling immediate detection and han-
dling of operational issues. The method employs a hybrid strategy that couples
software instrumentation with hardware probes, combining detailed software mon-
itoring with minimal hardware intrusion. When the monitoring system detects a
failed component, it initiates an immediate restart or recovery, reducing downtime
and improving system reliability. By blending software and hardware insights, this
approach delivers comprehensive oversight without significantly impacting perfor-
mance [84].

Cross-Layer Framework

The cross-layer framework targets monitoring in semiconductor products. It com-
bines embedded instrumentation with the IEEE 1687 IJTAG standard to provide
organised data transport and an asynchronous emergency signalling system for rapid
fault detection. Software components such as a Fault Manager and an Instrument
Manager respond to fault events, manage diagnostics and handle fault-related in-
formation. Status registers like FCX flags aid in fault detection and classification,
while a Health Map offers a real-time view of system health to assist the operating
system in scheduling. The framework goes beyond traditional fault-tolerance tech-
niques by localising, diagnosing and classifying faults promptly, ensuring reliable
operation even as fault rates increase [85].

Reliability Microkernel Framework (RMK)

The Reliability Microkernel Framework enhances the dependability of Linux ap-
plications by inserting a special kernel module. This framework comprises pins
interfaces to the system and hardware. And modules tuned to detect and fix er-
rors in specific applications. RMK uses processor features and operating system
interfaces to create pins that underpin application specific reliability strategies. It
can monitor unresponsive programs, save application state periodically and restore
it quickly after a crash. Its adaptability allows configuration on the fly and com-
patibility across different platforms; self-checking features help identify and resolve
system and application issues, thereby increasing overall system reliability [86].
Monitoring techniques for embedded and IoT systems range from reflective soft-

ware frameworks and event driven architectures to cross layer hardware software hy-
brids. Each method reviewed in Section 3.3 provides tools to detect faults promptly
and maintain system health whether by analysing logs, capturing events, blending
rules with models, or inserting hardware instrumentation. The diversity of these
approaches illustrates that reliable system design often requires combining multi-
ple strategies ensuring that failures are detected early, diagnosed accurately and
mitigated effectively refer Table 3.4.
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Table 3.4: Overview of Discussed Monitoring Techniques

Architecture Technique Details

The runtime reflec-
tion framework [77]

Logging, Monitoring, Diagnosis,
Mitigation, Runtime Verification

Structured Assertion Language
(SALT) is used for specifying the
expected behaviour of the underly-
ing system

Component based
model [78]

Event based monitoring, polling,
RPC

Components provide events that
can be captured and processed by
the monitoring framework

Model Driven Ar-
chitecture (MDA)
[79]

The System State Monitor (SSM)
collects runtime data from sensors,
actuators, and software compo-
nents to continuously observe and
monitor the system’s behaviour

Combination of rule based rea-
soning and model based reasoning
techniques is used to identify the
normal or abnormal behaviour

OFMspert architec-
ture [80]

Intent Inferencing, Opportunistic
Reasoning, Blackboard Assessment

The blackboard in OFMspert ar-
chitecture represents the oper-
ator’s current state and system
status, storing goals, plans, tasks,
and actions

Distributed compo-
nent based software
architecture [81]

Each component periodically
sends status message to a cen-
tral monitoring entity

If a signal is not received within
the expected time frame, appro-
priate actions are taken to address
failures or unavailability

Software Watch-
dog for automotive
safety systems [82]

Heartbeat Monitoring Unit, Pro-
gram Flow Checking (PFC) Unit,
Task State Indication (TSI) Unit

Different monitoring techniques
are integrated with the main plat-
form for enhancing software com-
ponents’ safety and reliability

Heartbeats Frame-
work [83]

Application Heartbeats Frame-
work and Smart locks which is a
self aware synchronization library
using reinforcement learning for
multicore system performance op-
timization

Heartbeats technique and a syn-
chronization library are utilized to
achieve self aware systems

Event Driven Mon-
itoring Approach
[84]

Uses event emitters, profiling code,
error handlers, logging, tracing
mechanisms, assertions, perfor-
mance/security monitoring hooks,
and custom probes

Emphasizes real time tracking and
dynamic system recovery by de-
tecting faults promptly, boosting
system robustness and reliability

Cross layer frame-
work [85]

Embedded Instrumentation, Asyn-
chronous Emergency Signaling,
Fault Manager (FM)

Through the techniques described,
the framework aims to achieve
proactive fault identification, ef-
ficient management, and uninter-
rupted functionality

Reliability Micro-
kernel Framework
(RMK) [86]

RMK Pins, RMK Modules, Appli-
cation Hang Detection, OS Hang
Detection, Transparent Applica-
tion Check pointing

RMK emphasizes on demand con-
figuration and portability, allowing
for tailored reliability techniques
for specific applications.
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4 Conceptualization of Mission
Scheduling Component

4.1 System Overview

4.1.1 Use Case

Within the context of this thesis, the primary use case focuses on the mission sce-
narios, as illustrated in Figure 4.1. Table 4.1 categorizes the defined missions based
on their decision making complexity. Missions 1 to 4 represent scenarios with ele-
mentary decision logic and do not rely on image-based perception. Missions 5 to 8
introduce higher behavioral complexity by incorporating motion decisions triggered
after reaching specific waypoints, while still excluding visual detection tasks. Mis-
sions 9 to 11 extend the mission model by integrating image detection capabilities.
However, their control flow remains condition based rather than adaptive. Mission
12 advances this paradigm by exhibiting adaptive decision-making behavior, whereas
Mission 13 further extends the decision logic through iterative processes. For this
thesis a single mission is selected from each decision making class. Proposed SCH
software component is tested on mission 3, 6, 11, 12, and 13.

Table 4.1: Defined Autonomous Missions [17]

Mission Waypoint Decision Making Image Processing

1–4 4–6 Basic None

5–8 8–34 Complex None

9–11 6–12 Conditional Insulator detection

12 6 Adaptive Insulator and damage detec-
tion

13 6 Iterative Insulator and damage detec-
tion

Collectively, these scenarios provide a foundation for the design, development,
testing, and evaluation of the proposed architecture. They also demonstrate its
adaptability across a wide range of mission applications with minimal or no required
modifications.
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Figure 4.1: Simple autonomous missions [17]

4.1.2 Use Case Description

Mission3

Figure 4.2: Mission 03 flow chart

Mission3 4.2 represents a straightforward, sequential navigation scenario designed
to validate basic system initialization and waypoint execution behavior. Upon mis-
sion start, the UAV transitions into guided mode, enabling external command con-
trol. Once the mode is set, the vehicle is armed, followed by an automated take-off
to a predefined altitude of 1.0 m, ensuring a controlled and stable ascent. After
reaching the target altitude, the UAV navigates autonomously to the first prede-
fined waypoint (WP1) and subsequently proceeds to the second waypoint (WP2).
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These navigation steps are executed in a strictly linear manner without any condi-
tional branching. Upon successfully reaching the final waypoint, the mission con-
cludes with a controlled landing sequence and after which the mission terminates.
Mission3 serves as a baseline scenario for validating fundamental system behaviors,
including component initialization, command sequencing, and waypoint execution.
Its deterministic structure makes it particularly suitable for testing the reliability of
SCH and control interfaces under nominal operating conditions, without introducing
adaptive decision making mechanisms.

Mission6

Figure 4.3: Mission 06 flow chart

Mission6 4.3 represents a structured waypoint based navigation scenario that in-
troduces increased operational complexity through extended traversal paths and
waypoint revisits. The mission begins by transitioning the UAV into guided mode,
allowing externally controlled navigation commands. After successful mode config-
uration, the vehicle is armed and performs an automated take off to a predefined
altitude of 1.0 m, ensuring a stable and controlled ascent. Following take off, the
UAV executes a predefined sequence of waypoint transitions. It initially navigates
to WP1 and subsequently proceeds through WP2 and WP3, forming the first navi-
gation segment. The mission then directs the UAV to return to WP1, introducing
deliberate waypoint re-entry to validate navigation consistency and path repeatabil-
ity. After revisiting WP1, the UAV continues towards WP4, followed by sequential
navigation to WP5 and WP6, extending the mission’s spatial coverage. In the final
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navigation phase, the UAV returns to WP4 before initiating the landing procedure.
The mission concludes with a controlled descent and system shutdown, marking
successful completion. This mission is designed to evaluate the scheduler’s abil-
ity to manage longer, deterministic execution chains involving multiple waypoints
and intentional revisits. Unlike adaptive or sensor driven missions, Mission 6 relies
on predefined control flow without conditional branching, making it well suited for
validating command sequencing, waypoint handling, and mission endurance under
nominal operating conditions.

Mission11

Figure 4.4: Mission 11 flow chart

Mission11 4.4 focuses on dynamic navigation and real time object detection, serv-
ing as a practical example of how drones can actively respond to their surroundings.
At startup, the drone emits a short beep to indicate readiness, followed by a stabi-
lization period allowing its onboard systems to initialize properly. After this prepa-
ration, the Object Detection Block is triggered to locate a specified target within
the environment. This block plays a crucial role by enabling conditional operations
that depend on sensor feedback. When the target object is detected, the drone ex-
ecutes a set of predefined maneuvers such as emitting a confirmation tone, moving
forward by one meter, and then returning to its initial position. These components
collectively enable conditional and responsive workflows, demonstrating the drone’s
ability to dynamically interact with its environment.
Mission 11 also implements an alternative logic path for cases where the object

is not found, enabling continuous mission progress without halting operations. In
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such cases, the drone emits another signal and pauses for a configured interval
before attempting detection again. This process is governed by an iterative control
structure using Break Loop and Continue Loop blocks, allowing repetitive scanning
until either the object is identified or a maximum iteration count is reached. This
adaptive approach makes Mission 11 particularly well suited for applications like
search and rescue, where drones must navigate uncertain environments and detect
specific objects or individuals.

Mission12

Figure 4.5: Mission 12 flow chart

Building on Mission 11, Mission 12 4.5 introduces altitude control as an additional
workflow component. The mission begins similarly with system readiness checks and
stabilization but now adds vertical mobility, increasing both complexity and oper-
ational versatility. When an object is detected, the drone triggers a function block
that calls a predefined sequence of actions: emitting a beep, performing forward
and backward motion, and adjusting altitude according to mission parameters. The
modular design of the Function Block supports reusability across missions, reducing
redundancy and simplifying future mission development.
If the object is not detected, the drone follows an alternate procedure: it ascends

by one meter and restarts the detection process. This capacity for dynamic altitude
adjustment adds significant value for tasks such as inspecting multi level structures
or navigating uneven terrain. Through integration of Ascend and Descend blocks,
Mission 12 demonstrates that vertical navigation can be achieved without compro-
mising environmental adaptability. It highlights how modularity and responsiveness

66



4 Conceptualization of Mission Scheduling Component

allow drones to complete complex tasks efficiently under changing conditions.

Mission13

Figure 4.6: Mission 13 flow chart

Mission13 4.6 introduces an additional layer of control through iterative work-
flows governed by a counter variable. After initialization, the drone defines a mod-
ular function within a Function Block that encapsulates repeated actions such as
emitting a sound signal, performing movement routines, and returning control to
the main flow. The central feature of this mission is the use of the Counter Block,
which orchestrates repeated object detection and associated functions in a loop un-
til a specified iteration limit is reached. For example, the drone might sequentially
ascend, perform a scan, and descend multiple times. The Break Loop block pro-
vides precise control, terminating the cycle once the counter condition is satisfied
and ensuring efficient use of resources.
An alternative route is defined for situations when loop conditions are not met,

prompting the drone to emit a warning signal and pause before retrying. This mis-
sion showcases the integration of iterative logic, conditional branching, and modular
function design within a single, cohesive workflow. Such nested logic enables ad-
vanced behaviors suitable for use cases like environmental monitoring, agricultural
surveys, or industrial inspection tasks.
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4.2 Proposed Design

4.2.1 SCH Component Overview

SCH serves as the central orchestration layer within the system. It is responsible for
coordinating mission execution and managing component life cycles. It maintains
a global understanding of the system state and ensures that all configuration and
activation decisions align with the defined mission objectives. At system startup,
SCH initializes as a background service, and brings up the system by running the
GCS component. Missions are selected via a ground control interface. These files
encapsulate mission goals, behavioral logic, and required subsystems in a formalized
schema, allowing automated interpretation by the onboard system.
Upon reception of a mission file, the scheduler parses its contents to identify the

corresponding operational tasks and dependencies. This interpretation phase ab-
stracts high-level mission intent from implementation specifics, supporting flexibility
and modularity in system design. Based on predefined mappings between mission
tasks and software capabilities, the scheduler determines which system components
must be activated to fulfill the mission requirements. Component activation follows
a controlled sequence that ensures dependency resolution and resource efficiency,
while nonessential modules remain inactive to preserve computational capacity and
power, as shown in Fig. 4.7.
During execution, the scheduler continuously supervises system health and opera-

tional consistency. It monitors the activity and availability of relevant components,
detecting anomalies or failures, and applying recovery procedures when possible to
maintain mission continuity. This capability enables adaptive fault management
and contributes to the overall robustness of the system. When a mission concludes
or is aborted, the scheduler oversees a clean termination phase, ensuring that all
active components are properly shut down, as shown in Fig. 4.8. Through this cycle
of interpretation, coordination, and supervision, the SCH Component provides a
structured and autonomous mechanism for dynamic mission management, forming
a critical link between high level planning and low level system execution.

Functional Requirements

Functional requirements that guide the conceptual design:

� Modularity: Components must be independently deployable and replaceable.

� Scalability: The system must support increasing numbers of missions and
components.

� Robustness: Failures of individual components must not collapse the entire
system.

� Maintainability: System behavior should be modifiable through configuration
rather than code changes.
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Figure 4.7: SCH behavior before flight
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Figure 4.8: SCH behavior in flight
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� Deterministic Behavior: Mission execution must follow predictable and repeat-
able logic.

Mission File Interpretation Model

At the core of the proposed architecture lies a mission file interpretation model that
decouples mission definition from runtime execution. A mission is represented as
a structured, machine readable description that expresses the intended operational
behavior of the UAV without embedding explicit execution details. Several mission
representation paradigms are commonly employed in autonomous systems, including
state machines, behavior trees, task graphs, and procedural scripts, as discussed in
Section 3.1.1. Although these paradigms differ in their execution semantics, they
share a common requirement. That is mission descriptions must be interpretable
by a supervisory entity capable of transforming high level intent into executable
actions.
In the proposed architecture, the scheduler does not execute the mission repre-

sentation directly. Instead, SCH performs a static interpretation step in which the
mission file is parsed to extract a unique set of task identifiers. These identifiers
define abstract mission capabilities. Such as navigation, streaming, or detection
rather than specific executable processes. This interpretation based approach offers
several advantages compared to tightly coupled execution models.

� Mission files remain platform independent and reusable

� Subsystem components are not required to understand mission structure

� And mission analysis can be conducted before runtime.

By restricting the scheduler’s role to mission intent extraction, the architecture
prevents mission-specific logic from being hardcoded into SCH, avoiding architec-
tural bloating and preserving modularity.

Static Mapping Mechanism (Mission Task � Component)

After extracting mission task identifiers, the scheduler translates them into exe-
cutable components through a static mission to component mapping process. This
mapping defines which software subsystems are needed to realize each abstract mis-
sion task, converting mission intent into a concrete system configuration. In au-
tonomous systems, task to component resolution can follow either a dynamic or a
static approach. Dynamic resolution relies on runtime mechanisms such as capability
discovery, service registration, or semantic matching between task descriptions and
available components. Although these methods provide flexibility in heterogeneous
or evolving systems, they require runtime reasoning, introduce non deterministic
behavior, and increase computational as well as integration complexity. Such prop-
erties are undesirable on embedded UAV platforms, where resources are limited and
predictable system behavior is essential. The proposed architecture strategy ensures.
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� Task to component associations are defined offline and evaluated during mis-
sion initialization

� Resolving all dependencies before execution, SCH creates a complete and de-
terministic component set prior to startup

� Enables precise control of initialization behavior and removes the need for
runtime overhead

In this process, SCH performs a single resolution pass that identifies all required
components, merges shared dependencies, and ensures that each component is in-
stantiated only once. This prevents redundant launches, keeps resource usage pre-
dictable, and maintains clear life cycle boundaries. The static mapping method
aligns with common practices in safety critical and resource constrained systems,
where the exact system composition must be verified before execution.

Component Health Monitoring Model

The proposed SCH architecture implements a well defined health monitoring mecha-
nism for each software component. In component based and service oriented robotic
systems, reliable operation depends not only on correct functional behavior but also
on the system’s ability to observe and manage the runtime health of its constituent
elements. Since components are deployed as independent processes or services, fail-
ures may occur locally without immediately propagating throughout the system.
Without centralized supervision, such failures can result in inconsistent system states
in which individual subsystems become unresponsive, degraded, or stalled, while the
overall system continues operating under false assumptions of correctness. This lack
of global situational awareness poses significant risk in autonomous operations, par-
ticularly during long-duration or safety critical missions.
Within the proposed architecture, SCH functions as the supervisory authority

responsible for

� Preserving system level health awareness.

� Monitors the operational status of each component via periodic heartbeat
signals

� Detects anomalies such as missed heartbeats or irregular responses

� And triggers predefined recovery actions, such restarts of affected components

By explicitly separating health monitoring and recovery control from the func-
tional logic of individual components, the architecture establishes clear boundaries
of responsibility. This design relieves components from complex fault handling tasks,
while SCH enforces a unified framework for system wide fault management. The
result is improved fault containment, enhanced maintainability, and compatibility
with well established fault management practices commonly applied in autonomous
and safety critical systems, as discussed in Section 3.3.

72



4 Conceptualization of Mission Scheduling Component

4.3 Technology and Concept Selection

4.3.1 BT for Mission Files

Mission execution in autonomous systems requires a representation capable of ex-
pressing sequencing, conditional branching, parallel execution, and failure handling
in a structured and analyzable form. Common mission control models include FSMs,
state charts, BTs, and hybrid task networks. FSMs are widely used for their simplic-
ity. However, as mission complexity grows, FSMs often suffer from state explosion,
decreased readability, and limited modular reuse. State charts address some of
these limitations by introducing hierarchy and concurrency. Despite this improve-
ment, they remain closely tied to execution semantics and are difficult to modify
incrementally.
Behavior Trees have become a dominant mission representation model in robotics

and autonomous systems. They offer modular composition, clear execution seman-
tics, and transparent failure propagation. BTs also separate control flow from task
implementation, allowing mission logic to evolve without altering the underlying
subsystem code. In the proposed architecture, Behavior Trees serve as the mission
level abstraction, while execution is carried out by independently managed software
components. This approach aligns with current research and industry practice,
where BTs are preferred for modeling complex autonomous behaviors due to their
scalability and maintainability. Furthermore, BTs enable static analysis of mis-
sion structure, which directly supports the scheduler’s mission interpretation and
component resolution processes described in Section 3.1.1.

4.3.2 XML Mission Representation Language

Once BTs are selected as the mission control model, a suitable serialization and
storage format must be defined. Common mission representation formats include
binary encodings, DSLs, JSON, YAML, and XML. XML has been widely adopted
in robotics and embedded systems because of its self descriptive structure, schema
validation support, and comprehensive tooling ecosystem. Compared with JSON
and YAML, XML provides more explicit hierarchical semantics and supports vali-
dation through mechanisms such as DTD and XSD. These features are useful for
verifying mission file correctness before execution.
In the proposed scheduler, XML based mission files offer several advantages. They

provide a clear hierarchical representation of Behavior Tree nodes and enable robust
parsing with mature, lightweight libraries. They also combine human readability
with machine interpretability, simplifying both development and debugging. Fur-
thermore, XML mission specifications are well established in existing robotic frame-
works and planning systems, enhancing interoperability and long term maintain-
ability. The choice of XML therefore represents a conservative yet well supported
design decision suitable for safety oriented autonomous UAV systems, as discussed
in Section 3.1.2.
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4.3.3 XML Based Static Mapping

The mission scheduler requires a mechanism to map abstract mission tasks to con-
crete software components. This mapping can be implemented through embedded
code logic, database backed configuration, semantic ontologies, or external configura-
tion files. Embedding mapping logic directly into the scheduler code would increase
coupling and reduce flexibility. Semantic reasoning methods, although powerful,
introduce computational overhead and additional complexity that are not ideal for
embedded UAV platforms.
The proposed architecture uses a XML based static configuration to define task

to component relationships explicitly. XML is widely preferred for configuration be-
cause it is simple to read, lightweight to parse, and supported across most program-
ming environments. Compared with JSON, XML provides a more compact syntax
for key value structures and avoids the verbosity often associated with hierarchical
representations. The static nature of this mapping ensures deterministic component
resolution, which is essential for predictable system startup and reliable supervi-
sion. This approach is consistent with configuration driven composition strategies
commonly applied in component-based and microservice oriented architectures.

4.3.4 Microservices Architecture for SCH

Architectural decomposition of UAV software systems generally follows one of three
approaches: monolithic, modular, or microservices based. Monolithic designs com-
bine all functionality into a single executable, which simplifies deployment and
configuration. However, this design tightly couples system components and limits
fault containment as system complexity increases. Modular architectures introduce
clearer separation between functional units, improving maintainability and readabil-
ity. Despite this benefit, the modules often share the same runtime environment,
which restricts independent lifecycle management and weakens fault isolation.
Microservices based architectures extend this separation further. They organize

the system as a collection of independently deployable services, each implementing
a specific function and communicating through explicit interfaces. This model en-
forces distinct responsibility boundaries, simplifies failure handling, and allows for
more precise resource control. In robotic and UAV systems, microservice inspired
designs have attracted growing interest as platforms integrate more sensors, percep-
tion pipelines, and mission level autonomy. These capabilities demand scalable and
resilient software structures, as discussed in Section 1.1.3.
The SCH component architecture follows this microservices oriented philosophy.

SCH functions as an independent subsystem that operates as a separate service,
with all communication and coordination handled through an IPC mechanism.
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4.3.5 Containerization

Deploying microservices in embedded environments introduces challenges related to
dependency management, build reproducibility, and runtime isolation. Embedded
platforms often combine heterogeneous software stacks, hardware specific libraries,
and strict resource constraints. These factors make it difficult to maintain consistent
deployments across development, testing, and operational environments. Without
proper isolation, changes in one component’s environment can unintentionally affect
others, resulting in fragile system behavior.
Containerization technologies address these challenges. By providing lightweight

execution environments where applications are packaged together with their li-
braries, configuration files, and dependencies. Unlike virtual machines, containers
share the host operating system kernel, which significantly reduces memory and
processing overhead. This efficiency makes containers well suited for resource con-
strained embedded and edge platforms, including UAV companion computers, where
predictable performance and efficient resource use are critical. Beyond isolation, con-
tainerization supports a structured deployment workflow through versioned images
and reproducible builds. Each software component can be built, tested, and de-
ployed as an immutable unit, minimizing configuration drift between development
and operational contexts. Container run times also allow controlled allocation of
CPU time, memory, and device access, which promotes predictable performance
under varying workloads.
In the proposed system, containerization encapsulates individual software compo-

nents to ensure consistent and repeatable operation across execution environments.
Treating each component as a self contained deployment unit simplifies integration,
allows independent component evolution, and strengthens the system’s microservices
oriented design. This approach reflects current best practices in robotic systems en-
gineering and edge computing, as outlined in Section 2.4.

4.3.6 Daemon-Based SCH Execution

The mission scheduler operates as a daemon process that is initialized during system
boot and remains active throughout the UAV’s operational lifetime. Alternative ex-
ecution models include on demand startup or mission scoped controller processes.
Running the scheduler as a daemon ensures continuous availability for system ini-
tialization, mission selection, and health supervision without manual intervention.
This model is common in embedded Linux systems and autonomous platforms,
where persistent supervisory processes are necessary. By functioning as a daemon,
the scheduler maintains responsibility for system life cycle management and up-
holds the watchdog and supervisory control principles established in safety critical
embedded systems.
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4.4 summary

This chapter presented the conceptual design of the proposed SCH architecture and
explained rationale behind the corresponding architectural and technological deci-
sions. It began with a system level overview that introduced the mission use cases
guiding the design process and supporting the evaluation of SCH under different
levels of mission complexity. The discussion then detailed the SCH component, out-
lining its responsibilities and the functional requirements that define its role within
the overall UAV software system.
The chapter also examined the core elements of the proposed approach, including

the mission file interpretation model, the static task to component mapping mecha-
nism, and the centralized component health monitoring framework. Together, these
design elements enable deterministic system initialization, modular component ac-
tivation, and reliable runtime supervision. Furthermore, this chapter addressed the
selection of key enabling technologies, including BT based mission representation,
XML based configuration artifacts, microservices oriented architectural organiza-
tion, containerized deployment, and daemon based scheduler operation.
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5.1 System Preparation

5.1.1 Hardware Setup (Jetson Nano, Sensors, Network)

NVIDIA Jetson Nano

The conceptual system architecture assumes a dual computer UAV setup, consisting
of a real time flight controller and a companion computer. The SCH component ex-
ecutes on the companion computer and it interacts with multiple onboard software
components. [87, 88]. The NVIDIA Jetson Nano is used as a companion computer
for AREIOM. It is an embedded computing platform designed to support modern
autonomous and intelligent systems. It combines heterogeneous processing capabil-
ities with a full featured Linux software environment. Positioned as an entry level
device within the Jetson family, it enables the deployment of complex, multi com-
ponent software architectures on resource constrained edge platforms. Its design
emphasizes computational flexibility, energy efficiency, and system level integration
rather than single purpose acceleration. This makes it well suited for autonomous
systems that coordinate perception, decision making, and control subsystems. At
the hardware level, Jetson Nano integrates a quad core ARM CortexA57 CPU with
a 128 core Maxwell GPU, creating a heterogeneous execution environment. This
architecture allows compute intensive workloads and control logic to coexist on a
single embedded device. The platform offers standard interfaces such as Ethernet,
USB, camera inputs, GPIO, and serial communication buses, which simplify integra-
tion into larger robotic or unmanned systems. Its power efficient design, supported
by configurable operating modes, enables long duration operation in embedded and
mobile scenarios [89].
Equally important is the software ecosystem provided for Jetson Nano. The plat-

form runs a Linux based operating system distributed through NVIDIA JetPack,
which includes kernel support, device drivers, and system libraries for embedded
development. This environment supports standard Linux abstractions such as pro-
cesses, daemons, file systems, shared memory, and IPC. As a result, Jetson Nano
accommodates architectural patterns common in distributed and component based
systems, including background services, supervised execution, and modular deploy-
ment [90].
In mission oriented autonomous systems, these characteristics enable a clear sep-

aration between system orchestration and functional components. Instead of inte-
grating mission logic directly into individual modules, high level coordination can
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Figure 5.1: 1. microSD card slot for main storage, 2. 40pin expansion header, 3.
MicroUSB port for 5V power input, or for Device Mode, 4. Gigabit
Ethernet port, 5. USB 3.0 ports (x4), 6. HDMI output port, 7. Display
Port connector, 8. DC Barrel jack for 5V power input, 9. MIPI CSI2
camera connectors [90]

be managed by a dedicated scheduling or orchestration service. This service can
run as a persistent background process, active from system startup, and responsible
for managing the life cycle and interactions of subordinate components. The sta-
bility of the Linux runtime and the predictability of process management on Jetson
Nano make this separation practical. Within this context, the Scheduler (SCH)
component is implemented as a long running daemon responsible for mission level
coordination rather than direct task execution. Its operation does not depend on
specific Jetson Nano hardware features but benefits from the platform’s ability to
support continuous background execution, reliable IPC, and robust process super-
vision. The blackboard based IPC mechanism used by the system aligns with the
shared memory capabilities of the Linux kernel, enabling efficient state exchange
between components while preserving loose coupling [91].

5.1.2 Programming Language C++ for development

In this thesis project, the Scheduler (SCH) component is implemented in C++. It
must function as a long running system level orchestration service that performs
deterministic mission interpretation, component life cycle control, and runtime su-
pervision. This choice is based on C++’s suitability for IPC driven, multi process
embedded Linux systems, where reliable execution and low overhead are essential.
C++ provides the technical foundations required for SCH in several important ways.
C++ offers strong systems programming features and robust IPC integration.

SCH continuously interacts with other processes through IPC, particularly the black-
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board (BLB) component. The language provides efficient access to Linux IPC prim-
itives such as shared memory, sockets, pipes, and message queues, as well as OS level
APIs for process creation and supervision. This enables SCH to integrate tightly
with the execution environment while preserving clean, well defined interfaces to
other components. It also ensures deterministic performance and precise resource
control. SCH performs time sensitive supervision tasks, such as periodic health mon-
itoring through heartbeat signals, and must respond quickly if a component becomes
unresponsive. C++ allows predictable performance and explicit control of memory
and CPU usage, which is crucial for embedded systems with limited resources and
strict timing constraints.
SCH also requires maintainable integration with mission and configuration ar-

tifacts. It relies on structured inputs, such as mission files and a static mapping
file that link mission node identifiers with executable components. C++ supports
efficient parsing, validation, and deterministic handling of these inputs, allowing
mission coordination to remain configuration driven rather than hard coded. C++
further contributes to portability and long term maintainability. Although SCH
targets Embedded Linux deployment, it can be built and tested across multiple
platforms without modification. This flexibility streamlines development workflows
and supports architectural consistency across diverse hardware environments.
The development process additionally benefits from C++’s mature tooling ecosys-

tem, including debuggers, profilers, sanitizers, and unit testing frameworks. These
tools facilitate fault isolation, shorten development cycles, and increase reliability.
Such capabilities are particularly important for SCH, since failures in orchestra-
tion logic can compromise system availability. By implementing SCH in C++, this
project achieves a robust foundation for mission based orchestration and health
aware supervision while maintaining low runtime overhead and precise integration
with IPC and Linux process control [92, 93].

5.1.3 Software Ecosystem for Development

The development environment for this work was structured around Visual Studio
Code (VS Code). It was selected for its lightweight design, extensibility, and strong
support for remote and container based development workflows. Instead of relying
on a traditional monolithic IDE, VS Code functioned as a flexible front end that
integrates seamlessly with embedded Linux targets and modern software tool chains.
A central aspect of the setup was the use of VS Code Dev Containers. This feature

allowed the entire build environment including compiler tool chains, dependencies,
and runtime libraries to be encapsulated within containerized environments. The
approach ensured consistency between development and deployment systems and
prevented issues caused by host specific library versions or configuration mismatches.
By defining the development environment declaratively, the software stack remained
reproducible and portable across different machines.
To interface with the target platform, VS Code Remote Explorer over Secure Shell

(SSH) was used to establish a persistent connection to the Jetson Nano. This con-
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figuration enabled access to the embedded device as a remote development target
while retaining the full editing, debugging, and version control capabilities of VS
Code. Source code editing, compilation, and execution were performed directly on
the Jetson Nano without requiring physical access to the hardware. Unlike tradi-
tional cross compilation workflows, this setup supported native compilation within
the target environment. Builds were executed inside development containers running
on the Jetson Nano. Although the platform is resource constrained, this method en-
sured binary compatibility with system libraries and removed discrepancies between
host and target architectures. Containerization minimized performance overhead by
providing a controlled and streamlined runtime environment, keeping development
both efficient and predictable.
SSH based remote access further simplified testing and debugging tasks. Runtime

logs, process states, and IPC could be monitored in real time, which was particularly
valuable when validating long running daemon components such as the scheduler
SCH. Rapid development cycles were achieved through direct deployment and im-
mediate execution on the target platform, eliminating repetitive manual setup.
Overall, the configured development environment formed a cohesive, efficient, and

reproducible software ecosystem. By combining VS Code, Dev Containers, and SSH
based remote development, the workflow supported safe and efficient development
of embedded, IPC driven software while maintaining close alignment with the actual
runtime conditions of the deployed system.

5.1.4 Folder Structure

Figure 5.2: Folder Structure [17]

Each software component is developed as an independent project. One of the
principles of the development process is usage of ”Shared Items”. This shared item
folder further contains configs, missions, and scripts folders.
configs folder has .env.dev file which contains runtime configuration for all the

components. This way we have one shared configuration source for the whole system.
Another reason when we make changes inside the container, to apply them, the image
must be rebuilt. Therefore, it is better to prevent rebuilds when settings change,
and keeps code separate from runtime configuration, which changes very often. Also,
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when the code is deployed onto an another Jetson. It may have different camera
index, IP addresses, log path, ports, connected sensors. Each Jetson would only
require to edit this single file to match its camera paths, IPs, or mission settings.
This makes the setup consistent, clean, and easy for everyone. missions folder stores
xml representation of all designed missions. scripts folder contains start and stop
scripts to every component.

5.2 Prerequisite For SCH Implementation

5.2.1 Mission Files

To realize, validate, and systematically test the SCH component, the concept of
mission files is introduced. Mission files serve as the primary input artefacts to the
SCH and describe the operational intent of the UAV in a structured and machine
readable form. From the perspective of the SCH, a mission file represents a com-
plete specification of what needs to be executed, while the SCH itself is responsible
for deciding how and when the corresponding software components are initialized,
coordinated, and supervised.
In the developed system, missions are externalized into dedicated mission files

rather than being hard coded within the scheduler logic. This separation is inten-
tional and aligns with principles of modularity and configurability. By decoupling
mission definition from the SCH implementation, new missions can be introduced,
modified, or tested without recompiling or altering the scheduler component. This
design choice is particularly important for experimental UAV platforms, where mis-
sion logic evolves frequently during development and testing phases.
For the purpose of this work, a set of representative missions: Mission3, Mission6,

Mission11, Mission12, and Mission13 are defined. These missions cover different
operational scenarios and complexity levels, these missions are discussed in 4.1.2.
All selected missions are designed using a unified representation model and are
exported as XML files, which are then consumed by the SCH at runtime.

Missions as Behavior Trees

BTs provide a structured and modular framework for describing the decision making
logic of autonomous agents. They map environmental conditions to corresponding
actions, enabling clear representation of complex behaviors. Within a BT, condi-
tions evaluate the state of environment, while actions modify it. The hierarchical
organization of these elements allows designers to express intricate control policies
with clarity and scalability. The design of Behavior Trees follows a few key prin-
ciples. Behaviors are arranged hierarchically, allowing complex tasks to be broken
down into simpler components. Task sequencing ensures that actions execute in a
defined order, where each step depends on the success of the previous one. Task se-
lection introduces alternatives for achieving the same objective, creating flexibility in
decision making. Reactivity is achieved by allowing high priority tasks to interrupt
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lower priority ones when environmental conditions change. Modularity is supported
through a consistent node interface, where every node receives an execution signal
and returns a standard status indicating its outcome.
A BT is composed of two categories of nodes: control flow nodes and execution

nodes, arranged in a directed hierarchical graph. Execution begins at the root,
which periodically emits tick signals at a fixed rate. These ticks propagate through
the control flow nodes, activating execution nodes when required. Each node runs
only when it receives a tick and then returns one of three possible states: Running:
active execution, Success: goal achieved, or Failure: execution failed.
The classical BT model includes three types of control flow nodes: Sequence,

Fallback, and Parallel. Sequence nodes activate their children in order and suc-
ceed only when all of them succeed, stopping if any child fails or remains running.
Fallback nodes also evaluate their children sequentially but succeed as soon as one
child returns Success, providing alternative strategies for reaching a goal. Parallel
nodes activate multiple children simultaneously and determine their status based
on defined success or failure thresholds. Execution nodes consist of two main types:
Action nodes, which perform operations over time, and Condition nodes, which
evaluate logical propositions about the environment and return either Success or
Failure.
Behavior Trees support reactivity and preemption by design. Because ticks are

continuously propagated from the root, high priority branches are reevaluated at ev-
ery tick and can interrupt lower priority tasks when specific conditions become true.
This mechanism enables rapid responses to critical events such as safety violations or
resource constraints. Once the triggering condition no longer holds, the interrupted
behavior can resume seamlessly. Originally developed to control non player charac-
ters in video games, Behavior Trees proved effective for managing complex, adaptive
behaviors driven by continuous feedback. Their clarity and modularity later led to
widespread adoption in robotics, where similar challenges arise in achieving robust
and reactive control. Further research expanded the BT framework with memory
based nodes, utility driven behavior selection, probabilistic execution models, and
concurrency extensions for handling parallel tasks.
In conclusion, BT represent a mature and expressive method for describing hier-

archical and reactive behaviors in autonomous agents. Their balance of modularity,
reactivity, and theoretical rigor makes them an effective foundation for mission rep-
resentation and execution in modern robotic systems. A detailed explanation of
BTs and their execution semantics is provided in [94].

Groot2 Tool

To design and manage Behavior Tree based missions, this project uses the Groot2
graphical editor. Groot2 offers a visual interface for assembling BTs from predefined
control flow nodes along with user defined action and condition nodes. The graphical
approach helps reduce the cognitive effort involved in creating complex mission logic
compared with writing it directly in code or editing raw XML files.
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A key capability of Groot2 is its ability to export BTs as XML files that are
compatible with the BehaviorTree.CPP framework. These XML files serve as the
mission input for The SCH component. From a system integration viewpoint, using
Groot2 helps maintain consistency and correctness in mission definition. The tool’s
visual structure and validation features limit errors in tree composition that might
otherwise cause runtime faults or undefined behavior. The XML export format
also promotes interoperability and reproducibility by providing mission files that
are platform independent and easy to inspect or modify. Overall, Groot2 allows
both developers and domain specialists to create missions at a conceptual level
while generating standardized XML mission files ready for direct processing. This
workflow accelerates mission development and ensures a clean separation between
mission design and execution.

Figure 5.3: BT representation of mission 3

Mission 3 as BT Mission 3 uses a Behavior Tree that separates safety supervision
from mission execution while staying responsive to environmental changes. Execu-
tion starts at the root node, which sends tick signals to its child nodes at regular
intervals. The root connects to a Fallback node that prioritizes a safety subtree over
mission execution. This ensures safety checks occur before any mission action. The
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safety subtree uses nested Fallback nodes to perform checks and trigger recovery be-
haviors. First, the battery level is evaluated using the BattOK condition. If it fails,
NavLand triggers an emergency landing. If successful, communication health is ver-
ified through CommOK. A communication failure activates NavRTL, commanding
the vehicle to return to its launch point. Only when both safety conditions pass does
the mission execution branch activate. The mission follows a Sequence node that
enforces strict action ordering. It begins with NavTakeOff to reach a set altitude,
followed by NavGoTo to move to a waypoint. Next, NavForward commands forward
motion, and the mission concludes with NavLand. The continuous propagation of
tick signals keeps the system reactive, allowing safety behaviors to interrupt mission
actions when conditions change. This structure demonstrates how Behavior Trees
enable modular and safety aware mission control in autonomous UAV systems.

Figure 5.4: BT representation of mission 6

Mission 6 as BT Mission 6 uses a Behavior Tree that combines safety supervi-
sion with a waypoint based mission strategy. Execution begins at the root node,
which sends tick signals at regular intervals to update the tree. Below the root,
a Fallback node defines a priority structure where safety checks always run before
mission actions. Its first branch is the Safety Subtree, which monitors system con-
ditions during the entire mission. Inside this branch, nested Fallback nodes check
the battery and communication status. The BattOK condition is checked first. If
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it fails, the NavLand action starts an emergency landing. If the battery is normal,
the CommOK condition is evaluated. A communication failure triggers the NavRTL
action, returning the vehicle to its launch point. Only when both conditions succeed
does the Safety Subtree return failure, allowing the main mission branch to execute.
The mission logic is defined by a Sequence node that enforces strict action order. It
contains several NavGoTo actions that move the vehicle through a set of waypoints,
followed by a final NavLand action for a safe landing. Each NavGoTo command
must finish before the next one starts, ensuring a predictable mission flow. During
the entire process, tick signals continue to flow from the root. This allows the sys-
tem to constantly check safety conditions and interrupt mission actions if needed.
The resulting Behavior Tree shows how waypoint missions can be implemented in
a modular and reactive way while maintaining safety awareness, making it suitable
for structured navigation in autonomous UAVs.

Figure 5.5: BT representation of mission 11

Mission 11 as BT Mission 11 uses a Behavior Tree that combines safety mon-
itoring, vehicle setup, perception based decision making, and structured mission
completion within a single control model. Execution starts at the root node, which
sends tick signals through the tree to maintain reactive behavior. Below the root,
a Fallback node defines the priority order, making sure that safety checks always
run before mission actions. The Safety Subtree evaluates system conditions using
nested Fallback nodes. The BattOK condition is checked first. If it fails, the Nav-
Land action performs an emergency landing. If the battery is normal, the CommOK
condition is evaluated. A failure here triggers NavRTL, which returns the vehicle to
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its launch point. Only after all safety checks pass does control move to the main mis-
sion branch. The mission sequence is represented by a Sequence node that enforces a
fixed order of tasks. It begins with NavSetMode to set the vehicle into guided mode,
followed by NavArm and NavTakeOff, which prepare and lift the UAV to target al-
titude. After takeoff, NavBeep provides feedback, and the DetStart action begins
the perception phase. A timed wait action stabilizes the system before a RetryUn-
tilSuccessful decorator repeatedly checks for the ObjDetected condition. This loop
continues until the target is detected. Once an object is found, the sequence proceeds
to an inspection subtree. This part includes a short NavBeep, followed by forward
and backward movements that simulate a local inspection. When the inspection is
complete, the mission ends with a final NavLand for a controlled landing.
Throughout execution, tick signals continue to update the tree. This allows safety

conditions to interrupt any mission step when necessary. The BT structure in Mis-
sion 11 shows how complex, perception driven missions can be organized into mod-
ular, reactive, and safety aware elements suitable for autonomous UAVs.

Figure 5.6: BT representation of mission 12

Mission 12 as BT Mission 12 uses a Behavior Tree that extends the perception
based structure of Mission 11 by adding an adaptive altitude adjustment before in-
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spection. Execution starts at the root node, which sends tick signals through the
tree to maintain continuous reactivity. A Fallback node below the root manages
priorities, ensuring that safety checks run before mission actions. The Safety Sub-
tree includes nested Fallback nodes that evaluate system conditions. The BattOK
condition is checked first, and if it fails, NavLand initiates an immediate landing.
If the battery is normal, the CommOK condition is evaluated. A communication
failure triggers NavRTL, returning the vehicle to its launch point. Only when all
checks pass does control move to the mission sequence. The MissionSubTree, defined
as a Sequence node, enforces a fixed order of tasks. It begins with NavSetMode to
configure guided mode, followed by NavArm and NavTakeOff, which prepare and
lift the UAV to a preset altitude. After takeoff, NavBeep provides feedback, and
DetStart activates the perception system. A wait period then allows the system to
stabilize. A Fallback node manages the perception results. If ObjDetected returns
success, the mission proceeds to its final phase. If detection fails, a RetryUntilSuc-
cessful decorator starts a retry sequence. This sequence uses NavAscend to increase
altitude before checking ObjDetected again, allowing adaptive repositioning when
initial detection fails. When detection succeeds, the mission proceeds to the in-
spection sequence. It includes a short NavBeep, followed by forward and backward
motion to inspect the target area. The mission ends with a final NavLand for a
controlled landing. Throughout Mission 12, tick propagation keeps the system reac-
tive. Safety checks continuously monitor conditions and can interrupt the mission
if needed, ensuring robust and adaptive UAV behavior.

Mission 13 as BT Mission 13 uses a Behavior Tree that builds on the perception
based missions of 11 and 12 by adding limited retries and explicit failure handling for
object detection. Execution starts at the root node, which sends tick signals through
the tree to keep behavior reactive. A Fallback node below the root manages pri-
orities, ensuring that safety checks run before mission actions. The SafetySubtree
includes nested Fallback nodes that monitor system conditions. The BattOK con-
dition is checked first; if it fails, NavLand performs an emergency landing. If the
battery is normal, the CommOK condition is evaluated. Communication loss trig-
gers NavRTL, returning the UAV to its launch point. Only after all safety checks
pass does the mission sequence start. The MissionSubTree, structured as a Sequence
node, enforces a fixed order of actions. The UAV is first set to guided mode using
NavSetMode, armed with NavArm, and then takes off to a predefined altitude with
NavTakeOff. After takeoff, NavBeep provides feedback, and DetStart starts the per-
ception process. A wait period allows stabilization before object detection begins.
Detection logic is handled by a Fallback node. It first attempts to detect the object
using a RetryUntilSuccessful decorator that limits the number of retries. Inside each
retry, the UAV beeps, waits, and checks the ObjDetected condition. If detection
succeeds, the mission continues to the inspection sequence. This sequence performs
a short beep and executes forward and backward movements for local inspection. If
all retries fail, the Fallback node activates the failure branch, causing a controlled
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Figure 5.7: BT representation of mission 13

landing through NavLand. Throughout Mission 13, continuous tick propagation
keeps the system responsive, allowing safety conditions to interrupt execution at
any time. The limited retries prevent endless loops, creating a reliable and safety
aware mission workflow.

5.2.2 Deploying Other Software Components

Containerizing BLB and DET Components to Target Device

The BLB and DET components are part of the system. They were previously devel-
oped to test various functionalities of the AREIOM project. To deploy them on the
target Jetson Nano device, they were containerized. For testing the implementation
of the SCH component, BLB was required to enable IPC communication, along with
at least one additional component to support component initialization based on the
mission.
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Procedure of Creating Dockerfiles for PreExisting Software Components

When containerizing software components developed prior to this work, the objective
was to create a runtime only Docker image that accurately reproduces the execution
environment on the target device. Same procedure was applied to the BLB and DET
components. It is designed to be reusable for other software components, even when
the source code is not available.

Step 1: Identify the runtime entry binary The executable that represents the
entry point of the software component must be identified. In the AREIOM devel-
opment environment, binaries typically follow a structured layout, for example:

dev1/<component>/bin/ARM64/Release/<binary>.out

This binary is treated as the main process of the container.

Step 2: Determine runtime shared library dependencies To identify all shared
libraries required at runtime, the ldd tool is executed on the host device:

ldd <binary>.out

This step reveals all dynamically linked libraries needed for execution. Kernel pro-
vided components and the dynamic loader are excluded from further consideration.

Step 3: Map shared libraries to operating system packages Each required .so

library identified by ldd is mapped to its corresponding Debian/Ubuntu package.
This mapping determines which runtime packages must be installed in the container
image using the system package manager. Only runtime dependencies are consid-
ered; build time tools are intentionally excluded.

Step 4: Identify required runtime assets In addition to the executable, com-
ponent may rely on configuration files, resource directories, models, or scripts at
runtime. These assets must be explicitly identified to ensure that the containerized
environment mirrors the expected file system structure of the native deployment.

Step 5: Select a compatible base image A base image compatible with the
target device and operating system is selected. For the Jetson Nano platform used
in this work, an Ubuntu 20.04 base image was chosen to match the host system and
ensure ABI compatibility.

Step 6: Define a minimal runtime environment The Dockerfile is constructed
to install only the runtime dependencies identified in previous steps. This results in
a lightweight image that reduces attack surface and avoids unnecessary tooling.
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Step 7: Configure execution context A non root user is created within the con-
tainer, and a fixed working directory is defined. The executable and runtime assets
are copied into this directory, with appropriate ownership and execution permissions
applied.

Step 8: Specify shutdown and execution behavior To terminate running com-
ponents, container is configured to forward SIGINT signals to the application. The
executable is defined as the container entry point using an absolute path for deter-
ministic startup behavior.

Generic Dockerfile Template for Prebuilt Software Components

For the procedure described above 5.2.2, below is a generic Dockerfile template

FROM ubuntu :20.04

ENV DEBIAN_FRONTEND=noninteractive \

LANG=C.UTF8

# Install minimal runtime dependencies

RUN apt -get update && apt -get install -y --no -install -

recommends \

<runtime -packages > \

&& rm -rf /var/lib/apt/lists/*

# Create non -root runtime user

RUN useradd --create -home --shell /bin/bash appuser

WORKDIR /home/appuser

# Copy binary and runtime assets

COPY ./bin/ARM64/Release/<binary >.out /home/appuser/<binary >.

out

# COPY ./ configs /home/appuser/configs

# COPY ./ Resources /home/appuser/Resources

RUN chmod +x /home/appuser/<binary >.out && \

chown -R appuser:appuser /home/appuser

USER appuser

# Ensure graceful shutdown

STOPSIGNAL SIGINT

# Absolute entry point definition

ENTRYPOINT ["/ home/appuser/<binary >.out"]

CMD []
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The template focuses on reproducibility, simplicity, and correct runtime behavior.
By following the defined steps and adjusting the template as needed, other software
components can be containerized consistently and efficiently, even without access to
their source code.

5.2.3 Component Start/Stop Management Scripts

System components are started and stopped using dedicated shell scripts that are
triggered by the scheduler. These scripts handle environment variable setup, con-
tainer execution parameters, and logging configuration. This method separates de-
ployment logic from the scheduler’s code, making the system easier to maintain and
allowing components to be updated independently. Script based life cycle manage-
ment is widely used in embedded Linux systems because it simplifies coordination
and control. The system also supports stop commands to safely end missions or
shut down components. When a stop request is received, the scheduler manages an
orderly shutdown of all active components. A controlled shutdown is important to
maintain system stability and prevent data loss or corruption.

Generic Start Script Template for Containerized Software Components

#!/ usr/bin/env bash

set e

# Component configuration

COMPONENT_NAME ="<componentname >"

CONTAINER_NAME ="${COMPONENT_NAME }"

IMAGE_NAME ="<imagename:tag >"

echo "[ start${COMPONENT_NAME }] Starting from image ${

IMAGE_NAME} ..."

# Remove any previously existing container instance

echo "[ start${COMPONENT_NAME }] Removing old container if

present ..."

docker rm f "${CONTAINER_NAME }" >/dev/null 2>&1 || true

# Detect interactive terminal and select run mode

if tty s; then

echo "[ start${COMPONENT_NAME }] TTY detected > running in

foreground"

DOCKER_RUN_MODE ="it"

else

echo "[ start${COMPONENT_NAME }] No TTY detected > running

detached"

DOCKER_RUN_MODE ="d"
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fi

# Launch container

docker run rm ${DOCKER_RUN_MODE} \

name "${CONTAINER_NAME }" \

network host \

ipc host \

v /dev/shm:/dev/shm \

e TERM=xterm256color \

"${IMAGE_NAME }"

echo "[ start${COMPONENT_NAME }] Container exited with status $

?"

The start script enforces a clean startup by removing any stale container instance
before execution. Host networking and shared memory access are enabled to support
low latency IPC, while terminal detection allows the same script to be reused in both
development and automated runtime scenarios.

Generic Stop Script Template for Containerized Software Components

To complement the start procedure, a generic stop script template is provided be-
low. This script ensures controlled shutdown of a running container and optionally
performs component specific cleanup actions such as shared memory cleanup or log
removal.

#!/ usr/bin/env bash

set e

# Component configuration

COMPONENT_NAME ="<componentname >"

CONTAINER_NAME ="${COMPONENT_NAME }"

IMAGE_NAME ="<imagename:tag >"

# Optional cleanup configuration

CLEANUP_ENTRYPOINT ="<cleanupbinary >"

CLEANUP_ARGS ="<cleanupargs >"

LOG_DIR="<hostlogdir >"

CLEAR_LOGS=false

echo "[ stop${COMPONENT_NAME }] Stopping ’${CONTAINER_NAME}’

..."

# Stop container only if running

if docker ps format ’{{. Names}}’ | grep Fxq "${CONTAINER_NAME

}"; then

92



5 Implementation

docker stop "${CONTAINER_NAME }" >/dev/null

echo "[ stop${COMPONENT_NAME }] Container stopped ."

else

echo "[ stop${COMPONENT_NAME }] Container not running ."

fi

# Execute componentspecific cleanup logic if required

if [ n "${CLEANUP_ENTRYPOINT }" ]; then

echo "[ stop${COMPONENT_NAME }] Performing runtime cleanup ..."

docker run rm ipc host \

entrypoint "${CLEANUP_ENTRYPOINT }" \

"${IMAGE_NAME }" ${CLEANUP_ARGS}

fi

# Optional hostside log cleanup

if [ "${CLEAR_LOGS }" = true ]; then

rm f "${LOG_DIR }"/*. log || true

echo "[ stop${COMPONENT_NAME }] Logs cleared ."

fi

echo "[ stop${COMPONENT_NAME }] Shutdown completed ."

The stop script supports graceful termination by explicitly checking the container
state before issuing a stop command. Optional cleanup steps allow components to
release shared resources or persistent artifacts, ensuring a consistent system state
before subsequent restarts or mission reconfiguration.

5.3 SCH Component Implementation

The scheduler runs as a daemon process that starts automatically when the system
boots. It remains active for the entire operational period and supervises mission
execution without interruption. Running the scheduler as a daemon is a common
practice in autonomous and safety critical embedded systems. Component acti-
vation follows a defined order: blackboard initialization, mission selector startup,
mission parsing and mapping, and subsystem activation. This controlled sequence
ensures that all components are ready before mission execution begins and prevents
race conditions during startup. To remove the dependency from GCS to have the
UI for selecting mission file. A dummy component, mission-seclector is developed.
The mission scheduler is implemented as a dedicated C++ application that serves
as the main control unit for mission execution. Its main tasks include setting up
IPC, launching auxiliary components, interpreting mission configurations, and su-
pervising runtime execution.
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Reading the Mission File Path from the Blackboard

Explanation. The Scheduler (SCH) reads the mission file path from the Blackboard
field mission.message. Since this field is stored as a Cstyle character array, SCH
first copies it into a string and removes trailing white space (e.g., \n, \r) to avoid
invalid paths. If the mission path is still empty, SCH keeps polling the Blackboard
for a bounded number of attempts until a valid path becomes available.

Algorithm 1 Reading the Selected Mission Path from the Blackboard

1: function ReadMissionPath(bb : BlackboardHandle)
2: msgPtr ← bb.data.mission.message
3: if msgPtr is NULL then
4: return ””
5: end if
6: path ← String(msgPtr)
7: while path is not empty and LastChar(path) is whitespace do
8: RemoveLastChar(path)
9: end while
10: return path
11: end function

Extracting Node IDs from Behavior Trees

Explanation. After loading the mission XML, SCH searches for the <BehaviorTree>
element and performs a depth first traversal over all XML elements inside it. When-
ever an element contains an ID attribute, SCH inserts it into a set to eliminate
repeated node IDs. The resulting set represents the node types required by the
mission.

Mapping BT Nodes to Components using StaticMapping.xml

Explanation. SCH loads StaticMapping.xml and builds a lookup table mapping
each BT node ID (id) to a component name (component). After extracting the
mission node IDs, SCH resolves each ID through this table. Missing mappings
are reported as warnings. To avoid starting a component multiple times, SCH
deduplicates by component name when building the final set of required components.

Heartbeat Monitoring and Restart of a Component

Explanation. SCH continuously monitors the mission selector component through
the Blackboard process slot PROCESS GUEST. The heartbeat is represented by a times-
tamp field (process[idx].time). If the timestamp does not update within a fixed
timeout window, SCH considers the component unresponsive and restarts it. To
prevent repeated restarts in every cycle, SCH triggers only one restart and waits
until a new heartbeat is observed.
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Algorithm 2 Extraction of Unique Behavior Tree Node IDs from Mission XML

1: function ExtractNodeIDs(root : XmlElement)
2: ids ← ∅
3: if root is NULL then
4: return ids
5: end if
6: bt ← FirstChildElement(root, ”BehaviorTree”)
7: if bt is NULL then
8: return ids
9: end if
10: Scan(bt, ids)
11: return ids
12: end function
13: function Scan(node : XmlElement, ids : Set¡String¿)
14: if node is NULL then
15: return
16: end if
17: if node has attribute ”ID” then
18: ids ← ids ∪ { node.Attribute(”ID”) }
19: end if
20: for all child in Children(node) do
21: Scan(child, ids)
22: end for
23: end function

5.4 Summary

This chapter explained the implementation of the proposed mission scheduling sys-
tem. It covered system setup, software architecture, mission parsing and mapping,
and runtime supervision. The implementation shows how mission abstractions are
converted into executable software components through a controlled and predictable
process. The integration of shared memory coordination, static mapping, heartbeat
monitoring, and daemon execution creates a strong base for reliable autonomous
UAV missions. The next chapter presents system testing and experimental valida-
tion.
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Algorithm 3 Building the Required Component Set from Node IDs and Static
Mapping

1: function BuildComponentSet(nodeIDs : Set¡String¿, mappingXmlPath :
String)

2: nodeIdToComp ← EmptyMap()
3: components ← EmptyMap()
4: if LoadXml(mappingXmlPath) fails then
5: Display error “Failed to load mapping XML.”
6: return components
7: end if
8: mapRoot ← RootElement(mappingXmlPath)
9: for all nodeEl in ChildrenNamed(mapRoot, ”Node”) do
10: idAttr ← nodeEl.Attribute(”id”)
11: compAttr ← nodeEl.Attribute(”component”)
12: if idAttr is NULL or compAttr is NULL then
13: Display warning “Mapping entry missing id/component; skipping.”
14: else
15: nodeIdToComp[idAttr] ← compAttr
16: end if
17: end for
18: for all id in nodeIDs do
19: if id not in nodeIdToComp then
20: Display warning “No mapping for node ID [id].”
21: else
22: compName ← nodeIdToComp[id]
23: if compName is empty then
24: Display warning “Empty component name for node ID [id].”
25: else
26: components[compName].name ← compName
27: end if
28: end if
29: end for
30: return components
31: end function
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Algorithm 4 Heartbeat Monitoring and Automatic Restart of MissionSelector

1: function MonitorHeartbeat(bb : BlackboardHandle)
2: TIMEOUT SEC ← 2
3: haveSeenHeartbeat ← False
4: lastHeartbeat ← 0
5: restartIssued ← False
6: while True do
7: Sleep(1 second)
8: if bb.data is NULL then
9: Display error “Blackboard pointer is NULL in monitor loop.”
10: continue
11: end if
12: idx ← PROCESS GUEST
13: if idx < 0 or idx ≥ MAX PROCESS NUMBER then
14: Display error “PROCESS GUEST index out of range.”
15: continue
16: end if
17: proc ← bb.data.process[idx]
18: if proc.id == PROCESS NOTDEFINED then
19: Display warning “MissionSelector not registered yet in BLB.”
20: continue
21: end if
22: hb ← proc.time
23: if hb == 0 then
24: Display warning “No heartbeat timestamp for MissionSelector yet.”
25: continue
26: end if
27: if haveSeenHeartbeat == False or hb ̸= lastHeartbeat then
28: haveSeenHeartbeat ← True
29: restartIssued ← False
30: lastHeartbeat ← hb
31: end if
32: now ← CurrentTime()
33: delta ← now - hb
34: if haveSeenHeartbeat and delta > TIMEOUT SEC and restartIssued

== False then
35: Display error “Heartbeat timeout; restarting MissionSelector.”
36: RunCommand(”pkill -f mission selector”)
37: RunInTerminal(”missionselector”, MISSION SELECTOR)
38: restartIssued ← True
39: end if
40: end while
41: end function
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6.1 Ordered Execution of Background Components

Goal: Show SCH is able to bring required BLB and GCS (mission-selector for test-
ing) components to execution. Test: Is execution order retained.

Figure 6.1: Background Components Order Test

Evidence: As shown in Figure 6.1, SCH follows a clearly defined sequential startup
sequence implemented directly in sch.cpp. When launched, SCH first starts the BLB
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using its configured startup script. This step intentionally occurs before any other
process to ensure that the shared memory infrastructure required for IPC is avail-
able. After triggering BLB, SCH waits briefly to allow the Blackboard to finish
initializing and create the necessary shared resources. Once initialization is com-
plete SCH attaches to the Blackboard operating in slave mode. It then resets the
mission.message field by clearing any previous content, preventing residual mission
data from influencing the current startup. This guarantees that SCH can accu-
rately detect whether a new mission has been provided. After successfully attaching
and clearing the mission field, SCH starts the mission-selector component. It then
connects to the Blackboard and writes the absolute path of the chosen mission file
into the mission.message field. Finally, SCH enters a controlled polling phase and
periodically checking the Blackboard for a valid mission path. This polling loop is
bounded by a fixed timeout upto 20 seconds and SCH proceeds only after the mission
path becomes available to ensure deterministic behavior. The resulting log sequence
confirms that BLB initialization, SCH attachment, and mission-selector execution
occur in a strict well enforced order while preserving the intended runtime hierarchy
of background components.

6.2 Mission selection and mission file handling

Goal: Verify that the mission-selector component correctly publishes a mission file
path to the Blackboard (BLB) and that the SCH reliably reads, and interprets this
path without introducing file access errors.
Test: Valid mission path read from BLB and successfully processed by SCH.

Figure 6.2: Mission file selection and Mission Path writing

Evidence: The mission-selector component accesses the configured missions di-
rectory, enumerates all available mission definition files, and randomly selects one
mission file for testing purposes. It then writes the absolute path of this selected
mission file into the mission.message field of the Blackboard. SCH continuously
checks this field and proceeds only once the message buffer is no longer empty,
indicating that a mission path has been successfully published. Before using the
received mission path, SCH performs explicit sanitation by trimming leading and
trailing white space characters. This step is crucial, as paths written via shared
memory or generated by external components may include newline characters or
trailing spaces, which would otherwise lead to file access failures when opening or
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parsing the mission XML. By removing these extraneous characters, SCH ensures
that the resulting string represents a valid file system path. As shown in Figure
6.2, SCH successfully extracts a clean and valid mission file path from BLB and
logs it for verification. The absence of file not found or parsing errors following this
step confirms that SCH not only reads the mission path correctly but also robustly
handles formatting irregularities. This behavior demonstrates that the interaction
between mission-selector and SCH via the Blackboard is functionally correct and
resilient against common string handling issues in IPC.

6.3 Node extraction correctness

Goal: Demonstrate that SCH extracts the correct Action Node IDs from a selected
mission XML and that the extracted identifiers match the action nodes defined in
the original mission design exported from Groot2. Test set: Correctness of node
extraction in SCH using mission 12 as a deterministic test set.

(a) mission12.xml File (b) Execution Result

Figure 6.3: Node Extraction Test

Evidence: Figure 6.3(a) illustrates the mission12.xml file generated by the Groot2
mission design tool which serves as the input for this test. The XML file specifies the
full behavioral structure of mission 12 in the BehaviorTree.CPP format version 4.
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Within the BehaviorTree ID=”mission12” element, executable operations are explic-
itly defined as Action nodes with unique identifiers such as NavSetMode, NavArm,
NavTakeOff, NavBeep, DetStart, wait, NavAscend, and NavLand. The mission also
includes references to SubTree elements such as SafetySubtree and InsSubtree as
well as control flow constructs like Sequence, Fallback, and RetryUntilSuccessful,
which serve structural purposes rather than being executable themselves.
Once mission 12 is selected for execution SCH loads the XML file and performs

node extraction as implemented in sch.cpp. During this process SCH traverses the
mission definition to identify executable action nodes. Structural and control flow
nodes are deliberately excluded, as they do not represent executable runtime actions.
The runtime output in Figure 6.3(b) displays the result of this extraction phase.

SCH first confirms the resolved mission file path and the selected main behavior tree
then lists the identified action node IDs under the “XML Action Nodes” section.
The output enumerates NavSetMode, NavArm, NavTakeOff, NavBeep, DetStart,
wait, NavAscend, and NavLand exactly matching the Action elements defined in
mission12.xml. A direct comparison of Figures 6.3(a) and 6.3(b) reveals a one to
one correspondence between the ¡Action¿ nodes in the XML and action identifiers
reported by SCH. No additional nodes appear and no valid actions are missing. This
confirms that SCH correctly parses the mission definition and distinguishes between
executable actions as designed. SCH is consistently producing an accurate set of
action node identifiers. It establishes a reliable basis for the assignment of mission
actions to software components and their orchestration during runtime.

6.4 Component Mapping

Goal: Correct components are launched for a given mission.
Evidence: Figure 6.4(a) presents the static mapping XML file used by SCH to

translate mission action node identifiers into the corresponding software components
to be executed. Each Node entry defines a deterministic link between a BehaviorTree
action ID and the component responsible for that action. For instance, action nodes
such as NavSetMode, NavArm, NavTakeOff, NavBeep, NavAscend, and NavLand
are assigned to the navigation component nss-mal. Whereas DetStart is assigned to
the detection component vss-det. This mapping file therefore serves as the sched-
uler’s authoritative configuration for determining which components are required for
a given mission.
A notable feature of the sch.cpp implementation is that SCH does not launch

components directly from the raw list of action nodes. Instead, it aggregates the
resolved component names into a required component set and removes duplicates be-
fore initiating any processes. This behavior is visible in Figure 6.4(b), where several
mission actions map to the same component nss-mal, yet SCH reports “Components
to start: 2” and lists only nss-mal and vss-det. This demonstrates that SCH cor-
rectly deduplicates the component list. Thereby avoiding redundant launches and
minimizing unnecessary resource consumption on the companion computer.
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(a) Static Mapping File (b) Execution Result

Figure 6.4: Component Mapping and Starting Test

The execution output further shows that SCH safely handles unmapped or in-
tentionally unsupported nodes. In this scenario, the wait node appears in the ex-
tracted node list but does not correspond to a software component defined in the
static mapping file. Instead of treating this as a configuration error, SCH reports
wait -> (Ignore). This behavior confirms that the mapping logic in sch.cpp dis-
tinguishes between executable nodes that require external components and internal
utility nodes that do not. Consequently, SCH avoids launching irrelevant compo-
nents and prevents mission startup failures caused by nodes intended for internal
handling.
Figure 6.4(b) demonstrates that after reporting the required component set, SCH

transitions into the startup phase and executes the corresponding component launch
scripts. The output shows that nss-mal is started via nss-mal-run.sh and vss-det via
vss-det-run.sh. Additionally, SCH notes that developer terminals are disabled and
therefore runs these scripts in the background. This also proves the process launch
logic in sch.cpp which supports both interactive and background execution modes
depending on configuration.
Together, the static mapping file in Figure 6.4(a) and the runtime output in Figure

6.4(b) confirm the correct behavior of SCH. SCH accurately determines the minimal
set of components required for the mission. It correctly ignores nodes that do not
require a component. It also eliminates redundant mappings. Finally, SCH launches
each necessary component exactly once by using the configured startup scripts.

6.5 Boot and availability

Goal: Show SCH is alive immediately after power-on and reaches an operational
state.
Evidence: Figure 6.5 shows the reboot sequence of the Jetson Nano, marking the

beginning of the test. After system becomes available, SCH starts automatically
through its configured systemd user service. This confirms that SCH operates as a
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Figure 6.5: Rebooting Jetson Nano

persistent background service and not as a manually executed application. Such a
setup is essential for fully autonomous system startup.
Figure 6.6 verifies that the mss-sch.service is loaded and in an active (running)

state shortly after boot. The presence of a valid main process ID confirms that SCH
has launched successfully and has not terminated due to configuration or dependency
errors. The service status output also displays early Blackboard related log entries,
including shared memory and semaphore initialization. These correspond to the
Blackboard setup phase implemented in sch.cpp.
Figure 6.7 provides detailed runtime output from boot until component activation.

The logs show that SCH initiates the BLB startup and attempts to attach to the
Blackboard. An initial attempt to start BLB in a graphical terminal fails because no
display is available. SCH then continues execution and attaches to the Blackboard
successfully. This sequence demonstrates the robustness of the process launch logic
in sch.cpp, which allows SCH to operate reliably in headless environments. Once the
Blackboard connection is established, SCH launches the mission selector component.
It then enters a waiting phase until the mission path appears in shared memory.
This behavior is visible in repeated log messages reporting that the mission message
is empty. When a valid mission path is received, SCH loads the mission XML,
extracts the action nodes, applies the node to component mapping, and determines
the minimal required component set. The logs confirm that these components start
automatically using their configured run scripts.
The final part of the logs shows SCH entering its monitoring loop. During this

phase SCH periodically evaluates heartbeat information via the Blackboard. The
recurring heartbeat messages indicate that SCH has completed its initialization se-
quence and is operating in a stable supervision mode. Together, these results confirm
that SCH starts automatically after power-on, completes its initialization procedure,
launches the required mission components, and transitions into steady-state opera-
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Figure 6.6: Checking the status of SCH
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Figure 6.7: Displaying logs since the boot till component activation
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tion without manual input.

6.6 Heartbeat supervision

Goal: System detects the delay in components heartbeat and restarts the component
again. Test: Intentionally inducing delay in heartbeat to test system.

Figure 6.8: Test for delay detection in component’s heartbeat

Evidence: During runtime supervision in Figure 6.5, the SCH component con-
tinuously monitored the MissionSelector heartbeat through the shared blackboard.
Heartbeats were logged at a steady frequency of about 1 Hz, and the reported heart-
beat age stayed below 0.1 ms immediately after each update, indicating timely and
consistent signal transmission. To verify the health monitoring behavior, heartbeat
emission in the MissionSelector was deliberately halted. After the final valid heart-
beat, the observed heartbeat age increased linearly until it reached 3.0 s, at which
point SCH registered a timeout, exceeding the configured 2 s threshold. This cor-
responds to an effective failure detection latency of roughly 3 s, arising from the 1
Hz monitoring rate and the discrete sampling nature of the mechanism. Once the
timeout was detected, SCH terminated all running MissionSelector instances and
restarted the component. The measured recovery behavior shows a kill latency of
about 498 ms and a total restart latency of about 501 ms from timeout detection to
process relaunch, demonstrating fast and deterministic recovery of the supervision
and restart mechanism.
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7.1 Conclusion

This thesis explored the problem of mission based software component initializa-
tion in autonomous UAV systems that use resource limited companion computers.
As UAV software moves toward microservice and component based architectures,
managing the startup, coordination, and monitoring of many software components
has become a key challenge. Manual startup, static scripts, and operator dependent
setup are limiting for autonomous missions system design.
To solve this problem, the thesis proposed and implemented a SCH for automated

mission based orchestration within a blackboard based UAV architecture. The SCH
reads mission descriptions defined in BT based XML files, links mission tasks to
specific software components using a static mapping process, and manages the entire
component life cycle, including startup, monitoring, and controlled shutdown.
The work began by reviewing the foundations of UAV system design, compo-

nent based architectures, IPC, blackboard systems, and containerized deployment
on embedded Linux. A literature review examined existing work on mission repre-
sentation, system startup, and runtime orchestration. The review identified a gap
between high level mission specification tools and practical orchestration systems
suitable for embedded onboard platforms.
Based on these findings, the thesis presented the SCH design, focusing on loose

coupling, predictable behavior, and low runtime overhead. The architecture com-
bines blackboard based shared memory communication with microservice principles
such as modularity, fault isolation, and clear system boundaries. Shared memory
IPC was used to implement both the blackboard data exchange and component
supervision efficiently.
The SCH was developed as a C++ daemon running on an embedded Linux plat-

form, Jetson Nano. It integrates mission selection, XML parsing, component map-
ping, process control, and heartbeat based health monitoring. Unlike cloud based
orchestration frameworks, SCH remains lightweight and suitable for onboard use,
avoiding complexity and excess overhead. The results showed that mission based
orchestration improves reliability and repeatability compared with manual or static
initialization.
The key contribution of this thesis is the design and implementation of a reusable

mission scheduling component that links mission representation with runtime or-
chestration. SCH enables autonomous, reliable, and fault aware mission execution.
It provides a practical architectural solution for UAVs and other robotic systems
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that rely on distributed software running on limited onboard resources.
In conclusion, the research successfully achieved its goals and demonstrated that

mission based software orchestration is an essential step toward dependable auton-
omy in future UAV systems.

7.2 Future Scope

With the current implementation, the paper fulfills its stated objectives, and there
are numerous directions in which future work could extend the capabilities of the
proposed solution.
Custom Mission Nodes: The current system relies on predefined nodes from the

BehaviorTree.cpp framework, which provide basic execution and control capabilities
but are restricted to generic logic suitable only for standard behaviors. Defining
custom nodes enables adaptation of both behavior and execution semantics to meet
system specific requirements.
Common configuration file for all the components: Currently, runtime parameters

are hard-coded within individual component source files, which makes deployment
and maintenance more complex. Centralizing configuration in the .env.dev file for
all components would allow each component to load only the parameters it needs,
such as camera indices, IP addresses, ports, log destinations, and sensor identi-
fiers. This centralization enables system specific settings to be adjusted in one place
rather than across multiple repositories. Consequently, deploying the system to dif-
ferent Jetson devices would only require updating a single configuration file to reflect
hardware connections and mission parameters, leading to a consistent setup, fewer
configuration errors, and easier collaboration within the development team.
Integration with Mission Feedback: Currently, the SCH runs independently from

the internal state of the BT. Linking orchestration decisions with mission feedback
could enable finer control, such as restarting components only when specific missions
fail, or adjusting scheduling dynamically as missions progress.
Scalability for Multiple UAVs: This work focuses on a single UAV. Future research

could expand SCH to coordinate multiple UAVs, managing distributed system ini-
tialization and shared objectives across different vehicles.
Developing these directions would make the Mission Scheduling Component more

adaptive, reliable, and scalable, helping advance autonomous UAV systems toward
greater resilience and operational flexibility.
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