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/ EXECUTIVE SUMMARY

Robotics and autonomous systems (RAS) are indispensable assets in modern warfare.
The systems can perform critical roles such as logistics deliveries and reconnaissance.
Current systems, however, are dependent on classical computing to complete
decision-making processes. These classical systems often underperform in large-scale
operations. Quantum computing, which leverages phenomena such as superposition

and entanglement, provides a novel computational paradigm that can overcome such
limitations. Among other benefits, it has the potential to enable military planners to optimise
the achievement of RAS mission planning.

The integration of RAS and quantum computing has the potential to considerably improve
military operational capabilities. Modern military operations require adaptable, precise
and resilient decision-making capabilities. In multi-objective battlefield scenarios, these
requirements can quickly exceed the classical computational capabilities of RAS systems.
Acknowledging this limitation, this paper presents a computational framework to optimise
the planning and efficiency of RAS-enabled operations based on an algorithm that is a
hybrid between classical and quantum computing processes.

Global military institutions such as the Australian Defence Force (ADF), NATO and AUKUS
have initiated strategic investments and experimental deployments of quantum-enabled
technologies and autonomous systems. Australia’s Quantum Technology Roadmap
highlights quantum-enabled capabilities as a strategic priority. The military potential of
such capabilities was further emphasised by the use of Q-CTRLs Fire Opal quantum-
classical optimisation software during Exercise Talisman Sabre 2023.

Under exercise conditions, Fire Opal showed significant reduction in the duration of the
logistic deployments.

This paper presents the application of an algorithm called the quantum approximate
optimisation algorithm (QAOA). The utility of the algorithm is considered through the lens
of two vehicle routing problems (VRPs), one involving logistics resupply and the other
dealing with reconnaissance. For logistics resupply, we used a hierarchical clustering
strategy combined with quantum-enhanced optimisation methods to achieve the efficient
allocation of supplies to a diverse fleet of remote autonomous vehicles.

This method optimised payload utilisation and operational efficiency. Our experimentations
demonstrate that complex routing problems involving up to 305 cities and 16 depots

can be decomposed into smaller routing subproblems, with QAOA applied to selected
subproblems of manageable size. The performance is evaluated using the average
optimality gap across the QAOA solved clusters. For each cluster, the average optimality
gap is calculated by comparing the QAOA solution for each cluster with its corresponding
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optimal classical solution, and taking an average across all the QAOA solved clusters.
The metric shows the performance of the QAOA solved subproblems and does not
represent the global optimality gap of the vehicle routing problem. For the purpose of this
paper, the term ‘cities’ refers to operational nodes representing mission-relevant locations,
including supply points, delivery destinations and named areas of interest (NAIs).
Computation time remained under 5 minutes per scenario, demonstrating the practical
utility of QAOA for military operations.

For reconnaissance, the framework was applied in a 3D environment, simulating

realistic terrain, weather, risk and obstacle conditions. In the experiment, the hybrid
framework assigned a fleet of aerial vehicles to prioritised reconnaissance tasks and
determined optimal altitudes, with QAOA used for selected routing subproblems. In this
scenario, sensor coverage and efficient routing within the manageable subproblems was
achieved using quantum-enhanced optimisation. To measure performance, we used a
quantitative evaluation method using two criteria: percentage coverage (alignment of
achieved coverage with planned objectives), and percentage redundancy (measure of
excess overlap). These metrics ensured that the intelligence value of the reconnaissance
operation was maximised while resource expenditure was minimised.

In addition to providing the results of our experimentation, this paper addresses practical
considerations in the use of agile quantum optimisation algorithms for RAS planning.

It outlines the challenges involved in integrating quantum-enhanced systems into existing
military infrastructure, emphasising the relevance of real-time ingestion of environmental
and sensor data streams (such as lidar terrain models and weather reports). We also
present critical cyber security considerations (such as data integrity assurance, secure
encrypted channels, and robust authentication protocols) to align with the stringent
military standards.

Throughout the paper, we stress the importance of maintaining a human-centric design
system that has intuitive command interfaces, immediate visual feedback, and clear
operational justifications. The reconnaissance-specific considerations include unmanned
aerial vehicle (UAV) operational constraints, energy-aware mission planning and
altitude-dependent sensor fidelity. Under the topic of system resilience, we also discuss
fault injection testing and recovery from operational disruptions like GPS outages and
communication failures.

From an international perspective, we consider NATO and EU initiatives such as
QuantaQuest’s integrated quantum navigation systems and the concept of quantum

key distribution (QKD), including their use in battlefield environments. Such initiatives
would ensure that militaries can maintain operational superiority even when traditional
infrastructure for communication and navigation is compromised. China’s ability to achieve
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successful intercontinental quantum communication shows the accelerated pace of global
quantum technology competition. This development reinforces the necessity for allied
nations to generate and deploy sovereign quantum capabilities.

Finally, the paper identifies several promising developments such as enhanced warm-start
techniques for the QAOA, distributed quantum computing approaches and edge-deployed
quantum processors that are capable of real-time operational adaptation. We give

some weight to the need for modular quantum architecture that can enable incremental
improvements to the current quantum systems without system-wide change. The paper
also strongly recommends the establishment of transparent quantum decision-making
processes; these are critical for maintaining command trust and operational accountability
in quantum optimisation algorithms.

In summary, this work lays a foundational roadmap for integrating quantum algorithms

into autonomous military systems. In doing so, it offers a clear and an actionable path
towards achieving superior operational agility and computational advantage on the modern
battlefield.
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INTRODUCTION

Robotics and autonomous systems (RAS) include unmanned ground vehicles, aerial
drones, and modular sensor systems.! These capabilities will be essential components
in transforming how the Australian Army conducts missions such as logistics resupply
and reconnaissance. The computational demands of these systems continue to

rise, particularly in tasks that require evaluation of massive datasets under time and
environmental constraints.

The convergence of RAS and quantum computing offers the Australian Army the
opportunity to enhance autonomy, precision and adaptability, enabling mission-critical
decisions to be made more quickly with a higher strategic impact. Quantum technologies
offer a new paradigm, based on fundamentally different physical principles from those of
classical electronics.? Further, quantum technology is being investigated as a potential
approach for tackling combinatorial optimisation problems such as route planning and task
allocation which are central to RAS mission planning.

This paper begins with a formal definition of RAS and quantum computing, including an
overview of the relevant hardware and software components. The quantum approximate
optimisation algorithm (QAOA) is then applied in case studies that involve two vehicle
routing problems (VRPs), one involving logistics resupply and the other dealing with
reconnaissance.

* QAOA is a hybrid classical-quantum optimisation framework designed to solve
complex combinatorial optimisation problems by combining quantum computation with
classical optimisation techniques. In this framework, quantum solvers are deployed
for computational sub-problems of manageable size, typically at the cluster level,
while classical methods handle problem decomposition, grid generation and fallback
computation. Fallback computation becomes necessary in situations where quantum
resources are unavailable, hardware noise levels are excessive, or quantum error rates
lead to suboptimal or unreliable solutions.

* AVRP is an optimisation problem concerned with determining the most efficient

routes for a fleet of vehicles to service a set of locations, subject to constraints such as
capacity, distance, time, risk and resource availability. VRPs are a class of optimisation
problem that is central to both military logistics and reconnaissance. Logistics resupply
involves moving critical supplies such as ammunition, fuel, water and rations from
depots to dispersed outposts while maximising fuel efficiency and minimising risk.?
Reconnaissance involves gathering information from high-priority zones—often using
unmanned aerial vehicles (UAVs)—where terrain, altitude, and sensor resolution
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play a big role. While they are well studied under classical computing, their scale
and complexity can make exact classical optimisation computationally demanding,
particularly when rapid replanning and environment modelling are required.*

While both logistics and reconnaissance VRPs involve RAS operating across a large
mission space, each presents distinct operational challenges and computational structure.
Often referred to as a variation of the travelling salesman problem (TSP),® both tasks

are modelled using discrete spatial grids and dynamic environmental variables such as
weather, terrain and risk exposure. As this paper demonstrates, QAOAS® serves as an early
proof of concept for quantum assisted RAS mission planning with a hybrid optimisation
framework. Further advances in quantum hardware, solver reliability and system
integration would be necessary before such quantum approaches can be considered for
operational deployment.

Beyond the issue of algorithms, we address practical deployment concerns. Integration

of quantum systems into real-world military infrastructure needs more than just
computational efficiency. Real-time data ingestion from lidar scans—weather stations

and vehicle telemetry—is also essential. Human—machine interfaces must allow military
commanders to update priorities, drag the waypoints and receive real-time cost estimates.
Fault tolerance is another priority—the system must handle GPS dropouts, unexpected
obstacles or hardware failures in a graceful fashion, either by replanning or falling back to
classical solvers.

The ADF has made notable investments in the field of quantum and autonomous systems
through initiatives such as the Quantum Technology Challenge and collaborations with
companies such as Q-CTRL.” Globally, NATO, AUKUS and other military alliances are also
investing in quantum radar, quantum navigation and quantum secure communication.®

As these concepts shift from prototype to deployment, the Australian Army must consider
how to integrate them with autonomous platforms. By demonstrating scalable frameworks
for both logistics and reconnaissance, this paper provides both a proof of concept and

a roadmap for ADF decision-makers. The results show that hybrid classical-quantum
frameworks can achieve rapid computation—even on commodity hardware. The QAOA
architecture presented here is a compelling candidate for further experimental evaluation
and progressively more realistic testing.

Overview of Robotic and Autonomous Systems and Quantum
Computing (RAS-Quantum)

RAS is a rapidly evolving domain which encompasses unmanned ground vehicles (UGVs),
aerial drones, autonomous maritime platforms, and sensor nodes (mobile and fixed).®
These systems are designed to execute tasks by leveraging on-board computing,

real-time sensor data and adaptive behaviour models with limited or no human
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intervention. Whether deployed for logistics resupply or reconnaissance, RAS enable
operations in hazardous or inaccessible environments. Their deployment enhances critical
factors such as persistence, precision and response speed.

RAS platforms integrate a wide array of components including perception systems such
as lidar, thermal cameras, radar, navigation modules such as Global Navigation Satellite
System (GNSS) and inertial systems, communication interfaces such as radio and
satellite, and decision-making engines usually powered by classical Al. Autonomy levels
vary as well, from remotely operated systems to fully autonomous agents capable of
replanning and collaborative behaviour in multi-agent settings.” As the mission complexity
scales up, classical pre-processing starts to have limitations. In areas of dense urban
terrain, GPS-denied zones or environments where rapid, high-volume data processing is
required, classical algorithms can begin to struggle. These challenges point to the need for
advanced computational tools that can support the current architectures.

Quantum computing is being explored as a potential tool for addressing selected
computational bottlenecks in the modern military setting. Unlike classical bits, which

can be either 0 or 1, quantum computers rely on quantum bits (qubits), which exhibit
properties such as superposition of the states and entanglement. These properties
allow quantum systems to explore vast solution spaces, making them particularly

useful in combinatorial optimisation, unstructured search, advanced cryptography

and physical system simulation.™ In the military context, quantum computing is being
investigated for applications such as route optimisation, secure communication using
quantum key distribution (QKD)," and sensing technologies for sub-terrain or GPS-
denied environments. As the technology evolves, quantum computing is expected to be a
foundational element of military platforms. Realising this potential is dependent on both
the hardware that deals with the physical qubits and the software stacks that control and
program these devices into operational systems.

Quantum Hardware

Quantum hardware is characterised by multiple competing technologies, each having

its own approach to realising the qubits. The potential suitability of these platforms for
military deployments depends on factors such as gate fidelity, coherence time, scalability,
ruggedness, and environmental tolerance. While no universal quantum hardware has yet
been developed, several leading technologies are detailed below.

e Superconducting qubits is probably one of the most mature and commercially available
forms of quantum hardware. The qubits rely on superconducting circuits cooled using
dilution refrigerators.' These systems offer fast gate speeds and straightforward
fabrication using the current semiconductor infrastructure. However, their sensitivity to
environmental noise makes them better suited for centralised facilities than for forward-
deployed units.
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* lon trap qubits use electrically charged atoms or ions held in electromagnetic fields.
They offer the highest qubit fidelity and longest coherence times of any architecture.
This makes them suitable for high-precision operations. The trade-off comes with
slower gate speeds and the need for high-vacuum systems and complex laser set-ups,
which complicates field deployment.™

e Photonic qubits encode quantum information in individual photons. In contrast to
ion trap qubits, these systems are well suited for quantum communication and QKD
over long distances through fibre-optic channels. Also, unlike superconducting qubits,
photonic systems have the advantage of operating at room temperature. There are,
however, challenges in scaling up photonic qubits, due to the difficulty in creating strong
photon—photon interactions.

* Spin qubits are often implemented in semiconductor materials (like silicon or diamond).
They can be fabricated using existing microelectronic techniques and are often
recognised for their potential in building scalable solid-state processors. Some spin-
based systems can also function as highly sensitive sensors.'®

As quantum hardware advances, the software infrastructure must also evolve in parallel.
This includes low-level pulse control and error correction routines. Together, these layers
are crucial for enabling reliable and adaptable quantum functionality.”” The following
section explores the software stacks which translate the emerging capabilities into
practical applications.

Quantum Software

The software layer enables quantum systems to perform meaningful tasks and to interface
with classical systems. The software ecosystem spans from low-level hardware control to
high-level algorithm design and integration middleware. Every layer plays a critical role in
ensuring that the quantum capabilities can be effectively leveraged with the given

use case.

At the lowest level, quantum control software manages the timing and shapes the
microwave, laser or optical pulses—essentially manipulating the individual qubits.

The control routines are sensitive to hardware-specific characteristics such as gate fidelity
and noise profiles. In a military context, this layer would also include adaptive calibration
routines that can maintain system performance. For instance, if a quantum processor is
placed on a mobile ground platform, its control software must compensate for motion-
induced noise.

The intermediate software layer consists of quantum compilers and schedulers that can
translate high-level algorithms into hardware executable instructions. Tools like Qiskit and
Cirq allow developers to write programs without worrying about the pulse level control.™
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20 These platforms are critical for hardware agnosticism, enabling applications to switch
between quantum back ends as needed.

At the highest level, quantum software interacts with classical computing infrastructure via
middleware routines. This is a critical integration point for RAS. The middleware manages
the hybrid workflows, allowing classical processors to offload a specific subroutine (such
as optimisation, pattern recognition) to a quantum co-processor or a remote quantum
node.?' This layer also handles data formatting, compression and latency management,
ensuring that information from the quantum sensors can be fed into real-time decision-
making loops.

Robust software-defined quantum control is needed for systems to update or reconfigure
dynamically in the field. For instance, a firmware update to a vehicle-mounted quantum
sensor pod could enable it to switch from gravimetric sensing to magnetic anomaly
detection depending on the requirements. Similarly, a quantum accelerator within a
compute node could be reconfigured to perform cryptographic analysis from optimisation
with minimal reprogramming effort.

When put together, these software layers provide the foundation for reliable, flexible and
scalable deployment of quantum technologies. They ensure that quantum capabilities can
be efficiently accessed, controlled and integrated with the broader architecture in place.

Quantum for RAS

Classical RAS systems can experience performance bottlenecks in dynamic situations
requiring rapid decision-making, high precision and robust performance. Augmenting such
systems with quantum technologies could help overcome these limitations. While it is not
suggested that quantum technologies can yet replace classical systems, they can augment
them in hybrid classical-quantum architectures. So, while core functions such as navigation
and perception would still be performed by classical processors, quantum modules would
be introduced (as a task-specific co-processor or as payloads) to accelerate certain
functions. For instance, a quantum processor might handle route optimisation and return
the results to the main control logic.

To enable such hybrid operations, a middleware layer would be essential. This interface
would manage the exchange of data between classical and quantum subsystems. It would
be responsible for converting sensor data into formats required for quantum processing
and for routing outputs back into actionable commands. The middleware would also need
to manage latencies, queue quantum jobs and ensure system-level synchronisation.

For more demanding tasks, quantum computation could be offloaded to a remote quantum
node via secure links.
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This hybrid model would allow RAS platforms to benefit from the use of specialised
quantum processing for selected computational tasks while retaining the dependability
of classical systems. As quantum hardware becomes more mature, it may be possible to
embed the quantum components more tightly within RAS platforms.

National and International Developments

Australia

The ADF has shown a clear strategic intent to integrate quantum technologies across its
future capabilities, specifically in the land domain.?2 Through the Quantum Technology
Roadmap, the Australian Army identifies targeted opportunities for quantum advances
to achieve asymmetric advantages. Options range from improved navigation and secure
communication to enhanced environment sensing.

In support of its strategic objectives, Army has instituted the Quantum Technology
Challenge, an initiative to bridge from academia and industry into defence. This initiative
aims to explore real-world applications such as quantum-enabled subterranean imaging,
quantum-based optimisation algorithms for route planning and cryptographic resilience.

A key demonstration of quantum-enhanced logistics occurred when the Army deployed
Q-CTRLSs Fire Opal software for convoy optimisation during Exercise Talisman Sabre 2023.
In the reported demonstration, Fire Opal reduced the total convoy deployment duration by
approximately 10 per cent compared with the benchmark classic heuristic solver, ensuring
all the convoys reached their destination before midnight. This was an improvement from
the prior exercises, where some units arrived at 0100 h.?* This trial shows the effectiveness
of quantum optimisation in dynamic military environments.

In parallel, the Defence Science and Technology Group is pursuing quantum positioning,
navigation and timing solutions (PNT). These systems are intended to operate in degraded
environments, using quantum sensors to detect magnetic anomalies and to support
autonomous vehicle navigation. A notable initiative has been the development of a ground-
to-satellite optical quantum link. This is a positive step towards achieving secure quantum
communication.?®

Beyond these initiatives, the Australian Government is working through the AUKUS Pillar
2 framework to accelerate quantum research for military purposes. This framework brings
together Australia, the United Kingdom and the United States to work on focus areas
including quantum machine learning for sensor fusion and target classification, enhancing
resilience in GPS-degraded battlespaces and developing better undersea detection
systems. All these efforts aim to develop autonomous and semi-autonomous systems to
operate in denied environments.?
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In parallel to these government initiatives, Australian company QuantX Labs has
developed Cryolock, a high-stability timing device with applications in radar and sensor
networks. This technology is being used in collaboration with BAE Labs to enhance
Australia’s radar coverage and tracking accuracy. This development has the potential to
offer purer signal generation and to improve resilience against electronic interference.?”

Worldwide

Beyond Australia, several military organisations are exploring quantum technologies
in operational or near operational settings. NATO, for example, has identified quantum
PNT and radar systems as areas of strategic focus. These systems would be critical in
maintaining mobility and surveillance capabilities in environments where conventional
systems may be compromised by jamming, spoofing or stealth technologies.

The QantaQuest initiative in Europe under the European Defence Agency is developing
quantum navigation systems for mobile land units. These systems would enable movement
in GNSS-denied theatres. The project has also demonstrated free-space QKD in urban
environments to support secure communications in high-threat zones.2® All these
technologies are being positioned as key enablers of resilience in C4ISR (command,
control, communications, computers, intelligence, surveillance and reconnaissance) under
adversarial conditions.

China has also made significant investments in satellite-based quantum communication.
An intercontinental QKD via the Micius satellite has been successfully demonstrated.
Reports indicate that China is also considering opportunities to integrate quantum sensing
into early warning and counter stealth systems.*

Quantum RAS in Practice

This section explores two specific military applications for which quantum assisted
algorithms may be applied: logistics resupply and reconnaissance. Both of these examples
involve complex optimisation problems ranging from vehicle routing to path planning under
environmental constraints. In this section we define the computational requirements and
operational parameters of these problems. We also set the foundation for evaluating how
quantum-enhanced solutions can be integrated into real-world defence scenarios using
the QAOA.

Problem Definition

Modern military operations are characterised by their complexity and by the need for
rapid decision-making in dynamic contexts. Be it coordinating ground convoys through
harsh environments and remote regions or deploying unmanned systems for surveillance,

10
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efficient route planning is the key for mission success. The VRP has become the
foundational framework for modelling these scenarios. The VRP extends the TSP by
having multiple vehicles with capacity constraints servicing multiple cities and
multiple depots.®’

As outlined in the introduction, logistics resupply and reconnaissance each present a
unique set of challenges. This section presents a detailed examination of these mission
types and the challenges they impose on military planners. By detailing separate problem
formulations for both logistics resupply and reconnaissance, we demonstrate how the
proposed mathematical modelling framework can be applied across distinct operational
contexts. We also emphasise the need for adaptability, driven by the dynamic nature of
military environments and evolving requirements of the battle space.

Problem Formulation for Logistics Resupply

In military logistics, resupply operations involve ground convoys or assets moving between
a brigade and multiple battalions. In this context, military planners have to consider the
following issues:

e Which vehicle carries the supplies?
e How are the supplies distributed at every stop?
¢ What routes are to be followed to minimise risk and travel time?

Every military formation presents a unique supply demand, and RAS come with storage
limitations, defined payload capacities and operational constraints. Beyond the simple
routing factors such as road quality, weather effects and the risk of enemy ambush, they
introduce additional constraints that increase the complexity of the optimisation problem.=2
This makes military resupply efforts more complex than civilian logistics.

Core Problem Elements

A military logistics resupply problem can be mathematically modelled as a specialised
VRP. Some of the core components of a VRP model are:

e Supply demand at the customer nodes. Each resupply point has a specific logistical
demand. These demands can be further subdivided into two tiers:

¢ Priority demands. These are critical resources which must be delivered promptly.
They are essential for operational continuity. They primarily comprise ammunition,
water and fuel.

e Operational demands. These are the additional supplies necessary for sustained
operations. They will include rations and other support items.
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e Vehicle capacity and constraints. Every vehicle in the fleet has a maximum carrying
capacity. The vehicles also have a fuel capacity, speed capabilities and maintenance
intervals. These factors will decide how efficiently a vehicle can travel without
performance degradation.

¢ Travel cost and penalties. In a VRP, the goal is to minimise the cost function.
The term ‘cost function’ refers to the mathematical expression used for quantifying
the total operational cost of a routing solution, which includes factors such as travel
distance, fuel consumption, risk exposure, payload utilisation and constraint violation.
Assessing the cost function involves consideration of the following variables:

Travel distance/time. Total distance covered by every vehicle, a factor which
correlates with fuel consumption and schedule.

Risk exposure. Routes that pass through high-risk zones are penalised in the cost
function.

Capacity violation. If a specific route assigned to a vehicle would demand more
supplies, then a heavy penalty is imposed.

Time window constraints. Some nodes would have specific time delivery windows.
While these are usually imposed as hard constraints, soft constraints would allow
slight deviations at an increased cost.

Adaptability and dynamic updates. Operational conditions are rarely static; new
intelligence can necessitate a rapid re-optimisation of routes. The supply chain must
therefore be adaptable enough to quickly re-solve the VRP under such dynamic
conditions.®

Field Scenario

Imagine a scenario in Northern Australia where a central logistics depot is responsible for
supplying dispersed ADF units operating across remote and underdeveloped transport
networks following disruption to critical port infrastructure. The operational environment

is challenging, roads are limited, terrain conditions vary significantly, and weather events
can rapidly affect route accessibility. In a contested environment, the risk of surveillance,
disruption, or hostile interference with supply convoys must also be considered.* Mission-
critical supplies such as ammunition, water, fuel, and rations must be delivered efficiently
to sustain ongoing operations.

12



Australian Army Occasional Paper No. 44
Agile Quantum Optimisation Algorithms for RAS Mission Planning

A tailored VRP algorithm could be used to optimise the delivery of military logistics in this
scenario. The model would integrate multiple factors, including:

¢ Demand at every base. Every base would require a mix of supplies such as
ammunition, water and rations to function effectively. In the VRP model, these demands
are treated as hard constraints, meaning that each base must receive at least the
minimum quantity of each supply type at minimum defined levels.

* Vehicle capacity constraints. The VRP model presupposes that a fleet of vehicles is
available with different specifications. They may range from fuel tankers to multi-supply
trucks. The model accounts for the differences in vehicle capacities to ensure that each
vehicle operates within its operational limits.

* Road network costs. Given the harsh and dynamic operating environment, the routes
to a specific battalion can undergo changes in real time. The VRP model therefore
calculates the travel costs and penalties based on the variables outlined in the previous
section.® For instance, a route passing near an enemy observation post would incur a
high risk cost.

By integrating these factors, the VRP algorithm can offer RAS military planners a
systematic method to generate resupply routes that balance efficiency, safety and
effectiveness. For example, if new intelligence were to reveal that a specific segment

of a planned route was compromised (due either to increased enemy activity or to
environmental degradation), the VRP model could be re-executed with the updated inputs.
This re-optimisation process would generate alternative plans that continue to minimise
the cost function and ensure that logistics resupply is achieved at all necessary

unit levels.3®

Problem Formulation for Reconnaissance

Reconnaissance missions focus on gathering intelligence from key points in a remote

or a contested area. Such missions seek to minimise risk and time while maximising the
collection of critical sensor data such as imagery, signals and electronic surveillance.®”
The challenge here is to design routes for unmanned vehicles that cover all the designated
observation points while keeping constraints such as battery life, flight time, exposure to
enemy detection and sensor operational parameters in check.
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Core Problem Elements

The core problem elements for a reconnaissance problem include:

* Intelligence gathering points. Each of the target locations is selected for a strategic
value. Each of these points also comes with a dwell time and sensor resolution.
In combination with sensor resolution, dwell time ensures that the platform captures
enough data to make informed decisions.

e Vehicle performance and autonomy. Reconnaissance vehicles are subject to
considerable operational constraints. For instance, drones may have limited battery life
and must return to the base station before depletion. The performance of the vehicles is
a function of fuel or battery capacity, speed, altitude and risk factors.

¢ Travel cost with risk exposure. Since reconnaissance missions are conducted in
contested environments, exposure to adversaries can change the problem outcome.
The specific altitudes required for a given sensor resolution may also restrict usable
paths, adding further complexity to the problem.®

Field Scenario

Imagine a defined NAI at a known location. The entire NAI has been classified into three
regions: high-priority, medium-priority and low-priority zones.®® A UAV is tasked with swiftly
gathering imagery from observation points spread across the NAI. Each observation point
is classified according to its priority and sensor resolution.

The planning challenge is formulated as a VRP where the objective is to maximise the
coverage of the designated points from the given fleet of UAVs while minimising the total
flight time, energy consumption and risk exposure. Constraints here would include battery
or fuel limitations.

In this scenario, a single designated UAV might be tasked with (for example) covering
three high-priority points, two medium-priority points and one low-priority point. The VRP
model calculates a route which minimises the constraints while maximising the coverage
for these specific points. Since the environment is dynamic and subject to frequent
change, variations in factors such as risk, weather or altitude would require the solver to
recalculate the optimisation problem and generate an updated UAV route accordingly.
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Challenges in Implementing VRP-Based Systems

Regardless of whether a VRP relates to logistics resupply or reconnaissance, there are
some common challenges. These include:

Computational complexity. The number of routes, the number of depots and the
number of vehicles all influence the total number of possible outcomes. This makes
finding the optimal solution difficult, especially when there are multiple constraints
involved. Approximation algorithms and heuristics are typically used.

Dynamic environments. Since the operational environments are invariably dynamic,
an optimal VRP solution at one stage can become outdated due to changes in weather,
enemy activity and other factors. Rapid re-optimisation capabilities are crucial in such
scenarios. It is also necessary that the system not only generates a solution but also
updates it in real time.

Multi-objective optimisation. The cost function for a military setting is typically multi-
objective. It combines variables such as minimising travel distance, reducing exposure
to risk and ensuring timely delivery. Determining the relative weight to apportion to
these factors is another challenge.

Data quality and availability. Effectively resolving a VRP relies on accurate and
reliable data. In an operational setting, the data can be incomplete or uncertain.
Algorithms must be resilient in the face of noisy data and incomplete information.

A major unifying theme for both these problems is the need for rapid adaptability.
Modular design and robust data inputs are characteristics of a VRP model that allows for
continuous improvement in operational planning.
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RAS-QUANTUM USE
CASE IMPLEMENTATION

This section uses the case studies of logistics resupply and reconnaissance to show how
quantum algorithms—and specifically the QAOA—can be used to solve VRPs.

Through our experimentation, we show that a hybrid quantum system can effectively solve
clustered subproblems derived from a real world VRP with the limited qubit constraints
imposed by the current hardware.*°

Methodology

We applied the same modular and scalable system architecture for both the logistics
resupply and reconnaissance experiments. For logistics resupply the environment was
modelled as a 2D grid with terrain, weather and risk fields. Depots and outposts were
randomly placed and vehicle classifications assigned fuel limits, payload capacities and
maintenance schedules. A hierarchical clustering algorithm grouped the delivery points
into feasible clusters, each of which became an optimisation problem. For reconnaissance,
the simulations extended into 3D, considering the altitude of UAVs. Sensor resolution

and field of view determined the optimal altitude for each mission point, and the system
computed effective ground coverage using conical projection models.

For both the cases, the model was informed by the geometric distance and also by the
traversal cost maps. Traversal cost maps were constructed using a weighted combination
of weather intensity, terrain and risk, and wind directionality. This cost map then guided
an A* pathfinding algorithm*! in order to determine the safest and most efficient routes
between the nodes. The results were then fed into a QAOA or a Held-Karp solver*?
depending on the cluster size.

In both cases, we defined appropriate evaluation criteria. For logistics resupply, we used
the average optimality gap (which is the average percentage deviation of the QAOA
solution from the optimal classic solution for each of the QAOA solved cluster. The
average optimality gap is not the same as the global optimality gap of the routing problem
considered) with the computational run time. For the reconnaissance task, the metrics
included percentage ground coverage (how well the planned zones were scanned) and
redundancy rate (how often zones were covered multiple times). The metrics delivered
calculated and stored data frames, enabling clear and competitive analysis

across scenarios.
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Logistic Resupply

A full quantum solution to the logistics resupply VRP is not yet achievable; hardware

is not yet mature enough to take over the classical systems and there is limited qubit
availability.*® However, using K-means we were able to systematically deconstruct the
VRP via a process known as hierarchical clustering. This process uses an A* search to
find the most effective route to the destination, and the QAOA for the TSP subcomponent.
The QAOA component is formulated as a quadratic unconstrained binary optimisation
(QUBO) problem that is fed into the quantum computer.** Below, we elaborate every
implementation module, highlighting their interplay.

Problem Deconstruction

The first step was to systematically deconstruct the routing problem into solvable
components:

e Hierarchical clustering (top down). This is the initial clustering step which reduces
the problem complexity.*

¢ Environmental simulation. Realistic environment constraints for terrain, weather and
risk are mapped to a discretised grid.

e Battalion demand. Every battalion is assigned a two-tier demand priority (i.e., critical
and operational).

¢ Vehicle fleet definition. Diverse vehicle types with unique capacities and constraints
are specified.

e Dynamic cost evaluation. Paths are computed considering the environment factors
and operational constraints.

e Quantum classical solver. Solves the clustered nodes using either QAOA or a
classical subroutine.

e Fuel aware segmentation. Routes assigned are divided into realistic operational legs
based on fuel constraints.

Hierarchical Clustering (Top-Down Partitioning)

To address the complexity of routing and resupplying hundreds of nodes, this framework
adopts a hierarchical top-down clustering approach. Rather than solving the massive
routing problem in a single pass, the system breaks it down to smaller and more
manageable components.
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The process begins with the initial clustering of all the nodes using the K-means algorithm.
Consider a hypothetical scenario where we have 750 nodes to resupply. The number of
nodes per cluster is chosen so that each of the clusters gets a more manageable number
of cities. This ensures that each cluster is more quickly and independently executed.*®

Following the initial clustering, capacity constraints are enforced. Every cluster is evaluated
to determine if the total demand of the cities exceeds the payload capacity of a given
vehicle. If it does, then the node with the highest demand is removed from the cluster and
assigned to a new one. This rebalancing is carried out until every cluster complies with the
vehicle’s operational limits. At the end of rebalancing, every cluster can be serviced by at
least one vehicle from the fleet without the need for rerouting.

Once the clusters are capacity feasible, another local rebalancing step is performed.
Here the system examines if any node in a specific cluster can be economically assigned
to a neighbouring cluster. If transferring the node would reduce the estimated round trip,
then reassignment occurs. This ensures that the nodes are clustered not just by proximity
but also by route efficiency, reducing travel distance, fuel usage and delivery time.

Through this systematic partitioning, the initial problem—which may have seemed too
large and unsolvable—is now transformed into well-balanced and efficient clusters. Each of
these clusters can be solved independently via either classical heuristics or QAOA.#

Environmental Modelling and Grid Resolution

The theatre of operations for this task was modelled as a 2D grid measuring 100 x 100
units. To enable efficient computation, the complete grid was discretised into square cells
based on the user-defined resolution.*® Each cell would represent a distinct geographic
path within the operational area. Achieving a higher resolution provides smaller cells and
more detailed representation but imposes a higher computational cost. Conversely, lower
resolutions enable faster computation but may be insufficiently detailed to support optimal
routing decisions.

At a selected resolution, the system generates three environment layers that influence the
vehicle performance and route planning. The first is the terrain layer, which simulates the
natural topographical variation. The terrain layer directly impacts ground vehicle behaviour
by modifying speed and fuel consumption depending on the slope and elevation profile.*
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Figure 1: Discretised 2D terrain grid containing both the cities and the depots.

The second layer is the weather intensity, which is assigned a value from 10 to 30. Every
cell in the grid represents the severity of the weather, with higher values indicating more
adverse conditions such as storms or reduced visibility. These conditions degrade vehicle
performance, increasing travel time and fuel consumption.

Figure 2: Discretised 2D weather grid.
Darker shades represent more extreme weather.
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The third layer represents risk, which is normalised on a 0 to 1 scale. This layer captures
operational hazards such as potential ambush zones or natural dangers such as
landslides or flooding. Cells with higher risk value incur higher traversal costs and may be
completely avoided during the path planning process.%°

Figure 3: Discretised 2D risk grid.
Darker shades represent more risk.

The three layers are combined into a universal traversal cost map where each cell

holds a scalar cost value showing the complete difficulty. The result is a richer simulated
operational environment where the routes are planned not just by distance but also by the
environmental impact. The chosen resolution governs the fidelity of the model.

Node and Depot Placement on Grid Resolution

In this framework, depots represent locations where the supplies are stored, while nodes
or cities represent locations that require resupply. Both depots and nodes are assigned to
discrete cells. Each depot and node is allocated exactly one cell, ensuring unambiguous
positioning within the environment. Typically, the assignment is performed on a highest
available resolution, preserving the fine-grained spatial accuracy and allowing the
simulation to capture the complete influence of the cost factors.

By allocating these locations to individual grid cells, the model ensures that every route
begins and ends with a unique environmental characteristic. This feature introduces
realistic variability to the routing conditions, reflecting how conditions near nodes or depots
can alter the travel time and fuel usage.
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The random assignment of the depots and nodes further contributes to the model’s
realism and generalisability. In a real-world scenario, the precise locations of supply points
and destinations are unpredictable and distributed.

Battalion Demand Modelling

Every battalion in this framework is assigned a set of resupply requirements categorised
into two priority tiers. This dual-tiered demand model ensures that the optimisation process
distinguishes between mission-critical and secondary resources.

The first tier consists of priority demands. The model enforces strict constraints on these
items. A failure to deliver them in full triggers severe penalties in the optimisation process.
This mimics the urgency of the real-life mission-critical supply chains, where delays can be
expensive.

The second tier comprises operational demands. Although they are treated with lower
urgency, these demands must be met to maintain troop endurance and long-term mission
effectiveness.

By having a two-tier approach, the optimisation algorithm prioritises deliveries, ensuring
that the essential resources are delivered first while managing the broader logistical goals.

Vehicle Fleet Specification

The vehicle fleet consists of a diverse set of vehicles, each designed with realistic
operational constraints and performance characteristics. The set of vehicles reflects the
variability found in the Australian Army’s military fleet, allowing the simulation to capture a
broad range of delivery strategies.

Every vehicle is defined by its resource-specific payload capacities for ammunition, water,
fuel and rations. For instance, lighter tactical vehicles such as the Hawkei may prioritise
speed and manoeuvrability but carry less total weight. By contrast, heavier transport
vehicles such as MAN HX77 are designed to move large quantities of supplies but are
sensitive to variables such as terrain and fuel consumption.

Beyond the payload and fuel constraints, vehicles are also assigned maintenance
parameters. Every vehicle has a maintenance interval which is defined in terms of either
time or distance. The maintenance parameter ensures that route planning considers

not only where the vehicle can go but also how long it can stay operational without
performance degradation.'

Additionally, every vehicle is assigned a nominal speed, representing its optimal travel
velocity under ideal conditions. To account for the variability in the environment, the model
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incorporates sensitivity factors that change the speed according to three key influences:
weather intensity, terrain roughness and operational risk levels. As vehicles traverse cells
with adverse conditions, the effective speed reduces in proportion to these parameters,
reflecting real-world delays and hazards.5?

The optimisation algorithm selects the most appropriate vehicle type for every cluster,
matching delivery requirements with vehicle capabilities. This matching improves the
feasibility and effectiveness of the mission planning.®®

Dynamic Cost Evaluation

The route cost estimation is performed by the A* algorithm which operates over this
discretised grid.>* Vehicles traverse the grid by moving between axially adjacent cells.
This movement supports the controlled path exploration, avoiding unrealistic shortcuts
such as diagonal traversal or terrain-blind routing.

The algorithm performs adaptive cost accumulation across each cell in the vehicle’s
potential path. The accumulated cost includes not only the Euclidean distance between the
cells but also the dynamically computed values for fuel consumption and travel time. These
are influenced by both the vehicle’s internal state (such as remaining fuel, mechanical
health and maintenance status) and external environmental conditions.

For instance, routes that pass through areas of high elevation, extreme weather and high
risk accumulate higher costs.

The system employs path caching to significantly improve computational performance
during large-scale optimisation phases. Once a path between a pair of cells is calculated,
it is stored in the cache for further reuse.

This caching approach avoids recomputing pairwise paths that are reused across multiple
candidate tours.*

The combination of A* pathfinding with caching and detailed environmental simulation
achieves realistic and accurate costs that reflect real-world constraints.

Quantum TSP Solver

The optimal route calculation within the clusters happens via a hybrid quantum-classical
optimisation strategy. For clusters ranging from two to four cities, the system uses the
QAOA to determine the optimal route sequence. The strategy uses precomputed and
cached pairwise path costs to compute the total cost of each candidate sequence.

The cluster-level routing task is first formulated as a QUBO problem. This encoding
captures both the objective function and constraints (such as the requirement that no city
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gets revisited) in a binary variable representation. For a cluster with n nodes the QUBO
model requires n2 binary variables to represent the tour sequence.® So a four-city routing
problem translates into a 16 qubit QUBO formulation.

The QUBO matrix is then transformed into an equivalent Ising Hamiltonian. This Ising
Hamiltonian is compatible with quantum hardware back ends such as superconducting
qubit systems.?” The QUBO matrix is compatible with annealer-based systems. The Ising
model interprets the cost function in terms of spin interactions.

The current implementation maintains the solution quality and valid route recovery remain
acceptable for clusters up to four cities. Practical experiments have demonstrated that,
where QAOA is applied beyond five nodes, the solution space becomes increasingly
saturated with invalid routing sequences. So the application of the QAOA on larger clusters
is limited under current hardware conditions.

For larger clusters, the system uses the Held Karp algorithm where tractable; otherwise,
the system further partitions the larger cluster into smaller, computationally manageable
sub clusters, which are then solved using the Held Karp algorithm..5® The resulting optimal
(or near-optimal) routes between sub-cluster centroids then form a higher-level

routing problem.

When quantum resources are available, the system solves the smaller clusters using the
QAOA. If the quantum resources are not available, then the system reverts to the classical
approach to provide an exact solution for the corresponding tractable TSP subproblem.
By selectively deploying quantum optimisation for small clusters and using classical
enumeration for the others, the system maintains a balance between speed and quality.
The scalability of the overall framework is primarily enabled by the hierarchical problem
decomposition.

Vehicle Selection per Cluster

Vehicle assignment is another critical step in ensuring that the logistics resupply plan is
feasible and cost-effective. This process evaluates the available vehicle fleet against the
requirements of every cluster.%®

First, the payload capacity of every vehicle is assessed relative to the total demand of the
cluster. A candidate vehicle must be able to carry the complete set of assigned supplies—
including both priority demands and operational demands. If the cluster’s demand
surpasses the capacity of the single vehicle, then re-clustering or reassignment

is executed.
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Second, the system also checks the vehicle’s operational range. Using the precomputed
traversal costs, the algorithm estimates the total cost of the planned trip and ensures that
a vehicle can complete it within its fuel and maintenance limits.

Finally, among all viable options the algorithm selects the vehicle that offers the lowest
total operational cost for the specific cluster. Again, the total travel cost estimation will rely
on the precomputed route data and will include all of the relevant penalties.

This assignment routine ensures that each cluster is serviced by the most suitable vehicle
type. In doing so, this approach maximises delivery reliability while minimising
resource usage.

Fuel-Aware Route Segmentation

Once the optimal routes are generated for every vehicle, the system performs a fuel-aware
segmentation process to transform the delivery sequence into realistic operational legs.
Each operational leg begins and ends with a depot and represents a complete trip that a
given vehicle can execute without the need for mid-route refuelling. As the vehicle visits the
cities along the assigned route, the system tracks the fuel usage. When the estimated fuel
usage exceeds the vehicle’s available fuel reserve, the system inserts a return leg to the
depot and initiates a new leg for the remaining cities.%°

For instance, if a vehicle is assigned to visit six cities, it may be required to split its mission
into two separate legs:

Depot — City 22 — City 80 — Depot || Depot — City 35 — City 42 — City 11 — Depot
The symbol Il is used to represent the logical separation between two operational legs.

This segmentation not only ensures mission realism but also supports effective fleet
utilisation. By recording the number and sequence of legs per vehicle, the system provides
planners with a clear overview of how heavily each depot will be utilised. This information
will be crucial for scheduling fuel resupply, depot staffing and long-term fleet maintenance.

Computational Performance

The hybrid quantum classical optimisation framework for logistics resupply offers
significant performance benefits when operating under high demand scenarios.

In scenarios involving 750 nodes and 20 depots, the end-to-end process involving
clustering, vehicle assignment, pathfinding and route segmentation executes within a
matter of minutes on standard computing hardware.
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When the quantum capabilities are available the system selectively invokes the QAOA to
handle small sub-problems. The QAOA provides a routing decision while navigating the
complex solution landscape using quantum circuit simulations. While quantum hardware is
still emerging, the hybrid approach ensures that the solution found is fast, has good overall
quality and is scalable for larger numbers of nodes.

Reconnaissance

Reconnaissance enables military or security personnel to gather timely and accurate
intelligence critical for decision-making. It requires precise and optimised mission planning
that considers numerous factors such as terrain, environmental conditions, vehicle
capabilities, risk and operational priorities.

This section presents a simulation-based approach for the reconnaissance mission design
using hierarchical spatial modelling, 3D cost-aware routing and resolution-dependent
sensor deployment.

Terrain Generation and Named Area of Interest

For the purpose of this case study, the overall mission is defined across a 100 x 100
spatial grid representing a synthetic landscape. The terrain elevation is generated to
simulate realistic variations in surface elevation, such as hills, valleys and plateaus.
From this landscape, the NAl is extracted using a process of percentile-based
thresholding. This enables one portion of the map to be the area of interest.5

The NAI represents the primary zone for the reconnaissance operations. Terrain realism
is important for modelling the flight paths, line-of-sight logic and environment-sensitive
cost functions. The depots are placed randomly outside the NAI with the surrounding
operational area. The planning process considers routes connecting the depot to the NAI,
while the remaining area is excluded from the planning process.

Environmental and Operational Cost

The simulation includes multiple environment fields across a 3D space to capture the
difficulty of traversing the NAI. A weather map is simulated at each altitude level to
emulate conditions such as cloud cover, turbulence, or visibility reductions. A risk map

is also produced to represent hazards such as radar detection zones or naturally unsafe
regions that could compromise aerial reconnaissance. The wind field is modelled using
two components, horizontal and vertical flow, which are smoothed to create realistic wind
magnitudes that vary with altitude.®?
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To further add to the realism, the simulated environment includes 3D bounded obstacles—
i.e., zones that may represent no-fly zones, physical obstructions such as mountains, or
airspace restricted for safety reasons. The obstacles are defined in the same NAI and
span altitude ranges, effectively blocking any flight path. When calculating the routes, the
pathfinding algorithm treats these zones as impassable, altering the cost of feasible routes.

A 3D cost map is produced by normalising each of the environmental fields to a common
scale (including the 3D obstacles) and combining them with the priority maps. The final
traversal cost at any point (altitude, y, x) is determined by a weighted sum of the weather,
risk and wind factors.®®

Figure 4: 3D terrain grid showing the elevation at all points.

Figure 5: 3D weather grid showing the weather at every altitude layer.
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Figure 6: 3D risk grid showing the risk at every altitude layer

Figure 7: 3D wind intensity grid showing the wind intensities at every altitude layer.

Priority Zones and Clustering

Reconnaissance tasks are concentrated within the NAI. The mission planner assigns
reconnaissance priorities based on the expected intelligence value or the surveillance
requirements of different regions. These variables are classified into three priority zones:
high, medium and low. High-priority zones represent critical areas that demand frequent
surveillance. They may include command centres, strategic infrastructure or conflict-
sensitive zones. Medium-priority areas do not require constant monitoring. Low-priority
zones are included for a baseline observation.
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The priority zones are generated via a smoothed random field and are overlaid on the NAL.
This smoothed field is then discretised using percentile thresholds to ensure a balanced—
yet non-uniform—distribution of high-, medium- and low-priority targets across the NAI.

Every priority region is then segmented into connected clusters using region labelling
techniques.® The clusters serve as the fundamental units for both mission planning and
performance evaluation. By operating at a cluster level, the system allows for efficient
vehicle assignment and scalable mission planning.

Altitude Levels and Sensor Resolution

The UAVs assigned for reconnaissance must operate at altitudes that can carefully
balance sensor fidelity, ground coverage area and operational safety. The simulation
presents three altitude levels, derived dynamically from the terrain. The system identifies
the maximum terrain elevation, denoted by hmax to establish lowest safe flight altitude.
The altitude range between hmax and the max ceiling is then divided into three altitude
bands, representing operational layers for sensor deployment.®®

Each of these altitude levels is mapped to a specific sensor resolution tier. To capture fine-
grained information, the lowest altitude band is allocated the highest sensor resolution.
The middle altitude level corresponds to medium sensor resolution, offering a compromise
between detail and area coverage. The highest altitude level is assigned to low resolution
sensors which can scan broader regions but with less precision.®

The altitude levels ensure that the flight paths respect both the terrain elevation and
sensor-specific operating requirements.

Sensor Coverage Circles

Every reconnaissance task is anchored to a specific ground coordinate and paired with
a sensor characterised by a field of view. To model the spatial reach of every sensor, the
system projects its coverage as a circular footprint. The radius of this coverage circle is
determined using a geometric relation derived from the sensor’s altitude and

viewing angle:

Coverage radius = h-tan(6)

Here, h represents the operating altitude associated with the task’s assigned resolution
and theta is the sensor’s half angle of view, fixed at 15 degrees for this simulation.®”
The formulation captures how altitude-based sensors can observe larger ground areas,
while lower-altitude sensors offer more localised but finer detail.
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Figure 8: Sensor coverage circles with altitude.®®

The coverage circles are projected onto the ground plane and visually overlaid on the
terrain and reconnaissance priority maps. This indicates to the mission operator how well
the priority zones are being scanned. During the performance evaluation, the system
calculates the union of all active coverage areas with the priority region masks.

This allows the system to quantify the percentage of each cluster that was observed during
the mission hour.

Mission Planner

The mission planner functions as the scheduling engine responsible for coordinating
reconnaissance operations across multiple vehicles over the course of a simulated
mission. In every hourly cycle, it generates a plan which samples points from the high-,
medium- and low-priority clusters that were identified from the NAI. Each point is randomly
assigned a sensor resolution level, which dictates the altitude at which the vehicle

would operate and the size of the ground area which it can cover. These points are then
organised into vehicle-specific batches ensuring an even distribution across the fleet.

The mission planner also generates an hourly percentage coverage for each of the
priority zones.

The assigned batch of points is then converted into a set of 3D nodes and passed through
a pipeline which combines 3D A* pathfinding®® and either the Held-Karp algorithm or the
QAOA. The result is a vehicle mission route generated by the optimisation pipeline that
begins at the depot and visits all assigned points while avoiding hazardous zones. The
predefined expectations laid out by the mission planner are then compared against the
actual coverage achieved by the sensor footprints, forming the basis for feedback.
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Vehicle Routing Using A*, Held-Karp and QAOA

The assigned tasks for each vehicle are converted into a list of 3D nodes where each node
includes the operational altitude level along with the corresponding y,x ground coordinates.
The route begins at a depot which is present outside of the NAI and includes all the points
selected for the current mission hour.

To determine an efficient and environment-aware mission path, the system first employs a
3D A* pathfinding algorithm to compute the shortest cost paths between the pair of nodes.
The paths are calculated using the precomputed 3D cost map, which accounts for terrain,
weather, risk, wind conditions and altitude constraints. This step ensures that the traversal
is not just the geometric distance. The calculated paths are cached to save computation
time for the other nodes which might have similar starting points.

Once the pairwise paths are computed, two optimisation strategies are available. The first
is the Held-Karp algorithm which is a dynamic programming approach to solve the TSP.
A similar procedure for handling the routing is followed here. Nodes are first clustered to
manageable sizes. The clusters with three or four nodes are then passed to the QAOA
solver. The clusters with more than four nodes are passed to the Held-Karp solver.

On selecting the route candidate produced by either Held-Karp or QAOA—the A* algorithm
is used again to complete the 3D route that connects the depot to the priority area points.
The final route is then visualised showing the vehicle route, altitude levels covered and the
sensor resolution. This hybrid quantum framework provides an environment aware routing
solution while remaining modular and adaptable to different planning requirements.

Performance Evaluation: Expected Versus Actual Coverage

For every simulated hour of the mission, the system defines the expected coverage
percentage for every cluster. These expectations simulate the goals set by the mission
planner. Once the vehicle routes are generated and executed, the system calculates the
actual coverage by analysing the union of all sensor coverage circles and intersecting
them with the ground truth clusters.

The comparison between the expected and actual coverage provides a basis for
evaluating the mission effectiveness. Clusters receiving less coverage may indicate
underutilisation of resources or inefficient routing.”
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/ SYNTHESIS

Up to this stage, the paper has presented the mathematical modelling for both logistics
resupply and reconnaissance operations. However, due to current hardware limitations,
large-scale routing problems cannot yet be solved directly on a quantum computer.

To address this limitation, the overall routing graph is decomposed into smaller,
manageable clusters of nodes. Selected subproblems of suitable size are formulated as
QUBO for execution using QAOA, while larger subproblems are handled using classical
methods. This section presents the execution of the QUBO model on both a quantum
simulator and a real quantum computer. The experiments were conducted using the IBM
Fez computer.

Execution Environment and Qubit Projection

Simulation Environment

Figure 9: Simulated quantum circuit which is executed on the Aer simulator.
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Figure 10: Simulated quantum circuit which is executed on the Aer simulator.

Figures 9 and 10 display a portion of the quantum circuit for a three-city node problem.
The circuit uses 9 qubits. The cost matrix between the cities and depots is first converted
into a QUBO representation and then into an Ising Hamiltonian. The city nodes are a part
of a larger VRP. The overall problem has been deconstructed into smaller and tractable
sub-problems.

The circuit begins with Hadamard gates placing each qubit into superposition. It is then
followed by single qubit RZ gates which encode the linear terms of the Ising Hamiltonian.
Two qubit interaction terms are implemented using the controlled X operations together
with RZ rotations. The combination of the single qubit RZ gates and the two qubit gates
make up the cost layer of the QAOA circuit. Rx gates are used as mixers in the QAOA
circuit. COBYLA optimiser has been used for optimising the values of gamma and beta
used in the QAOA circuit. In the present implementation, Aer simulations 7' were limited
to four city problems as the nzqubit encoding causes the memory requirement to grow
exponentially with the number of qubits.
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Figure 11: Bit string output from the Aer simulator.
The orange bar shows the valid solution.

Figure 11 shows the top bit strings produced by the Aer simulator for the 3 city sub-
problem. Every bit string shows a specific routing configuration over the cluster. The bar
heights correspond to how frequently every result was observed. The bit strings in orange
correspond to valid solutions, whereas the bitstrings in blue correspond to invalid and not
feasible solutions. Of the ten most frequently measured bit strings, six were valid and four
were invalid. The bit string ‘100001010’ occurs 67 times in the output. Since this simulation
was performed using the noiseless Aer simulator, the measured distribution is free from
hardware induced gate and readout errors. This reflects the behaviour of the QAOA circuit
in the absence of hardware noise.
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IBM Fez Quantum Computer

Figure 12: IBM Fez specification.

IBM’s Fez quantum system” was selected to implement our QAOA circuit due to its mid-
scale architecture and optimised performance. IBM Fez is a 156-qubit quantum system
built over IBM’s Heron r2 processor. To use this processor, the QAOA circuit must first be
transpiled into the set of hardware-specific gates compatible with it.

The Fez quantum system operates within the following processing parameters. It can
achieve an average T1 coherence time of 132.78 microseconds (‘T1 coherence time’
refers to the time it takes for a qubit to spontaneously relax from the excited state to
ground state). The processor’s T2 coherence time averages around 95.74 microseconds
(T2 coherence time measures how long a qubit can maintain phase coherence between
the states). The system’s two-qubit gate operations (essential for entanglement and core
to the QAOA) exhibit best-case error rates of 0.141 per cent, with a median error rate of
0.277 per cent. Measurement operations, or readout, have a median error rate of 0.903
per cent, reflecting the noise sensitivity of qubit state detection. The Fez system supports
the following gate set: CZ (Controlled-Z), RX (X-axis rotation), RZ (Z-axis rotation), RZZ
(Rotation-ZZ), ID (identity), SX (square-root of X) and X (bit-flip). The system achieves a
throughput of 320,000 circuit operations per second (CLOPS), a metric that reflects both
execution speed and efficiency.
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Transpiled QAOA Circuit

Figure 13: Transpiled QAOA circuit.
The simulation circuit has been transpiled with gates specific to IBM Fez.

Figure 13 shows a transpiled segment of the quantum circuit tailored specifically for
execution on the IBM Fez quantum device. This image captures a partial snapshot of the
final hardware-executable circuit because the full transpiled circuit contains hundreds of
gates and gate operations which cannot be displayed in a single image due to

size constraints.

Results from the Quantum Computer

Figure 14 below shows the top bit strings produced by executing the transpiled circuit on
the real quantum hardware. Every bit string represents a specific routing configuration
over the clustered travelling salesman sub-problem. The height of each bar shows how
frequently each of the bit strings was observed. The bit strings marked in blue are invalid
bit strings and do not translate into an actual route for the sub-problem. The bit strings
which represent a valid route is marked in orange. Of the ten most frequently measured bit
strings, five were valid and five were invalid.

The execution time for this run was 3 seconds. Due to the hardware noise, the measured
bit string distribution differs from the noiseless simulation. The hardware experiment
presented here used 9 logical qubits.

We assess that this simulation method is applicable to both logistics resupply and
reconnaissance mission planning.
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Figure 14: Bit string output from the quantum computer.
The orange bar shows the valid solution.

Logistics Resupply

Evaluation Criteria

The quality of the QAOA generated delivery routes was evaluated using an average
optimality gap across the QAOA solved clusters. Lower bounds are commonly used

in vehicle routing problems to provide a benchmark against which solution quality can
be assessed 3. Average optimality gap quantifies how close the QAOA derived route

is to the optimal classical solution within each cluster. For each cluster solved using
QAOA, optimality gap is calculated as the percentage difference between the route cost
obtained from QAOA and the corresponding optimal route cost obtained using a classical
benchmark solver. A smaller optimality gap indicates that the QAOA solution is closer
to the optimal solution for that clustered subproblem, whereas a larger optimality gap
indicates higher deviation of the QAOA solution from the optimal. For each scenario the
average optimality gap was calculated across all clusters solved using QAOA.

In addition to the solution quality, every scenario’s computational time was recorded to
evaluate the framework’s performance and scalability. The timing results also helped
demonstrate the framework’s responsiveness to changes in input size and complexity.
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Initial Results

ID Number of | Number of | Number of Average Time
depots nodes vehicles | optimality gap (%) elapsed
(in seconds)

0 1 10 2 4.18 11.3

1 1 20 4 0.59 18.72

2 1 30 5 4.44 30.53

3 2 10 2 0.00 12.84

4 2 20 4 0.00 19.39

5 2 30 5 3.53 27.04

6 3 10 2 1.89 12.16

7 3 20 4 0.00 42.06

8 3 30 5 0.00 26.87

9 4 30 5 5.55 24.09

10 7 90 16 3.85 68.29

11 8 85 15 1.93 67.28

12 8 90 16 2.75 75.35

13 8 95 16 0.81 74.43

14 9 80 14 2.49 80.38

15 9 95 16 0.00 94.34

16 12 150 25 1.51 104.75
17 12 175 31 1.29 122.15
18 12 190 33 1.45 132.80
19 15 230 39 0.84 152.59
20 15 250 44 0.59 248.62
21 15 275 49 0.66 176.93
22 16 280 48 0.57 392.54
23 16 295 52 0.70 191.39
24 16 305 53 0.71 269.44

Table 1: Average optimality gap and time elapsed across multiple scenarios.

Table 1 summarises the outcomes of 25 logistics resupply simulation scenarios with the
average optimality gap and elapsed computation time (in seconds). For smaller-scale
scenarios which involved one depot and up to 30 nodes, the system achieved low average
optimality gaps ranging from 0.00 per cent to 5.55 per cent. Several configurations -
including 2 depots with 10 and 20 nodes, and 3 depots with 10 or 20 nodes reached the
optimal solution within specific clusters containing 3 cities. Computational times for these
scenarios ranged from 11 to 42 seconds.
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As the problem scale increased to between 80 and 95 nodes with up to 16 vehicles, the
framework maintained strong solution quality, with average optimality gaps between 0.00%
and 3.85% despite computational times increasing to approximately 67-94 seconds.

For the large-scale scenarios involving 150 to 305 nodes and p to 53 vehicles, the
framework remains computationally tractable for the larger simulated scenarios.

Average optimality gaps remained below 1.6% while the computation times varied between
approximately 105 and 393 seconds.

Figures 15 to 18 below illustrate two simulation scenarios: one involving 16 depots and 305
cities, and another with a single depot and 30 cities.

Scenario 1: 16 Depots and 305 Cities

Figure 15: Sixteen depots and 305 cities scattered across the pre-built cost map.
The cost map has been built by considering terrain, weather and risk factors.
Circles are the cities and stars are the depots.
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Figure 16: Cities having the A* optimised routes from the nearest assigned depot.
QAOA was used to determine the combinatorial ordering
for the selected small routing subproblems.

Scenario 2: One Depot and 30 Cities

Figure 17: A single depot and 30 cities scattered randomly across the pre-built cost map.
The cost map has been built by considering terrain, weather and risk factors.
Circles are the cities and stars are the depots.
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Figure 18: Cities having the A* optimised routes from the nearest assigned depot.
QAOA was used to determine the combinatorial ordering
for the selected small routing subproblems.

Factors for Real-World Deployment

While the outcomes of the simulations are promising, the framework is not yet ready for
deployment in a real-world operational environment. Several critical factors must first be
addressed to ensure reliability, accuracy, security and integration of the framework with
existing digital and tactical ecosystems.

Data quality. The first foundational requirement is access to genuine and high-quality
data. Terrain models can be sourced from lidar inputs or satellite-derived datasets.

These can accurately represent topological features such as hills, gullies, bridges,
riverbeds and road infrastructure. Local weather stations can contribute to the live readings
on wind, rainfall and temperature. Satellite imagery and field intelligence reports can
provide overlays of tactical risk, including hostile activity zones. These inputs can replace
the synthetic 100 x 100 grid. These data layers need to update frequently—ideally every
few minutes—and they must pass automated sanity checks to catch anomalies such as
duplicate coordinates and unrealistic slopes.

Systems integration. Once the data pipelines are operational, the framework must
integrate seamlessly into the base’s digital architecture. Once vehicle sensors, fuel
monitors and position transponders have transmitted the telemetry data to a control centre,
the optimiser must be able to consume these data streams directly rather than requiring
manual input. System protocols are also needed. For example, when a route is computed
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it should be published in an agreed protocol—such as XML or binary messages. A well-
documented and clean API allows other tools to read or update routes programmatically.
Further, the software must exhibit modular architecture, enabling individual components to
be pathed or upgraded independently.

Validation processes. The optimiser must pass extensive stress testing and fault
injection.™ This would include simulated failures such as a collapsed bridge or corrupted
GPS signals. The system must either refuse to generate invalid routes or flag the
unresolvable conditions. Historical back-testing is equally important; re-running past
scenarios and comparing the predicted outcomes helps uncover system modelling errors.
These validation steps feed into the certification channels which are required for systems
operating in the military networks.

Cybersecurity. This is another pillar of deployment readiness. The system must adhere to
regular operating system patching, encrypted storage, multi-factor authentication and full
audit trails. The outbound communication (whether via fibre link, cloud endpoint or vehicle
radio) must be encrypted end to end and signed to prevent tampering. The optimiser must
also be resistant to infrastructure denial, and a cached copy of the most recent cost data
must be maintained and able to operate from a universal patching system for long enough
to generate a fallback plan in the event of a power loss.”

Adaptability. The optimiser must be adaptable to the mission context. For routes in real
time, the processing must occur within the operations centre. This reduces dependency
on cloud or remote systems that can be unreachable at times. By contrast, overnight
simulations can utilise high-capacity compute resources. If quantum accelerators are
available, then characteristics such as noise, latency and calibration drift must be
evaluated. The system must also be supported by a classical fallback that meets a fixed
performance budget.

Human-machine teaming. Humans-in-the-loop systems are not an afterthought.
Planners should be able to interact with the routes by dragging cities (repositioning the
cities/points on the map) to reprioritise them, deleting a city node entirely or locking
essential deliveries such as ammunition ahead of water. These actions must be informed
by real-time updates concerning cost and delivery feasibility. When the optimiser suggests
a route adjustment, the justification needs to be clear. Rapid onboarding tools must be
supported by timely training to ensure that users are proficient in the framework.

Feedback loops. After each mission, actual fuel usage and travel time should be written
back to the system allowing data scientists to improve the cost models. An automated
testing pipeline should validate all software updates against a dataset of known edge
cases before release. A well-documented code base (modular in nature) ensures that any
policy changes or environmental models can be introduced with minimal code disruption.
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Red teaming. The system must be robust against adversarial threats. Red-team scenarios
such as spoofed terrain map and forged sensor inputs should be used for hardening the
system against compromised data. In multi-unit settings, the framework must also support
federated planning, enabling secure coordination across organisations using logistic data
protocols and encryption practices.

In sum, real-world deployment of the logistics resupply framework demands a rigorous
intersection of data realism, system integration, security, resilience and usability.

These layers ensure that the system not only computes the routes efficiently but also does
it in a trustworthy, transparent way.

Reconnaissance

Methodology

The reconnaissance methodology follows a similar approach to the logistics optimisation
framework. Priority points within the NAI are treated as the equivalent nodes of the
optimisation problem. Flight paths are generated from the depot locations while
considering operational constraints such as fuel range and vehicle capability. A weighted
cost matrix is generated using terrain, weather, wind and risk factors. These weighted
values influence the routing decisions produced by the optimisation framework.

The reconnaissance area is also divided into high-, medium- and low-priority zones to
support priority-based mission planning.

Due to current quantum hardware limitations, large-scale optimisation problems cannot be
solved directly on a quantum computer. To address this issue, the reconnaissance points
are divided into smaller and manageable clusters. As the number of points increases,
additional clustering is performed to maintain computational feasibility.

High-priority clusters are processed first to maximise mission coverage over critical
regions. Clusters with three or four nodes are selected for QAOA and are converted into a
QUBO formulation and evaluated using a quantum simulator and for selected cases,

the IBM quantum computer. Larger clusters are handled by the classical Held-Karp solver.
The resulting routes and coverage outputs are compared to evaluate the effectiveness of
the reconnaissance mission.

Evaluation Criteria

Evaluating the effectiveness of a reconnaissance mission was achieved using two criteria:
percentage cover and percentage redundancy. In combination, these indicators showed
how thoroughly the area was captured and how efficiently the resources were utilised.
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* Percentage cover: measures the extent to which the reconnaissance system
successfully observed the priority zones within the NAI. This metric was computed as
the proportion of each priority cluster which fell within the sensor coverage footprint.
Since each reconnaissance point was associated with a certain sensor radius
(determined by altitude and resolution), the system calculated the union of all simulated
ground coverage areas and intersected it with the cluster masks. A high coverage
percentage signified that the mission met or exceeded the expectation goals.

¢ Percentage redundancy: refers to the proportion of the total ground area covered
by multiple sensors—via either overlapping footprints or multiple revisits. While
some degree of overlap is necessary, excessive overlap suggested inefficient use of
resources. Redundancy was particularly important to track when the coverage limits
were exceeded (i.e., when the system continued to dispatch sensors beyond what
was required), because it provided opportunities to better optimise vehicle allocation,
reroute flights or shift to under-focused regions.

Together coverage and redundancy offered a balanced view of mission performance.

High coverage with low redundancy implied a lean and effective mission; high coverage
with high redundancy pointed towards potential inefficiencies in route planning. The metrics
were evaluated per hour, per vehicle and per cluster and were presented as a
post-mission report.

Initial Results

Vehicle Expected Actual Expected Actual coverage
coverage coverage coverage (medium priority)
(high priority) | (high priority) | (medium priority)

0 43.89 75.00 42.08 75.19
1 43.89 100.00 42.08 40.00
2 43.89 53.53 42.08 87.57
3 43.89 100.00 42.08 100.00

Table 2: Expected and actual coverage percentages for high- and medium-priority clusters.

Table 2 summarises the performance of four vehicles during the first hour of a simulated
reconnaissance mission. The table contains a fraction of the vehicles and priority zones
which were considered. The expected coverage value for the high-priority zones was
consistent across all vehicles at 43.89 per cent. Actual performance varied from vehicle to
vehicle.
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¢ Vehicle 0 exceeded expectations at 75 per cent.
¢ Vehicle 1 and 3 achieved full coverage.
e Vehicle 2 fell short at 53.53 per cent.

For the medium-priority regions, the expected coverage was consistent at 42.08 per cent.
The actual coverage ranged from 40 per cent to 100 per cent.

¢ Vehicle 0 exceeded expectations at 75.19 per cent.
e Vehicle 1 fell short at 40 per cent coverage.

* Vehicle 2 exceeded expectations at 87.57 per cent.
¢ Vehicle 3 achieved complete coverage.

Figures 19 to 26 below show the reconnaissance mission planning outcomes for the two
scenarios considered in this study. The figures include the NAI, depot locations, priority
zones, overall discretisation of the NAI into a grid, priority points allocated within each
zone, and sensor coverage points associated with the allocated vehicles.

Scenario 1

Figure 19: The NAI with priorities and depot locations.
High priorities have darker shades. Depots have been randomly chosen on the map.
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Figure 20: The NAI discretised with resolutions.

Figure 21: Priority points allocated within the priority zones.
The allocation is random and is updated every hour based on the mission planner.
Each point has a resolution and altitude.
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Figure 22: 3D plot showing the coverage circles for the designated area.
in accordance with the first hour of the mission planner.
The coverage circles change according to the resolution and the altitude.

Scenario 2

Figure 23: The NAI with priorities and depot locations.
High priorities have darker shades. Depots have been randomly chosen on the map.
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Figure 24: The NAI discretised with resolutions.

Figure 25: Priority points allocated within the priority zones.
The allocation is random and is updated every hour based on the mission planner.
Each point has a resolution and altitude.
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Figure 26: 3D plot showing the coverage circles for the designated area.
in accordance with the first hour of the mission planner.
The coverage circles change according to the resolution and the altitude.

Factors for Real-World Deployment

Deploying a 3D reconnaissance planning framework into a military operational setting
presents unique challenges by comparison with the 2D logistics resupply example.
From altitude-sensing models to changing airspace and turbulence, a reconnaissance
system will need to be rigorously tested and integrated if it is to function reliably. The key
challenges can be summarised as follows.

Airspace modelling. The framework requires that the operational space is represented
as a 3D voxel grid where every cell encodes traversal cost as a function of terrain, weather
and risk. Unlike ground vehicles, aerial vehicles operate across flight levels, requiring

the system to reason about vertical transitions and minimum safe altitudes. This voxel-
based structure replaces a simple grid-based structure and presents more computational
demands.”

Instead of being a delivery point (as in logistics resupply), here every task is a surveillance
objective with a certain coverage requirement. The system must therefore be able to
calculate the ground coverage footprint of every sensor based on the field of view, altitude
and orientation. Reconnaissance missions will often demand that targets are captured
with a specific angle, resolution and revisit frequency, all of which are factors influenced by
sensor altitude and vehicle trajectory.
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Environmental modelling. The framework must process both terrain and weather
fields that vary with altitude, such as wind shear, thermal layers, air pressure and icing
conditions. Real-time feeds must be continuously integrated with the 3D cost model.

Regulatory requirements. The system must respect regulatory issues around airspace
constraints and aerial governance. UAVs cannot fly arbitrarily. They must comply with
controlled air corridors, altitude rules and restricted or no-fly zones. These constraints
may not be static; they may change as the military operation proceeds through different
regulatory zones. The framework must be able to ingest this information and integrate it
into the planning logic.

Vehicle modelling. Reconnaissance platforms, whether fixed-wing or multi-rotor UAVSs,
are subject to a wider range of flight and fuel constraints than land-based vehicles. Each
platform must be modelled for climb rate, hover endurance, battery capacity and sensor
payload weight. Instead of only focusing on the fuel tank limit, the system must evaluate
mission range based on these factors and associated environmental resistance. Planning
to return to base becomes more complex, often requiring redundant paths in case of
mid-mission faults.

Validation processes. Before the system can be integrated with reconnaissance assets,
the sensor must undergo flight validation and sensor coverage testing. This would include
simulating visibility obstructions due to terrain, confirming altitude sensor compatibility and
validating the system’s ability to generate alternative routes when weather, risk or altitude
violations are detected. Fault injection testing is also essential to simulate UAV failure, mid-
flight GPS dropout or cloud obstruction. In such cases, the system must respond

with replanning.

Systems integration. The system must be integrated with air operations infrastructure.
UAV telemetry must be ingested in real time. Task updates must be dispatched in protocols
compatible with mission control software, ground control stations or on-board flight
computers. This is likely to require MAVLink or other mission system compatible message
formats.”

Cyber security. Aerial vehicles must be resilient to cyber threats; a compromised drone
can pose security threats. Mission data, telemetry and route updates must therefore be
logged, encrypted and signed with full traceability.”

Useability. Field operators must be able to visually reposition and adjust the sensor
coverage areas on a visual interface, assign coverage priorities and reallocate flights with
minimal training. If a detour is proposed, it should include justification such as ‘target now
within sensor resolution; allowing the planner to act quickly with confidence.
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Feedback loops. After every mission, the actual flight path, sensor logs and coverage
outcomes must be fed back into the optimiser. This will enable the model to be refined to
improve energy estimation, sensor performance prediction and mission duration forecast.
Historical replay of previous missions with dynamic environmental layers also helps to
determine whether model updates have improved or degraded performance.

An automated testing pipeline should validate any software update against edge cases
before deployment.

In summary, deploying a 3D aerial reconnaissance system requires a deep and integrated
approach across altitude-aware modelling and real-time sensing, and it must be supported
by operational transparency.

50



Australian Army Occasional Paper No. 44
Agile Quantum Optimisation Algorithms for RAS Mission Planning

/ FUTURE DIRECTIONS AND
CONCLUSION

Future Directions

The field of quantum optimisation for RAS in logistics resupply and reconnaissance is still
in its early stages. A primary challenge to address is a lack of familiarity among military
stakeholders with quantum techniques, including quantum optimisation algorithms.
Developing methods to clearly explain the nature and benefits of quantum outputs to Army
decision-makers and planners will be essential if quantum algorithms are to be adopted for
use in military operations.”™

Beyond addressing the issue of unfamiliarity with quantum technology, there is still much
substantive research to be done if quantum techniques are to be effectively used to
optimise the achievement of military logistics resupply and reconnaissance tasks.

Pure-quantum processes. Work undertaken to date relies on hybrid quantum-classical
systems where quantum processors handle certain parts of the optimisation while classical
processors perform the bulk of the tasks. Future research may investigate whether a
greater proportion of the optimisation workflow can be executed on a quantum hardware
as the technology matures. A full quantum approach would present significant optimisation
opportunities, particularly for large-scale problems which are difficult for classical systems
to solve. However, there are several key challenges to the development of fully quantum
solutions. These include the need to increase the qubit stability of quantum hardware,

to scale up qubit counts and to reduce noise. As the hardware matures, research should
focus on identifying what optimisation problems can be handled by quantum processors
alone and how these can be scaled for large-scale military operations.®

Error mitigation in quantum algorithms. This remains one of the most critical
challenges for practical deployment in real-world scenarios. Current quantum computers
are susceptible to errors caused by factors such as noise, decoherence, and operational
inaccuracies. These factors can significantly impact the accuracy and reliability of quantum
solutions. As quantum processors become more advanced, there will be an associated
need for error-correction techniques that ensure the reliable performance of optimisation
algorithms. Future research should therefore investigate both error mitigation techniques
for near term hardware and, as fault tolerant systems mature, quantum error correction
approaches that can improve the reliability of larger optimisation circuits.?’
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Distributed quantum computation. Many real-world logistics resupply and
reconnaissance problems involve large-scale systems which require more computation
power than could be provided by a single quantum processor. By distributing quantum
computation across multiple quantum devices and classical systems, the opportunity
exists to leverage the strengths of both technologies to solve larger optimisation problems.
Future work should therefore focus on developing distributed quantum computing
frameworks that enable parallelism. This could improve scalability and flexibility, enabling
systems to solve problems far beyond the capacity of current quantum hardware.®

Warm-start methods for QAOA. Algorithms like QAOA rely on the initialisation of the
quantum system, which can affect the efficiency of the optimisation process.

The development of better techniques for initialising QAOA has the potential to improve
its performance, specifically in large-scale problems. Research should therefore focus on
automatic warm-start methods which can adjust the parameters based on the specific
characteristics of the problem. Better warm-start methods may improve convergence
behaviour and increase the likelihood of obtaining high-quality solutions.®

Additional methodologies. Other quantum methodologies such as quantum annealing
and variational quantum eigensolver (VQE) could also be included in the framework.

Each of these methods has its respective strengths; by combining them, it would be
possible to achieve better performance on certain problems. For instance, quantum
annealing could be more suitable for certain combinatorial problems such as routing,
scheduling and task allocation. In contrast, VQE is more applicable to optimisation
problems which involve continuous parameter adjustment such as sensor parameter
tuning or adaptive resource management. Future work should explore how the
combination of these methods could be used in the existing framework in order to enhance
system flexibility and adaptability.

Multi-objective optimisation techniques. Military logistics often involves balancing
multiple objectives, such as minimising time, cost and risk while maximising efficiency. In
practice, military planners must make trade-offs between these considerations.

By developing an optimisation approach that can satisfy several objectives simultaneously,
options could be made available to better balance these competing considerations.®

Quantum and edge computing. The integration of quantum computing with edge
computing is another promising area for future work. The term ‘edge computing’ refers to
processing data closer to where it gets generated rather than sending all of the data to
a distant central server. An example of edge computing could be processing the data on
board a UAV or a nearby server system. By integrating quantum optimisation algorithms
with edge computing, some preprocessing and decision support could be performed
closer to the data source, potentially reducing overall system latency and improving
responsiveness of the system. Research should focus on how optimisation algorithms
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can be adapted for deployment in edge computing environments. This could enhance the
robustness of RAS systems in dynamic environments.

Sustainability. Long-term operational sustainability will be essential for widespread
adoption of quantum techniques within the Army. Therefore, longer term research should
focus on developing energy-efficient quantum computing solutions that can be deployed in
mobile environments.

In summary, the future of quantum optimisation for RAS in logistics and reconnaissance
holds great promise. While there are several challenges that must be addressed,

the development of hardware and algorithms will pave the way for efficient and
adaptable systems.

Conclusion

This paper has explored the potential of hybrid quantum optimisation techniques for
logistics resupply and reconnaissance in the context of RAS. The research indicates
that hybrid quantum classical methods can provide a useful framework for investigating
selected optimisation problems.

The core contribution of this work is the development of a hybrid quantum classical model
to enhance the achievement of both logistics resupply and reconnaissance missions.

To work within the current scalability limits of current quantum optimisation approaches,
the paper proposes a framework that decomposes large scale mission planning problems
into smaller, computationally manageable subproblems. This framework has been
achieved using hierarchical clustering and A* pathfinding algorithms alongside the QAOA
for combinatorial optimisation.

The initial findings show that this approach has the potential to improve the efficiency of
logistics and reconnaissance operations. Importantly, the modular architecture presented
here has the potential to support scalable and robust outcomes, even in scenarios where
quantum processors have a scheduled downtime. This flexibility is a crucial step in the
integration of these algorithms into existing military infrastructures, without requiring
significant changes to workflows.

In terms of security and resilience, the paper highlights the importance of protecting
mission-critical data. Future work should focus on developing robust fallback mechanisms
that maintain performance under suboptimal conditions. There could also be classical
backups in cases where quantum processors face scheduled maintenance, ensuring
mission continuity.

Finally, the paper has outlined several promising avenues for further research.
These include the development of explainable models for quantum optimisation,
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the pursuit of full quantum solutions, and the refinement of error mitigation techniques.
Generating the ability to respond rapidly to unexpected scenarios (such as mission
reprioritisation) is expected to be a game changer in the military sector. Expansion of the
hybrid quantum-classical framework into a distributed setting, and incorporating multi-
objective strategies, will be crucial for such techniques to be fully operationalised. In this
way, the concept of quantum assisted optimisation can transition from theoretical models
to practical deployable solutions that have the potential to reshape the way logistics and
reconnaissance missions are planned and executed.

To meet the computational demands of modern operations, many military organisations
are now exploring the potential of quantum computing.®® While it is still in the early stages,
the combination of classical and quantum methods has the potential to revolutionise
aspects of mission planning. As quantum computing and RAS platforms grow more
capable, the opportunity to integrate them into a single operational fabric becomes more
realistic. This paper offers a foundation for doing so—one that is focused on optimisation
validated via simulation, and mindful of the tactical realities. With careful design, quantum-
enhanced RAS can become a battlefield advantage.
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