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1 Introduction

1.1 Project Motivation

Unmanned Aeriel Vehicles (UAVs) offer significant operational and economic advantages across surveil-
lance, logistics, inspection and defence applications. However, the safe integration of UAV’s into civil
airspace remains constrained by regulatory requirements mandating an Equivalent Level of Safety (ELOS)
relative to crewed aviation operations.

Traditional airborne collision avoidance systems such as ACAS II (TCAS II) were designed for cooper-
ative, turbine-powered, fixed-wing aircraft operating under instrument flight rules in structured airspace,
[1]. The system interrogates Mode A/C and Mode S transponders and issues vertical Resolution Advi-
sories (RAs) intended for pilot execution, [1]. The ICAO ACAS Manual explicitly states that ACAS was
not originally designed for unmanned aircraft or tactical platforms and requires additional considerations
when applied outside its intended operation context, [1].

Small and medium UAV operations differ significantly from those assumptions. UAVs frequently
operate at lower altitudes, may have constrained vertical performance and lack an onboard pilot capable of
visual acquisition and discretionary manoeuvring. Additionally, UAVs may encounter mixed cooperative
and non-cooperative traffic in less structured environments. As noted in the ACAS sXu architecture
overview, safe integration of small UAS into the National Airspace System requires decentralised and
scalable Detect-and-Avoid (DAA) capability that is robust to diverse surveillance sources and uncertain
traffic behaviour, [2].

Modern collision avoidance logic within the ACAS-X family addresses limitations of legacy rule-
based systems by reformulating the avoidance problem as a Markov Decision Process (MDP), enabling
advisories to be selected by minimising expected collision risk under uncertainty rather than through
fixed threshold logic [3]. The ACAS-Xu and sXu variants adapt this optimisation-based framework to
unmanned aircraft by discretising horizontal and vertical state spaces and solving probabilistic dynamic
programming problems offline [2].

RevAero currently utilises a DAA capability based on NASA’s DAIDALUS framework, which pri-
marily provides well-clear boundary monitoring and guidance bands. While well-clear monitoring is
an essential component of DAA architectures, it differs fundamentally from optimisation-based colli-
sion avoidance. ACAS-Xu provides advisory selection derived from explicit cost-function optimisation,
allowing tunability and probabilistic robustness [3], [4].

Furthermore, Safety Risk Management (SRM) analyses conducted for DAA Phase 2 emphasise the
need for structured modelling and simulation to quantify trade-offs between alert rate, Near Mid-Air
Collision (NMAC) probability, and operational acceptability [4], [5]. These trade-offs cannot be fully
assessed without comparative evaluation under identical encounter sets.

Accordingly, RevAero is investigating whether ACAS-Xu can serve as a contemporary replacement
or enhancement to its existing DAA guidance and alerting capability. This project directly supports
that investigation through structured implementation, integration, and comparative safety performance
evaluation grounded in established ACAS-X methodologies and SRM principles [2], [4], [5].

1.2 Project Aim

The aim of this project is to design, implement, and evaluate a customised version of the Airborne Collision
Avoidance System for Unmanned Aircraft (ACAS-Xu), optimised for integration within RevAero’s DAA
framework.

Specifically, the project seeks to:

e Develop a working ACAS-Xu model adapted for practical autonomous UAV integration;

e Integrate the customised ACAS-Xu logic within an existing DAA simulation and evaluation envi-
ronment;

e Benchmark its performance against RevAero’s DAIDALUS-based DAA implementation;
e Conduct comparative analysis against a commercial ACAS-Xu implementation (SageTech variant);
e Identify strengths, limitations, and operational trade-offs across implementations;

e Generate structured technical insights into the applicability of optimisation-based collision avoid-
ance approaches for autonomous aircraft.



The outcomes of this work are intended to support the maturation of UAV collision-avoidance tech-
nologies within operationally relevant environments and inform future architectural decisions at RevAero.

1.3

Project Scope

1.3.1 In Scope

The project encompasses the development, adaptation, integration, and comparative evaluation of ACAS-
Xu implementations. The primary focus is on algorithmic development, simulation-based validation, and
quantitative performance assessment.

Key activities include:

Using publicly available ACAS-Xu materials and reference implementations as a technical founda-
tion;

Tailoring the ACAS-Xu logic to enable functional integration with RevAero’s existing DAA test
framework;

Configuring and validating state discretisation, advisory logic, and integration interfaces;

Benchmarking performance against RevAero’s DAIDALUS implementation under representative
encounter scenarios;

Evaluating a commercial SageTech ACAS-Xu variant to compare:

— Academic/open-source implementation
— Commercial implementation

— In-house DAA implementation

Performance will be assessed using quantitative metrics including:

Detection and Alerting Range,

Alert timing relative to closest point of approach,
False alert and nuisance alert rate,

Near Mid-Air Collision (NMAC) proxy metrics
Advisory stability and reversals

Computational efficiency and runtime performance

Scenario-based Monte Carlo simulations will be conducted to evaluate system behavior under repre-
sentative traffic encounter sets.

1.3.2 Out of Scope

The project does not include:

Hardware certification or airworthiness approval;
Real-world flight testing;
Development of new surveillance sensor hardware;

Regulatory approval processes.

The focus remains on software-level integration, algorithmic evaluation, and comparative safety as-
sessment within a controlled simulation environment.



1.4 Required Deliverables

The project will produce the following deliverables:

1. Working Adapted ACAS-Xu Implementation
A customised ACAS-Xu model capable of integration within RevAero’s DAA simulation framework.

2. Comparative Evaluation Reports
Structured benchmarking of ACAS-Xu against:

e NASA’s DAIDALUS implementation,
e The SageTech commercial ACAS-Xu variant,
across agreed quantitative performance metrics.

3. Structured Encounter Dataset and Results Archive
A reproducible dataset of encounter scenarios and associated simulation outputs to support verifi-
cation and future research.

4. Technical Documentation
Comprehensive documentation of:
e Integration architecture,
e Configuration parameters,

e Modifications performed,

Observed limitations,

e Recommendations for optimisation and future deployment.

5. Final Report and Presentation
A formal written report and presentation summarising:

e System architecture,

e Methodology,

e Comparative findings,

e Operational implications,

e Recommendations for RevAero’s future DAA development roadmap.

1.5 Supervisory Team Structure

The primary project supervisor is Dr Terry Martin, who provides technical oversight of the project and is
responsible for guiding the overall direction of the work. In this role, Dr Martin supports the development
of the prototype system, reviews project progress, and provides feedback on the technical implementation
of the DAA model.

The university supervisor for the project is Dr Chris James. Dr James provides academic guidance
throughout the placement and offers advice regarding the assessment requirements associated with the
project. This includes feedback on report structure, presentation preparation, and any academic or
workplace issues that may arise during the course of the project.

In addition to the formal supervisory roles, several members of the DAA team at Revolution Aerospace
are available to provide technical support. These team members will be particularly involved during the
later stages of the project when the developed prototype system is integrated with the existing RevAero
framework.

Furthermore, communication has been established with researchers at MIT Lincoln Laboratory, who
are widely recognised as leaders in the development of the ACAS-X family of collision avoidance systems.
Their expertise will assist with obtaining or generating realistic aircraft encounter scenarios required for
evaluating the ACAS-Xu prototype.



2 Technical Background

2.1 Conventional ACAS / TCAS Systems
2.1.1 Design Philosophy

The Airborne Collision Avoidance System (ACAS) was developed as an independent airborne safety net
intended to reduce the risk of mid-air collisions in civil aviation. Its primary objective is to provide flight
crews with timely advisories to avoid potential collisions, operating independently of ground-based air
traffic control (ATC) systems [1]. ACAS therefore functions as a last-resort collision avoidance layer that
supplements, but does not replace, procedural and ATC-based separation services.

ACAS operates through active interrogation of nearby Mode A/C and Mode S transponders. By
processing transponder replies, the system estimates range, altitude, and closure rate, and determines
whether projected encounter geometry satisfies predefined threat criteria |1]. The system architecture
assumes cooperative, transponder-equipped aircraft operating within structured airspace environments.

Two principal variants have historically been implemented:

e ACAS I (equivalent to TCAS I), which provides Traffic Advisories (TAs) only.
e ACAS II (equivalent to TCAS II), which provides both TAs and Resolution Advisories (RAs).

ACAS 1II is mandated for turbine-powered aircraft above specified weight or passenger thresholds
under ICAO Annex 6 provisions [1]. The system was designed for crewed, fixed-wing aircraft operating
under civil flight procedures and assumes pilot interpretation and compliance with issued advisories. It
was not originally developed for autonomous unmanned aircraft operations.

2.1.2 Resolution Advisory Logic

ACAS I provides Traffic Advisories intended to enhance pilot situational awareness and support visual ac-
quisition of nearby traffic. It does not issue manoeuvre commands and therefore relies on pilot judgement
for conflict resolution [1].

ACAS II extends this capability by issuing Resolution Advisories when predicted encounter conditions
satisfy time-to-go and altitude separation thresholds. Threat detection logic evaluates projected relative
geometry using range, relative altitude, and closure rate. When both horizontal and vertical criteria are
met within sensitivity-level-dependent thresholds, an RA is generated [1].

Resolution Advisories are vertical manoeuvre commands such as climb, descend, increase climb, or
maintain vertical speed. Advisories are typically issued approximately 15-35 seconds prior to predicted
closest point of approach (CPA), depending on altitude and sensitivity level [1].

When both aircraft are ACAS II equipped, a coordination procedure via the Mode S data link en-
sures complementary advisories, preventing conflicting manoeuvres [1|. Horizontal manoeuvre advisories
were explored in earlier system concepts but were not operationally certified, resulting in a vertical-only
collision avoidance framework.

2.1.3 Operational Limitations

Despite its demonstrated safety benefits, conventional ACAS implementations exhibit several structural
limitations.

First, ACAS relies on cooperative surveillance through transponder interrogation, preventing detection
of non-cooperative aircraft. Second, ACAS II provides only vertical Resolution Advisories, as horizontal
manoeuvre guidance was not operationally implemented. Third, advisory generation is based on fixed
threshold parameters rather than optimisation of expected collision risk.

These limitations motivated the development of the next-generation Airborne Collision Avoidance
System X (ACAS X), which replaces threshold-based logic with a probabilistic decision framework de-
signed to explicitly minimise collision risk under uncertainty.

2.1.4 Next-Generation Collision Avoidance: ACAS X

ACAS X represents a methodological shift from threshold-based collision avoidance logic to probabilistic
optimisation. The system models aircraft encounters as a Markov Decision Process (MDP) and computes
optimal advisory policies offline using dynamic programming to minimise expected cumulative cost asso-
ciated with collision risk and alerting burden [3]. The resulting policies are stored as lookup tables that
can be queried in real time during flight operations.



2.2 Detect and Avoid (DAA) Systems
2.2.1 Definition and Purpose of DAA

Detect-and-Avoid (DAA) is the functional capability that enables an aircraft to detect nearby traffic,
assess collision risk, and generate guidance to remain well clear of other aircraft and avoid mid-air
collisions. For unmanned aircraft systems (UAS), DAA serves as the functional equivalent of the see-
and-avoid requirement imposed on crewed aviation.

The objective of DAA systems is not solely collision avoidance, but layered safety assurance across
a spectrum of encounter severities. According to the Phase 2 Safety Risk Management (SRM) analysis
conducted by MIT Lincoln Laboratory, DAA must support both strategic and tactical separation while
maintaining acceptable operational suitability within the National Airspace System (NAS) [4].

RTCA guidance further formalises DAA performance expectations within the SRM modelling frame-
work, identifying key safety metrics including:

e Probability of Loss of Well Clear (LoWC),

e Probability of Near Mid-Air Collision (NMAC),
¢ Risk Ratio,

e Severity of Loss of Well Clear (SLoWC).

These metrics reflect that DAA is fundamentally a risk management system rather than a simple
alerting mechanism [5].

2.2.2 Remain Well Clear vs Collision Avoidance

DAA architectures typically distinguish between two functional layers:

1. Remain Well Clear (RWC)
2. Collision Avoidance (CA)

The RWC function operates with larger separation volumes and longer look-ahead times. Its ob-
jective is to prevent aircraft from entering hazardous proximity regions in the first instance. Well-clear
thresholds are generally defined using horizontal and vertical separation criteria combined with time-to-go
parameters.

CA, by contrast, is a last-resort safety net. It operates at shorter time horizons and may command
more aggressive manoeuvres intended specifically to prevent NMAC events once well-clear separation has
already degraded.

2.2.3 Generic Detect-and-Avoid Functional Architecture

The high-level functional architecture of a generic DAA system is illustrated in Figure [I, The diagram
emphasises the closed-loop nature of the system: manoeuvre commands issued to the guidance system
modify ownship kinematics, which subsequently influence future surveillance observations and conflict
assessments. This feedback structure highlights that DA A performance must be evaluated as a dynamic,
stochastic control problem rather than as an isolated advisory generator.

Surveillance and Tracking State Estimation and Threat Resolution Module
Module (STM) Preprocessing (TRM) —h
G d to Guid, System

Ownship and Infruder [

Kinematic Propagation
{Dubins Model} b

Figure 1: High-level functional architecture of a generic DAA system showing closed-loop interaction
between kinematic propagation, surveillance, state estimation, threat resolution, and guidance execution.

As shown in Figure [1} the DAA architecture is implemented as a closed-loop system comprising five
principal functional elements:



1. Ownship and Intruder Kinematic Propagation models the physical evolution of aircraft
states. In simulation environments, this is commonly represented using simplified kinematic models
such as Dubins Model.

2. Surveillance and Tracking Module (STM) integrates cooperative sources (ADS-B, Mode S)
and non-cooperative sensors (radar, EO/IR), performing track maintenance and generating relative
state measurements of surrounding traffic.

3. State Estimation and Preprocessing transforms surveillance data into structured state repre-
sentations suitable for decision logic, incorporating filtering, uncertainty estimation, and coordinate
transformations where required.

4. Threat Resolution Module (TRM) evaluates projected encounter geometry and determines
avoidance guidance.

5. Command to Guidance System converts the selected advisory into control inputs, modifying
ownship trajectory and closing the loop illustrated in Figure

This structure highlights that DAA performance arises from the interaction between sensing, estima-
tion, decision logic, and vehicle response, rather than from resolution logic alone.

2.2.4 Safety Evaluation of DAA Systems

DAA systems are evaluated using probabilistic safety modelling rather than deterministic test cases. Be-
cause Near Mid-Air Collision (NMAC) events are extremely rare, Monte Carlo simulation is the dominant
evaluation methodology [4].

Let N denote the number of simulated encounters. The estimated NMAC probability is

Nnmac

N
where Nnymac is the number of encounters resulting in NMAC under the evaluated policy.
Performance is typically expressed in terms of Risk Ratio, defined as

Paviac =

Pxvac, DAA

Risk Ratio = —————
PxMAC, No DAA

which measures the reduction in collision risk achieved by the DAA system relative to a no-avoidance
baseline.

The MIT Lincoln Laboratory Phase 2 Safety Risk Management (SRM) modelling framework imple-
ments this evaluation within large-scale Monte Carlo environments such as DEGAS [4]. These simulations
explicitly model the full DAA architecture, including surveillance uncertainty, state estimation errors, la-
tency budgets, aircraft performance limits, and pilot or autonomous response dynamics. By propagating
these uncertainties across millions of synthetic encounters, the framework captures the coupled effects of
each architectural layer on overall system-level risk.

Sensitivity analyses are conducted by varying:

e Surveillance accuracy,
¢ Communication latency,
e Response delays,

e Encounter model distributions.

RTCA guidance emphasises that safety conclusions must be supported by statistically significant
encounter sets and appropriate confidence interval reporting [5].

This evaluation methodology highlights that advisory generation is only one component of a broader
probabilistic safety chain. Overall DAA performance depends not solely on resolution logic, but also on
surveillance fidelity, estimator stability, timing constraints, and vehicle response characteristics.



3 Literature Review

3.1 DAIDALUS Within Detect-and-Avoid Architectures

NASA’s DAIDALUS (Detect and AvolD Alerting Logic for Unmanned Systems) is a reference implemen-
tation of detect-and-avoid requirements for UAS operations [6]. It was developed to provide a practical
and mathematically well-defined framework for airborne conflict detection and guidance, particularly in
the context of integrating unmanned aircraft into shared civil airspace.

Within a broader DAA architecture, DAIDALUS operates in the decision and guidance layer. It
takes processed traffic state information from surveillance and tracking systems and uses this information
to determine well-clear status, generate alert levels, and produce avoidance guidance. In this sense,
DAIDALUS does not perform sensing or state estimation itself; rather, it acts on the outputs of those
upstream modules.

DAIDALUS is centred on the mathematical definition of the well-clear concept. It evaluates pro-
jected encounter geometry against prescribed horizontal, vertical, and temporal separation thresholds
and determines whether the ownship is predicted to remain well clear of surrounding traffic. When a
potential violation is detected, the system produces corrective guidance intended to maintain or recover
safe separation. Its outputs include alerting logic and manoeuvre guidance bands over track, ground
speed, vertical speed, and altitude [6].

A key strength of DAIDALUS is that it provides structured, interpretable guidance consistent with the
remain-well-clear philosophy of DAA. Because its logic is based on deterministic kinematic projection and
geometric threshold evaluation, it is well suited to applications in which transparency, predictability, and
compliance with RTCA well-clear concepts are important. Accordingly, DAIDALUS is best understood
as a remain-well-clear and conflict management framework rather than a probabilistic collision avoidance
optimiser.

3.2 ACAS-Xu Probabilistic Modelling

ACAS-Xu applies the broader ACAS X collision avoidance framework to unmanned aircraft operations.
Whereas systems such as DAIDALUS focus primarily on maintaining well-clear separation through de-
terministic geometric conflict detection, ACAS-Xu addresses shorter-horizon collision avoidance using a
probabilistic decision framework.

The fundamental shift introduced by ACAS-Xu is that advisory selection is not based solely on
whether projected trajectories cross predefined separation thresholds. Instead, the system evaluates
candidate manoeuvres according to their expected safety outcomes under uncertainty. This allows the
decision logic to account explicitly for uncertain encounter evolution, sensor estimation errors, intruder
behaviour, and response delays.

This approach is grounded in research on probabilistic encounter modelling and mid-air collision risk
estimation [3]. Within the ACAS-X architecture, potential actions are evaluated according to their ability
to reduce the likelihood of hazardous outcomes such as loss of well-clear or near mid-air collision, while
also discouraging unnecessary or operationally disruptive manoeuvres.

In the DAA architecture, ACAS-Xu operates within the Threat Resolution Module (TRM). It does not
perform surveillance or state estimation itself; rather, it uses the encounter state estimates provided by
upstream tracking systems to determine appropriate collision avoidance guidance. Consequently, ACAS-
Xu should be viewed as an optimisation-based resolution component within a broader DAA system rather
than a complete detect-and-avoid solution.

For unmanned aircraft applications, ACAS-Xu is particularly valuable because the framework can
incorporate vehicle-specific dynamics, response delays, and operational constraints within its decision
logic. More broadly, the progression from deterministic well-clear algorithms toward ACAS-Xu reflects
a shift in DAA system design from purely geometric conflict detection toward probabilistic risk-based
decision making.

The mathematical framework used to implement this probabilistic advisory selection process is com-
monly formulated as a Markov Decision Process (MDP), which is described in the following section.



3.3 Markov Decision Process Formulation

To implement the probabilistic advisory selection process described in the previous section, the ACAS-X
framework formulates collision avoidance as a Markov Decision Process (MDP). This framework provides
a principled way to evaluate candidate avoidance manoeuvres under uncertainty and determine actions
that minimise the expected long-term risk of hazardous encounter outcomes [3], |7].

An MDP is defined as the tuple

M = (S7AaPaCa’Y)

where S denotes the state space, A the action space, P(s’|s,a) the probability of transitioning from
state s to state s” after action a, C(s, a) the immediate cost associated with that action, and v € (0,1] a
discount factor weighting future costs relative to present costs [7].

In airborne collision avoidance applications the state represents the relative geometry between the
ownship and an intruder aircraft. A simplified state representation may be written as

s = (T7 ’,:'7 h7 h? T)

where 7 is horizontal separation,  is horizontal closure rate, h is relative altitude, h is relative vertical
rate, and 7 represents the projected time-to-loss of separation.
The available manoeuvres are represented by the action space

A = {COC, Climb, Descend, Turn Left, Turn Right}

where COC denotes clear-of-conflict and the remaining actions correspond to vertical or horizontal
avoidance manoeuvres subject to aircraft performance constraints.
The evolution of the encounter is governed by the transition model

P(s'|s,a)

which captures uncertainty in aircraft dynamics, intruder manoeuvre behaviour, sensor estimation
error, and response delays [3].
Within this framework undesirable outcomes are penalised through a cost function

C(s,a) = CnmacInmvac + Crowcliowe + Calertlozcoc

where the indicator functions represent Near Mid-Air Collision (NMAC), loss of well-clear separation,
and the issuance of an advisory respectively. The cost values are chosen such that

Cnmac > Crowe > Calert

ensuring collision avoidance risk dominates other operational considerations [7].
Rather than minimising only the immediate cost of an action, the system seeks to minimise the
expected cumulative cost over the duration of the encounter

thC(st,at)]

where the expectation is taken over the stochastic encounter dynamics.

Solving this optimisation problem directly in real time would be computationally intractable due to
the large number of possible encounter states. Instead, ACAS-X computes the optimal policy offline
using dynamic programming techniques [7]. By discretising the encounter state space and applying value
iteration based on the Bellman optimality equation, the expected cumulative cost for each state-action
pair can be computed.

The result of this optimisation process is a policy

JW(SO) =E

7" = argmin J"(sg)

which maps encounter states to the action that minimises expected future risk. These optimal decisions
are stored in lookup tables queried in real time by the onboard collision avoidance system. Consequently,
the computationally expensive optimisation is performed offline, allowing ACAS-Xu to issue advisories
rapidly during flight while still benefiting from the probabilistic optimisation performed during policy
generation.



3.4 Example Implementation of ACAS-Xu Horizontal Threat Resolution Logic

The Airborne Collision Avoidance System Experimental Un-
manned, (ACAS-Xu), algorithm is implemented following the
structure described in the Algorithm Design Description [§].
The documentation outlines the core decision-making logic
used by the system and provides a detailed description of
the internal processes used to generate collision avoidance
advisories.

The algorithm includes both horizontal and vertical
threat resolution logic; however, the present analysis focuses
on the horizontal threat resolution component. This logic
forms part of the TRM, which determines manoeuvre advi-
sories based on the estimated encounter geometry between
the ownship and nearby intruder aircraft.

Figure [2] illustrates the update cycle of the Horizontal
Threat Resolution Module. The process begins with surveil-
lance information from the STM, which provides estimates of
the relative states of nearby intruders and the ownship. This
information is passed to the TRM through the stm_input
structure.

Several preprocessing steps then update the internal en-
counter representation. The functions HorizontalTRMUp-
datePrep() and HorizontalStateEstimation() process
the surveillance report and update the state variables used
by the advisory logic, while UpdateIntruderHRC() retrieves
coordination data associated with each intruder aircraft.

Before threat evaluation, validity checks ensure that the
ownship has valid navigation data, that the TRM is operating
in an advisory-capable mode, and that the aircraft is above
the minimum altitude threshold. If these conditions are not
satisfied the system defaults to a Clear of Conflict (COC)
advisory.

If advisory generation is permitted, the algorithm deter-
mines whether any valid intruder aircraft are present. When
intruders are detected, PrioritizeAndFilterIntruders()
ranks potential threats and selects the highest-priority en-
counter for evaluation.

The advisory decision is then computed using Selec-
tHorizontalAdvisory (), which evaluates the encounter ge-
ometry and determines whether a manoeuvre is required.
Possible outputs include maintaining the current trajectory
(COC), executing a Turn Left, or executing a Turn Right
manoeuvre.

Additional filtering improves robustness to measurement
noise and transient state variations. The function Up-
datePolicySpeedBins() stores intruder speed information
to stabilise advisory selection across update cycles. The final
advisory is formatted through HorizontalDisplayLogicDe-
termination() and returned as an HTRMReport by Gener-
ateHTRMOutput ().

The resulting report contains the selected horizontal ad-
visory together with coordination and display information
used by the DAA system. While the horizontal logic cap-
tures a core component of ACAS-Xu advisory generation, it
represents only one part of the complete system, which also
incorporates vertical resolution advisories and additional co-
ordination mechanisms.
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Figure 2: Horizontal Threat Resolu-
tion Module update process derived from
ACAS-Xu algorithm design documenta-
tion.



3.5 Existing Comparative Evaluation of ACAS-Xu and DAIDALUS

A significant comparative study between ACAS-Xu and the NASA DAIDALUS reference implementation
was conducted using scripted flight-test encounters during ACAS-Xu Flight Test 2 (FT2) [9]. The study
evaluated alert timing, horizontal guidance bands, and directive manoeuvre behaviour under realistic
surveillance conditions.

Results indicated that ACAS-Xu’s Remain Well Clear (RWC) alerts occurred at timelines comparable
to DAIDALUS corrective alerts, while ACAS-Xu’s Collision Avoidance (CA) alerts were issued later than
DAIDALUS warning alerts. ACAS-Xu guidance was generally more conservative, protecting a wider
range of headings. The study further demonstrated that deterministic projection methods in DAIDALUS
exhibited alert toggling under noisy vertical state estimates, whereas ACAS-Xu’s probabilistic framework
maintained stable alerting behaviour.

However, the comparison was conducted on a limited set of scripted encounters rather than sta-
tistically representative Monte Carlo encounter distributions. The study therefore provides valuable
behavioural insight but does not establish probabilistic performance equivalence under controlled and
matched simulation assumptions.

Additionally, discrepancies were observed in directive guidance sense under certain geometries, indi-
cating sensitivity to cost weighting and optimisation horizon assumptions [9]. These findings highlight
the importance of systematic benchmarking and sensitivity analysis when evaluating optimisation-based
collision avoidance systems.

3.6 Literature Synthesis and Identified Research Gap

The existing body of literature establishes a clear technical progression in airborne collision avoidance
and DAA system development.

Legacy ACAS II provides a certified and operationally validated baseline for vertical collision avoidance
in cooperative, crewed aviation environments [1]. Its deterministic threshold-based logic has demonstrated
a reduced mid-air collision risk, but its design assumptions reflect structured airspace, pilot compliance,
and cooperative surveillance.

ACAS X represents a methodological shift from threshold logic to probabilistic optimisation. By
framing collision avoidance as a Markov Decision Process, ACAS X enables explicit minimisation of
expected cumulative risk under uncertainty [3|. This framework enables formal trade-offs between safety
performance and operational burden previously embedded implicitly in tuned thresholds.

ACAS sXu extends this approach to decentralised small UAS environments through dynamic pro-
tection volumes, autonomous response modelling, and horizontal-vertical decomposition to maintain
computational tractability [2].

In parallel, DAA evaluation methodologies have evolved toward probabilistic Safety Risk Management
(SRM) frameworks. Monte Carlo simulation across large encounter sets is widely accepted for evaluating
Loss of Well Clear (LoWC), Near Mid-Air Collision (NMAC) probability, and Risk Ratio with statistical
confidence [4], [5].

Comparative studies between ACAS-Xu and deterministic DAA systems such as DAIDALUS have
identified differences in alert timing, guidance conservatism, and robustness to surveillance uncertainty
[9]. However, these analyses relied primarily on limited scripted encounters rather than statistically
representative Monte Carlo encounter distributions.

The ACAS-Xu algorithm design documentation further describes the internal system structure, in-
cluding the Surveillance and Tracking Module (STM) and the Threat Resolution Module (TRM), which
performs advisory selection based on encounter geometry and policy evaluation.

Despite these advances, several gaps remain in the literature:

1. Limited end-to-end benchmarking of ACAS-Xu within complete DAA architectures using matched
encounter sets and consistent performance metrics.

2. Insufficient sensitivity analysis of cost-weight selection, encounter model assumptions, and surveil-
lance uncertainty propagation.

3. Incomplete evaluation of safety—operational trade-offs using statistically defensible Monte Carlo
frameworks.

This thesis addresses these gaps by implementing a customised ACAS-Xu module within an integrated
DAA architecture and evaluating its performance against established baselines using controlled encounter
distributions and statistically rigorous safety metrics.

10



4 Project Planning and Methodology

The project has been divided into three sections aligned with the due dates of the major assessment
components. Each section contains specific objectives, which are outlined below, along with the subtasks
planned for completion within the corresponding timeframes.

This structure was adopted to ensure the project timeline aligns as closely as possible with the fixed
assessment deadlines. While individual tasks may ultimately require more or less time than initially
anticipated, the overall framework has been designed with sufficient flexibility to accommodate these
variations.

4.1 Stage 1: Project Proposal and Literature Review (9 Feb 2026 — 16 Mar
2026)

The objectives of this stage include:

1. Develop a strong theoretical understanding of DAA systems and the ACAS-Xu framework through
targeted literature review and background research.

2. Define the scope, architecture, and operational assumptions of the prototype collision avoidance
system.

3. Begin early development of the horizontal avoidance logic and associated encounter generation tools
to reduce implementation risk.

4.1.1 Literature Review and Background Research

This stage will begin with targeted research into airborne collision avoidance systems and DAA tech-
nologies used for unmanned aircraft systems. Particular focus will be placed on the development of the
ACAS-X family of algorithms and the ACAS-Xu variant designed for unmanned aircraft. The literature
review will examine the transition from rule-based systems such as TCAS to the probabilistic decision-
making framework used in ACAS-X, which models collision avoidance as a Markov Decision Process.

Existing implementations and simulation frameworks will also be reviewed, including publicly available
research code and repositories. This investigation will help establish how ACAS-Xu style avoidance logic
is implemented in practice and identify common approaches for representing aircraft encounters, state
estimation, and advisory generation. The results of this research will form the technical background and
literature review sections of the project proposal.

4.1.2 System Scope and Architecture Definition

Following the literature review, the operational assumptions and scope of the prototype system will be
defined. This includes identifying the key variables that describe aircraft encounters, such as relative
position, heading, velocity, and time to potential conflict. System inputs and outputs will also be es-
tablished, including the information required from surveillance or tracking systems and the avoidance
manoeuvres that the algorithm may generate.

High-level flow charts will be developed to illustrate the overall DAA decision process and the inter-
action between the major components of the system. These diagrams will provide a conceptual repre-
sentation of how surveillance information, threat evaluation, and avoidance guidance interact within the
prototype architecture.

4.1.3 Preliminary Implementation of Horizontal Avoidance Logic

Initial development of the avoidance software will begin during this stage, with a primary focus on imple-
menting and testing the horizontal avoidance logic. Beginning development early in the project is critical,
as software implementation and integration represent one of the largest technical risks to the project.
Early development allows potential challenges in algorithm implementation, encounter representation,
and simulation behaviour to be identified and addressed before later stages of the project.

Encounter scenarios will also be generated to allow preliminary testing of the avoidance logic. These
scenarios will simulate representative aircraft encounters and provide a controlled environment in which
the behaviour of the algorithm can be evaluated and refined.
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4.2 Section 2: Progress Review and Prototype Development (16 Mar 2026 -
5 May 2026)

The objectives of this stage include:

1. Develop the remaining components of the prototype collision avoidance system, including the ver-
tical avoidance logic.

2. Integrate all prototype modules into a complete DAA model capable of generating avoidance advi-
sories.

3. Conduct initial benchmarking of the ACAS-Xu prototype and prepare the progress review presen-
tation.

4.2.1 Development of Vertical Avoidance Logic

Following the implementation of the horizontal avoidance logic in Stage 1, this stage will focus on the
development and testing of the vertical avoidance logic. Vertical manoeuvres represent an additional
dimension of conflict resolution and are an important component of the ACAS-Xu framework.

The implementation will involve extending the prototype system to consider aircraft altitude, vertical
rate, and time to loss of horizontal separation when generating avoidance guidance. Preliminary testing
will be conducted using simulated encounters to verify that the vertical logic behaves consistently with
the design assumptions and interacts appropriately with the horizontal avoidance logic.

4.2.2 Integration of Prototype Modules

A key task in this stage is the integration of all prototype components into a complete DAA system. This
involves combining the horizontal and vertical avoidance logic with the encounter generation framework
and the overall system architecture developed in Stage 1.

This integration step is critical to the success of the project, as a fully integrated system is required
before any meaningful evaluation or benchmarking can take place. Ensuring that all modules interact
correctly and produce coherent avoidance advisories will therefore be a major focus of this stage. Sig-
nificant emphasis will be placed on validating the interaction between system components and resolving
any issues that arise during integration.

4.2.3 Initial Benchmarking and Progress Review Preparation

Once a complete prototype system has been successfully integrated, initial benchmarking of the ACAS-
Xu model will be conducted. This benchmarking will involve running the avoidance algorithm against
a set of representative encounter scenarios in order to observe its behaviour and evaluate its ability to
generate effective avoidance manoeuvres.

The results from this preliminary evaluation will be used to assess the basic performance of the
prototype system and identify areas that may require refinement in later stages of the project. In parallel
with these activities, a progress review presentation will be developed to summarise the work completed,
demonstrate the functionality of the prototype, and outline the remaining tasks required to complete the
project. Initial drafting of the final report and documentation of the prototype system will also begin
during this stage.

4.3 Section 3: Results Analysis, Final Benchmarking and Project Comple-
tion (5 May 2026 - 2 Jul 2026)

The objectives of this stage include:

1. Analyse the results obtained from the initial benchmarking of the ACAS-Xu prototype and identify
areas for improvement.

2. Refine the prototype model and conduct final benchmarking against alternative approaches.

3. Evaluate the overall system performance and communicate the results through the oral presentation
and final report.
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4.3.1 Analysis of Initial Results and Prototype Refinement

Following the initial benchmarking conducted in Stage 2, the results will be analysed to assess the
behaviour and performance of the prototype collision avoidance system. Particular attention will be
given to the effectiveness of the generated avoidance manoeuvres and the overall behaviour of the system
during representative aircraft encounters.

Based on this analysis, refinements will be made to the prototype model where necessary. These
refinements may include adjustments to encounter modelling assumptions, avoidance logic parameters,
or improvements to the interaction between system components. The objective of this process is to
improve the reliability and performance of the model prior to conducting the final benchmarking stage.

4.3.2 Final Benchmarking and System Performance Evaluation

Once the refined prototype model has been established, final benchmarking will be conducted to evaluate
the performance of the ACAS-Xu implementation. This benchmarking will involve comparing the be-
haviour of the developed prototype against alternative approaches or baseline avoidance strategies across
a range of simulated encounter scenarios.

The results of these experiments will be analysed to evaluate the overall effectiveness of the system,
including its ability to generate safe and appropriate avoidance manoeuvres. The benchmarking outcomes
will form a key component of the technical evaluation of the project and will provide quantitative evidence
supporting the performance of the prototype system.

4.3.3 Oral Presentation Preparation and Final Report Completion

The final stage of the project will focus on communicating the outcomes of the work through both the oral
presentation and the final written report. Preparation for the oral presentation will involve summarising
the methodology, prototype development, benchmarking results, and key findings of the project in a clear
and structured format.

In parallel, drafting of the final report will continue, incorporating the results of the benchmarking and
system evaluation. The report will document the full development process of the ACAS-Xu prototype,
including the theoretical background, system architecture, implementation methodology, and performance
evaluation. The final report will then be reviewed, refined, and submitted as the final deliverable of the
project.

4.4 Project Timeline Overview

The staged structure outlined in this methodology provides a clear progression from theoretical under-
standing to prototype development and finally to system evaluation and reporting. By dividing the
project into three distinct phases aligned with the major assessment milestones, the approach ensures
that conceptual development, software implementation, and experimental evaluation occur in a logical
and manageable sequence.

Early emphasis is placed on developing a strong theoretical foundation and establishing the system
architecture, which reduces technical risk during the later implementation stages. The second stage
focuses on the development and integration of the prototype DAA system, ensuring that a complete
and functional model is available before performance evaluation is undertaken. The final stage concen-
trates on analysing the behaviour of the system, refining the prototype where necessary, and conducting
benchmarking experiments to assess the effectiveness of the developed collision avoidance approach.

A detailed schedule of the tasks described in this section is provided in the project Gantt chart
included in Appendix [A] The Gantt chart illustrates the planned sequencing of activities, key milestones,
and overlaps between development, evaluation, and reporting tasks throughout the duration of the project.
This timeline serves as a reference framework for managing progress and ensuring that each stage of the
project contributes effectively to the final objectives.

5 Project Risks and Opportunities

This section identifies potential risks that may affect the successful completion of the project. The
severity of each risk is assessed using the project risk matrix, with associated tolerance levels and response
requirements, as presented in Appendix[B] The risk matrix and associated tolerance tables were developed
with reference to The University of Queensland Health and Safety Risk Assessment Procedure [10].
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The identified risks are grouped into three main categories: workplace risks, scheduling risks, and
technical risks. Workplace risks relate to general work activities undertaken during the project, scheduling
risks relate to delays in development or completion of the project, and technical risks relate to challenges
associated with implementation of the ACAS-Xu prototype.

5.1 Workplace Risks

Workplace risks refer to hazards that may arise during the normal working activities associated with the
project. As the majority of the work will involve computer-based development and analysis, the overall

level of physical risk is relatively low.

Table 2: Workplace Risks

Risk Consequence Risk level Prevention Mitigation
Traffic  incident | Personal injury or Medium e Follow road safety | e Seek medical assis-
while commuting | inability to attend rules. tance if required.
work. e Avoid driving while | e Notify supervisor of
fatigued. absence.
Prolonged sitting | Back pain or muscu- Low e Maintain  cor- | e Adjust workstation
during develop- | loskeletal strain. rect workstation | setup.
ment work ergonomnmics. e Seek ergonomic
e Take regular breaks | advice if discomfort
from sitting. persists.
Extended screen | Eye strain or Low e Take regular breaks | ¢ Rest eyes and
use headaches. from the screen. reduce screen time
e Maintain appropri- | temporarily.
ate screen brightness | ® Seek medical ad-
and distance. vice if symptoms
persist.
Fire or emergency | Risk of injury or Medium e Follow workplace | e Follow evacuation
incident at work- | evacuation of work- safety procedures. procedures and emer-
place place. e Be aware of emer- | gency instructions.
gency exits and evac-
uation plans.

5.2 Scheduling Risks

Scheduling risks refer to events that may delay the progress of the project or affect completion within the
allocated timeframe. As the project involves software development and system integration, some tasks

may require more time than initially anticipated.

Table 3: Scheduling Risks

Risk Consequence Risk level Prevention Mitigation
Development Project  milestones Medium e Begin development | e Prioritise -critical
tasks take longer | may be delayed, tasks early. components of the
than expected reducing the time e Break work into | prototype.
available for bench- smaller milestones. e Reduce scope of
marking and analy- non-essential fea-
sis. tures if necessary.
Integration and | Additional time may Medium e Test individual | e Allocate additional
debugging delays | be required to re- components early. debugging time.
solve unexpected be- e Maintain modular | e Simplify system ar-
haviour between sys- software design. chitecture if neces-
tem modules. sary.
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submission date

implemented by the
end of the placement
period.

schedule.
e Prioritise essential
project objectives.

Risk Consequence Risk level Prevention Mitigation

Software crash or | Loss of development Medium e Maintain frequent | e Restore work from

loss of work time and poten- backups. latest  backup or
tially unrecoverable e Use version control | repository version.
progress. for development.

Project  incom- | The prototype sys- Medium e Monitor progress | e Ensure documen-

plete at final | tem may not be fully against the project | tation and method-

ology are sufficiently
detailed so develop-
ment can continue af-
ter project comple-
tion.

5.3 Technical Risks

Technical risks arise from challenges associated with the implementation and evaluation of the ACAS-Xu

prototype system and simulation environment.

Table 4: Technical Risks

Risk Consequence Risk level Prevention Mitigation
Encounter Simulation scenarios Low e Identify available | ® Use alternative
dataset un- | may not represent encounter datasets | publicly available
available or | realistic aircraft early in the project. encounter models if
incompatible encounters, reducing required.
the validity of bench-
marking results.
Integration chal- | Difficulty combining Medium e Develop and test | e Simplify model
lenges  between | horizontal and ver- modules indepen- | interactions or iso-
avoidance mod- | tical avoidance logic dently. late problematic
ules may delay prototype e Maintain clear | modules.
completion. system architecture.
Simulation re- | Prototype behaviour Medium e Review literature | e Validate model be-
sults difficult to | may be difficult to and reference imple- | haviour using simpli-
validate compare with pub- mentations. fied encounter sce-
lished ACAS-Xu re- narios.
sults.
Software environ- | External libraries or Low e establish develop- | ¢ modify environ-
ment or depen- | simulation tools may ment  environment | ment configuration
dency issues fail to install or oper- early in the project. or replace incompat-
ate correctly. ible tools.

5.4 Opportunities

In addition to the identified risks, the project presents several opportunities related to the development
and evaluation of unmanned aircraft collision avoidance systems. The implementation of a prototype
framework inspired by ACAS-Xu enables the structured simulation of aircraft encounter scenarios and
the evaluation of collision avoidance strategies under representative conditions. This provides an oppor-
tunity to systematically benchmark advisory behaviour and assess how different manoeuvre strategies
influence collision risk, contributing to improved understanding of detect-and-avoid system performance
for unmanned aircraft.

Initial research has also identified a neural network implementation of ACAS-Xu available through
the ACASXu Closed-Loop Simulator repository [11]. If development time permits toward the end of the
project, this approach could be trialled within the simulation environment to evaluate whether it offers
any advantages over the traditional lookup table implementation. Such a comparison may provide insight
into the potential benefits of neural network policy representations, particularly in terms of computational
efficiency and scalability for future collision avoidance system development.
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A Project Schedule (Gantt Chart)

The Gantt chart presented in Figure [3]outlines the planned schedule for the development, testing, and evaluation of the ACAS-Xu prototype throughout the
duration of the project.
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Figure 3: Project Gantt Chart



B Project Risk Assessment

This appendix presents the qualitative risk assessment framework used for the project. The framework classifies risks according to their likelihood and consequence,
allowing risks to be prioritised and appropriate mitigation actions to be identified.

Consequence
Insignificant [1] Minor [2] Moderate [3] Major [4] Critical [5]

g Health & Safety . NQ injury or . . Mllnf)r injury 4 . InJur?z requiring ° Se1.r1(.)us injury e Fatality or
a, medical attention required | requiring basic first aid | professional medical care requiring hospitalization permanent disability
é Project & Schedulin e No noticeable e Small delay e Measurable delay e Major schedule e Project unable
3 J g impact on schedule to project progress affecting delivery timeline | disruption or scope reduction to continue as planned
g Technical e No effect on e Minor reduction e Moderate effect e Major degradation e Core technical
ﬁ technical deliverables in technical quality on system performance of system capability objectives cannot be achieved

Very High (> 90%) [5] Medium Medium High
3 High (60-90%) [4] Low Medium High High
<
= Medium (40-59%) [3] Low Low Medium High
2
= Low (10-39%) [2] Low Low Medium Medium High

Very Low (< 10%) [1] Low Low Low Medium High

Table 6: Project Risk Matrix

Assessed Risk | Tolerance Immediate Response Prevention
Level
Intolerable e Work must cease immediately and not continue. e Develop and implement a formal risk management plan.
e Risk must be reduced to an acceptable level before resuming. | e Introduce control measures as soon as possible.
High Low tolerance | e Activity should only proceed under exceptional circumstances. | ® Implement mitigation procedures to reduce the risk.
e Approval must be obtained from the supervisor or responsible | e Establish a documented risk management action plan.
authority.
Medium Moderate tol- | e Task may proceed once the risk assessment has been reviewed. | e Regularly review risks and apply mitigation where feasible.
erance e Supervisor acknowledgement or approval is recommended. e Update the risk management plan if operating conditions
change.
e Monitor the operating environment for new hazards.
Low Generally ac- | ® Work may proceed following standard risk assessment proce- | e Maintain existing control measures.
ceptable dures. e Continue routine monitoring and maintenance of safeguards.

Table 7: Risk Tolerance Levels and Required Mitigation Actions
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