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Abstract

Uncrewed Aerial Vehicles (UAVs) are increasingly deployed in applications such as search-and-rescue, surveil-
lance, and environmental monitoring, where rapid and adaptive coordination is essential to effectively achieve
objectives. The use of multiple autonomous UAVs that coordinate flight paths can reduce the time taken to
achieve tasks, reduce cognitive load on operators, and allow for synchronicity in the response to dynamic and
uncertain environments. Decentralised guidance architectures for UAV swarms provide resilience, flexibility,
and scalability for autonomous algorithms; however, they require each platform to process mission objectives
and sensor perception data locally to determine control actions. The requirement for on-board processing
encourages the implementation of low-compute guidance algorithms, particularly for low-cost UAVs that are
resource constrained, lacking the size, weight, and power budget to support high-performance compute mod-
ules. Approaches that rely on forward trajectory prediction or complex optimisation may not be suitable for
such systems, motivating the need for lightweight algorithms that can operate onboard the UAV (at the edge)
without sacrificing adaptability or safety.

This paper presents the implementation of a novel vector-field-based distributed swarm guidance algorithm
for UAV swarms that combines multiple vector fields to travel along a nominal trajectory while conducting col-
lision avoidance and achieving additional objectives. The proposed method enables real-time decentralised
coordination without requiring global trajectory planning or forward projection. The simplicity and adaptabil-
ity of the algorithm has allowed us to build upon the existing literature aimed at tracking simple trajectories
and extend this theory to achieve desired swarming behaviours. We utilise a modular implementation where
configurable objective, nominal, and avoidance vector functions can be combined to achieve mission-specific
trajectories. The algorithm presented in this paper demonstrates at-the-edge, distributed, autonomous swarm-
ing behaviours such as persistent observation, formation flight and area search. The autonomous behaviours
inherently perform collision avoidance and can dynamically adapt to changes in the number of UAVs and their
task allocation in real-time during flight.

We present validation results from multi-agent simulations utilising ArduPilot Software-In-The-Loop (SITL) sim-
ulators and custom companion computer software for generating control commands and sending these to
the autopilot. Additionally, we provide results from real-world flight tests where the algorithm was flown on
fixed-wing UAVs to validate performance under realistic conditions. These experimental results confirm the al-
gorithm achieves collision-free trajectories, adhering to nominal trajectories while achieving missions-specific
objectives, and importantly, operates within the computational limits of low-cost UAV hardware. The algorithm
demonstrates some emergent behaviours for achieving effects that are not explicitly defined. For example, an
intuitive yet unintended behaviour was observed when a platform was merging into a collaborative loiter. For a
vehicle merging into the orbit where other UAVs are already there in formation, the approaching vehicle may be
initially tasked to slow down below its minimum airspeed to manoeuvre to its desired relative location around
the orbit. The algorithm recognises that this command would violate the UAVs performance envelope and
determines an alternate velocity control that is feasible. The resultant behaviour was the vehicle traversing a
path similar to a time-decayed sinusoidal, effectively reducing the tangential speed along the desired trajectory
without violating airspeed constraints, efficiently settling in the desired relative location.

In conclusion, this work introduces a computationally efficient, distributed guidance algorithm that advances
UAV swarm autonomy by enabling scalable, resilient, and mission-adaptive coordination. This algorithm has
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been evaluated in simulation and flight test on fixed-wing platforms and has been demonstrated to achieve mis-
sion objectives of relevance to UAV swarms such as persistent observation, formation flight and area search.
Future work involves integrating these swarm guidance algorithms with sensor payloads and tracking algo-
rithms to facilitate sensor-driven control for autonomous missions.

Keywords: Autonomy, Guidance, Control, UAV, Swarm

1. Introduction

Autonomous UAV systems are commonly structured into planning, guidance, and control layers,
where guidance algorithms transform mission objectives into desired motion commands such as
velocity or heading that are sent to the control layer to action. One of the simplest approaches to
guidance is via the use of potential or vector fields. The concept is intuitive and has been used for
mobile robot guidance since the 1980s where it was used to plan a path for an omnidirectional steer-
ing ground vehicle [1]. These methods generate artificial attractive and repulsive fields that, when
combined, will guide an agent toward a desired location while avoiding obstacles. Due to the sim-
plicity, computational efficiency, and adaptability of these methods, they remain prevalent in recent
autonomous systems literature. While naturally suited to platforms that can move omnidirectionally
such as some ground robots and rotary-wing UAVs, these algorithms have been successfully imple-
mented on fixed-wing UAVs for single vehicle [2, 3} 14}, 5], and multi-vehicle applications [6l [7]. These
extensions demonstrate that vector field methods can accommodate the non-holonomic constraints
of fixed-wing platforms.

Traditional formulations of vector-field guidance typically focus on a single objective, most commonly
path following, where a vehicle is guided toward and along a desired trajectory [8, [3]. While many
studies consider simple geometries such as lines and circles, more complex paths have been ex-
plored [9, 10l 2]. Recent work has explored the combination of vector fields to enable additional
behaviours such as collision avoidance [6], formation flight [6, [11) [12], and coordinated target track-
ing [13]. Other approaches modify existing vectors to achieve characteristics such as arrival position,
angle or time [4].

While these methods in isolation enhance performance, combining multiple objectives introduces
challenges in balancing competing influences, which can lead to oscillations or degraded perfor-
mance if not carefully tuned [6]. Furthermore, many existing approaches either rely on structured
coordination strategies such as leader-follower architectures [12], assume simplified operating con-
ditions such as constant airspeed [7], or require careful tuning of weighted objectives as seen in
flocking-based methods [6]. These limitations reduce the generality of existing approaches, partic-
ularly in dynamic, resource-constrained environments where robust, adaptive behaviour is required.
For low-cost UAV platforms with limited onboard processing, there remains a need for lightweight,
distributed guidance algorithms that can flexibly combine multiple objectives while maintaining stabil-
ity, scalability, and real-time performance under practical constraint

This paper presents the development and implementation of a low compute, distributed swarm guid-
ance algorithm for low-cost UAV platforms. The proposed approach extends classical vector field
methods by utilizing a modular implementation, combining target, agent, and objective vectors to
enable decentralized coordination, collision avoidance and mission-specific behaviours without re-
quiring global planning. The algorithm can be used to achieve a range of mission objectives by
changing configuration files. The algorithm is designed and demonstrated to operate at the edge,
making it suitable for resource constrained systems. Algorithm performance is evaluated through
multi-agent simulation using Ardupilot Software-In-The-Loop (SITL) and validated in real-world flight
tests on fixed-wing UAVs. Results demonstrate the ability to achieve coordinated behaviours such
as collaborative loitering and formation flight while maintaining safe operation and adaptability to
dynamic environments.
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2. Distributed Swarm Guidance Algorithm

This section introduces the problem formulation for the distributed swarm guidance problem and
details the proposed algorithm.

2.1 Problem Formulation

A team of N autonomous platforms are tasked with traversing desired two-dimensional trajectories
as part of an autonomous swarm, while avoiding collisions with other swarm members and achieving
additional objectives. The platforms have a communications system for sharing vehicle state with
other swarm members and to receive tasking information from a ground control station. The collection
of the state of all the UAVs is refereed to as the shared swarm state. The platforms may be tasked
as groups or individually, and the platforms know which other swarm members have been tasked
alongside them.

The state vector for each vehicle is defined

X= [x,y,z,vx,vy,vz,l//] T, (1)

where x,y,z € R define a 3-D position in a north-east-down (NED) coordinate system relative to a
shared home location, vy, vy, v, € R are the Cartesian velocities and y € [—r, 7] is the vehicle’s head-

ing.

A guidance algorithm is required to determine desired velocities to achieve the mission objectives
and a controller then converts these desired velocities into commands for the autopilot. The guidance
algorithm utilizes vector fields, combining multiple fields together to determine collision free paths to
achieve objectives.

2.2 Vector field path following problem

The basis of the vector field used in this paper is presented by Yao et al. [2]. We utilize two-
dimensional trajectories for path planning due to their simplicity in implementation. The algorithms
presented in this paper command and control altitude separately from the track to achieve objectives
that require specific altitudes.

The following describes the theory for a vector field used to travel along a desired path.
In [10], the desired path P is described by the zero-level set of an implicit function:

P={(xy) € R*: ¢(x,y) = 0}, (2)

where ¢ : R? — R is a twice continuously differentiable function. If the path is non-self-intersected,
then a valid 2-D vector field y : R — R? to solve the vector field path following navigation problem is
[10]:

x(x,y) = EV(x,y) — k(9 (x,y))Vo(x,y), (3)

where E = [ '], ke Roo ,and @ : R — R is a strictly increasing function satisfying (0) = 0. For
simplicity, one can choose w(¢(x,y)) = ¢(x,y) [10] and Eq. (3) becomes

x(x,y):EV(])(x,y)—kq)(x,y)V(P(x,y). (4)

The first term in Eq. (4) is tangential to the desired path and the second term is perpendicular pushing
the vehicle along the path and toward the path respectively. The gain k allows for scaling between
these two actions. For each possible vehicle location in R?, Eq. returns a vector that when con-
verted into a velocity input to the vehicle, will drive the platform towards and along the desired path.

While many applications require individual vehicles to travel along particular paths, other applications
require a swarm of UAVs to collaborate to achieve a desired objective. The research presented in this
paper uses vector fields as defined in Eq. to guide UAVs along nominal paths, and investigates
how multiple vector fields can be combined to allow a swarm of cooperative platforms to achieve
additional requirements.
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2.3 Algorithm Details

This section presents a generalized vector-field-based guidance algorithm to achieve the objectives
introduced in Sec. Each agent performs a sequence of vector field calculations, evaluated with
its knowledge of the current global state and combining the results to determine a desired velocity
vector. This paper distinguishes between three categories of vector field: target, agent, and objective.

» Target Vector: The target vector field defines the nominal trajectory of the vehicle. In the
absence of the effect of any other vectors, the vehicle will travel along this trajectory at its cruise
speed.

» Agent Vector: Agent vectors are assigned to other platforms that the vehicle is aware of. The
agent vector typically is a repulsive force that enforces collision avoidance.

» Objective Vector: Objective vectors are used to modify the vehicle’s behaviour to achieve
another objective simultaneously. For example, a vehicle’s target trajectory may be a circular
loiter, and the objective vector enforces a desired separation between swarm members loitering
around the same track.

For vehicle i € 1,...,N, the vector field equation is:
N
Xk = xr(Xi) + 2o (Xi, %) + Y, 2a.i(Xj),j # i, (5)
j=1

where x; is a state vector in the form of Eq. (1) for vehicle i. o is the objective vector, x4 ; is the
agent vector for vehicle j (these may be different for different agents), xr is the target vector, and xx
is the resultant vector. Specific arguments for the objective vector are omitted as they are dependant
on the function selected.

xr heeds to be mapped to a physical quantity for the control of the aircraft, it also needs to be
bounded within a feasible set to ensure that the command is actionable by the UAV. Let Vimax, Vinins
and V, denote the maximum, minimum, and cruise speeds of the UAV respectively. We introduce the
mapping « : R — R where « is a strictly increasing function satisfying o(1) =V,, used to convert || xz||
into a desired airspeed V,. The components of the desired airspeed in the x and y direction, v/ and
vg respectively, can be calculated using the following expression:

d
4| = ezl 2 ©
y

where
a(|lxrll) = (K (|[xr|| = 1) + V.. (7)

|| - || denotes the magnitude of a vector and * denotes a normalized vector. K, > 0 is a gain that
modifies the gradient of the line relating the vector magnitude to the desired airspeed. The selection
of a mapping « is not a requirement for the algorithm and was included to specifically shape the
response after performance testing. A clamping function is use to ensure that V; € [Viin, Vimax]- Figure
presents the output of Eq. (6) for different values of K, to demonstrate how its selection effects the
dynamic range of the applied airspeed for given airspeed limits.

To enable the combination of multiple vectors as per Eq. (5), while keeping the resultant vector ac-
tionable in terms of the allowable control inputs the following procedure is followed.

* For the target vector x7, a function ¢(x,y) is selected and a vector is computed according to
Eq. (4) to traverse the desired trajectory.

» The target vector is normalized to ensure that in the absence of the effect of the avoidance and
objective vectors, the vehicle will traverse the nominal track at its cruise speed according to

Eq. (6).
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Desired airspeed vs resultant vector magnitude
as K, is varied
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Figure 1 — Scaled and clamped desired airspeed vs resultant vector magnitude as K, is varied. To
demonstrate the airspeed clamping, Vimax and Vnin are arbitrarily set to 2 and 0.5 times the cruise
velocity respectively.

» The agent vector x4 and objective vector yo are computed.

The resultant vector is computed as per Eq. (5).

The resultant vector is turned into a desired velocity vector using Eq. (6).

The desired velocity is sent to the controller which then sends desired set points to the autopilot.

2.4 Example Application

An example application is presented here to provide detail on how the combination of a target, agent,
and objective vector can be used to achieve a particular mission. A team of N aircraft are tasked with
traversing a circular path, the vehicles must avoid collisions with each other, and the desired swarm
behaviour exhibits equiangular separation between the UAVs around the circumference of the circle.
This type of behaviour is relevant to swarms conducting coordinated sensing, where optimal relative
sensor geometries can improve estimator performance [14].

2.4.1 Target Vector
The following function defines a circular path:

(x—x0)? n (y—yo0)?
r2 r2

o(x,y) =

where (xp,yo) is the centre location of a circle with radius r. Eq. is then used to determine the
vector field y4.

2.4.2 Agent Vector

The simplest avoidance function is a purely repulsive force; a unit vector is calculated from the object
being avoided to the UAV and an appropriate gain is applied to scale the avoidance action. The aim
of this avoidance function is to perturb the trajectory of the vehicle if a collision is possible without
intervention. In most scenarios, the vehicle should still be influenced by the target vector while avoid-
ing, to shape the trajectory such that both objectives are considered.
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Let d; denote the vector between the UAV and the i swarm member in the x-y plane i.e.,

X X
d; = -, 9
3D 0
where x,y denotes the position of the UAV and x;, y; denotes the position of the i swarm member.
The normalized position vector is defined as

A d;
di = ;

||
where ||d;|| is the Euclidean norm of d;. This returns a vector with magnitude 1 in the direction from
the i swarm member to the UAV performing the calculation.

The repulsion vector between the UAV and the i swarm member can be generated by multiplying
the unit distance vector with the desired avoidance gain:

(10)

XAi= Ka,i&i~ (11)

The gain for the avoidance K, is calculated using the following expression:

Ka,i = (12)

where k, > 0 is a scalar for avoidance, and y > 0 is the repulsion exponent, enabling the scaling of
the avoidance to other powers of the distance between swarm members.

2.4.3 Objective Vector

This section presents a vector function that can produce the desired equiangular separation in a
swarm of UAVs collaboratively traveling along a circular trajectory.

The objective vector fields are implemented differently to Eq. as they are not strictly a function
for planning a path. The objective function here can be considered a modifier to the path planning
algorithm, not directly trying to alter the desired trajectory, but altering how the vehicle conducts the
desired trajectory. Effectively, a vector magnitude is produced based on a specified heuristic, and
then applied to a vector tangential to the desired trajectory, essentially slowing or speeding up the
vehicle along its desired trajectory to achieve a specific outcome.

6, is the angular position of each platform relative to xy,yo. The angular separation between the vehi-
cle and agent i is denoted ¥; and the desired angular separation is ¥; = ZW”

If the angular separation between the UAV and all other swarm members are mapped € [0,2x], then
along a closed list of angular separations, the UAV is between the agents with the largest angular
separation dmax and the smallest angular separation dny,. Listing vehicles by minimum and maximum
angular separation is the easiest way to sort which agents the UAV is trying to align itself between,
but for calculation it is easier to consider them as the closest counter-clockwise and closest clock-
wise agent. The closest vehicle becomes the closest clockwise vehicle and the furthest vehicle is the
closest counter-clockwise vehicle with their angular differences denotes dgw and dgow respectively.
ﬂCCW =27 — ﬂmax-

The goal of the objective function is to alter the speed of the UAV along the desired trajectory such
that dcw and d¢cw track towards 9. This can be achieved in a distributed fashion, if all agents aim
to achieve equiangular separation between the vehicle directly before and aft of it in the loiter. At any
given time, the vehicle is trying to drive dgw — Yccw to 0. The following equation defines 8 € [—1,1],
which represents the relative strength and directionality of the objective force vector. Note that for
clockwise and counter clockwise force vectors, B must be greater or less than zero, respectively.

~ Yew — Ucow
B= S T— (13)
6
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A shaping function can be used to implement a non-linear relationship between angular error and
objective vector magnitude. Let § € [0,1] = ||xo|| denote the objective vector magnitude:

L

— (14)

where a € (0,1). The mapping in Eq. causes the objective vector field to have more of an effect
at further distances, increasing the convergence speed to the desired angular separation.

The direction of the objective vector is that of the tangential component of the target vector. This
enables an objective function to only effect the vehicles speed along the desired trajectory, without
impacting its ability to travel towards the desired trajectory.

Let x; denote the tangential component of the target vector yr. The objective vector magnitude is
applied to the tangential component of the target vector

Xr
xo =t (15)
O [l
2.5 Transit Details
Another example application of the proposed algorithm is to enable a swarm of UAVs to perform
a transit in formation flight. The transit application uses the same underlying approach to achieve
swarm guidance, but the implementation has additional steps.

The command to the UAV provides a series of waypoints that make up the nominal transit path. The
algorithm achieves a transit by utilizing a dynamic xr, that is defined based on the current waypoint
m. The target vector takes the form of a line segment intersecting the previous waypoint (x,;—1,ym—1)
and the next waypoint (x,,y,). Let

A =Ym—1"—"Ym, B= _(xm—l _xm)a c =Xm—1Ym — XmYm—1, (16)

the explicit equation that can be used to generate a vector field as per Eq (4) is

(x,y) = Ax+By+C
¢(x,y N7k
The above function gives a vector field for an infinitely long line intersecting the two waypoints. For
tracking towards the first waypoint on initialization, an initial transit line directly towards the first way-
point from the current vehicle location is used. The algorithm determines when the vehicle has arrived
at a waypoint and generates a new target vector pointing towards the next waypoint. This allows ar-
bitrary transit paths to be generated and followed, making it suitable for a number of applications
including those requiring transiting through locations with multiple exclusion zones.

(17)

The objective vector field for the transits can be arbitrarily selected based on the mission objectives.
One example is that the transit path may be looped and the objective vector could enforce a desired
separation in meters or equally spread out along a polygon to perform a search. Another option is to
specify close-up formations for formation flight. Some commmon formations are line astern; where
platforms are sequenced in a line from nose to tail with a defined distance between each agent, and
line abreast; where platforms are aligned from wingtip to wingtip with a defined distance between
agents.

For formation flight, the same agent vector from Sec.[2.4.2] can be used for transit participants, how-
ever the gain should be reduced to accommodate for the fact that the platforms are meant to be in a
close formation. To maintain an approximate formation, the objective vector can take the form of an
attractive force to the other agents that is only active when the platforms are sufficiently far apart, i.e.,
does not impact any avoidance behaviours. This attractive force modifies the commanded velocity

7
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of the agents performing the transit such that after a sufficient amount of time the vehicles are close
together. This simple function allows for an approximation of formation flight while maintaining the
low-cost and low-compute desires of this algorithm. True formation flight algorithms would require
faster state updates, either through high-bandwidth communication channels or sensors for relative
localisation between platforms.

The difference between the transit line astern and the line abreast is how the target vector is cal-
culated. All UAVs share the same target vector for a line astern formation, but for a line abreast
formation, each vehicle has a slightly different target vector. A parameter C is defined as the corridor
width, which defines the width allowable for the transits along the transit line that the vehicles can
spread themselves out over. Vehicles independently assign themselves to one of N parallel trajecto-
ries equally spaced within the specified corridor width based on their relative cross-track error. This
assignment is recomputed to adapt to changes in vehicle state or the swarm composition.

3. Implementation details

The algorithm presented in returns a desired two-dimensional velocity vector and an altitude.
This formulation lends itself naturally to systems with holonomic constraints such as rotary-wing plat-
forms. For fixed-wing UAVs, an approximation must be used as the Cartesian velocities cannot be
commanded directly in the ArduPlane software.

Firstly, the velocity vector undergoes a Cartesian to polar transform, decomposing the desired input
into a desired speed and a desired velocity heading. This formulation allows for a decoupling of con-
trol inputs, a desired airspeed can be sent to the autopilot and the desired velocity heading can be
achieved (not instantaneously) by commanding the desired roll angle of the platform. By command-
ing the roll, the platform will turn and the course-over-ground can be influenced, thereby redirecting
the velocity heading such that the desired ground-track is achieved. Despite the limitation of the algo-
rithm being dependent on the autopilot’s inner control loops for lateral motion, we show in simulation
and flight test that this limitation does not have significant impact on the platforms ability to traverse
a trajectory, at least for the size and speed of the platforms under test in this research.

The UAVs share state information between themselves at a frequency of 1 Hz. The guidance algo-
rithms onboard run at a frequency of 10 Hz.

4. Simulation Results

Ardupilot Software-In-The-Loop (SITL) is a simulation environment provided as part of the open-
source ArduPilot firmwarer'_'] that simulates virtual UAVs with inbuilt flight dynamics models. The use
of this open-source simulation infrastructure allows for the rapid prototyping of algorithms and a way
of validating performance before flight-test. Because the simulation communicates using MAVLink
messaging protocol like the physical autopilot, the same code that is used in the simulation can be
deployed to the UAV. The algorithms presented in this paper are developed in Python utilizing the
PyMainnkE] Python library for communicating with the autopilot.

We use simulations to validate the algorithm performance prior to flight testing. The algorithms are
validated using four simulated aircraft designated sim-1, sim-2, sim-3, and sim-4. The algorithm is
not specific to a particular aircraft model and the default Rascal110 ArduPlane dynamics model is
used for the simulated agents.

The following simulation scenarios are presented:

+ Sim Scenario 1: Figure [2] presents the experimental results of four aircraft traversing a circular
path, aiming to separate equidistantly around the circumference of the circle.

Thttps://github.com/ardupilot/ardupilot
2https://github.com/ardupilot/pymavlink
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« Sim Scenario 2: Figure [3| presents the experimental results of four aircraft traveling along a
transit line attempting a line astern formation.

« Sim Scenario 3: Figure |4| presents the experimental results of four aircraft traveling along a
transit path attempting a line abreast formation.

4.1 Sim Scenario 1

Figure [2] presents the experimental results for four simulated aircraft (labelled sim-1,sim-2,sim-3, and
sim-4) using the target, agent, and objective vectors defined in the Sec. The aircraft begin at
arbitrary locations and are commanded to cooperatively traverse a circle of 500 m radius, while simul-
taneously maintaining equiangular separation from other agents around the circle. Figure [2al shows
the trajectories of the aircraft as they attempt to satisfy the mission objectives and show the aircraft
smoothly transitioning to the desired track.

Figure [2b| plots the error in the desired separation of the agents relative to sim-1 and the airspeed
of sim-1. sim-1 was the first UAV to reach the desired track. The commanded airspeed varies as
expected to regulate angular separation, increasing when the vehicle lags and decreasing when ap-
proaching other agents. For example, consider how sim-1 is traveling along the track in the beginning
of the experiment, sim-2 is still traveling towards the track and its angular position around the circle
isn’t changing. This is accounted for by sim-1 by commanding a reduced airspeed as can be seen
in Fig. After approximately 100 seconds of flight, the aircraft are equiangularly separated as they
traverse the circular trajectory. The average error in angular separation between the platforms is
approximately —1 degree as can be seen in Table[f] This implies that all vehicles were on average
1 deg too close to sim — 1. This observation is consistent with the recorded airspeed of the UAV,
which has a mean of 17.68 m/s which is less than the cruise airspeed of 20 m/s as expected based
on the objective vector for equiangular separation introduced in Sec. [2.4.3] The airspeed standard
deviation was 2.98 m/s indicating that there was a lot of movement of the aircraft around the desired
set points. This is likely an artifact of the shared swarm state that is only updated between the UAVs
at 1 Hz. Because the state sharing is performed less frequently than the guidance, the guidance is
often making calculations several samples in a row with the same state information. This results in
the perception that the UAVs are moving closer together, producing the response to slow the aircraft
down. To mitigate the effect of this, the sharing of swarm member state could be increased between
platforms, or each platform could perform interpolation of swarm member state.

After settling onto the desired tracks, the vehicles maintained a close tracking to the desired path.
sim-1 achieved a mean cross track error of 4.48 m with other vehicles achieving similar mean dis-
tances of between 4.42 and 4.67 m. The non-zero steady state error is expected as the reactive
guidance algorithm does not project forward and therefore requires constant correction to track a the
circumference of a circle using heading and speed commands. The low standard deviation of the
track error is a result of the fast update rate of the algorithm, it is expected that less frequent inputs
would result in a larger track error. Table[f|summarises the numerical results from the first simulation
scenario.

Metric Mean Standard Deviation
airspeed | 17.68 m/s 2.98 m/s
track error 448 m 0.18 m
(] -0.86 deg 0.76 deg
0y -0.97 deg 0.76 deg
Oy -1.03 deg 0.79 deg

Table 1 — Metrics from platform sim-1 in Flight Scenario 1 from the last 200 seconds of flight. ¢
denotes the error in desired angular separation between sim-1 and sim-i.
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Figure 2 — Results of Sim Scenario 1, a 4-ship circular trajectory with equiangular separation.

4.2 Sim Scenario 2

Figure [3| presents the simulation outcomes of four platforms performing a transit in a line astern for-
mation. Fig. [3a)shows the transit paths for the four platforms. The UAVs fly directly towards the first
waypoint and then along the transit path. The attractive objective vector influences their desired ve-
locity to pull together and the avoidance of the agent vector ensures that there are no collisions. After
approximately 1000 m of travel, some of the UAVs are perturbed off the transit line. This behaviour is
evidence that the repulsion force of the avoidance is too high, and highlights the dependency of this
particular method on parameter tuning. Because the vehicle is operating at the edge of an avoidance
and an attractive field, the behaviour is naturally oscillatory. This effect is evident in Fig. showing
the distance between the agents oscillating. Even if the avoidance function tuning is highly optimized
for a particular separation, in most formations, the vehicles are not all equidistant from each other. In
this example the minimum separation is set to 50 m, but in a line astern with four vehicles, the dis-
tance between the first and the last platform is 150 m, resulting in a stronger attractive force between
them, compressing the formation tighter than the requested 50 m.

The track error for sim-1 is shown in Fig. There are some divergences of the UAVs from the
desired path, initially from the vehicles attempteing to get into formation, and at the 120 s mark where
the UAVs are significantly perturbed from there path. During periods of stable formation, the track
error is very low with a mean of —0.02288 m with a standard deviation of 0.284 m, this tracking is
significantly better than in Flight Scenario 1 where the circular trajectory is followed. From 50 s to 150
s the mean and standard deviation of the track error is 0.3707 and 1.474 respectively.

4.3 Sim Scenario 3

Figure |4| shows the simulation results from a 4-ship line abreast transit. The four platforms were
commanded to travel along a rectangular transit path, and the corridor width was set to 100 m. Fig.
presents the transit path. Let leg 1 be the transit leg from north to south, /leg 2 from west to east, and
leg-3 from south to north. The platforms are constantly evaluating which lane they are attempting to
fly along each transit leg, and can be seen that there is significant lane switching in the transit from
leg 2 to leg 3. It took approximately 20 seconds to transition between waypoints, but this can extend
when there is some avoidance due to lane switching.

Table |2| details the steady-state cross-track error mean and standard deviation for each UAV along
each transit legs, omitting the time navigating between transit lines. The standard deviation for the
cross-track error remains small for all of the platforms, however, the mean varies, hinting at a sys-
tematic error. These errors are due to the inter-agent attractive component of the objective function.
The platforms have an attraction to other members of the swarm as well as to the transit line, and the
vehicle trajectory is located at the minima of these two interactive fields. Platforms on either side of
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Figure 3 — Results of Sim Scenario 2, a 4-ship line astern transit.
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(c) Cross track error for each

the corridor width are furthest away from each other and therefore have the largest attractive force
between them, causing their tracking to have a larger error than UAVs in the inner lanes. If a smaller
corridor width was selected, or more agents were selected this formation, oscillatory behaviour would
likely be observed as the vehicles approach the avoidance distance.

sim-1 sim-2 sim-3 sim-4
leg 1| (-4.50,0.0543) | (-1.99, 0.0592) | (0.466, 0.0480) | (3.24, 0.0448)
leg 2 | (-4.523, 0.0592) | (-1.920, 0.142) | (0.6046, 0.176) | (3.162, 0.081)

leg3 | (0.692, 0.0372)

(3.00, 0.0427)

(-4.237, 0.0463)

(-1.91, 0.0553)

Table 2 — Track error mean and standard deviation for each UAV in Sim Scenario 3.
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Figure 4 — Results of Sim Scenario 3, a 4-ship line abreast transit.

4.4 Computational Complexity

The algorithms presented in this paper are myopic, i.e., there is no receding horizon path planning
implemented. This design decision ensures that the computational cost of running the algorithm is
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low, at the expense of running a purely reactive guidance system. In general, the computational com-
plexity for the algorithm increases proportionally to the number of platforms n in the swarm &'(n). Due
to the distributed nature of the algorithm, each vehicle only has to compute its own commands. The
calculations for the agent vectors and some objective vectors require computations for each possible
swarm member.

On representative hardware (Raspberry Pi Compute Module 4), the algorithm was running at 10Hz
frequency and utilizing approximately 20% of a single core. The limiting factor of the implementation
of the algorithm is not the algorithm computation, but the time waiting for responses from remote
function call requests to get the state of the swarm members and to send desired control commands
to the autopilot interface.

While experiments were conducted on small teams, the distributed architecture and linear computa-
tional complexity suggest that the approach is scalable to larger swarms, subject to communication
bandwidth constraints.

5. Flight Test

Flight tests were conducted to validate the performance of the algorithms in a practical setting. The
guidance algorithms presented as part of this research are a fundamental part of an autonomous
software stack designed to facilitate the test and evaluation of autonomy on UAVs. It is important
that these algorithms are validated in flight to ascertain if they are fit for purpose. Flight tests were
conducted on two separate occasions, firstly with two platforms designated str-0071 and x8-16 a
heterogeneous swarm comprised of two different fixed-wing aircraft due to platform availability. The
second was conducted with two platforms designated str-007 and str-002, a homogeneous swarm.

5.1 Aircraft Hardware

Most of the flight testing was conducted using a Striver mini, a conventional twin-engine fixed-wing un-
manned aircraft with a total take-off mass of 5.2kg. Some flight tests also involved an X8 Skywalker,
a similarly sized flying-wing UAV. The core avionics suite comprised a CubePilot Cube Orange flight
controller and a Raspberry Pi Compute Module 4 (CM4) acting as a companion computer. The total
mass of the core avionics is approximately 120 g, representing 2.3% of the aircraft’s total mass. In ad-
dition to the core avionics, a 2.4 GHz mesh radio is utilised to provide inter-agent and ground-control
communication. This mesh network enables decentralised information sharing between vehicles, as
well as command and monitoring capabilities for the ground-based operator.

The mesh link is used to exchange essential vehicle state information between agents to support
distributed coordination. However, such communication channels are inherently bandwidth-limited,
particularly as the number of participating vehicles increases. To address this, the proposed guidance
algorithm is designed to operate using minimal shared information at relatively low update rates. By
avoiding reliance on high-frequency state exchange or large data payloads, the approach is intended
to reduce network congestion and improve scalability within the swarm.

The efficiency of the guidance algorithm directly translates to reduced size, weight, and power
(SWAP) requirements for the avionics system. This reduction enables two key advantages: firstly,
the approach can be scaled to smaller UAS platforms with strict SWAP constraints; and secondly, the
reduced computational and communication burden allows greater allocation of onboard resources
and bandwidth to mission-specific payloads and higher-level autonomy functions. As such, the pre-
sented architecture demonstrates how algorithmic simplicity supports practical, distributed auton-
omy on low-cost UAV platforms while preserving flexibility for expanded mission capability and larger
swarm sizes.

5.2 Flight Test Results
The versatility and modularity of the proposed approach means that many different combinations of
vectors can be used and tested to achieve a range of different objectives. A fleet of three UAVs were
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used to conduct the flight tests Strivers str-001 and str-002, and an X8 x8-16. The following scenarios
are presented here:

« Flight Scenario 1: Figure[5|presents experimental results of two aircraft transitioning from seper-
ate loiters to a collaborative loiter with equiangular separation.

« Flight Scenario 2: Figure[6]presents experimental results of two aircraft performing a line astern
formation transit along a circular path.

« Flight Scenario 3: Figure[7]presents experimental results of two aircraft performing a line astern
formation transit along a rectangular path.

» Flight Scenario 4: Figure (8 presents experimental results of two aircraft performing a line
abreast formation transit along a rectangular path.

5.2.1 Flight Scenario 1

Figure[5presents results from the flights of two aircraft tasked with transitioning from nearby individual
loiters to a collaborative loiter with equiangular separation. Figure[5a)shows the flight path of the initial
60 seconds of flight where the aircraft are tasked to travel counter clockwise along a 300 m radius
circle. The combination of the two objectives of path tracking, and platform separation result in an
interesting behaviour that can be observed in the path of str-001. str-001 begins the collaborative
behaviour in front of x8-716 and due to the objective vector action presented in Sec. both
platforms adjust their airspeed to equalize the angular distance between them on the circumference
of the circle. str-001 decreases its velocity component tangential to the desired trajectory, causing a
relative increase in the perpendicular component of the velocity. This causes the aircraft to perform
a sinusoidal perturbation along the desired trajectory. This maneuver was not explicitly commanded,
and emerges as a result of the objective vector selected and its implementation. The maneuver
drastically reduces the vehicles ground speed tangential to the desired track without violating the
minimum airspeed constraint. The trade off between the two objectives can be seen when comparing
the error in the desired separation in Fig. with the cross-track error of the platforms present in
Fig. The error in desired separation is drastically reduced in the initial parts of the loiter, resulting
in a trade-off with tracking performance which can be seen as some large initial errors in the track
error. The mean track error for str-001 is 15.07 m with a standard deviation of 2.77 m and x8 — 16
achieves a track error of 11.18 m with a standard deviation of 2.163. At the conclusion of this maneuver
the platforms are approximately equidistant around the circle loiter as can be seen in Fig. The
angular separation error has a mean of 0.984 deg and a standard deviation of 3.75 after convergence.
The variability can be attributed to the rate limitations of the aircraft, environmental factors such as
wind, and communications delays in the sharing of swarm state between swarm members.

metric mean standard deviation
airspeed 16.82 m/s 1.66 m/s
track error 15.07 m 2.77 m
¥ str-001,x8-16 | 0.984 deg 3.75 deg

Table 3 — Metrics from platform str-001 in Flight Scenario 1 from the last 230 seconds of flight.

5.2.2 Flight Scenario 2

Figure [ presents the results of two aircraft performing a line astern formation transit along a circular
path. In this instance, the target vector is the same as that used in the previous scenario, but the
agent and objective vectors are different. Specifically, the agent vector repulsion is decreased and
the objective vector used is that of the attraction function for formation flight introduced in Sec.
This demonstrates how different objective vectors can be used to alter the outcome of the behaviours
without significantly changing the algorithm. Fig. [b] shows the separation between the two vehicles
slowly reducing, and Fig. [6c|shows the cross-track error of both platforms is low, str-007 maintains a
cross track error mean of 6.94 m and a variance of 3.33 m and str-002 maintains a cross track error
of 6.80 m and a variance of 2.72 m.
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Figure 6 — Results of Flight Scenario 2, a 2-ship circular trajectory with line astern formation.

5.2.3 Flight Scenario 3

Figure [7| presents two aircraft performing a line astrern formation flight along a rectangular path.
Fig.[7a]shows the vehicles successfully converging on the desired transit path. Let leg 7 be the transit
leg from north to south, leg 2 from east to west, and /eg-3 from south to north. Fig.[7b| presents the
desired separation between the platforms. The red dotted line is the desired separation, practically
achieved by the transition from the attractive force of the formation with the repulsive force of the
avoidance. The blue line is the achieved separation between the vehicles. The reported distance
between the agents differed as much as 20 m between samples, even in favourable circumstances,
due to the delays in received swarm member position updates. However, the separation does trend
towards the desired separation of 40 meters with @ mean separation error of 13.78 m and standard
deviation of 8.79 m. In flight the desired separation distance is reduced from 40 m to 30 m and the
average vehicle separation error reduces to 8.45 m, with a standard deviation of 8.58 m. Table
displays the mean and standard deviation of the cross-track error for both platforms for one run of the
transit path. The results show good tracking, with mean error of between approximately 0.5 and 2.4
m.

5.2.4 Flight Scenario 4

Figure [8| presents two aircraft performing a line abreast formation transit along a rectangular path.
Let /leg 1 be the transit leg from north to south, /eg 2 from east to west and /leg 3 is south to north.
Lane switching is evident in the transit trajectories in Fig. An artifact of both platforms having
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str-001 x8-16

leg 1 | (2.39, 1.79) | (0.642,5.45))
leg 2 | (1.80, 2.40) | (0.496, 1.38)
leg 3 | (1.27,1.06) | (0.728, 2.005)

Table 4 — Track error mean and standard deviation in meters for each UAV on one run of Flight
Scenario 3.
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Figure 7 — Results of Flight Scenario 3, a 2-ship line astern transit.

slightly incorrect estimations of each other’s position can also be observed, during the very short
transit along leg 2, both platforms assigned themselves to the southern-most lane, thinking they were
the southern-most platform. This was quickly resolved and str-002 selected the top lane in time to
turn onto the next transit line.

Fig. [8| shows the desired separation between transit agents. The line abreast formation flight had
less oscillation during a long transit than the line astern formation. During the third leg of the transit,
the mean separation is 112.64 m with 13.00 m standard deviation. This is due to the fact that in
this instance, the corridor width is 100 m and the individual lines of travel are much further away
than the minimum separation of the platforms. For most of the transit no repulsive forces are active
as each platform is traveling along its desired transit line that is further away than the avoidance
distance, and the objective vector is slowly bringing them abreast by influencing the desired airspeed.
Table |5 shows the mean and standard deviations of the cross-track error for both platforms during
Flight Scenario 4. Other than in the instance where str-002 performed some lane switching and the
platforms evaded each other temporarily, the mean track error was between approximately 0.7 and 2
m.

str-001 str-002

leg1 | (1.15,0.373) | (-1.97,1.98)
leg2 | (2.82,7.51) | (43.76, 36.74)
leg3 | (1.89,0.67) (-0.69, 0.45)

Table 5 — Track error mean and standard deviation in meters for each UAVs on one run performing a
line abreast formation in Flight Scenario 4.
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Figure 8 — Results of Flight Scenario 4, a 2-ship line abreast transit.

6. Discussion

The results demonstrate a strong alignment of simulation results and flight test results, in both cases
the qualitative behaviours are consistent such as convergence to desired formations and stable trajec-
tory tracking. However, flight test results demonstrate increased tracking error and variability when
compared to simulation. For example, cross-track error for circular trajectories increases from ap-
proximately 4.5 m in simulation to 7 — 15 m during flight test. Equiangular separation was achieved to
approximately 1 degree in both simulation and flight test, however the standard deviation increased
from ~ 0.8 deg to 3.7 deg. This degradation is primarily attributed to real-world effects such as wind
disturbances, actuator limitations, and communication delays.

A key limitation of the current implementation is the reliance on the shared swarm state of other UAVs,
transmitted at only 1 Hz. While this rate is sufficient in simulation, during flight test communication
degradation had a significant effect on performance. Despite this the algorithm remains stable under
these conditions but delayed state information introduces variability in separation control and com-
mand generation, particularly when vehicles are near equilibrium. This effect is most pronounced
in tightly coupled formations, where outdated positional information can lead to alternating attraction
and avoidance responses, resulting in oscillatory behaviour. One way to mitigate the effect of de-
graded communications would be to extrapolate other swarm member positions based on last known
state and known mission parameters. The performance of the algorithm is sensitive to the selection
of tuning parameters such as avoidance gain and desired separation. Higher avoidance gains when
preforming formation flight can also lead to oscillatory behaviour.

The trade-off between computational efficiency and optimality is evident in the observed performance.
The reactive, myopic nature of the algorithm enables low computational cost and scalability, with com-
plexity growing linearly with swarm size. However, this comes at the expense of increased steady-
state tracking error and the potential for oscillatory behaviour in scenarios involving competing objec-
tives, such as formation control.

Overall, the results indicate that the proposed algorithm is well-suited to low-cost UAV platforms
operating under constrained communication and computational conditions. A key outcome is that
the demonstrated behaviours were achieved without modification to the core algorithm, requiring
only changes to vector definitions and parameters to achieve a range of mission objectives. This
modularity allows for a general purpose guidance algorithm implementation for UAV swarming.
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7. Conclusions

This paper presents a computationally efficient, distributed swarm guidance algorithm designed for
implementation on low-cost, resource-constrained UAVs. The core contribution is a modular vector-
field-based framework that enables decentralized coordination without requiring global trajectory
planning or computationally expensive prediction methods. Each UAV independently computes its
desired motion by combining three types of vector fields: a target vector for nominal trajectory track-
ing, agent vectors for collision avoidance (and optionally cohesion), and objective vectors to achieve
higher-level swarm behaviours.

The algorithm extends classical vector field methods by allowing multiple vector components to be
combined, enabling flexible mission design. Importantly, it maps resultant vector magnitudes to fea-
sible airspeed commands while enforcing platform constraints, ensuring effective operation on fixed-
wing UAVs. The approach is reactive, avoiding receding-horizon optimization, which keeps computa-
tional complexity low, scaling linearly with swarm size, and is suitable for onboard execution.

Simulation results using ArduPilot SITL demonstrate the algorithm’s effectiveness across several sce-
narios: collaborative circular loitering with equiangular spacing, line astern and line abreast formation
flight with waypoint-based transits. In loitering tasks, UAVs achieved near-uniform angular separation
(=~ 1 deg mean error) and maintained low cross-track errors (= 4.5 m), while dynamically adjusting
speed to coordinate spacing. Formation flight simulations showed accurate path tracking but revealed
oscillatory behaviours caused by competing attractive and repulsive vector components, highlighting
tuning trade-offs.

Flight tests with fixed-wing UAVs validated real-world performance, confirming the emergence of sta-
ble, collision-free behaviours such as formation maintenance and cooperative loitering. Notably, the
system exhibited beneficial emergent dynamics, such as sinusoidal approach trajectories to enable
efficient formation merging that respect airspeed constraints. This emergent behaviour arise form
the interaction of vector components and highlights the ability of the framework to generate feasi-
ble trajectories under the system constraints. The approach proved robust to limited communication
bandwidth, though performance variability increased under communication delays. During flight test
the vehicles travelling in circular trajectories achieved cross-track errors between ~7 m and =~ 15 m,
whereas for straight line trajectories cross-track error was between 0.5 m and 2.4 m during conver-
gence.

Future work will focus on improving robustness to communication delays, for example through state
extrapolation or filtering techniques, and refining objective vector formulations to reduce oscillatory
behaviour in tightly coupled formations. To optimize the performance of the algorithm, platform-
specific models will be used in SITL to reduce the sim-to-real gap to enable the deployment of algo-
rithms and gains directly from a simulated scenario to flight test.

Overall, the results demonstrate that complex swarm behaviours such as persistent observation, for-
mation flight, and adaptive coordination can be achieved using lightweight, decentralized algorithms
suitable for low-cost UAV platforms, with strong potential for scalable, real-world deployment.
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