'.) Check for updates

Received: 29 July 2022 | Accepted: 18 November 2022

DOI: 10.1111/2041-210X.14049

Methods in Ecology and Evoluti Eggﬁ%‘“

PERSPECTIVE

Biologically inspired herding of animal groups by robots

Andrew J. King' ® | Steven J. Portugal®>® | Daniel Strombom® | Richard P. Mann* |
José A. Carrillo®> | Dante Kalise® | Guido de Croon’ | Heather Barnett® | Paul Scerri’ |
Roderich GroR'® | David R. Chadwick!! | Marina Papadopoulou?

1Department of Biosciences, Faculty of Science and Engineering, Swansea University, Swansea, UK; ’Department of Biological Sciences, School of Life

and Environmental Sciences, Royal Holloway University of London, Egham, UK; ®Department of Biology, Lafayette College, Easton, Pennsylvania, USA;
“Department of Statistics, School of Mathematics, University of Leeds, Leeds, UK; *Mathematical Institute, University of Oxford, Oxford, UK; °Department of
Mathematics, Imperial College London, London, UK; ’Faculty of Aerospace Engineering, Delft University of Technology, Delft, The Netherlands; 8Central Saint
Martins, University of the Arts London, London, UK; 9Perceptronics Solutions, Los Angeles, California, USA; 10Department of Automatic Control and Systems
Engineering, The University of Sheffield, Sheffield, UK and **Environment Centre Wales, School of Natural Sciences, Bangor University, Bangor, UK

Correspondence
Andrew J. King Abstract
Email: a.j king@swansea.ac.uk 1. A single sheepdog can bring together and manoeuvre hundreds of sheep from
Funding information one location to another. Engineers and ecologists are fascinated by this sheep-
Office for Naval Research (ONR)

Global Grant, Grant/Award Number:
N629092112030 inspired herding of animal groups by robots. Although many herding algorithms

dog herding because of the potential it provides for ‘bio-herding’: a biologically
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2. There are a variety of ecological problems where management of wild animal
groups is currently impossible, dangerous and/or costly for humans to manage
directly, and which may benefit from bio-herding solutions.

3. Unmanned aerial vehicles (UAVs) now deliver significant benefits to the economy
and society. Here, we suggest the use of UAVs for bio-herding. Given their mobil-
ity and speed, UAVs can be used in a wide range of environments and interact
with animal groups at sea, over the land and in the air.

4. We present a potential roadmap for achieving bio-herding using a pair of UAVs.
In our framework, one UAV performs ‘surveillance’ of animal groups, informing
the movement of a second UAV that herds them. We highlight the promise and
flexibility of a paired UAV approach while emphasising its practical and ethical
challenges. We start by describing the types of experiments and data required to
understand individual and collective responses to UAVs. Next, we describe how
to develop appropriate herding algorithms. Finally, we describe the integration of

bio-herding algorithms into software and hardware architecture.
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1 | BACKGROUND

People have been attempting to control the movements of wild an-
imals for many centuries, with methods frequently being biologi-
cally inspired (Vincent et al., 2006). For example, scarecrows and
raptor models have been used to deter birds from farmland for over
3000vyears (DeVault et al., 2013; Haining, 1988; Marsh et al., 1992),
and people have used dogs to successfully herd livestock for more than
6000years (Coppinger & Coppinger, 2014). Today, efficient methods
for controlling or herding the movement of animal groups have the
potential to provide solutions to a variety of animal conservation and
management problems at sea (Frixione & Salvadeo, 2021; Horswill
et al., 2022), over the land (Fabregas et al., 2021; Jackson et al., 2012;
McKnight, 1995) and in the air (Allan, 2000; Nilsson et al., 2021).

At sea, herding bird flocks has the potential to reduce the negative
effects of seabird depredation on fish farms, which can account for
>53% of annual yields (Lekuona, 2002) and reduce bird wind-turbine
collisions at offshore electricity-generating wind farms (Desholm &
Kahlert, 2005). In the air, herding bird flocks away from airports may
prevent bird flock collisions with aircraft, estimated to cost the in-
dustry $1.2 billion worldwide (Allan, 2000) and resulting in human
casualties (Allan, 2000; Dale, 2009; DeVault et al., 2011). Over the
land, herding farm livestock can promote efficient use of pastures,
protect environmentally sensitive areas, provide ecosystem services
and increase profitability (Reichelt, 2018). Herding the movements
of free-ranging livestock and wildlife could prevent disease trans-
mission (Vercauteren et al., 2008) and mitigate carnivore-livestock
conflicts (Rust & Marker, 2013; Ugarte et al., 2019). However, it is
often costly, difficult and even dangerous for humans to directly
herd animal groups in many of the contexts mentioned above. This
has led to the proposal that herding can instead be performed by
robots (Strombom et al., 2014).

2 | HOW TO HERD ANIMAL GROUPS?

A major factor driving the evolution of collective behaviour across
different species is predation (Caro, 2005; Krause & Ruxton, 2002;
Quinn & Cresswell, 2006). To avoid predators, members of large
groups modify their positions relative to each other, often de-
creasing their nearest neighbour distances (Cavagna et al., 2013;
Couzin & Krause, 2003; Hamilton, 1971; King et al., 2012; Quinn
& Cresswell, 2006). For example, sheep Ovis aries show a strong
attraction towards the centre of their flock when approached by a
herding dog Canis lupus familiaris (King et al., 2012). At the same time,
individuals may move away from the position or the approach direc-
tion of the threat (King et al., 2012; Sankey et al., 2021; Strombom
et al., 2014), as seen in homing pigeons Columba livia that quickly
turn away from the heading of an approaching aerial robot (Sankey
etal., 2021).

Knowledge of how individuals and groups respond to po-
tential threats can enable humans to control their movement.
Remote-controlled terrestrial or aerial robots have been used to

herd a variety of species (Evered et al., 2014; Li et al., 2022; Long
et al., 2020; Paranjape et al., 2018; Yaxley et al., 2021; Figure 1).
However, the person tasked with controlling the herding robot is
limited by what they see directly or via the robot camera system,
limiting their scope and applicability. To overcome the need for user
control and automate herding through autonomous robots, herd-
ing algorithms based on efficient herding strategies are needed.
Inspired by real-world data, a variety of general herding algorithms
have been developed (Adachi & Kakikura, 2006; Gade et al., 2015;
Bennett & Trafankowski, 2012; Miki & Nakamura, 2006; Strombom
et al., 2014). Unfortunately, due to the challenge of tracking and re-
sponding to wild animal groups in real time (King et al., 2018), most
algorithms are tested in computer simulations and have not yet been
applied in a real-world setting (though see Pfeifer et al., 1998).
Making a step towards automated herding in the wild, Strombom
and King et al. (2018) conducted laboratory tests using a feedback-
controlled, image-based, tracking system. To transfer their approach
to real-world settings, they suggested using pairs of robots. One
robot would collect images and generate information about the po-
sition and heading of the animal group. Based on this information,
this ‘surveillance’ robot should direct the behaviour of a second
robot, acting as the herder (Strombom & King, 2018). In this way,
the first robot should be aerial and optimised to collect visual data
and the second robot should be optimised for herding. We believe
that combining this approach with unmanned (or uncrewed) aerial
vehicles (UAVs) is a promising framework to achieve automated bio-
herding. We further provide a roadmap on how to realise it based on

our perspective.

3 | UAVs (DRONES) FOR BIO-HERDING

UAVs are being used as tools to support conservation efforts
in a wide range of environments (Sandbrook, 2015; Schroeder
et al.,, 2019; Weston et al., 2020): their speed and mobility make
them an ideal robot to follow and interact with animal groups at sea,
over the land and in the air, that is, to herd them (Figure 2). Here,
we break down this task of bio-herding using UAVs into three steps:
(1) system understanding, (2) model development and (3) system in-
tegration. First, empirical data should be collected and analysed to
provide information on the response and interaction of focal animal
groups with UAVs. These data can then be used to develop theo-
retical models of herding and any specific design features of herd-
ing UAVs. The models can then be refined via model inference and
selection to create algorithms that will be integrated into software
and hardware, setting up the architecture for flying teams of ‘surveil-
lance and herding’ UAVs. We review each stage in more detail below.

3.1 | Understanding of the system

Before trying to herd any animal group, it is necessary to quan-
tify their basic responses to UAVs (Yaxley et al., 2021). Through
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FIGURE 1 Robots herding animal groups. (a) A robot dog (‘Spot’), developed by Boston dynamics (Spot®—The Agile Mobile Robot),
being remotely controlled to herd sheep in New Zealand (Cuthbertson, 2020, photo credit: Rocos). (b) Unmanned Aerial vehicle (UAV) being
experimentally used by researchers at the University of Kentucky (University of Kentucky, 2018) to monitor herds of cattle in the United
States (photo credit: Alamy stock photo). (c) A drone flying over a flock of birds. Robotic herding of bird flocks has been tested using a UAV
by researchers at Imperial College London and the Korea Advanced Institute of Science and Technology (Paranjape et al., 2018).

(d) A remotely controlled robotic falcon (the ‘RobotFalcon’), developed by Robert Musters (Roflight—Avibird) at the University of Groningen
(Hemelrijk), chasing a flock of homing pigeons (Sankey et al., 2021; photo credit: Marina Papadopoulou).

Surveillance UAV

FIGURE 2 Bio-herding. Unmanned aerial vehicle (UAVs) for bio-herding in different contexts, where a surveillance UAV records the
position and heading of animal groups and informs the behaviour of the herding UAV to manoeuvre the group. Examples shown: (a) At
sea, herding bird flocks to reduce the negative effects of seabirds on fish farms, and reduce bird wind-turbine collisions. (b) Over the land,
herding livestock and wildlife for ecosystem services and mitigate carnivore-livestock conflicts. (c) In the air, herding bird flocks away from
specific urban areas and away from airports to prevent bird flock collisions.

a series of experiments, detailed data on the position and behav-
iour of individuals in response to human-controlled UAVs can be
collected, for example, by fitting individuals with GPS and motion
sensors (Figure 3a), as has already been done for flocks of sheep
(Figure 3b,c) and pigeons (King et al., 2012; Sankey et al., 2021).
For cases where mounting loggers to animals is not possible, sets
of stationary cameras or quadcopter drones can be used to record
individual and collective responses. Robust data can then be col-
lected through tests varying the velocities and approach strate-
gies of the UAV, as well as with animal groups of different sizes,
geometry and density.

Understanding habituation of animals to the initially novel stimu-
lus of a UAV in the short term and long term is also key to developing
systems that work reliably. Existing data give somewhat contradic-
tory information. Experiments with ground-based robots for herd-
ing sheep, for example, have shown significant habituation of the
animals with the robot shepherd, compared to the presence of a real
sheepdog (Evered et al., 2014). Flocks of birds do not always react to
drones that show little resemblance to a predator (Egan et al., 2020),
and in some cases even show aggressive behaviour (mobbing) to-
wards drones (Frixione & Salvadeo, 2021). However, when a robotic
falcon (Figure 1d) was presented to flocks of birds, responses to the
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FIGURE 3 Real-world data. (a) A sheep wearing a datalogger (photo credit: Andrew King). (b) Example of the response of a flock of sheep
to threat, with the mean distance of 46 sheep from the centroid of the flock (m) plotted as a function of the distance from an approaching
herding dog (m). Time (t1) indicates when the flock identifies the herding dog. (c) Movement of 46 sheep relative to their flock centroid as
a function of time after identifying a herding dog (time t1). Sheep are ordered by initial distance from flock centroid. Data in (b) and (c) are

from King et al. (2012).

robot predator were stable over time (Sankey et al., 2021; Storms
et al., 2022). Herding methods should thus be developed and refined
through preliminary tests to be species specific and context specific.
For example, ‘barking’ drones were designed and used to herd farm
animals (Li et al., 2022) after discovering that sheep react to auditory
cues when approached by a drone, making their herding more effi-
cient (Yaxley et al., 2021).

3.2 | Development of bio-herding models

Once data on animal groups' reactions to UAVs have been collected,
researchers can then use these individual-level and group-level ob-
servations to produce data-driven models. These models should
quantify how individuals interact with each other and respond to
each other (Papadopoulou et al., 2022a), and to UAVs (Papadopoulou
et al., 2022b; Sankey et al., 2021).

In the case of interactions with each other, while interactions
will vary by species and context (Ballerini et al., 2008; Evangelista
et al., 2017; Ling et al., 2019), most models of collective motion are
based on the balance of attraction, repulsion and alignment of group-
ing individuals (Carrillo et al., 2010; Couzin & Krause, 2003; Hemelrijk
& Hildenbrandt, 2012; Papadopoulou et al., 2022a; Strémbom
et al., 2014). However, existing herding models only include the
standard alignment interaction between neighbours within the ani-
mal group which can limit their applicability (Cucker & Smale, 2007,
Motsch & Tadmor, 2014). Therefore, a successful bio-herding model
must be selected after exploring a variety of modelling approaches
from collective behaviour, with agents constantly or intermittently
moving (Strombom & Tulevech, 2022) and being attracted to each
other's current (Strémbom et al., 2019) or future position (Bailo
et al., 2018; Gerlee et al., 2017; Strémbom & Antia, 2021).

In the case of interactions with UAVs, agents are typically
programmed to show simple repulsion from potential threats

@ Herding UAV trajectory

@ Individual starting positions
Individual final positions
Target destination
Individual trajectories

&

FIGURE 4 Example of a bio-herding model. The figure
represents an output of a simulation of interactions between a
group of 20 agents (animals) and a herding agent (unmanned aerial
vehicle [UAV]) following a simple ‘predator-swarm interaction’
model proposed by Chen and Kolokolnikov (2014). The animals
move based on attraction and short-range repulsion forces among
them (to stay together, but also avoid colliding with each other),
while also being repulsed by the UAV. The animals' repulsion from
the UAV follows a power law, so the repulsion force decays at large
distances. The UAV trajectory (dark blue) is determined using a
particle swarm optimisation algorithm (MATLAB & Simulink, 2022;
Kennedy & Eberhart, 1995) that attempts to steer the animals to
the target zone destination in a minimum amount of time. The
animal starting positions are shown by red-filled circles, their
trajectories in grey and their final positions are shown by light blue-
filled circles.

(Kolokolnikov et al., 2013; Strémbom et al., 2014). Animal behaviour
studies can again offer insight into potential modelling rules, for
instance, through experiments of fish shoals interacting with bio-
logically inspired and interactive robotic predators (e.g. Polverino
et al., 2019, 2022). However, the interaction dynamics of a herding
robot will need to be different to a natural (or simulated) predator,
since the goal of bio-herding is to keep the group together and ma-
noeuvre it, while a predator's goal is typically the opposite, to break

85U8017 SUOLILLOD BA 81D 3|geojdde sy Ag peusenob afe sejoie VO ‘88N Jo se|n. Joj AriqiT8UIIUQ /8|1 UO (SUORIPUOD-pUR-SWBIW0D A8 | 1M A1 Ul |UO//SdNL) SUORIPUOD PUe SW | 84} 89S *[£20Z/TO/ET] Uo ARiqiauluo A8|IM ‘B9 1 Ad 6Y0VT  XOTZ-T0Z/TTTT OT/I0p/Wod AS|IM ARIq 1 BulUO'S [eUIN0Esq//SdNy Wiy papeojumod ‘0 ‘X0TZTH0Z



KING ET AL.

Methods in Ecology and Evolution 5

up groups and isolate individuals as prey (Zoratto et al., 2010). We
suggest that optimal control theory (Bailo et al., 2018; Totzeck &
Pinnau, 2020) may provide a useful framework to generate heuristic
rules for the herding strategy of a UAV. For example, we present a
herding simulation in which a group of 20 agents interact through
attraction and repulsion forces and show repulsion from a UAV
(Figure 4). In this scenario, the trajectory of the UAV is determined
by a computational optimisation procedure in real time.

Choosing the ‘best’ model for a UAV to follow and herd real
animal groups will necessarily require some systematic testing and
refinement, but Bayesian inference and model selection will speed
up this process (Mann et al., 2013). This approach selects models
best supported by the data, by specifying a likelihood function (the
probability of the data conditioned on a specific model parameter-
isation) and averaging over the possible parameter values using an
appropriate prior distribution to give the marginal likelihood, a mea-
sure of model fit that accounts for uncertainty in model parameters,
such that different models can be fairly compared (MacKay, 2003 ).
Theoretical reasons to favour one model over another can be incor-
porated as differing prior probabilities on the models themselves,
or more usually these can be equally weighted a priori to give a
posterior probability for each model proportional to the marginal
likelihood. Bayesian inference can also be used to evaluate the pos-
terior distribution of the parameters within a candidate model, iden-
tifying areas of remaining uncertainty, and assisting in the design of
new tests to reduce this uncertainty in the most efficient manner
(Garnett, 2023).

3.3 | Integration of the system

Once herding algorithms are developed, these can be integrated
into software and hardware architecture for pairs of UAVs.
Following our perspective of using two UAVs, suitable software
integration and automation already exist (Kangunde et al., 2021).
There are open-source autopilots for managing the basics of keep-
ing the two UAVs in the air, including take-off, landing, loitering
and flying to waypoints (Day et al., 2015). A ground control station
would be needed to communicate between the two UAVs. The first
UAV would be optimised to collect visual data, providing informa-
tion on the formation and dynamics of the group and the relative
position of the group to the second UAV. Based on the data fed to
the control station, the herding UAV would then be instructed to
move towards the next herding-efficient position. Both UAVs can
be updated at frequencies greater than 1 Hz, which should allow
any algorithm to be rapidly integrated and fed to the herding UAV.
This process continues until the group has been moved to a pre-
assigned location (for example).

The greatest challenge we foresee at this stage relates to the
complexity of the computer vision routines necessary to track an-
imals in the field (the job of the surveillance UAV). This is one of
the reasons we have proposed a dedicated surveillance UAV—it
would take a distant position to optimise the collection of this

information (while the herding UAV would likely be closer and
with poorer view). Even with a surveillance UAV positioned with a
good view of the animals, the perceptual capabilities to detect the
animals will be different depending on the context. Walking ani-
mals can likely be detected and tracked successfully with proven
techniques from computer vision (Redmon et al., 2016). However,
flying animals represent a greater challenge in this respect, as they
are typically smaller, faster and can be in any direction around
UAVs (also challenging its positioning). This may require faster
cameras (Gallego et al., 2022) with wide field of view, in combi-
nation with active vision strategies (where cameras scan for new
information) to avoid a computational effort that is too large. In
contexts where partial occlusions are possible (e.g. in the air), ad-
ditional methods may need to be developed, especially if the algo-
rithms chosen (above) require information like velocity or heading

direction to be estimated.

4 | CHALLENGES AND ETHICS

In our proposed framework, we have focussed on UAVs because they
provide a flexible solution across a variety of contexts. However,
there are challenges with the use of UAVs. The nature of these prob-
lems highly depends on the system under examination, but in all
cases, it is important that researchers consider both the human and
wildlife population related to it. Any use of a UAV will require adher-
ing to local Civil Aviation Authority regulations, and any research on
wildlife will require local ethical approval and must follow ethical and
welfare guidelines for the treatment of animals in research (Stocker
etal., 2017; Vas et al., 2015).

When using UAVs to mitigate negative human-wildlife interac-
tions (e.g. keeping wildlife away from crops or predators away from
livestock), there are further ethical concerns regarding the effect of
UAVs on the animals they are herding and the local ecosystem. First,
the artificial noise of drones may alter the natural behaviour of the
target animals, causing vigilance (Schroeder et al., 2019) or induc-
ing stress (Scholten et al., 2020; Yaxley et al., 2021), and may have
secondary effects for other species locally (Brunton et al., 2019;
Weston et al., 2020). Further research is necessary to minimise
these effects. Second, strict legislation should be in place regarding
which species can be targeted. If deterring a ‘pest’ species affects its
foraging and ability to meet energy demands, there can be undesir-
able negative effects for local populations, especially if the species
is of conservation value or important from an ecosystem services
perspective (Scott et al., 2010; Tauler-Ametller et al., 2017; Zaitzove-
Raz et al., 2020).

In settings where wildlife and humans coexist, the operation of
UAVs can cause conflicts with civilian privacy and raise complaints
(Ly & Ly, 2021; Sandbrook, 2015). To counteract this, researchers
must engage early and closely with end users and the public so that
all parties understand the use and value of UAVs (Sandbrook, 2015).
In addition, in professional settings, such as airports, flying auto-
mated UAVs during operational hours can cause conflict with air
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traffic and security (Shvetsova & Shvetsov, 2021). In civil airports,
aerial traffic rules may need to be redesigned to allow for smooth
coexistence of aircrafts and drones (Shvetsova & Shvetsov, 2021;
Wang et al., 2020). In military airbases, the sensory systems on
drones should be well protected to avoid security breaches (Ly &
Ly, 2021).

Finally, the perspective we present here focuses on using UAVs
as threats and assumes that animal groups respond primarily via vi-
sual cues, allowing us to apply the perspective presented across dif-
ferent species and contexts. Of course, this is an oversimplification.
Regarding the stimuli provided by UAVs, researchers should consider
a variety of stimuli that could be delivered by UAVs and their effects
on the response of the animals. Apart from using UAVs as a threat,
there is also potential in using robots that look like conspecifics to
lead/guide groups (as opposed to repelling them) or provide attrac-
tive stimuli (e.g. food) to move groups around. This approach may be
favourable in situations for which ethical concerns mentioned above
apply. We encourage researchers and users to consider these op-
tions, but in-depth discussion is beyond the scope of this focussed

perspective piece.

5 | CONCLUSIONS

Although there are challenges to the use of UAVs for bio-herding,
their potential is huge. We suggest that flying teams of ‘surveillance
and herding’ UAVs, following state-of-the-art herding algorithms in-
formed by empirical data of animal collective behaviour, could ma-
noeuvre large groups of animals, solving a variety of human-wildlife
problems that are currently costly, dangerous and even impossible
for humans to deal with directly. Our roadmap provides some prin-
ciples on how to achieve this. We look forward to future, detailed
taxa- and species-specific protocols for the development of robust

bio-herding systems.
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