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Abstract

Since the very earliest days of the human race, people have been studying animal behaviours.
In those early times, being able to predict animal behaviour gave hunters the advantages
required for success. Then, as societies began to develop this gave way, to an extent, to
agriculture and early studies, much of it trial and error, enabled farmers to successfully breed
and raise livestock to feed an ever growing population. Following the advent of scientific
endeavour, more rigorous academic research has taken human understanding of the natural
world to much greater depth. In recent years, some of this understanding has been applied to
the field of computing, creating the more specialised field of natural computing. In this arena,
a considerable amount of research has been undertaken to exploit the analogy between, say,
searching a given problem space for an optimal solution and the natural process of foraging
for food. Such analogies have led to useful solutions in areas such as numerical optimisation
and communication network management, prominent examples being ant colony systems and
particle swarm optimisation; however, these solutions often rely on well-defined fitness
landscapes that may not always be available. One practical application of natural computing
may be to create behaviours for the control of autonomous vehicles that would utilise the
findings of ethological research, identifying the natural world behaviours that have evolved

over millennia to surmount many of the problems that autonomous vehicles find difficult; for

example, long range underwater navigation or obstacle avoidance in fast moving
environments.

This thesis provides an exploratory investigation into the use of natural search strategies for
improving the performance of autonomous vehicles operating in a search role. It begins with a

survey of related work, including recent developments in autonomous vehicles and a ground
breaking study of behaviours observed within the natural world that highlights general
cooperative group behaviours, search strategies and communication methods that might be
useful within a wider computing context beyond optimisation, where the information may be
sparse but new paradigms could be developed that capitalise on research into biological
systems that have developed over millennia within the natural world. Following this, using a
2-dimensional model, novel research is reported that explores whether autonomous vehicle

search can be enhanced by applying natural search behaviours for a variety of search targets.
Having identified useful search behaviours for detecting targets, it then considers scenarios

where detection is lost and whether natural strategies for re-detection can improve overall
systemic performance in search applications.

Analysis of empirical results indicate that search strategies exploiting behaviours found in
nature can improve performance over random search and commonly applied systematic
searches, such as grids and spirals, across a variety of relative target speeds, from static targets

to twice the speed of the searching vehicles, and against various target movement types such
as deterministic movement, random walks and other nature inspired movement. It was found

that strategies were most successful under similar target-vehicle relationships as were

identified in nature. Experiments with target occlusion also reveal that natural reacquisition
strategies could improve the probability of target redetection.

vi



Preface

Several journal publications have been produced based on the material in this thesis. Initially,
a two-part survey of Particle Swarm Optimisation exploring the development of the field and
indicative applications was published in Natural Computing (Banks ef al. 2007 and 2003a).
Following this, a study into the application of findings from ethological research into search
behaviours to artificial search problems, also published in Natural Computing (Banks e al.,
2008c), which forms a large component of background material. During this time, an article
exploring the application of particle swarms in the guidance of autonomous unmanned aerial
vehicles was published by the Royal Institute of Navigation (Banks et al., 2008b), based on
the author’s previous work that led to this thesis; this article was awarded the Royal Institute
of Navigation’s prestigious Michael Richey Medal for the best article published in The Journal
of Navigation throughout 2008. More recently, this was further developed to include the
nature inspired search at the centre of this thesis, once again published by the Royal Institute

of Navigation (Banks and Vincent, 2009), and covering much of the method and findings
reported here.
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Banks A, Vincent J and Anyakoha C (2008a). A review of particle swarm optimisation. Part

II. hybridisation, combinatorial, multicriteria and constrained optimization, and indicative
applications. Natural Computing, Vol. 7, No. 1, pp. 109-124. Springer.

Banks A, Vincent J and Phalp K (2008b). Particle swarm guidance system for autonomous,

unmanned aerial vehicles in an air defence role. The Journal of Navigation, Vol. 61, No.1, pp.
9-29. The Royal Institute of Navigation.

Banks A, Vincent J and Phalp K (2008c). Natural strategies for search. Natural Computing.
Springer.

Banks A and Vincent J (2009). Exploring the performance of natural search strategies for the
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1 Introduction

In a recent article to mark 100 years of British aviation (Aerospace International, 2008), a
selection of leading aviation stakeholders were invited to predict its development over the
next century. Perhaps unsurprisingly, autonomous behaviour featured among several of the
opinions, including: “In the long term self-organising ‘swarms’ of military ‘aircraft’ will
become feasible. Even more of the battle will become electronic rather than physical.” (Alex
Dorien, chief executive, Thales UK). In a recent submission to the House of Commons
Defence Select Committee, the Royal Aeronautical Society (Royal Aeronautical Society,
2008) called for a commitment to the development of unmanned aerial systems in general.

With respect to autonomy, the Society argued that, whilst it could reduce costs, it could also

reduce communication bandwidth requirements, which in operational theatres can be

problematic for other users and applications.

As acceptance of unmanned vehicle use grows, however, the need to provide autonomous
behaviours has increased. For example, it was recently reported (Reilly, 2008) that Irish
peacekeepers working in Chad had lost a non-autonomous UAV due to a communications

failure. The default behaviour for the vehicle under such circumstances was to return to its

operating base; however, it is believed that operators may have failed to update the home
coordinates following training sorties in the Republic of Ireland. Following the failure, it is
believed that the vehicle attempted to return to a base several thousand miles beyond its
maximum operating range. Had the vehicle been capable of operating autonomously,

communication loss would have been less problematic; the vehicle could have completed its

mission, which would have included a final destination, usually its operating base.

The field of Natural Computing is increasingly being utilised by engineers and scientists
wishing to find acceptable solutions to problems that are intractable using conventional
processes that would otherwise require prohibitive computing resources. Such problems are
often, though not exclusively, formulated as search problems. Generally, an acceptable
solution is discovered in the following manner: an initial position is identified in the search
space (typically at random), and its acceptability assessed through the application of a fitness
function; a position change strategy, consistent with the paradigm in use, s then iteratively

applied with the hope of improving the solution quality; the final solution is identified either

through achieving an acceptable level of fitness or on the completion of a preset amount of
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computation (either chronologically or in terms of the number of cycles executed). Examples
of such approaches include inter alia evolutionary algorithms (Friedberg, 1958), which
further inspired techniques such as genetic algorithms (Holland, 1962 and 1975);
evolutionary strategies (Rechenberg, 1965); evolutionary programming (Fogel et al., 1964)

and, more latterly, genetic programming (Koza, 1992); ant colony systems (Colomi et al.,

1991), and particle swarm optimisation (Kennedy and Eberhart, 1995).

Sometimes, however, the search landscape is very flat. That is, the information returned by
the fitness function is of little use until the selected position is within a given distance of a
local or global optimum. In such circumstances the techniques typically associated with
optimisation may not be viable, since they often rely on informative landscapes to guide
search progress. A synthetic example might be the well-known multimodal test function
referred to as Shekel’s Foxholes, as incorporated into the five function test suite used by De
Jong (1975) in an early exploration of the properties of genetic algorithms, whilst an
application example might be autonomous robots searching for avalanche victims (Sandia
National Laboratories, 2001). In other cases, the target may not be static, or may be actively
trying to avoid detection, such as in a wide area security patrolling system (Sandia National
Laboratories 2001). In such cases, a random walk or a deterministic search pattern may prove
to be ineffective or inefficient, hence, the need to consider alternative search strategies.

Therefore, this thesis considers search in a broader sense than just optimisation and, although

many of the techniques may be applicable to optimisation problems, some are only of interest
in the more general search problems where a paucity of information may exist, such as might

be encountered by autonomous agents in a real-world scenario. Further, autonomous agents

must also be able to communicate their findings to the group. In a perfect world this is a
fairly simple requirement, but in harsh environments where, for example, the physical

landscape or electromagnetic interference are problematic, the group of agents may require
alternative techniques.

1.1 Aim

The aim of this work is look to nature and the search strategies that have evolved over

millennia to produce the effective predatory behaviour observable today, apply them in a
simulated environment and assess whether such strategies could be used to guide autonomous

vehicle search. This does not suppose that there is one strategy for all occasions, but, where
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there is a priori knowledge regarding the type of targets expected to be encountered, nature

may well have already developed an effective solution. Where a priori information 1s

unavailable, then it may be useful to have an array of strategies that can be selected according

to environmental information, either sensed by the vehicle (or, more generally, ‘agent’) or

passed to it by a cooperating ally.

1.2

Motivation

As enabling technologies advance, the field of autonomous vehicles is developing rapidly,
targeting a variety of applications and operating in a wide range of environments that are
difficult, dangerous or mundane for humans. Further, autonomous vehicles are increasingly

being utilised where existing control paradigms have been recognised as providing sub-

optimal solutions to modern problems. For example, where vehicles become too difficult for
direct human control (Robinson, 2006) or provide inappropriate strategies (Miasnikov, 2005).
The benefits are such that a great deal of effort is being applied to their development;
however, as the drive to push the boundaries of autonomous vehicle behaviour continues,
real-world considerations continue to restrict levels of autonomy. At the forefront of such

considerations are the difficulties encountered in building the real-time models of the

environment, that are needed to plan forthcoming behaviour, caused by imperfect sensors and

/ or communications with cooperating agents.

The developing field of autonomous defensive system control is vast with many facets; the
motivation for this work is to develop robust strategies that may lead to systems that require
minimal human intervention and also reduce inter-agent communication levels and, where
sensing difficulties are such that target detection is lost, the system can produce appropriate
behaviour to recover. Instinctively a developer of such a system may attempt to coordinate
secarch agents to provide efficient coverage of the search area; this may have several
weaknesses that could be exploited by an intruder, such as predictability (Gage, 1990) and a
dependence on reliable communication, for example (Jin et al., 2006). This latter point was

also highlighted in a NATO technical report (NATO, 2003) that looked at urban operations in

the future; in the report, potential counter-measures against all envisaged platforms are

presented and all autonomous vehicles included susceptibility to communication jamming.

Autonomous vehicles are often considered for military roles, and such a system should be

able to operate under a variety of defender / attacker relationships from stationary targets to
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those capable of operating several times faster. Defenders should be able to effectively locate
targets, cooperate only when necessary (minimising communication requirements) and react
intelligently where initial detection is lost, since real world sensors are not perfect. Nature has
developed effective strategies to secure food supplies from a given environment and this
work considers some of these as underlying metaphors to provide simple yet etfective
(defensive) search strategies. This does not suggest that the strategies developed are optimal

in a perfect world but that they could offer alternatives for difficult environments or potential

reversionary modes to support more elaborate systems.

1.3 Application

Perhaps the most obvious application of this research is in the defence sector; returning to the
British aviation industry’s vision of the future (Aerospace International, 2008), the uptake of
autonomous behaviour such as that described in this work may not only be a technological

challenge. Sir Brian Burridge’s view of the future envisages autonomous behaviour for civil

applications but warns that military applications ‘...will be limited by the appetite (or

otherwise) in international law for robotic warfare...’. Such ethical arguments are beyond the

scope of this work, since its findings are not restricted to combative military applications.
Indeed, the findings of this research would, it is envisaged, be applicable to a wide range of
autonomous search applications. Examples that could benefit include: ship hull inspection
(Reed et al, 2006), which is an application that is increasing its use of Unmanned
Underwater Vehicles (UUVs) to avoid dangerous manual inspection by human divers; and

odour location applications, where research has generally concentrated on tracking plumes

rather than on initital detection, a recent example being the odour plume tracking algorithms
described by Lochmatter and Martinoli (2008).

1.4 Contribution to Knowledge

This research represents the first comprehensive study of the application of natural search
strategies to the navigation of autonomous agents in an area that does not contain information
concerning the existence or whereabouts of targets. Whilst there is a wide range of biological
literature, the consideration within the computing field has been largely restricted to a few
well known natural phenomena, such as evolution, swarming, and ant colony behaviour. This

work goes beyond this by exploring a wide range of natural search behaviours and
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considering how they may be exploited in a natural computing context. Hence, the

investigation of natural search behaviours is particularly novel.

This work also presents the first study of its kind into the properties of natural search when

applied to autonomous agents working under a variety of target / agent relationships; these

may be utilised as primary search navigation mechanisms or as reversionary systems where

coordinated search breaks down due to environmental issues such as high levels of electro-
magnetic noise that may make communication problematic. They could also be used 1n
conjunction with existing bio-inspired autonomous vehicles to improve initial location of
sensory information; for example, a robot with chemical odour source location behaviours
must first locate a trace of the odour. The findings of this research, applying the natural
search behaviours to a simulation of agent based search, are a novel contribution, and cannot
be found within the existing body of knowledge. Additionally, the development of a systemic

working memory provides new behaviours that could assist groups of autonomous agents in

the redetection of targets that have escaped or been lost from previous detection.

1.5 Thesis Overview

Sections 2 and 3 review related research. Section 2 considers recent developments within the
field of autonomous vehicles, establishing the context for this work. Section 3 then explores a

wide range of natural search behaviours, drawing on the biological literature and considering

this in a computational context. Finally, natural solutions to prey reacquisition are examined.

Section 4 outlines the research method, first discussing the approach to the aims of this

research, to assess whether natured inspired search behaviours may be useful in an artificial

agent based system. A simulation environment is presented as a means to assess the search
behaviours, and search algorithms and performance metrics are described. An outline of the

empirical study is presented along with findings from configuration / tuning procedures.

Section 5 presents the research findings for a range of agent and target configurations,

considering static targets, dynamic targets, search space coverage, energy consumption and

finally the predictive memory system that addresses target reacquisition when targets are lost,

for example, through limited sensor capabilities or occlusion.

Section 6 provides a discussion of the research findings, whilst Section 7 concludes and

Section 8 suggests areas of further work.
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2 Recent Developments in Autonomous Vehicles

Remotely controlled vehicles have been in operation for many years; however, more recently
there has been increasing interest in vehicles that operate autonomously. Despite their relative
youth, investment in the vehicles and related enabling technologies has been substantial, with
levels of permitted autonomy ranging from minor automatic assistance for remote human
operators to completely autonomous decision making. As part of ONERA’s (France’s Office
National d’Etudes et Recherches Aérospatiales) long term autonomous vehicle search and
rescue project (ReSSAC - Search And Rescue (SAR) with a Co-operative Autonomous
System) Fabiani ef al. (2007) describe a hierarchy of autonomy in which all air vehicles may
be located (see Figure 1), although similar hierarchies could be developed for all autonomous
vehicles. At the lowest level, only vehicle stabilisation is provided autonomously with the
human controller dictating the vehicle’s coarse grained movement remotely. This level is
satisfactory where time delays are not problematic and loss of communication with the
vehicle even for a short period is unlikely. However, time delays have been cited as the
rationale for increased levels of autonomy in British Aerospace’s jet powered Unmanned
Aerial Vehicles (UAVs) (Robinson, 2006). As the level of autonomy increases, the level of
human involvement is reduced. In terms of the control of faster, more complex, vehicles this

1s desirable since the risk of human error is reduced. However, this can introduce safety, as

well as ethical, problems, although these issues are beyond the scope of this review.

It is not the intention of this review to provide complete coverage of autonomous vehicle

development. Rather, the following sections will provide insight into recent state-of-the-art
developments and applications in the field, beginning with some developments in aerial,
ground, maritime and space vehicles before moving on to micro and nano vehicles. Finally,
the some of the comnerstone technologies associated with vehicle sensing, control and

communication are investigated to provide an insight in indicative technologies that could

enable the implementation of the autonomous behaviours described in this work.

6 of 240
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Figure 1. Levels of UAV autonomy and user interaction (adapted from Fabiani et al., 2007)

L evel of Autonomy
Level of Operator interaction

2.1 Aecerial Vehicles

The development of a complex system, such as an UAV, could be structured in a myriad of
ways. Hsiao et al. (2006) described the development of a small UAV that was capable of
beyond visual range autonomous flight. To achieve this, the system was divided into three
elements: the air vehicle; the onboard avionics; and the ground control station. The avionics
suite consisted of: an onboard computer (providing the autonomous control); GPS for
localisation; an air data sensor that was used to provide more accurate altitude and airspeed
data than could be provided by the GPS; an attitude-heading reference system; and an
actuator and servo control system. The autonomous controllers were further subdivided into
guidance, navigation and flight control. Due to safety considerations, tight flight envelope
restrictions were placed on the vehicle, which were acceptable for short range tests but
proved problematic for the long range over sea trial where, despite careful selection of
prevailing weather conditions, a reduction in engine power led to the test being safely aborted
due to the system not being able to maintain altitude. This highlights the difficulty in the

control of autonomous vehicles; in the presence of such uncertainty, they generally have to
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abort, whereas a human operator may be able to overcome the difficulty using a novel

approach.

Take-off and landing are amongst the riskiest activities for UAVs. Lange et al., (2008)
developed an autonomous landing system for multi-rotary wing UAVs that used optical
detection and identification of the landing site. Whilst other autonomous landing systems had
already been proposed, e.g. Saripelli et al. (2002), Lange et al.’s system had the advantage of
being able to detect the target from higher altitude and not requiring the landing target to be
fully visible. This was made possible by the use of a novel target consisting of unequally
sized concentric rings (i.e. differing ring thickness) which meant that targets large enough to
be seen from high altitude could also be detected at close range since the target identifier is

simply searching for a circle. Once a set of target rings have been detected, the vehicle

controller can then ascertain its height above the target by the ratio of the inner radius of the

outermost detected circle to its outer radius and control the vehicle landing accordingly.

In a further application of a vision-based system to facilitate UAV autonomy, Conte et al.
(2008) utilised geo-referenced images to provide reversionary vehicle localisation in the
absence of GPS. This was significant since most UAVs rely on GPS for navigation and where
the system becomes unavailable (due to failure or jamming) the UAV should be able to
continue with its mission or be able to navigate home. The reversionary system used data
from a standard IN system, air pressure sensor and vision system (replacing the GPS)
combined using a Kalman filter to provide vehicle state information. The positional data

provided by the vision system was produced by matching the video camera imagery with a

geo-referenced image database and visual odometer.

Temporary loss of GPS data and GPS latency (slow speed compared to IN data) was also
provisioned for in the lightweight inertial attitude and reference system developed by Jung

and Tsiotras (2007) for use in small scale UAVs (wingspan of approximately 50cm). In such

applications the processing power required for complex navigation systems is not available,

so the developed system reduced Kalman filtering dimensionality to reduce computational

overheads and used a simple magnetic compass to compensate for short term GPS loss.

For a search role, Quigley er al. (2005) developed a fixed wing mini UAV that applied a
spiral search pattern, having a focal point defined by the operator, for open area searching

and linear search for enclosed areas such as narrow valleys, although this latter element
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contained unresolved issues such as dealing with GPS loss generated by local landscape
features. In later work, Goodrich et al. (2008) applied the approach to wilderness search and
rescue where the operator defined waypoints were selected based on likely locations for the

target, these were then used by the UAV as the start of the spiral search. This general

technique was found to be unsatisfactory for some terrain and so other techniques were

investigated such as contour following.

2.2 Ground Vehicles

Although arguably operating in the least difficult environment, because failure of the vehicle
would be unlikely to result in its loss, safe operation of ground based vehicles can still be

problematic. Keviczky et al. (2006) investigated a Non-Linear Model Predictive Controller
(NLMPC) that had previously been presented by Borrelli et al. (2005) to assess the

approach’s performance in side wind rejection and lane changing on slippery surfaces. The
controller combined several models (such as vehicle properties, traction and cornering) to

successfully reject side winds of up to 10.1 m/s and perform double lane change manoeuvres
at vehicle speeds up to 17 mys.

Obstacle avoidance is not the only solution to dealing with complex and unstructured
environments, Vincent and Trentini (2007) defined a method for a robot (the Shape-shifting
Tracked Robot Vehicle, STRV) to learn to negotiate obstacles rather than avoid them. The
STRV utilised data from GPS, Inertial Navigation (IN) and laser range finder sensors for

localisation, vehicle movement sensing and to build a 3D picture of the terrain to be

negotiated respectively; further internal sensors provided track velocity and axle position
data.

The behavioural learning mechanism of the STRV consists of a two-stage reinforcement

learning architecture. In the first layer, information from the terrain mapping and IN were

input into the learning algorithm for computing axle angular position; the second layer then
selects additional behaviours from previously controlled runs based on obstacle recognition
(for example steps, ramp, etc). In the work reported the vehicle remained semi-autonomous
in that an operator controlled the direction of the vehicle; however, in the additional work

1dentified the authors advised that it should be equipped such that full autonomy should be

available should it be required (e.g. for reversionary control).
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Autonomous navigation of urban vehicles could be critical in addressing current issues
surrounding inner city congestion and pollution. Courbon et al. (2008) developed an efficient
visual memory management system that permits real-time navigation in a large-scale outdoor

environment, a university campus, using a single vehicle mounted camera and natural

landmarks.

Further recent developments in Autonomous Ground Vehicle (AGV) technology include
Ghumman et al.’s autonomous highway overtaking planning (2008), Kurt and Ozgiiner’s
(2008) hybridisation of a finite state machine controller with a continuous state controller to
improve vehicular control across a range of urban scenarios and Lee et al.’s (2009) utilisation

of an e. coli metaphor to develop a novel autonomous vehicle traffic data harvesting system.

2.3 Maritime Vehicles

The combination of unacceptably high diver casualty rates, increased need for integrated
force protection and waterside security, combined with advances in UUV technology have,
according to Reed ef al. (2006), been the driving forces behind an increased effort to provide
autonomous underwater surveys of artefacts such as pipelines and ship hulls. In their

automatic ship hull inspection system, a 3D model was produced of the hull using a Doppler

velocity log (DVL), which was then overlaid with a mosaic of imagery produced using a

Didson sonar camera. These techniques were facilitated by autonomous control and
navigation modules, the former utilising a modified Zeigler-Nichols method to maintain
constant position despite underwater currents and the latter uses a SLAM-RTS (Simultaneous
Localisation And Mapping - Rauch-Tung-Striebel) architecture that combined an extended

Kalman filter and a Rauch-Tung-Striebel smoother to conduct manually defined landmark to
landmark navigation.

The results of a practical application of an Autonomous Underwater Vehicle (AUV), named
Autosub, were recently reported by Nicholls et al. (2008), who utilised it to further the
understanding of the Fimbul Ice Shelf in Antarctica. Previously, scientific studies of ice melt
activity below the shelf had been very limited, restricted to ship based measurements along
the ice front, making ice bores on the surface and inverting glacialogical data. To give an
idea of scale, the AUV was small compared to manned vehicles, having a length of 6.8m and

0.9m diameter, with a range of 400km and maximum depth of 1600m. Navigation was

provided by a combination of GPS whilst on the surface and a combination of a downward
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looking Doppler system (when close to the seabed) and a Photonic IN system when beneath
it. To collate data, the AUV followed a pre-programmed route taking measurements using an
array of onboard sensors. Results of the study indicated that previous studies, made using
sub-optimal surface techniques, had been misleading and highlighted the need for a re-

examination of existing theories on the influence of the ice melt on the climatically important

Filchner-Ronne ice melt, which is further downstream of the study’s location.

2.4 Space Vehicles

Space exploration is an obvious application for autonomous vehicular technology, although it

does present its own difficulties such as, inter alia, relatively low processing speeds, gravity

and atmospheric pressure (in the case of planetary exploration).

The first autonomous spaceflight was performed in 1994 during the United States Air Force
Phillips Laboratory’s Technology for Autonomous Operational Survivability (TAOS)
program (Guinn et al., 1995). To provide orbit determination a combination of GPS and
positional information provided by a space ground link were fed to an autonomous navigation
system. This was improved on, in terms of level of autonomy and flight efficiency by a fully
autonomous system (Gurevich et al., 2000) that did not require updates from ground stations
(due to improved position prediction). The improvement in efficiency was gained due to the
satellite being able to fire its thrusters more often but with less power. Later, Wertz (2003)
described a fully autonomous navigation system that did not require an existing GPS
network, affording the possibility of using the system for autonomous inter-planetary
navigation and remote planet orbiting. This system used improvements in optical sensor
technology to identify planets and stars and then measured distance and inertial direction to a
nearby planet. This system was first used successfully in NASA’s Deep Space 1 (DS1)
mission, a high-risk technology test mission (Rayman et al., 2000), which used navigation

data that included all solar system planets (except Pluto) and a catalogue of 250,000 stars.

DS1 also conducted other autonomous behaviour tests: a beacon monitor that would check
for other spacecraft in the vicinity, where other spacecraft were detected the system would
apply a less demanding protocol for mission reporting thus reducing communication network

load; a high-level remote agent was also tested that operated a planning and scheduling

engine, which took vehicle measurements and re-planned to achieve high-level goals and
fault rectification.
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Closer to home, NASA’s Autonomous Sciencecraft Experiment, ASE, (Chien et al., 2005)
has been orbiting the Earth since 2003, utilising several autonomous components to analyse
world environmental data, such as earthquakes and volcanoes detected by onboard sensors,
and respond by replanning its activities to maximise observation and thus scientific returns of
the event. This 1s achieved through the application of a traditional three-layer architecture: at
the highest level of abstraction a mission planner schedules activity based on information
from scientific sensors and spacecraft monitoring (timescales being in the tens of minutes due
to limited spacecraft processor speeds); these plans are then fed to a spacecraft scripting layer
that responds within seconds to produce low-level commands to the conventional flight
software layer that responds reflexively. The advantage of this use of autonomous behaviour

is that the spacecraft can decide how to respond to target events and downlink data only when

necessary, thereby allowing the limited bandwidth to earth stations to be used more
efficiently.

Autonomous near-surface navigation in outer space presents additional difficulties to those
found in Earth based or low orbit satellite applications. Thakoor et al. (2003) applied a bio-
inspired approach, based on Dragonfly Ocelli eyes (that are dedicated to horizon sensing), to
develop a horizon sensing system for use in an attitude reference system to assist control of
UAVs that will explore the surface of Mars. The development is important to such missions
due to environmental differences on Mars, such as reduced pressure and gravity fields, that
render conventional attitude reference systems unusable. Where existing systems are viable
such as inertial navigation systems the Ocelli system was reported to be advantageous due to
its very small size and weight (quoted as being 40 times lighter than a comparative IN
system). The system is very simple and operates by measuring the difference in light between

two sensors each detecting UV and green light; the two light channels being spectrally

processed in opposition to filter potential bias inducing features such as the Sun or clouds.
Output from the system can then be fed directly to the control system to provide attitude

stabilisation in pitch and roll. An indicative application for such a referencing system might

be the Mars rotorcraft proposed by Young ef al., (2005) although the DelFly flapping MAV

(De Wagter et al., 2007) could offer an attractive alternative. The DelFly uses a conventional

lightweight camera, applying vision-based technology that stitches images of the horizon

together to form a 360° panorama, which when used in conjunction with a Sun detection

algorithm can then provide a reference system for the vehicle to follow.
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2.5 Micro and Nano Air Vehicles

Whilst other micro and nano vehicles are being developed, e.g. Bergbreiter and Pister (2007),

aerial vehicles (MAVs and NAVs), driven by an acceptance of the technology by military

forces around the world, have become the most commercially viable platforms.

Networks of autonomous vehicles are often limited by the communication networks in which
they operate; in a reversal of this Hauert er al. (2009) proposed a self-organising swarm of
MAVs to establish, and maintain, wireless communication networks in areas that would
otherwise be problematic due to factors such as remoteness. environmental features or
congestion of existing networks. Such factors can also make position sensing difficult (e.g.
GPS signals may not be available) and therefore a requirement for the system was that the

agents should be able to operate without externally provisioned positional information. To

overcome these challenging conditions, genetic algorithms were applied to evolve neural

controllers that could maintain vehicle positions such that the wireless network was

maintained. Following experimentation using the most evolved controller, several design
principles were identified: circular trajectories were the most efficient movement patterns to

maintain the network: disconnected MAVs should backtrack to attempt reconnection;

alternating disconnected and connected (with the
base station) phases provide the basis for
synchronisation; and MAVs that are connected to
both the base and user stations should follow the

smallest possible circular trajectories to maintain
the link.

The advantages of MAVs over conventional
vehicles are their ability to operate in locations not
viable for their larger counterparts. For example.
Honeywell (Honeywell, 2009) have developed a
MAV system called the T-Hawk (Figure 2) that
consists of a pair of duct fan operated vehicles.
each with an outside diameter of less than 36¢cm.,

meaning that an individual can carry one of the

pair in a backpack. However, the small size does Figure 2. Honeywell T-Hawk in operation.
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not mean a lack of functionality: the system consists of a pair of vehicles, one carrying an
electro-optical sensor and the other an infra-red sensor. They can operate under manual
control or fully autonomously, able to follow a route of up to 100 waypoints for 40 minutes,

due to a fully functioning flight management system containing an inertial navigation unit,

GPS. barometric altimeter and air data sensors.

Additionally, the size of MAVs can also allow operating features not possible for larger

vehicles. For example, Green and Oh (2006) developed a fixed wing micro UAV that can
transition from conventional horizontal thight to an autonomous vertical hover due to its
thrust to weight ratio of greater than one. This allows for the more efficient and speedier

flight associated with fixed wing vehicles, coupled with the flexibility offered by rotary wing

aircraft.

Powered by a miniature two stage rocket in its wing tip that provides a range of

approximately 1000m and a top speed of up to 10m/s, Lockheed Martin’s Maple Seed, as

shown in Figure 3, 1s arguably one of the most
novel NAVs under development to date
(reported by Lockheed Martin, 2007:
prototyping discussed by Jameson ef al., 2007).
[ts planned reconnaissance role 1s to be fulfilled
by a rotating camera module that maintains its

focus in flight and transmits video images back

to the operator in real-time. This module is

. Figure 3. Lockheed Martin’s Maple Seed NAV.
expected to be interchangeable for other

modules such as infrared imaging, biological and chemical sensors. Notably, whilst present

development 1s concentrating on individual vehicles, Lockheed Martin believes that the

power of the technology lies in the application of massively parallel autonomous swarms of

NAVs in the battlefield. Other recent advances in miniature technologies include the

development of tlocking in a swarm of mini-helicopters (De Nardi and Holland. 2007) and

autonomous glider perching (Cory and Tedrake, 2008).

2.6 Sensing, Controlling and Communicating

Where autonomous vehicles operate in well defined environments it may be possible for

them to simplify navigation through identifying, and reacting to. known landmarks: in
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complex environments this remains a non-trivial task. Vacek er al. (2007) investigated a
system for analysing markings on rural German roads to assist behaviours such as lane
changing, obstacle avoidance and turning off. Lane identification was the first stage in the
process and was achieved by defining four parameters associated with detection: longitudinal
offset of the vehicle with respect to the middle of the lane; rotational angle between vehicle
and lane; lane width; and tilt angle of the camera to the road surface. Each sample taken of
the road surface was then recorded in terms of these parameters and pattern matched against a
series of known cues such as lane widths and road edges. The weighted sums of all the
matches to cues were then tested against a threshold to decide whether a lane was being
followed. Once lane could be successfully followed using this technique road marking

analysis was accomplished based on two types of marking: lines and arrows. Lines were
analysed by overlaying orthogonal lines across detected lines and matching the number of
intersections (0, 1 or 2) with neighbouring orthogonal lines. Arrows were analysed by

bounding the detected marking, which occur in the centre of the road and once again pattern

matching. The system proved promising during trials where road markings were well defined

(as laid down by strict German law) but further work was still identified to increase the

robustness of the system by further systemic fusion that would allow more holistic decision
making,

In less well defined application environments, such as off road navigation, the features to
detect and possibly avoid may be less well defined. For an autonomous off road military
vehicle a feature as simple as a muddy puddle could lead to mission failure or even result in
increased burden for the operators since it could require rescuing. Rankin and Matthies
(2008) reported that whilst work on remotely sensing water moisture was mature, existing
methods did not provide the resolution required for local navigation. To more accurately
detect muddy areas a range of passive sensors were utilised including: colour stereo, in which
isolated mud was detected by segmenting regions that were significantly darker than their
surroundings whilst being of the same colour hue; multi-spectral sensors which used the

differences in wet, dry and shadowed soil reflectance in the Near Infra Red (NIR) and red

bands; Short Wave Infra Red (SWIR) camera, using a similar phenomenon as the previous
camera but comparing SWIR with NIR reflectance; thermal imagery using a Long Wave

Infra Red (LWIR) camera, wet soil being consistently cooler throughout the day; and a

polarisation camera, which uses differences in the degree of linear polarisation of light
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reflected wet areas with increased levels being an indicator of the presence of water. A
combination of polarisation and stereo colour cameras were mounted on a vehicle, the

polarisation camera providing primary mud detection whilst the stereo cameras were used to
improve localisation and reject false positives such as vegetation that were above the ground.

Output from the sensors was then combined with a terrain map to produce a world map that

the vehicle could use for path planning.

Biomimetic robots model nature in an attempt to gain the benefits of form and sensory
capabilities evolved over millennia. Erwin (2004), building on earlier work modelling bat
sensory—-motor behaviour, implemented algorithms for sonar tracking of dynamic targets.
These algorithms included non-predictive tracking, which was found to be only suitable for
stationary targets; predictive tracking based on a Benedict-Bordner a/p filter, which does not
Include an acceleration element; and several predictive filters that included acceleration (a
second Benedict-Bordner a/p filter, spherical and generalised unscented Kalman filters, and a
simplified Segmenting Track Identifier model). Only the last of these models performed
reasonably well, the others working poorly due to the having insufficient reaction time, the
target moving with unsteady acceleration and, in the case of the Kalman filters, there being
insufficient time for the filters to develop enough information to predict acceleration.

Conclusions from the work suggested that using existing predictive technologies was

insufficient for the application and that modelling natural behaviours more closely may be
more effective.

High level decision making is arguably one of the most intractable areas of autonomous

vehicle development and several existing artificial intelligence paradigms have been applied
to the problem. Vacek et al. (2007) proposed the use of case based reasoning for autonomous
road vehicle guidance. Particularly important to the application was the bounding of
individual cases since in a real dynamic environment it would be difficult to identify the start
and end of each case. To alleviate this, cases were seen as snapshots of situations (containing
core components such as vehicle behaviour and that of other participants) rather than time
intervals. A given situation could then be compared with previously experienced situations
and an appropriate reactionary behaviour selected. A major drawback acknowledged by the

authors, was the prediction of vehicle behaviour where novel situations arose that could not
be associated with any existing cases.
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As future systems develop, particularly in the defence sector, it can be expected that

communications between heterogeneous elements would be required. Where systems were

developed by a single agency, agent interoperability can be designed from the outset using

standard protocols. However, where systems evolve, sometimes in an ad hoc manner, even
small networks of networks can be difficult to administer, especially where systems involve
multi-national elements that have been developed separately. Liang et al. (2008) have
developed an Ada based architectural model called the Quantitative Interoperating Model
(QIM), for C4ISR (Command, Control, Communications, Computers, Intelligence,
Surveillance and Reconnaissance) that provides an enabling layer for new and legacy systems
to interoperate on a CORBA basis. Such a model would ensure that systems know their

respective communication roles, and a latency feature would allow agents to know whether

cooperating agents are unavailable or unreliable.

At a lower level, Chitre (2008) also tackled the requirement for autonomous vehicle
interoperability through the development (initially for AUVs, but also applicable to other
autonomous vehicles) of a 4 layer distributed software architecture. At the lowest level, an
internal communications layer provides an interface to whatever internal communications
medium 1is in use, e.g. Ethernet, UDP/IP for WiFi, efc. Above this sits a Remote Procedure
Call (RPC) layer that implements the remote procedure call semantics with the third layer,

which contains services such as core vehicle services, sensor / actuator drivers and external

communications links. Finally at the top layer operates vehicle command and control
components.

Some environments pose particular communication difficulties; for example, in networks of

AUVs. AUV network links are usually maintained using acoustic modems which, due to the

properties of the water in which they operate, have a relatively narrow optimal operating
range. To overcome this, Shahabudeen et al. (2007) developed a medium access control

(MAC) protocol that would enable the simultaneous operation of short, medium and long

range modems using a DLL (data link layer) architecture. This development produced

increased data rates and efficiency in a simulated AUV network.

Similar problems present themselves in networks of surface based acoustic beacons that can

be used to facilitate low cost AUV navigation; the quality of the signals available to the AUV
being dependent on the network geometry (Matos et al, 1999), a problem that is

compounded by signal attenuation increasing markedly with distance. To overcome these
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problems, Santos et al. (2008) implemented a mobile network that placed autonomous
surface vehicles that could be programmed with mission data that would position the acoustic
beacons they carried in the correct place to coordinate AUV movement. The system

improved AUV mobility but with additional complexity introduced by the movement of the
surface vessels.

2.7 Autonomous Vehicle Search

In nature, animals apply a variety of decision making mechanisms to produce behaviours that
maximise the chances of survival either for the individual or their species (broadly reviewed
by Stephens et al, 2007). Andrews et al. (2007) exploited such mechanisms found in
foraging theory to produce high level decision control for autonomous vehicles. To achieve
this, targets were given a point value and a handling time and agents were given to the goal of
attaining maximum scores available. The work, using agents that followed ‘lawnmower
searches’, indicated that the agents could decide, given a priori knowledge of the
environment and available targets, whether, upon detection, a target was worth pursuing or
whether, in order to gain maximum return, it should continue to search for more profitable
targets known to exist in the search area. The adoption of foraging theories such as these

could be criticised for using perfect world models, however, the work does point to

adaptations to the model that could be made to align it more to real implementations; for

example, a penalty could be included to accommodate non-zero recognition times or
imperfect resemblance such that targets that were more difficult to recognise would incur the

penalty during the agent’s determination of whether a target warranted pursuit.

With the recent rise in the popularity of nature inspired computing, it is unsurprising that
work into applying ethological research findings to autonomous vehicles has been

undertaken. What is noticeable in the work reviewed is that it assumes the presence of
sensory information from the outset. This brief indicative review highlights the range of

sensory that has already been successfully exploited to improve the capabilities of

autonomous vehicles across a range of applications.

Many naturally occurring sensory modalities have been exploited in the drive to improve the

autonomous search in robotic applications. Morse et al. (1998) harnessed the behaviour of a

nematode worm’s chemotaxis (chemical following) based foraging to equip a robot with a
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phototaxis (light following) spatial orientation ability that proved robust to large scale

changes in robot speed and turning bias.

Anderson et al. (2004) implemented a phonotaxis (sound following) robot by modelling the
structure of the human head as a near sphere, using two microphones mounted, diametrically
opposed, as ears to localise the source of a single broadband sound. The ‘head’ was fixed to a
mobile robot and the output of the localisation algorithm fed into the robotic navigation
system. The algorithm calculated sound direction using pressure measurements (phase and

amplitude) made at each microphone, with the robot manoeuvring left or right to achieve

minimization in the inter-aural difference — the sound being directly ahead or behind when

the difference between the two were minimal.

Edwards et al. (2005) successfully exploited the pheromone plume tracking behaviour of
male moths to construct an airborne chemical sensing ‘robo-moth’ (a robotic gantry located
in a wind tunnel) that has the ability to locate the source of an airborne chemical plume.
When introduced into a plume of pheromone bearing odour, a male moth will actively sample
the air making upwind surges, each consisting of rhythmical left / right tacking movements.
When the odour is lost, due to the patchy distribution found in airborne chemicals, the moth

begins to fly a crosswind pattern, known as casts, in an attempt to reacquire the plume.

Extending the principle of modelling single sense search behaviour, Pyk et al. (2006)
constructed a robot capable of harnessing multi-modal sensory inputs to locate the source of a
chemical odour whilst avoiding obstacles. These modalities were the anemotaxis (wind
sensing) behaviour of male moths, i.e. airborne search behaviour in response to pheromone
odours, and the optomotor collision avoidance behaviours of locusts (the overall behaviour

being generally invariant across flying insect species). The search strategy employed by the

male moth is described later, whilst the object avoidance mechanism of the locust, known as
the lobula giant movement detector, is outside the scope of this work. To combine the two

modalities, a process not yet fully understood biologically, each operated as parallel

competing schemes with integration occurring at the motor stage, with the optomotory
element having precedence.
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2.8 PSO in Autonomous Vehicle Control

Brief consideration of the use of Particle Swarm Optimisation (PSO) in autonomous vehicle
control is included here for two reasons: first, it is an approach that bears most similarities to
the work reported in this thesis; second, the author’s previous work in this area, which

provided the 1nitial starting point for this thesis, resulted in the first study in this area (Banks,
2005; Banks et al., 2008b).

Initially developed by Kennedy and Eberhart (1995), Particle Swarm Optimisation (PSO) is a
cooperative population based search algorithm. An initial population of potential solutions

(particles) are randomly located throughout the problem space. The fitness of each particle is

computed according to the given problem, then a combination of the particle;s current

velocity vector, previous best solution and the best solution found throughout the swarm

determines the particle’s next position. The basic algorithm for calculating the next particle
position, x, in the i dimension is:

Vu =V, +0B(p,-x)+0,8(p, -x,) (1)

xr+l = xr + vt+l

(2)
where constants ¢, and ¢, determine the balance between the influence of the individual’s

knowledge (¢) and that of the group (¢,); B, and B, are uniformly distributed random

numbers defined by some upper limit, S,,, , that is a parameter of the algorithm; p; and p, are
the individual’s previous best position and the group’s previous best position; and x; is the
current position in the dimension considered. This algorithm was later modified to prevent

the particles from accelerating out of the problem space (Shi and Eberhart 1998) through the
inclusion of an inertia weight, w, as follows:

Vin = @V, +¢lﬂl(pi -xr)+ ¢2ﬂ2(Pg _x:) (3)

Although a significant amount of further research into understanding and improving the
technique has taken place, the most significant with regard to the cooperative behaviour
exhibited by the agents in this work was Kennedy’s (1997) investigation of the PSO learning
metaphor. Kennedy produced several alternative learning models: the cognition-only model

in which the individual only uses its own prior experience (Equation 4); the social-only
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model, in which the individual uses the group’s experience (Equation 5) and the self-less

model, where the individual’s experience is not included in the social-only model, i.e i # g.

Vi =V, + o5 (P: — xi) (4)
Vg =V T ¢2ﬁ2 (pg - xi) ©)

Pugh and Martinoli (2007) applied PSO to multi-robot search by utilising the mechanics of
PSO to move simulated robots (each robot being a particle in the swarm) in search of a target
within a bounded area. The fitness function for the simulation was provided by the intensity

of the target, I(d), using the function given in Equation 6 where Pyis the source power, d 1s

the distance between the robot and source and # is a sampling of Gaussian noise.

I(d) =-§-g-+n (6)

This approach was tested with robots that had perfect knowledge of their position via GPS
and also with robots that could only know their position relative to neighbours. In the latter
scenario, swarm members could not communicate their previous positions because of not
having a coordinate system or knowing where the targets were positioned. To overcome this,
they communicated the current and immediate past target intensity to near neighbours who
then calculated the relative target location. Both GPS and relative position systems showed

success, however, no indication is given as to performance without target detection or in the
presence of multiple targets.

The issue of multiple targets was tackled by Banks (2005), later reported in Banks et al.
(2008b), by applying Kennedy’s cognitive models described by Equations 4 and 5 to PSO

controlled agents. These models were important to resolve conflicts where several agents
concurrently detected separate and remote targets (if targets were close the effect would have
less impact). In a full PSO model such conflicts may cause an agent to be drawn away from a
potential target engagement by externally detected targets. To resolve this, the agents were
endowed with three basic modes of operation: search mode, in which no targets are detected
within a range such that pursuit is viable; swarm mode, where targets are detected but not by
the individual, and the social-only model is applied; and engage mode, where the individual

detects targets and forsakes all other group knowledge through the application of the
cognition-only model.
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Whilst the application of these models provided resolution to individual dilemmas, all agents
responded to target detections even when they had no chance of intercepting the target.
Systemically, this was problematic, since a target detected early could divert all defenders to
a particular region of the defended space and leave other regions uncovered and susceptible
to exploitation, i.e. the system would over-commit to early detections. To alleviate the

problem a dynamic neighbourhood scheme known as the Launch Success Zone (LSZ) was
developed to enhance the effectiveness of cooperation. Essentially the LSZ controlled the

switch between search-mode and swarm-mode; the agent must be inside the LSZ to enter
swarm-mode.

Although empinical results suggest that PSO based guidance was beneficial, when compared

with systematic alternatives, two weaknesses were noted: the success of the system was
hampered by its limited ability to initially detect targets, and, where detection was lost, the

system ‘forgot’ the target existed and made no attempt to reacquire it. These findings formed
the foundation for the research presented in this thesis.
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3 Natural Search

This section reviews relevant literature concerning natural strategies for search. Various
forms of cooperation and group behaviour are introduced, followed by in-depth consideration
of various search behaviours found in the natural world. Common methods of communication
to facilitate cooperation within a group are then examined, followed by a brief consideration
of indicative foraging behaviour, to illustrate how some of the behaviours highlighted in the
preceding sections combine to produce effective cooperative predation. Finally, there is a
discussion of the exploitation of these behaviours, providing examples of how some have
been utilised to develop natural computing paradigms; some less well known examples are

deliberately selected, to highlight the breadth of research already taking place beyond
autonomous vehicle exploitation.

3.1

Natural Cooperation and Group Behaviour

The manner in which (non-human) animals cooperate has fascinated biologists for many

years. Cooperation among individuals of the same or different species may at first seem

contradictory to the evolutionary principle of the survival of the fittest. Stevens et al. (2005)

argue that all forms of cooperation must benefit the cooperators, whether directly, for
example in mutual grooming, or indirectly, where cooperation helps to ensure genetic

survival (an example of this being the division of labour in eusocial insect colonies, where

individuals forego breeding in order to provide some other function that benefits their
siblings).

Dugatkin (1997) reviewed the four main, accepted, types of animal cooperation: reciprocity,
where an individual performs an action with the expectation that the beneficiary will
reciprocate (e.g. impala grooming); by-product mutualism, in which cooperation only occurs
when it provides immediate benefits that outweigh possible benefits that could be accrued
uncooperatively (e.g. lions hunting in packs); kinship based cooperation, where individuals
cooperate for the benefit of their genetic relatives (e.g. ground squirrels alarm calling), and
group selected cooperation where an individual works at personal cost, but for the benefit of

the group (e.g. foraging ants). In addition to these main types, animals may also cooperate to

avold some form of punitive measure. For example, Hauser (1992) presented evidence that

23 of 240



rhesus monkeys announce food capture to avoid attacks that occur when they withhold the

information.

Exactly why animals congregate and operate as a group is debateable, due to several
interrelated factors, such as protection from predation, environment and availability of food
sources (Morrison et al., 1987). However, this work concentrates on the strategies and tactics
that animals use to search (usually for food). First, it is useful to establish how individuals
interact, and, especially whether the group consists of an aggregation of individuals, a group

of individuals working together for mutual benefit, or a team of individuals each with their
own specialised role.

Aggregations can occur where there is restricted access to a resource, and individuals are
forced together; in such cases, neither the individual nor the group benefit from the grouping.
Freeman and Grossman (1992) studied group foraging by stream minnows, and noted that
groups at feeding sites were actually just an aggregation of individuals who arrived and
departed individually or in small groups because that was where food was located. This type

of behaviour does not accrue any added value and is therefore not considered further here.

The defining attribute of group behaviour is that the individuals perform the same task
concurrently. This is relatively easy to achieve and can be very effective. Anderson and
Franks (2001) categorised two broad groups as either those that form physical structures
(known as self-assemblages) such as bridges, bivouacs and rafts (Anderson et al. 2002), or

those that combine to form a more effective force, for example, ponerine army ants

(Maschwitz et al., 1989), that, upon encountering a suitable foraging location, overpower
prey much larger than themselves through swarming.

Where animals work in teams, there is a requirement for a more structured approach than
needed when working alone, since individuals or sub-groups have separate sub-tasks to
perform, which must be coordinated to achieve the overall team goal. In this highly complex

behaviour, the individuals may be working sequentially or concurrently. Anderson and

Franks (2001) note that team members are not restricted to the performance of a single simple

task; they can change their role to fulfil group needs, although performance can be degraded

where an individual performs an unfamiliar task. Gordon (2003) reviewed how work was

organised in colonies of harvester ants, and indicated that, whilst there was no central

coordination, each individual based its behaviour on its encounters with the environment and
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other colony ants, forming a form of ad hoc dynamical network. For example, to coordinate
foraging, the following activities take place: initially, a group referred to as patrollers (pro-
active foragers) leaves the nest in search of food sources; on encountering a food source, the
patrollers return to the nest; reactive foraging ants leave the nest and forage along the trails
taken by the patrollers; as foraging continues, the patrolling ants maintain the trails by
encounters with the foragers; once the foragers cease to meet patrollers the foraging stops and
all ants return to the nest. It has also been shown that group foraging may not always be the
optimum strategy due to the potential cost of information sharing. Dechaume-Moncharmont
et al. (2006) developed mathematical models of insect foraging that indicated that there may

be times when, instead of waiting at the nest for foraging information, reactive foragers

would fare better if they left the nest and searched for food proactively. This argument is
supported on the grounds that, where food availability is transient, the time taken to return to

the nest can be more costly than the returns made through cooperation.

Individuals that work both alone and in groups can also be seen to change their behaviour to
optimise their current mode of operation. In studies of social monkeys, Boyer et al. (2004)
observed that the trajectories of individuals altered to a more optimal Lévy search pattern
when foraging in groups (from g = 1.5 in individual foraging to 4 = 2.1 in groups, see Section
4.3.1). This switch in pattern is believed to be due to the increase in resource information
available to the group and is considered the most efficient strategy under those circumstances.
It is important to note that, although foraging became more efficient with larger groups, it
was resource availability that affected group size; fewer resources resulted in smaller groups,
although the group members would change throughout the day. It is useful to note that

competition for the available resources does not always dictate the size of the group,

members of a group can accrue other benefits such as mate availability. Delestrade (1999)
conducted experiments using alpine choughs to ascertain the effect of competition and food
availability on flocking behaviour. She found that where food sources were small in size and
plentiful (competition was low) the alpine choughs did not require social interaction and the

efficiency of belonging to the flock was high. When the food sources were large and patchily

distributed, this etficiency was reduced because the number of birds visiting the site remained

the same, but not all birds gained access to the food. In these experiments, where competition

was high, the female members stayed with the group, which was dominated by the males,

despite restricted access to food. In this case, Delestrade concluded that it was the mating
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benefit that was more important. Thus, some caution must be applied when observing natural
phenomena, such as group feeding, in search of new natural computing paradigms, since
misleading associations could be made easily; in this case, are the group members acting

cooperatively to gain mutual benefit or do individuals gather in conspecific groups simply

because of the availability of food?

3.2 Search Strategies

The success of a species depends on many factors, including its ability to search effectively
for resources, such as food and water, in a given environment. Pianka (1966) broadly
classified search strategies into sit and wait (for ambush) or foraging widely (for active

searchers). Butler (2005) reports that, in general, active foragers range widely, eating slower

prey, and expend high levels of energy in the process; in contrast, sit-and-wait foragers

capture fewer prey (which are usually the active foragers) but expend less energy in doing so.

Differing species utilise a variety of search strategies depending on their physiological

characteristics, the environment, and the resources available to them. These can range from a
continuous motion search (also called cruise search), such the long range foraging patrols of
the albatross (Stahl and Sagar, 2000), through saltatory search, such as tyrant flycatchers
(Fitzpatrick, 1980), to the ambush type predation of the scorpion (Skutelsky, 1995). It is
important, therefore, to understand the types of environment, in order to establish which type
of search is appropriate. The following subsections briefly examine pertinent characteristics
of search environments before considering the strategies employed in nature to address search

tasks within them. O’Brien et al. (1990) provide a useful summary of search strategies and

the appropriate circumstances under which they should be adopted.

3.2.1 Search Environments

Resources can be distributed uniformly or regularly, and may vary temporally and spatially;
where they are distinctly grouped they are termed patchy. Where distribution is regular and
stable it is advantageous for the predator to be easily conditioned to the most effective
strategy and then to maintain it. Papaj and Rausher (1983) describe two types of conditioning
that may take place: conditioning of response, where behaviour is learned through repeated

encounters with stimuli, and conditioning of perception, where the probability of perception

is increased through repeated encounters. The effect of this was shown in experiments with
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butterflies (Weiss and Papaj, 2003), where butterflies alighted more frequently on model
flowers with colours that they had been conditioned to believe would be more profitable 1in
terms of nectar foraging and ovipositioning. The work indicated that, whilst efficiency

improved in same context activity, it led to mistakes occurring following both behaviour

switches (between foraging and ovipositioning) and environmental context switching.

For patchy or itregular resources, a predator will avoid becoming conditioned because to do

so would leave it too dependent on a particular, possibly unreliable, resource. Burns (2005)

1lustrates how this can occur in conspecific group foraging (in this case, with bees) where he

argues that it can be beneficial for a group when individuals within it display different

foraging behaviours to exploit the variable resources available, i.e. the group itself does not

become conditioned.

3.2.2 Sit-and-Wait

There are times when active searching does not provide sufficient energy gains to warrant the

effort required; for example, in a harsh environment, or where prey speed or agility make it

highly unlikely that the predator would capture the prey in an open pursuit. Naturally, in a

predator / prey situation, the predator must be sufficiently camouflaged to avoid being

detected until the prey is close enough to attempt capture.

As with most natural search strategies the tactic is often used in conjunction with other tactics
to provide maximal benefit, such as in the case of the sidewinder snake (Secor, 1994). In this
study, sidewinders often performed either a straight line or random walk search, both In

combination with chemoreception, to locate a suitable ambush site at the entrance to a prey

burrow. Once located the Sidewinder would partially bury itself in the sand to provide

camouflage, environmental protection and an anchorage from which an attack could be
launched.

3.2.3 Continuous Motion Search

Bell (1991) offers four theoretical continuous motion search strategies: random walks, where

the direction of each step is changing at random; straight line walks in a random direction for

some distance; systematic strategies, such as spiral patterns; and kinesthetic input mappings.

The latter case, in which the animal uses knowledge of its own previous movements to search

for a return location such as a burrow, is part of a navigation system known as path
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integration or dead reckoning, which may include idiothetic (internal cues) or allothetic
(external cues) mechanisms (Merkle ef al., 2006). Animals may use a combination of these in

a variable strategy determined by individual needs, group needs or environmental factors.

After examining several experiments designed to assess the affect of spatial distribution on
search patterns, Bell concludes that the dispersal of resources affects the locomotory search

pattern in that the search patterns of those insects under examination was sufficiently plastic

to be constrained by the resource dispersion rather than inherent patterns.

The following subsections elaborate further on each of the continuous motion search tactics.

3.2.3.1 Random Walk

A random walk may consist of either Brownian motion, where the direction of one step 1s
independent of its predecessor, or Lévy paths, where there is a lower probability of a change

in direction. For hidden fixed targets, Lévy paths have been utilised by several species when

foraging for food. Examples of such behaviour have been observed in spider monkeys
(Ramos-Femnandez et al. 2004) and jackals (Atkinson ef al. 2002), amongst others. Lévy path

lengths (/) can be described as being stochastic with continuous probability (P) having

stationary and independent movement increments with distribution:

Pi)=1"" (where u = 2) (7)

Viswanathan et al. (1999) showed that Lévy search is a statistical random search that
outperforms normal random search (i.e. Brownian motion, where u = 3) under certain
searcher / resource conditions, particularly where prey density is low. This may appear to be
counter-intuitive since Brownian motion paths produce more homogenous coverage and
would be more likely to find widely dispersed targets. However, when the general overriding
principle for foragers is that of maximising efficiency, where sufficient food is available, then
more intense, systematic, local search would require less effort (see Figure 4). Viswanathan
et al. (2001) further investigated the efficiency of the approach under such circumstances,

assessing whether the argument held with short leg lengths and different numbers of

dimensions. Findings were that the optimum of g = 2 still held under the scenarios tested.
Further extending those findings, Marthaler et al. (2004) reported that, in scenarios where

targets were removed, searches were more efficient when u was approaching 1; i.e. less
tortuous paths were more efficient.
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Further comparisons between Lévy and Brownian motion searches in a biological context
were made by Viswanathan et al. (2002) and Bartumeus et al. (2002), to assess predator
success against varying prey densities and motion types. The relationships among these

factors are complex, but for a given target density, they indicated that, for Brownian motion

targets, predators that are larger and faster are better served by Lévy search, whilst for
smaller and slower predators, Brownian search was a better option. Where targets moved
using Lévy motion, size ratio was unimportant and velocity ratios dominated, with Lévy
search being preferred for slower targets. Target density was regarded as the prime factor,
with Lévy search only being suited to lower density targets, although a target with Lévy
motion reduced the effectiveness. Further, where targets have a proportionally higher velocity

(i.e. super-diffusive movement), Lévy search is less profitable; indeed, Brownian search, or

even no search at all (sit-and-wait), is usually adopted, since the prey is just as likely to move

into sensory range without the higher effort required for Lévy search.

3.2.3.2 Straight-line Search

A strategy that includes straight line search can be effective when there is no other
information regarding resource location and provided the searcher does not pursue the same
line for an inappropriate length of time. If the time period between direction changes were too
short, the search area would be too constrained; if it were too long, the searcher may
unnecessarily follow an unproductive path. It can also be shown that the strategy is inefficient

when the resource density and sensory acuity are small, since the probability of target
detection (7)) 1s:

arcsin(a/r,)
T, =—=
y 180 (8)

where a 1s the detection radius and ry is the distance between the start point and target. Using
several case studies, Bell (1991) indicates that when the searcher does decide to move, it
usually uses a strategy, such as alternating left and right turns (with a mean angle of 35°), that

reduces the possibility of revisiting previously searched territory. Further, this strategy may
be useful in group search scenarios since the decreased turning rate may make the search

more efficient than strategies with higher turn rates, since the likelihood of each predator

covering the same ground as another predator is also decreased.
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3.2.4 Systematic Searches

Bell (1991) discusses three hypothetical systematic search tactics. The expanding square, the

spiral, and parallel sweeps (Figure 4). To be most effective, the search path should be spaced
at twice the sensory acuity of the searcher. These strategies are most viable where the target

is moving more slowly than the searcher and there is no spatial or temporal information.

Figure 4. Systematic search strategies: (a) expanding square, (b) spiral and (c) parallel sweep
(Bell (1991), Figure 6.1).

Whilst there 1s a paucity of evidence for such tactics in the literature, Miiller and Wehner
(1994) indicate that desert ants use spiral searching as part of a homing strategy that includes
Path Integration (PI). In this case the ants use the PI strategy to calculate a global return
vector, which 1s used to return to the nest after a foraging sortie. The return vector is not

always sufficiently accurate, and when they do miss the nest they enter an expanding spiral
search.

3.2.5 Path Integration

An animal will often need to search for a location that it has moved away from, for example,
a previously lucrative location or its burrow. Possible tactics could be to employ one of the
search patterns discussed, or to navigate using remembered landmarks, but these can be
inefficient or error prone (a landmark might move, for example). Alternatively, the animal
can map its outbound movements using idiothetic and allothetic mechanisms, and calculate a
global return vector by an innate path integration (PI) ability (see Etienne and Jeffery, 2004,
and Merkle ef al., 2006, for reviews). Two PI models have been proposed in both Cartesian
and polar coordinate systems (only Cartesian models are shown here for comparison). Both

models only require the animal to sense the input variables of forward speed (v) and angular
turn rate (w). The basic models are as follows.
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Geocentric models are based upon the animal’s perception of its movement in relation to its
environment (allothetic inputs) where it continuously updates its global return vector through
the integration of movements calculated using trigonometry. Research by Freake (2001)
indicates that the parietal eye (a photo-sensitive organ present in some animal species) plays a
significant role in the homing behaviour of the sleepy lizard, suggesting that a form of
celestial compass could be in use; this could be used to facilitate a geocentric PI system. In

the geocentric PI model (Mittelstaedt, 2000) the global return vector G 1is:

G=P,-P (9)
where Py is the origin [0,0] and
P= I(cos é,sin @) ds (10)
if integration is over walked distance (s 1s the arc length), or
P = |(vg)(r) dt (11)
if integration is over time, and
¢= | d (12)

In contrast to geocentric models, egocentric models require less complex calculations, since
the animal uses idiothetic input signals to calculate its forward speed and angular turn rate.
Merkle et al. (2006) argue that, although recent improvements to the geocentric model
described above have included results consistent with mammalian neuro-activity, it has yet to
be shown that animals have the ability to physiologically perform the necessary trigonometric
calculations, the egocentric model 1s physiologically possible and simpler to calculate, and

therefore more plausible. For the egocentric model the update to the global return vector
(X D) 1s:
dX

—==v+ oY

a0 (13)
dY

e P 14
= = (14)

These geo- and ego-centric models need not be mutually exclusive; Menzel et al. (2000)

argue that some honeybee navigation can utilise both systems. Generally, the argument is
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presented that honeybees only apply egocentric models, since most evidence does not show
that novel shortcut behaviour takes place when bees have been trained to fly a route to and
from feeding sites. Findings from the experiments of Menzel et al., combined with supporting
evidence from other work, suggests that they store relational information on landmarks and 1f
they do not receive sufficient orientation to employ ego-centric based navigation they can use
an alternative geo-centric system. This geo-centric system is believed to further use

combinations of reference systems depending on the accuracy of available sources, such as

scent deposits or visual cues for their ‘odometer’ (Vladusich et al. 2006).

Although these models present efficient mechanisms, they are not perfect, and a returning

animal may not return to its start position. In this case another local search mechanism can be

employed, such as a local random walk or a systematic search. As previously indicated,

Miiller and Wehner (1994) show this type of behaviour in desert ants, which perform a spiral

search where PI fails to locate the return location of a foraging sortie.

3.2.6 Area Concentrated Search

Area concentrated search (ACS), also known as area restricted search, is a variable strategy in
which a predator will attempt to exploit the natural tendency of prey to appear in patches, by

concentrating their search effort in a particular area upon encountering an individual prey

item. Searching often begins in a ranging mode, with long leg lengths and small turning
angles, followed by intensive searching initiated by some kind of cue. This strategy can be
termed win-slow:fail-fast since, when a successful encounter occurs the predator slows into

intensive search, but speeds into extensive search when an encounter fails (Krakauer and
Rodriguez-Gironés, 1995).

An example of this behaviour is that of the juvenile plaice (Hill et al., 2000), which use
localised cues, although it is not known what sensory apparatus is used, to alter their search
pattern from extensive to intensive search. This switch, on average, shortens pause time by
15%, 1ncreases move duration by 14%, reduces speed by 22% and increases median absolute

turn angle by 33%. The efiect of this change is that the predator can effectively search a small

area rapidly, since it knows that once it has discovered one item of prey, it is likely to
discover others nearby.

Krakauer and Rodriguez-Gironés (1995) presented an ACS model to examine several
foraging rules:

32 of 240



Tracking errors. These occur when the forager searches extensively where resources are
good or intensively where resources are poor. With ACS it is possible to reduce tracking error
by capitalising on patchy distributions through initiating intensive searching only on

encountering prey items. The amount and types of error will therefore depend on the

patchiness of the resource.

Learning. The forager is required to learn about the environment and distribution of the

resources to maximise exploitation. This activity must be balanced with the time available

for, and value to be gained from, exploitation.

Evaluation of information. The forager must decide whether there is any value in the

information it gathers or to apply a general strategy instead. As the patchiness increases, so

does the likelihood of prior assumptions being incorrect, and the value of time spent in

assessing the prey distribution and selecting an appropriate exploitation strategy increases.

Functional response. The prey intake in response to its density. The selection of a resource

dependent strategy can alter the response curve from one in which, at high prey density, the

limiting factor is the amount of time spent handling the prey, to one in which the predator
spends more time searching.

Further to these rules, Krakauer and Rodriguez-Gironés (1995) also assessed whether the
standard win-slow:fail-fast ACS strategy was always optimal. They argued that, where the
resource distribution regularly alternates between good and bad, the reverse could be true

(win-fast:fail-slow), since the switch to intensive mode is only worthwhile where the chances
of successive encounters are high.

3.2.7 Saltatory Search

Animals do not always need to have located prey to enter an intensive search phase; the

intermittent scan and relocate foraging method, also known as saltatory search, is a widely
adopted strategy when the targets are sparse and difficult to detect (Bénichou et al., 2005).
The strategy consists of two distinct phases, a search phase, in which the searcher pauses to
explore its immediate vicinity (within the scope of its sensory acuity), and a motion phase, in

which the searcher moves more quickly, such that it is not normally possible to detect hidden
prey.
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During the search phase, the predator may have to scan a given area many times in order to
detect a well hidden target. Bénichou ef al. modelled this phase using a diffusion process
(random walk) that was notable in that 1t was a sensory search rather than the animal’s
physical movement. Results of the modelling closely matched that of several animal species,

indicating that the diffusive search was an appropriate selection for the search phase.

The motion phase is notable in its similarity to the klinokinetic strategy used by the juvenile
plaice (Hill et al., 2000) when changing from intensive to extensive searching during an
ACS, although Bénichou et al. (2005) adopted an efficient relocation strategy that had been
observed in nature — a straight ballistic motion to the next search area. The results of the
modelling indicated that the optimal relationship between the average duration of the search

and motion phases was bimodal (motion phase duration equals search phase duration to the
power 3/5 or 2/3).

The similarity of this strategy with ACS is striking, but the difference is vital to the potential

exploitation of either in a natural computing context. To summarise, ACS 1is suitable where
predator acuity and prey visibility are such that a prey item can be detected during extensive

search, whilst saltatory search is suitable where sensory acuity is limited or prey visibility is

low, and thus unlikely to be detected during extensive search.

3.3 Knowing When to Give Up

Once a predator has assumed a search tactic, it must then decide when to switch to another or

move location, which is known as the giving up time (GUT). The decision could be based on
factors such as estimated prey numbers, capture rate, or time (Bell, 1991). For example,
juvenile plaice (Hill et al. 2000) use a short term klinokinetic strategy; that is, they will only
exploit a patch for a short time before swimming away (by reducing their turn rate). This, it
was argued, i1s because other external pressures are operating; if they loiter to fully exploit the

patch, there is an iIncreased possibility of predation. Charnov (1976) presented a more

generalised departure strategy known as the Marginal Value Theorem (MVT). This states

that, where an omniscient predator depresses prey availability, departure from a patch should

occur when the capture rate drops to the average capture rate for the habitat.

A GUT also needs to be optimised for sit-and-wait predators since, in common with

continuous motion predators, sit-and-wait predators often do not know prey density within a
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patch, and, furthermore, prey size may not be known until capture, and to give up before any
capture is a waste of the expended energy (Iwasa et al. 1981). Nishimura (1999) explored,
using modelling, the behavioural variability of GUT in a stochastic environment for sit-and-

wait predators and indicated that, when entering an unknown patch, the predator should

employ a variety of strategies to learn the optimal GUT. Nishimura asserts that the number of

decisions made in search of the optimal GUT strategy would relate to the uncertainty of the
environment and from this it is possible to further assert that to be optimal in highly

stochastic environments, a predator should have an array of potential strategies to explore,

and the efficacy of decision making in the pursuit of the optimum is vital.

3.4 Capitalising on Environmental Cues

A priori information regarding certain search target attributes can provide additional cues that
can be used to improve the likelihood of success. These cues might be topographical or other

environmental factors. For example, harbour seals have been shown to exploit their

knowledge that salmon migration runs occur under certain tidal conditions and that during

these runs the salmon densities are increased in constricted channel areas (Zamon, 2001).

Environmental cues can also be used to avoid intra-specific competition. This is illustrated by
the foraging behaviour of Frugivorous lepidopteran larvae (Marchand and McNeil, 2004).

These larvae feed on cranberry fruits and exhibit plastic foraging behaviours that are cued on

fruit size, spacing and colour. The first two are self-explanatory: the larvae will exploit a
patch where the resource can provide sufficient return on foraging effort, i.e. select the largest
fruit in the densest patches. The fruit colour is significant since the larvae feed from the

inside of the fruit to avoid predation and the activity of feeding larvae affect the fruit by

turning them prematurely red. Other foraging larvae use this cue to avoid wasting energy and
possible intra-specific confrontation. The colour cue is so important that during laboratory

controlled experiments, far higher numbers of larvae entered small green fruits than large red

ones (even though the larger fruits offered potentially higher gains).

3.5 Variable Strategies and Patterns

The reasons for variations in search behaviour are diverse, but usually related to a changing
environment or physiological state. There are a variety of reasons why a vanable foraging

strategy could be optimal. For example, Skutelsky (1995) studied the scorpion Buthus
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occitanus isrealis and discovered that the subject had added active foraging to its usual sit-
and-wait strategy, to maximise its predation of_ termites. The reason for this adaptation is that
when a group of termites detects a predator they all retreat to the safety of the nest. Within
seconds, by changing to an intensive search mode, the scorpion was observed to kill up to
eight termites compared to the single kill that would be possible with a pure sit-and-wait
strategy. This discontinuous variation 1s an example of an Evolutionarily Stable Strategy
(ESS) as proposed by Maynard Smith (1982). Whilst the scorpions used prey defined
variation, female red-faced warblers vary their strategy due to breeding restrictions (Dobbs
and Martin, 1998). The warblers were observed capturing stationary prey from a perch (sit-
and-wait) whilst egg laying or incubating, and hover-sallying for stationary prey during the
nesting period. This variation was believed to be a result of changes in time and energy

requirements, since the former strategy occurred whilst the female nested alone and the latter

was during a period when the male assisted with the hatchlings.

It is not just the foraging strategy that can be adapted; the search pattern itself can change in
response to dynamic changes to the environment, although this requires that an individual
acquires information about the environment and the optimality of its current strategy, and
then makes a decision about the proposed pattern’s efficacy. In stable, homogenous

environments, this is a fairly straightforward decision, but real situations are rarely simple

and the learning / deciston making process itself requires energy, and the individual must also

decide, therefore, whether a net energy gain would result.

3.6 Repeat Searches

In dynamic environments it can be important that an area is revisited to search for new

resource occurrences. Bell (1991) describes several strategies:

Cropping. Cropping is the process of depleting a resource, moving on, and then delaying a

return until the resource has had time to renew. When implementing cropping, it is argued

that a systematic approach is most efficient since resource renewal increases exponentially

over time (notwithstanding unrelated environmental pressures).

Traplining. This is similar to cropping In that it involves returning to the locations of

previously successful encounters. In traplining, however, the searcher learns a successful

foraging route that allows resources to recoup between foraging visits.
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Partial depletion. The predator can choose to only partially deplete the resource during a
foraging visit, leaving resources available for return visits. This has the added advantage that

the resource will replenish more rapidly due the exponential nature of resource rejuvenation.

All three share a common principle: that the resource is allowed to renew between visits.

Whether they are employed, very much depends on the goal of the target application.

3.7 Competitor Avoidance

It is not beneficial for individuals to compete for the same resources. This can be seen, for

example, in insect oviposition site selection; when the eggs hatch there should be sufficient
local food for early larval survival. When searching for a site, the insect will examine the

amount of resources available and maximise them by avoiding superparatism where other,

better, resources are available. Cope and Fox (2003) conducted experiments that indicated

that the seed beetle uses a combination of resource size, competition (i.e. existing eggs) and

their own need to egg lay (older beetles were more likely to lay since it is better to lay sub-
optimally than not to lay at all).

This principle can be applied to improve group searching, since the competitors for resources
can be considered to be cooperating in the goal of ensuring the survival of the species. Thus,
if a group of agents are searching for hidden resources, it is not efficient for them to cover the

same ground (assuming a static environment) or to converge on small incidences of the
resource.

3.8 Communication Strategies

The manner in which inter-group communication occurs not only affects the efficiency of
information passing but can also produce emergent behaviours in its own right.
Communication strategies are often multi-modal and can be either direct, where two or more
individuals pass information and receipt occurs within the same time frame as transmission,

or indirect, which is usually more subtle, and occurs where a message is left, and any group
member can receive 1t at a later time.
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3.8.1 Indirect Communication

Grassé (1959) first documented the method by which social insects communicate indirectly to
achieve the complex emergent behaviour required to perform feats such as termite nest
construction. He termed the process stigmergy (from the Greek stigma, goad, and ergon,
work). To achieve stigmergy, multiple individuals interact when one modifies the
environment and the others react in some way on encountering the modification. Essentially
this description highlights the voluntary nature of response, for example, in the case of ants a
receiver may choose to ignore a pheromone signal because the intended action is outside the
responsibility of its caste (e.g. a soldier ant may well ignore food trail signals). Holland and

Melhuish (1999) expanded on Grassé’s concept of stigmergy occurring where activity is

stimulated through changing the environment. They argued that it is the outcome of the

behaviour that is important and can be manifest in three ways:

e It may affect an agent’s choice of action.

e [t may not affect the agent’s choice of action but how it performs that action.

e It may affect neither of the previous points but influence the outcome. For example,

by placing a physical barrier to alter the path of fellow group members.

In social insects the stigmergic reaction usually involves the application of low level rules; in
the termite nest building scenario, a termite drops a piece of chewed earth when encountering
a raised piece of ground (generated by other termites dropping pieces of chewed earth) until

large, complex structures emerge. Stigmergy is most commonly associated with ants and
termites but is also used by other insects such as bees (Dornhaus and Chittka, 2004) and
wasps (Reed and Landolt, 2000; Steinmetz et al., 2002). Stale data is often avoided via

mechanism such as evaporation, where the importance of response time can be tied to

evaporation rate.
3.8.2 Direct Communication

The obvious forms of direct communication in social groups are through aural and visual
cues, although direct communication can occur using all sensory cues, including the use of

pheromones. The methods discussed in this section are not exhaustive; however, they do

cover some of the direct communication methods that have already been used in natural

computing. Also notable is that the latter two strategies (tandem calling and information
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