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A robot trace-maker: modeling the fossil evidence of early
invertebrate behavior

Tony J. Prescott and Carl Ibbotson
Department of Psychology
University of Sheffield
Western Bank
Sheffield S10 2TP

email: t.j.prescott@sheffield.ac.uk

Abstract

The study of tracéossils, thefossilized remains of animal behaviogeyveals interesting
parallels with recent research in behavior-basedbotics. Thisarticle reports robot
simulations of themeanderingforaging trails left by early invertebrates which
demonstratehat such trailcan begenerated bynechanisms similar to thosgsed for
robot wall-following. Weconcludewith the suggestion that thmapacity forintelligent
behavior shown by many behavior-based robots is similar to that of animals lafethe
Precambrian and early Cambrian periods approximately 530-565 million years ago.
keywords: trace fossils; behavior-based robots; foraging behavior.

1 Introduction

Biology is widely regarded as amportantsource of
inspiration for robotics (e.g. [20]). Animakye seen
as offering working examples abbust, embedded
autonomous agentsnd their neural circuitry, and
sensor and motor structurese viewed agroviding
models for designing similar components fobots.
Ideas arealso beginning to flow from robotics to
biology. For instance, the contratchitecture for a
six-legged robot developed by Brooks [6] has
provided auseful metaphor forunderstanding the
functional architecture of insect nervous systégfrs
other robots, of various designare being used to
embody and evaluate theoretical modidseloped in
biology (e.g. [2, 17, 45]). All robots, like all
animals, must physicallyinteract with their
surroundings. The study of robot models of animal
behavior can therefore make an important
contribution to understandinghow the nervous
system, bodyand environment interact t@enerate
adaptive behavior [9].

A further premise ofthis article is that robotics
could benefit from taking a closer interest in
evolutionary history—the study of the phylogenetic
relationships between animals and the nature of
evolutionarychangefrom the first animal forms to
those of the presentay. Valuableinsights for
robotics should begained if we camunderstand how
complex biological control systemsere derived
from simpler ones—a question thatan only
answered byinvestigating the evolution oheural
circuits and of animal behavior. Of coursdyrains

and behavior don't makeyood fossils. This gives
investigators of neurandbehavioralevolution the
difficult task of drawing inferencesabout ancestral
forms from clues found in comparative and
developmental studiee.g. [8, 16, 30, 33]). Only
occasionally does thissil recordcast adirect light

on the behavior of extinct organisms. In thigicle,
however, weare concerneavith fossil evidence of
exactly this sort which hasprovided important
insights into the behavioral competencies of some of
the first bilateral invertebrates. Perhapsprisingly,

we will see that the nervous systems dlfiese
creatures generatedbehavior with remarkable
similarities to that of somerecent, simple,
'‘behavior-based' robots. The study of such robots, we
will suggest, could also help to illuminate the
biological understanding of these ancient animals.

2 Trace Fossils

The commonancestor ofall modern, bilaterally
symmetric, netazoans (multicellular animals) was
probably a roundish worm thdived in a shallow
marine environmenduring the Vendian period (544
to 565 million years ago) otthe late Precambrian
[43]. Suchcreaturesand many of the organisms
(worms, mollusks, and arthropods) they gave rise to,
left no actualfossils as theyhad virtually no hard
body-partsFortunately, however, these animals did
leave afossil record ofsorts—the tracks, trails, and
burrows that somearly invertebratesnade in the
sediment have begreservedorming whatare now
called traceossils. Some of the commonefsirms

of tracefossil recordforaging trails lefton, or just
below, the sea bed. The Earli¢isices reflecsimple
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‘scribbling’ behaviors, withtracks that oftercross
themselves,and indicate relatively crude foraging
strategies. By the end of the Vendian, howexare
regulartrails appearthat form spirals ormeanders’
that loop back on themselves without crossing. The
early Cambrian (530-544nillion years ago) sees a
further increase inthe abundancecomplexity and
diversity of trace fossils with trailandburrows that
penetrate deeper into the substrateand possess
multiple levelsandbrancheq13]. The changesthat
occurred over these time-spans reflect thinggortant
developments: an increase ithe diversity of
animals, improvements in burrowing capabilities,
and most importantly, aimcrease inthe complexity
of neuralcircuits. The beginning of the Cambrian
periodis, of course, alsaecognized asnarking the
origin of the contemporary metazoaphyla. The
Cambrian ‘explosion’ saw theapid emergencever
the course often to twenty millionyears, of a
diversity of body forms equipped with relatively
complex sensonandnervous systemslracefossils
therefore represent @imary source ofnsights into
the sequence oévolutionary events thanticipated
the appearance of the modern fauna [33, 43].

3 Computer models of trace fossils

In attempting toinfer the behavioral capabilities of
the ancient animals that lefossil traces, itseems
reasonable to seethe simplest mechanisms that
will reproducethe observed patterns. Following
Braitenberg’'s [3]advice that "when weanalyze a
mechanism weend to overestimatdts complexity”
the methodology of synthetic psychology—building
model  systems that generate similar
behaviors—seems an appropriggategy. Infact,
synthetic approachesere appliedsome time ago to
the understanding of tracdossil behavior; the
computer simulations of Raugnd Seilacher [34],
first published in 1969, standing out as an early, and
rarely acknowledged, example of wimight now be
termed Artificial Life.

The most consistent fossilized foraging pattesese
formed in areas ofthe sea bed with an even
distribution offood particles in the sedimenthis
environment favors compadrails with maximal
coverageand minimal recrossing ofexisting tracks.
Compared with straight-line movementreeandering
pattern also helps tdkeep the animal within its
preferredenvironmentand may reducethe likelihood
of encountering competitors. Rawugmd Seilacher,
following Richter [35],basedtheir models ofthese
trace fossils on a combination of simpleeactive
behaviorsthigmotaxisthat makes the animal stay
close to previoushfformed tracks; phobotaxis that
causes it to avoidcrossing existing tracks; and
strophotaxis that causes it to make 18Qurns at
various intervals. A fourth behaviocauses the
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animal to moveforward when the conditions of the
other threeare not met. Thecomputersimulations
performed byRaup and Seilacherdemonstratedhat
the interactiorbetweenthese behaviors is sufficient
to generate the coiled meandering patterns
characteristic ofmany foragingtrails. Figure 1,
taken from [34], show some typicaieanders
generated bytheir program togethewith the trace

fossils theywere designed te@mulate. Part 2 of
figure 1 has the interestindeature that the
thigmotaxis response is particularly

weak—following a U-turn the animal takes some
time to restore contaatith its earlier track. This
relatively inefficient foraging behavior, a
characteristic of some early fossils, is taken by Raup
and Seilacher asevidence that thigmotaxis and
phobotaxis are "genetically distinct behavioral
reactions". The foraging meander is therefsgen as

an emergent patterarising from theenvironment-
mediated interaction of a number of distinct
behavioral competencies.

Figure 1. Trace fosil
computer output. Fronj34]. 1. Meandering trail of a
trace fossil of genu®ictyodora (Ordovician period). 2.
Loose meandering pattern of genttelminthoraphe
(Upper Cretaceous period). Burrow of the living

beach wornParanois fulgens.

meanders and comparable
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Seilacher and coworkef&8, 34, 37-39] suggested a
number of further models fodifferent types of
foraging trace,and proposedthat some of the
variation betweenfossil traces,and some of the
changesthat occur overthe course of evolution,
could be modeled by manipulating kpgrameters of
the various component reactions. For instance, the
turning radius of the animal, the meamnlistance
between tracks, and the relative strengths of
phobotaxisand thigmotaxis, can each bevaried to
generatetrails with different characteristigatterns
and varying degrees of foraging efficiency.

4 Robot models of trace fossils

The principle of a complex behaviopattern
emerging from the competitive interaction of a
number of simplereactions is a characteristtbat
Raup and Seilacher's work clearly sharegith the
'behavior-basedrobotics approach of Brooks and
others (e.g. [5, 7, 11, 21, 27, 29])Indeed, the
simulatedmeandergeneratorinvites comparison to
the ‘'wall-following' mechanisms thahave been
investigated in a numbebehavior-basedmobile
robots (e.g. [11, 28, 3141]). For instance, Mtaric
[28] describes aobust wall-following behavior that
emergedrom the interaction othree modules. The
first, similar thigmotaxis,causeghe robot tosteer
inwards (towardhe wall) when sensoiiadicatethat
the distance to the wall is abogeme threshold; the
second,similar to phobotaxiscausesthe robot to
steer outwardsvhen thesensed distance iselow a
threshold; while, the third, causes the robot to move
forward wheneverthe conditions of the other two
behaviorsare not met. It is apparentfrom this
description that (apart from the additional
strophotaxis component) theneander generator
described by Raup and Seilacher is remarkably
similar to a robotwall-follower where the object
being followed,instead ofbeing afixed contour, is
the trail of disturbed sediment generated by the
animal's own movements.

Our combinedinterest in evolutionary biology and
robotics hasled us to investigate trace-making
behavior in acustom-built robot thagenerates and
follows trails across the laboratory floor. Our aim is
to enhance the realism of some aspects of trace fossil
modeling (for instance, by introducing the
constraints of genuine sensorimotooordination),
and, at the same, todemonstratethe parallels
between behavior-basedbots and the behavior of
early metazoaranimals. Thesedimentfeeders we
have attempted to model probahigyedchemical and
mechanicalsensory systems tdetect andfollow
their tracksand burrows [37].However, as a first
approximation to these mechanisms have used
light sensors todetect atrail of paperwhich is
dispensed by the robot as it moves. The rdtzae-
maker, shown in figure 2, possesdes motor-
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driven wheels, a fronhon-driven castofto provide
stability), and amotor-driven paper dispenser which
releases a constant stream of paper while the robot is
moving. Steering ieffected bychanging thespeed

of the two driven wheels each of which hasfive
speeds (fast forward, slow forward, stop, slow
reverse, and fast reverse). Two light dependent
resistors (LDRspare mounted oneach oftwo lateral
arms. The ability to dete@ndfollow the papertrail
relies on thedifferent reflectance (undeambient
light) of the whitepaper dispensed kthe robot and
the dark-coloredaboratory floor on which the robot
moves. Two infra-red sensors mounted at the front of
the robot are used to implement a primitiestacle
detectionmechanism. Furthedetails of the robot
implementation are given in the Appendix.

Figure 2. The robot trace-maker.The motorized
dispenser on the back of the robot releases a stream of
paper when theobot is moving. Two light detectors
(LDRs) on each of the side armseasure reflectetight

from the floor and control the thigmotaxis (toward
track) and phobotaxis (away from track) behaviors.
Infra-red sensors on the front of the robatupport
avoidance behavior.

Spiral trails

A spiral trace pattern can beeneratedusing just
one of the two sensor armand acombination of
thigmotaxis (approachexisting track), phobotaxis
(avoid track re-crossing), and a default advance
behavior. Phobotaxisinterpreted as aurn away
from the sensor arm, isiggeredwhen the value of
the inner LDR sensor igreaterthan a threshold set
slightly above thereflectance ofthe dark floor
surface. Thigmotaxis, a turn towards the sensor arm,
is triggered when the value of the outer LB&nsor

is less than athreshold set slightly below the
reflectance othe paper dispensed bthe robot. In
both caseghe requiredturn is achieved byrotating

the drive wheel on the outside of thirn at speed
'slow forward' andthat on the inside aspeed'slow
reverse'. Phobotaxis has priority over thigmotaxis so
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that in the rare event that trigger conditions lfoth
behaviorsare satisfied simultaneously theformer
takes precedence (this can happen, for instance, if the
paper trail becomes twistedand is therefore
uncharacteristically narrow at given point). When
neither of the two taxesre active the advance
behavior moves the robot forward on a trajectory that
drifts inwards towardsthe sensor arm. This is
achieved bydriving the inner wheel aspeed'slow
forward', and the outer wheel at speed 'fast forward'.

PHOBOTAXIS THIGMOTAXIS ADVANCE

Inner LDR > threshold (floor) Outer LDR < threshold (paper) The default behavior

MOTORS

Figure 3. The robot architecturéor generating sipal
trails combines phobotaxis, thigmotaxis, and an
advance behavior. The upper diagrams showtriiyger
conditions for eachbehavior and the resulting rotor
output to the two driven wheelsThe lower diagram
shows the control systemewied as asubsumption’
architecture—higher priority behaviors subsuming (s)
those below.

Figure 3 illustrates these behaviasd shows the
robot control systemviewed as a'subsumption
architecture'[5, 7]. In such architectures ahigh
priority behaviorcansuppress the output of a low
priority one and substitute its own (subsumption).
Thus, in our architecture, phobotaxis subsumes
thigmotaxis which subsumes the advance behavior.

Figure 4. A spiral 'foraging' trailgenerated by the
robot trace-maker.

Figure 4 shows the trageneratedvhen behavior is
driven by the left sensor arm. The robot spirals

Aobot trace-maker

outwards in an anti-clockwiséashion forming a
pattern, known as thérchimedes spiralwhich is
oftenfound in tracefossils. Note, that the start of
the spiralneeds noparticular programmingout is
simply the outcome of a situation in whitthere is
previous trail to follow. Figure 5 shows a spiraling
trace fossil for comparison.

trail

Figure 5.
Spirodesmos(Mississippian period).Reprinted with
permission fron{24].

A spiral foraging of genus

More complex meanders

Strophotaxis, the U-turn behaviaran beeffected in

a simple manner by transferringcontrol of
thigmotaxis from one sensor arm to the other. The
angle of turn need not be specifiedthigmotaxis on
the newly activated side of the robetll cause it to
rotate until contact with the trail isegained orthat
side. A general architecture for generating complex
meanderscontaining such U-turns is illustrated in
figure 6.

LEFT-SIDE CONTROL

STROPHOTAXIS et

RIGHT-SIDE CONTROL

Figure 6. An architecture forgenerating meandering
trails. Only one side of the control system can be active
at a given time. The active strophotaxis behavior
switches control to thepposite side after aspecified
time interval.

RIGHT
INNER
LDR

RIGHT
OUTER
LDR

MOTORS
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The phobotaxis thigmotaxis and advancemodules
in the left-side of this control circuédrethe same as
in the architecture used to generate spiral; those
on the right-side are copies with appropriate
connections to the motorand to the right sensor
arm. Only one side of tharchitecture is active at a
given time. The strophotaxisiodule inthe active
sideinitiates a U-turn by switching off the control
modules on its owrside andactivating those on the
opposite side.

An interesting questiononcernshow andwhen the
strophotaxis behavior istriggered. Raup and
Seilacher [34] have suggestetiat a worm-like
animal might use the length of its body determine
when to U-turn. The length of the lobes oftrace
fossil (the sectionbetween U-turnsinight beequal

to the length of the animal’s body, implying that the
trigger for a turn occurred when the tail of the animal
emergedfrom the previousbend. Of course, many
foraging patterns contain lobes of varying length. To
account for these variationRaup and Seilacher
suggested that shorter lobes might be genenralbeth

an animalencountered ambstruction thatdisrupted

its forward motion and precipitated an earlyurn.
Longer than average lobes may have arisen when the
tail of the animaldetected aninor bend inthe lobe,
which is falselyidentified as dJ-turn, causing it to
continue in aforward direction. It is difficult to
evaluatethis "tail-straightening” hypothesigjiven
that the identity,and many of the morphological
characteristics, of the eartyacefossil generators are
unknown; however, itdoes seem to provide a
plausible theory for strophotaxis behavior.

The robot trace-maker isobviously neither long-
bodiednor articulated hencéhe length of the lobes
cannot be easilydetermined by reference to the
robot’s body.Instead wehave chosen tamplement

strophotaxis using atime-out—a mechanism Figure 7. 'Weak' robot meandersThigmotaxis is
frequently employed in behavior-based employed to locate the trail immediately following a
robotics—where an event isiggered after afixed strophotaxis event but is otherwise disengaged.
time interval haslapsed. Hence, #he start of the Strophotaxis eventoccur every eight seconds in the
meander, or whenontrol switches from onside of upper image and every thirty seconds in lower image.

the robot to the other, @unter is initialized in the
newly active strophotaxis module. héh the
prescribed interval has elapsed this moduitates a
strophotaxis event switching control to the opposite
side.

Some robottraces generatedusing time-outs for
strophotaxis are shown in figures 7 and 8. In making
these trails wehave employedwo variants on the
meandering architecture described above.

Figure 8. A 'strong’ robot meander formed by
continuous monitoring ofhe distance to th@revious
lobe. Strophotaxis occurs every thirty seconds.
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In figure 7 therobot'strajectory isdetermined by a
relatively 'weak' meandering architecture. Here,
thigmotaxis is employed to locatethe trail
immediately followingeachstrophotaxis event but
is otherwisedisengagedlUnder the control ofthis
architecturethe robot makes U-turngnd avoids
crossing it previous path, bufloes not actively
attempt totrack the papertrail. The consequence of
employing this form of controtan be seen iboth
of the meandersshown whichdiffer only in the
length of the intervabetweenstrophotaxisevents
(eight seconds in uppémage, thirtyseconds in the
lower image).

The robotgenerates a moderately compawtander,
however, it sometimedrifts off course dittle after
regaining contact with the trail following
strophotaxis. The result is a slightlinefficient
‘foraging’ pattern in which some areas areleft
unvisited. This strategy may be similar to thiaéd
by the worm-like animal thageneratedthe trace
fossil shown in figure 9. Note the distinctive kinks
in the foraging traiwherethe animal'’bounces’ off
its previous trail following each turn. It seems
unlikely that this animal was continuously
monitoring the distance to the previous titaétween
turns.

Figure 9. A trace fossil of genudlereites(Cambrian
period). Reprinted from [18] withpermission of the
Scandinavian University Pres3he animal thatmade

this trace does not appear to monitor the distance to the
previous lobe between strophotaxis events.

Figure 8 shows a more tightlgoiled robot trail
generated by &trong' meandering architecture. In
this example, the robot's thigmotaxis and
phobotaxis behaviorgere in continuousoperation
betweenU-turns (as theywere in the architecture
used to generatine spiral in figured). The 'push-
pull' control of thesebehaviors ensureshat the
trajectory ofthe robot clings closely to theontour
of its previous trail generating a moreompact
pattern. In the examplehown, strophotaxi®ccurs
every thirty seconds. However, by adjustintpis
value, radically different meanderingatternscan be
generatedsettings ofaroundeight seconds orsixty
seconds would generatmeandersmore similar to
parts 1 and 3 of Figure 1, respectively).

Aobot trace-maker

It is interesting to note that thmeander infigure 8
starts out as a spiral pattern. Simiktarter spirals
have beerpbserved in avariety of different fossil
meanders generated Isgdimentfeederq39], a clear
example of which is shown in figure 1(tarter
spirals can also be seen in parts 1 and 3 of figure 1).
It is evident from the computerand robot
simulations of thestracesthat the sameinderlying
mechanismgan account foboth thestarter spiral
and the meandering components of a trail.

Figure 10. A trace fossil with a startespiral, genus
Taphrelminthopsis(Lower Tertiary period). Reprinted
from [18] with permission of the Scandinavian
University Press.

Finally, in figure 11, we illustrate theddition of a
further layer ofcontrol to the robotarchitecture. In
this example thénfra-redsensors at the front of the
robot were used to detetthe distance toany nearby
obstacles and, when necessary, trigger a high-priority
avoid module which overrides the meandering
behavior. In the examplshown, theavoid module
was combinedwith the weaker ofthe two meander
architectures. The intervention of aobstacle

avoidancebehavior wascited by Seilacher as the
possible cause of some of the shorter lobleserved
in fossil meanders. tthereforeseems likely that the
activity of these animals was alsontrolled by a
hierarchy of behavioral competencies.

Figure 11. Arobot trail generated by @mbination
of meandering and obstacle-avoidance behaviors.

Comparisons with computer simulations

There are amumber ofdifferencesbetweenour own
robot simulations and the computer models
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investigated by Raupand Seilacherthat deserve
further comment.

First, to createsome variation in theisimulated
meanders, Raup and Seilacher used a random number
generator to determin¢he lobe length between
strophotaxis events (this wdmsed around a mean
value conceived to bé¢he body length of thetrace-
maker). The robot simulation, however, works with
deterministic rulesand fixed timeouts. Variation,
within andbetweentrails in our robotexperiments
arise because minor disturbances in the environment,
or in the motor systemiend to be exaggerated by
the behavior-generating mechanisms. So, for
example, whilst following some lobes, the robot
may have had to engageits phobotaxisbehavior
more often than on otherghereforenot travelling
quite as far in the time periodi®tweenstrophotaxis.
Alternatively, the robot may get temporarily stuck
in a form of ‘dithering’ behavior—alternating
between thigmo- and phobotaxis—while following a
particularly uneven previousail. Variations in the
roughness of thearpetedioor, or in batterypower
levels, can cause the robot wheels to go eithster

or slower, while small differences in surface
reflectance or inincident light-levels can effect the
triggering conditions for the varioudehaviors
causing the robot tamver- or under-shoot &urn.
Unplanned interactions such as these shape the
robot’s activity generating a natural variation in
meanderingbehaviornot dissimilar to thaiobserved

in genuine trace fossils.

A second difference isthat in the computer
simulations of Raumnd Seilachereachstrophotaxis
event consists of an explicit turn throughfiged
angle (usually 187. In the robot, however, turns are
made underthe control of thigmotaxis,and are
therefore incrementaland terminated by feedback.
Both procedures generatdéossil-like meandering
patterns, however, thself-correcting nature of the
robot’s turning mechanism suggests that it may
produce more efficient meandersgiven the wide-
ranging sources of natural variation juscribed. A
second advantage is that no additional mechanism (to
that already available for thigmotaxis) is pre-
supposed for monitoring the angle of turn. mre
detailed comparison between robot and fossil
meanderingpatterns than habseen performed here
could serve tdadistinguish betweenthesealternative
hypotheses of interoceptiveland exteroceptively
regulatedU-turn behavior (a suitable methodology
for such an analysis is described in [23]).

The present worlcould also beextended to model
some more complexmeandering patterns. For
example, figure 12 shows a numbertiaice fossils

from the genusCosmorapheThis genus which is

Aobot trace-maker

characterized byhe presence ofmall, second-order
undulations within thdarger meandersresents an
interesting challenge for futuremodeling. Many
other complextrace fossils, however, are three
dimensional structuresand therefore beyond the
scope of our current robot trace-maker.

Figure 12. Various trace fosl
Cosmoraphe. Trails belonging
characterized by the presence of small, second-order
undulations within larger first-order meandeAdapted
from [38] with permission ofthe Liverpool Geological
Society.

species ofgenus
to this genus are

A point emphasized by Seilach¢B9] is that the
evolution of foraging behaviocan occurthrough
changes in the morphology of the animal as much as
through  improvements to neural control
mechanisms. Our robot is easifgconfigurable,
which allows experiments usinglifferent sensor
positions, turningradius, and soon. In practice,
however, we havdound that there isonly limited
scope for variabilitywithout radical redesign of the
robot's structure. Changes to omspect of the
morphology oftenhave unforeseemnd undesirable
effects on the robot's behavior which can only be put
right by rebuilding other aspects of the robot
configuration.Indeed,there appears to be a web of
constraints here such that the different morphological
‘parameters’ are not really independent.

5 Related Work

Seilacher has described four further categori¢soé
fossils inaddition tothe class of foraging trails we
have been largelgoncernedwith here.These other
categories cover crawlingracks, feeding burrows,
resting tracksandpermanent dwellings or burrows.
Many fossils provide clues only withrespect to a
small fraction of the organism's behavioral
repertoire. Feedingnd dwelling burrows,however,
can (like foraging trails) give a moreomplete
insight into the lifestyle of thdrace-maker. For
instance, themeandermpattern shown in part 3 of
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figure 1, which ismade bythe living beach worm
Paraonisfulgens,was shown byRoéder[36] to be a
feeding burrow ratherthan a grazing pattern. The
difference, in this case, is that the mucous that lines
the burrow walls forms a ‘'trap' for thenicro-
organisms on which the animfdeds. Afterbuilding

the spiral (which is unfortunatelwashed away at
eachhigh tide) repeatedvisits to the lobesgprovide

the worm with a continuaharvest of food. The
compact nature ofthe burrow may confer an
advantage othe animal when the worm population
is high [4]. Rdder'sanalysis of theParaonisfulgens
meander as a feeditmirrow inspired Seilachg38]

to reviewthe functional interpretation of aumber

of trace fossils such as thehoneycomb-like
structures of genudlaleodictyon an example of
which is shown in figure 13These traces break a
‘cardinal rule' of foraging meanders: never recross the
existing trail. With theirregular patterning and
multiple exits Seilachersuggests that thestaces
might bebetterunderstood as food "searclets" or

s "farms" for bacteria ofungi. In [38] he also
proposes a number of possible mechanisms that
could be used to derive similar patterns, for instance,
the superpositioning of twaneandering traces at
right angles to one another.
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Figure 13. A honeycomb-like trace fossil ofgenus
Paleodictyon(Upper Cretaceouperiod) Intepreted by
Seilacher as a feeding burrow or "farm" for bacteria or
fungi. Reprinted from[38] with permission of the
Liverpool Geological Society.

Shortly after their publication, thetrace fossil
simulations of Raupand Seilacher attracted the
interest of the mathematician John Conwhgtter
known for inventing the game of 'Life') whwith
his colleague MichaelPaterson, investigated an
idealized 'worm' moving along the lines of an
isometric grid. Their computersimulations,

Aobot trace-maker

described in[19], focused onclassifying thetrace
patternsgenerated byvorms moving on an infinite
grid of equilateratriangles (i.e. six lines meeting at
each node),some of which show afascinating
emergent structure.

The theoretical understanding of meandering behavior
was also the focus of research by Papentin [32], who
used a genetialgorithm to evolve the ruleguiding
movement of simulated worms onrectangulargrid

of finite size. Eachworm foragedfor 140 steps and
was evaluated bythe number of stepswhich
traversed new territory less the numbewhich
coveredsegmentsalready traversed bthe same or
anotherworm. With high populatiordensities (50
individuals in an area 100x100) Paperfonnd that,
within 60-100 generations, spiralirand meandering
trails evolved that were similar to thodescribed for
trace fossils. This work therefore supports the
hypothesis that competition betweiglividuals was

a driving force behindthe evolution of compact
foraging patterns.

The guided meanderthat wehave been considering
belong to the class of 'stigmergiprocesses in
which the behavior of the organisrastructures its
environment which in turn effects the activity of that
organism (or other organisms) [42]. The
phenomenon of stigmergy is most oftexplored in
the context of group behavior such as thembers

of a termite colony working together on the
construction of a nest. The regulation of behavior in
such groups does not depend on direct
communication between animals but is largely
directed by the environmental structurewhich
emerges from their ‘collaborative’ efforts.
Unfortunately, there is littl@vidence of co-operative
behavior intrace fossils, although in someases,
such asfeeding burrows, it is possible that the
structure is the work of more than omelividual.
Some trace-makemmay nothave distinguished their
own trail from thatmade byanother animal of the
same species. For instance, Seilacher [38] describes a
fossil which appears toshow an animalwhose
tunneling behaviobecomesentrained bythe tunnel
system of its neighbor. This form of stigmergy may
perhaps haveserved as gre-adaptatiorfor the co-
operative foraging and building activities that we see
perfected in the social insects.

6 A ‘Cambrian
behavior-based robots?

The experiments we have described show thice-
making robot, controlled by asmall number of
reflexive behaviors,can generate wariety of fossil-
like ‘foraging' trails. More significantlyperhaps,
they denonstrate astriking similarity between the
sensorimotor behavior of ancientrace-making

explosion' of



Prescott & Ibbotson 9

animals, and that of simple, reactively-controlled,
behavior-basedobots. This similarity locates the
behavior of such robots at a grade similar to animals
of the late Precambrian or early Cambfian

Deposits ofbody fossils from theearly Cambrian
show the firstappearance ofreservable, bilateral
animals that can be definitively identified as
members of the modern metazoan phyla. The base of
the Cambrian, @eriod of perhapfess than twenty
million years, appears to have seen amplosive
development ofmany different body forms and
complex nervous systems. The organismstho$
fauna achieved agreat diversity of methods of
locomotion, had an abundance of differesénsory
mechanisms including compoundeyes, and
possessed avide range ofbehavioral repertoires
including predation [12, 30]. Some of these animals
may therefore havelead very mobile and active
lifestyles and exhibited complexand appropriate
reactions tovaried stimuli. Conparative and paleo-
neurobiological studies also indicate that
‘groundplans' for th@eural circuitry ofthe different
phyla were established duringhis period, and that
these placed significant constraints orsubsequent
evolution. For instance, the basic patternirgfect
nervous systems was probalpgesent inArthropod
ancestors of theCambrian, and has since shown
primarily quantitative rather than qualitative
changé. It also appears likely that the basic plan for
the vertebratenervous system waestablished at an
early stage [8, 22, 25, 404nd probably within 100
million years ofthe initial Cambrian explosion.
Miklos [30] who hasreferred tothis period ofrapid
evolution as a “bigbang” in the evolution of
complex nervous systems, suggests that:

"Complex brains were unlikely to have been
painstakingly 'wired-up' synapse by synapswer
hundreds of millions of years. e facedwith the
exciting prospect that nervous systemman be
constructed rapidly". ([30] p. 854)

That the evolution of nervous systems in twly
Cambrian metazoa proceededsath acrackingpace
should give encouragement to ttesigners ofobot
control systems.However, a number of cautions
should beentertainedwvith regard tothe prospect of
an imminent ‘explosion' obehavior-basedobots.
First, we should recognizethat roboticscurrently
lacks building materials with the versatility and
intelligence of the eukaryotic cell (itself the outcome
of threebillion years ofevolution). Second, much
work in thedesign ofrobot control circuitry is not
far above the level of specifying individusynapses.
To emulate nervous system evolution more closely,
progress is needed in understanding modeling the
sophisticated development processbsit control
gene expression in neural circuftry Finally, we
might consider whether amxplosion of behavior-

Aobot trace-maker

basedrobots hasalready occurred irthat a wide
variety of platforms that exhibitmobility and
complex behavior havealready been built and
demonstrated (see [29] for review), many of them
going well beyond the 'wall-following' grade. This is
not to suggest that wehave achieved the
morphological or neuratomplexity of the early
Cambrian fauna, but we may be beginning to
replicate their level of intelligent behavior.
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'Seilacher [37, 39] has suggested that ¢cbenplexity of
trace fosil behavior increased gradually for 100
million years or so after the start of tH@ambrian
period; however, recent finds haveaused this
conclusion to beevisedand it is now thought likely
that diversity increaseduring the Cambriarradiation
and has been relativelyconstant since [13,33].
Certainly, efficient grazing patterns are now kntnem
rocks of the Vendian and early Cambrian periods [13].

"Edwards [15, 16] describes the evolution of the
nervous systems of insects as havingeen
“astonishingly  conservative”, despite remarkable
variations in body plans, with perhaps themost
significant trend being towards miniaturization of the
neural circuitry in some specieandthe mostvariation
being in the relative volume of sensory processing.

""Modelers and robot-builders are now beginning to
take an interest in simulating the processes of neural
development (see [26] for review). Progress in déhea
could have important consequencesr the automated
construction and evolution of complex control
systems.



Artificial Life, 3, 289-306.

Appendix: The robot trace-maker

The robottrace-makemas assembledrom a ‘Lego
vehicle’ kit developed by the Intelligei®ensing and
Control Laboratory inthe Department of Artificial
Intelligence at the University of Edinburgh, UK. The
mechanicabndstructural elements of the robot are
composed entirely from Lego Technic™ com-
ponents,and arethereforeeasily reconfigurable. The
onboard microprocessorsand related electronics
provide a programmableeans of interfacingensor
and motor components. Control programsritten

in the ‘Control ProcessLanguage’ [10] which
simulates concurrent processing ofbehavioral
modules,arecompiled on an external computer and
downloaded to the robot which operates
autonomouslythereafter. A description otarlier
Lego vehicle technology is given in [14], a similar
Lego robot to the onesmployed herehas been
customised by Webb to modehe phonotaxis
behavior of crickets and is described in [44, 45].

The overall robot dimensions are 40 cm lamgl 15
cm wide (excludingthe LDR arms). Thedistance
between drivavheels, whichdetermineghe turning
radius, is 11 cm. The LDR sensors, @ach side of
the robot are positioned 6 camd 14 cmaway from
the robot body, 2.3 crabove thefloor, and 10 cm
in front of thecenter ofrotation (thecenter of the
drive wheels)Rolls of 10 cmwide white tissue are
used to generate the paper trial, the axle ofptyeer
dispenser being positioned 15 dmahindthe robot's
center ofrotation and 16 cmabove thefloor. The
motor driving thedispenser operates affired speed
of rotation; however, thdiameter ofthe paperroll
decreases athe trail is laid, sopaper is actually
dispensed at &ariable speed.During the advance
and thigmotaxis behaviors paper isdispensed
continuously at aspeedclose to the maximum
forward velocity of the robot, when the robot moves
more slowly the trailthereforetakes on alayered
appearancésee, for example, figuré). No paper is
dispensedduring phobotaxisas pilot experiments
indicated that this helps to prevent excessive layering
of the papertrail. A start/stop button on the robot
allows its progress to be instantaneoustgrrupted.
This is necessary to replenish thapersupply, and,
and on some occasions, ttear a papefjam' in the
dispensing mechanism. In the experimedgscribed
these interruptions were infrequent, amere made at
momentswhere they did not effect the subsequent
trajectory of the robot.

Experimental sessiongere held undeconditions of
ambient light (either from ceiling lights or from
windows). Appropriate thresholds fahigmotaxis
and phobo-taxiswere determined ghe start ofeach
session by placing the robot so that one L&#Rsor
was above a sample paperandanother above the

(darker) carpeted floor. The threshdtat thigmotaxis
was set slightly below theeflectance ofthe paper
and that for phobotaxis slightly above tleflectance
of the floor. The LDR sensonssedhad aresponse
range of 0-255. In a typical sessionwhere the
reflectance of the paper afidor were approximately
150 and 110 respectively, the thigmotaxikreshold
was set at 140 and that for phobotaxis at 122.
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