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Abstract This paper deals with the purposeful marking
of trails as a mechanism for coordinating movement.
Patterns of motion are adapted to the environmental
conditions, the functions to be carried out, and the con-
dition of the organism; therefore, the networks of trails
must change both quantitatively and qualitatively over
time. The nature of such changes, and how they are
controlled at the individual level are discussed. In par-
ticular, we show that slight modulations in individual
traits, in the trail marker, or in the size of the group can
account for major changes in movement patterns at the
population level such as abrupt transitions from diffuse
area-covering networks to focused trunk trails. Using a
mathematical model and computer (cellular automata)
simulation we show that trunk trails carrying a high
density of traffic can form spontaneously under suitable
conditions from an initially randomly distributed
group. The key to this self-organizing property stems
from interactions between individuals that lead to a
“collective effect” in recruitment to trails: the influence
of small groups of individuals increases rapidly with
group size. The dichotomy between high traffic {strong)
trunk trails versus diffuse (weak) networks is discussed.
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Introduction

Unlike our roadways and highways, whose purpose is
to endure, networks of trails in nature are not static.
One of the main hypotheses of this paper is that patterns
of motion of a population must continually change to
keep up with the changing nature of tasks to be carried
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out for survival: finding food, escaping predation, seek-
ing shelter, protecting young. Each of these tasks re-
quires a distinct pattern of motion, and thus leaves a
distinct record in the pattern of trails. Indeed, the form
of the trail network is a precise record of the patterns of
motion of the population, and contains valuable infor-
mation about animal behaviour. This paper is an at-
tempt to understand how to decipher this information
by considering how behaviour at the level of the individ-
ual translates into the spatial pattern of trails.

It is known that societies of ants are not governed by
leaders, or any type of central controllers. A limited in-
telligence exists at the level of the individual, and yet the
functions performed by the colony are of amazing com-
plexity. The idea of these societies as self-organizing sys-
tems has recently been noted (e.g. Deneubourg et al.
1989, 1990a). A hypothesis in this paper is that the
changes in group behaviour must stem from changes in
individuals, and/or their responses to one another. The
colony must be able to control and adapt its pattern of
motion and thus the form and function of the trail net-
work must be plastic, and readily transformed through
the cumulative effects of many individuals. We show
that behaviour of the colony or population can be un-
derstood in terms of fairly subtle changes in individuals.
A key assumption in the model is a collective effect:
single ants have a very slight influence on recruitment to
a trail, but the effect of a group increases with group size
in a compounded (not simply additive) way. This effect
is similar to autocatalysis, or positive feedback. Our
premise is that a small number of parameters can be
used to describe basic features of the motion and inter-
action of ants with a set of trails: these include the rate
of deposition of chemical marker (pheromone, in the
case of ants), the directional persistence of motion, the
attraction to a new trail, the fidelity to a trail, and the
effect of group size or of pheromone concentration on
recruitment. Properties of the chemical such as rate of
evaporation, and population size are also determining
factors in group behaviour. The model is not meant to
include all aspects of communication involved in re-
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cruitment. Other aspects such as tandem running
(Wilson 1959), polyethic responses (Stuart 1975), and
ortho- and klinokinetic responses to environmental
stimuli (Fraenkel and Gunn 1961) play important roles
that are not explicitly considered here.

Chemical trails

Trail-following is one of many mechanisms adapted by
animals to orient and follow olfactory cues. Other
mechanisms are discussed in the classic book by
Fraenkel and Gunn (1961) and papers of J.S. Kennedy
(e.g. Kennedy 1967, 1986). A survey of the literature re-
veals that trail marking has actually been adopted in
many phyla throughout the animal kingdom. At the
smallest size scale, unicellular organisms such as
myxobacteria (Stanier 1942; Shapiro 1988) secrete slime
trails. Cellular slime moulds also dump attractive chem-
icals (cyclic AMP) into their surrounding, but diffusion
acts so quickly on these small sizes that no trails can be
formed. In the insect world, gregarious caterpillars
(Fabré 1979; Howard and Flinn 1990; Roessingh 1990;
Deneubourg et al. 1990b) use silken web trails. Molluscs
secrete and often follow slime trails (Focardi and Santini
1990; Focardi et al. 1985, Tankersley 1990; Wells and
Buckley 1972; Chelazzi et al. 1990). Even mammals are
known to secrete markers from special scent glands on
hooves (Estes 1991; Wynne-Edwards 1972; Able 1980).

In ants and some of the other social insects, chemical
communication via pheromones has been well known
for some time (MacGregor 1947) but the actual identifi-
cation of some of the trail-marker chemicals is recent
(Evershed et al. 1982; Holldobler and Wilson 1990 for a
summary). The dimensions and longevity of an artificial
pheromone trail on a non-absorbent surface were first
described by Bossert and Wilson (1963) for the fire ant
Solenopsis saevissima. (Later it was realised that the sub-
strate affects trail longevity). The pheromone diffuses
and is perceived by individuals within some “active
space” surrounding the trail. To provoke a turning re-
sponse, a threshold concentration difference between a
pair of sensors is generally required, but it is conceivable
that the required threshold depends on the condition of
the individual, its history, or other factors. (Calenbuhr
and Deneubourg 1990, 1992; Calenbuhr et al. 1992).

Not all ants form massive trail networks. In some
species of ants, only individuals returning from a food
source will lay a trail. In other cases (e.g. army ants and
termites) or special situations (e.g. starvation, see Breed
et al. 1987) trail marking can be continuous (reviews in
Dumpert 1978; Wilson 1971 1975; Sudd 1967;
Holldobler and Wilson 1990). We are mostly interested
in continuous trail-marking, because we are trying to
understand how the structure of the trails can evolve
under its own internal dynamics, rather than those im-
posed by a preexisting set of environmental cues such as
food sources.

Trail networks: structure, function and formation

Sketches of ant trail networks can be found in Raignier
and van Boven (1955), Rettenmeyer (1963), Schneirla
(1971), Franks and Fletcher (1983), Burton and Franks
(1985), Franks (1989). Some networks are initially dif-
fuse and ill-coordinated, some develop into columns, or
tree-like or fan-like structures. Recruitment trails for
guiding workers to food finds tend to be direct and as
short as possible, conveying food to the nest with least
cost (Holldobler and Lumsden 1980; Hoélldobler and
Wilson 1990). Trunk trails partition a region into
smaller territories (Holldobler 1976). Exploration trails
aimed at finding new food tend to be fan-like, and highly
reticulate, so as to efficiently cover an area. Long- range
migration swarms, on the other hand, tend to form
columns that have a well-defined directionality over
some distance.

The simulations in this paper reproduce some of the
morphologies of trail networks. The models attempt to
explain how transitions from type to type can take
place. We shall see that an initially disorganized mass of
individuals can evolve over a short period of time into
an organized pattern of traffic with a simple set of rules
at the individual level. Our experiments are performed
on the computer, where we can test simple sets of be-
havioural rules and determine their consequences. An
ultimate goal is to relate computer experiments and
analysis to experiments on the organisms themselves, as
done recently by Camazine (1991) for patterns formed
on the combs of honey-bees. As a first step, still short of
this eventual goal, we have related our results to previ-
ous experimental work.

Materials and methods
Computer simulations

The computer simulations were written for the IBM PC, partly in
assembly language, and partly in C with base-two calculations for
speed. A rectangular lattice of size of 256 x 256 forms the spatial
domain. Ants are released one by one from “the nest”, with fixed
speed and one of eight possible directions of motion. Ants can
change direction with some persistence of current direction of
motion, and deposit a trail-marker at each step. Ants leaving the
region are replaced by a new ants at the nest. A preliminary
version of this simulation has appeared in Ermentrout and Edel-
stein-Keshet (1993).

Analytical models

Differential equations describing the time rates of change of ant
densities (followers and exploratory ants) and total trail length
were analysed by linear stability methods (Edelstein-Keshet
1994a). Solutions were obtained using a PC software package,
PhasePlane (Ermentrout 1990; Brooks/Cole Publ.).

Details of the simulation and models

Trail formation: behavioural rules and simulations

Individuals are represented by points moving over a rectangular
region. The motion consists of straight runs interspersed with



random turns. The trails graduatly lose their chemical strength by
“evaporation”, that is, the level of pheromone at each point along
a trail declines by one unit per time step. (The oldest section of the
trails starts to disappear first.) The level of trail marking by a
single ant is 1. Trail chemical marker is allowed to build up to a
maximal level. The significance is that a trail behind a single ant
is T pixels long, whereas a trail that has been maximally marked
and then abandoned for some reason will have decayed after
t = MAX iteration units. For example, if 1 = 8 and MAX = 200,
it takes 25 ants walking one after another to form a trail whose
strength is MAX, and that trail will decay after 200 time units if
it is not reinforced by other followers. The grey scale intensity of
the path represents its pheromonal strength.

The following assumptions used in making the simulation
models are based on behavioral patterns of individuals document-
ed in the literature:
1.Each ant has a fixed probability (per unit time) of losing a path
currently being followed (the probability can vary with
pheromonal concentration; we discuss this issue further below).
2.Ants make occasional random turns,
3.Ants crossing the trail at an angle close to 90° may fail to turn
to follow it. Those crossing at smaller angles turn with some finite
probability.
4.Ants move at the same speed, whether they are following or
laying a fresh trail.

A summary of systematic variation of the parameters in the
simulation is described in detail by Watmough (1992). In this pa-
per we restrict attention to a particular aspect of parameter varia-
tion which relates to the response of individuals to strength of the
trail. A purely mathematical model of response to trail strength
has been recently proposed by Edelstein-Keshet (1994), [which
will be abbreviated EK (1994)]. In this paper we draw parallels
between the results of the mathematical model and those of the
simulation. As we shall see, while not all aspects of the model and
the simulation are analogous, the main results are essentially in
agreement: namely, that to be able to organize spontaneously into
coherent trunk trails from any initial configuration, the collective
effect must be strong enough: in this case we will assume that as
trail pheromone accumulates due to repetitive use of the same
trail, the fidelity of following on that trail increases.

Model assumptions

Aside from simulations, a simple mathematical model helps to

understand that many competing effects must balance for order to

be established: pheromone is secreted, but also disappears via

evaporation; ants are recruited to trails but they also lose the

trails. The model quantifies the precise relationships between

parameters of individual behaviour which lead to a given type of

collective behaviour. Note that this is in contrast to some of the

more traditional models which do not stress parameter depen-

dence (see Discussion). We define:

T(t) = the total length of trails per unit area (cm per cm?),

F(t) = theztotal number of follower ants per unit area (number per
cm”),

L(t) = the total number of non-follower (exploratory) ants per
unit area (number per cm?).

The variable Trepresents a sum of the lengths of all the trails
in a given region divided by the size of the region. Followers are
ants walking on (and adding pheromone to) trails that have al-
ready been made. Exploratory ants lay fresh trails. We are inter-
ested in the proportion of a given group that are exploratory (L)
versus followers (F). We are also interested in the level of traffic on
the trails. One way of characterizing traffic density is via the ratio
of followers per unit trail length. We define traffic density as
S(r) = F(t)/T(t) = average number of followers per unit length of

trail

We will refer to S(¢) also as the strength of the trail. Thus a trail
network is strong if there are many followers per unit length, and
weak otherwise. Under certain conditions, this definition of
strength is synonymous with the strength of pheromone along the
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trails, but this is not an essential assumption of the model. It is
only necessary to assume that the stronger the trail, the more
attractive it becomes to individuals. The mechanism for this re-
cruitment response could be direct pheromonal sensing or any
other chemical or physical signal associated with increased levels
of traffic on trails.

The equations governing trail elongation and recruitment of
individuals are:

rate of change of trail length
(i) = rate of elongation due to trail-marking by ants
(ii) — rate of decay due to pheromone evaporation (1)

(see Appendix I for the mathematical version). The numbered
terms represent; (i) trails formed by ants depositing pheromone
droplets; (ii) evaporation causing the trails to decay.

Further, we take the equation for the followers on trails:

rate of change of followers on trails
= recruitment of exploratory ants to trails
— loss of followers from trails 2)

Since we consider only two possible states for ants (followers and
non-followers), the total population is

N=L+F

Ants exchange between these two classes, but none are added or
removed, so that N = constant. The size of the population is a
parameter of significance, and it will be clear later that collective
behaviour depends on this parameter.

The assumptions below are used to derive a detailed set of
equations which appear in the appendix to this paper:

1. Trails decay by simple linear kinetics, with fixed rate con-
stant. This is the most convenient way of representing decay of a
substance through dissipation or evaporation. The rate constant,
I, has units of t', and depends on the type of pheromone used, the
temperature, and other conditions. The duration of a trail (TD in
Table 1) and the half-life (HL) are proportional to In(2)/T.

2. There is some length of trail associated with a single ex-
ploratory ant. That is the length beyond which the trail has de-
cayed to an imperceptible level. This will be called the length of a
simple trail, and represented by d,. Based on properties of
pheromonal diffusion, Bossert and Wilson (1963) calculated that
this distance is roughly 28 cm for Solenopsis saevissima.

3. Followers also contribute to maintaining the trails. If all the
ants were following one another on a single trail and maintaining
it at a constant length and pheromonal level, then, in the model,
there would be some average distance of separation between the
followers on a single trail, d;. In the simulations, however, it is
assumed that all ants secrete the same level of pheromone per unit
time. In general it is true that the average follower spacing length
is smaller than the simple trail length d_, because otherwise there
would be fade-out points between the followers, and they would
not be truly following along a single trail.) One example of d, is
given by Wilson (1971) who describes Camponotus paria in which
10-20 workers follow single file behind one leader, with distance
of separation 5-10 cm. (A single file is not essential, since the
average spacing along a trail is simply the total number of follow-
ers divided by the length of the trail)

4. The rate at which ants are recruited to a trail is proportional
to the number of exploratory (nonfollower) ants present and the
total length of trails available for recruitment, with constant of
proportionality o (a standard mass-action kinetics, which means
that ants have some probability of detecting a trail they encounter
and deciding to follow it).

5. Followers on a trail have some probability per unit time, &,
of losing the trail. The average length of trail followed would be
proportional to the speed of walking, v and to 1/s. The fidelity to
a trail is also inversely proportional to & (see Fig. 1).

The above five assumptions define individual terms in the
equations above (see Appendix). If we stop here, the model so
defined predicts that the population always attains some equilibri-
um proportion of followers and non-followers. This “null” model
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does not demonstrate any interesting range of behaviour. Howev-
er, by including an additional reasonable assumption below, we
obtain a much more interesting illustration of a collective recruit-
ment effect:

6. Stronger trails are more attractive: as the strength, S, of the
trails increases there is a greater attraction to follow the trails.
Since S has been defined as the traffic density on a trail, this could
be a result of response to increased pheromone levels on the trail,
or other physical factors associated with increased traffic density
(e.g. physical contact with other followers). It can be represented
by either one (or both) of the effects below. As the strength of the
trails, S, increases, either

a. The recruitment rate of lost ants to trails (a) increases, or

b. The drop-off rate (g) of followers from trails decreases.

Either of these assumptions is reasonable, and both can be
thought of as a recruitment response which either attracts new
recruits, or increases the fidelity of followers. Pasteels et al. (1986)
and Verhaeghe (1982) give evidence that rate of trail loss and
recruitment to trail are concentration dependent. Van Vorhis Key
and Baker (1986) found that one ant activates 5-20 additional
workers. EK (1994a) discusses the fact that the dynamic behaviour
of the model, the two assumptions are equivalent. Thus, attention
can be focused on any one of these possibilities, e.g. 6b.

For example, EK (1994a) explored the assumption that

&S) = Ee®s

This means that the probability of losing the trail declines expo-
nentially with the strength of the trail. As shown on Fig. 1a, this
function is a decaying exponential and at § = 0 it has slope -bE,
and value E. In the simulations, fidelity is a decreasing linear
function levelling off to a constant level (Fig. 1c), which results in
the dependence shown in Fig. 1b for the trail loss probability. The
exact functional form of this dependence is not important, but
how rapidly the response changes with increasing trail strength,
i.e. the parameter b, is critical. The full mathematical version of the
equations is given in Appendix I and with more detail in EK
(1994a). Here we only comment on aspects relevant for a biologi-
cal interpretation of the model and its results.

Parameter dependence

The model contains five parameters for describing individual be-
haviour. They are:
d, = length of a simple trail behind a single exploratory ant
d; = length of links between followers (distance of separation
along a trail)
o = rate of attraction to a trail per unit trail density per unit time
E = maximal rate of losing trail = In 2/(half-life of typical follow-
er on weak trail)
b = recruitment response distance, described below

The response distance b is an average distance between fol-
lowers on a trail that is associated with a particular response to
trail strength: when the distance between followers on a trail 1s
T/F = b, (equivalently, the traffic density or the “strength” of the
trail is § = F/T = 1/b) the probability that a given follower will
lose the trail has fallen to 1/e = 37% of its maximal value (e = 2.7
is the base of the natural logarithm). Two other parameters associ-
ated with the pheromone and with the population size, are
I' = decay rate of the trail per unit time = In 2/(trail half-life)
N = population density

This makes for a total of seven possible parameters influencing
behaviour. However, the type of behaviour found in the mathe-
matical model actually depends only on certain groupings of these
parameters (see EK 1994a), namely:
A’ = dj/d, = ratio of simple trail length to length of links between
followers
B’ = b/d, = ratio of recruitment response distance to links be-
tween followers
E = E/T" = ratio of trail half life to half life of a follower on weak
trail

a
I Rate of losing trall
E (modgl)o nord
S
b Rate of losing trall
1/low imulation)
1/high
S
¢ Fidelity
high
low
SAT Trallstrength S

Fig. 1a—c In the model, trail followers have some probability of
leaving a trail they are following. The probability of leaving a trail
is assumed to decline as the strength of the trail increases. Two
possible functional dependencies on trail strength are shown here.
a Trail loss decreases exponentially with increasing trail strength
(the version used in the mathematical model); b trail loss is a
decreasing linear function of trail strength over some range of S
(the version used in the simulations of ants); ¢ Fidelity (tendency
to stay on trail) used in simulation

o = d, o N/T = probability that a single ant is recruited to any
one of N simple trails during the trail half life

Dependence on group size thus appears only in the last
parameter.

Results
Predictions of the model

It was shown by EK (1994a) that the model with varying
response to trail strength is capable of producing a vari-
ety of possible behaviours, depending on the relative
sizes of parameters. The most interesting type of transi-
tion occurs when the parameter b or B’, associated with
the recruitment response, is gradually varied. Several
different natural situations might be associated with
variations in such parameter values. Variations may oc-
cur on a timescale of hours, (due to changing colony
conditions) days, months or seasons (due to changing



Table 1 Values of parameters given in literature. (N colony size, v
individual velocity, TD trail duration, HL half-life, artif artificial

trail, PF path length followed, L trail length, RL probability of
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losing trail per unit length walked, F percent of ants that turn and
follow a trail they encounter)

Species Parameter Type of measurement Source
Atta texana TD>6 days artif Moser and Silverstein (1967)¢
N =10000000 field Beckers et al. (1989)
Acromyrmex octospinosus TD <24 hr field Therrien et al. (1986)
N=50000 field Beckers et al. (1989)
Eciton burchelli v=2-3 cm/s circular mills Franks et al. (1991)
HL =132 min estimated*® ibid
v=4-11cm/s field Franks (1985)
N =300000-650000 field ibid
v=28 cm/s field Franks (1986)
TD =2.25-8.25 Days field® Torgersen and Akre (1970)
E. hamatum TD=2.5-7.5 Days field® ibid
TD >39 Days field Rettenmeyer (1963)°
N =300000 field Beckers et al. (1989)
Eciton TD>31 Days field Schneirla and Brown (1950)°
Formica rufa v=0.6-1.5 cm/s field Holt (1955)
N =4000000 field Beckers et al. (1989)
Iridomyrmex humilis N=150000 field Beckers et al. (1989)
TD =30 min estimate J. L. Deneubourg et al. (1990a)
v=1.0 cm/s artif V. Calenbuhr®
PF =100-700 cm artif I. L. Deneubourg®
Lasius fulginosus TD=11 Days artif Hangartner (1967)°
N=2500000 field Beckers et al. (1989)
Manica rubida v=1-3 cm/sec artif Jackson et al. (1990)
TD < Myrmica rubra ibid
Myrmica rubra v=13-1.5cm/s artif Cammaerts et al. (1978)
v=1.2-1.9 cm/s artif Calenbuhr et al. (1992)
F=40-75 conc. dependent ibid
PF=5-17cm conc. dependent ibid
PF=5-15.cm artif Pasteels et al. (1986)
F=65-78 artif ibid
RL=.15/cm artif ibid
TD =2-3 min artif Cammaerts-Tricot (1973)
Cammaerts-Tricot et al. (1976)
N=1000 field Beckers et al. (1989)
Pogonomyrmex badius N=4300 field Beckers et al. (1989)
TD=35s artif Wilson (1971)
L=20cm - artif ibid
Solenopsis saevissima TD =3.5-7 min artif:glass Wilson (1962)°
TD =20 min artif: blotter paper ibid
TD=104s artif:glass Bossert and Wilson (1963)
v=0.4-0.8 cm/s artif:glass ibid
L=28cm calculated ibid
PF=148 ¢cm artif Wilson (19624, b)
S. invicta N =100000 field Beckers et al. (1989)
Tetramorium caespitum N=14000 field Beckers et al. (1989}
PF=2-15cm conc. dependent Pasteels et al. (1987a, b)
Veromessor pergandei v=0.6 cm/sec field Rissing (1982}
* From the assumption that velocity is proportional to pheromone strength
® Measurement varies from wet to dry seasons
¢ Cited in Torgersen and Akre (1970)
9 Personal communication
Table 2 Values of parameters ;
appearing in model Species Speed Decay rate Rate lose Rate find path
v(cmy/s) I'(/s) trail, (/s) afcm/s)
Eciton burchelli 3-10 4x1077 - -
Formica rufa v=0.6-1.5 - 1.8x107% 07v
Iridomyrmex humilis v=1.0 5x107* 0.003 0.7v
Myrmica rubra v=13-15 0.005-0.008 0.1-0.26 0.85-1.2
Pogonomyrmex badius v=0.6 0.028 - -
Solenopsis saevissima v=04-0.8 0.27-0.54 07v

Tetramorium caespitum

0.008-0.12

0.06-0.5 v 07v
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weak trails
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Fig. 2a A representation of the magnitude of the ratio S = F/T
(trail strength, or traffic density along the trails) is given here on a
TF plane. Points along lines close to the T axis have low F values,
so here S is small, and therefore represent weak trails. Points on
lines close to the F axis represent strong trails. b Behaviour of the
model is shown on a TF phase plane diagram. Values of the

environmental conditions). One would also expect dif-
ferent species to have different parameter values because
of differences in habitat, life cycles, food type and/or
availability, and other life-history factors (see Table 1
and 2 for examples).

In Figs. 2b,c and 3a the parameters A’ and o, are
fixed, and the recruitment response (either E* or B’ or
both) is changed. To show the predictions of the model
(Egs. 1 and 2) it is convenient to use a phase plane dia-
gram which shows a simultaneous time evolution of the
trail density, T, and the density of followers, F. The trail
strength § = F/T can also be read-off these diagrams:
see FFig. 2a). Several sample trajectories (labelled 1-4 on
the TF plane in Fig. 3a) demonstrate dependence on ini-
tial conditions. The starting points 1 and 3 eventually
approach B (labelled “weak”), whereas 2 and 4 ap-
proach A (“strong”). (Refer to Fig. 2a for trail strength at
various positions in the FT plane).

The two heavy dots on Fig. 3a are stable steady
states, but the open circle is unstable. Each of the trajec-
tories 1-4 is also shown on graphs of Tand F plotted
against time, in Figs. 3b—e. Fig. 3 illustrates that the out-
come can depend on the initial starting values. A popu-
lation with trails that are initially strong enough will
evolve towards a strong stable level of followers per unit
trail length, The TF plane is separated into two basins of
attraction by a separatrix, formed by the pair of trajec-
tories approaching the unstable steady state.

Two other cases are shown in Figs. 2b,c, for different
parameter settings. For low values of B’, (large increase
in trail strength causes small increase in trail fidelity), a
system of weak trails always forms (Fig. 2b). For low
values of E’ (followers have a high fidelity to all trails,
even weak ones), the population forms only strong
trunk trails, as shown in Fig. 2c. For intermediate values
(eg A/=01, & =03, B =40, E = 6.0} the be-
haviour depends on the initial situation, as described in
Fig. 3. Indeed, it is found that as B’ varies continuously
through a range of values, population behaviour under-
goes abrupt transitions between the three cases shown
in Figs. 2b,c and 3a. These bifurcations in behaviour
carry implications that will be discussed later on.

Simulation results
Typical output from the simulation of ant trails is shown

in Fig. 4. Ants moving freely tend to move along straight
lines, but there is some probability at each time step that

parameters were A’ = 0.1, o = 0.3, B = 0.7, £’ = 6.0, and the
differential equations were integrated using PhasePlane (B. Er-
mentrout). Regardless of the initial values of T and F, all points
approach a single steady state (heavy dot) in the “weak” trails
region of the TF plane. Thus, for this value of B’ the trails will
eventually become weak. ¢ Values of the parameters were
A =01, « =03, B =40, E =25, Now all initial values
evolve into strong trail networks (steady state represented by the
heavy dot in the “strong network™ portion of the TF plane)
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Fig. 3a—e Behaviour of the 1.2
model is shown a on a phase
plane diagram, and b—e on ' ctrong

conventional time graphs. Val-
ues of the parameters were

A =010 =038 =40,
E = 6.0). The four initial con- -8
ditions marked (1)-(4)in a
have values of (TF) given by
(0.1,0.25), (0.1,0.6), (1.1, 0.4),
(1.1, 0.8) respectively. Both ini-
tial conditions (1) and (3) will
eventually lead to a weak trail .4
network, whereas (2) and (4)

will eventually become strong

trail networks. The curves .2
pointing towards the unstable
steady state (open circle) are
exceptions, but these would
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they will turn by angles 45°, 90°, 135° or 180° to the
right or left. For example, the turning parameters used in
the simulation shown in Fig. 5 (50, 20, 7, 4) are probabil-
ities (out of a maximum of 256) of such turns. The mean-
ing of the parameter 50 is that, with probability 50/
256 =~ 0.2 every iteration, an ant turns by 45° or more.

In the simulation, ants can only become followers if
they either start out walking along a preexisting trail, or
if they cross a trail. In the latter case, there is an angle-
dependent probability that they will “detect” the trail
and “decide” to follow it. As the length of trails in the
region builds up, there are more opportunities for ants
to cross the trails, so in this sense, the rate of conversion
of lost ants to follower ants is similar to that assumed in
the model.

Ants walking along trails have a variable level of

1.2 TRAILS
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“fidelity” to the trail. It is assumed in the simulation that
the stronger the trail, the more likely is an ant to remain
on that trail per iteration. The connection between fi-
delity in the simulation and trail drop off rates in the
model is an inverse one (fidelity ~ 1/trail drop-off rate)
and the functional dependence on trail strength is semi-
linear, as shown in Fig. lc. The minimal and maximal
levels of fidelity, and the trail strength (SAT) at which
maximal fidelity occurs are selected in a given simula-
tion. It is customary to let fidelity vary between a value
close to (but not equal to) zero, and a level close to 256.
The value of SAT therefore determines the slope of this
linear dependence, which represents the extent to which
the strength of the trail influences the decision to stay on
it. This slope, and thus SAT, is therefore a crucial
parameter in the simulation.
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Fig. 4 Typical output from
the simulation of ant trails.
Shown are the positions

of “ants” and trails that they
have formed. The level of grey
of the trails is indicative

of trail strength

%

A high turning rate of ants is equivalent to a high
degree of random motion. This results in more tortuous
trails and interferes with ability to form strong trails: by
turning rapidly, a given ant takes longer to get away
from the nest area. Trails that span large distances from
the nest are bound to lose more followers than attract
new ones at their ends, and thus these trails cannot be
maintained. One sees a cloud of ants milling about close
to the nest, and gradually expanding outwards, but
rarely able to form long-lived trails.

A combination of relatively low individual trail mark-
ing and high maximal trail strength tends to promote
formation of strong trails. If individuals secrete too
much pheromone, many weak trails of short duration
will appear, forming a confusing network. It is thus im-
portant that the signal produced by any one individual
should not last too long. Once a trail with many individ-
uals on it has been formed, it is beneficial to stabilize it.
This happens whenever the strength is allowed to build
up to high values (MAX large). When MAX is high,
strong trails that are by chance abandoned for a short
period of time will persist until new ants find and follow
them.

Figure 4 shows a typical simulation output showing
positions of the ants and pheromonal strength of the
trails. Figure 5 illustrates a typical sequence of events in
the formation of a set of trails radiating outwards from
a nest, when conditions favour strong trails(ie. a low

rate of random turning, a high maximal trail strength
and a fairly low level of individual marking). Just before
Fig. 5a, ants are randomly exiting from the nest (at the
center of the region) as solitary individuals. Trail
strength builds up close to the nest leading to formation
of strong trails. These trails elongate (Fig. Sa—b) and ab-
sorb many exploratory ants, preventing other trails
from forming nearby (see Beckers et al. 1990 for a simi-
lar conclusion). Ends of trails spill their followers into
highly branched weak networks (barely visible in the
figures). As waves of recruitment take place (due to the
effect of replacement when ants leave the region), new
trails are added. As seen in Fig. 5b—d the number of
trails increases to eight.

When directional persistence is high, trails tend to be
straight lines. Even if trails start convoluted, or with
sharp bends they tend to straighten with time. (A
straight line is the shortest path joining two points.
Straight trails have the highest pheromone strength per
unit length for a given number of followers, making
them more attractive, and more long-lived than other
trails. Random shortcuts that contribute to straighten-
ing a trail would thus persist.) By 7000 iterations, all
eight trails emanating from the nest were straight, and
six of them reached the boundary of the region.

As discussed in the modelling section of this paper, a
key parameter is the steepness of response to increased
trail strength. In the simulation, the parameter SAT



Fig. 5a,b A time sequence of trail formation produced by the
simulation described in this paper. An initially randomly moving
population evolves a set of trails of increasing complexity. The
initial trail network has only one major axis of motion. Eventual-
ly, eight strong trails have been formed. The smaller trails will
later lengthen, and their ends will straighten out. The times shown
here are after a 1000, b 2000, ¢ 3000 and d 4000 iterations. Parame-
ters include: maximal trail strength (MAX) = 200, trail fidelity
low value 20, high value 230, saturation at trail strength
(SAT) = 50, trail length behind single ant t = 8. See text for de-
tails of the parameters

governs this slope. When SAT is small, the fidelity in-
creases rapidly for a small difference in the strength of
the trail. For example, if SAT = 40, and t = 8, it takes
only 5 ants walking in a row to make a trail of maximal
fidelity (a trail of strength 40 units (or more) is associat-
ed with a maximal level of fidelity.) If SAT = 200 and
T = §, it would take 25 ants walking one after another
to create an equally attractive trail.
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In the experiments conducted with the simulation,
conditions were selected under which strong trails were
generally favoured, and the effect of varying SAT was
determined (see Fig. 6). Parameters were MAX = 200,
T = §, turning parameters (50,20,7,4), and low and high
fidelity values (20, 230). For values of SAT = 100, 75,
and 60 no strong trails could be detected, even after
3000 iteration steps. The ants continued to mill about
randomly throughout the simulation. A typical result is
shown in Fig. 6a. When SAT was set to 40, the steepness
of the response to trail strength was just great enough
that trails eould be maintained (see Fig. 6b). As SAT
was further decreased, the formation of trails became
more rapid.

Comparison of model and simulations

The mathematical model and the computer simulation
are two separate and distinct ways of representing trail
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Fig. 6a,b The effect of steepness of response to trail strength on
the ability to form strong trails is shown here. When the parame-
ter SAT which governs the slope of the response curve, was set at
SAT = 100, 75, or 60, the trail followers milled about randomly
and did not succeed to form stable trails by 3300 iterations, as
shown in a. (Only one output is shown, but all three were essen-
tially the same). When SAT was given the value 40, trails formed
by 1300 iterations, as shown in b. A yet lower value of SAT
resulted in more rapid trail formation

following which share a number of common features.
They differ in several important details listed below.

1. In the simulation, both the quantity (length), the
quality (strength), and the positions of trails are shown.
The model only describes trail length.

2. In the simulation, the total number of ants fluctu-
ates as they are gradually introduced and randomly
leave the region. In the model the total number of ants
is assumed constant.

3. Trail decays linearly (by one unit of length per

iteration) in the simulation, but at an exponential rate in
the model.

4. In both model and simulation, there is a length of
trail associated with one individual (the simulation
parameter t is identical with the model parameter d,),
but there seems to be no clear way of identifying a sim-
ulation parameter equivalent to the spacing between
followers, d;, of the model.

5. In the simulation, trail strength is represented by
the chemical level associated with a given point along
the trail. In the model, trail strength is an average net-
work property based on the density of followers per unit
length of trail.

6. In the model, the response of fidelity to trail
strength is exponential, but in the simulation the re-
sponse to S is semi-linear (needed to speed computa-
tion).

Despite these differences, we nevertheless observe a
general agreement in the nature of predictions of the
simulation and of the model. In both cases, there is clear
evidence of the dichotomy in the kinds of trail networks
that can form: very loose, weak networks that have a
high proportion of lost ants, and never develop to full-
blown stable trails, versus strong networks that have
many followers per unit length, a high level of chemical
marker, and long duration.

Further, both model and simulation illustrate how a
collective effect can lead to spontaneous formation of
strong “trunk” trails: The idea rests on the fact that one
or two individuals cannot cause very significant changes
in the population behaviour. However, groups of indi-
viduals have an influence that increases rapidly with
group size: a group of ants walking together along one
trail can increase the attractivity of the trail so as to
recruit a large fraction of the population to it. The slope
of the response to group pressure (governed by the
parameter b in the model) or the response to the chemi-
cal strength of the trail (governed by SAT in the simula-
tion) are the important in each case.

Discussion
Comparison with previous work

Models and observations of ant behaviour, of self-orga-
nization, and of recruitment responses have been stud-
ied by the Brussels group (Pasteels and Deneubourg
1967; Pasteels et al. 1987a,b; Goss et al. 1989; Aron et al.
1989, 1990a; Deneubourg et al. 1990a). Laboratory ex-
periments are made under conditions in which the ge-
ometry of the arena, the locations of nests, food sites,
and systems of bridges connecting them is externally
imposed. Ants will select some subset of the routes to
the food and abandon the other routes. Simulations of
ant movements and/or trails appear in (Deneubourg et
al. 1989; Aron et al. 1990b). The fact that there are many
self-organizing aspects of ant societies has also been the
main thesis of work by this group. The ideas of artificial



life and tools of physics such as statistical mechanics
have recently been applied to ant swarms by Millonas
(1992, 1994). He stresses the network properties of the
swarm which parallel other interconnected systems such
as neural or immune networks.

Among the first theoretical treatments on the subject
of trail-following were papers by Wilson (1962a,b). The
rate of recruitment of ants to a food source and their
accuracy of finding the targets were studied empirically,
using an information-theoretic approach. Bossert and
Wilson (1963), described the length, width, and longevi-
ty of a typical pheromonal trail laid by a single ant
based on properties and solutions of simple diffusion
equations. Their papers explore trail following from the
perspective of an individual. A broader study of orienta-
tion of organisms at the individual level was given by
Fraenkel and Gunn (1961).

Verhaeghe (1982) studied group leading as a method
of recruitment to food sources in Tetramorium impurum.
(The leaders, unlike our exploratory ants, know and
lead the way to food.) In Verhaeghe and Deneubourg
(1983) a model based on the logistic equation represents
recruitment of Tetramorium from the nest to food.
Deneubourg et al. (1983) concluded that some degree of
random behaviour could optimize foraging in the pres-
ence of numerous food sources.

An interesting aspect of the work by Pastecls et al.
(1986) are the measurements of the probability of reach-
ing the end of a trail as a function of the pheromonal
strength. (This is equivalent to determining ¢ as a func-
tion of S). The measurements were made by painting
artificial circular trails with extracts of pheromone, and
it was observed that beyond a threshold concentration
the ants tended to be repelled from the trails. This may
be because the higher concentrations were outside the
normal biological ranges that ants can accommodate.
Our model considers only an increasing probability of
staying on trails as pheromone levels increase.

Patterns of exploratory trail-networks have been
simulated in several sources. Deneubourg et al. (1989)
and Franks and Bossert (1983) have simulated army ant
raiding swarms. Deneubourg et al. (1990a) and Aron et
al. (1990b) have simulated pheromone-based swarming
of Iridomyrmex. (The individuals choose to go left or
right depending on pheromonal concentration.) A re-
cent paper by Reed and Cherrett (1990) describes a sim-
ulation of branching trails and foraging patterns of Atta
cephalotes with extending, branching, and non-extend-
ing trails. Ganeshaiah and Veena (1991) give a branch
analysis of the trails of the predatory ant Leptogenys
processionalis.

Many papers cited above have the desirable feature
of including both experimental and theoretical investi-
gations and address the question of self-organization.
However, several general drawbacks exist:
1.The importance of identifying and experimentally
measuring a full set of parameters influencing trail for-
mation has not been emphasized.
2.Models for recruitment tend to have fairly predictable
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results for all parameter choices: one route is always
chosen out of many, or one food source is favoured.
3.Thus, the dependence of group behaviour on individ-
ual-based parameters has not been fully realized. [There
is recognition, however, that population size is an im-
portant influence on self-organization; see in particular
the excellent summary by Beckers et al. (1989), Ver-
haeghe (1982) and Pasteels et al. 1987a, Deneubourg
and Goss 1990].

4,Simulations have been qualitative, without systematic
understanding of the influence of parameter variations
on the morphology of the trails.

The model presented here addresses some of these of
these issues.

A number of outstanding issues remain to be ad-
dressed. These include (1) a detailed understanding of
the spatial distribution of the organisms and trail net-
works, (2) some estimate of the speed of propagation
over previously unexplored territory, and (3) some
quantitative or qualitative prediction about directional-
ity of the trails and the ability to form directed trails.
Certain features of these problems have been treated in
companion papers by Edelstein-Keshet (1994b), and
Watmough and Edelstein-Keshet (1994), but many out-
standing areas of investigation remain open.

Identification of parameter values

As discussed above, no full set of parameter values need-
ed for the model can be found in any single paper or
indeed in the literature for a single species of trail follow-
er. This limits the current ability to test predictions of
the model. However, to gain some insights about the
types of parameters needed, and typical values in a vari-
ety of species, we list results obtained by combing
through the literature in Table 1. Values vary over wide
ranges in different species and conditions (e.g. artificial
or natural trails). In particular, the duration of trails of
various ants (I'D in Table 1) and colony sizes (N) range
over several orders of magnitude.

The raw values of various parameters from the litera-
ture can be combined (using suitable assumptions) to
generate a set of values for the parameters discussed in
the model. Representative examples are shown in Table
2. Since these are still incomplete, it is as yet premature
to incorporate realistic values into the model or simula-
tion. A goal of future work would be to determine or
experimentally measure a complete set of values.

Implications

The model shows that the ability to self-organize from
an initially random configuration to coherent motion
on trunk trails is not universal: it depends on a balance
between competing effects. In particular, the response of
recruitment to increased trail strength (or equivalently
to increased traffic on trails) is a key parameter. As this
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parameter varies gradually from a low to a high value,
the population undergoes two abrupt transitions: at
first it can form only weak, confused trails; then it can
form strong trails but only when there are sufficiently
many initial trail followers to recruit the rest; eventual-
ly, as this response is increased further, the population
will always form strong trails exclusively.

These predictions have a number of implications
about ant population behaviours. We first consider the
timescale of hours or days. As noted in our introduc-
tion, over this timescale, the needs of the colony and
potential threats from danger will change, requiring
adaptation of the movement pattern. The predictions of
this paper demonstrate that it is not necessary to con-
ceive of an elaborate strategy for how such changes in
the spatial organization of the colony might be con-
trolled. Rather, we have shown that a fairly small
change in a parameter associated with individual be-
haviour can produce a sharp transition in population
behaviour. (We have dwelt on the acuity of response to
recruitment, but actually, other parameters such as
turning rates, rates of secretion, and/or attraction to
trails also have similar effects.)

It is also worth considering the implications of these
results on a longer timescale, that of evolution. Certain
aspects of organism behaviour are “hard-wired”, in the
sense that they have been inherited from an ancestral
organism. These aspects might include the chemical sig-
nals, the receptors that respond to these chemicals, and
aspects of motor control in an individual. Natural selec-
tion and the environment in which the organism lives
interact with these physiological attributes to fine tune
the values of parameters associated with individual be-
haviour. (For example, mutations that change the affini-
ties of receptors to signalling molecules might be selec-
tively advantageous in certain environments.) Together,
the forces of natural selection and environmental con-
straints gradually modify individual, and thereby also
population behaviour. Consequently, the emergent phe-
nomenon at the collective level, for example the ability to
self-organize, is adaptive.

Further, we argue that models for animal behaviour
such as the one presented here can give an indication of
optimal individual attributes. Stated another way, not all
(sets of) parameter ranges are equally efficacious. A
careful investigation of parameter values of the model
reveals that transitions in population behaviour occur
close to particular values of the leading parameters.
(Such points are called bifurcation values). Since a pop-
ulation that can respond rapidly to physical and envi-
ronmental pressures has a selective advantage, it stands
to reason that operating close to such bifurcation values
will be rewarded by a process of natural selection. We
have based the model on a number of biologically
meaningful parameters (degree of random motion, fi-
delity to trails, pheromone deposition rate, attraction to
trails, recruitment response, trail pheromone lifetime,
and size of the population). We would speculate there-
fore, that over an evolutionary timescale, the biological

ranges of such parameters should gradually shift closer
to the values associated with the bifurcation points, at
which the populations can most readily switch from one
type of desirable behaviour to another.
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Appendix
Equations of the model

Aside from the variables, T(t) (total length of trails per
unit area), F(t) (total number of followers per unit area),
L(t) (total number of lost ants per unit area) defined in
the text we also consider the additional parameters be-
low:

per unit area
[number A°'],

[d 7],

(']

N = total number of individuals
=L+ F
speed of motion of an individual

rate of decay of trail pheromone

[

v
r

a = rate of trail reinforcement by a single follower

[d '],
¢ = the rate of losing a trail [t],
o = the rate of recruitment to a trail [dt].

The equations of the model are derived below.

Trail behind a single individual

The trail behind a single individual is the distance be-
tween the point at which the fresh trail is being deposit-
ed, and its fade-out point. The length of trail secreted by
a single ant is

dT

—=v—I'T 1
rinid ey
Eventually the rate of deposition just balances the rate
of evaporation. This occurs when T = v/I'. This length
has been defined in the text as d, = v/I” = the length of
a simple trail.

Trails formed by N individuals

Suppose there are L(¢) lost ants and F(t) followers. These
may secrete trail-marker at different rates. Then we
modify the previous equation to include contributions
of both:

‘STIT:vLJraF—rT 2)

The ratio a/v represents the relative contributions to
trails by followers and leaders. Equation (2) is a phe-
nomenological equation, and is one way of characteriz-
ing the trail formation. EK (1994a) discussed how this
equation is related to detailed pheromone balance equa-
tions. A feature of this particular model is that when all
individuals are followers, there is an average spacing
between followers along a trail, d; = a/I".

Exchange occurs between followers and Jost ants,
and this is modeled by mass action kinetics, represent-
ing “binding” and “unbinding” to trails. Thus the rates
of change of followers and leaders are:

dF

- - 3
i eF+all, (3)
dL
—=gF — X 4
i eF —alLT 4)

The model has the property that the total number of
individuals, N = L+ F is constant. By eliminating L
from the equations we obtain

i—thv(N—F)JraF—m: (5a)
d—dlfz —eF+o(N—F)T. (5b)



Equations 5a and b can be studied with standard quali-
tative methods.

Strength of the trails

We have defined the idea of an aggregate trail strength
in the model by
S(t) = strength of the trail network = F(r)/T(t) = den-
sity of followers per unit length of trail (traffic density).
The variable S varies between a minimum of § = 0
when all individuals are lost and S = I'/a when all are
followers. We have assumed that in the model, the loss
rate of followers from a trail, ¢, is a decreasing function
of trail strength,

&(S) = E exp(-bS) = E exp(-bF/T) (6)

where I is the rate of losing the trail by a follower in the
absence of the group recruitment effect (i.e. when the
trail is a weak one, S = 0) and b is a parameter that
governs how rapidly this rate decreases as the strength
of the trail increases.

Dimensionless version of the model

It is possible to reduce the number of parameters by
using dimensionless ratios in the place of the original
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variables. We define these dimensionless variables as fol-
lows:
T = (N d) = TT/(N v),

L* =L/ N,
F* = F/ N,
t¥ = ¢ T,

S§* = F*/T* = F v/TT.

The densities of followers and lost ants are scaled in
units of the total population, N, and time is scaled in
units of the pheromonal half-life, 1/I". The trail length
density is scaled by the total density of N simple trails.
It can be shown that the dimensionless equations (writ-
ten in terms of the * variables, but with the *s then
dropped for notational convenience) are

dT

—=(1-F+AF—T,
=P+ AF—T, (Ta)
dF F
T —~EFe Br+o/(1-F)T (7b)
where the new dimensionless parameters are:

,a, bI' | E  avN
A—;’B_V’E—F’Q—F‘ (8)

The values of the dimensionless variables in these equa-
tions are restricted to the following ranges:0< T < 1,
0<L<l,0<F<1,0<S<v/a



