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The physics of cooperative transport in groups
of ants

Ofer Feinerman'™, Itai Pinkoviezky?, Aviram Gelblum', Ehud Fonio' and Nir S. Gov?

Anyone who has moved furniture together with friends will appreciate that cooperative transport requires some non-trivial
communication. Yet ants are adept at collectively moving objects several times their size. How they do so has long been a sub-
ject of research, but recent advances have suggested that this communication occurs through the forces the ants exert on the
load. This implies that the collective transport problem can be mapped to an Ising model, in which decisions by individual ants
are described by spin flips. Within this framework, the group is poised in the vicinity of the transition between uncoordinated
and coordinated motion. It thus profits from both internal coordination and maximal responsiveness to external information,
mediated by temporarily informed leader ants. Here, we review the implications of these findings for cooperative transport, and
discuss the way in which a more complete multiscale understanding of such systems would require the development of a new

formalism that combines statistical physics of interacting particles with the cognitive capabilities of individuals.

such as flocking birds or schooling fish have attracted the

attention of the physics community for several decades'”’.
Research has revealed that these groups share a large number of
characteristics with interacting many-particle physical systems,
including long-range order from short-range interactions’, travel-
ling waves®, broken symmetries’, self-organization'’ and various
collective states®”''. The interactions between the individuals in a
group rely on visual'>", tactile'*", hydrodynamic'®, chemical'’-"
and auditory’™”' communication, or a combination of these cues.
However, it is often difficult to deduce exactly which of the available
stimuli are actually used by the animals**.

One group behaviour in which the interactions are potentially
more straightforward is cooperative transport, as it fundamen-
tally relies on the application and sensation of mechanical forces.
Cooperative transport occurs when a group of animals join forces
to carry a large object**. Most animal species do not display
this skill, humans and a number of ant species being some of the
rare exceptions®”. Ants employ cooperative transport (Fig. la) to
exploit resources from their environment and overcome compe-
tition*>”. They have been known to collectively transport food
weighing over 5,000 times the weight and 10,000 times the volume
of a single worker®.

A first condition towards moving such large items is that the
ants gather enough muscle power to lift or drag®* the load**.
Summoning enough ants is a necessary condition towards moving
heavyloads but it is in no ways sufficient. Efficient transport requires
that group members coordinate their forces rather than engage in
futile tugs-of-war®”’'. Indeed, it has been suggested that during the
collective motion the carrying ants align their pulling efforts”*. As
an ant connects to a cooperatively transported load, she is inevitably
exposed to and affected by the stream of information conveyed by
the forces applied to her at her point of contact’**~*°. Ants may use
this information to coordinate their pulling directions.

Although getting alarge load to move is a prerequisite for success-
ful transport, steering it in the correct direction is no less important.
The collective decision regarding the direction of motion is reflected
by the angle of the vector sum of all forces applied by the ants and
is therefore readily measurable from the kinematics of the load’s
motion. Measurements of load trajectories have revealed that the
carrying group can be in one of several collective states that include

_|_he mesmerizing collective displays exhibited by animal groups

deadlock, uncoordinated motion and fast directed motion®. Until
recently, the origins of these dynamical modes, reminiscent of the
different collective patterns of motion observed in flocking animal
groups™”'!, and their relations to steering and eventually successful
navigation have not been fully understood.

The sheer number of ants involved in these collective efforts
make them amenable to tools such as rate equations™ and statistical
mechanics, much like those used to describe flocking™. It has been
proposed that starling flocks and midge swarms exhibit characteris-
tics that are known to be associated with criticality in large physical
systems®, such as long-range and scale-free spatial correlations™.
It was further suggested that individuals in these systems self-tune
their interaction strength such that criticality can be maintained
over a range of different group sizes'**'. Such dynamic tuning may
make it difficult to experimentally transition these systems through
their critical point. It has been further speculated that residing near
a critical point may be advantageous for a moving animal group
because high susceptibility could translate to increased responsive-
ness to external stimuli*. This, however, has yet to be shown™®.

The recent rise in computing power, combined with the develop-
ment of high spatio-temporal-resolution cameras, has allowed the
acquisition of large, detailed data sets that track individuals during
the collective transport process (Fig. 1b). Combining data analyses
with theoretical modelling can yield new insights into the process
of cooperative carrying by ants, revealing the microscopic rules
employed by individual ants and the means by which their behav-
iours lead to the emergence of collective motion.

In what follows, we outline several works that employ the tools
of statistical mechanics and dynamical systems to study cooperative
transport in the longhorn crazy ant (Paratrechina longicornis). We
demonstrate that these tools can be used to undertake quantitative
analysis, and predict new qualitative features of the transport pro-
cess. Although different ant species may utilize different mechanisms
for cooperative transport’”****»%, we demonstrate how physics-
based modelling can assist in finding similarities between different
species and, ultimately, enhance our understanding of the ecology
and evolution of social insect cooperation.

Ordered states and forceful cooperation
P, longicornis performs impressive cooperative transport®>***-*. The
load trajectories are relatively smooth despite the frenzied, erratic
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Fig. 1| Cooperative transport. a, A team of P. longicornis ants retrieving a large food item. b, Snapshot from a tracked movie. The yellow and black numerals
denote carriers and non-carriers, respectively. The object's current direction of movement is depicted by the blue arrow. Scale bar, 2 cm. ¢, Side view of
cooperative transport. The distribution of puller ants in the leading edge and lifters in the trailing edge causes the load to slant in the direction of transport,
whether it is towards (top panel—free motion) or perpendicular (bottom panel—constrained motion) to the nest direction.

activity of the surrounding ants and the high rate of joining and
detaching. An efficient strategy for probing the mechanisms that
enable this coordination is to study the collective performance as a
function of group size. This is achieved by using ring-shaped loads
of different radii that attract different group sizes while maintain-
ing the mass per carrying ant roughly constant. Interestingly, larger
groups exhibit smoother motion, characterized by trajectories with
longer persistence length® (Fig. 2a).

In this overdamped system, speed is directly proportional to
the total force”. Therefore, to achieve efficient transport, the
forces applied by individual carriers must be aligned. This align-
ment could be realized by uncoupled carriers that independently
align their force toward the nest*>*°. Conversely, alignment could
be achieved by communicating ants that actively attempt to
match their actions with those of their fellow carriers®. In this
second case, an ant is not required to know the direction to the
nest, but rather attempts to align its force with the current direc-
tion of motion. These two basic alignment mechanisms differ in
the requirements they place on individual capabilities and also in
the resulting collective motions.

The uncoupled-carriers model provides a possible explana-
tion for the association between larger groups and smoother
trajectories. Here, inaccuracies in the direction of forces
applied by different individuals are uncorrelated. The motion
of the load is determined by the sum of all these forces such
that independent noise terms cancel out and accuracy increases
with group size. This polling effect, termed the ‘many-wrongs
principle’ or ‘wisdom of the crowd, has been suggested as an
accuracy-enhancing mechanism in flocking motion* and
human decision-making***".

The basic realization of the coupled-carriers model assumes that
ants are coupled to each other exclusively via the force each ant
senses at her point of attachment to the carried load® (see Box 1).
The physiological mechanisms that allow for this force sensing are
currently unknown and remain a challenge for future research. For
a rigid load, this assumption implies that each ant reacts to the sum
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of all the forces (E,,) applied to the cargo by the carrier ants and this
leads to a fully connected model. The sign of the interaction is such
that ants in the leading edge of the load tend to pull and those at the
trailing edge tend to lift and reduce friction (Figs. 1c and 2b). The
strength of these tendencies can be captured in the following mathe-
matical form for the rates at which carrier ants switch between these
two possible roles.

ﬁ,"Flol
=Kce Fing

_E‘Ftot
rp_>1=KCe Fina

rl—»p

(1)

where K_ is the basal decision-making rate of individual ants,
P is the unit vector along the body axis of ant i and F,} is a cou-
pling parameter that sets the force scale for the alignment inter-
action. The particular choice of Boltzmann factors for these rates
enables the use of a thermodynamics treatment, as shown below.
A similar formalism was used to describe the collective motion of
molecular motors®">*.

Equation (1) implies that when F, ;> F, 4, an ant will align her
own pulling force with the total force (or lift if attached to the trail-
ing edge). Conversely, when F,, < F, 4, the ants randomly pull or
lift. In behavioural terms, a large F,4 corresponds to high individu-
ality, and a small F,  corresponds to conformity. Therefore, since
the total force sensed by the ants grows with the number of carriers,
ants in larger groups will actively coordinate their forces whereas
those in smaller systems will remain uncoordinated. Hence, in this
model, smooth trails for large group sizes (Fig. 2¢) are the result of
an increase in the internal coordination between the ants.

Although both the coupled and the uncoupled models provide
a possible explanation for the relation between group size and
trajectory smoothness (Fig. 2a), they disagree on the expected
speed profiles. In the uncoupled-carriers model, the mean speed
of the cargo is proportional to the sum of all individual ant forces
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Fig. 2 | Empirical findings and theoretical model. a, Sample nest-bound trajectories for various load sizes (red scale bar,5cm). The maximal amplitude along
the ydirection for each trajectory is depicted by the right bar with the same colour code as the trajectories. The inset shows the speed probability density
functions for two load sizes (R=10, 40 mm). b, A schematic diagram of the coupled-carriers model indicating the possible transitions for non-informed

ants. For further details, see Box 1. ¢, Mean absolute curvature of trajectories of objects of different sizes (radius). Inset: median curvature of tracks obtained
by simulating the model presented in b for objects of different sizes (radii). The number of carrying ants scales with the radius of the ring-like objects. The
curvature was calculated by fitting second-order polynomials to spline fits of the segmented trajectory. The standard box-plot representation includes a
coloured box (interquartile range, Q1 and Q3), median value (Q2, white horizontal line inside the box), whiskers extend to the last datum still within

1.5 times the interquartile range from either below Q1 or above Q3. Further data are considered as outliers and are represented as black dots.

normalized by object mass, which, for ring-shaped loads, is
proportional to the number of ants. In other words, collective
speed is proportional to the mean force over all individual ants.
By the law of large numbers, we expect this speed to be inde-
pendent of group size, whereas fluctuations decrease for larger
groups. Conversely, the coupled-carriers model predicts that
larger systems display stronger alignment, with fewer tug-
of-wars and therefore higher collective speeds. Experimental
results (see Fig. 2a, inset) support the prediction of the coupled-
carriers model.

In the coupled-carriers model, group motion is initiated through
random fluctuations in the roles of the ants that are attached to an
immobile load (F,, =0 in equation (1)). A large enough fluctuation
leads to a net total force that, in turn, induces coordination®® (finite
F,, in equation (1)). However, as motion commences, carrier ants
simply amplify the current direction regardless of how well it is
aligned to the nest. Next, we show how physical principles help the
ant group overcome this difficulty such that the motion is indeed
directed towards the nest.

Criticality and ant leadership

The coupled model displays a transition between random-like
motion (a ‘tug-of-war’) to more ballistic trajectories, as a function
of group size (Fig. 2a,c). Interestingly, fitting the model’s param-
eters so that the resulting collective behavior matches the features
of the measured motion (see Box 1) reveals that groups within the
naturally relevant size range fall in the transition area between these
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two regimes (see the insets of Fig. 3a). Next, we explore the rel-
evance of this observation to the group’ ability to correctly navigate
towards the nest.

The transition between random and ballistic motion is reminis-
cent of order-disorder transitions in statistical mechanics and can
be theoretically explored using a simplified coupled model for a
load that moves along one dimension (Fig. 3b). Here, N ants carry
an object with a front and a back such that N/2 of them are located
on each edge. This model can be mapped to a fully connected Ising
model, where the role of each ant is depicted by a ‘spin’ degree
of freedom, and 6,=0, 1 denotes either a lifter or a puller. The
translational invariance of this model, together with the choice
of Boltzmann transition rates between puller and lifter roles (see
equation (1)), implies that this inherently non-equilibrium, dis-
sipative system can nevertheless be described by an effective
equilibrium steady state. One can therefore define the following
Hamiltonian

o
== NI @)

i#]

where f; is the pulling force applied by a single ant and p,=+1, —1
denotes either the right or left side of the load, respectively. The inter-
actions between ants on the same side are ferromagnetic, whereas
those between ants on opposite sides are antiferromagnetic. Taking
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Box 1| Description of the theoretical model

Here, we describe the theoretical model of coupled-carriers
(Fig. 2b) as implemented in the numerical simulations™*.

Attachments-detachments of carrying ants. The circular cargo
is divided into N, equally spaced sites labelled by the angle 6,
iC[1,N,,.]. A site can be empty or occupied by either a puller or
a lifter. The cargo is surrounded by a reservoir of ants from which
ants attach to the cargo at a constant rate K. Attached ants detach
at a rate K (at site i), which was found to depend on the motion
of the cargo: when the cargo is stationary the detachment rate is
higher than the rate when the cargo is moving.

Role switching. An attached ant can assume either a pulling or
a lifting role. A puller ant contributes to the cargo’s velocity by
applying a force along her body axis. To maximize her effect, the
puller ant aligns as closely as possible with the direction of the total
force that it senses. The angular range of this tilt angle (denoted as
¢.), with respect to the local radial direction (Fig. 2b), is limited to
awindow of angles: [—¢__,+@__]. Lifter ants simply lift the cargo
to reduce the normal force and therefore the friction by a factor f.
Lifters are assumed to be oriented radially, so that their tilt angle
is zero (¢, =0).

The basic assumption of the model is that the probability to
be a puller/lifter depends on the ant’s location around the load,
her local tilt angle and the current direction of motion, and is
determined by the switching rates specified in equation (1). Each
ant reacts to a combination of the total force on the centre-of-mass

(f_,,) and the torque, which depends on her point of attachment:

Fiot = fcm_ff'ot ®)
Nmax
fm = f0 niﬁ; _fkm )]
i=1
Fra= L <0 (10)

where n' = 1,0 if site i is occupied with a puller/lifter respectively,
P =cos(6;+ @), sin(6,+ ¢,) is the body axis vector of the ant at the
ith site, f; is the magnitude of the force applied by a single puller,
fy, is the kinetic friction (with 7, as the kinetic friction torque),
b is the outer radius of the object (b=|r;|) and ® is the angular

the limit N, F;,4 — oo, while keeping IN7ind = F;,4/N = const. yields the
exact mean-field solution to this Hamiltonian (at temperature T = 1)

ft = étanh[&] (3)
N 2 ind
where F,, =f Xp,o; is the order parameter. This model undergoes a
second-order phase transition (Fig. 3c), such that below the critical
point (ﬁind,c=0’5)’ the order parameter F,, « N, whereas above it
F,~0. Note that the critical point can be approached by varying
either F, 4 or, the more experimentally accessible, N, as these are
inversely related.

The mean-field solution (equation (3)) is exact in the thermo-
dynamic limit, where fluctuations around the equilibrium state
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velocity that is given below. Note that the negative sign in equa-
tion (8) induces the puller ants to orient as to oppose the rotation
forcef,.
Finally, the contribution of the lifter ants to the motion is

through the friction term fi, . Its magnitude is given by

0

fkin = max{fkin _ﬂl\]lifterv 0} (11)

where f° is the bare friction force, f is the reduction in friction
kin, . . .

due to a single lifter and Ny, is the number of attached lifters.

When there are enough lifters such that f,;, =0, additional lifter

ants do not affect it further.

Equations of motion of the cargo. When the puller ants overcome
the static friction, the velocity of the centre of mass V_ and the
angular velocity w are given by:

cm (12)

N -
f0 Zi:l“ n’sm((pi)—rkin
w=
Yrot

(13)

where y is the cargo response coefficient, which is proportional
to the mass of the object, and 7,,, is the response coeftficient for an
applied torque.

The model dynamics are stochastic, involving rates for a
variety of random processes, such as attachment, detachment,
reorientation of pullers and role change. These dynamics were
implemented in a stochastic simulation, using a Gillespie
algorithm®. In each iteration, the time to the next event is drawn
according to the total rate of all the possible reactions.

Parameter fitting. Although the coupled model has many
parameters, only four of them are free in the sense that they are
not directly measurable®. The number of free parameters is small
when compared to the large number of dynamical features that
could be extracted from the ants collective motion. Fitting can be
performed by using control experiments in which informed ants
are not allowed to approach the load™. In this way, all participating
ants are uninformed, and can be assumed to behave according to
the rules of the coupled model.

vanish. Nevertheless, simulations reveal that the order-disorder
transition remains evident even for finite-size systems*!, contain-
ing as few as N=10 carriers (Fig. 3c). Experimentally varying
the size of the load (and carrying ant group, N) yields qualita-
tive agreement with Fig. 3c: larger objects move at higher speeds
(Fig. 2a inset). The dependence of speed on group size is particu-
larly clear when considering a scenario that includes an external
constraint (see below).

Second-order phase transitions are characterized by a diver-
gence in the susceptibility at the critical point. This raises the
tantalizing possibility that the ant group may exploit this prop-
erty to address the navigational challenge of steering towards the
nest. One way to implement a small external field in the analyti-
cal model is by including a single ‘uncoupled’ ant (analogous to
a zealot spin®**) that persistently pulls in a fixed direction while
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Fig. 3 | Criticality, susceptibility and leadership. a, The curve depicts the simulated response of the object to a single attachment of an informed ant as a
function of the object’s radius (normalized by the maximal calculated value). The response is defined as the mean speed at which the group moves in the
direction of the nest, following the attachment of a single informed ant. The insets depict simulated (see model in Fig. 2b) velocity projection distributions
for large (orange), medium (pink) and small (blue) loads. These distributions correspond to ballistic (ordered), transition regime and random-walk (non-
ordered) motions, respectively. b, An illustration of the simplified coupled model that takes the form of a fully connected Ising model. The motion is
one-dimensional moving along the x direction. Blue and red ants as in Fig. 2b. Non-informed ants change their roles while the leader ant (black) remains a
puller. ¢, Mean velocity of the one-dimensional motion calculated using the simplified coupled model plotted against the renormalized coupling parameter:
I?indz Fine/N. The solid curves are the analytical solutions of the mean-field equation while the circles represent averages obtained from simulations with
different group sizes, N. d, Group of ants transport a load in the wrong direction (top). The instananeous direction of motion is indicated by the red arrow.
An informed individual (marked in yellow) arrives at the load (middle). The group reacts to the attachment of the informed leader (encircled in yellow,

bottom) by aligning the transport direction with the nest direction (bottom).

ignoring any forces applied by others. The direct analogy with the
Ising model implies that, at the critical point, the entire group of
coupled carriers will tend to maximally align with this persistent
puller. An uncoupled ant pulling in a constant direction can also
be included into the full version of the coupled-carriers model
(Box 1). Simulations show that the group indeed reorients its col-
lective direction such that it tends to align with the pulling direc-
tion of the uncoupled ant. This response is maximized for groups
that carry naturally sized loads (Fig. 3a), which places them near
the order-disorder transition (Fig. 3a insets). Finally, we note that

NATURE PHYSICS | VOL 14 | JULY 2018 | 683-693 | www.nature.com/naturephysics

the inclusion of uncoupled ants in the coupled-carriers model
slightly blurs the clear distinction between the coupled and uncou-
pled descriptions, as stated above.

Experimentally, it is known that freely moving ants are
extremely well oriented and are able to return to the nest from
large distances®. P. longicornis ants are no exception: during
cooperative transport, non-carrying ants integrate their own
memories of the environment with information conveyed by
the scent marks left by others to learn about the correct route
towards the nest*>*. It is further known that informed ants tend
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Fig. 4 | Oscillatory motion under constrained conditions. a, The
motion of cooperatively carrying ants when constrained by a thin tether
(black line). Free motion before encountering the constraint is marked
in orange while oscillations, when the string is fully taut, are marked

in purple. b, Time series of the load’s motion. A black dashed line
separates the two stages of motion described above. The angle, 6, is
measured relative to the direction of the nest. ¢, Comparison between

a coupled model that contains both informed and non-informed

ants (blue curve) and an uncoupled model that includes only noisily
informed ants (red curve). The uncoupled model fails to reproduce the
experimentally observed oscillations. d, Phase space of oscillation data
(experimental measurements in blue, coupled model simulations in red)
of the angle around nest direction (6) and the corresponding angular
velocity. The black line depicts the analytic result for the limit cycle
obtained from the constrained version of the simplified coupled

model (Fig. 6a).

to ignore social information and act independently from other
group members™. It is therefore interesting to check the effect
that a newly attached ant may have on the collective motion. In
agreement with the theoretical results mentioned above, experi-
ments show that, on attachment, such ants are able to steer the
entire carrying group towards the nest (Fig. 3d). This leadership
effect”””® is short-lived—the boost in the directional informa-
tion that the leader provides to the group dwindles after about
10s. This most likely occurs as the leader ant loses her initial
informational edge over the other carriers”. Updated informa-
tion continues to flow into the system by the constant flux of
attaching ants.

To summarize, the carrying ants appear to be coupled through
mechanical forces and this leads to a high degree of coordination
with minimal force cancellations (see the inset of Fig. 2a and ref.*).
As mentioned above, a downside of this is that carrying ants direct
their attention within the group and not towards their surround-
ings. Balancing individuality and conformism offers a compro-
mise that helps solve this problem. It allows the ants to be relatively
strongly aligned, while maintaining high susceptibility to the direc-
tional information conveyed by transient leader ants.
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External constraints and swinging modes

A clear distinction between the coupled-carriers and uncoupled-car-
riers models is the location of pullers and lifters along the circum-
ference of the load. In the coupled model, the ants organize relative
to the current direction of motion: puller ants reside in the leading
edge of the load, whereas lifters occupy the trailing edge. Conversely,
in the uncoupled model, the pullers are along the edge of the load
facing the nest and lifters along the edge facing away from the nest.
During unconstrained movement (see the previous section), these
differences may be difficult to distinguish as the motion is typically
aimed towards the nest. Constraining the motion, for example by
tethering the carried load with a thin string (Fig. 4a), can decouple
the direction of allowed motion from the direction to the nest™.

P. longicornis ants carrying tethered cargoes were found to
exhibit large-amplitude oscillations around the direction of the nest
(Fig. 4b). These shark-fin-shaped oscillations are highly periodic,
which is surprising given the large stochasticity on the level of indi-
vidual ants.

During the sideways oscillatory motion, puller ants can be
observed to occupy the leading edge of the load, whereas lift-
ers occupy its trailing edge, regardless of the direction to the nest
(Fig. ¢, bottom panel). This supports the coupled-carriers model,
wherein the majority of ants are uninformed about the direction
to the nest and tend to align their forces according to interactions
within the group. Clearly, the observed oscillations could not arise
from a wisdom-of-the-crowd-type mechanism, as suggested by the
uncoupled-carriers model (Fig. 4c, red plot).

The constrained system was modelled using the same
coupled model described in the previous section, except for the
addition of a tether as a Lagrangian multiplier’**. Newly attached,
informed ants are assumed to always pull in the direction
of the nest. The model quantitatively captures multiple aspects
of the cargo’s motion (Fig. 4c, blue plot, and Fig. 4d) such as
the angular speed, oscillation amplitude and period-to-string-
length relation™.

The coupled model also predicts dynamical transitions between
order and disorder (Fig. 5, top panel), which could be experimentally
tested by varying group size. Specifically, the model predicts that
oscillations disappear for small group sizes, for which only random
motion of the cargo around the direction of the nest is observed. In
addition, it was predicted that larger objects should oscillate with
longer periods. These two predictions have been experimentally
verified (Fig. 5, bottom panel), providing strong support to the idea
that the oscillatory motion is a collective emergent behaviour.

Unlike the free system, the tethered configuration lacks trans-
lational invariance and this reveals its inherently non-equilibrium
nature. Above the ordering transition, a non-zero speed, v, appears.
When this is combined with the broken translational symmetry, as
dictated by the tether, it results in broken time-reversal symmetry.
This broken symmetry is manifested as relaxation oscillations of
the order parameter along a limit cycle (Fig. 4d). We note that these
properties of the ant model are shared by a class of non-equilibrium,
driven-dissipative condensed-matter systems. These exhibit similar
many-body transitions into a state with broken time-reversal symme-
try, periodically varying Hamiltonians and limit-cycle dynamics™.

The dynamics of this non-equilibrium system can be analysed
using nonlinear ordinary differential equations derived from the
simplified coupled model, described in the previous section, in
which the cargo is constrained to move on a circle with fixed radius,
L (ref.** and Fig. 6a). The two variables in this model are (6, v), the
angular displacement and tangential speed, respectively. The equa-
tions of motion are:

de_l

dr L
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whereNN is proportional to the total pulling force of the uninformed
ants, G is proportional to the total force the informed ants exert
towards the nest, F,  is the individuality parameter normalized by
the size of the load and v is proportional, as above, to F,,.

Linearizing the speed equation in equation (4) in the variable v,
we get

]—2(v+ Gsin (0))
(4)

cosh

Lﬂ: NN —2—i v—2G'sin (9) (5)
K. dt |F, = KL

where, in the second term, the force exerted by informed ants acts
as a ‘gravitational” force. The first term defines an effective friction
coefficient. For a small uninformed population, the friction term
is negative and tends to decrease the speed and stabilize the fixed
point at v=0=0. When the number of uninformed ants surpasses
the threshold given by

~

242

chFind KL
c

(6)

the friction term switches its sign and provides positive feedback
that gives rise to the oscillatory behaviour. An analysis of the sys-
tem’s eigenvalues shows that the origin undergoes a Hopf bifurca-
tion at the critical value specified by equation (6). This threshold
agrees with the simulation and experimental results as presented
above (Fig. 5). Interestingly, this transition can spontaneously occur
under natural conditions in which the groups motion is delayed by
an obstacle™. As time goes by and more ants are recruited to the
object, the system can naturally go into its ordered phase and com-
mence a sideways motion that assists obstacle circumvention®**.

When the number of ants is large, the simplified model enters an
ordered regime, dominated by the nonlinear terms in equation (4).
In this regime, there is a strong separation of timescales where, most
of the time, the cargo moves with nearly constant speed such that
dv/dt~0 (see shark-fin oscillations in Fig. 4b). One can therefore
use equation (4) to define an effective free energy W (v,0) (Fig. 6b)
whose minimum sets this slowly changing speed

dv__dwWmo)

dt dv @
The physical origin of the oscillations can now be explained by a
Landau-like mechanism, where v acts as the order parameter. Unlike
an equilibrium Landau description, here a non-zero order param-
eter drives temporal changes in the parameter 6 (equation (4)),
thereby altering the shape of the effective free energy over time.
Specifically, above a critical size, as the uninformed ants enter their
‘ordered’ phase, the effective free energy W (v,0) develops two non-
zero minima (Fig. 6b).
In the direction @ =0 towards the nest, W (v, 0) is symmetric, but
a small perturbation leads to symmetry breaking and the group
starts moving sideways with a speed that corresponds to either one
of the minima (Fig. 6b, top-left frame). As the group moves away
from 6 =0, the tangential projection of the informed ants’ force, G,
increases and the effective energy ceases to be symmetric (Fig. 6b,
top-right frame). Eventually, the occupied minimum of W(v,8)
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Fig. 5 | Increasing system size transits the system between order and
disorder in experiment and simulation. Distributions of angular velocities
of a constrained load. Both simulation (top panel) and experimental results
(bottom) depict a transition from random fluctuations around 6=0 (uni-
modal distributions) to large-scale oscillations (bi-modal distributions)
with growing load size (as in the legend).

loses its stability (Fig. 6b, bottom-left frame) and the system
jumps to a speed in the opposite direction (Fig. 6b, bottom-right
frame). This process leads to deterministic relaxation oscillations
along a limit cycle. Thus, the change of directionality does not
necessitate the attachment of new informed ants. This phenome-
non was also observed in experiments with a cul-de-sac geometry,
where backward motion was often initiated without the attach-
ment of a new ant*.

The bifurcation diagram of equation (4) is shown Fig. 6¢. In addi-
tion to the local Hopf bifurcation, the model predicts a heteroclinic
bifurcation into complete rotations. To test for this motion in exper-
iments, the string was replaced by a rod to prevent inward radial
motion. Indeed, as shown in Fig. 6d,e the rod-constrained system
exhibits complete rotations, which are more persistent for larger
cargoes™. Finally, the experimentally observed velocity extrema are
at the predicted 8= +90°, unlike the case of rotations under gravity
where the extrema in the velocity are at #=0, 180° (Fig. 6e).

These findings have implications on biologically relevant aspects
of this system: the same model can explain both the free and the
constrained motions and this suggests that the rules that ants follow
near an obstacle are the same as those obeyed during unconstrained
motion. The excursions that the group takes when encountering an
obstacle can be seen as an example of collective problem solving,
as they help circumvent the obstacle and emerge without the indi-
vidual ants realizing that they are blocked.

The inclusion of an external constraint has allowed for a straight-
forward distinction between two different models of cooperation.
This physical insight suggests a practical research path that can be
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Fig. 6 | Phase transitions under constrained motion. a, A constrained version of the simplified coupled model. The motion of the load is described by the
parameters (6, v). The pull of informed ants is modelled as a “gravitational' pull, G, towards the nest. b, The effective free energy, W(6, v), as a function

of v and at four @ locations along the trajectory (marked by red dots, ordered in a clockwise fashion, in €). The red disc in each of the frames depicts the
order parameter, v, of the cargo. ¢, Calculated phase diagram of the constrained system as a function of the number of uninformed, N, and informed, G,
ants. From bottom to top, the diagram displays a non-ordered phase, an oscillatory phase and a phase of complete rotations. d, Experimental results
demonstrating a system that occasionally alternates between the oscillatory phase (green background) and the full rotation phase (pink background).

e, Experimental (blue) and theoretical (black) phase-space trajectories for complete rotations. The red dashed lines denote extremal angles, +90°, and

6=0 is the nest direction.

expected to expand our understanding of social insect behaviour
and its evolution. Namely, we propose an empirical survey in which
cooperatively carrying ant species®”* are subjected to constrained
transport and the degree of oscillatory motion is measured. Species
may then be arranged according to similarities in their collective
trajectories”*. Correlating these with phylogenetic and environ-
mental similarities may then have implications for the evolution
and ecology of cooperation by social insects.

Figure 7 presents some preliminary steps in this direction. When
confronted with a tethered load, ants of the species Pheidole pallidula
exhibit large-scale oscillations that support a coupled model for this
species. The similarity of these oscillations to those of P. longicornis
(Fig. 4a,b) demonstrates the generality of our model. Further, P. pal-
lidula is phylogenetically distant from P. longicornis—the former is
in the Myrmicinae subfamily, the latter in the Formicinae subfam-
ily—but inhabits a similar biological niche, which may suggest con-
vergent evolution®-** towards coupled transport in these two species.

Ants as interacting particles

Ants who take part in collective transport participate in a large-
scale process whereby their individual actions act to coordinate
them into a single, cooperative entity. This coordination is achieved
via physical interactions in which a carrier ant senses the force
generated by the entire carrying group and reacts by aligning its
pull with this collective ‘opinion’. Although this trait of ‘going with
the flow’ is strongly associated with ant behaviour, it has also been
shown that, in complex environments, some degree of indepen-
dence is useful®. Indeed, this principle carries over to cooperative
transport behaviour where the alignment of carriers is crucial but,
nevertheless, imperfect.
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The carrying ant groups exhibit the necessary ingredients to sup-
port a phase transition in a many-body system. Importantly, group
size serves as a control parameter that transitions the group between
different phases of motion. Small carrying teams display a disor-
dered phase, which is characterized by uncoordinated tug-of-war®,
whereas large ant groups coordinate into an ordered phase, char-
acterized by more ballistic motion. A similar transition has previ-
ously been demonstrated in the collective motion of locusts where
the density of the swarm serves as a control parameter’. The effect
of group size in ants stands in contrast to bird flocks* and midge
swarms"', which are thought to self-tune to remain near the critical
point, regardless of group size. This property of the ant system pro-
vides an experimental advantage as it allows for a study of coopera-
tive transport in its ordered and disordered phases, as well as in the
transition region between them.

The navigational capabilities of carrying ants may be compro-
mised in comparison to those of freely moving ants*. For example,
carrying a large load may obstruct sensory inputs as well as ham-
per any idiothetic orientation mechanisms®'. To maintain an influx
of orientational information and correctly steer towards the nest,
the group must therefore maintain a high degree of responsiveness
to the motions of incoming ants equipped with new information.
Interestingly, the same physical principles that drive the transition
into a coordinated carrying phase also provide the mechanism for
high responsiveness. It was found that the range of sizes of natu-
rally occurring cargoes places the ants near the critical point of the
order—disorder transition. In this critical regime, the susceptibility
of the system to small external perturbations is maximal. A newly
arrived and informed ant provides this external pull, and the group
readily responds by altering its direction of motion to follow this
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Fig. 7 | Oscillatory motion in a different species. a, The motion of
cooperatively carrying P. pallidula ants constrained by a thin tether (black
line). b, Time series of the load’s motion. A black dashed line marks the
onset of oscillatory motion. The angle, 6, is measured relative to the
direction of the nest.

transient leader”. Collective carrying by ants therefore presents
another striking example in which natural selection optimizes the
performance of the group by positioning it near a phase transi-
tion™-*>%, Intriguingly, it has been further suggested that residing
at criticality enables an interacting system to maximize its compu-
tational capabilities®’.

In this review, we have emphasized the usefulness of simplified
theoretical models in promoting our understanding of complex
biological systems. Clearly ants are not particles: they do not take
binary decisions using Boltzmann-like statistics, and their interac-
tions with each other may be highly intricate. The models for the
special case of cooperative transport, as presented above, employ
the following simplifications: a dichotomous separation between
informed and uninformed ants, a rigid load assumption and no role
for the scent trail known to exist”. Although these simplifications
are not completely realistic, it was previously shown that relaxing
some of these assumptions does not strongly impact the predictions
of the model®”. More importantly, the success of these models in
qualitatively and quantitatively describing experimental results, as
well as predicting new phenomena subsequently verified by experi-
ments, demonstrates the strength of abstract modelling.

The understanding of ant cooperative transport has implica-
tions for other collective biological phenomena. First, there are
analogous examples of cooperative transport systems on very dif-
ferent length scales. Examples include transport of intracellular
cargoes by teams of molecular motors along one dimension®"*? and
collective cell motion®***°. Second, there is an interesting analogy
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between the carrying ants and neural network systems. Specifically,
the model of interacting carrier ants around a circular load can
be mapped to the well-known ‘ring model”*”". In both systems,
incoming information results in an angularly defined response.
In the case of the ring model, the new information is visual, and
encoded by electric potentials, whereas the pull of newly attached
ants carries the orientational information in the case of coopera-
tive transport. Third, the lessons learned from ants may find tech-
nological applications for the design of cooperative transport in
robotic systems’>°. Finally, the interplay between conformism,
individuality and leadership in ants has been suggested to have
analogies in human societies” .

This work demonstrates the strength of statistical physics, com-
bined with quantitative experiments, in deciphering the underly-
ing rules that govern collective animal behaviour, even if direct
measurements of the interactions within the group remain elu-
sive™. The relative success of this approach raises the question of
how far statistical physics modelling can take us when describing
such a complex biological system**. In the context of cooperative
transport, the answer to this question is perplexing. The collec-
tive behaviour of ants is strongly dictated by physical principles in
which ants play the role of simple coupled particles. Interestingly,
this coupled system is maximally responsive to the complex deci-
sions and information provided by few navigationally competent
individuals. These informed ants, although crucial for understand-
ing the collective motion, lie outside the realm of simple interacting
particle models.
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