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PACS 89.75.Fb — Structures and organization in complex systems

PACS 05.65.+b — Self-organized systems

Abstract — Nature routinely presents us with spectacular demonstrations of organization and

orchestrated motion in living species.

Efficient information transfer among the individuals is

known to be instrumental to the emergence of spatial patterns (e.g. V-shaped formations for
birds or diamond-like shapes for fishes), responding to a specific functional goal such as predatory
avoidance or energy savings. Such functional patterns materialize whenever individuals appoint
one of them as a leader with the task of guiding the group towards a prescribed target destination.
It is here shown that, under specific conditions, the surrounding hydrodynamics plays a critical
role in shaping up a successful group dynamics to reach the desired target.

Copyright © EPLA, 2016

Introduction. — The migration of a group of active
agents, such as flocks of birds, schools of fishes, swarms
of insects and humans as well [1-12], towards a given tar-
get destination is a process in which a given portion of
the group is informed about the route, and transfers this
information to the naive ones through social behavioural
interactions [13-19]. Information transfer within a school
of fishes has been investigated in [16,19], showing that a
quorum of informed individuals is required to facilitate a
group coherence. In addition, Ballerini et al. [20] observed
that the collective behaviour of birds involves topological
aspects, accounting only for the presence of the nearest
neighbours. At a lower size scale, experimental evidences
in [21] show that the cohesion in a group of midges is
enhanced by the presence of some interaction-induced ef-
fective forces. Obviously, the deep understanding of the
dynamics of a group of animals which have identified and
follow a leader is an intriguing issue, with potentially far-
reaching consequences. For instance, it has been shown
that a robotic fish drone can guide real organisms by beat-
ing its tail at a particular frequency [22]. Suppose one
would aim at designing an artificial leader capable of per-
suading a certain number of individuals, a natural ques-
tion is: how can the persuasive performance of the robot
be affected by external inputs relative to the surrounding

fluid environment? In the present study, we show that
whenever the numbers of informed and uninformed indi-
viduals are of the same order of magnitude, hydrodynam-
ics may play a crucial role on the decision-making process
of the individuals.

Methods. — Here, we analyse the effects of hydrody-
namics in the collective behaviour of a group of agents for
low Reynolds numbers, representative of various life sce-
narios [23]. The rules governing the mutual interaction
between the individuals have been implemented in two di-
mensions according to the so-called agent-based collective
behavioural model proposed by Couzin [24]. Each agent
identifies two concentric regions as sketched in fig. 1. On
the one hand, the inner region is a circular repulsion zone
with radius [,.. If a generic individual, j, detects another
individual, k, in this zone, it varies its own direction in or-
der to avoid collision. On the other hand, the outer zone
is an attraction-orientation area. It covers a circular zone
with radius l,,, — [,-. If an individual k is found here mov-
ing in a certain direction, the generic individual j tends to
move closer to this latter and take the same orientation.
To instil information about the route, some (informed) in-
dividuals adapt their direction to reach a prescribed tar-
get point. Accordingly, at each time instant ¢ the generic
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Fig. 1: (Colour online) Schematic representation of the zone-
based model. Each individual (green circle) is surrounded by
two areas: the repulsion one (red circle of radius I,) and the
attraction-orientation one (light blue circle of radius la,0).

individual j updates the direction of its velocity vector V,
and its position X, as follows:

Vi(t) = Vi (t) + V"’ (t) + Vi (1), (1)

Vi(t)
X;(t+At) = X;(t) + =1L UAt, (2)
’ ’ V; (@)l
where
‘/]T(t) = - er,k‘a if Tk < ZT) (3)
k]
a,o V;g
‘/j ) = waZTj’k +w02m,
i) 1Tk
if lr < Tk § la,o; (4)
de(t) = r;q, if jis informed, (5)

where At is the time step, U is a characteristic cruising
_ X’C_X] . . .
speed, 7 = X=X 8 the normalized distance between
J
the individuals 7 and k, V4 is the velocity vector of the in-

. Xa—X; - . .
dividual k£ and 7; 4 = p(:fXJ is the normalized distance

between the position of the individual j and the destina-
tion (target) point, d.

The above equations are purely kinematic and indepen-
dent of physical aspects such as the individuals’ inertia
(mass and shape), or the force interaction with the encom-
passing medium (e.g. air, water). These issues related to
kinetics are addressed here, where the group (composed of
individuals of mass m) sets in motion an unbounded fluid
domain with kinematic viscosity v and mass density p.
Our aim is to highlight the impact of the surrounding hy-
drodynamics on the decision-making process, and eluci-
date how the transfer of information between individuals
and the spread of a global consensus can be altered by the
medium. The motion of each individual obeys Newton’s
law £x

J

M (6)

where F}; denotes the force due to the surrounding fluid.
The advance in time of the position of the individuals
is now achieved through a predictor-corrector scheme,

= js

H

Fig. 2: (Colour online) Sketch of the problem set-up. H = 900,
W = 600. The prescribed target (black point, d) is located
at 700 grid nodes from the leftmost surface. The rightmost
column of individuals is located at 200 grid nodes from the
leftmost surface. Informed (red) and naive (light blue) agents
are uniformly distributed.

in which behavioural interactions (egs. (1)—(5)) yield a
hydrodynamic-free prediction of the new positions, then
corrected by accounting for the fluid forces (eq. (6)). The
fluid dynamics, governed by the Navier-Stokes equations,
is numerically computed on a regular grid by the lattice
Boltzmann method [25], and the presence of the moving
individuals is accounted by an immersed boundary algo-
rithm [26,27]. In our problem, the reference length scale
is given by the elementary scale of hydrodynamics (the
size of a grid cell), whereas the reference time scale re-
sults from the “CFL condition” of the lattice Boltzmann
method [25]; the reference mass density is provided by the
fluid density. In the following, quantities will be given in
dimensionless units relative to these characteristic scales.
The individuals are modelled as circular solid bodies of
radius 7 = 1 and mass m = 10. The size of the repulsion
zone is [, = 4r, while the attraction-orientation zone ex-
tends to lq,, = 8l,. Attraction and orientation tendencies
are differently weighted with w, = 0.3 and w, = 0.7 in
eq. (4). In this way, the attitude of the individuals to get
reciprocally aligned is promoted compared to the perspec-
tive to create a compact pattern. This is consistent with
the recent observations [24]. The cruising speed is set to
U = 0.02 and the time step is At = 1. The individuals are
initially aligned in two parallel identical columns, whose
horizontal spacing is set to [, (see fig. 2).

Results and discussion. — Scenarios characterized by
different values of the number of individuals, A/, are ex-
amined with 10 < N < 100. Among the individuals, only
half of them are informed to move towards a prescribed
target according to eq. (5). Further details about problems
set-up are given in fig. 2. Different values of the Reynolds
number (Re € [0.12-1.2]) based on the diameter of the
individuals and the cruising speed are adopted, which are
achieved by varying the fluid kinematic viscosity. The
idea is here to investigate some possible dependences of
the group dynamics on the flow regime. To highlight the
effect of hydrodynamics, scenarios neglecting this latter
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Fig. 3: (Colour online) Map of the hydrodynamic benefit
function B: interpolated contour map. 50% of the group is
informed.

have been also investigated. A “benefit function” is intro-

duced as At A
BV (7)

where A" and N™" denote the number of individuals
reaching the target by accounting for and neglecting the
hydrodynamics, respectively. In fig. 3, the value of B is
plotted against Re and N and a strong non-linear depen-
dence is observed. On the one hand, the hydrodynamics
plays a deleterious role for the extreme values of the size
of the group. On the other hand, two zones are identified,
i.e. 40 < N < 50 and 70 < N < 80, thus highlighting that
here the fluid presence enhances the spread of a global con-
sensus within the group. Interestingly, these latter regions
of the B contour map are separated by the configurations
at N = 60, which are markedly negative. Finally, we no-
tice that the incidence of Re is prominent if the group is
composed by 30 individuals. In fact, it is possible to ob-
serve that for the lowest values of Re the hydrodynamics
enforces a more cohesive group, while presenting delete-
rious effects as Re grows. The marked non-linear depen-
dence of B on A/ and Re is confirmed in fig. 4, where the
benefit function is depicted in configurations where 30%
of the group is informed. Differently from fig. 3 where
vertical stripes of hydrodynamics benefit appear, here the
hydrodynamic benefit is confined to local spots. Interest-
ingly, scenarios characterized by N' = 30 are, again, those
exhibiting the larger sensitivity to the Reynolds number.
In fig. 5, the values of B are reported for tests involving
a larger population size, i.e. N’ = 150. By increasing the
size of the group, the compelling dependence on the en-
compassing fluid dynamics still persists. It is worth noting
that the effect of the fraction of informed agents is more
prominent for low values of Re. On the contrary, we re-
peated the simulations by assigning the information about
the route only to 10% of the set of individuals and found
that the uninformed portion is unable to reach the goal,
independently of N' and Re. Hydrodynamics does not
help to lead the group to the target when the fraction of
informed individuals is too small.

B=

B
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Y 0.2
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20 40 60 80 100

Fig. 4: (Colour online) Map of the hydrodynamic benefit
function B: interpolated contour map. 30% of the group is
informed.
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Fig. 5: B wvs. Re. Findings are representative of scenarios

where 30% (continuous line) and 50% (dashed line) of the
agents is informed for a group composed of 150 individuals.

Some insight into this non-linear behaviour can be
gained by investigating the time evolution of the spa-
tial position taken by the informed and naive individu-
als!. Specifically, the scenarios characterized by ' = 50
are considered and half of the group is assumed to be in-
formed. In fig. 6 (without hydrodynamics), the position
of the individuals is reported at three time instants, i.e.
t = 1250, 7500, and 15000. Red and blue circles denote
informed and naive agents, respectively. At the earlier
stage, about half of the informed individuals moves res-
olutely towards the target. As the simulation proceeds,
naive individuals get partially influenced by the informed
subset. Eventually, only four individuals manage to join
the informed group, whereas the others lose contact and
get disoriented. These effects are emphasized once the hy-
drodynamics is considered. In fig. 7, the spatial position
is depicted at Re = 0.24. At the beginning of the sim-
ulation, the group is more compact with respect to the

1Some supplementary animations depicting the space-time
evolution of the agents, together with the velocity field of the
encompassing fluid, are provided: n10_hydro.avi, n50_hydro.avi,
n100_hydro.avi, n10_nohydro.avi, n50_nohydro.avi, n100_
nohydro.avi.
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Fig. 6: (Colour online) In the absence of hydrodynamics: po-
sition achieved by informed (red) and naive (blue) individuals
at different time instants, i.e. ¢ = 1250 (top), 7500 (middle)
and 15000 (bottom). The black point represents the target.

previous scenario. This should be attributed to the initial
resistance to the motion exerted by the surrounding quies-
cent viscous fluid. At the second instant, three subgroups
may be identified. At the front, informed individuals lead
the group, whereas naive individuals lag behind. In be-
tween, an elongated aggregate of both informed and naive
individuals has formed. These individuals will eventually
reach the target together with the head. What happens at
Re = 1.2 (see fig. 8) is intriguing. Again, three subgroups
can be identified, but there are important differences. In
the trailing part, informed individuals are more diffused
among the naive ones. A huge portion of the naive in-
dividuals are bounded between the heading and trailing
informed agents. Two benefits can be immediately iden-
tified. Firstly, since in the left part some informed indi-
viduals are present, no fully-uninformed region manifests.
This means that each naive receives the information about
the route. Secondly, in the central part naive individuals
gain information both from the heading part and from
the informed neighbours. In this way, the spread of in-
formation is widely and extensively disseminated among
the whole group, which will successfully reach the target.
Therefore, the non-linear shape dynamics forges a com-
plex B landscape. Finally, in order to account for random
perturbations from the environment, we have carried out a
Monte Carlo analysis for each Re-A combination consist-
ing of 1000 runs. Specifically, noise is added by rotating
each individual direction, Vj, by a random angle drawn
from a normal distribution. For the parameter regime ex-
plored in this work, i.e. a variance up to 0.1 (radians), the
noise was not found to lead to any appreciable effect, as
it just reduces to a small scatter around the mean value,
pretty close to the deterministic (noise-free) result.

A final remark should be devoted to the role of ini-
tial conditions. In particular, we have investigated an
additional configuration where individuals show homo-
geneously mixed initial locations with the same typi-
cal distance between surrounding individuals inside a
hexagon. Our attention focused on scenarios characterized

Fig. 7: (Colour online) In the presence of hydrodynamics: po-
sition achieved by informed (red) and naive (blue) individuals
at different time instants, i.e. ¢ = 1250 (top), 7500 (middle)
and 15000 (bottom) for Re = 0.24. The black point represents
the target.

Fig. 8: (Colour online) In the presence of hydrodynamics: po-
sition achieved by informed (red) and naive (blue) individuals
at different time instants, i.e. ¢ = 1250 (top), 7500 (middle)
and 15000 (bottom) for Re = 1.2. The black point represents
the target.

by N = 30 and 60 when half of the group is informed. We
have chosen these configurations as representative of dif-
ferent collective dynamics: the former shows the highest
variation with Re, whereas the second indicates a general
deleterious effect of the hydrodynamics. Making reference
to fig. 9 and fig. 10, a dependence on the initial condi-
tions is confirmed. If these are responsible for patterns
where informed and naive agents are well mixed, a benefit
arises in terms of global consensus. Figure 9 (correspond-
ing to /' = 30) shows values of B chracterized by a high
sensitivity to Re. More interesting findings are shown
in fig. 10, where it is observed that the different initial
conditions drastically modify the hydrodynamic benefit
function when the group is composed of 60 agents. On
the one hand, hydrodynamics plays a detrimental role in
the double-column alignment. On the other hand, fluid
forces enhance the spread of consensus within the group
if a hexagonal initial arrangement is considered.

18001-p4
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Fig. 9: N'=30: B vs. Re for double-column (continuous line)
and hexagonal (dashed line) arrangements.
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Fig. 10: N' = 60: B vs. Re for double-column (continuous line)
and hexagonal (dashed line) arrangements.

Conclusions. — In summary, we found that the
decision-making process in a group of self-organized in-
dividuals is non-trivially altered by the induced motion of
the surrounding medium. Specifically, a strong non-linear
dependence of the number of individuals reaching the tar-
get on Re and N has been found for low values of Re
(Re € [0.12-1.2]). This tendency has to be attributed to
the fact that the fluid forces clearly modify the spatial po-
sition of the individuals within the group. Consistently,
if it leads to patterns where naive and informed agents
are well assorted, a more marked spread of information
arises. In that case, global consensus drastically grows and
a larger portion of the group reaches the prescribed target.
This offers a remarkable example of synergistic coupling
between social interactions and non-linear hydrodynamics.
The insights developed in this work may prove useful for
practical applications in several areas of modern science
and bio-engineering, such as communication-driven col-
lective motion [28] and nanomedical applications [29,30].
Further analyses to extend the present study to higher
Reynolds numbers are in progress. Eventually, a para-
metric study to predict the minimum number of individ-
uals that should be convinced in order to generate global

consensus is under investigation by systematically vary-
ing relevant quantities (i.e. Re, N, fraction of informed
agents).
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