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Abstract

Collective motions of animals that move towards the same direction is a conspicuous fea-
ture in nature. Such groups of animals are called a self-propelled agent (SPA) systems.
Many studies have been focused on the synchronization of isolated SPA systems. In real
scenarios, different SPA systems are coupled with each other forming a network of SPA
systems. For example, a flock of birds and a school of fish show predator-prey relationships
and different groups of birds may compete for food. In this work, we propose a general
framework to study the collective motion of coupled self-propelled agent systems. Espe-
cially, we study how three different connections between SPA systems: symbiosis, preda-
tor-prey, and competition influence the synchronization of the network of SPA systems. We
find that a network of SPA systems coupled with symbiosis relationship arrive at a complete
synchronization as all its subsystems showing a complete synchronization; a network of
SPA systems coupled by predator-prey relationship can not reach a complete synchroniza-
tion and its subsystems converges to different synchronized directions; and the competitive
relationship between SPA systems could increase the synchronization of each SPA sys-
tems, while the network of SPA systems coupled by competitive relationships shows an
optimal synchronization for small coupling strength, indicating that small competition pro-
motes the synchronization of the entire system.

Introduction

Groups of animals sometimes display fascinating collective motions [1-6] in which animals
move in the same direction, such as schools of fish can move in a rather orderly fashion or
change direction amazingly abruptly [2], and flocks of birds can fly as a uniformly moving
group. Moreover, collective motion are common both in living and non-living worlds, ranging
from biology [7], ecology [8], climate [9], society to technology [10, 11] and even art [12], the
studies of which can help us understand the nature world and improving infrastructure
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systems in the man-made world. A simple model proposed by Vicsek et al. [13], unveiling the
collective motion and phase transition of self-propelled agent systems (SPA), can be potentially
applied to man-made systems, such as distributed sensor networks [14], unmanned aerial vehi-
cles [15], underwater vehicles [16], altitude alignment of satellite clusters [17], and many more.
Underlying the behavior of collective motions, synchronization process is the cause of such fas-
cinating phenomenon. Various models have been proposed to mimic synchronization pro-
cesses and many strategies has presented to improve the properties of synchronization [18, 19].
Most of these studies are focus on isolated networks.

Increasing evidence shows that one system may interact or couple with other systems, such
as: different social networks (e.g., Facebook, Twitter) are interconnected with each other
because the nodes in different networks share the same actors [20]; transportation networks
(e.g., buses, airplanes) are coupled with each other since the nodes in each network are in the
same geographic locations [21]; the infrastructure systems (e.g. communication networks and
power grid) are interdependent because the nodes in one network support the nodes in another
network [22, 23]. Indeed, some realistic systems such as neuronal system could also be self-pro-
pelled or self-adjusting due to the autapse connection to neuron, that the collective behaviors
of neurons could be regulated by autapse driving when continuous pulse or traveling wave is
induced [24, 25]. All these examples unveil that real systems usually interact with each other,
leading to the emerging new field in network science, interdependent networks, interconnected
networks, a network of networks, multi-layered networks, multiplex networks and many more
[26-32]. In real scenarios, different self-propelled agent systems also coupled with each other
and form a network of SPA systems. For example, unmanned aerial vehicles may work with
underwater vehicles to achieve some tasks, exhibiting a symbiotic relationship between these
SPA systems; a flock of birds might have predator-prey relationships with a school of fish; and
schools of fish may compete with each other for sharing the same food. Such coupling relations
between different SPA systems could influence the synchronization of these systems. However,
no such model exists for showing how the interdependence between different SPA systems
influence the synchronization of a network of SPA systems. Studies of synchronization of net-
work of SPA systems enable us to design high efficient systems of different coupled unmanned
vehicles or robots.

In this work, we propose a model to show the collective motion in a network of SPA sys-
tems, generalizing the Vicsek model [13] (VM). In the model, we introduce a coupling strength
B € [0, 1] denoting the ratio of a node’s the radius in its coupled system to that in its current
subsystem. Furthermore, we construct three networks of SPA systems coupled by three types
of interaction: symbiosis, predator-prey, and competition. Besides, we find that (1) there exits
an optimal coupling strength in the coupled systems with symbiotic and predator-prey rela-
tionship to achieve optimal synchronization for each subsystem and the entire system; (2) fur-
thermore, increasing the radius and absolute velocity and decreasing of system size could
increase the optimal synchronization of every subsystem and the entire systems; (3) in the sys-
tems coupled by competitive relationships, increasing the coupling strength could increase the
synchronization of each subsystem but decrease the synchronization of the entire system.

Model

Our model contains N coupled subsystems of self-propelled agents with size n; in subsystem k,
where the agents in each subsystem move in a L x L square with a same constant speed towards
different directions. Initially, the agents are randomly distributed on the L x L square plane,
and their directions are also uniformly randomly distributed in the interval (0, 27r). At each
time step, the direction of each agent is determined by the average directions of all the agent
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within a circle centered at the given agent with a radius R (Fig 1 System A). At each step ¢, the
position of a specific agent is updated according to

x,(t+1) = x,(8) + ve™, (1)

where x,,(t) is the two dimensional vector of position of agent w at time ¢, v, is the absolute
speed of each agent and 0,,(¢) is the direction of agent w at time ¢. Then its direction is updated
following

Z 200
i0,, __ iAo, JET, (t+1)
el = gt i0 (z)H ’ (2)

R

jer,, (t+1)

System A

System B

Fig 1. In system A, the position of node w is (x4 w.Ya w), @and it has 7 neighboring agents within a circle with a radius being R [Eq (3)], whose position
projecting on system B is also (xa,w.yaw), and it has 4 neighboring agents in system B [Eq (4)]. Accordingly, we could identify the neighborhoods of all nodes
in both systems.

doi:10.1371/journal.pone.0144153.g001
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where ||-|| is the standard norm [33] defined by ||(z1, 25, . . ., 2)|| = (|&1[* + |22]* + . . . + 2D
NA\B,, € [-n, ] representing the white noise, ¢+*) is a unit directional vector, and T',,(t+1) is the

set of neighbors of agent i at time step t+1, defined as

T () = {j10ea (1) = 24 (8)" + (a0, (1) = 24,(1)" < R, (3)
and

o (1) = (il (33, () = %5,(8))" + (5,0(8) = 5, ()" < R} (4)

for system A and B respectively. In order to measure the synchronization of the system, an
order parameter is introduced as [13, 34]:

V=1
ak_nk

d e o<V, <L (5)
1

w=

A larger value of V. indicates that the subsystem k shows a better synchronization, and when
Vi = 1 all the agent are moving towards the same direction. A system of two coupled SPA sys-
tems (A and B) is shown in Fig 1, where each SPA system forms a subsystem. An agent A,, in
system A moves inside a L x L square and its position is (x4 » ¥4,4). The neighborhood of
node A,, in system B is defined as

Q5 (1) = (k| (0 (1) = x34(1)" + D, (1) = ysul1)” <77}, (6)
and the neighborhood of node B,, in system A is defined as
Q1) = (k| (5,,(1) = %44(£))” + D (8) = yar(1)” < 77}, (7)

where r = 8 x R. Especially, (i) when 8 = 0, the two SPA systems are separated from each other
corresponding to the case of two isolated SPA systems; (ii) when 8 = 1, the entire system fully
mixed with each other forming a new subsystem with the density being the sum of these two
SPA subsystems. When §§ > 0, an agent w in system A updates its direction according to both
the agents in I'4,, and Q,p,, together, and updates its location according to Eq (1). Further-
more, different impact of an agent from one system on an agent from another system exists
according to different relationships between these two SPA systems, which will be discussed as
follows.

(1) Symbiotic relationship

A symbiotic relationship between two coupled systems benefit the agents of both systems [35].
The agents of one system have positive impact to the synchronization of the agents in another
system, leading a result that an agent w in system A changes its direction according to the aver-
age values of directions of all the agents in both I'4,, and Q43,, as

Z lfai(t) + Z £l0(t)

0, (6+1) _ A0, (1) S aw(tHD) SOz 4]
S =T ey ®
JET gy (t+1) JEQARw(t+1)

According to Eq (8), one can obtain the direction changes of agents in system B symmetrically.
Note that this model can be potentially applied to the systems where both subsystems intend to
achieve a global alignment, such as the system of unmanned aerial vehicles and underwater
vehicles. Furthermore, this model is similar to the classic model of interdependent networks
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[21] where two nodes from different networks depending on each other because they support
each other showing a symbiotic relationship.

(2) Predator-prey relationship

In the model where SPA systems coupled by predator-prey relationship [36], without lose of
generality, we assume that system A is composed by the predators, and system B is composed
by the preys. Then each agent of system A updates its direction by the average directions of all
its neighbors in both systems A and B, because predators intends to synchronize with the
preys; and each agent in system B updates its direction using the average directions of all its
neighbors in system B and average of all its neighbors’” opposite directions in system A, since
preys avoid to synchronize with predators. The mathematical expressions of an agent updating
its direction in systems A and B are

04 (t1)
eioA.j(f) + Z eios.j(f)
a0 ) JEQup (1) )
i64;(t) i0;(t) ||’
D e Y e
JET 4 (t41) JEQABw(t+1)
and
08(t+1)
Z eig"Jm— Z eios.j(‘)
_ g0 (0 JEQpa(t41) jET gy (141) (10)
H Z ei()AJ(r)_ Z ei(’BJ(t)”’
JEQpA (1) JET B (t+1)

respectively. Note that this model can be potentially applied to coupled systems such as a flock-
ing of birds/ducks interacting with a schooling of fish, where the birds/ducks eat the fish.

(3) Competitive relationship

The competitive relationship between two SPA systems has negative effects on both since the
food, space or other resources that they competing for are limited [37]. Thus, the direction of
each agent is obtained by the average directions of the neighboring agents of its own subsystem
and opposite directions of the neighboring agents in the other subsystem, whose mathematical
expression is:

Z eiGA.j(f) _ Z eié)B_j(t)

10,0, (1) iA0, (1) JEL Ay (t+1) JEQAR w(t+1)
e =e H Z el0ai() _ Z ei()B_j(r)H : (11)
JET 43 (t41) JEQpw(t+1)

According to Eq (11), one can obtain the direction changes of agents in system B
symmetrically.

(4) Network of self-propelled agent systems

In real world, usually more than two SPA systems are coupled with each other, which is also
addressed in this work. As shown in Fig 2, there are 6 SPA subsystems coupled together by dif-
ferent relationships between each pair of subsystems. In such a network of SPA systems, differ-
ent subsystem may converge to different level of synchronization, thus we define a vector of
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Fig 2. lllustrate a simple network of self-propelled agent systems. This system is composed of 6 SPA subsystems, showing that: (i) if two sub-systems
are connected by the symbiotic relationship, the two subsystems tend to synchronize to the same direction (for example A and D); (ii) if two subsystems are
connected by the competitive relationship, the two subsystem tend to synchronize with opposite directions (for example A and B); (iii) if two subsystems are
connected by the predator-prey relationship, the two subsystem tend to synchronize with different directions (for example A and C).

doi:10.1371/journal.pone.0144153.9002

order parameter Vas

V.=1[V, Ve Vigy oo s Vol (12)

where V,, is the synchronization degree for the entire system, which denotes the synchroniza-
tion of all the agents of #n subsystems. V,,, (w=1,2, ..., N) represents the synchronization of
system w. The order parameter not only represents the degree of each subsystem, but also con-
tains the synchronization of the entire system.

Considering the situation without noise (i.e. noise amplitude 7 = 0), we simulate the syn-
chronization of networks of SPA systems coupled by three different relationships, and it can
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help us understand the behavior of a network of n SPA systems. Moreover, we also investigate
the effect of the four important parameters on the synchronization of a network of SPA sys-
tems, namely the coupling strength S, the radius R, the absolute speed vy, and the system size .
In the simulations, we use the periodic boundary condition [13] and the fixed density [1] and
the density of the system is p = n;/L* = 1. If there is no special statement, we use the parameters
as R =0.3, v = 0.1, nx = n = 200 for each subsystem and all the results are averaged over 400
realizations.

Network of SPA systems coupled by symbiosis relationship

In this section, we show that how these three factors: the system size n, the absolute velocity vy,
and the radius R, affect the synchronization of two SPA subsystems coupled by symbiotic
relationships.

In Fig 3(a), the synchronization V,, is a function of the coupling strength $ under three dif-
ferent values of system size n. The results demonstrate that V,, increases and then decreases
with coupling strength 8 increasing, indicating that there exists an optimal value of 3, and
when f = j3, the system achieves optimal synchronization V. As shown in Fig 3(b), the opti-
mal synchronization decreases with the system size for both the subsystems and the entire
system.

As shown in Fig 4(a), V; increases and then decreases showing a peak as the coupling coeffi-
cient ff increasing. As shown in Fig 4(b), the optimal synchronization V, is an monotonously
increasing function of R and each subsystem and entire system reach fully synchronized when
R > 0.7. We also find that the optimal coupling strength j, decreases as R increasing in each
subsystem and entire system [Fig 4(c)]. Furthermore, as shown in Fig 4(d), the optimal syn-
chronization V,, increases as v, increasing, indicating that the absolute velocity v, could
increase the synchronization of each subsystem and entire system. In summary, as we know,
when 3 = 0, the system is equivalent to two isolated systems with the same density p = 1; and
for the special case that = 1, the network is equivalent to each subsystem with density p = 2.

a 09 b o088
1 = Subsystem A
0.8} 0.86¢ —e—Subsystem B ||
1 —+—Entire System
0.7 o 0.84]
NG %
0.6' n=200 082' .
——n=400
0.5 e n=800 0.8} |
0.4 ‘ 0.7 ‘ ‘
0 0.5 1 500 400 600 800

S n

Fig 3. System size effect for SPA systems coupled by symbiotic relationship. (a) Synchronization V, as a function of the coupling strength 8 under
different system size n of two subsystems, exhibiting that there exists an optimal value of 8, when 8 = 3, the the entire system reaches an optimal
synchronization. (b) Optimal synchronization V,, as a function of system size n for subsystem A, subsystem B and the entire system. All the data points are in
S1 File.

doi:10.1371/journal.pone.0144153.9003
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Fig 4. Absolute velocity and radius effect for symbiotic relationship. (a) Synchronization V; as a function of the coupling strength 3 for subsystem A,
subsystem B and the entire system. (b) Optimal synchronization Vs, as a function of radius R for subsystem A, subsystem B and the entire system. (c)
Optimal coupling strength 3, as a function of radius R for subsystem A, subsystem B and the entire system. (d) Optimal synchronization Vs, as a function of
the absolute velocity v, for subsystem A, subsystem B and the entire system. The simulation results are saved in S2 and S3 Files.

doi:10.1371/journal.pone.0144153.9g004

However, the case 8 =1 does not correspond to the optimal synchronization. Counter-intui-
tively, we find that the coupled system with symbiotic relationship shows an optimal value of §,
indicating that we can design optimal coupled system by choosing suitable value of coupling
strength.

Network of SPA systems coupled by predator-prey relationship

Different SPA systems may coupled by the predator-prey relationships, and its synchronization
might be influenced by the properties of each SPA system and their relationships. Next we
present how the system size n, the absolute velocity v, and the radius R affect the synchroniza-
tion of the network of SPA systems coupled by predator-prey relationships.
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Fig 5. System size effect for predator-prey relationship. (a) Synchronization V4 as a function of the coupling strength 8 for the subsystem of predators.
(b) Synchronization V,, as a function of the coupling strength (8 for the subsystem of preys. All the data points are in S4 File.

doi:10.1371/journal.pone.0144153.9005

We denote V,,; and V,,; as the synchronization of the subsystem of predators and the sub-
system of preys, the behaviors of which under different system size » as the coupling strength o
increasing is showing in Fig 5(a). Both the degree of synchronization of these two subsystems
present a peak as the coupling strength « increasing, as shown in Fig 5. The peak value V,
decrease as the system size # increasing.

We next study the effect of absolute velocity on synchronization for the paired SPA system
with predator-prey relationships. In Fig 6(a), the optimal synchronization V, for each subsys-
tem and the entire system varies with the absolute velocity v,. The results demonstrate that, V,

b 04

0.3¢

Subsystem A
——Subsystem B
—+—Entire System|

(@)
QPN 0.2
Subsystem A
—e—Subsystem B 0.1! q
0.64 —+—Entire System| | \
0-5 0.5 1 1.5 0.5 1 1.5

Fig 6. Absolute velocity effect for network of SPA systems coupled by predator-prey relationship. (a) Optimal synchronization V;, as a function of the
absolute velocity v, for each subsystem and the entire system. (b) Optimal coupling strength 8, as a function of the absolute velocity v, for each subsystem
and the entire system. The simulation results are saved in S5 File.

doi:10.1371/journal.pone.0144153.9g006
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monotonously increase with the velocity v, increasing, which implies that the synchronization
is significantly improved when the velocity v, increases. In particular, the synchronization con-
verges to full synchronization when velocity v, is large. Besides, for a fixed velocity vy, the syn-
chronization of each subsystem is better than the case of the entire system. To further study the
difference between the synchronization of each subsystem and the entire system, we treat the
corresponding optimal value f3, as a function of the absolute velocity v, [Fig 6(b)] and find that
optimal value 3, decreases quickly as the absolute velocity v, increases for each subsystem and
the entire system. Especially, for a fixed velocity vy, the optimal value f3, of each subsystem is
greater than that of the entire system.

In Fig 7(a), the optimal synchronization V, can be achieved with the radius R for each sub-
system and the entire system with various radius . For a fixed j3, V, is an increasing function
of radius R, which implies that the synchronization is significantly improved when the radius R
increases. In particular, when R is large enough each subsystem achieve a full synchronization
but the entire system goes to a constant level of synchronization (but less than 1), indicating
that the predator subsystem and the prey subsystem converges to different directions as illus-
trated in Fig 1 as well. To further study the difference between the synchronization of each sub-
system and the entire system, we regard the corresponding optimal value f, as a function the
radius R in Fig 7(b) and find that optimal value 3, decreases as the radius R increases for each
subsystem and the entire system.

Network of SPA systems coupled by competitive relationship

We study the synchronization of the paired SPA systems coupled by competitive under differ-
ent system size #, radius R, and different values of velocity v. As a function of the coupling
strength for different system size n, the synchronization of subsystem A V,; monotonically
increases as the coupling strength f increases, as shown in Fig 8(a). On the contrary, when we
consider synchronization of the entire system V,, as a function of the coupling strength j3, we
can see that V, shows a peak at small f, indicating that tiny competition can increase the syn-
chronization of the entire system. This result is as surprising as the result presented in Fig 8(b)
that small noise can improve the synchronization of a system.

O

0.8f 0.8; Subsystem A

{ —e— Subsystem B

o 0.6f o 0.6/ —+—Entire System

&0 D
0.4} Subsystem A 0.4
—e—Subsystem B
0.2 —+—Entire System| | 0.0
0—- | | | 0—— | | |
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1

R R

Fig 7. Radius effect for predator-prey relationship. (a) Optimal synchronization V;, as a function of radius R for each subsystem and the entire system. (b)
Optimal coupling strength 8, as a function of radius R for each subsystem and the entire system. All the data points are in S6 File.

doi:10.1371/journal.pone.0144153.9g007
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Fig 8. System size and absolute velocity effect for competition relationship. (a) Synchronization V,; as a function of the coupling strength g8 for each
subsystem. (b) Synchronization V, as a function of the coupling strength 8 for the entire system. (c) Synchronization Vs as a function of the coupling strength
B for each subsystem and the entire system. (d) Optimal synchronization V;, as a function of system size n for each subsystem and the entire system. The
simulation results are saved in S7 and S8 Files.

doi:10.1371/journal.pone.0144153.9008

Subsystem A || -
——Subsystem B kb
—+—Entire System|]

Besides, we show the synchronization V; as a function of the absolute velocity 8 for each sub-
system and the entire system [Fig 8(c)]. Our simulation results indicate that, the difference
between each subsystem and the entire system synchronization changes sharply as the coupling
strength ff increases. In particular, the total synchronization of the entire system is significantly
less than each subsystem when the coupling strength f increases. The simulation results demon-
strate V; of each subsystem is better than the case of the entire system, since the synchronization
of one system benefits the synchronization of another system, but the synchronized direction of
each subsystem is different from each other. In order to show the optimal synchronization V,
as a function of system size 1, we perform the the numerical simulations in Fig 8(d). Our
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simulation results suggest that, for each subsystem and the entire system, the optimal synchroni-
zation V, maintain a constant value as the system size # increases.

Conclusion

SPA systems usually interact or depend on each other, forming networks of SPA systems. In
this work, we propose a model to mimic the synchronization of the network of SPA systems
coupled by different relationships: symbiosis, predator-prey, and competition. The synchroni-
zation process in the networks of SPA systems could be influenced by both the properties of
single SPA systems (the size of each subsystem # and the absolute velocity) and the relationship
between different SPA systems (the coupling strength 5 and the radius R). Moreover, the net-
works coupled SPA systems coupled by different relationships show different behaviors: (1) the
system coupled with symbiotic relationships shows a complete synchronization, as each sub-
system reaching a complete synchronization, under high absolute velocity or high radius; (2)
the system coupled by the predator-prey relationships shows an optimal but not complete syn-
chronization, while each subsystem can arrive at a complete synchronization; (3) the system of
coupled competitive SPA systems shows an optimal synchronization for small coupling
strength between SPA systems, while no optimal synchronization for each subsystems. These
interesting results can significantly improve our understanding of the synchronization princi-
ples of complex systems.

Supporting Information

S1 File. S1.mat (Fig 3). The simulation results about two subsystems with symbiosis relation-
ship, when n various.
(MAT)

S$2 File. S2.mat (Fig 4). The simulation results about two subsystems with symbiosis relation-
ship, when v, various.
(MAT)

S3 File. $3.mat (Fig 4). The simulation results about two subsystems with symbiosis relation-
ship, when R various.
(MAT)

$4 File. S4.mat (Fig 5). The simulation results about two subsystems with predator-prey rela-
tionship, when n various.
(MAT)

S5 File. $5.mat (Fig 6). The simulation results about two subsystems with predator-prey rela-
tionship, when v, various.
(MAT)

S6 File. S6.mat (Fig 7). The simulation results about two subsystems with predator-prey rela-
tionship, when R various.
(MAT)

S7 File. S7.mat (Fig 8). The simulation results about two subsystems with competition rela-
tionship, when 7 various.
(MAT)

S8 File. $8.mat (Fig 8). The simulation results about two subsystems with competition rela-
tionship, when v, various.
(MAT)

PLOS ONE | DOI:10.1371/journal.pone.0144153 December 7, 2015 12/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144153.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144153.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144153.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144153.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144153.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144153.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144153.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144153.s008

@’PLOS ‘ ONE

Collective Motion in Network of SPA Systems

Acknowledgments

We gratefully acknowledge support from the US Army Research Laboratory and the US Army
Research Office under Cooperative Agreement W911NF-09-2-0053, The John Templeton
Foundation (Grant No0.51977), as well as the Defense Threat Reduction Agency Basic Research
(Grant No. HDTRA1-10-1-0100). Besides, this work was partly supported by Zhejiang Provin-
cial Natural Science Foundation of China (Grant No.LQ13F020007 and No.LQ16F020002),
MOE (Ministry of Education in China) Project of Humanity and Social Science (Grant
No.15YJCZH125), National Natural Science Foundation of China (Grant NO.61374160 and
No.61170108), Key Lab of Information Network Security, Ministry of Public Security (Grant
No. C15610) and Shanghai Information Security Key Laboratory of Integrated Management of
Technology (Grant No.AGK2013003).

Author Contributions

Conceived and designed the experiments: HP JXG. Performed the experiments: HP. Analyzed
the data: DDZ. Contributed reagents/materials/analysis tools: XML. Wrote the paper: HP DDZ
XML JXG. Involved in the discussion and revision work of revised manuscript: HP DDZ XML
JXG.

References

1. Grégoire G, Chaté H. Onset of collective and cohesive motion. Phys Rev Lett. 2004; 92:025702. doi:
10.1103/PhysRevLett.92.025702 PMID: 14753946

2. Vicsek T, Zafeiris A. Collective motion. Physics Reports. 2012; 517(3):71-140. doi: 10.1016/j.physrep.
2012.03.004

3. Nagy M, Akos Z, Biro D, Vicsek T. Hierarchical group dynamics in pigeon flocks. Nature. 2010; 464
(7290):890-893. doi: 10.1038/nature08891 PMID: 20376149

4. Ballerini M, Cabibbo N, Candelier R, Cavagna A, Cisbani E, Giardina I, et al. Interaction ruling animal
collective behavior depends on topological rather than metric distance: Evidence from a field study.
Proceedings of the national academy of sciences. 2008; 105(4):1232—1237. doi: 10.1073/pnas.
0711437105

5. Herbert-Read JE, Perna A, Mann RP, Schaerf TM, Sumpter DJ, Ward AJ. Inferring the rules of interac-
tion of shoaling fish. Proceedings of the National Academy of Sciences. 2011; 108(46):18726—18731.
doi: 10.1073/pnas.1109355108

6. Bricard A, Caussin JB, Desreumaux N, Dauchot O, Bartolo D. Emergence of macroscopic directed
motion in populations of motile colloids. Nature. 2013; 503(7474):95-98. doi: 10.1038/nature 12673
PMID: 24201282

7. Bialek W, Cavagna A, Giardina |, Mora T, Silvestri E, Viale M, et al. Statistical mechanics for natural
flocks of birds. Proceedings of the National Academy of Sciences. 2012; 109(13):4786—4791. doi: 10.
1073/pnas.1118633109

8. MNagy ID, Vicsek T. New aspects of the continuous phase transition in the scalar noise model (SNM)
of collective motion. Physical A. 2007; 373:445-454. doi: 10.1016/j.physa.2006.05.035

9. Eric Bonabeau LD, Fréon P. Scaling in animal group-size distributions. Proc Natl Acad Sci USA. 1999;
96(8):4472-4477. doi: 10.1073/pnas.96.8.4472

10. Aldana M, Dossetti V, Huepe C, Kenkre V, Larralde H. Phase transitions in systems of self-propelled
agents and related network models. Physical review letters. 2007; 98(9):95702. doi: 10.1103/
PhysRevLett.98.095702

11.  Wang YW, Bian T, Xiao JW, Wen C. Global Synchronization of Complex Dynamical Networks Through
Digital Communication With Limited Data Rate. IEEE Transactions on Neural Networks and Learning
Systems. 2015; 26(10):2487-2499. doi: 10.1109/TNNLS.2014.2387443 PMID: 25706890

12. Aguirre J, Sevilla-Escoboza R, Gutiérrez R, Papo D, Buldu J. Synchronization of interconnected net-
works: the role of connector nodes. Physical review letters. 2014; 112(24):248701. doi: 10.1103/
PhysRevLett.112.248701 PMID: 24996113

13. Vicsek T, Czirdk A, Ben-Jacob E, Cohen I, Shochet O. Novel type of phase transition in a system of
self-driven particles. Physical Review Letters. 1995; 75(6):1226—1229. doi: 10.1103/PhysRevLett.75.
1226 PMID: 10060237

PLOS ONE | DOI:10.1371/journal.pone.0144153 December 7, 2015 13/14


http://dx.doi.org/10.1103/PhysRevLett.92.025702
http://www.ncbi.nlm.nih.gov/pubmed/14753946
http://dx.doi.org/10.1016/j.physrep.2012.03.004
http://dx.doi.org/10.1016/j.physrep.2012.03.004
http://dx.doi.org/10.1038/nature08891
http://www.ncbi.nlm.nih.gov/pubmed/20376149
http://dx.doi.org/10.1073/pnas.0711437105
http://dx.doi.org/10.1073/pnas.0711437105
http://dx.doi.org/10.1073/pnas.1109355108
http://dx.doi.org/10.1038/nature12673
http://www.ncbi.nlm.nih.gov/pubmed/24201282
http://dx.doi.org/10.1073/pnas.1118633109
http://dx.doi.org/10.1073/pnas.1118633109
http://dx.doi.org/10.1016/j.physa.2006.05.035
http://dx.doi.org/10.1073/pnas.96.8.4472
http://dx.doi.org/10.1103/PhysRevLett.98.095702
http://dx.doi.org/10.1103/PhysRevLett.98.095702
http://dx.doi.org/10.1109/TNNLS.2014.2387443
http://www.ncbi.nlm.nih.gov/pubmed/25706890
http://dx.doi.org/10.1103/PhysRevLett.112.248701
http://dx.doi.org/10.1103/PhysRevLett.112.248701
http://www.ncbi.nlm.nih.gov/pubmed/24996113
http://dx.doi.org/10.1103/PhysRevLett.75.1226
http://dx.doi.org/10.1103/PhysRevLett.75.1226
http://www.ncbi.nlm.nih.gov/pubmed/10060237

@’PLOS ‘ ONE

Collective Motion in Network of SPA Systems

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

Akyildiz IF, Su W, Sankarasubramaniam Y, Cayirci E. Wireless sensor networks: a survey. Computer
networks. 2002; 38(4):393-422. doi: 10.1016/S1389-1286(01)00302-4

Stipanovic D M Inalhan RTCJT G. Decentralized overlapping control of a formation of unmanned aerial
vehicles. Automatica. 2004; 40(8):1285-1296. doi: 10.1016/j.automatica.2004.02.017

Stilwell DJ, Bishop BE. Platoons of underwater vehicles. Control Systems Magazine, IEEE. 2000; 20
(6):45-52. doi: 10.1109/37.887448

Kang W, Sparks A, Banda S. Multi-satellite formation and reconfiguration. In: American Control Confer-
ence, 2000. Proceedings of the 2000. IEEE; 2000; 1(6);379-383.

Gao J, Chen Z, Cai Y, Xu X. Enhancing the convergence efficiency of a self-propelled agent system via
a weighted model. Physical Review E. 2010; 81(4):041918. doi: 10.1103/PhysRevE.81.041918

Gao J, Havlin S, Xu X, Stanley HE. Angle restriction enhances synchronization of self-propelled
objects. Physical Review E. 2011; 84(4):046115. doi: 10.1103/PhysRevE.84.046115

Szell M, Lambiotte R, Thurner S. Multirelational organization of large-scale social networks in an online
world. Proceedings of the National Academy of Sciences. 2010; 107(31):13636—13641. doi: 10.1073/
pnas.1004008107

Barthélemy M. Spatial networks. Physics Reports. 2011; 499(1):1-101.

Buldyrev SV, Parshani R, Paul G, Stanley HE, Havlin S. Catastrophic cascade of failures in interdepen-
dent networks. Nature. 2010; 464(7291):1025—1028. doi: 10.1038/nature08932 PMID: 20393559

Tang CB, Wu B, Wang JB, Li X. Evolutionary origin of asymptotically stable consensus. Scientific
reports. 2014; 4:4590. doi: 10.1038/srep04590 PMID: 24699444

Qin H, Ma J, Jin W, Wang C. Dynamics of electric activities in neuron and neurons of network induced
by autapses. Science China Technological Sciences. 2014; 57(5):936-946. doi: 10.1007/s11431-014-
5534-0

Qin H, Ma J, Wang C, Chu R. Autapse-induced target wave, spiral wave in regular network of neurons.
Science China Physics, Mechanics & Astronomy. 2014; 57(10):1918-1926. doi: 10.1007/s11433-014-
5466-5

Parshani R, Buldyrev SV, Havlin S. Interdependent networks: Reducing the coupling strength leads to
a change from a first to second order percolation transition. Physical review letters. 2010; 105
(4):048701. doi: 10.1103/PhysRevLett.105.048701 PMID: 20867893

Gao J, Buldyrev SV, Stanley HE, Havlin S. Networks formed from interdependent networks. Nature
physics. 2012; 8(1):40-48. doi: 10.1038/nphys2180

Brummitt CD, D Souza RM, Leicht E. Suppressing cascades of load in interdependent networks. Pro-
ceedings of the National Academy of Sciences. 2012; 109(12):680—689. doi: 10.1073/pnas.
1110586109

Bianconi G, Dorogovtsev SN. Multiple percolation transitions in a configuration model of a network of
networks. Physical Review E. 2014; 89(6):062814. doi: 10.1103/PhysRevE.89.062814

Gao J, Buldyrev SV, Havlin S, Stanley HE. Robustness of a network of networks. Physical Review Let-
ters. 2011; 107(19):195701. doi: 10.1103/PhysRevLett.107.195701 PMID: 22181627

Gao J, Buldyrev S, Havlin S, Stanley H. Robustness of a network formed by n interdependent networks
with a one-to-one correspondence of dependent nodes. Physical Review E. 2012; 85(6):066134. doi:
10.1103/PhysRevE.85.066134

Gao J, Buldyrev SV, Stanley HE, Xu X, Havlin S. Percolation of a general network of networks. Physical
Review E. 2013; 88(6):062816. doi: 10.1103/PhysRevE.88.062816

Shores TS. Applied linear algebra and matrix analysis. Springer Science & Business Media; 2007.

Czirok A, Stanley HE, Vicsek T. Spontaneously ordered motion of self-propelled particles. Journal of
Physics A: Mathematical and General. 1997; 30(5):1375-1385. doi: 10.1088/0305-4470/30/5/009

Danforth BN, Ascher J. Flowers and insect evolution. Science. 1999; 283(5399):143—-143. doi: 10.
1126/science.283.5399.143a

DeAngelis DL, Gross LJ, et al. Individual-based models and approaches in ecology: populations, com-
munities and ecosystems. Chapman & Hall; 1992.

Burt RS. Structural holes: The social structure of competition. Harvard Univ Pr; 1995.

PLOS ONE | DOI:10.1371/journal.pone.0144153 December 7, 2015 14/14


http://dx.doi.org/10.1016/S1389-1286(01)00302-4
http://dx.doi.org/10.1016/j.automatica.2004.02.017
http://dx.doi.org/10.1109/37.887448
http://dx.doi.org/10.1103/PhysRevE.81.041918
http://dx.doi.org/10.1103/PhysRevE.84.046115
http://dx.doi.org/10.1073/pnas.1004008107
http://dx.doi.org/10.1073/pnas.1004008107
http://dx.doi.org/10.1038/nature08932
http://www.ncbi.nlm.nih.gov/pubmed/20393559
http://dx.doi.org/10.1038/srep04590
http://www.ncbi.nlm.nih.gov/pubmed/24699444
http://dx.doi.org/10.1007/s11431-014-5534-0
http://dx.doi.org/10.1007/s11431-014-5534-0
http://dx.doi.org/10.1007/s11433-014-5466-5
http://dx.doi.org/10.1007/s11433-014-5466-5
http://dx.doi.org/10.1103/PhysRevLett.105.048701
http://www.ncbi.nlm.nih.gov/pubmed/20867893
http://dx.doi.org/10.1038/nphys2180
http://dx.doi.org/10.1073/pnas.1110586109
http://dx.doi.org/10.1073/pnas.1110586109
http://dx.doi.org/10.1103/PhysRevE.89.062814
http://dx.doi.org/10.1103/PhysRevLett.107.195701
http://www.ncbi.nlm.nih.gov/pubmed/22181627
http://dx.doi.org/10.1103/PhysRevE.85.066134
http://dx.doi.org/10.1103/PhysRevE.88.062816
http://dx.doi.org/10.1088/0305-4470/30/5/009
http://dx.doi.org/10.1126/science.283.5399.143a
http://dx.doi.org/10.1126/science.283.5399.143a

