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Intermittence and connectivity of 
interactions in pigeon flock flights
Duxin Chen   1,2,3, Xiaolu Liu2, Bowen Xu2 & Hai-Tao Zhang2

Collective circular motion is a common yet spectacular behavior of pigeon flocks. Efficient and 
robust inter-individual communication is required for flock coordination during this widely-spreaded 
movement pattern. When a flock hovers near the home loft, the rotational direction undergoes regular 
spontaneous variations. Based on intensive analyses of high spatial-temporal resolution GPS data, 
we quantified the intensity of velocity alignment among different individuals in terms of their velocity 
fluctuations. It is found that pigeon flocks employ an intermittent interaction (alignment) mechanism, 
where intra-group information transmission is not required at every instant. However, the union of 
the topologies of several consecutive interaction networks always keeps connected. This biological 
observation strongly suggests the presence of a jointly connected topology in pigeon flocks, which 
helps substantially reduce the communication and/or information processing requirements while 
retaining the agility and stability of the group. Finally, we conducted extensive investigation on the 
interaction mechanism as well as the spontaneous changes in rotational direction of pigeon flocks. 
These results shed some light onto the coordination mechanism exploration of bird flocks’ collective 
motions.

In nature, cooperative behavior is common in biological systems ranging from microscopic to macroscopic levels, 
such as bacterial colonies1, migrating cells2, insect swarms3, fish schools4, bird flocks5 and mammal herds6–8. To 
understand the often encountered spectacular behavior of social animals, collective motion analysis has been 
widely carried out in recent years, and it is continuing to attract more and more attention from biologists, as well 
as physicists, life scientists, and computer scientists9. As a milestone study, Vicsek et al. proposed a well-known 
flock model, where each agent’s direction of movement is determined by the average direction of its neighbors. 
The so-called Vicsek model (VM)10 captures the behavior of highly ordered structures that emerge in bird flocks. 
Another well-known study11 of Couzin et al. proposed a three-sphere model that yields three typical patterns of 
universal collective motions in fish schools, i.e., swarm, torus, and migration states.

Recently, Ballerini et al.12 proposed a new alternative possibility for the interaction rule in a huge flock 
comprising about 2600 starlings, where it was observed that each bird interacted with only a fixed number of 
topological neighbors, instead of individuals within a specific metric distance. This model provided a better 
explanation of the interaction mechanism among starlings, which was later reinforced by both theoretical anal-
ysis13 and inter-species experiments in mosquitofish schools14. By further considering visual sensory limitation, 
Strandburg-Peshkin et al.15 predicted the propagation of behavioral change in fish schools during leadership 
events, and found that structural properties of visual interaction networks differ remarkably from previous 
relative spatial position-based models, including metric10 and topological12 counterparts, which expanded the 
understanding of collective flocking behaviors. Using a GPS tracking device, Dell’ Ariccia et al.16 studied hom-
ing pigeons (Columba livia) and found that the homing performance of birds flying in a flock was significantly 
better than that of birds released individually. Still, using high-resolution GPS data obtained from pigeon flocks, 
a hierarchical leadership network was revealed by Nagy et al.17, where each pigeon acts as a leader or a follower, 
or plays a dual role when situating on middle layers. To investigate whether pigeon flocks obey a hierarchical or 
egalitarian interaction pattern, Zhang et al.18 explored free flights of pigeon flocks and indicated that each pigeon 
tends to follow the average of its neighbors while moving along a smooth trajectory, whereas it switches to follow 
the leaders upon sudden turns or zigzags occur. Later, Chen et al.19 reanalyzed the same homing flight datasets17 
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and indicated that a pigeon flock has a fixed long-term leader for smooth moving trajectories in homing flights, 
whereas the leadership passes to a temporary one on sudden turns or zigzags. To investigate the principle govern-
ing self-organized patterns, Ferrante et al.20 developed an active-elastic-sheet, which well explains the emergence 
of the ordered state of both natural and artificial swarms. Based on stereo imaging techniques, Attanasi et al.21 col-
lected a high-resolution spatial dataset composed of thousands of starlings, which they used to formulate a real-
istic flocking dynamics model concerning spontaneous symmetry breaking and conservation rules. This model 
suggests that turning information propagates across the flock according to a linear dispersion law with negligible 
attenuation. Aforementioned studies have provided specific insights into industrial applications of a huge volume 
of networked processes or multi-agent systems, such as unmanned air vehicles22, attitude alignment of satellite 
clusters23, and multi-robot formation control24, 25. Still, from mathematical analytical point of view, a general the-
oretical framework describing the dynamics of biological group behaviors was presented by Olfati-Saber et al.26, 
which provides deep insights into the emergence of highly-coordinated group behavior by simple inter-individual 
interactions. Jadbabaie et al.27 suggested a connectivity condition to guarantee that no agent escapes from the 
influence of the entire group.

Previous studies28–31 have shown that group decision-making strategies can not be elucidated without deeply 
understanding the interactions among individuals. Thus, an increasing number of investigations have been 
devoted to the intra-group interactions32, communication networks33, and information transmission mecha-
nisms15. However, the influence of inter-agent connection on bird flock dynamics is still far from being fully 
understood. For instance, do pigeons interact with others all the time? Are the interaction intensities among 
pigeons flocks strong or weak? To answer these fascinating questions, we focused on circular movements and 
conducted a detailed analysis on combined datasets consisting of 41 releases of four pigeon flocks, each of which 
has ten individuals. We used the data of three pigeon flocks (labeled here as in the original paper: flocks A, B, 
and C) with 30 releases from34 (sampling period 0.1 s), as well as one flock (labeled here flock D) with 11 releases 
(labeled ff1-ff11 free flights) from ref. 17 (sampling period 0.2 s). We observed that, during the flight process, a 
pigeon did not align itself with others frequently, but only occasionally. This biological observation strongly sug-
gests that pigeon flocks adopt an intermittent alignment mechanism. More significantly, it implies that, although 
the interaction (i.e., alignment) network of each instant is not necessarily connected, their union always keeps 
connected. It should be noted that throughout the study, we only focus on the ordered flock state during free 
flights, interaction is thus deemed as the widely-used index of pairwise velocity alignment17, 35, 43. Therefore, the 
present study gives an biological clue of the existence of jointly connected interaction networks in pigeon flocks.

Results
Intermittent interaction mechanism.  We focus on the emergence of a highly ordered state during the 
free flights of pigeons. The degree of ordering in a flock is measured by the so-called order parameter 
φ = ∑ → →

=N v t v t1/ ( )/ ( )i
N

i i1 , which is employed as a standard index of order during the study of collective animal 
behavior10. Here, v t( )i

→  denotes the velocity of bird i in the horizontal plane, and N is the total number of birds in 
the flock. Apparently, the index φ is zero for totally disordered and one for synchronized flocks (the evolution of 
the index φ for flock D in the ff2 release is shown in Figure S1).

In order to quantify the intensity of velocity alignment between each pair of individuals, we formulate a 
quantity related to the instantaneous correlation with time delay of two pigeons (see Methods) in terms of their 
velocity fluctuations (Fig. 1A–C). Since the magnitude of velocity fluctuation is much smaller than that of full 
velocity, it provides a sharper index for measuring the pairwise correlations, especially for highly synchronous 
collective motions. A previous study35 proposed a minimally structured (maximum entropy) model to investigate 
the interaction mechanism in large flocks of starlings, where the pairwise strength of interaction is defined as the 
intensity that the pair tend to align their moving directions. However, in small-sized pigeon flocks, we use the 
velocity fluctuation vector (both magnitude and direction are considered) to figure out the specific interactions in 
circular motions. In detail, the two individuals are considered to interact with each other when the instantaneous 
correlation (Eq. (1)) quantifying the velocity alignment intensity has a sufficient large value. Noted that individ-
uals interact with each other by previously perceived information17, therefore, the index τ representing the time 
delay has been considered in the definition. After analyzing the combined datasets17, 34, the degree (number of 
neighbors) distributions are shown in Fig. 2A. It is observed that the mostly encountered case is that individuals 
merely interact with one or two neighbors. In addition, no pigeon interacts with all the other members in the 
flock at each time instant. This also suggests that the information achieved by one pigeon only propagates to a few 
neighbors at one instant.

According to Fig. 2A, we can predict that only the local diffusive transmission of information propagates 
among pigeon flocks. To investigate the dynamic characteristics of each individual, we also show the evolutionary 
interaction of each pigeon in Fig. 2B. In order to demonstrate the pairwise interactions more vividly, we show 
slots with different colors which indicate different numbers of communicating pigeons (i.e., neighbors) at a spe-
cific instant. Clearly, white and colorful regions appear intermittently, which suggests that each pigeon adopt an 
intermittent interaction protocol during the whole flight. In other words, some independent individuals may 
not interact with others, but spontaneously join the interaction now and then. We show the average durations 
of both interaction and non-interaction situations corresponding to each pigeon of flock D in Fig. 2C (other 
flocks, Figure S2). It is observed that each pigeon maintains the interaction with neighbors during around 3.5 s, 
and flies independently for some subsequent instants. Furthermore, the average durations of both interaction 
and non-interaction situations remain steady. Such observation indicates the reduced energy of communication 
and/or information processing defined as the proportion of the time that a pigeon does not interact with others. 
To examine the generality of the observation for different sampling periods, we also show the results of 5 Hz 
frequency case for flocks A, B and C in Figure S3, respectively. The results keep consistent with those of sampling 
period 0.1 s, which validates that sampling time does not influence the results. With a time delay, the instantaneous 
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correlation (Eq. (1)) includes both non-interaction and interaction conditions. More interestingly, four distinct 
interaction cases can be formulated as well, such as Case 1: the pigeon only interacts with its neighbors without 
time delay; Case 2: the pigeon has directed interactions (with time delay) and plays the dual role as a leader 
and a follower simultaneously; Case 3: the pigeon has directed interactions and only act as a follower; Case 4:  
the pigeon has directed interactions and only plays the leading role. The proportions of the four cases in flock D 
are shown in Fig. 2D. It is observed that directed interactions with time delay are more frequently encountered 
than undirected interactions (other flocks, Figure S4).

Jointly connected network.  The instantaneous correlation (Eq. (1)) defines a directed relationship for 
non-zero time delays for each pair of pigeons. A directed graph is called weakly connected if replacing all the 
directed edges with undirected edges produces a connected undirected graph. The term strongly connected is 
used if the network contains both a directed path from u to v and the reverse for every pair of nodes u and v. 
In this paper, both the weakly and strongly connected conditions of interaction networks are investigated. As 
shown in Fig. 3A,B, a small possibility of connectivity is associated to the union of interaction networks at some 
consecutive instants. Evidently, the possibility grows larger with increasing durations. If the flock is more hier-
archical, transitive relationships are more directed with fewer feedbacks from the lower level to the higher level, 
which results in a smaller possibility for the flock to achieve a strongly connected topology. Thus, under both the 
weakly and the strongly connected conditions of the directed networks, flock D (trained racing pigeons, more 
hierarchical, flying above urban area in Budapest) has lower connectivity probability compared with those of 
flocks A, B, C (free-ranging domestic pigeons, flying above country area near Oxford). It indicates that pigeon 
flocks employ a jointly connected interaction network in free flight where the instantaneous interaction network 
does not keep connected, but the union of several continuous instants becomes connected. If we consider a suf-
ficiently long period, a path will always exist in the union of the sequential instantaneous interaction networks 
from one individual to any other in the flock. It should be noted that the network represents a whole landscape 
of pairwise velocity alignments, but not the channels of information transmission. Although in small bird flocks, 
information may independently transfer extremely swiftly21, individuals do not prefer to interact at every instant. 
To give a clearer illustration of the evolution of connectivity, we pick the networks of five consecutive instants in 
flock D, which are shown in Fig. 3C–G. It is weakly connected when mergeing two consecutive networks into a 

Figure 1.  (A) Temporary individual velocities, which are almost synchronized. (B) The fluctuations of 
individual velocities at a same instant. (C) Normalized probability distribution of the modulus of velocities 
and velocity fluctuations. The modulus of velocity fluctuations are much smaller than those of the velocities. 
Thus, velocity fluctuation provides a sharper index for measuring the pairwise correlations, especially for highly 
synchronous collective motions.
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union. However, only the network corresponding to the union of the five instants shown in Fig. 3G is strongly 
connected. Compared to weakly connected conditions, a strongly connected scenario is rarer to be achieved. 
Now a question is naturally inspired: to achieve coordination, whether pigeon flocks employ a strongly or weakly 
connected mechanism? In rotational movements, we suggest that a jointly and weakly connected condition is 
essential, whereas strong connections improve both extensiveness of information transmission and coordination 
among individuals.

To investigate the pairwise interaction among individuals, we show the heat map of interaction occurrence 
rate of each pairwise members in Figure S5 (four releases of flock D). During the entire flights, almost all mem-
bers may have pairwise interaction among the flock. However, for a same flock, the interaction occurrence rate 
of each pairwise members is not fixed in different releases. In addition, we show the probability distribution of 
pairwise metric distances of both interaction and non-interaction situations in Fig. 4A. It is observed that the 
probability distribution of non-interaction decays strictly with increasing pairwise metric distances, whereas 
for interaction situation, the maximum occurs within the range of 2–4 m. Substantially, pigeons interact more 
frequently to their neighbors with smaller metric distance. Meanwhile, we show the scatter diagram with lin-
ear fitting lines for all pairs of ratios of interaction and the reciprocals of average pairwise metric distance in 
Fig. 4B. A significant positive correlation is observed by using permutation tests on each individual (nine pairs, 
sampling size: n1 = n2 = 9) in four flocks A, B, C, and D (mean ± SD: pA = 0.0052 ± 0.0062, pB = 0.0052 ± 0.0062, 
pC = 0.0052 ± 0.0062, pD = 0.0044 ± 0.0060).

Theoretical model.  To quantitatively verify the understanding of circular motions with spontaneous 
changes in rotational directions, we propose a self-propelled particle model based on an intermittent interac-
tion mechanism. Therein, three types of forces act on each particle: centripetal, alignment, and homing forces 
(Figure S6 and Methods). The centripetal force is designed to drive each individual to rotate. Meanwhile, we use 
the self-dynamics Eq. (3) (Methods) to generate the independent circular motion for each individual. The align-
ment force is defined as the combination of neighboring forces to achieve the convergence of the circular centers. 
The homing force is used to yield attraction from the loft to each pigeon, which is designed as a convex function. 

Figure 2.  (A) Degree distribution of the pigeon flocks. For each flock, individuals typically interact with one or 
two neighbors and do not interact globally with all the members. (B) Illustration of the intermittent interaction 
mechanism. Different colors represent different numbers of neighbors for each individual. (C) Average 
durations of both interaction and non-interaction situations corresponding to each pigeon. Error bars indicate 
the standard deviations. For each individual, the average durations of both interaction and non-interaction 
situations remain steady in free flights. (D) Proportions of the four cases in flock D. Case 1: the pigeon only 
interacts with its neighbors without time delay. Case 2: the pigeon has directed interactions and plays the 
dual role as a leader and a follower simultaneously. Case 3: the pigeon has directed interactions and act as a 
follower. Case 4: the pigeon has directed interactions and plays the role as a leader. It is observed that the case 
when individuals only have undirected interactions without time delay occupies a smaller proportion, whereas 
directed interactions with time delay are more frequently encountered cases in pigeon flocks.
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With respect to homing force, a previous study36 has reported the tendency of pigeons towards the roosting area 
and introduced three types of forces to simulate the free flights, i.e., homing force, velocity regulation, and inter-
action/alighment force. The motions of individuals are mediated by the positions, velocities, and directions of 
their neighbors, as assumed in the VM10. In addition, we employ a time-varying connectivity topology and apply 
a restriction on the communication capacity of each individual. More precisely, for each individual, we randomly 
pick five individuals as its neighbors if there are more than five ones within its interaction range. Note that if the 
connections are stronger with larger neighborhood size, then collective motion is more rapidly achieved37. But 
this implies greater communication cost. Therefore, the proposed model with limited communication capac-
ity enables the verification of the feasibility of the inferred rules for reproducing coordinated circular motions. 
Additionally, the anisotropy of interaction based on our correlation method has been considered (Figure S7). 

Figure 3.  Connectivity probability of the interaction networks. (A) Weakly connected condition. (B) Strongly 
connected condition. Each flock consists of 10 individuals. Durations indicate the number of continuous 
instants of interaction networks merging into a union. Connectivity probability is calculated as the proportion 
of connected situations. A small possibility of connectivity corresponds to small durations of interaction 
networks, whereas it grows large with an increasing duration. (C–G) Networks of five consecutive time instants 
(recorded with 0.2 s sampling rate) in release ff11 of flock D. Black lines indicate the present connections, 
whereas grey ones the connections accumulated from previous time steps. A straight line (without arrow head) 
shows that the two individuals interact synchronously, whereas the arrow pointing from pigeon i to pigeon j 
indicates that i lags behind j with a positive time delay. By merging two consecutive networks together, a weakly 
connected graph emerges. Note that only the network corresponding to the union of the five instants is strongly 
connected.

Figure 4.  (A) Probability distribution of pairwise metric distances corresponding to both interaction and 
non-interaction. The probability distribution of non-interaction decays strictly with increasing pairwise metric 
distances, whereas for interaction situation, the maximum occurs within the range of 2–4 m. (B) Scatter plot 
for all possible pairs (45 pairs from 10 individuals) of each flock showing the relationship between the ratio of 
interaction and the reciprocal of average metric distance. Significant correlation is observed for all flocks.
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Comparing with the results in starling flocks12, we observe that pigeons tend to interact with neighbors located 
right or left, but not along their velocity directions. To focus on the more crucial mechanism of intermittent 
interaction, we have not introduced the non-linear function related to the anisotropic visual apparatus of birds 
into the alignment force.

To simulate and explain how a heterogeneous flock of pigeons can achieve spontaneous changes in rotational 
direction, we assume that every individual has a unique depletion time38 which follows a Gaussian distribution 

µ σ∼t N( , )i  (see Table 1 for the parameters) without explicit interaction of inner variables (see Figure S8 and 
Methods). More precisely, each pigeon is assigned a priori value of the length of flight time ti, at which the pigeon 
will start to feel the depletion of its energy reserve, and would be increasingly wishing to change rotational direc-
tion. When a pigeon feels “tired” or wants to change the rotational direction but the others not, it must follow 
them unwillingly but with increasingly greater intension to change39. Thus, when a sufficient number of members 
have been accumulated willing to change their rotational direction, they drive the whole flock to switch. More 
precisely, when individual i reaches its depletion time ti, the noise bias of angular speed increases from 10% to 
20% to facilitate the rotational change. When the directional difference between the biased individual and the 
mean of the flock reaches 45°, it will drive the entire flock to switch.

The main characteristics of circular motions by pigeon flocks are a highly synchronous state with unpredicta-
ble changes in rotational direction (Fig. 5A). As shown in Fig. 5B–D, another unique feature is that pigeons cycli-
cally rotate around their loft during the flight. When a collective decision is made to change rotational direction, 
the average positions corresponding to three continuous instants lie on a relatively straight line. Thus, the radius 
of the curvature suddenly increases and hence the distance increases between the average circular center and the 
loft. To investigate more deeply into the mechanism underneath these behaviors, as shown in Fig. 5E–H, where 
we compare the results of the numerical simulations with the experimental data based on the trajectory contain-
ing both counter-clockwise and clockwise circular motion patterns. The numerical results agree well with the 
experimental data. More precisely, in the natural situation, pigeons fly in a three-dimensional space, so staggered 
overlaps are often observed along the two-dimensional projected trajectory. Therefore, we do not consider repul-
sion forces in the simulation. Analogously, when driven by the three forces in the present model, the individuals 
move collectively in circles with different radii. In addition, all of the pigeons change their rotational direction 
spontaneously, but never stray far from their loft.

Discussion
Intermittent interaction exists in many species, such as locust40, sheep41, and humans42, among which Bazazi  
et al.40 reported that in the long movements which account for faster, and more energetic circling motions in 
the arena, intermittence can allow for some energy recovery. In this study, based on investigation of the circular 
motions, we suggest that pigeon flocks employ an intermittent interaction mechanism with low communica-
tion costs. In particular, each pigeon communicates with others only occasionally rather than continuously. The 
present study focuses on highly ordered circular motions, because turning information is propagated through 
the entire flock on almost every occasion, where the alignment of velocity fluctuations may carry significant 
directional information of interactions35, 43. Clearly, coordinated flock spatial structure with a high correlation of 
pairwise velocities is the foremost fascinating result, yielded by inter-individual interactions, or conversely, inter-
actions are ciphered in the spatial structure12. Such interactions may refer to Newtonian forces, visual/auditory 
signal guidances, and coordinated velocity alignment, etc44.

In a previous empirical study35, interaction was found consistent with the directional correlations quantifying 
the intensity of velocity alignment, i.e., = 〈 〉C s s,ij i j , where si denotes the normalized velocity. Further, a unique 
index J was introduced as the strength in the interaction 〈 〉s s,J

i j2
. Still, in another work43, to quantify the size of the 

3d-domains, the correlation function of velocity fluctuations was defined as =
δ

δ

∑ → ⋅ → −

∑ −
C r( )

c

u u r r

r r
1 ( )

( )
ij i j ij

ij ij0
, where 

δ(r − rij) is a smoothed Dirac δ–function characterizing the pairs of birds at mutual distance r, c0 is a normalized 
factor, and ui and uj are velocity fluctuations of birds i and j, respectively. Clearly, a large value of C(r) implies that 
the vectors are nearly parallel and thus strongly correlated. They further suggested that each bird with an effective 
perception has a much larger correlation range than the direct inter-individual interaction range. Therefore, it is 
reasonable to believe that with a sufficiently high threshold of correlation, the alignment mechanism can be cap-
tured. In this study, it should be noted that the so-called interactions only correspond to the mutual alignment of 
velocity fluctuations for the entire flock to keep synchronous. Accordingly, pairwise alignment can result in the 
velocity correlation, and in turn, such correlation may imply the causal velocity alignment as well. We conduct a 
numerical study based on the standard Vicsek model, which indicates that the instantaneous pairwise velocity 
alignment can be effective to reveal the underlying interaction among coordinated clustered entities (Figure S9). 
Limited to the current available data, it still remains a mystery what the real interaction is in natural bird flocks. It 
is hard to answer whether the time delay between two correlated individuals may imply the real leader-follower 
relationship, or it is just caused by the response to a third focal individual or even more complicated situations. 
These questions leave the door open to the future research on collective animal behaviors.

Parameter ν0 ωi UA UB ρƒ c0 wα wβ L μ σ ξ

Value 20 0.5 100 20 5 2.5e−6 0.2 2.2 400 250 30 2

Dimension R/Δt D/Δt R R R/Δt — — — R Δt Δt R/Δt

Table 1.  Parameters used in the pigeon flock data analysis. We select R = 1, D = 1, and Δt = 1 to be the 
normalized length, angle, and time, respectively.
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Furthermore, synchronous organization based on a jointly connected communication protocol substantially 
reduces the intra-group communication cost. Unlike human social networks, pigeons are not likely to establish 
connections with fixed neighbors45. Moreover, the interaction network of a pigeon flock is even almost always 
unconnected at each instant, whereas it becomes connected when all the networks are merged over sufficiently 
long consecutive time intervals. Thus, pigeon flocks employ a jointly connected principle instead to achieve 
coordination, thereby substantially reducing the communication costs, which better explains actual intermittent 

Figure 5.  Comparison between experimental results and numerical simulations. (A) 200 s long (1000 time 
steps) segment of flight trajectories from flock D release ff2. For better visibility, only three pigeons are 
exhibited. (B–D) The distances between the average circular centers and loft, average curvature radius, and 
distances between the average positions and loft, respectively. If the pigeon flock flies relatively straight for three 
continuous instants, the average curvature radius will grow larger in synchronized manner with peaks in (B) 
and (C). (E–H) Results corresponding to the 1000 steps of the numerical simulations.
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communication situations in biological groups5, 46. Significantly, the study provides biological evidence of the 
existence of jointly connected communication network in bird flocks.

The jointly connected condition guarantees that each individual can communicate with others directly or 
indirectly after a sufficiently long time. However, what will happen if an agent escapes the influence of the others 
for a long period? In the present numerical simulation, by using a weaker jointly connected condition with a 
faster decay rate of ρ, an individual far from the others becomes an outlier after a change in the current movement 
pattern, so it whirls constantly and spontaneously as observed in nature17. Although Ferdinandy et al.47 suggested 
that a centrifugal or centripetal force is not needed to induce spontaneous rotation (a scattered distribution of 
individuals along the circle), if the animal group has incentive to stay in one place, we still introduce a centripetal 
force for each individual to achieve the cohesively circular movements, and the independent rotation. We sug-
gest that to achieve collective coordination, the influence of alignment should be sufficiently strong, especially 
under some specific sensitive conditions, such as the rotational direction switching time and the occurrence of 
conflicting decisions. With respect to the way for pigeon flocks to achieve cohesion and synchronization, the 
revealed connectivity probability trend here provides an explanation. Note that unlike the previous study21 on the 
way of information transmission in starling flocks, the connections in the network correspond to the channels of 
pairwise interaction defined as the alignment of behaviors, but not the extremely swift information propagation. 
However, we suggest that to maintain cooperation, small-sized pigeon flocks employ a rapidly-increasing con-
nectivity mechanism, where the decays of interaction possibility with the increasing of inter-individual distance is 
similar to the scale-free decays of correlation in huge bird flocks43. In addition, we suggest that instantaneous cor-
relation method helps discover the interaction mechanism from a dynamical perspective in collective behaviors. 
Interaction occurrence rate also suggests another way to identify reciprocal pairwise relationship in hierarchical 
leadership networks.

In terms of energy savings in biological groups, previous studies on V-shaped flocks of geese48, 49 have been 
conducted from an aerodynamics perspective and claimed that individuals favor energy savings. However, 
Usherwood et al.50 stated that unlike V-formation pelicans, pigeons with increased flap frequency do not gain 
any aerodynamic advantage from flying in a flock. Still, other studies5, 46 have focused mainly on self-assembly 
shapes and formations, rather than the pairwise interaction protocols considered in the present study. In the 
scenario where a pigeon has no neighbors occupies a large proportion, we suggest that communication energy is 
substantially saved. In future investigations, it will be necessary to scale up from the current small flocks to larger 
ones, and to check the inter-specie issue to other kinds of animal groups like fish schools and insect colonies. A 
previous study12 of huge starling flocks indicated that each individual only interacts with a fixed limited number 
of topological neighbors, which supports the communication energy saving result. However, do larger groups 
of coordinated animals employ intermittent or frequent communication mechanisms? Whether their interac-
tion manners obey strongly or weakly connected network structures? These appealing questions merit further 
investigation.

Methods
Velocity fluctuation.  To investigate the influences of the velocity fluctuations of one pigeon on others, we 
calculate the derivat ion from the mean velocity for each pigeon i ,  which is  def ined as 
u t v t N v t( ) ( ) 1/ ( )i i k

N
k1

→ = → − ∑ → .=  The spatial mean of the velocity fluctuations is zero by construction, thereby 
implying zero net motion at the center of mass43.

Instantaneous correlation.  Considering that the maximum of time delay in flock D is around one sec-
ond17, we accordingly formulate the quantity related to the instantaneous correlation of two pigeons with time 
delay −1s ≤ τ ≤ 1s as

{ }P t max U t( ) ( , ) (1)ij ij τ= .
τ

Therein, the instantaneous correlation of velocity fluctuations is defined as

U t
u t u t

u t u t
( , )

2 ( ) ( )

( ) ( ) (2)
ij

i j

i j
2 2τ

τ

τ
=

⋅ → ⋅ → +

→ + → +
.

Thus, U t( , ) [ 1, 1]ij τ ∈ − , and τ = ±U t( , ) 1ij  if τ→ = ±→ +u t u t( ) ( )i j . This instantaneous correlation (Eq. (1)) inte-
grates the correlation of velocity fluctuations. A sufficiently high value of ⁎P P 0 92ij ≥ = .  corresponds to the sit-
uation where the velocity fluctuation correlation is strong. In this case, the two pigeons are considered to align 
with each other, and hence pigeon i has the neighbor of pigeon j. (Setting the threshold of Pij is shown in 
Figure S10). It should be noted that due to the difficulty to detect the real interaction in natural animal groups, we 
adopt the well-accepted assumption12, 35, 43 that the high correlation of the velocity fluctuations from each pair of 
birds quantifying the alignment intensity implies the occurrence of interaction. The results based on different 
values of P* are shown in Figure S10, where the intermittent interaction can still be observed.

Definitions of the forces.  In the model, we consider a group of n = 10 units moving in a planar space, 
where each has a velocity in two-dimensional real space, i.e., → ∈vi

2. Furthermore, θ θ→ = Τv v v: [ cos , sin ]i i i0 0 , 
= →v vi i , where νi and θi are the linear speed and direction of individual i, respectively. For conciseness, we omit 

the time variable t (e.g. vi = vi(t)), which denotes the step in the simulation. Let p x y: [ , ]i i i
→ = Τ  be the particle’s 

http://S10
http://S10
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Cartesian coordinates. The centripetal force Fcen is a virtual force which will drive particle i to rotate inde-
pendently. It is ciphered in the following dynamics of each individual i

t
x v t
y v t

d ( )d ,
d ( )cos d ,
d ( )sin d , (3)

i i

i v i

i v i

0

0

θ ω η

η θ

η θ










= +

= +

= +

ω

where ωi is the angular speed which is fixed in the simulation, and ην and ηω denote the random noise with values 
of ± 10 percentage of the linear and angular speeds, respectively.

Subsequently, the three types of forces are given through the following stochastic differential equation

v F F F td ( )d , (4)i cen align home ξ= + + +

with ξ denoting a Poisson process of delta-correlated white noise with zero mean, among which based on the 
empirical results that individuals interact with others by aligning their positions and moving angles, the align-
ment force Falign is derived from its neighbors in order to achieve the convergence of the motion centers. Thus, the 
alignment rule is defined as follows

F p f x f y( )[cos sin ][ ( ) ( )] ,
(5)j N

ij i i ij ijalign
i

 ∑ α θ θ= − → Τ

∈

with i, j ∈ {1, 2, …, n} and → = → − →p p pij i j
 denoting the Euclidean distance between individual i and j. 

Analogously, xij = xij − xj and yij = yi − yj denote the Euclidean distance between individuals i and j in x- and 
y-axes, respectively. It should be noted that the system dynamics is handled by discretization in the simulation. 
For counter-clockwise circular motion of the center of mass, the unit alignment forces f(xij) and f(yij) are defined 
as

θ θ

θ θ








= − +

= + −

f x x r r
f y y r r
( ) sin sin ,
( ) cos cos , (6)

ij ij i i j j

ij ij i i j j

with ri = vi/ωi denoting the radius of curvature, which contains the convergence rule of both individual positions 
and circle centers. By contrast, for clockwise circular motion of the center of mass, f(xij) and f(yij) are defined as

θ θ

θ θ








= + −

= − + .

f x x r r
f y y r r
( ) sin sin ,
( ) cos cos (7)

ij ij i i j j

ij ij i i j j

In the simulation, we pick

x w x x
x

( ) (1 / ) 0 ,
0 , (8)

α
ρ ρ

ρ
=






− ≤ ≤
>

α

where wα > 0 is the weight of alignment, and ρ denotes the range (Euclidean distance) of alignment to induce 
the intermittent interaction, which is defined as a triangular-wave function with constant positive and negative 
amplitudes UA, UB, and frequency ρf. In particular, a larger value of wα suggests a high rate of coordination.

The homing force denotes the attraction from the loft to each particle, i.e.,

F
c

p p
L

1 ,
(9)

i

w

home
0

0=






→ − → 





β

where c0 is a constant, wβ denotes the strength of attraction, p x y: [ , ]0 0 0
→ = Τ is the Cartesian coordinates of the loft, 

and L is the side length for the simulation space. The parameters in the simulation are shown in Table 1.

References
	 1.	 Sokolov, A., Aranson, I. S., Kessler, J. O. & Goldstein, R. E. Concentration dependence of the collective dynamics of swimming 

bacteria. Phys. Rev. Lett. 98, 158102 (2007).
	 2.	 Szabo, B. et al. Phase transition in the collective migration of tissue cells: experiment and model. Phys. Rev. E. 74, 061908 (2006).
	 3.	 Buhl, J. et al. From Disorder to Order in Marching Locusts. Science 312, 1402–1406 (2006).
	 4.	 Hoare, D. J., Couzin, I. D., Godin, J. G. & Krause, J. Context-dependent group size choice in fish. Anim. Behav. 67, 155–164 (2004).
	 5.	 Bajec, I. L. & Heppner, F. H. Organized flight in birds. Anim. Behav. 78, 777–789 (2009).
	 6.	 Gueron, S., Levin, S. A. & Rubenstein, D. I. The dynamics of herds: from individuals to aggregations. J. Theor. Biol. 182, 85–98 

(1996).
	 7.	 Ákos, Z. et al. Leadership and path characteristics during walks are linked to dominance order and individual traits in dogs. PLoS 

Comput. Biol. 10, e1003446 (2014).
	 8.	 Giuggioli, L. & McKetterick, T. J. Holderied, M. Delayed response and biosonar perception explain movement coordination in 

trawling bats. PLoS Comput. Biol. 11, e1004089 (2015).
	 9.	 Vicsek, T. & Zafeiris, A. Collective motion. Phys. Rep. 517, 71–140 (2012).
	10.	 Vicsek, T., Czirók, A., Ben-Jacob, E., Cohen, I. & Shochet, O. Novel type of phase transition in a system of self-driven particles. Phys. 

Rev. Lett. 75, 1226 (1995).



www.nature.com/scientificreports/

1 0Scientific Reports | 7: 10452  | DOI:10.1038/s41598-017-09986-5

	11.	 Couzin, I. D., Krause, J., James, R., Ruxton, G. D. & Franks, N. R. Collective memory and spatial sorting in animal groups. J. Theor. 
Biol. 218, 1–11 (2002).

	12.	 Ballerini, M. et al. Interaction ruling animal collective behavior depends on topological rather than metric distance: Evidence from 
a field study. Proc. Natl. Acad. Sci. USA 105, 1232–1237 (2008).

	13.	 Bode, N. W. F., Franks, D. W. & Wood, A. J. Limited interactions in flocks: relating model simulations to empirical data. J. R. Soc. 
Interface 8, 301–304 (2010).

	14.	 Herbert-Read, J. E. et al. Inferring the rules of interaction of shoaling fish. Proc. Natl. Acad. Sci. USA 108, 18726–18731 (2011).
	15.	 Strandburg-Peshkin, A. et al. Visual sensory networks and effective information transfer in animal groups. Curr. Biol. 23, R709–R711 

(2013).
	16.	 Dell’Ariccia, G., Dell’Omo, G., Wolfer, D. P. & Lipp, H. P. Flock flying improves pigeons’ homing: GPS track analysis of individual 

flyers versus small groups. Anim. Behav. 76, 1165–1172 (2008).
	17.	 Nagy, M., Ákos, Z., Biro, D. & Vicsek, T. Hierarchical group dynamics in pigeon flocks. Nature 464, 890–893 (2010).
	18.	 Zhang, H.-T. et al. Route-dependent switch between hierarchical and egalitarian strategies in pigeon flocks. Sci. rep. 4, 5805 (2014).
	19.	 Chen, D. et al. Switching hierarchical leadership mechanism in homing flight of pigeon flocks. EPL 114, 60008 (2016).
	20.	 Ferrante, E., Turgut, A. E., Dorigo, M. & Huepe, C. Elasticity-based mechanism for the collective motion of self-propelled particles 

with springlike interactions: a model system for natural and artificial swarms. Phys. Rev. Lett. 111, 268302 (2013).
	21.	 Attanasi, A. et al. Information transfer and behavioural inertia in starling flocks. Nat. Phys. 10, 691–696 (2014).
	22.	 Beard, R. W., McLain, T. W., Goodrich, M. A. & Anderson, E. P. Coordinated target assignment and intercept for unmanned air 

vehicles. IEEE Trans. Robot. Automat. 18, 911–922 (2002).
	23.	 Campbell, M. E. Planning algorithm for multiple satellite clusters. J. Guid. Contr. Dynam. 26, 770–780 (2003).
	24.	 Zhang, H.-T., Chen, Z., Yan, L. & Yu, W. Applications of collective circular motion control to multirobot systems. IEEE Trans. Contr. 

Sys. Tech. 21, 1416–1422 (2013).
	25.	 Vásárhelyi, G. et al. Outdoor flocking and formation flight with autonomous aerial robots. IROS Proc. IEEE 3866–3873 (2014).
	26.	 Olfati-Saber, R. Flocking for multi-agent dynamic systems: Algorithms and theory. IEEE Trans. Automat. Contr. 51, 401–420 (2006).
	27.	 Jadbabaie, A., Lin, J. & Morse, A. S. Coordination of groups of mobile autonomous agents using nearest neighbor rules. IEEE Trans. 

Automat. Contr. 48, 988–1001 (2003).
	28.	 Couzin, I. D., Krause, J., Franks, N. R. & Levin, S. A. Effective leadership and decision-making in animal groups on the move. Nature 

433, 513–516 (2005).
	29.	 Petit, O. & Bon, R. Decision-making processes: the case of collective movements. Behav. Processes 84, 635–647 (2010).
	30.	 Pettit, B., Perna, A., Biro, D. & Sumpter, D. J. T. Interaction rules underlying group decisions in homing pigeons. J. R. Soc Interface 

10, 20130529 (2013).
	31.	 Conradt, L. Models in animal collective decision-making: information uncertainty and conflicting preferences. Interface focus 2, 

226–240 (2012).
	32.	 Eftimie, R., De, V. G. & Lewis, M. A. Complex spatial group patterns result from different animal communication mechanisms. Proc. 

Natl. Acad. Sci. USA 104, 6974–6979 (2007).
	33.	 McGregor, P. K. Animal communication networks. Cambridge University Press (2005).
	34.	 Nagy, M. et al. Context-dependent hierarchies in pigeons. Proc. Natl. Acad. Sci. USA 110, 13049–13054 (2013).
	35.	 Bialek, W. et al. Statistical mechanics for natural flocks of birds. Proc. Natl. Acad. Sci. USA 109, 4786–4791 (2012).
	36.	 Heppner, F. & Grenander, U. A stochastic nonlinear model for coordinated bird flocks. The ubiquity of chaos, 233–238 (1990).
	37.	 Chen, Z. & Zhang, H.-T. No-beacon collective circular motion of jointly connected multi-agents. Automatica 47, 1929–1937 (2011).
	38.	 Ferdinandy, B. et al. Landing together: How flocks arrive at a coherent action in time and space in the presence of perturbations. 

Physica A 391, 1207–1215 (2012).
	39.	 Bhattacharya, K. & Vicsek, T. Collective decision making in cohesive flocks. New J. Phys. 12, 093019 (2010).
	40.	 Bazazi, S., Bartumeus, F., Hale, J. J. & Couzin, I. D. Intermittent motion in desert locusts: behavioural complexity in simple 

environments. PLoS Comput. Biol. 8, e1002498 (2012).
	41.	 Ginelli, F. et al. Intermittent collective dynamics emerge from conflicting imperatives in sheep herds. Proc. Natl. Acad. Sci. USA 112, 

12729–12734 (2015).
	42.	 Helbing, D., Johansson, A., Mathiesen, J., Jensen, M. H. & Hansen, A. Analytical approach to continuous and intermittent bottleneck 

flows. Phys. Rev. Lett. 97, 168001 (2006).
	43.	 Cavagna, A. et al. Scale-free correlations in starling flocks. Proc. Natl. Acad. Sci. USA 107, 11865–11870 (2010).
	44.	 Moussaid, M., Helbing, D. & Theraulaz, G. How simple rules determine pedestrian behavior and crowd disasters. Proc. Natl. Acad. 

Sci. USA 108, 6884–6888 (2011).
	45.	 Bode, N. W. F., Wood, A. J. & Franks, D. W. Social networks and models for collective motion in animals. Behav. Ecol. Sociobiol. 65, 

117–130 (2011).
	46.	 Hemelrijk, C. K. & Hildenbrandt, H. Schools of fish and flocks of birds: their shape and internal structure by self-organization. 

Interface focus 2, 726–737 (2012).
	47.	 Ferdinandy, B., Ozogány, K. & Vicsek, T. Collective motion of groups of self-propelled particles following interacting leaders. Physica 

A 479, 467–477 (2017).
	48.	 Cutts, C. & Speakman, J. Energy savings in formation flight of pink-footed geese. J. Exp. Biol. 189, 251–261 (1994).
	49.	 Weimerskirch, H., Martin, J., Clerquin, Y., Alexandre, P. & Jiraskova, S. Energy saving in flight formation. Nature 413, 697–698 

(2001).
	50.	 Usherwood, J. R., Stavrou, M., Lowe, J. C., Roskilly, K. & Wilson, A. M. Flying in a flock comes at a cost in pigeons. Nature 474, 

494–497 (2011).

Acknowledgements
We would express our sincere gratitude to Professor Tamás Vicsek and Professor Wen-Xu Wang for useful 
discussions and guidance. We thank the anonymous reviewers for their constructive comments. The work of H.-T. 
Zhang was supported by the National Natural Science Foundation of China under Grant 61673189 and Grant 
51535004, the Guangdong Innovative and Entrepreneurial Research Team Program under Grant 2014ZT05G304, 
and the HUST key Innovative Interdisciplinary Team Program under Grant 2016JCTD103.

Author Contributions
D.C., H.-T.Z. wrote the main manuscript and designed the experiments; D.C., X.L. and B.X. performed the 
experiments; H.-T.Z. and D.C. designed the data evaluation; D.C., X.L. and B.X. performed the analysis and the 
data visualization. All of the authors reviewed the manuscript.



www.nature.com/scientificreports/

1 1Scientific Reports | 7: 10452  | DOI:10.1038/s41598-017-09986-5

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-09986-5
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1038/s41598-017-09986-5
http://creativecommons.org/licenses/by/4.0/

	Intermittence and connectivity of interactions in pigeon flock flights

	Results

	Intermittent interaction mechanism. 
	Jointly connected network. 
	Theoretical model. 

	Discussion

	Methods

	Velocity fluctuation. 
	Instantaneous correlation. 
	Definitions of the forces. 

	Acknowledgements

	Figure 1 (A) Temporary individual velocities, which are almost synchronized.
	Figure 2 (A) Degree distribution of the pigeon flocks.
	Figure 3 Connectivity probability of the interaction networks.
	Figure 4 (A) Probability distribution of pairwise metric distances corresponding to both interaction and non-interaction.
	Figure 5 Comparison between experimental results and numerical simulations.
	Table 1 Parameters used in the pigeon flock data analysis.




