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a b s t r a c t

Unmanned aerial vehicle (UAV) flocking control is a serious and challenging problem due to local in-
teractions and changing environments. In this paper, a pigeon flocking model and a pigeon coordinated
obstacle-avoiding model are proposed based on a behavior that pigeon flocks will switch between
hierarchical and egalitarian interaction mode at different flight phases. Owning to the similarity between
bird flocks and UAV swarms in essence, a distributed flocking control algorithm based on the proposed
pigeon flocking and coordinated obstacle-avoiding models is designed to coordinate a heterogeneous
UAV swarm to fly though obstacle environments with few informed individuals. The comparative si-
mulation results are elaborated to show the feasibility, validity and superiority of our proposed algo-
rithm.

& 2017 ISA. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The unmanned aerial vehicle (UAV), an aircraft without a hu-
man pilot aboard, has received extensive attentions from re-
searchers owning to superior performance in missions that are too
"dull, dirty or dangerous" for humans [1–3]. According to Lan-
chester's laws, the number of UAVs is a more important factor to
affect the combat power of a military force than the capability.
Therefore, the usage of UAV swarms will be a better choice to
control battle-field situations. Getting groups of UAVs to a swarm
will require the design of distributed flocking control algorithms
without huge computational overheads or large communication
bandwidths.

Except traditional control algorithms [4–6], the swarm in-
telligence in multifarious complex systems, especially in bird
flocks, has provided a novel but feasible thought for the UAV dis-
tributed flocking control due to their similarities: the stigmergy,
no-center, simple individual and self-organization [7,8]. In the
literature, a few researchers have made some exploratory at-
tempts. Hauert et al. [9] demonstrated Reynolds’ Boid model, the
first flocking model which reveals the basic rules of bird flocking,

with a swarm of small fixed-wing UAVs in outdoor experiments.
Vásárhelyi et al. [10] implemented fundamental collective flight
tasks with a multi-copter swarm based on the control algorithm
which has a structure analogous to that of the Boid model. Saska
[11] introduced a novel stabilization approach via the Boid model
for a UAV swarm along a predefined path through obstacle en-
vironments. However, these methods have not considered the
possibility that a swarm might consist of individuals with different
capability levels.

As an added bonus, the problem has already appeared on the
table of some researchers who are concerned about the collective
motion mechanism of bird flocks. Ballerini et al. [12] discovered
that each bird interacts on average with a fixed number of
neighbors based on the egalitarian mode. Nagy et al. [13,14] found
a hierarchical leadership network from multiple pigeon flock
flights. In the hierarchy, pigeons follow the individuals in upper
ranks and lead the flights of individuals in lower ranks. The stable
leadership hierarchy is inferred to be the resultant of group co-
ordination based on different individual competences [15]. Zhang
et al. [16] discovered that pigeon flocks adopt a switching strategy
between the hierarchy and egalitarian interaction modes. Each
pigeon tends to follow the average of neighbors during smooth
flights, whereas it switches to follow its leaders when sudden
turns or zigzags occur.

This paper focuses on the distributed flocking control algorithm
design for a heterogeneous UAV swarm under obstacle environ-
ments based on the pigeon interaction mode switch behavior.
Firstly a pigeon flocking model is proposed based on the artificial
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potential field method to allow a pigeon flock to safely fly to a
target under obstacle environments. When flying based on the
proposed flocking model, individuals may fall into local minimums
of the potential field before reaching the final target. Fortunately,
individuals are available to escape the local minimum by setting
appropriate temporary targets [17]. Considering the different
competences to avoid obstacles, a pigeon coordinated obstacle-
avoiding model is presented based on the pigeon interaction mode
switch behavior. Individuals equipped with more information
about temporary targets will locate at more upper ranks in the
hierarchy. Owing to the similarity between pigeon flocks and UAV
swarms in mission requirements, the pigeon flocking and co-
ordinated obstacle-avoiding models are applied to the control field
to coordinate a heterogeneous UAV swarm to fly through a com-
plex environment with obstacles. Some dynamic constraints of
UAVs are considered to improve the practicality of the UAV dis-
tributed flocking control algorithm.

The rest of the paper is organized as follows. Section 2 models
the collective motion of a pigeon flock to safely fly to a target
under obstacle environments. Section 3 presents a coordinated
obstacle-avoiding model based on the pigeon interaction mode
switch behavior in consideration of the different individual ob-
stacle-avoiding competence. Section 4 describes a UAV model.
Section 5 proposes a distributed flocking control algorithm for a
UAV swarm based on the pigeon flocking and coordinated ob-
stacle-avoiding models. Comparative simulations are elaborated in
Section 6, and our concluding remarks are drawn in Section 7.

2. Pigeon flocking model

The organized flight of pigeon flocks in the sky is seemingly a
well-rehearsed group dance. The complex collective behavior
arises from simple local interaction rules that an individual con-
ducts cohesion, alignment and separation based on the states of its
flockmates. The flockmate selection are considered to involve two
interaction modes: the egalitarian interaction mode and hier-
archical interaction mode. In the former mode, each pigeon in-
teracts within a fixed neighborhood region (FNR) or with a fixed
number of neighbors (FNN). In the latter mode, each pigeon fol-
lows the individuals with upper ranks in the hierarchical leader-
ship network. A switching strategy is employed by each pigeon to
balance the two apparently contradictory interaction modes: Each
pigeon adopts the egalitarian interaction mode during smooth
flights, whereas it switches to the hierarchical interaction mode
when sudden turns or zigzags occur. In this section, a pigeon
model is proposed without regard for the switching strategy in
pigeon flocks.

Consider N pigeons flying in Euclidean 3-spaces with M ob-
stacles, and the dynamic model of each individual regarded as one
mass point is as the following equation:
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where >m 0i is the mass of each individual and set to be kg1 in
this paper, ∈X v u, ,i i i 3 are the position vector, velocity vector
and control input of each individual respectively, >k 0i is the gain
of velocity attenuation and − vki i is the velocity damping which is
equivalent to air resistances.

The control input of each individual is as the following equa-
tion:
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where =l 1, 2, 3 respectively correspond to the x-axis, y-axis and
z-axis directions of the inertial coordinate system and the for-
mation control component ff is as the following equation:
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where >K 0f is the gain of formation control, X ji
1,2 is the hor-

izontal distance between individual i and j, wj is the influence
weight of individual j to individual i, Rcomm. is the horizontal

communication range and the potential function Pf
ji for formation

control in this paper is as the following equation:
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where Rdesire is the expected horizontal distance between in-
dividual i and j.

The migration control component ft is as the following equa-
tion which leads each individual to target T :
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where >K 0t is the attraction gain of the target, the potential

function Pt of the target in this paper is −T X /3l l
i 3

and Rlim 1 is the

limited distance of potential field influence of the target.
The control component fo of obstacle avoidance is as the fol-

lowing equation:
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where >K 0o is the repulsion gain of obstacles, ρ( )′X bso,i j is the
shortest distance between individual i and obstacle ′j , ′obs j is the
position vector of the point closest to individual i on the surface of
obstacle ′j , Rsense is the limited distance of potential field influence

of the obstacle ′j and the potential function ′Po
j of the obstacle ′j in

this paper is as the following equation:
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The following equation can be obtained by substituting Eq. (7)
into Eq. (6):
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The control component fc is to avoid the collision between
individuals. In this paper, the expression of fc is similar to fo:
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