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Abstract

This paper presents a variant of the cyclic pursuit
strategy that can be used for target tracking appli-
cations. Cyclic pursuit has been extensively used in
multi-agent systems for a variety of applications. In
order to monitor a target point or to track a slowly
moving vehicle, we propose to use a group of non-
holonomic vehicles. At equilibrium, the vehicles form
a rigid polygonal around the target while encircling
it. Necessary conditions for the existence of equilib-
rium and the stability of equilibrium formations are
analysed consider unicycle model of the vehicles. The
strategy is then applied to miniature aerial vehicles
(MAV) represented by 6-DOF dynamical model. Fi-
nally the results are verified in a Hardware In-Loop
Simulator in real time, which included all on-board
electronics of the MAVs.

Cyclic pursuit, target tracking micro aerial vehicles
multi-agent system cooperative control hardware-in-
loop simulation

1 Introduction

Multi-vehicle systems are found suitable in many ap-
plications as compared to single vehicle system due
to the various advantages like better reliability, scal-
ability, efficiency, operational capability, adaptabil-
ity, etc. Greater benefits can be derived from such
systems if the vehicles work in cooperation. In co-
operative control, the objective is to design control
strategies for such multi-agent systems in order to
enable them to work in cooperation towards common

desired objectives. The various research areas in co-
operative control are consensus, formation control,
distributed task assignment and distributed estima-
tion (refer Cao et al.[1] and references therein). This
work addresses the cooperative control problem for
monitoring a target with multiple autonomous vehi-
cles.

1.1 Previous work

In various military and civil applications such as
surveillance, security systems, space and under wa-
ter exploration, it is often required to track a target
moving in a dynamic environment. In such situa-
tions, cooperative target tracking with simple multi-
ple agents could be a better solution than employing a
single, intelligent and sophisticated vehicle. In coop-
erative target monitoring, the objective is to coordi-
nate the motion of vehicles so that they reach the de-
sired relative positions and orientations with respect
to the target and maintain this formation as they fol-
low the target. Kobayashi et al. [2] have proposed
a decentralised control scheme for target capturing
by multiple linear agents based on gradient descent
method. Guo et al. [3] studied the formation of group
of robots enclosing a moving target where the inter-
action topology may change as the system evolves.
In [4], Kim and Sugie have proposed a distributed
approach based on a modified cyclic pursuit strat-
egy to achieve a target-capturing task in a 3D space.
In [5] Ma and Hovakimyan have developed control
laws for both single-integrator and double-integrator
robot models and have assumed that the robots have
information about target’s position, velocity, and ac-
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celeration. The target tracking strategies discussed
by Kobayashi et al. [2] , Guo et al. [3] , Kim and
Sugie [4] , Ma and Hovakimyan [5] , are applied to
agents represented by linear models.
The target tracking strategies discussed by Paley

et al. [6], Napora and Paley[7], Klein and Morgansen
[8], Klein et al. [9], Ceccarelli et al. [10], Kingston
and Beard [11], Lan et al. [13], Lan et al. [14],
Kothari et al. [15] are based on unicycle model and
assume that all the agents are homogeneous. The
unicycle model closely resembles the dynamics of mo-
bile robots and unmanned aerial vehicles (UAVs).
Paley et al. [6] have designed switching control law to
track the centre of mass of the agents. The authors
in [7], have designed an observer based feedback con-
trol for stabilisation of multiple vehicles where each
vehicle needs relative position and relative velocity
information of neighbouring vehicles. In [8] and [9]
Klein et al. have studied target tracking using three
agents and assuming full information about of the
target as well as all other agents. These results are
extended to 3D space in [9]. The strategy discussed
by Ceccarelli et al. [10], allows the agents to get dis-
tributed around the target in different platoons and
not necessarily be uniformly distributed along the
circle. The splay state configuration introduced by
Kingston and Beard in [11] enables representation of
the equilibrium state of the agents tracking a moving
target. The control law used here requires knowledge
of the derivative of the heading angle which might
not always be known or computed with precision. In
[12], only range and range-rate information is used
to encircle a target using multiple UAVS. The con-
trol law designed by Lan et al. [13] [14] for target
enclosing switches between several possibilities, first
to bring the vehicles near the target and then to co-
ordinate their motion to achieve uniform distribution
around the target. In [13], Lan et al. have proposed
a state-dependent hybrid controller to steer the vehi-
cles closer to the target and then coordinate their mo-
tion to achieve evenly spaced circular motion around
the fixed target. Lan et al. have designed a switch-
ing control law in [14] based on reachability and in-
variance analysis to achieve independent motion to-
wards the target without any inter-vehicle interaction
when the vehicles are far away from the target and

a coordinated motion when they are near the target.
Kothari et al. [15] proposed a sliding mode controller
along with consensus protocol to maintain a fixed rel-
ative position of a group of UAVs with respect to a
moving target. Chen and Zhang [16] have proposed
a leader-free no-beacon decentralised algorithm for
generating a collective circular motion. Moshtagh et
al. [17] have proposed a vision based control law for
achieving circular formation which needs only bear-
ing angle information of the neighbours. With the
strategies discussed in [16] and [17], the agents fi-
nally converge to a circular formation but the point
about which the formation converges cannot be spec-
ified a priori. In order to enable target enclosing we
should be able to achieve formations about a specific
point (target). Ground vehicle tracking using mul-
tiple UAVs considering vision input is discussed in
Ma and Hovakimyan [18] where the target tracking
control and coordination control are designed sepa-
rately. For tracking control both bearing angle and
range measurements are required whereas the coordi-
nation term in the control law is a nonlinear function
of the bearing angle.
The papers by Bakolas and Tsiotras [19], Olfati-

Sabar and Sandell [20], Petitti et al. [21] study target
tracking from a different perspective. Relay pursuit
based target tracking strategy proposed in [19] as-
signs the task of capturing a manoeuvring target to
only one of the agents and this assignment can change
dynamically with time according to a proximity re-
lation. During the pursuit, other agents remain sta-
tionary. So here the objective is to only track the
target and not to maintain the formation. In [20]
and [21], target tracking is defined with the objective
to estimate the position information about the tar-
get using distributed sensory agents. In Petitti et al.
[21] the authors have presented consensus based dis-
tributed target tracking algorithm, where they have
considered sensor network of heterogeneous agents to
estimate the target position.
The work presented in this paper is based on cyclic

pursuit which is a simple strategy derived from the
behaviour of social insects. In cyclic pursuit, agent
i follows agent i + 1 modulo n. This strategy can
be used to obtain various behaviours like rendezvous,
circular motion, spiralling motion etc. Bruckstein et
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al. [22] have modelled behaviours of ants, crickets
and frogs with continuous and discrete cyclic pursuit
laws. Stability and convergence of group of ants in
linear pursuit have been described in [23] by Bruck-
stein. Sinha and Ghosh [24] have proposed a general-
ization of the linear cyclic pursuit law with the appli-
cation to rendezvous of multiple agents having differ-
ent gains. In [25], the formations of multiple unicycle
type agents in cyclic pursuit have been studied where
at equilibrium the agents converge to circular forma-
tions about a point depending on initial positions of
the agents. Sinha and Ghosh [26] have studied gen-
eralised nonlinear cyclic pursuit and derived a neces-
sary condition for equilibrium formation of heteroge-
neous agents. Rattan and Ghosh [27] have proposed
Implicit Leader Cyclic Pursuit (ILCP) law for achiev-
ing formations about a given goal point and have used
it for rendezvous of multiple vehicles. In this strategy
one of the agent is the implicit leader who knows the
position of the target and drives the formation to-
wards it. Remirez-Riberos et al. [30] have proposed
a cyclic pursuit based strategy for single integrator
and double integrator type agents to achieve circular
formation about a specific point and have applied the
same to control nonholonomic robots using feedback
linearization. Besides these there are different strate-
gies addressed in the literature based on cyclic pur-
suit to achieve various formation patterns as given in
Pavone and Frazzoli [28], Ramirez [29] and Galloway
et al. [31] to list a few.

1.2 Contribution

In this paper, we present a variant of the cyclic pur-
suit strategy for target tracking applications using
non-holonomic vehicles. Cyclic pursuit based forma-
tion control strategies discussed in [25] and [26] deal
with circular formations about a point which cannot
be specified a priori. To overcome this limitation, an
implicit leader following strategy under cyclic pur-
suit was proposed in [27]. We propose a decentralised
strategy based on cyclic pursuit law that can achieve
the formation of the agents around the target point.
The agents have unicycle kinematics. They can be
identical, in which case, we will have homogeneous
group of agents. We can also have heterogeneous

group of agents. We assume that the target track-
ing is achieved if 1) the agents move on circles with
the target at the centre and 2) the agents are always
uniformly located around the target. In case of homo-
geneous agents, a uniform formation will be achieved
if the angle separation between adjacent agents with
respect to the target is equal for all agents. We de-
fine this strategy as Target Centric Cyclic Pursuit
(TCCP). The novelty of this work lies in deriving
a simple control strategy which can be easily mea-
sured and computed and can be conveniently imple-
mented on actual hardware. We have analysed the
formation of the agents about a stationary target and
validated the result on 6DOF model of UAVs and
on Hardware-in-loop-simulator (HILS) of the micro
aerial vehicle. Extensive simulations have been car-
ried out to test different conditions like tracking a
moving target, the effect of wind on the formation
and the effect of changing the frequency of informa-
tion updates on the formation. Preliminary results
are presented in [32], [33].
This paper is organised as follows. The system is

modelled in Section 2 followed by possible equilib-
rium formations in Section 3. Stability analysis of
equilibrium formations for homogeneous agents are
studied in Section 4. We extended the strategy to all-
to-all communication in Section 5. Section 6 gives the
realistic MAV model and the details of control imple-
mentations on the autopilot. Implementation of this
strategy on Hardware-In-Loop Simulator is discussed
in 7. Simulation results and conclusions are presented
in Sec 8 and 9 respectively.

2 Problem Formulation

Consider a group of n agents employed to track a
target. The kinematics of each agent with a single
nonholonomic constraint can be modeled as:

ẋi = Vi cos(hi), ẏi = Vi sin(hi), ḣi = ui =
ai
Vi

= ωi

(1)
where Pi ≡ [xi, yi]

T represents the position of agent i,
hi represents the heading angle of the agent i with re-
spect to a global reference frame and Vi and ai repre-
sent the linear speed and lateral acceleration of agent
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Figure 1: Positions of the vehicles in a target centric
frame

i. Equation (1) can represent a point mass model of a
UAV flying at a fixed altitude or a point mass model
of a wheeled robot on a plane. We use a generic term
“agent” to represent the aerial or ground vehicle. We
assume that the agent i is moving with constant lin-
ear speed, that is Vi is constant and the motion of the
agent i is controlled using the lateral acceleration, ai.

Our objective is to enclose the target with n agents.
The target is stationary. It is assumed that each
agent i has the information about the target posi-
tion and i+1th agent’s position. Consider the target
to be located at point P as shown in Fig. 1. We
modify the classical cyclic pursuit law for target en-
closing problem such that agent i, positioned at Pi,
follows not only i + 1th agent at Pi+1 but also the
target at P . Let ρ be a constant, which decides the
weight agent i gives to the target position P , over
the position of the agent i + 1, Pi+1. This weighing
scheme is mathematically equivalent to following a
virtual leader located at the point P

′

i+1 which is a

convex combination of P and Pi+1. The point P
′

i+1

is calculated as P
′

i+1 = ρ Pi+1 + (1 − ρ) P , where

0 < ρ < 1. The parameter ρ is called the pursuit

gain. We consider a target centric reference frame as
shown in Fig. 1. The variables in Fig. 1 are:
rig – Distance between ith agent and the target,
ri – Distance between ith agent and i+ 1th agent
ri

′

– Distance between ith agent and virtual leader
at P

′

i+1,
fi – angle made by the vector rig w.r.t reference
φi – angle between the heading of ith agent and mod-
ified LOS PiP

′

i+1.
We define the control input to the ith agent as

ui = kiφi (2)

where, ki > 0 is the controller gain. We assume
that φi(t) ∈ [0, 2π) for all time, t ≥ 0. This condi-
tion ensures that the agents always rotate in counter
clockwise direction. Also lateral acceleration remains
bounded for a fixed ki. Let us define the states of the
system as

xi(1) = rig, xi(2) = f i+1
i , xi(3) = hi − fi (3)

for i = 1, 2, · · ·n. Then the kinematics (1) can be
re-written in the target centric reference frame as,

ẋi(1) = Vi cos(xi(3)) (4a)

ẋi(2) =
Vi+1 sin(xi+1(3))

xi+1(1)
− Vi sin(xi(3))

xi(1)
(4b)

ẋi(3) = kiφi −
Vi sin(xi(3))

xi(1)
. (4c)

In practical situation, the agents will have a limit on
the maximum lateral acceleration amax, that is, ai ≤
amax∀i. We can take into account this constraint
by imposing an upper bound on the value of ki as,
ki ≤ kmax where kmax = amax

2πVi
.

3 Formation at equilibrium

We study the asymptotic behavior of a group of
heterogeneous agents under the control law (2).

Consider n agents with kinematics (4). At
equilibrium, the agents move on concentric circles,
with (i) the target at the center of concentric
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circles and (ii) equal angular velocities. At
equilibrium ẋi(j) = 0 for i = 1, ..., n and j = 1, 2, 3.
So the distance between the target and agent,
rig for all i, remains constant at equilibrium.
From (4a) hi − fi = (2m + 1)π2 for all i, where
m = 0,±1,±2, · · · . Substituting this value in (4c)

we get kiφi = Vi sin(hi−fi)
rig

= ± Vi

rig
. Since φi ≥ 0,

ki > 0, Vi > 0 and rig ≥ 0, we can write

kiφi =
Vi
rig

(5)

and therefore, m = 0,±2,±4, · · · . Assuming hi ∈
[0, 2π) and fi ∈ [0, 2π), we get (hi − fi) ∈ (−2π, 2π).
So m = 0 or m = −2. From geometry, m = 0 and
m = −2 implies the same angle. Therefore hi − fi =
π
2 . From (2) and (5), ui = ωi =

Vi

rig
. Since Vi and rig

are constant, ωi is constant for all i. Therefore all the
agents move along a circular path with the target at
the center and radius rig. This proves the first part
of the theorem.
The angular velocity of agent i can be calculated as,
ωi = ḣi − ḟi = Vi

rig
. As hi − fi = π

2 from equation

(4b)
Vi
rig

=
Vi+1

r(i+1)g
(6)

for all i. Hence we conclude that, for all i, ωi = ωi+1.
Therefore, all the agents move around the target in
concentric circles with equal angular speed. Consider
n agents with kinematics (4). At equilibrium, the
agents form a rigid polygon that rotates about the
target. The proof follows directly from Theorem 3.
Next we derive necessary conditions for the existence
of equilibrium. Consider Fig. 1. Let ∠PP

′

i+1Pi = zi
and f i+1

i = fi+1 − fi. Let us define a set of agents
X as, X =

{

i : ρ < Vi

Vi+1
, i ∈ {1, · · · , n}

}

.

The set X 6= ∅. We prove it by contradic-
tion. Let us assume that X = ∅. Then ρVi+1 ≥ Vi
for all i = 1, · · · , n (mod n), which implies,
ρnV1 ≥ V1. But this can not be true since 0 < ρ < 1.
So there exits at least one agent in the set X .
For the agents in set X , from (6), ρr(i+1)g < rig.
Now, consider an agent i ∈ X . Fig. 2 shows the
trajectory of agent i at equilibrium, with respect to

P

Q′

Q

rig

ρr(i+1)g

Q0

Vi

φimax

φ
′

Pi

φimin
Q2

Figure 2: Formation of agents in set X

the target located at point P . The agent i moves
along the circle which has radius rig and center P .
Let the agent i be at the point Pi. For a given ρ,
the virtual leader of agent i will lie on the circle
of radius ρr(i+1)g which is less than rig . Note that
r(i+1)g can be greater or less than rig . Let PiQ
and PiQ

′ be the tangents drawn from point Pi to
the inner circle of radius ρr(i+1)g and φimin

and

φimax
are the angles that the velocity vector of ith

agent makes with PiQ and PiQ
′ respectively. Then,

φimin
+φimax

= π. At equilibrium, φi ∈ [φimin
, φimax

]
When φi = φimin

, the virtual leader of i will be
at Q and therefore f i+1

i = φi. Similarly, when

φi = φimax
, f i+1

i = π + φi. When φi = φ
′

which is
within the bounds, there are two possible locations
where the virtual leader can lie (Q1 and Q2). So zi
can take two values, zia = ∠PQ1Pi = z

′

i (say) and
zib = ∠PQ2Pi = π − zi

′. Using (6) and sine rule for
4PQ1Pi, we get

z
′

i = sin−1

(

Vi
ρVi+1

cosφi

)

. (7)

Similarly, f i+1
i can take two values. At equilibrium,

right hand side of (7) should be real. So the neces-
sary condition for the existence of equilibrium can
be stated as:
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Consider n agent system with kinematics (4).
Given ρ, the necessary condition for equilibrium is

max
i∈X

ηi ≤ min
j∈X

µj (8)

ηi =
ki
V1

cos−1
(ρVi+1

Vi

)

(9a)

µj =
(

π − cos−1
(ρVj+1

Vj

)) kj
V1
. (9b)

For i /∈ X , i.e. if ρVi+1 ≥ Vi, RHS of equation (7)
is always real. However, if i ∈ X , then we should
have

φi ∈
[

pπ + cos−1
(ρVi+1

Vi

)

, (p+ 1)π − cos−1
(ρVi+1

Vi

)]

(10)
where, p = 0,±1,±2, · · · . As φi ∈ [φimin

, φimax
] ⊆

[0, π], p can take only one value, p = 0. Let the radius
of the circle traversed by the first agent r1g = R1.
Then from (5) and (6),

φi =
V1
kiR1

. (11)

Using (10) and (11) for a given i ∈ X we can write,
ηi ≤ 1/R1 ≤ µi, where ηi and µi are as given in (9).
Let

<i = {R1 : ηi ≤ 1/R1 ≤ µi, i ∈ X}. (12)

If
⋂

i∈X <i 6= ∅ then there exists some R1 such that
RHS of (7) is real ∀i ∈ X . For this to be true, (8)
must hold. So the necessary condition for equilib-
rium is given by (8). For the agents not in set X ,
that is, ρVi+1 ≥ Vi, from (6), ρr(i+1)g ≥ rig . When
ρr(i+1)g = rig , the virtual leader lies on the circle
of radius rig and φi can take value in [0, π]. When
ρr(i+1)g > rig, the virtual leader lies outside the cir-
cle of radius rig and φi ∈ [0, 2π). In both the cases,
given a φi, there exists an unique point where vir-
tual leader can lie and hence the position of the next
agent i+ 1 is unique. In these cases, we always have
zi = z

′

i.
Even if a system of n agents satisfy Theorem 3 they

may not satisfy

n
∑

i=1(mod n)

(f i+1
i ) = 2πd, d = ±1,±2, · · · . (13)

Therefore, to achieve a formation, one requires both
Theorem 3 and (13) to be true simultaneously.

4 Formation in case of homoge-
neous agents

Consider the case when all the agents are identical.
We study this case in detail since in multi agent re-
search often we are interested in multiple identical
agents that are easily scalable. As the agents are
identical, Vi = V and ki = k, ∀i. Then at equilib-
rium, from (6) we have rig = R, ∀i. So the agents
move on the same circle with the target at its cen-
ter. From (11), φi = V

kR
= φeq for all i, and from

4PPiP
′

i+1 in Fig. 1,

cos(φeq) =
ρ sin(f i+1

i )
√

1 + ρ2 − 2ρ cos(f i+1
i )

. (14)

We observe that ρV < V and therefore all the agents
belong to the set X . From Fig. 2, for 4PQPi, ρ =
cos(φmin). Assuming φ

′

= φeq , ∠Q0PPi = φeq . Let
∠Q0PQ1 = ∠Q0PQ2 = δ,

fa = ∠PiPQ1 = φeq + δ (15)

fb = ∠PiPQ2 = φeq − δ. (16)

f i+1
i can be either fa or fb. As long as φeq ∈
[φmin, φmax], Theorem 3 is trivially satisfied. From
4Q1PPi,

cos(φeq) = ρ cos(δ). (17)

Let, at equilibrium, Ma = {i : f i+1
i = fa} and Mb =

{i : f i+1
i = fb}. Then |Ma| + |Mb| = n. We have

three possibilities:
WhenMa is empty, that is, f i+1

i = fb = φeq−δ ∀i,
cos(fb) = cos(φeq − δ). Using (14) and (17), after
mathematical manipulations we get, 2

(

ρ cos(fb) −
1
)(

ρ− cos(fb)
)

= 0. Since, 0 < ρ < 1, ρ cos(fb) 6= 1.
So ρ = cos(fb). Since ρ = cos(φmin), either fb =
φmin or fb = 2π− φmin = π+φmax. Then from Fig.
2, we observe that the agent i+ 1 will be at Q or Q′

and thus we have either φeq = φmin or φeq = φmax.
When Mb is empty, that is, f i+1

i = fa ∀i,
cos(fa) = cos(φeq + δ). Then following similar proce-
dure as in the previous case we get ρ sin2(fa)−

(

1−
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ρ cos(fa)
)(

ρ−cos(fa)
)

= cos(fa)
(

1+ρ2−2ρ cos(fa)
)

.
This equation is trivially satisfied for all ρ.
When both Ma and Mb are non-empty, following

similar procedure, it is found that the equilibrium
formation is possible if cos(δ) = ρ cos

(

2π d
n
− m

n
δ
)

is
true for the values of δ satisfying cos(φeq) = ρ cos(δ)
and m = |Ma| − |Mb|.
For Cases 1 and 2, we have f i+1

i = f̄ ∀i, where
f̄ is some constant. However, in Case 3, f i+1

i is not
same for all i. A set of 40000 Monte Carlo simula-
tions were run for different values of n and ρ. The
value of n was varied from 3 to 11 and ρ from 0.1
to 0.9 in the steps of 0.1. We selected 500 random
initial conditions for each pair of n and ρ. It has
been observed that, formation at equilibrium was al-
ways a regular polygon, which mean Case 3 has never
occurred. Also Case 3 will not result in an uniform
formation of agents around the target. So in this pa-
per, we will concentrate on Cases 1 and 2 only and
analyze the conditions for achieving a stable forma-
tion uniformly distributed around the target.
In Case 1 and Case 2, we observe that φmin ≤ f̄ ≤

π + φmax with Case 1 corresponding to equalities.
When f i+1

i = f̄ ∀i, the agents will be uniformly
distributed around the target. Then from (13),

f̄ = 2π
d

n
. (18)

Since φeq = V
kR

, the distance between an agent and
the target at equilibrium is

R =
V

kφeq
(19)

and the distance between ith and i+1th agent, r̄ can
be obtained (refer to Fig. 1) as

r̄ = 2R sin
( f̄

2

)

= 2
V

kφeq
sin(π

d

n
). (20)

Then the states of the system (4) at equilibrium are

xi(1) =
V

kφeq
, xi(2) = 2π

d

n
, xi(3) =

π

2
. (21)

Thus, at equilibrium, the agents arrange themselves
in a regular formation around the target. This regu-
lar formation of n agents can be described by a reg-
ular polygon {n

d
}, where d ∈ {1, 2, ..., n− 1}. This d

−1 0 1
0
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−
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Figure 3: q versus ρ plot when ρ = cos(2πq)

is reflected in equilibrium state xi(2) in (21).
At equilibrium φmin ≤ f̄ ≤ π + φmax. So

ρ = cos(φmin) ≥ cos(f̄) = cos(2π d
n
). Thus, ρ ≥

cos(2π d
n
). Let us replace d

n
by a continuous variable

q ∈ (0, 1). We can plot ρ = cos(2πq) as shown in
Fig. 3. It can be seen that, for a given n, Region
I corresponds to Case 2 (when Mb is empty) and
the boundary of the Region I corresponds to Case 1
(when Ma is empty).
Next, we can study the stability of the regular polyg-
onal formation of homogeneous agents obtained at
equilibrium by linearizing the system of n agents (4),
about the equilibrium point (21). Linearizing the sys-
tem we get ˙̂

xi = Ax̂i + Bx̂i+1. where

A =









0 0 −V
V
R2 0 0

kρ sin(2π d
n
)

R

(

1+ρ2−2ρ cos(2π d
n
)
) + V

R2

kρ

(

ρ−cos(2π d
n
)
)

(

1+ρ2−2ρ cos(2π d
n
)
) −k









B =







0 0 0
−V
R2 0 0

−kρ sin(2π d
n
)

R

(

1+ρ2−2ρ cos(2π d
n
)
) 0 0






.

So, the system of n vehicles, can be written

as
˙̂
X = ÂX̂ where X̂ = [x̂1, x̂2, · · · , x̂n]

T

and Â is a circulant matrix given by Â =
circ

(

A B 03×3 · · · 03×3

)

. The stability of

the formation depends on the eigenvalues of Â.
Consider n agents with kinematics (4). For a given

value of ρ, the equilibrium points given by (21) are
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locally asymptotically stable if

ql <
d

n
< qu (22)

ql = −0.17ρ+ 0.254

qu =

{

0.17ρ+ 0.75 for ρ ≤ 0.5305
2
π
cos−1(

√
2ρ− 1) for ρ > 0.5305.

(23)

The stability of a formation depends on the eigen-
values of the circulant matrix Â. We can find the
eigenvalues of circulant matrix (as given in Davis [34]
) using the representer polynomial P (z) of circulant
matrix Â. The representer polynomial of a circu-
lant matrix C = circ (C1, C2, · · ·Cn) is defined as
P (z) =

∑n

i=1
Ci(z

i−1). So the representer polyno-

mial of Â will be,

P (z) = A+ zB.

Let ς = ej
2π
n , where j =

√
−1. The block circulant

matrix Â can be diagonalized using Fourier matrix
Fn as,

Â = (Fn ⊗ I3)
?D(Fn ⊗ I3),

where (?) indicates conjugate transpose.
The diagonal matrix D is given by, D =
diag(P (1), P (ς), · · · , P (ςn−1)). So we can write
Di = A+ ςi−1B, i ∈ {1, 2, ....n}.
The eigenvalues of Â are same as eigenvalues of Di,
i = 1, · · ·n. So we can comment about the stability
of n vehicle system, by observing the eigenvalues of
each block Di. Substituting the value of R, each
Di can be factorized as Di = kT−1D̃iT , where
T =diag[k, V, V ] and

D̃i =







0 0 −1

φeq
2(1− ςi−1) 0 0

φeqρ sin(2π d
n
)(1−ςi−1)

1+ρ2−2ρ cos(2π d
n
)

+ φeq
2 ρ(ρ−cos(2π d

n
))

1+ρ2−2ρ cos(2π d
n
)

−1






.

The spectrum σ(·) of Di and D̃i are related as
σ(Di) = kσ(D̃i). Since k > 0 , stability of Di can
be determined from the stability of D̃i. As D̃i does
not have a term containing gain k as well as V , we
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ρ

q 
=

 d
 / 

n

I

II

III

IV

Figure 4: Stability region for continuous values of q, ρ
and β̃ (Dotted lines: locus of points where h2 = 0 or
h3 = 0)

can conclude that the stability of {n
d
} formation is

independent of k and V .

D̃i is a complex matrix, as ςi−1 = e2πj
i−1
n is a com-

plex quantity. We can write ςi−1 = βi + jξi ∈ C,
where βi = cos(2π i−1

n
) and ξi = sin(2π i−1

n
). Then

the characteristic polynomial of D̃i can be written as
PD̃i

(λ) = λ3+c1λ
2+c2λ+c3, where c1 = 1, c2 = a2+

jb2, c3 = a3+ jb3 and a2 =
φeqρ sin(2π d

n
)(1−βi)

1+ρ2−2ρ cos(2π d
n
)
+φeq

2,

b2 =
φeqρ sin(2π d

n
)(
√

1−β2
i
)

1+ρ2−2ρ cos(2π d
n
)

, a3 =
φeq

2ρ(ρ−cos(2π d
n
))

1+ρ2−2ρ cos(2π d
n
)
(1 −

βi), b3 =
φeq

2ρ(ρ−cos(2π d
n
))

1+ρ2−2ρ cos(2π d
n
)
(
√

1− β2
i ).

Let H be the Hermitian matrix corresponding to the
characteristic polynomial PD̃i

(λ). Then the polyno-
mial PD̃i

(λ) is asymptotically stable if and only if the
principal minors h1, h2 and h3 ofH are positive (Bar-
nett [35] ). In this case h1 = 2, h2 = 4(a2 − a3 − b2

2)
and h3 = 8(a2

2a3+a2b2b3− 2a2a3
2− 3a3b2b3− b32−

a3b2
2a2−b23b3+a33). Here, h2 and h3 depends on d

n

and βi which takes discrete values. To find the range
of values of d

n
and βi for which h2 > 0 and h3 > 0,

we replace d
n
by a continuous variable q ∈ (0, 1) (as

stated in Remark 4 ). Also we replace βi by a con-
tinuous variable β̃ ∈ [−1, 1]. For a given β̃, we can
plot q versus ρ when h2 = 0 and also when h3 = 0.
Fig. 4 shows these plots for different values of β̃. Let
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us define

S2 = {(ρ, q, β̃) : h2 > 0, ρ ∈ (0, 1), q ∈ (0, 1), β̃ ∈ [−1, 1]}
S3 = {(ρ, q, β̃) : h3 > 0, ρ ∈ (0, 1), q ∈ (0, 1), β̃ ∈ [−1, 1]}.
Then S = S2 ∩ S3, defines the stability region where
both h2 and h3 are positive. In Fig. 4, Region I
corresponds to S. We can numerically approximate
the Region I with conservative bounds as q+0.17ρ−
0.254 = 0, q−0.17ρ−0.75 = 0 and cos2(πq2 )−2ρ+1 =
0 for ρ ≥ 0.5. First two equations are the linear
approximations of ρ = cos(2πq). Region I in Fig. 4
is a subset of Region I in Fig. 3. So for a given ρ,
the bounds on q can be defined by (22). Thus we can
conclude that for a given ρ and n, if d

n
satisfies (22),

then the eigenvalues of D̃i , ∀i and hence that of Â
will have negative real part. So the formation will be
locally asymptotically stable.

5 Formation with all-to-all

communication

This section extends the idea of tracking a target with
single neighbour information to that with all neigh-
bour information. This inherently makes system ro-
bust against failure of one or more agents while there
is the demand for more information exchange. A cen-
troidal cyclic pursuit based target tracking strategy
has been proposed with the assumption that all the
agents have the instantaneous position information of
all the other agents. In centroidal cyclic pursuit, each
agent follows the weighted centroid of its neighbours
[36]. The pursuit sequence in centroidal cyclic pursuit
enables each agent to take into account information
of multiple neighbours by assigning suitable weight
to each them. Let Pseq be the pursuit sequence
which is defined as Pseq = { γ1, γ2, · · · , γn−1 } and
∑n−1

j=1 γj = 1. Here γj represent a weight assigned

to the information of jth neighbour. We present the
analysis for three homogeneous agents, where they
all move with the same constant velocity, same con-
troller gain and follow the same pursuit sequence.
Let φij be the bearing angle of agent i if it is to

pursue a virtual leader corresponding to jth neigh-
bour (refer to Fig. 5). The resultant bearing angle

P

Pi

Pi+1

P
′

i+1

Pi+2

P
′

i+2Pi+n−2

P
′

i+n−2

Pi+n−1
P

′

i+n−1

LOS

φi(n−1)
φi
φi2
φi1

Vi

Figure 5: Vehicle formation geometry considering all
neighbor information

φi for agent i is calculated as,

φi =
1

n− 1

n
∑

j=1, j 6=i

φij . (24)

We use this φi in the control law (2). Theorem 3 and
Corollary 3 hold for this new law. So the agents settle
to a circle of radius R = V

kφeq
where φeq is the value

of φi at equilibrium for all i. Also hi−fi = π
2 for all i.

The value φeq is φeq = 1
n−1

∑n

j=1, j 6=i φ
∗
ij where φ∗ij

can be calculated using trigonometric relations (refer
Fig. 5) as

φ∗ij =
π

2
− sin−1





ρ sin(f j
i )

√

1 + ρ2 − 2ρ cos(f j
i )



 . (25)

Since f j
i = −f i

j , φ
∗
ji =

π
2 +sin−1

(

ρ sin(fj

i
)√

1+ρ2−2ρ cos(fj

i
)

)

.

So,
φ∗ij + φ∗ji = π (26)

for all i, j. Therefore,
∑n

i=1 φeq = 1
n−1

∑

i

∑

j 6=i φ
∗
ij

reduces to nφeq = 1
n−1

(n−1)n
2 π or φeq = π/2. So

R = 2V
kπ

. This shows that the radius of the circle
is independent of number of agents. So even if one
or two agents fails or few agents join the group, the
agents will continuously monitor the target from the
same distance.
In order to find f j

i at equilibrium, we need to find
φ∗ij which can be obtained by solving (24). However,
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for n > 3, we do not get a unique solution for φ∗ij
since the number of variables are more than number
of equations. Hence we restrict our analysis to n = 3
agents. However, we demonstrate in simulation (Sec
8) that the control law performs as desired for n > 3
agents.

For three agents, solving (24), we get φ∗12 = φ∗23 =
φ∗31. Then, using (25), we get sin2 f2

1 = sin2 f3
2 =

sin2 f1
3 and cos f2

1 = cos f3
2 = cos f1

3 . From the ge-
ometry of the problem, f2

1 + f3
2 + f1

3 = 2πd with
d = ±1,±2, . . .. Using all these conditions, we get
either f2

1 = f3
2 = f1

3 = 2πd/3 or two of the f i+1
i

are equal to 2π and the other one is equal to −2π.
Since the information of all the neighbours are con-
sidered, strict indexing of the agents are not neces-
sary. Therefore, we can relabel them once they are
in the formation. Here, we label them sequentially
by moving in anti-clockwise direction. This will gen-
erate d = 1 formation only. Let us define §2 =
{(2π, 2π,−2π), (2π,−2π, 2π), (−2π, 2π, 2π)}. Then,
the states at equilibrium are given as

xi(1) =
2V

kπ
, xi(3) =

π

2
, i = 1, 2, 3

(x1(2), x2(2), x3(2)) ∈
{

§2,
(

2π

3
,
2π

3
,
2π

3

)}

(27)

This implies that there are two equilibrium forma-
tions possible - one where the vehicles are uniformly
placed and the other where they are clustered to-
gether as one unit as they move around the target. In
the following theorem we show that the equilibrium
formation with uniform distribution of the agents is a
locally asymptotically stable formation whereas the
formation with all the agents clustered together is
unstable.

For a group of three agents with all-to-all com-
munication, the uniform distribution of the agents as
they circle around the target is locally asymptotically
stable.

The equilibrium points are given in (27). We lin-
earise the system (4) about the equilibrium points to
study the local asymptotic stability.

Formation with cluster of agents

Linearising the system of three agents about equi-
librium point described by R = 2V

kπ
, (f2

1 , f
3
2 , f

1
3 ) ∈ §2

and hi − fi = π
2 , i = 1, 2, 3, we getẊ = AX where

A = circ (A1, A2, 03×3) with

A1 =





0 0 −V
V
R2 0 0
V
R2

−kρ
1−ρ

0



 A2 =





0 0 0
−V
R2 0 0

0 −kρ
2(1−ρ) 0





Diagonalising A using Fourier matrix F3 we get Di =
A1 + ςi−1A2, i ∈ {1, 2, 3}. The eigenvalues of A are
same as eigenvalues of Di, i = 1, · · ·n. So we can
comment about the stability of n vehicle system, by
observing the eigenvalues of each blockDi. The char-

acteristic equation of D1 block is s3+ks2+ V 2

R2 s. The

eigenvalues are at s = 0, s = −k
2 ± k

2

√
1− π2 which

are in left half of s-plane. The characteristic equation

corresponding to blockD2 is s
3+ks2+ V 2

R2 s− 3V 2kρ
2R2(1−ρ) .

As the last coefficient is negative using Routh - Hur-
witz criterion we can conclude that the system is un-
stable. Therefore a equilibrium with cluster of agents
is unstable.
Formation with uniform distribution of agents
Linearising the system of three agents about equi-

librium point described by R = 2V
kπ

, f i+1
i = 2π

3 and

hi − fi = π
2 , i = 1, 2, 3, we get Ẋ = AX where

A = circ (A1, A2, A3) with

A1 =





0 0 −V
V
R2 0 0
V
R2

kρ(ρ+0.5)
1+ρ+ρ2 −k



 A3 =







0 0 0
0 0 0√
3kρ

4R(1+ρ+ρ2) 0 0







A2 =







0 0 0
−V
R2 0 0

−
√
3kρ

4R(1+ρ+ρ2)
kρ(ρ+0.5)
2(1+ρ+ρ2) 0







The block circulant matrix A can be diagonalised us-
ing Fourier matrix F3 as A = (F3 ⊗ I3)

?D(F3 ⊗ I3)
where (?) indicates conjugate transpose. The diag-
onal matrix D is given by D = diag (D1, D2, D3)
where Di = A1 + ςi−1A2 + ς2(i−1)A3, i ∈ {1, 2, 3}.
The eigenvalues of A are same as eigenvalues of
Di, i = 1, · · ·n. Substituting the value of R, each
Di can be factorised as Di = kT−1D̃iT , where
T =diag[k, V, V ] and

D̃i =







0 0 −1
π2

4 (1 − ςi−1) 0 0
π2

4 +
√
3ρπ(ς2(i−1)−ςi−1)

8(1+ρ+ρ2)
ρ(ρ+0.5)
1+ρ+ρ2 (1 +

ςi−1

2 ) −1






.
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Figure 6: Variation of h1, h2 and h3 versus ρ under
all-to-all communication

The spectrum σ(·) of Di and D̃i are related as
σ(Di) = kσ(D̃i). Since k > 0 , stability of Di can
be determined from the stability of D̃i. As D̃i does
not have a term containing gain k as well as V , we
can conclude that the stability of this formation is
independent of k and V .

The characteristic equation ofD1 block is s
3+ks2+

V 2

R2 s. So the eigenvalues are at s = 0, s = −k
2 ±

k
2

√
1− π2 which are in left half of s-plane. For i =

2, 3, D̃i is a complex matrix, as ςi−1 = e2πj
i−1
n is a

complex quantity. The characteristic polynomial of
D̃i can be written as PD̃i

(λ) = λ3 + c1λ
2 + c2λ+ c3,

where c1 = 1, c2 = 3π2ρ(ρ+0.5)
8(1+ρ+ρ2) and c3 = a3 + jb3

where
a3 = π2

4 +
√
3ρπ

8(1+ρ+ρ2) (cos(
4π(i−1)

3 )− cos(2π(i−1)
3 )) ,

b3 =
√
3ρπ

8(1+ρ+ρ2) (sin(
4π(i−1)

3 )− sin(2π(i−1)
3 )).

Let H be the Hermitian matrix corresponding to
the characteristic polynomial PD̃i

(λ). Then the poly-
nomial PD̃i

(λ) is asymptotically stable if and only if
the principal minors h1, h2 and h3 of H are posi-
tive [35]. In this case h1 = 2, h2 = 4(a2 − a3) and
8(a2

2a3−2a2a3
2− b32+a33). Here h1, h2 and h3 are

functions of only ρ. Fig. 6 shows the variation of h1,
h2 and h3 for ρ ∈ (0, 1). For all ρ, these values are
positive which implies that the system is stable for
all values of ρ. Therefore, for three agents we will
get uniform formation around the target.

6 Implementation with 6-DOF
Model

In this section, we discuss implementation of the
proposed strategy for fixed-wing MAVs. The flight
model is taken from [37], in which the wind tunnel
data was obtained from National Aerospace Labora-
tories, Bangalore. The aerodynamic equations used
are as follows:

ẋe = [u cos θ + (v sinφ+ w cosφ) sin θ] cosψ

− (v cosφ− w sinφ) sinψ

ẏe = [u cos θ + (v sinφ+ w cosφ) sin θ] sinψ

+ (v cosφ− w sinφ) cosψ

że = −u sin θ + (v sinφ+ w cosφ) cos θ

θ̇ = q cosφ− r sinφ

φ̇ = p+ (q sinφ+ r cosφ) tan θ

ψ̇ =
(q sinφ+ r cosφ)

cos θ

u̇ = rv − qw +
1

m
fx

v̇ = pw − ru+
1

m
fy

ẇ = qu− pv +
1

m
fz

ṗ = Γ1pq − Γ2qr + Γ3l + Γ4n

q̇ = Γ5pr − Γ4

(

p2 − r2
)

+ Γ5m

ṙ = Γ6pq − Γ1qr + Γ4l + Γ7n

where [xe, ye, ze] represent position of MAV, [u, v, w]
represent velocity components of MAV in body
frame, [φ, θ, ψ] represent Euler angles, [p, q, r] rep-
resent body axis angular rates and [l,m, n] are roll,
pitch and yaw moments. During the flight the alti-
tude and airspeed are held constant. Autopilot of
each MAV has three controllers to regulate head-
ing, speed and altitude using proportional-integral-
derivative (PID) control loops. The autopilot design
is the same as give in [37]. There are two separate
autopilots for the longitudinal and lateral control.
The motivation for this comes from the fact that,
upon linearization of the flight mechanics relations
given above about trim conditions for steady level
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flight, the longitudinal and lateral dynamics get de-
coupled. The longitudinal and lateral autopilots are
designed using successive loop closure [38]. There
are two inputs to the longitudinal autopilot - com-
manded airspeed (Vc) and commanded altitude (hc).
Commanded speed (Vc) is held constant. Also the
commanded altitude (hc) is held constant for sim-
ulating planar condition. Speed control is achieved
by controlling throttle input. To avoid possibility
of collisions each MAV is commanded to fly at dif-
ferent altitudes. The altitude control loop generates
appropriate commands for elevator defection of the
MAV. Lateral autopilot command is generated us-
ing desired heading angle. The desired heading angle
or heading command χic is calculated using desired
bearing angle as discussed in Section 4 (Equation 2).
From flight mechanics, the heading rate of MAV can
be calculated as:

χ̇i = −p sin θ + q cos θ sinφ+ r cosφ sin θ.

The Runge-Kutta fourth order method has been used
to solve the system of equations with the time step
of dT = 2 msec. It is assumed that the position in-
formation is available at discrete instances (one sec
in accordance to the GPS module) and the autopi-
lot controllers run at a frequency of 20 msec. The
heading command of MAV is updated at every one
sec using the position information of the next MAV
to be followed and the MAV’s own position update
(The frequencies of both GPS updates of inter-MAV
communication are taken to be 1 Hz to mimic the
the timings implemented on the HILS). The head-
ing error χie between the heading command χic and
heading angle χi is computed as χie = χic − χi and
the roll angle command φic for the inner loop roll
controller is generated as:

φic = HKpχie −HKdχ̇i

where HKp is proportional gain and HKd is deriva-
tive gain. Here HKp is related to controller gain k
(Equation (2)) as HKp = Vik/g where Vi is the speed
of the vehicle i and g is acceleration due to gravity.
The roll command is tracked by the inner PID control
loop and it generates appropriate actuation command
for aileron defection. The same autopilot controllers

and timing intervals have been implemented on HILS
which is discussed in following section.

7 Hardware in Loop Simula-
tor(HILS)

The HILS system can broadly be classified into two
parts, as shown in figure 7 – the simulated compo-
nents and the actual hardware subsystems present
in the simulation loop. Flight dynamics and sensor
dynamics have been simulated as SimuLink Blocks
in MATLAB on the host PC. This SimuLink model
is compiled in C programs when it is built for the
xPC TargetTMRapid Prototyping System v5.0 and is
loaded onto the Target PC to be run in real time.
The flight simulation generates the sensor data for
the On Board Computers (OBCs) in appropriate for-
mats. The sensor information includes the GPS and
IMU sentences as well as analog voltages for altitude
and airspeed measurements. These sentences are seri-
ally conveyed via a serial card on the Target PC to the
OBCs at correct baud-rates after regular intervals.
The pressure sensor data for airspeed and altitude is
converted to analog voltages with proper scaling and
sent to OBCs on-board ADC. The control algorithm
resides on the OBCs which gives commands to servo-
motors used for surface deflection. Analog feedback
from the servomotors is given as input to the flight
simulation. The XBee - Pro RF module has been
used for communication between the MAVs and also
with the ground station. All the communication links
utilize the API (Application Programming Interface)
mode of addressed packet based communication al-
lowing both one to one and broadcast communica-
tion. The ground station has been used for monitor-
ing the MAV flight parameters and for tuning gains
of autopilots programmed on the OBC during the
real-time HILS simulations.
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Figure 7: Block diagram of the HILS system for for real time simulation of cooperative missions of eight
MAVs.

Table 1: Comparison between Analytical and Simu-
lation results with cyclic communication

r R
Cases Analytical Simulation Analytical Simulation
8.1 13.504 13.504 6.926 6.926
8.1 12.745 12.745 8.150 8.150
8.1 11.485 11.485 5.890 5.890
8.1 15.859 15.859 10.142 10.142

8 Simulation Results

8.1 Stability with unicycle agents in
cyclic communication

We considered seven agents with cyclic communica-
tion all moving with unit speed and having controller
gain k = 0.1. The target is stationary and is located
at the origin (0,0). ρ and initial d have been selected
such that the agents are initially at equilibrium and
the equilibrium points lie in one of the sector I, II,
III and IV of Fig. 4.

Assume the agents are initially in the {7/3} forma-
tion with ρ = 0.4. Here R = 6.9256 initially and this
formation corresponds to Section I in Fig. 4. From
Table 2 , it is clear that both h2 and h3 are posi-
tive. So, this is a case of stable formation. Theorem
3 is also satisfied since, ql = 0.186 , qu = 0.818 and
d
n

= 0.4286. Fig. 8(a) shows that, at equilibrium
it stays in {7/3} formation and the analytical val-
ues of r and R match with the values obtained from
simulation as shown in Table 1.

In this case, the agents are initially in {7/1} for-
mation, distributed along a circle of radius R = 8.503
with target at the center. The value of ρ = 0.4. From
(23), the limits for d

n
are ql = 0.188 and qu = 0.818.

As d
n

= 1/7 = 0.143, it corresponds to a point in
Section II of Fig. 4. Therefore this violates Theo-
rem 3. It is also evident from the Table 2 that the
value of h3 < 0 for all D̃i, for i = 2, ..., 7. There-
fore, this is a case of unstable formation. Fig. 8(b)
shows that, even though the agents are initially in
{7/1} formation, the system finally settles down to
the {7/2} formation. As shown in Table 1, analyti-
cal and simulated values of r and R are the same at
equilibrium. The {7/2} formation for ρ = 0.4 corre-
sponds to Section I of Fig. 4.
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Table 2: h2 and h3 values for all D̃i blocks with cyclic communication
Case 1 Case 2 Case 3 Case 4

d = 3, ρ = 0.4 d = 1, ρ = 0.4 d = 6, ρ = 0.4 d = 4, ρ = 0.8
Block h2 h3 h2 h3 h2 h3 h2 h3
D̃1 8.34 0 5.53 0 15.45 0 12.53 0

D̃2 7.63 5.28 5.89 -2.38 12.73 -11.58 10.15 15.16

D̃3 6.10 10.75 7.99 -10.70 10.18 -34.38 4.64 8.04

D̃4 4.95 12.84 10.95 -22.42 11.70 -69.91 0.47 -0.86

D̃5 4.95 12.84 10.95 -22.42 11.70 -69.91 0.47 -0.86

D̃6 6.10 10.75 7.99 -10.70 10.17 -334.38 4.64 8.04

D̃7 7.63 5.28 5.89 -2.38 12.73 -11.58 10.05 15.16

Similar to the previous case, agents are initially
in the {7/6} formation with ρ = 0.4. So initially
R = 5.0875 and corresponds to a point in Section
III of Fig. 4. Table 2 shows that the value of h3 is
negative in this case. As d

n
= 6/7 = 0.8571, which is

outside the stable range ql = 0.186 and qu = 0.818,
it is an unstable case according to Theorem 3. Fig.
8(c) confirms this result and shows that the system
eventually converges to the {7/4} formation. Table
1 shows that the analytical and simulation results
corresponding to final formation matches.

In this case, agents are initially in the {7/4} for-
mation with ρ = 0.8. R = 5.6502 and d

n
= 0.5714.

This corresponds to a point in Section IV of Fig. 4.
From Table 2 , h3 < 0 for some of the D̃i blocks. Also
as d

n
> qu = 0.4359, d

n
does not satisfy the bounds

in (22). The simulation result shown in Fig. 8(d)
proves the instability of the formation. The agents
settle with the {7/2} formation at equilibrium and
the values of r and R are same both in simulation
and in theory (refer to Table 1.

8.2 Comparison of performance using
unicycle, 6DOF model and HILS

(With cyclic communication): A set of three vehicles
moving with a constant speed of 15 m/sec and con-
troller gain of 0.2 have been considered. The vehicles
start from random initial positions. Figure 9 shows
the trajectories of the vehicles with unicycle model,

Table 3: Steady state parameters in cyclic communi-
cation for different values of pursuit gain ρ

Unicycle 6-DOF HILS
ρ d Radius Radius Error (%) Radius Error(%)
0.1 2 66.6235 69.4026 4.17 64.1837 3.66
0.2 1 77.8567 79.854 2.56 76.4984 1.74
0.3 1 81.6677 84.0749 2.94 81.5176 0.83
0.4 1 85.3938 88.189 3.27 86.3877 1.16
0.5 2 57.8372 57.6884 0.26 56.8479 1.71
0.6 2 56.4505 56.1376 0.55 55.2274 2.16
0.7 2 55.2661 54.8134 0.82 54.5251 1.34
0.8 2 54.246 53.8636 0.70 54.2912 0.08
0.9 2 53.3608 54.2482 1.66 55.0426 3.15

6 - DOF model and HILS with ρ = 0.5 and with the
same initial positions of the vehicles. The vehicles are
able to capture the target and are uniformly distribu-
tion. The evolution of the trajectory of the vehicles
varies with the model of the vehicle as seen in the
figures. However, the final formation around the tar-
get remains the same. Table 3 shows the radius of
the circle at steady state for different values of ρ. It
can be seen that the error in the radius is with 5% of
the analytical value. Thus, the analytical results can
be used for target tracking applications using micro
aerial vehicles.
(With all-to-all communication): We simulated for
four vehicles. The vehicles move with a constant
speed of 15 m/sec and controller gain of 0.2, starting
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(b) {7/1} → {7/2}
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(c) {7/6} → {7/4}
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(d) {7/4} → {7/2}

Figure 8: Stable and unstable formation of seven ho-
mogeneous agents in cyclic communication.

(a) Unicycle model

(b) 6-DOF MAV model

(c) HILS simulation

Figure 9: Trajectories of the agents in cyclic commu-
nication with ρ = 0.5
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(a) Unicycle model
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(b) 6-DOF MAV model
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(c) HILS simulation

Figure 10: Trajectories of the agents with all-to-all
communication

from random initial positions. Simulations are run
for different values of ρ. Figure 10 shows the tra-
jectories of the vehicles with point mass model, 6 -
DOF model and HILS for ρ = 0.5 and for the same
initial conditions. The vehicles are able to capture
the target with uniform distribution. Table 4 shows
different parameters at steady state for different val-
ues of ρ. This shows that the uniform formation is
stable in case of all-to-all communication even when
n > 3.

Table 4: Steady state parameters with all-to-all com-
munication and different values of pursuit gain ρ

Point mass 6-DOF HILS
ρ Radius Radius Error(%) Radius Error(%)
0.1 70.11 73.36 4.63 66.33 5.39
0.2 70.11 73.37 4.64 65.71 6.28
0.3 70.11 73.39 4.67 66.65 4.94
0.4 70.11 73.41 4.70 67.29 4.01
0.5 70.11 73.43 4.72 70.01 0.13
0.6 70.11 73.46 4.77 68.347 2.53
0.7 70.11 73.55 4.90 69.48 0.90
0.8 70.11 73.57 4.92 68.85 1.80
0.9 70.11 73.6 4.96 70.90 1.11

8.3 Moving target case with cyclic
communication

We present a typical case here. The target is assumed
to move with a velocity of 2 m/s along a circle of ra-
dius 300 meters. The three MAVs have been placed
randomly and are moving with a speed of 15m/s.
The controller gain is 0.2 and ρ = 0.2 and the ve-
hicles are cyclic communication. The trajectory of
the vehicle when modelled as unicycle is shown in
Fig. 11(a). When the vehicles have 6DOF dynamical
model, their trajectory is shown in Fig. 11(b). The
trajectory obtained in HILS is shown in Fig. 11(c).
From the figure we can conclude the TCCP can track
a slowly moving target.

8.4 Effect of inter-MAV update fre-
quency

In a realistic settings, there could be intermit-
tent communication failures which would cause loss
of communication packets among the cooperating
agents. Since this cannot be avoided, it is beneficial
to have a cooperative strategy that would be able
to tolerate such practical constraints. With this in
mind, the simulation results presented in this section
give an idea about the smallest inter aircraft update
rate that our strategy can tolerate. The GPS mod-
ule simulated in the HILS has a position update rate
of 1Hz. Since the information communicated among
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(a) Unicycle model

(b) 6-DOF MAV model

(c) HILS simulation

Figure 11: Tracking a moving target under cyclic
communication

Table 5: Revolution Time Periods and corresponding
inter aircraft update periods for different values of ρ
ρ d Revolution time

period
Maximum inter-MAV
update period

(Seconds) (Seconds)
0.1 2 28 14
0.4 1 34 17
0.6 1 38 19
0.8 1 42 21

MAVs is primarily position updates from their re-
spective GPS modules, an inter-MAV communication
rate higher than 1 Hz is not necessary.

For three MAVs in cyclic communication moving
with a constant airspeed of 14.5 m/s and inter aircraft
update rate of 1Hz, the time taken for one revolution
around the target, with four different values of ρ is
given in Table 5. It is observed that if the inter MAV
communication update period is lesser than half the
time taken for one complete revolution around the
target, the MAVs are able to maintain the target
at the center of their orbit, and their relative posi-
tions are uniformly distributed. But the target to
agent distance will be more than what is predicted
in the analytical results (refer to Fig. 12). If the in-
ter agent update period is longer than the time taken
for half revolution around the target, then the equi-
librium formation is not maintained and the MAVs
loiter around the target.

8.5 Effect of wind

Since wind is a major factor in deciding performance
of cooperative algorithms, the Dryden wind model
has been used to simulate wind in the HIL simula-
tion. To study the effect of wind on the performance
of a mission using the TCCP strategy with cyclic co-
munication, HILS simulations have been carried out
with wind speed of 3 m/s (20% of the MAV speed).
We assumed k = 0.2 and ρ = 0.1 and 0.8. Fig. 13
shows the performance in presence of wind. The sim-
ulation with no wind is shown in Fig. 9(c). From the
figures, it can be observed that this strategy works
for smaller ρ values.
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(a)

(b)

Figure 12: Trajectories of agents under cyclic com-
munication with inter-MAV update period of 1 sec
and 10 sec

(a) ρ = 0.1

(b) ρ = 0.4

(c) ρ = 0.8

Figure 13: Trajectories under cyclic communication
in presence of wind

18



9 Conclusion

This paper proposes a new strategy called the target
centric cyclic pursuit. This is a variant of the cyclic
pursuit strategy that can be used for target track-
ing applications. Mathematical formulation and the
analysis have been carried out for this strategy using
unicycle models of the agents and a stationary tar-
get. Two types of information exchange among the
agents have been considered - cyclic and all-to-all.
It is found that at equilibrium, the agents move in
a polygonal formation around the target with equal
angular speeds. The necessary conditions for the exis-
tence of the equilibrium have been derived. The local
stability analysis of the equilibrium formations have
shown that the pursuit gain ρ plays an important role
in the formation that is achieved at equilibrium.

The proposed strategy is then applied to the 6DOF
model of the micro aerial vehicles. The simulation
results closely matched with the analysis done using
unicycle model. As the next step, the strategy is
tested on Hardware-in-Loop Simulator and the per-
formance was satisfactory. The error in the analytical
results and in HILS was less then 5%. The strategy
even works for a slowly moving target. This gives
the confidence that the proposed strategy will per-
form as desired when it is applied on actual hard-
ware. We also tested different cases that are likely
to occur in such missions, for example, the effect of
wind disturbance and the effect of changing the fre-
quency of updates from the neighbours. The future
work would be to extend this strategy for multiple
moving targets.
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