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Leaderless Swarm Formation Control: From Global Specifications to

Local Control Laws

Solomon Gudeta, Ali Karimoddini, Mohammadreza Davoodi, and Ioannis Raptis

Abstract— This paper introduces a distributed leaderless
swarm formation control framework to address the problem
of collectively driving a swarm of robots to track a time-
varying formation. The swarm’s formation is captured by the
trajectory of an abstract shape that circumscribes the convex
hull of robots’ positions and is independent of the number of
robots and their ordering in the swarm. For each robot in the
swarm, given global specifications in terms of the trajectory
of the abstract shape parameters, the proposed framework
synthesizes a control law that steers the swarm to track the
desired formation using the information available at the robot’s
local neighbors. For this purpose, we generate a suitable local
reference trajectory that the robot controller tracks by solving
the input-output linearization problem. Here, we select the
swarm output to be the parameters of the abstract shape. For
this purpose, we design a dynamic average consensus estimator
to estimate the abstract shape parameters. The abstract shape
parameters are used as the swarm state feedback to generate a
suitable robot trajectory. We demonstrate the effectiveness and
robustness of the proposed control framework by providing
the simulation of coordinated collective navigation of a group
of car-like robots in the presence of robots and communication
link failures.

I. INTRODUCTION

The use of robotic swarms in applications that are too risky

for humans or where fast response is crucial and are beyond

the capabilities of a single or few individual robots has re-

cently received significant attention [1]. Tasks are assigned to

the swarm in terms of reaching goals [2]–[5] and/or tracking

a specified trajectory that capture the collective behaviors

of the swarm [6]–[9]. In general, a swarm control problem

involves the design of individual (local) robot controllers

so that the swarm performs a specified collective (global)

behavior required to execute a given task effectively.

There are various control design approaches presented in

the literature of swarm control algorithms (see, e.g., [1],

[10] and reference therein), which include density-based [3],

potential field [7], [11], optimization [6], behavior-based [2],

[12], [13], consensus-based [14]–[16], leader-follower [17]–

[20], and virtual structure control [15] methods, to name a

few. The density-based, potential field-based and optimiza-

tion approaches are mainly employed to solve the swarm

pattern formation problem [3], [6], [11], [21]. Similarly,

behavior-based approaches have been employed to design
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local behaviors for robots to perform swarm navigation to

achieve the desired performance collectively. The work in

[13] develops a decentralized behavior-based architecture,

requiring fewer communications among the robots in the

swarm. However, in general, behavior-based approaches are

analytically challenging to establish proofs of their con-

vergence. On the other hand, in the leader-follower and

virtual structure methods, the desired trajectory of the swarm

are assigned to leader robot(s), virtual leader(s), or virtual

structures. Olfati-saber [7] employed formation graphs to

capture the robots’ dynamics and inter-robot constraints, and

then combined them with a potential field and virtual leader

approach to drive a group of agents along a specified path. To

improve the scalability of the swarm control algorithm, Belta

et al. [8] proposed an abstraction-based control framework

that drives a swarm of robots along a given path. However,

the centralized architecture in [8] makes the design vul-

nerable to observer failures and communication link losses.

Recently, Shiyu Zhao [9] presented a new approach based

on stress matrices of graphs to achieve multi-agent formation

maneuvers. The author adopted a distributed leader-follower

approach to solve the formation maneuver control problem

for a team of single-integrator, double-integrator, unicycle,

and non-holonomic agents. However, the calculation stress

matrices in [9] is nontrivial. Freeman et al. [22] designed a

distributed estimation algorithm to estimate first-order and

second-order moments of the swarm’s distribution. They

combined their estimation algorithm with motion controllers

for each robot to regulate the shape and position of the swarm

[23]. Nevertheless, the proposed PI estimator exhibits slow

convergence rates, and the combined estimator/controller

algorithm in [22] is limited to single integrator agents.

In this paper, given a global specification (swarm for-

mation and trajectory), we propose a scalable and robust

distributed control framework for synthesizing control laws

for local (individual) robots so that they, as a group, can

switch to any time-varying affine transformation of initial

swarm formation while the swarm is tracking a desired

bounded C1 trajectory. For this purpose, we develop a

distributed control algorithm for swarm formation control

using feedback linearization and dynamic average consensus

estimation. A salient feature of the proposed method is

handling the losses or addition of robots from/to the swarm.

This is due to the flexible and distributed architecture of

the proposed framework versus the fixed and centralized

network architecture in [8] where a communication loss with

an observer results in a complete failure of the swarm system.

Furthermore, many existing leader-follower based swarm

http://arxiv.org/abs/2204.04412v1


algorithms require robot labeling [9], [19]. For example,

in [19], a unique swarm leader and a unique tail robot

are required for the swarm to navigate along the desired

trajectory. However, our leaderless swarm formation control

formulation do not require special robot ordering and label-

ing. More importantly, compared to swarm algorithms with

a fixed inter-robot distance (see, e.g. [7]), our control design

formulation allows the swarm to shrink, expand, rotate,

translate, or perform compositions of these operations. All

these features make our swarm control framework suitable

for diverse applications.

The organization of the rest of this paper is as follows. In

Section II, the leaderless swarm formation control problem

is formulated. In Section III, we propose a distributed control

law for a swarm of robots to track the desired time-varying

formation. In Section IV, we provide simulation results to

verify the effectiveness of the developed control framework.

Finally, concluding remarks are synopsized in Section V.

II. PROBLEM FORMULATION

Consider a swarm S of N identical rear-wheel driving

car-like robots deployed to execute task T in a world-frame

W ( with center OW and basis vectors {xW ,yW}). The

governing kinematics of Robot i are given by

ẋi = gi(xi)ui, i = 1, · · · , N, (1)

where xi =
[

x̄i ȳi θi φi

]T ⊆ R4 is the state vector,

ui = [vi ωi]
T ⊆ R2 is the control input vector, [x̄i ȳi]

T

is the position vector, θi is the heading angle, φi is the

steering angle, vi is the linear velocity, ωi is the steering

velocity, and gi(xi) =
[

gi1(xi) gi2(xi)
]

, where gi1(xi) =
[

cos θi sin θi
1
L
tanφi 0

]T
, gi2(xi) =

[

0 0 0 1
]T

,

and L is the wheel base of Robot i, respectively. Let G(t) =
(V(t), E(t)) be a time-varying communication graph of the

swarm S at time t, where V(t) is the set of robots in the

swarm and E(t) ⊆ {(i, j) : i, j ∈ V(t), i 6= j} is the set of

communication links among the robots in the swarm. The

communication graph G(t) changes i) when new robots join

the swarm; ii) when the swarm loses some member robots,

and iii) when the communication links among the member

robots fail.

Assumption 1 The communication graph G(t) is assumed

to be a slowly time-varying graph. Also, we assume that G(t)
is a strongly connected bidirectional graph at each time t.

Let the set of neighbors of Robot i at time t be given by

Ni(t) = {j ∈ V(t) : (i, j) ∈ E(t)}. The swarm configuration

xs ∈ Xs of a swarm S is defined as xs = colNi=1(xsi ),
where xsi = [x̄i ȳi]

T, i = 1, · · · , N , and the operator

col(·) stacks the argument vectors. The swarm structure χ

is then defined as the tuple χ = (V(t), E(t), xs). Now, our

objective is to design a swarm formation control law u that

steers a swarm of robots S given by

ẋ = G(x)u, (2)

where x = colNi=1(xi), G(x) = diag(g1(x1), · · · , gN (xN )),
u = colNi=1(ui), along the desired path. Given a large number

of robots evolving in the swarm configuration space Xs,

solving the aforementioned control problem is non-trivial

as the dimension of the swarm system in (2) depends on

the number of robots in the swarm. To remedy this, we

capture the motion of the swarm in terms of the motion

of an abstract shape. An abstract shape is a convex closed

curve S circumscribing the convex hull of configuration xs

of the swarm structure χ. In the Cartesian coordinate (x̄, ȳ),

the abstract shape S is given by
∣

∣

x̄− µx

sw

∣

∣

ma
+
∣

∣

ȳ − µy

sl

∣

∣

na
= 1, na ≥ 2,ma ≥ 2, (3)

where (µx, µy) is the coordinate of center of the abstract

shape, sl and sw are the length of the semi-major and semi-

minor axes of the abstract shape, respectively. Let a ∈ R5 be

the vector of parameters of abstract shape (see Section III).

Also, let a surjective submersion

Φ : R2N → R
5, Φ(xs) = a. (4)

relate the abstract shape parameters a and the swarm con-

figuration xs. Then, we can specify the desired path for the

swarm as the trajectory of the abstract shape parameters a.

Specifying the swarm’s desired trajectory in terms of the

trajectory of the abstract shape parameters is more practical

than providing the desired trajectory for every member robot

in the swarm. Also, in this approach, the swarm’s trajectory

is independent of the number and permutation of robots in

the swarm.

Now, we aim to design a distributed control law ui

for each Robot i in the swarm so that the abstract shape

parameters a track the desired trajectory ζ specified by the

user (motion planner or human). However, the synthesis

of control law ui requires each Robot i in the swarm to

know the position of all robots in the swarm to determine

the abstract shape parameters a. In [8], this requirement is

handled by introducing a central observer that moves with the

swarm. The observer collects the position information of all

robots in the swarm, computes the abstract shape parameters,

and broadcasts the computed value of the abstract shape

parameters to all robots in the swarm. However, this approach

requires all the robots to be in the communication range of

each other or the observer, thus, prone to high bandwidth

requirements or a single point of failure at the observer. To

circumvent this problem and realize a distributed control ar-

chitecture, we design a dynamic average consensus estimator

for each Robot i to estimate the abstract shape parameters

a only based on the information collected from Robot i’s

neighboring robots. More precisely, we state the formation

and trajectory tracking control problem as follows:

Problem 1 Under Assumption 1, given a time varying de-

sired trajectory ζ ∈ R5 of an abstract shape,

a) Construct the abstract shape parameters a.

b) For the abstract shape parameters a, design a distributed

neighbor-based estimator so that each robot’s estimation

of abstract shape parameters āi converges to a in a finite

time, for all i ∈ {1, · · · , N}.

c) Generate the desired trajectory for Robot i, i ∈
{1, · · · , N}, such that the abstract shape parameters a

tracks ζ.



d) Design a feedback control law ui for Robot i, i ∈
{1, · · · , N}, so that each robot tracks its desired trajec-

tory, and the swarm system (2) tracks the given trajectory

ζ ∈ R5.

III. THE LEADERLESS SWARM FORMATION CONTROL

FRAMEWORK

A swarm formation control is a challenging problem.

Complexities of the robot kinematics and the swarm dynam-

ics often lead to intractable control problems. This section

employs tools from differential geometry, consensus, and

control theory to systematically design local control laws

for Robot i in the swarm to realize a specified swarm

formation ζ. The desired time-varying swarm formation is

given in terms of the abstract shape parameters a. For

Robot i, we propose a control law that drives the pose and

shape of the swarm (the motion of the abstract shape) to

track the desired trajectory ζ. For this purpose, Robot i

estimates the value of the abstract shape parameters a via a

dynamic consensus estimator from the information available

at neighboring robots. The detailed design of the proposed

control framework is presented in the following sections.

A. Trajectory-tracking control law

This Section solves a trajectory tracking control problem

(Problem 1.d) using input-output linearization. For this pur-

pose, we define the Robot i’s output yi = hi(xi), hi(xi) :
R4 → Rr in such a way that the decoupling between Robot

i’s linear input-output dynamics and internal dynamics is

achieved:

hi1 = xi1 + L cosxi3 +D cos(xi3 + xi4 )

hi2 = xi2 + L sinxi3 +D sin(xi3 + xi4),
(5)

where r is the total relative degree of Robot i and D 6= 0
is the “look-ahead” distance. The output function hi, defines

the position of a virtual point Pv (see Figure 1a) in front or

behind of Robot i based on the sign of D to simplify the con-

trol design by decoupling input-output dynamics and internal

dynamics. Let the augmented function h̄i(xi) : R
4 → R4−r

be chosen as h̄i(xi) =
[

xi3 xi4

]T
such that the state

transformation Ti(xi) =
[

qTi q̌Ti
]T

=
[

hT
i (xi) h̄T

i (xi)
]T

is a diffeomorphism. Also, let the control input ui to Robot

i be given as ui = ᾱi(xi) + β̄i(xi)v̄i, where ᾱi(xi) = 0

L

D

xi1

yi1

Pv (yi1 yi2)

θi

φi

OW

yW

xW

(a)

S

Robot i

Ob

yb
xb

OW

yW

xW

θ

(b)

Fig. 1: (a) Robot reference frames and definition of virtual

point Pv , (b) Swarm reference frames and the abstract shape

that circumscribes the region occupied by swarm of robots.

due to the kinematic model being drift free, and β̄i(xi) =

∆−1
i (xi), where ∆i(x) =

[

Lgi1
hi1(xi) Lgi2

hi1(xi)
Lgi1

hi2(xi) Lgi2
hi2(xi)

]

is

the decoupling matrix, Lgij
hik(xi) is the Lie derivative of

function hik(xi) along a vector field gij (xi), for j ∈ {1, 2}
and k ∈ {1, 2}. Using the state transformation Ti(xi) and

state feedback control law ui, we transform (1) into

˙̌qi = f̌i(qi, q̌i), q̇i = Aiqi +Biv̄i, yi = Ciqi, (6)

where qi = [hi1 hi2 ]
T, ˙̌qi = f̌i(qi, q̌i) = ∂h̄i(xi)

∂xi
ẋi is the

internal dynamics, and Ai = [ 0 0
0 0 ], Bi = I2, Ci = I2, v̄i =

[

v̄i1 v̄i2
]T

. Based on this, we design a linear control law

v̄i so that qi can track desired trajectory qid. Assuming that

all states of the control affine system in (1) are measurable,

for stable zero dynamics [24], we employ the control law

v̄i = q̇id + Ǩi(qid − qi), Ǩi > 0, (7)

where Ǩi is the control gain, for Robot i to exponentially

tracks the desired trajectory qid. In many application area of

swarm of robots, specifying reference trajectory qid for each

individual robot is not practical. Therefore, we design qid by

solving the multi-input multi-output (MIMO) input-output

linearization problem in the next section.

B. Trajectory generation

The collective behavior of robots in the swarm is captured

by the motion of the abstract shape, which is represented

by the trajectory of the abstract shape parameters a. For

each robot in the swarm, we design a distributed swarm

controller so that the abstract shape parameters a tracks the

desired trajectory ζ. In this setting, we design a dynamic

average consensus estimator to estimate the abstract shape

parameters a. Then, for each Robot i, the swarm controller

output will be converted to the desired trajectory qid to be

tracked by the trajectory tracking control law (7). For Robot

i, the approaches to the desired trajectory generation are

discussed next.

We start by putting together the linearized input-output

dynamics given in (6) to form a new swarm system as

q̇ = Aq +Bv̄, y = Cq, (8)

where A = diag(A1, · · · , AN ), B = diag(B1, · · · , BN ), C
= diag(C1, · · · , CN ), q = colNi=1(qi), v̄ = colNi=1(v̄i). The

output y of the swarm system in (8) is the collection of

the output of individual robots (local behaviors). However,

the control specifications for the swarm is given in terms of

collective (global) behaviors of the swarm. To address this

issue, we transform (8) from the robot configuration space to

the abstract shape space using the input-output linearization

technique. To input-output linearize the swarm system in (8),

we construct a new output function ỹ to be the abstract shape

parameters a of abstract shape. Let the abstract shape be

described in the world coordinate by Frame {W} (shown in

Figure 1b with center OW and basis vectors {xW ,yW}) and

in the body coordinate by Frame {b} (shown in Figure 1b

with center Ob and basis vectors {xb,yb}). The position

vector of virtual point of Robot i with respect to Frame {W}
is represented by qi, and the position vector describing the



origin of Frame {b} with respect to Frame {W} is denoted

by OW
b . Let RW

b ∈ SO(2) be the rotation matrix of Frame

{b} with respect to Frame {W} and pi be the position vector

of virtual point of Robot i with respect to Frame {b}. Using

geometry, pi is given by

pi =
[

pix piy
]T

= −RW
b

T
OW

b +RW
b

T
qi, (9)

where pix and piy are the components of vector pi in

Frame {b}. The origin OW
b of Frame {b}, µ, is the mean

of position vectors of virtual point of each Robot i in

Frame {W}. It represents the center of the abstract shape :

OW
b = µ = 1

N

∑N
i=1 qi. We utilize the co-variance matrix of

robot distribution in the region circumscribed by the abstract

shape to define the shape and orientation of the swarm. The

co-variance matrix of the ensemble of the robots in Frame

{b} is given by

Σ1 =

[

1

N−1

∑N

i=1
(pix − 0)2 0

0 1

N−1

∑N

i=1
(piy − 0)2

]

. (10)

Similarly, the co-variance matrix of the ensemble of the

robots in Frame {W} is given by

Σ0 =

[

σxx σxy

σxy σyy

]

. (11)

The covariance matrix Σ0 is related to the co-variance matrix

Σ1 in Frame {b} as

Σ1 = RW
b

T
Σ0R

W
b =

[

s1 s12
s12 s2

]

. (12)

Solving (12), the orientation θ of the abstract shape will be

θ =
1

2
tan−1

( 2σxy

σyy − σxx

)

. (13)

Now, consider the convex hull that captures p percentage

of robots in the swarm. Then, the width and length of the

abstract shape in Frame {b} can be captured by sw =
√
cps2

and sl =
√
cps1, respectively, where cp = −2 ln(1−p). The

abstract shape parameters is given by a 5−dimensional vector

a =
[

µ = [µx, µy], θ, s2, s1
]T

. Besides, assuming that q ≈
xs, from Definition 4 we have Φ(xs) ≈ Φ(q) = a. Now, to

address Problem 1.a, we define the mapping Φ as Φ(q) =
a = [Φ1(q) · · ·Φ5(q)]

T, where Φ1(q) = µx, Φ2(q) = µy ,

Φ3(q) = θ, Φ4(q) = s2, and Φ5(q) = s1. Then, the state

feedback control law will be

v̄ = α(q) + β(q)w, (14)

where

α(q) = −∆−1
s (q).

[

L
ri1
f Φ1(q) · · · L

ri5
f Φ5(q)

]T

= 0,

∆s(q) =









Lg1L
ri1−1

f Φ1(q) · · · LgNL
ri1−1

f Φ1(q)
...

. . .
...

Lg1L
ri5−1

f Φ5(q) · · · LgNL
ri5−1

f Φ5(q)









,

∆s(q) =









I2
N

· · · I2
N

...
. . .

...
(q1−µ)TRs1

N−1 · · · (qN−µ)TRs1

N−1









,
β(q) = ∆−1

s

f = Aq = 0
,

Rs1 =

[

2 cos2 θ sin 2θ
sin 2θ 2 sin2 θ

]

,
[

g1 · · · gN
]

= B,

where rij ∈ N, i = 1, · · · , N , j = 1, · · · , 5, is the vector

relative degree of (8), LfΦj(q) is the Lie derivative of

function Φj(q) along a vector field f , and LgkLfiΦj(q) is

the Lie derivative of function Φj(q) along a vector field fi
and along another vector field gk, where k = 1, · · · , N . The

surjective submersion Φ(q) and the state feedback control

law v̄ in (14) transforms (8) into

Ξ2 =
{

ȧ(t) = Āa+ B̄w, ỹ = a, (15)

where Ā = 05×5, B̄ = I5×5, and w is the control law

that steers abstract shape parameter a to track the desired

trajectory ζ. For the sake of reducing the computation cost,

we simply design w as a linear control law, given as

w = K̄(ζ − ā) + ζ̇, (16)

where K̄ is the control gain and ā is the estimate of a.

Now, we can calculate v̄i from w as v̄i = αi(qi) +
βi(qi)wi, where αi(qi) and βi(qi) are ith row of α(q) and

β(q), respectively. We then compute the reference trajectory

qid by solving

q̇id = αi(qi) + βi(qi)(K̄(ζ − ā) + ζ̇), (17)

with qi(0) = xsi(0) being known.

C. The dynamic consensus estimator

Determining the abstract shape parameters vector a ∈
R5 requires a centralized communication architecture or

all−to−all communication among the robots in the swarm.

This process is prone to failures associated with the cen-

tralized observer and with communication links between

the observer and individual robots in the swarm. Therefore,

rather than relying on a central observer to compute the

abstract shape state vector a, we estimate the abstract shape

state vector a (Problem 1.b) by exploiting the underlying

graph structure of the network of robots in a distributed way

using dynamic average consensus. To leverage the technique

of average consensus, we represent all the components of

the abstract shape parameters a in terms of the average

of suitable expressions. First, we re-write (13) as θ =
1
2 tan

−1
(σ∗

1

σ∗

2

)

, where σ∗
1 =

2σxy

N
and σ∗

2 =
σyy−σxx

N
. Then,

we introduce zi as:

zi =

















zi1
zi2
zi3
zi4
zi5
zi6

















=

















qix
qiy

2(qix − µx)(qiy − µy)
(qiy − µy)

2 − (qix − µx)
2

p2ix
p2iy

















. (18)

Accordingly, for swarm of N robots, parameters

[ µx µy σ∗

1
σ∗

2
s1 s2 ]

T
are expressed as the average of

zi, that is, 1
N

∑N
i=1 zik . To estimate 1

N

∑N
i=1 zik , where

k = 1, · · · , 6, we implement an edge-based dynamic

consensus estimator of the form

η̇+ijk = −ρ tanh{c(γik − γjk)}
η̇−ijk = −ρ tanh{c(γjk − γik)}, c ≥ 1, j ∈ Ni

γik =
∑

j∈Ni

η+ijk −
∑

j∈Ni

η−ijk + zik , k = 1, · · · , 6,
(19)



where ηi = [η+ij η−ij ]
T ∈ R2Ni is the internal state of

the estimator on Robot i, ρ ∈ R and c ∈ R are global

estimator parameters, and γik ∈ R is the estimate of
1
N

∑N
i=1 zik where k = 1, · · · , 6. From (19), it is clear that

the edge dynamics captures the state of the disagreement

between Robot i and Robot j. Further, the use of tanh(.)
in (19), makes the proposed estimator smooth, avoiding

the chattering phenomena [25]. This approach makes the

protocol robust to agents joining or leaving the network,

and to communication link failures among the agents. The

proposed estimator has three stages due to the fact that the

estimation of the average of some of the components of zi
requires the knowledge of the average of other components

of zi. In the first stage, we estimate the average of zi1 and

zi2 by the mean estimator. Using the information from the

mean estimator stage, the average of zi3 and zi4 is then

estimated in the second stage by the orientation estimator.

Similarly, in the third stage, using the information from the

orientation estimator, we estimate the average of zi5 and zi6
by the width and length estimator. Then, the estimate of the

components of abstract shape parameters a at each Robot i

is given by µ̄ =
[

γi1 γi2
]

, σ̄∗
1 = γi3 , σ̄∗

2 = γi4 , s̄1 = γi5 ,

and s̄2 = γi6 . Based on this, the estimation of the abstract

shape orientation is given as θ̄ = 1
2 tan

−1(
σ̄∗

1

σ̄∗

2

). Further, the

estimate of the length of semi-minor axis s̄w and the semi-

major axis s̄l of the abstract shape are given as s̄w =
√
cps̄2

and s̄l =
√
cps̄1, respectively. Accordingly, the estimate of

the abstract shape parameters ā is given by

ā(t) =
[

µ̄ θ̄ s̄2 s̄1
]T

. (20)

IV. SIMULATION RESULTS

In this Section, we present numerical simulation results to

illustrate the performance of our leaderless swarm formation

control system. We consider a group of 9 identical rear wheel

driving car-like robots with the virtual reference point of

each robot located at D = 0.05m away from its center. The

robots’ initial locations, heading angles, and steering angles

are given as (0,0,0,0), (0,2,0,0), (0,4,0,0), (2,0,0,0), (2,2,0,0),

(2,4,0,0), (4,0,0,0), (4,2,0,0), and (4,4,0,0) for Robots 1-9,

respectively. The underlying communication graph is given

in Figure 2a. The initial formation is a 4m×4m square grid,

circumscribed by a circle with radius of 3.6091m.

Consider that the swarm of robots is tasked

to navigate along a winding road, given by the

trajectory ζ(t) =
[

[µxd
µyd

] θd s2d s1d
]

=
[

t+ 4 10 sin(0.2t) tan−1(2 cos(0.2t)) 10.513 13.57
]T

and ζ̇(t) =
[

1 2 cos(0.2t) −0.4 sin(0.2∗t)
(4∗cos2(0.2∗t)+1) 0 0

]T

.

The width of the road is 10.513m and we want the length of

swarm to be 13.57m. All the robots have the knowledge of ζ

and ζ̇(t). After 20s, we disable Robot 2 to test the robustness

of the proposed control algorithm. To track the given path,

we use control gains K̄i =
[

2.5I2×2 3 0.06 0.08
]T

and Ǩi =
[

0.0008 0.0008
]T

for the swarm controller and

the robot position controller on each Robot i, respectively.

The dynamic consensus estimator is used to estimate the
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Fig. 2: (a) The communication graph of the swarm of robots

in the conducted simulation. (b) Navigation of swarm of

robots along a desired trajectory ζ. The robots are initially in

a square formation. Their formation evolves to rectangular

and parallelogram shapes along the road while tracking ζ.
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Fig. 3: The abstract shape parameters trajectory: (a) Swarm

position tracking, (b) Swarm orientation tracking, (c) swarm

width tracking, (d) swarm length tracking.
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Fig. 4: Inputs to the robots: (a) the driving velocity of each

robot, (b) the steering angle velocity of each robot.
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Fig. 5: (a) The heading angle of each robot, (b) the steering

angle of each robot in the swarm.

values of the abstract shape parameters a to be used in

the desired trajectory generation. The consensus parameters



are selected to be ρ = 79 and c = 2. Based on this, the

simulation results of leaderless swarm formation control are

presented in Figure 3.

Looking at individual robots in Figure 2b, the swarm

of robots tracks affine transformations of the initial square

grid formation, where the swarm is expanded and elongated

by changing its formation between a rectangular and par-

allelogram shape. Figure 2b also shows the motion of the

abstract shape of the swarm captured by different snapshots

of ellipses (ma = 2, na = 2). To further investigate the

history of the swarm’s configuration, the abstract shape

parameters trajectory including µ, θ, sw and sl, are shown

in Figure 3. The simulation results in Figure 4 show the

steering and forward velocity as inputs to individual robots.

Further, Figure 5 shows the heading angle and steering angle

of individual robots in the swarm. From these simulation

results, it can be observed that the robots in the swarm have

almost similar velocity and heading angle while navigating

the road. Also, the proposed algorithm performs well against

robot failures and communication link failures as long as the

communication graph, G(t), remains connected aftermath of

the failures. To demonstrate this, we made Robot 2 to stop

moving at t = 20s and disabled its communication links with

its neighbours. Accordingly, the simulation results show that

after failure of Robot 2, the swarm again converges to the

desired shape and continues tracking the desired trajectory.

V. CONCLUSION

In this paper, we introduced a distributed swarm formation

control framework for transferring a swarm of robots from a

current location to the desired location while allowing the

shrinkage, expansion, elongation, and compression of the

swarm along a reference time-varying path. For this purpose,

we represented the swarm by an abstract shape that circum-

scribes the convex hull of robots’ positions. Then, for each

robot in the swarm, we designed a distributed control law to

track a suitable trajectory that allows the swarm to follow

a desired time-varying swarm formation without relying on

any leader. We also developed a dynamic average consensus

estimator algorithm to estimate the abstract shape states

in a distributed manner for use in a trajectory generation.

We demonstrated the effectiveness and robustness of the

designed control system through simulations by introducing

failures to individual robots and their communication links.

ACKNOWLEDGMENT

This research is supported by Air Force Research Labora-

tory and OSD under agreement number FA8750-15-2-0116

as well as the National Science Foundation under award

number 1832110.

REFERENCES

[1] M. Brambilla, E. Ferrante, M. Birattari, and M. Dorigo, “Swarm
robotics: a review from the swarm engineering perspective,” Swarm

Intelligence, vol. 7, no. 1, pp. 1–41, 2013.

[2] M. Rubenstein, A. Cornejo, and R. Nagpal, “Programmable self-
assembly in a thousand-robot swarm,” Science, vol. 345, no. 6198,
pp. 795–799, 2014.

[3] S. Bandyopadhyay, S.-J. Chung, and F. Y. Hadaegh, “Probabilistic
and distributed control of a large-scale swarm of autonomous agents,”
IEEE Transactions on Robotics, vol. 33, no. 5, pp. 1103–1123, 2017.

[4] Z. Miao, J. Yu, J. Ji, and J. Zhou, “Multi-objective region reaching
control for a swarm of robots,” Automatica, vol. 103, pp. 81–87, 2019.

[5] E. Teruel, R. Aragues, and G. López-Nicolás, “A distributed robot
swarm control for dynamic region coverage,” Robotics and Au-

tonomous Systems, vol. 119, pp. 51–63, 2019.
[6] D. Morgan, G. P. Subramanian, S.-J. Chung, and F. Y. Hadaegh,

“Swarm assignment and trajectory optimization using variable-swarm,
distributed auction assignment and sequential convex programming,”
The International Journal of Robotics Research, vol. 35, no. 10, pp.
1261–1285, 2016.

[7] R. Olfati-Saber, “Flocking for multi-agent dynamic systems: Algo-
rithms and theory,” IEEE Transactions on automatic control, vol. 51,
no. 3, pp. 401–420, 2006.

[8] C. Belta and V. Kumar, “Abstraction and control for groups of robots,”
IEEE Transactions on robotics, vol. 20, no. 5, pp. 865–875, 2004.

[9] S. Zhao, “Affine formation maneuver control of multiagent systems,”
IEEE Transactions on Automatic Control, vol. 63, no. 12, pp. 4140–
4155, 2018.

[10] A. Soni and H. Hu, “Formation control for a fleet of autonomous
ground vehicles: A survey,” Robotics, vol. 7, no. 4, p. 67, 2018.

[11] J. Vanualailai, “Stable emergent formations for a swarm of au-
tonomous car-like vehicles,” International Journal of Advanced

Robotic Systems, vol. 16, no. 5, p. 1729881419849780, 2019.
[12] C. R. Weisbin and G. Rodriguez, “NASA robotics research for plan-

etary surface exploration,” IEEE Robotics & Automation Magazine,
vol. 7, no. 4, pp. 25–34, 2000.

[13] J. R. Lawton, R. W. Beard, and B. J. Young, “A decentralized
approach to formation maneuvers,” IEEE transactions on robotics and

automation, vol. 19, no. 6, pp. 933–941, 2003.
[14] M. A. Joordens and M. Jamshidi, “Consensus control for a system of

underwater swarm robots,” IEEE Systems Journal, vol. 4, no. 1, pp.
65–73, 2010.

[15] Y. Liu, J. Gao, X. Shi, and C. Jiang, “Decentralization of virtual
linkage in formation control of multi-agents via consensus strategies,”
Applied Sciences, vol. 8, no. 11, p. 2020, 2018.

[16] Y. Hong, J. Hu, and L. Gao, “Tracking control for multi-agent
consensus with an active leader and variable topology,” Automatica,
vol. 42, no. 7, pp. 1177–1182, 2006.

[17] A. Karimoddini, H. Lin, B. M. Chen, and T. H. Lee, “Hybrid three-
dimensional formation control for unmanned helicopters,” Automatica,
vol. 49, no. 2, pp. 424–433, 2013.

[18] A. Karimoddini, M. Karimadini, and H. Lin, “Decentralized hybrid
formation control of unmanned aerial vehicles,” in 2014 American

Control Conference, 2014, pp. 3887–3892.
[19] A. Loria, J. D, and N. A. J, “Leader–follower formation and tracking

control of mobile robots along straight paths,” IEEE transactions on

control systems technology, vol. 24, no. 2, pp. 727–732, 2015.
[20] A. Karimoddini, H. Lin, B. M. Chen, and T. Heng Lee, “Hybrid

formation control of the unmanned aerial vehicles,” Mechatronics,
vol. 21, no. 5, pp. 886–898, 2011.

[21] A. V. Savkin, C. Wang, A. Baranzadeh, Z. Xi, and H. T. Nguyen,
“Distributed formation building algorithms for groups of wheeled
mobile robots,” Robotics and Autonomous Systems, vol. 75, pp. 463–
474, 2016.

[22] R. A. Freeman, P. Yang, and K. M. Lynch, “Distributed estimation
and control of swarm formation statistics,” in 2006 American Control

Conference. IEEE, 2006, pp. 7–pp.
[23] P. Yang, R. A. Freeman, and K. M. Lynch, “Multi-agent coordina-

tion by decentralized estimation and control,” IEEE Transactions on

Automatic Control, vol. 53, no. 11, pp. 2480–2496, 2008.
[24] D. Wang and G. Xu, “Full-state tracking and internal dynamics of

nonholonomic wheeled mobile robots,” IEEE/ASME Transactions on

mechatronics, vol. 8, no. 2, pp. 203–214, 2003.
[25] S. Gudeta, A. Karimoddini, and M. Davoodi, “Robust dynamic av-

erage consensus for a network of agents with time-varying reference
signals,” in 2020 IEEE International Conference on Systems, Man,

and Cybernetics (SMC). IEEE, 2020, pp. 1368–1373.


	I Introduction
	II Problem formulation
	III The leaderless swarm formation control framework 
	III-A Trajectory-tracking control law
	III-B Trajectory generation
	III-C The dynamic consensus estimator

	IV Simulation results
	V conclusion
	References

