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Distance-based Formation Control with a Single Moving Leader

Sung-Mo Kang', Myoung-Chul Park!, Byung-Hun Lee', and Hyo-Sung Ahn'

Abstract— This paper proposes distance-based adaptive for-
mation control laws for the leader-follower system. The devel-
oped controller makes all the agents maintain the formation
group and move with a constant reference velocity in a plane.
It is assumed that there are one leading and two following
the follower does not know the velocity of other agents. Thus,
to move in a group, the controller for the follower estimates the
reference velocity. An adaptive method is used in the estimation
process. The stability and boundedness of the formation are
proved by using Lyapunov stability analysis and Barbalat’s
lemma. Simulations results are included to illustrate the validity
of the developed theories.

I. INTRODUCTION

In our lives, we see many formations such as flocks of
birds or clusters of planes as Fig. 1. Animals in nature form
a flock or a school because formation behaviors provide
benefits to the animals. For instance, an animal in a herd
has small chance to be directly attacked from predators. By
grouping, animals also can integrate sense to maximize the
chance of detecting predators or foraging for food. Research
on the flock and school show that these behaviors are
combination of staying in the group and keeping a distance
from other members of the group. That is, the animals
form a specific formation by preserving the distance between
each other. Groups of artificial agents can get the similar
benefits. In formation, the range of detection can be large,
and the responsibility of each agent can be reduced. They can
accomplish a mission efficiently. Therefore, it is useful and
valuable to keep the formation. As a result, in recent years,
the research on the formation control of unmanned multi-
agent systems has received significant attention [1], [2], [3],
[4], [5], [6]. In particular, an interest in the distance-based
formation control has been increasing gradually.

The formation control problems are categorized into sev-
eral parts according to the information architecture uti-
lized; for example, position-based, displacement-based, and
distance-based formation control problems have been studied
[2]. The latter two architectures are more challenging relative
to the first one since they use only local information for
formation control. In the displacement-based control, agents
measure the relative positions of their neighbors with respect
to a global reference frame. In this case, the orientations
of local reference frame of each agent are aligned to a
global reference frame. Thus, the displacement of each agent
can be directly controlled to achieve its desired formation
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(a) The formation of birds

(b) The formation of planes

Fig. 1: Examples of formation in nature

(e.g. [4], [5], [6]). On the other hand, for the case of the
distance-based control, agents measure the relative positions
of their neighbors with respect to their own local reference
frames that are not aligned with each other. Therefore, in the
distance-based formation control, displacement of each agent
cannot be directly controlled; instead, agents use distances
between each other as a control variable to achieve and
maintain the desired formation (e.g. [1], [3], [7], [8], [9],
[10]).

Since available information is restricted in distance-based
control, it makes the problem quite complicated; thus, it
is not easy to solve it in general. However, there are
several reasons why pursuing a research on the distance-
based formation control is extremely useful and valuable.
That is, in the case of distance-based formation control, the
controllers for each agent, except the leading agent, only
need the relative positions of neighbors with respect to their
own local reference frames. This means that each agent
requires less equipment and the controllers for each agent are
perfectly decentralized. Thus, a global sensing is not required
in the distance-based setups, which implies that the distance-
based approaches have better cost-effectiveness, scalability,
and robustness than the position-based and displacement-
based approaches.

Most of the previous research on the distance-based forma-
tion control has considered only the shape of the formation
(e.g. [1], [71, [8], [11]). However, in practical situations
such as unmanned aerial vehicles or airplanes, the agents
should not only maintain the shape of formation but also
move with a given reference velocity. There are a number
of research works that consider movement of formation in
the displacement-based control, but for the distance-based
control, only few results are available because of its ex-
tremely complexity in analysis. The movement of formation
was handled recently only in several articles such as [3],
[9], [10], [12], [13]. The convergence of formation, when the
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reference velocity is constant, was mentioned in [3]; however
unfortunately, there is a wrong proof of theorem. A moving
formation with two leaders was studied in [13].

In this paper, a distance-based formation control law is
proposed, where both the shape and movement of formation
are considered. Contrary to [13], this paper particularly
focuses on the case where there are one leading agent and
two following agents. All of the agents measure only relative
positions of their neighbors with respect to their own local
reference frames. The difference between the leader and
followers is that the leader knows the reference velocity
and the followers do not know it. Therefore, the follower
is supposed to estimate the reference velocity. To solve
this additional issue, using an adaptive control method, the
follower estimates the reference velocity. After that, using
this adaptively estimated velocity, the desired formation is
achieved only using relative distance information among
agents.

The outline of this paper is as follows. In Section II,
we introduce background and preliminaries of this research
and, in Section III, the problem studied in this paper is
explicitly defined. The control law for the leader-follower
formation and stability analysis are presented in Section
IV. The simulation results are shown in Section V and the
conclusion and future works are described in Section VI.

II. BACKGROUND AND PRELIMINARIES
A. Graph

Directed graph is represented by a pair G = (V,€),
where V {1,..., N} is the set of vertices and & =
{,(4,7),...} €V xV is the set of directed edges. The
N is the number of vertices, and an edge (i, j) is considered
to be directed from j to 7. The set of neighbors of ¢ € V
is defined as N; = {j € V| (i,j) € &£}. The pair (G, z) is
called a framework, where x; € R? is position of vertex ¢
and v = [m{xﬁ]T € R?Y is a realization of G. The
position of vertex 1 is fitting if there is no position z} € R?
for ¢ such that

{(,5) € Elllwi — =] = dig} < {(i,7) € EllJaf — w;ll = dis }

where d;; > 0 is the desired distance.

In this paper, the desired formation is supposed to be
persistent. The definition of persistent is given as follows
[14]:

Definition 2.1: A representation z is persistent if there
exists ¢ > 0 such that every representation xz’ is fitting
for the distance set induced by x and satisfying d (x,2') =
max ||z; — z;'|] < € is congruent to z. A graph is generically

persistent if almost all its representations are persistent.

B. Input-to-state stability

Consider a system

&= f(x,u) (D

where f : R®™ x R™ — R” is continuous in time and
Lipschitz in z and u. The input wu(t) is continuous and
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bounded function of ¢ for all ¢ > 0. Given the system (1),
input-to-state stability is defined as follows:

Definition 2.2 ([15]): The system (1) is said to be input-
to-state stable if there exist a class KL function 3 and a class
K function v such that for any initial state x (¢y) and any
bounded input w (), the solution x (¢) exists for all ¢ > ¢

and satisfies
lz @I < Bz @)l t —to) + ( sup |[lu (T)II)
to<t<t

The next theorem presents a sufficient condition for input-
to-state stability.

Theorem 2.1 ([15]): Suppose f (x,u) is continuous dif-
ferentiable and Lipschitz in (x,u), uniformly in ¢. If the
unforced system = (z,0) has a exponentially stable
equilibrium point at the origin « = 0, then the system (1) is
input-to-state stable.

C. Notation

In this paper, the following notation is used, © (-), which
is defined as follows:

Definition 2.3 (Big-theta, © (-)): Let f(n) and g(n) be
functions defined on some subset of the real numbers. We
say that f(n) is © (g (n)) (or f(n) € ©(g(n))) if there
exist real numbers k; > 0 and k2 > 0 and there exists a real
number ng such that k1g(n) < f(n) < kag (n) for every
real number n > ny.

III. PROBLEM STATEMENT

In this paper, it is supposed that the motion model of each
agent’is a single integrator. Therefore, the system in two
dimension is expressed as

i=1,..,N 2

where p; € R2 u; € R2 and N € R are the position,
the control input for agent ¢ and the number of agents,
respectively. This paper considers only three agents; thus N
is three.

The first and the second agents are called respectively
leader and first follower. The other agents are called fol-
lowers. Each agent measures the relative position of a
neighboring agent j € N; with respect to a local reference
frame. Because the leader has no neighbor, it is not affected
by the other agents. However, the other agents including the
first follower are affected by the other agents because they
have one or more neighbors.

Fig. 2 shows the direction of the interactions between
agents. The arrow from agent j to agent ¢ means that the
agent 7 measures the relative position of agent 7 and uses
this information for positioning.

zij € R? and e;; € R are used to represent the relative
position vector and the distance error:

V(i,j) €&
V(i,j) €€

Di = Uy,

&)
4)
where d;; € R is the desired distance between agent 7 and
J-

Pi — DPj,

23 1% = ;.

Zij

€ij
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Fig. 2: Interactions in the directed graph when the number
of agents are three.

The several conditions of system are assumed.

Assumption 3.1: The desired formation is minimally per-
sistent and has three agents called leader, first follower and
follower (i.e., leader-follower system).

Assumption 3.2: The leading agent moves with reference
velocity vy € R? which is constant. However, the following
agents including the first follower do not know the velocity
of leading agent or other agent.

In this paper, the distance-based formation control law
for the system (2) is designed and the stability of system
is analyzed.

IV. STABILITY ANALYSIS

In the Assumption 3.2, it is assumed that the leader moves
with reference velocity vgy. Therefore, the dynamics of leader
is represented as:

P1 ="
A. Stability of the first follower

As mentioned Section III, the first follower measures only
the relative position of leading agent and have to keep the
desired distance. In the previous research, the distance error
of first follower is not converged to zero when the leading
agent is moving. The only boundedness of error is proved
when the leading agent is moving with reference velocity.

In this paper, the adaptive method is considered to estimate
the velocity of leading agent and to keep the desired distance.
The control law and the estimator for the first follower are
proposed as:

Uy + koz12€12 (5)

vy = zi9€19 6)

(15} =

where kg is an arbitrary positive constant. The velocity of
convergence is changed according to the k.

Consider the Lyapunov candidate to analyze stability of
the first follower:

1 .
V1 = 56%2 -+ ||U0 — 1)2”2 (7)

which is continuously differentiable.
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The time derivative of V; is
Vi = —2koe2, ||z12]> <0 (8)

From (7) and (8), it is clear that the derivative of Laypunov
candidate is positive semi-definite. Therefore, we can obtain
the following result.

Theorem 4.1: The distance error €3, and the adaptation
error ||ug — 02| are bounded and smaller than initial values.

The next result is obtained also from (7) and (8).

Lemma 4.1: The state of system converges to one of the
following two cases:

1) The distance error converges to zero (i.e., e12 — 0).

2) The position of first follower becomes coincident with

leading agent (i.e., 212 — 0).

Proof: The Lyapunov candidate was defined as (7).
Therefore, V; is lower bounded. From (8), the time derivative
of Lyapunov candidate is negative semi-definite. Further, V;
is uniformly continuous because €2, and [vo — 2|° are
bounded. These conditions satisfy Barbalat’s lemma [15] and
imply V; — 0 (i.e., 6%2HZ12||2 — 0) as t — oo. Because e
is defined as (4), both €2, and ||vg — 2|® cannot be zero at
the same time. As a result, the state of system converges to
one of two cases; e19 — 0 or z10 — 0. |

In Theorem 4.1 and Lemma 4.1, the boundedness of e?
and ||y — d2]|* is proved and the convergence of €2, z12||
is also shown. By using these results, the convergence of
estimate error is obtained.

Theorem 4.2: The estimator (6) can estimate the velocity
of leading agent. That is, the estimate error converges to zero
(i.e., (vg — U2) — 0 as t — o0).

Proof: Because bqth e12 and vy — U are bounded as
proved in Theorem 4.1, 05 = z12€712 is uniformly continuous
and U9 is also bounded. Further, 52 converges to zero
because €2, 212]° converge to zero as shown in Lemma
4.1. Therefore, it is concluded that U2 converges to arbitrary
constant velocity.

Consider

12 = p1—p2= /(Pl — p2) dt +p1(0) + p2 (0)
= /(Uo — g — kpe1az12) dt + p1 (0) + p2 (0)

Therefore,

/(Uo —Ug)dt = z12+ k0/€12212dt —p1(0) —p2(0)
= 212+ kot2 — p1 (0) — p2 (0)

It is already known that 215 and 95 converge to arbitrary
constant. Therefore, vy — 02 is converge to zero by using
Barbalat’s lemma. [ ]

Next, the convergence of distance error is proved by using
the input-to-state stability. Therefore, the input-to-state stable
of distance error has to be shown at first.

Consider the distance error dynamics as follows:

é12 = 22{2/212 = 22’{2 (UO — @2 — koZlgelg)
= fi(e12,v0 — 2) )
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where f1 with vy — 99 as input is continuously differentiable
and Lipschitz.

Theorem 4.3: The distance error dynamics (9) with vg—0s
as input is input-to-state stable unless the leading agent and
the first follower are initially coincident (i.e., z12 (0) # 0).

Proof: From the result in Theorem 4.1, it is easily
obtained that f; is continuously differentiable and Lipschitz.

The unforced system of (9) is as belows:

€12 f1 (e12,0)
= 221, (—koz12e12) = —2k()||212||2€12

Define a Lyapunov candidate to analyze the stability of
unforced system:

1
2 2 2
creyy < Vo = 5612 < o€y

where c; and ¢y are positive constants and satisfy ¢; < % and
c1 > % Therefore, the time derivative of Lyapunov candidate
is

Vo = e19é19 = —2k0||212||2€§2 < —czed,

where c3 is positive and satisfies ¢ < 2kq||z12 ||2 As aresult,
the unforced system is exponentially stable unless ||z12]| is
initially zero. These results imply that f; is input-to-state
stable by using Theorem 2.1. [ |

By using Theorem 4.2 and Theorem 4.3, it is concluded
that the first follower converge to the desired formation.

Theorem 4.4: In the system (2), unless the agents are
initially coincident(i.e., p; (0) # p2 (0)), the control law (5)
and the estimator (6) make the first follower converge to the
desired formation with the distance given as d».

Proof: In Theorem 4.3, it was proved that the distance
error dynamics (9) with vy — 72 as input is input-to-state
stable. Further, in Theorem 4.2, it was shown that vy —
09 converges asymptotically to zero. Because the input of
distance error dynamics converges to zero, the distance error
ej2 converges asymptotically to zero as ¢ — oco. That is,
HZ12H — dyg as t — oco.

The convergence of distance error implies that ps — 09 in
(2) and (5). Therefore, the velocity of first follower converges
to the velocity of leading agent (i.e., po — vg as t — 00).

|

B. Stability of the follower

The follower measures the relative positions of neighbors
such as the leading agent and the first follower. Using
these informations, the control law and the estimator for the
follower are proposed as:

(10)
Y

To investigate boundedness of the follower, consider a
following function:

03 + z13€13 + 223€23

u3

03 = Zz13€13 + 223€23

1 1 1
Va = 1”613”2"’1”623”2‘1‘5””0—@3”2 (12)
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Then,
Vs = —lewsziz+ 623223”2 + ea3235 (D2 — vo + €12212)
< —lle1zziz + 62322:’,”2 + |leaszas|| [|[ D2 — vo + e12212|
= —a(z(t)+8(=() (13)
where

lleiszis + 623223H2

lle2szas]| |02 — vo + e12212]|

Theorem 4.5: In the system (2), the distance error and
the velocity estimation error of the follower are bounded by
applying (12) and (13). (i.e., |e13|, |e2s| and |lvg — D3] are
bounded)

Proof: To investigate boundedness of |eq3|, |eas| and
|lvg — D3|, suppose that ||z13]| and ||z23]| are sufficiently
large. Because z;; and e;; are defined in (3) and (4), e13 ~
€23 ~ ||z1s]|* ~ ||z2s]|® is acquired if ||z13]| and ||z93] are
sufficiently large. Therefore, o behaves as © (|z13°).

From Theorem 4.1, it is obtained that |02 — vg + e12212]|
is bounded and smaller than initial value. Therefore, /3
behaves as © (||213H3)

Here, (13) is rewritten as follows:

Vs <=6 (ll21s]°) +© (Jlo2all’)

From the relationship ’6 (||213||6)’ > ‘@ <||213H3>‘ accord-

ing to their definitions, it can be now concluded that V3 is
always negative if ||z13]| and ||z23]| are sufficiently large.
Therefore, the boundedness of |e13], |eas| and ||vg — 3| is
clear. ]

)

V. SIMULATION

The simulation is performed as depicted in Fig. 2. The
initial positions of three agents are given as follows:

p1(0) = (0,5); p2(0) p3(0) = (5,0)

is given as vg = (10, 10). The

= (070) ;

and the reference velocity vg

desired formation is given as:
d12 = 10; d13 = 15; d23 =15

The trajectories of agents are shown in Fig. 3 and the errors

of distance are shown in Fig. 4. As a result, it is clear from

the figures that the formation is bounded and the desired

formation is achieved.

The velocity estimation error of each follower is shown
in Fig. 5 and it reveals that the difference between the
estimated values (i.e, U5 or U3) and reference velocity value
vy converges to zero.
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