Preprints of the 19th World Congress
The International Federation of Automatic Control
Cape Town, South Africa. August 24-29, 2014

Formation Merging Control in 3D under
Directed and Switching Topologies

Tingrui Han* Zhiyun Lin ** Minyue Fu ***

* College of Electrical Engineering, Zhejiang University, 38 Zheda
Road, Hangzhou, 310027 P. R. China (e-mail: hantingrui@zju.edu.cn)
** State Key Laboratory of Industrial Control Technology and College
of FElectrical Engineering, Zhejiang University, 38 Zheda Road,
Hangzhou, 310027 P. R. China (e-mail: linz@zju.edu.cn)

*** School of FElectrical Engineering and Computer Science, University
of Newcastle, Callaghan, NSW 2308, Australia, (e-mail:
minyue.fu@newcastle.edu.au)

Department of Control Science and Engineering, Zhejiang University,
38 Zheda Road, Hangzhou, 310027 P. R. China

Abstract: The paper studies the formation merging problem for a leader-follower network. That
is, how to control a team of agents called followers so that they are merged with a team of agents
called leaders to form a larger globally rigid formation. Under the premise that a group of leaders
move in a globally rigid formation with their synchronized velocity known to the followers, we
show that the followers can asymptotically merge themselves to the formation for arbitrarily
initial configurations. Each follower selects its neighbors and also its control law according to
the target formation they aim to achieve and thus it allows directed and time-varying switching
topologies. It is shown that a globally rigid formation can be merged asymptotically for the
leader-follower network in a setup with directed and time-varying graphs if and only if every
follower frequently has a joint path from at least a leader.
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1. INTRODUCTION

Multi-agent systems represent a group of autonomous a-
gents communicating locally with each other and cooper-
ating to execute a task. Formation control is a significant
research problem of multi-agent systems. In recent years, it
has received much attention due to its broad civil (Leonard
et al. (2007)) and military applications (Murray (2007)).

In the paper, we consider a leader-follower network and the
formation merging problem in 3D. By formation merging
we mean two sub-formations of agents are merged to
form one single globally rigid formation. In the paper,
we assume that a group of agents called leaders moves
as a whole in a globally rigid formation while the other
group of agents called followers are initially in an arbitrary
configuration. The objective is to control the followers in
a distributed way so that they asymptotically merge into
a single globally rigid formation with the sub-formation of
leaders. The work is mainly motivated by the necessity of
performing some basic operations such as rejoint/split ma-
neuvers of distributed formations in a distributed manner.

One way to address the formation merging problem is
to figure out how many new distance constraints should
be imposed for agent pairs in the two groups in order
to form a single globally rigid formation and then work
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out a distributed control law for the agents to meet these
new distance constraints asymptotically. Considering the
inter-agent distance constraints, graph rigidity is a basic
requirement because if the sensing graph is not global-
ly rigid, then there are non-congruent formations whose
inter-agent distances satisfy the specified values (Anderson
and Yu (2011); Cao et al. (2011)). From this perspective,
Eren et al. (2004) consider merging two globally rigid
formations to get a single globally rigid one in both R? and
R3; Yu et al. (2006a) aim to control the merging efficiently
and optimally in the sense of minimizing the number of
added distance constraints; and Yu et al. (2006b) extend
the idea to merge more than two (minimally) rigid forma-
tions to obtain a single (minimally) rigid formation. For
directed graphs, the concept of persistence is introduced
for merging two sub-formations (Hendrickx et al. (2008)).
However, it becomes challenging in analyzing the stability
of formations in a directed graph setting (Cao et al. (2008);
Guo et al. (2010)).

Another way to address the formation merging problem
is to consider the displacement constraints between agent
pairs and use relative positions measured in their own local
frames to design a linear control law for the purpose as for
formation control by linear coordination laws (Lin et al.
(2004, 2013b); Han et al. (2013)). In Lin et al. (2013b)
and Han et al. (2013), a complex Laplacian based control
law is introduced to address formation control problems in
the plane under a directed and fixed topology, for which

10036



19th IFAC World Congress
Cape Town, South Africa. August 24-29, 2014

no global knowledge of reference frame is required. Lin
et al. (2013a) extend this idea to solve formation control
problems in d-dimensional space.

Borrowing these ideas, we aim to solve the formation
merging problem by exploring procedures for control law
design as well as necessary and sufficient conditions for
asymptotic formation merging. In practical applications,
switching of an information flow graph may be induced by
some unpredictable changes in the system. So we consider
the scenario of directed and switching topologies in the
paper. To our best knowledge, there is rare work address-
ing formation control problems in a switching topology
setting. In this paper, to make the problem solvable, the
neighbors of each agent are selected to meet a certain
convexity assumption according to the target formation
they aim to achieve. Then a distributed control law is pro-
posed for formation merging with the control parameters
designed based on the specific target formation. A nec-
essary and sufficient condition for solving the problem of
asymptotically merging a group of followers with a group
of leaders to form a globally rigid formation is obtained.
That is, every follower should frequently have a joint path
from at least a leader. The analysis of the asymptotic
merging behavior in a switching topology setting mainly
relies on graph Laplacian and an idea similar to the one
based on joint spectral radius for switched systems.

Notation: R denotes the set of real numbers. 1,, repre-
sents the n-dimensional vector of ones and I, represents
the identity matrix of order n. The symbol ® denotes the
Kronecker product.

2. PRELIMINARIES AND PROBLEM STATEMENT
2.1 Preliminaries

A directed graph G = (V,£) consists of a non-empty finite
set V of elements called nodes and a finite set £ of ordered
pairs of nodes called edges. A walk in a graph G is an
alternating sequence

W vieijvgeg - Vp_1€5_1Vk

of nodes v; and edges e; such that e; = (v;,v;41) for every
i =1,2,....k — 1. We say that W is a walk from v; to
v. The length of a walk is the number of the edges in the
walk.

Let R C V be a subset of nodes in G = (V,£). A node
v € V — R is said to be reachable from R if there exists
a walk from a node in R to v. Moreover, R is said to be
closed in G if any node in R is not reachable from V — R.

When the edge set in a directed graph changes over time,
we call it a time-varying graph, denoted as G(t) = (V, E(t)).
For a time-varying graph G(t) = (V,£(t)), a node v is said
to be uniformly jointly reachable from R C V if there exists
T > 0 such that for all ¢, v is reachable from R in the union
graph G([t,t+ 1), whose edge set is the union of the edge
set of G(t) over the time interval [¢,¢ + T.

A configuration in R3 (or simply called a configuration
in this paper) of a set of n nodes is defined by their
coordinates in the Euclidean space R?, denoted as p =

T,...,pr]T, where each p; € R? for 1 < i < n. A
framework in R3 (or simply called a framework in this

paper) is a graph G equipped with a configuration p in R3,
denoted as F = (G, p).

We say that two frameworks (G, p) and (G, q) with G =
(V, &) are equivalent, and we write (G,p) ~ (G, q), if ||p; —
pill = llai — g;l,¥(i,j) € €. We say that two frameworks
(G,p) and (G, q) are congruent, and we write (G, p) = (G, q)
(or simply p and g are congruent, p = q), if ||pi—p;|| = |lgi—

g;ll,¥i,7 € V. A framework (G, p) is called globally rigid if

(G.p) ~ (G,9), Vg e R*" & (G,p) = (G,q).

Denote by N; the set of neighbors of node 4. For a directed
graph, the Laplacian matrix L € R"*™ is defined as
follows:

ifi £ jand j € N
ifi#jand j €N

Zwl’“ if1=4.

keN;

where w;; > 0 is called the weight on edge (4, 7). According
to the definition, L satisfies L1,, = 0.

— wl]

A square matrix E € R™ ™ is called stochastic if it is
nonnegative and every row sum equals 1, i.e., E1,, = 1,,.
And the product of stochastic matrices is also stochastic
(Lin (2008), page 34). For an n X n nonnegative matrix E,
the associated graph G(E) consists of n nodes vi,...,v,
where an edge leads from v; to v; if and only if the (4, j)-
th entry of E is not zero.

2.2 Problem statement

In the paper, we study the control problem of formation
merging. That is, under the premise that the leaders are
already in a globally rigid formation, how do we control
the followers such that they are merged with the leaders to
form a globally rigid formation? The paper aims to solve
the formation merging problem in a directed and switching
topology setting. That is, the information flow graph for
the followers is directed and switches over time. As a
first step towards the general formation merging control
problem, we assume in the paper that the target formation
of followers entirely lies in the three-dimensional convex
hull spanned by the leaders.

We consider a leader-follower network, with m leaders
labeled aq,...,a,, and n followers labeled bq,...,b, in
three dimension. Let z; denote the 3D position of agent
i. We consider a target configuration p, = [p],,...,ps, |"
in R®" for the leaders and a target configuration p, =

byo oDy |7 in R3™ for the followers, where each p; € R?
for ¢« = ay,...,am,b1,...,b,. We assume that agents do

not overlap each other in the target configuration.

We say the leaders are in a globally rigid formation p,
if it holds for all ¢ that z;(t) = A(t)p; + ¢(t) for i =
ai,...,a; where A(t) at any time ¢ is a unitary matrix
corresponding to a rotation and c¢(t) is a vector in R?
representing a translation. Moreover, we say the whole
network asymptotically reaches a globally rigid formation

ropp]" if it holds that z;(t) — A(t)p; + c(t) for i =

al,...,am,bl,...,bn.

Since at least four agents are required to form a formation
in 3D, we assume m > 4. Suppose the m leaders are in a
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globally rigid formation p, and is governed by the following

dynamics

2i(t)=vr(t), i:al,... (1)
where v,.(t) is a common reference velocity, which is also
known to the followers.

7am

Remark 2.1. If v,.(t) is not known to all followers but par-
tial followers, then v, (t) can be available to all followers by
some consensus schemes, such as (Wieland and Allgower
(2009)). We do not focus on the velocity consensus problem
in this paper, so we assume that the synchronized velocity
vp(t) is known to the followers.

Consider a single integrator model for the followers, i.e.,
» bn (2)
where u; € R? represents the velocity control input of

follower 4. Define the aggregate state z, = [zgl, e ,z;jT,

as a column vector in R3". Suppose each follower i has
an onboard sensor allowing it to measure the relative
positions of its neighbors. We use a time-varying graph
G(t) = (V,E(t)) to describe the sensing topology, where
V=V, UV, with V, = {a1,...,an} and V, = {b1,...,b,},
and an edge (j,7) € £(t) means that z; — z is available
to agent ¢ at time t. Without loss of generality, we assume
that every leader does not have an incoming edge from any
others. Moreover, it is assumed that the system is under
a dwell-time constraint, i.e., the interval between any two
switching instants is greater than a constant.

Zi = Uq, i:bl,...

3. MAIN RESULTS

In this section, we first provide a procedure for the design
of formation control law and next present stability analysis
for the formation merging control problem.

3.1 Control design

We consider the following control law for each follower i,

u; = vp(t) + Z kij(t)(z; — 2i), (3)
JEN(t)

where N;(t) is the neighbor set of follower 4 at time ¢
and k;;(t) are control parameters that will be designed
in the following. To make the problem addressable, we
assume that if agent i has neighbors at time ¢, then its
neighbors are selected so that the convex hull spanned by
{p; : j € Ni(t)} contains p; in the target configuration
p=[ph,p}]". We call it the convezity assumption.
Remark 3.1. To meet convexity assumption, each follower
i disregards all the neighbors if their convex hull does
not contain 4 in the target configuration. Technically,
the communication range can be increased so that the
followers can find neighbors to meet this assumption.

Next we present a procedure for the design of k;;(¢)’s and
for simplicity, we omit ¢ in all the statements unless it
is necessary. As it is assumed that agents do not overlap
in the target configuration, then to meet the convexity
assumption an agent cannot have only one neighbor. So
there four possible cases and we provide a procedure for
the design of k;;’s for these four cases.

(i) If an agent has no neighbor, then the control law (3)
degenerates to
u; = ().

(ii) For the case that an agent’s neighbors form a one-
dimensional convex hull in the target configuration, we
first consider that agent ¢ has only two neighbors, say i
and 7. Then it can be obtained that

Di = 1piy + apis,,

(4)
where o = M and ap = M. It is clear that
lez —DPiy I ”pz2 —Diy [

ag,as > 0 and a3 + as = 1. Second, if agent ¢ has more

than two neighbors, then we can take any two of them
containing p; and obtain the same formula as (4), i.e.,

_ 1 1
Di = qpit + aspit
where [ enumerates all possible combination of two neigh-
bors containing p;. Then, consider a convex combination of

these representations for p;. That is, using v!’s that satisfy
7t € (0,1) and Y, v' =1, we can have

pi =Y 7' (aipy +abpy) = Y a;p;.
l JEN;
It is certain that a; > 0 for all j € N and djen; @ = 1.
For this case, we take k;; = a; for j € N;.

(iii) For the case that an agent’s neighbors form a two-
dimensional convex hull, we first consider that agent i
has only three neighbors, say i1, 72, and i3, and they
form a triangle in the target configuration. Suppose the
coordinates of p;,, pi,, and p;, are as follows:

piy = (Iil y Yivs Zil)a Pi, = ('riz y Yias Zi2)7 Pis = ('rl'a )y Yiss ZZ%)
Denote = = [xh ) Ii2axi3]Ta Yy = [yil y Yias yis]T and z =
[2i1, Zigs 2i5] - We let S, 4,4, denote the area of the triangle
formed by pi,, pi, and p;, and it can be calculated by the

following formula:
1 7

where S; = det[r,y,13]",52 = det[y,2,13]",53 =
det[z,z,13]". Then it can be obtained that

Di = Q1pPi, + Q2pi, + a3Di,
s

Sivinis

(5)

S o S. .. .

where ap = =22 ap = g3 and a3 = g2 It is
11223 111213 1123

true that aq,as, a3 > 0 and a1 + as + ag = 1. Second,

if agent ¢ has more than three neighbors, we can do the

similar procedure as for case (ii) to get the representation

for p; in terms of all its neighbor’s coordinates, i.e.,

pi = Z a;Pj
JEN;
where o; > 0 for all j € N and > jen; @ = 1. We then
take kij =qQy fOI‘j S M

(iv) Similarly, for the case that an agent’s neighbors form a
three-dimensional convex hull, we first consider that agent
7 has only four neighbors and these four neighbors, say
i1,142,13, 14, form a tetrahedron containing p; inside in the
target configuration. Denote by V;,i,i,i, the signed volume
of the tetrahedron formed by pi,,pi,,Pis, Pi,. It can be
calculated by the following formula:

1
‘/i1i2i3i4 = gdet([piz — Piyy Pis — Piys Pig _pi1]T)'
Then it can be obtained that
Di = aup;, + Q2Di, + 3Py + 4Py,

(6)
where
— Viinigia — Vijiigia — Vitisiia ~ Vijisisi
a1 = , Qg = , (3 = , 0y =
Viriaisia Viriaisia Viriaisia

Viriaisia
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for which a; > 0 and a7 + as + a3 + a4 = 1. Second,
if agent ¢ has more than four neighbors, we can do the
similar procedure as for case (ii) to get the representation
for p; in terms of all its neighbor’s coordinates, i.e.,

pi = Z Qa;pj

JEN;

where a; > 0 for all j € N and 37, a; = 1. We then
take kij = Qy fOI‘j S M
Remark 3.2. With the convexity assumption, a; > 0 and
> jen; @ = 1. This is important for the stability analysis
as otherwise it becomes very challenging due to possibly
negative weights in the interaction control law.

3.2 Stability analysis

In this section, we present stability analysis for the system
under the proposed control law (3).

Let L(t) be the Laplacian matrix for the graph with
weights k;;(t)’s associated to edges (7,7)’s at time ¢. Under
the control laws (1) and (3), the overall system can be
described as

2= —(L(t) ® I3)z + Lyqn ®@ v (1), (7)
where z is the aggregated state of all z;’s. By our assump-

tion on the information flow graph G(t), we know that L(t)
has the following form

0 0
L t — mXm mXn . 8

0= [ Ziret ®
Also, by the design procedure given in Subsection 3.1, we
know that L(t) satisfies

(L(t) ® I3)p = 0 and L(t)1pm4n = 0. 9)
The following result shows that p = [pl,p/]" is a stable
equilibrium formation for the leader-follower system under
the proposed control law.

Theorem 1. Suppose the leaders are in the globally rigid
formation p,. Then

#(0) = (Ui ® A+ L @ e+ [ 0 (o)),

where A is a unitary matrix and ¢ is a constant vector
determined by the leaders, is an equilibrium solution of
system (7). Moreover, it is stable.

Proof: Let y = z — 1549 ® fot vp(7)d7. Then system (7)
can be transformed to
§=—(L(t) @ I3)y. (10)

To show z*(t) is an equilibrium solution of system (7),
it remains to show y* = (Lnyn @ A)p + 1pin @ ¢ is an
equilibrium point of system (10). From (9) we can get

(L(t) ® 13)[(Im+n ® A)p + 1m+n ® C]

= (L(t) @ A)p = (Im+n @ A)(L(t) ® I3)p = 0.

Hence, y* is an equilibrium point of system (10).

Next, we show that z*(¢) is stable, which is equivalent
to show y* is a stable equilibrium point of system (10).
Suppose the switching time is tg,t1,t2,.... Consider any
t > 0. Without loss of generality, say ¢ is in the interval
[t;, ti+1]. Thus, the transition matrix can be written as

D(t,t;) = exp(—(L(t;) @ I3)(t — t;)) (11)

and the solution of system (10) can be described by

y(t) = (I)(t, ti)@(ti, ti—l) s (I)(tl, to)yo
for an initial state y". Note that every transition matrix
in the above formula is stochastic (Lin (2008), page 51)
and recall that the product of stochastic matrices is also
stochastic. It follows that every state y;(t) is a convex
combination of ygl, . ,ygm , yg] e ,ygn. That is,

m n
yz(t) = Z aajygj + Z abkyl?kv
j=1 k=1

where o, >0 (j=1,...,m), ap, >0 (k=1,...,n) and
DIty gy + Dy o, = 1. For any arbitrary € > 0, we
choose § = €. Suppose

(Vi) [ g5 — i [I< 6.
Since y* is an equilibrium point, then from (12) it follows

that
m n
y; = Z Qa, y:;j + Z abky;;k'
j=1 k=1

Thus, we have for every i,

(12)

m n
lyit) =i 1= oa, (W2, — i) + > o, (s, — v3,) |
j=1 k=1
m n
<Y a5+ > apd=05=c¢
j=1 k=1
and the conclusion follows. [ |

The next result presents a necessary and sufficient graph-
ical condition to ensure that a globally rigid formation
of [ph,p}]" can be asymptotically merged in the leader-
follower network.

Theorem 2. Suppose the leaders are in the globally rigid
formation p,. A globally rigid formation of [p!,p}|" can
be asymptotically merged under the distributed control
law (3) if and only if every follower is uniformly jointly

reachable from V,.

The proof requires a lemma from graph theory.
Lemma 3. (Beineke and Wilson (1997), page 87) Let E be
a nonnegative matrix and denote egf) the (i, j)th entry of

E*. Then el(-;-c) > 0 if and only if the associated graph G(F)
has a walk from node v; to node v; of length k.

Proof of Theorem 2: (<) Suppose the graph switches
at tg,t1,t2,.... Recall the dwell-time constraint, which
means that there exists a 7p > 0 such that ¢;41 — ¢, >
7p for all ¢ > 0. Moreover, we can always find a 7,,, > 7p
large enough such that t; 11 —t; < 7, for all i > 0. When
there are no switching in [t;, oo] for some i, we can choose
any 7,, > Tp to construct virtual switching instants.

If every follower is uniformly jointly reachable from V,, by
the definition there exits a 1" > 0 such that for all ¢ in the
union graph G([t,t + T]) every follower is reachable from
V,. Now we generate a subsequence {t,,, } of the sequence
{t;} as follows:

(1) Set mg = 0.

(2) If tmo + T e (tl',l,ti], set myp = 1.

(3) If tml + 1T € (tl',l,ti], set mo = 1.

(4) And so on.

Thus, for the transformed system
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y(t) = —(L(t) ® I3)y(t),
we have at the subsequence of time instants ¢,,, ,

y(tmk+1) = \I/(tmk)y(tmk) (13)
where U (t,,, ) = [exp (— ﬁ:r:““ L(t)dt)} ® I5. Denote by
= the set of all U(t,,,)’s derived above. We regard the
above evolution as a discrete-time switched system and
for simplicity we rewrite (13) as

y(k+1) = ¥(k)y(k) with ¥(k) € E. (14)
Note that, due to the special structure of L(t) described
in (8), U(k) has the following form

Im>< m O m X an
Vik) = { é’lf(?f) I‘I’gff(/gf)} '

Next we show that for all U(k) € =, ||¥sr(k)|oo is
uniformly upper-bounded by a constant o < 1. For any
L(t), we can decompose it as —L(t) = —D(t) 4+ E(t) where
D(t) is a diagonal matrix and E(t) is a nonnegative matrix
with all diagonal entries zero. Thus,

l ( tmpyr tmpyq
U (k) = |exp —/ D(t)dt | exp / E(t)dt ® I3.
tm,, ¢

mip

[1]

We denote £ = ﬁzn:“ E(t)dt and it is noted that

E = E(tm ) (tmp+1 —tmy) + -+ Bty —1) (tmy g

By the condition that every follower is uniformly jointly
reachable from V,, we can then know that every follower
is reachable from V), in the associated graph G(E). Then,
considering the equality

- t””k+1 71)-

E2
exp(E):I—I—E—I—?—i--"
and the fact that exp (— ﬁzn:“ D(t)dt) is a positive

diagonal matrix, we can infer by Lemma 3 that each row
of U;¢(k) has a nonzero entry because each row in the
corresponding block of exp(F) has a nonzero entry. On
the other hand, as shown in Theorem 1, we know that
U(k) is a stochastic matrix. The above two conclusions
together imply that || U ;;(k)|e < 1. Moreover, recall that
» < tiy1 — t; < 7. And with the fact that L(¢;)’s are
taken in a finite set as there are only a finite number of
graphs with different connectivity, it follows that there is a
positive constant o < 1 such that || ¥ ;s(k)||~ is uniformly
upper-bounded by o.

Since by assumption that the m leaders are kept in a
globally rigid formation p,, from (14) we then have

yo(k + 1) = Wrp(k)ys(k) + Vir(k)yq, (15)
where ¥, is the aggregated state of y;’s associated to the
followers and y; = (I, ® A)pa + 1m @ ¢ for a constant
unitary matrix A and a constant vector ¢, representing
the fixed globally rigid formation of the leaders. Due to the
fact that [|U;r(k)||cc < 1 we can obtain that I — Wy, (k)
is invertible. Then system (15) has a unique equilibrium
point y; = (I, ® A)py + 1, ® ¢. So by the coordinate
transformation q(k) = y, (k) — y; we get

q(k +1) = ss(k)q(k).
Thus, to show whether a globally rigid formation [p, pj

can be asymptotically merged, it is necessary to show that
q(k) asymptotically converges to 0. Since we just showed

(16)

]T

that [|U (k)| is uniformly upper-bounded by o < 1, it
follows straightforward that ¢(k) asymptotically converges
to 0. So we can reach the conclusion that

m yp(tm,) = vy -
Jj—o0

Now let us look at the evolution of the continuous state
yp(t) in the interval between any two consecutive switching
instants. From the proof of Theorem 1, we know that for
any t € [t;,t;+1) and any arbitrary € > 0

lyi(ti) —yill < e=llya(t) —yill < e
Therefore, it is known that lim;,oc ys(t) = y;. And the
conclusion follows.

(=) We prove it in a contrapositive way. Assume that
there exists a follower, say b;, that is not uniformly jointly
reachable from V,. That is, for any T' > 0 there exists
t* > 0 such that in the union graph G([t*,¢* + TY]), b; is
not reachable from V,. Let © be the set including all such
followers that are not reachable from V, in G([t*,t* + T1).
Then it can be known that © is a closed set in G([t*,t* +
T)). So the states of these followers at ¢ € [t*, ¢*+T] remain
in the convex hull of their states at t* and do not converge
to form a globally rigid formation with other agents. W

4. SIMULATION

In this section, we present a simulation to validate our
theoretic results. We suppose there are 8 leaders who are
moving in a globally rigid formation (a cube in 3D) as
shown in Fig. 1. Consider 12 followers and we expect the
leader-follower network achieves the target formation as a
whole (Fig. 1).

Fig. 1. A target formation for a leader-follower network
with 8 leaders and 12 followers.

Denote the set of leaders by V, = {1,2,...,8} and
denote the set of followers by V}, = {9,10,...,20}. The
followers can select its neighbors by verifying the convexity
assumption at any time ¢. But for simplicity of simulation,
we consider fixed topologies as shown in Fig. 2. It can be
checked that every follower is uniformly jointly reachable
from V, for the time-varying graph G(¢) by taking T' = 3. A
simulation result is given in Fig. 3 where several snapshots
at different time are presented. From the simulation we see
that the followers can start at any initial positions and are
asymptotically merged with the leaders to form a target
formation.

5. CONCLUSION

This paper studies the formation merging control problem
under directed and switching topologies for a leader-
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Fig. 2. A periodic switching graph G(¢) that switches
among three different topologies G, Go and Gs.

Fig. 3. The followers are asymptotically merged with a
formation of leaders to form a larger target formation.

follower network. A distributed control law is proposed for
this purpose with the control parameters designed based
on the specific target formation of the whole network. We
introduce a rule for the selection of neighbors also based on
the target formation to meet a convexity assumption. With
the introduction of this convexity assumption, we present
a necessary and sufficient condition for asymptotically
merging a group of followers with a group of leaders
to form a globally rigid formation. One possible future
research is how to deal with the formation merging control
problem when the convexity assumption is relaxed.
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