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Abstract—This paper addresses a distributed formation control
problem of multiple mobile agents using relative positions and
local bearings. First, a formation control method via distributed
pattern matching is proposed, which is executed over each clique
(i.e. complete induced subgraph) of a network. It is shown that
this method achieves the best control performance for a given
desired formation and network topology in the following sense:
the closest formation to the desired one is achieved among all
formations achievable by distributed and relative control over
the network. Next, a necessary and sufficient network condition
is derived under which the desired formation can be obtained. It
turns out that a new concept of connectivity, called clique-rigidity,
plays a crucial role. Finally, the effectiveness of the proposed
method is illustrated through simulations in both two and three-
dimensional spaces.

Index Terms—Multi-agent systems, distributed control, forma-
tion control, relative measurements.

I. INTRODUCTION

ULTI-AGENT systems have attracted a lot of attention

in the field of the control engineering [1]. A multi-
agent system consists of a large number of components, called
agents, which interact with each other through communication
and/or sensing [2]. To reduce computational and sensing bur-
dens on agents, distributed control based on limited informa-
tion is important [3]. Actually, various problems of multi-agent
systems have been investigated based on distributed control,
e.g. consensus [4], [5], flocking [6], [7], coverage [8], pursuit
[9], [10] and attitude synchronization [11], [12]. Formation
control of multiple mobile agents [13], [14], [15], [16], [17],
[18], [19], [20] is one of the most fundamental problems
since it can be applied to various missions, €.g. monitoring
and surveillance by multiple unmanned aerial vehicles (UAVs)
[21], ocean sampling and mapping by multiple autonomous
underwater vehicles (AUVs) [22], and so forth.

This paper particularly focuses on distributed formation
control of mobile agents using relative positions and local
bearings. With this approach, agents can avoid using sensors
for absolute measurements, e.g. global positioning systems
(GPSs). Let x;(t) € R? be the current position of agent
i € {1,2,...,n} in the global frame, and z.; € R be its
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Fig. 1. Multi-agent coordination: (a) desired positions, (b) desired positions
with rotation and translation (squares) and agent positions (circles).

position in a desired formation. Then, the control objective is
described as follows:

Jim (1) — (R(t)z.; + (1)) = 0 (1)

for all i with some rotation matrix R(t) € R?*? and transla-
tion vector 7(¢) € R? from the global frame. The parameters
R(t) and 7(t) have to be determined by agents in a distributed
manner under the situation that only relative positions and
local bearings are measurable. Fig. 1 illustrates this problem:
in (a), the squares denote the desired positions z,; and the
edges do mutual observations between agents; in (b), the
squares represent the desired positions #.;(t) = R(t)x.;+7(t)
with some rotation and translation and the circles denote the
agent positions x;(t), expected to converge to Z.;(t).

There are several possible approaches to this problem. One
way is to apply attitude synchronization [11], [12] to obtain
R(t) and 7(¢) in (1) by consensus of agent-dependent rotations
R;(t) and translations 7;(¢) from the global frame. However,
this approach requires exchanging information on R;(t) and
7;(t) between agents, not based on relative positions or local
bearings. Another way would be to employ distance-based
formation control [16], [17], [18], [19], formulated as

Jim [zi(t) — 5 (1)) = [Jas — ] @

for any ¢, j connected over the observation network. Thanks to
the expression with the relative distance in (2), this approach
uses only relative positions and local bearings. However, this
problem is just a relaxed version of (1); even if (2) is achieved,
the original problem (1) is not necessarily solved. Actually, an
unexpected formation can be obtained as illustrated in Fig. 2,
where the desired formation in (a) looks fairly different from
the possible resultant formation in (b) because of the reflection
of agent 3 though (2) is satisfied.
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Fig. 2. Distance-based formation: (a) desired positions, (b) possible resultant
positions (squares) and agent positions (circles).

Hence, we try to solve the formation control problem
(1) directly. For this approach, pattern matching of image
data [23] is promising. Actually, (1) can be regarded as
an optimization problem to find a rotation matrix R(t) and
translation vector 7(¢) to best match the desired positions x,;
to the current agent positions x;(t). Since pattern matching
algorithms suppress the reflections of matching data, we can
expect to avoid unexpected formations due to the reflections of
agents. This approach however involves a serious issue when
applied to formation control: these algorithms are executed in
a centralized manner. In fact, existing papers do not resolve
this issue [24]. To the best of the authors’ knowledge, there
is no solution to this issue so far.

In this paper, we propose a formation control method using
relative positions and local bearings via distributed pattern
matching. The designed distributed controller executes the
pattern matching over each clique (i.e. complete induced
subgraph) of networks. We show that it exhibits the best
control performance for a given desired formation and network
topology in the following sense: agents attain (1) the closest
among all formations achievable by distributed control over
the network. Note that it depends on networks whether the
desired formation is achievable by distributed control or not.
Thus, next, we derive a necessary and sufficient condition
of network topologies under which the desired formation is
realizable. Here, a new concept of connectivity, called clique-
rigidity, plays a crucial role, which is different from the
conventional rigidity. Finally, the effectiveness of the proposed
method is illustrated through simulations in both two and
three-dimensional (2D and 3D) spaces.

The existing papers [25], [26], [27], [28] have addressed
this problem based on the distance-based formation control.
They imposed additional constraints such as signed angles
or volumes of formations, and guaranteed the achievement
of the desired formation under particular network topologies.
Therefore, it was not clear what is the best possible per-
formance for a given network, or what kind of condition is
essentially necessary for the network to achieve the desired
formation. Moreover, discontinuous dynamics were not inves-
tigated though they are inevitable to the formation control
problem for guaranteeing convergence. This is because there
are the positions which can be undesired equilibria under
continuous dynamics (e.g. when all agents stay at the same

point or collinear (coplaner) in R? (R?) [29]). In contrast,
this paper investigates the convergence properties over such
dynamics via differential inclusion.

This paper is based on the author’s conference paper [30].
The update points from [30] are as follows. (i) The detailed
discussions including the proofs of all theorems and lemmas
are added. (ii) It is shown that the proposed controller uses
only relative positions and local bearings. (iii) A network
condition to achieve the desired formation is derived. (iv) The
convergence properties are investigated. (v) The simulation in
the 3D space is included.

The organization of this paper is as follows. Section II
gives preliminaries of notations and definitions. Section III
formulates the problems discussed in this paper. In Section
IV, an optimal distributed and relative controller is designed
via distributed patter matching. Section V gives simulation
results. Sections VI and VII investigate necessary network
topologies and convergence properties, respectively. Section
VIII concludes this paper.

II. PRELIMINARIES
A. Notations

Let R and R, be the sets of all the real numbers and non-
negative real numbers, respectively. Let SO(d) C R4*? denote
the set of all the orthogonal matrices whose determinant is 1,
and SE(d) = SO(d) x R? be the Euclidean group of dimension
d. The notations 1,, € R™ and E,, € R™*" represent the vector
all whose components are 1 and the n-dimensional identity
matrix, respectively, and e,; € R™ denotes the n-dimensional
unit vector whose i-th component is 1. Let rank(-) and ave(-)
be the rank and the row-wise averages of a matrix, respectively.
Let tr(-) and det(-) denote the trace and the determinant of a
square matrix, respectively. The Frobenius norm of a matrix
is given by || - ||.

Let M,, € R™*™ be the matrix

1,17
Mn: n - n7
n

and the following expressions hold for any X € R4*":

1M, =0 3)
X —ave(X)1] = XM, 4)

The set My, C R%*" is defined as
Magn = {X € R" : rank(X M,,) = min{d,n — 1}}. (5)

For a scalar function v : R¥™"™ — R of a variable X = [z;;] €
RX" | the gradient of v(X) is defined as

ov v ov
R T B
@(X) o Ox21 (X) Oxa2 (X) Ozan (X)
ox : : : :
ov v v
0T a1 (X) ade(X) awdn(X)
For vector-valued functions fi, fa,..., fx Rixn

R? and a set Z C {1,2,...,n} of positive integers, let



IEEE TRANSACTIONS ON AUTOMATIC CONTROL, SUBMITTED

0‘9 o?i\ﬂ

Fig. 3. Example of a graph.

[£i(X)]jer : R — RI¥IZI be the matrix-valued function
consisting of the columns f;(X) for j € Z as

[f](X)]]EI = [fll(X) flz(X) fi|z\ (X)]a

where |Z| is the number of the elements of Z, and the elements
11,42, .., %7 € Tsatisfy 1 <47 <y < -+ < tiz) < n.
According to this notation, for the matrix X = [z1 -+ z,] €
R%*™ with the columns z1, zo, . .., z, € RY, the collection of
its columns corresponding to the indexes of Z is denoted as

[l‘j]jez = [xz‘l Tiy = wim]-

The [z;];ez-space is the (d x |Z|)-matrix subspace of R¥*"
with the coordinate [z;];cz spanned by the basis egie,; €
R*™ for k=1,2,...,d and j € Z.

Let Pz : pow(R?*"™) — pow(R**IZ]) be the projection of
a set onto the [z;];ez-space, namely, for a set A C Radxn

Pr(A) ={Y e R"V:3X € Ast. YV = [2)]jez}, (6)

where pow(-) is the power set of a set. For a matrix X € Rx"
and a set A C R?*"_ their distance is defined as

dist(X, A) = }}g“HX—YH. (7)

For two sets A C R¥*" and B C R4*"  their Hausdorff
distance is defined as

H-dist(A, B) = max { sup dist(X, B), sup dist(Y, ,A)} .
XeA YenB

B. Some concepts of graph theory

Consider a graph G = (V,€) with a vertex set V =
{1,2,---,n} and an edge set £. The elements ¢ € V and
{i,j} € & are called a vertex and an edge, respectively. We
assume that G is undirected and time-invariant.

For a vertex subset C C V, let £|¢ C £ be the edge subset
such that both vertexes of each edge in £|¢ are contained by
C, namely, £|¢c = {{i,j} € € : 4,5 € C}. Then, the graph
Gle = (C,€&|¢) is said to be induced by C, or an induced
subgraph of C. A vertex subset C C V is said to be a cligue in
G if the induced subgraph of C is complete [31]. Clique C is
said to be maximal if there is no other clique C in G such that
C C C. Let M-clq(G) C pow(V) be the set of all the maximal
cliques in G, and M-clg;(G) = {C € M-clq(G) : i € C} be
the set of all the maximal cliques to which vertex ¢ belongs.
For clique C, the number |C| of the vertexes is called the order
of C.

Example 1: Consider the graph G = (V, &) depicted in
Fig. 3. This graph consists of three maximal cliques of orders
2,3,4, and the set of them is given as

M'Clq(G) = {{27 4}7 {17 27 3}7 {47 57 63 7}}

I,(G,)

OnONOR0)

Gb FZ (Gb )

Fig. 4. Examples of 2-interconnection graphs of maximal cliques.

The set of the maximal cliques to which vertex ¢ € V belongs
is given as follows:

M-clq, (G) = M-clgy(G) = {{1,2,3}},

M-C1q2<G) = {{27 4}7 {17 27 3}}’

M-clq(G) = {{2,4},{4,5,6,7}},

M-clqs(G) = M-clq4(G) = M-clq,(G) = {{4,5,6,7}}.

|
Let C1,Co,...,CMeclq(q)] € M-clq(G) be the maximal
cliques in G. The r-intersection graph T'.(G) = (V, ;) of the
maximal cliques in G is a graph whose vertexes correspond to
the maximal cliques in GG, with an edge between two vertexes
whenever the corresponding two maximal cliques in G have
at least r vertexes in common [32], [33]. Its vertex and edge
sets are given by V = {1,2,...,|M-clqG|} and the following,
respectively:

g,,. = {{é,m},é,m S f}: ‘C[ mcm‘ 2 T,E 7é m}

Example 2:  Consider the graphs in Fig. 4. Graph G,
consists of four maximal cliques: C; = {1,2,3}, Co =
{2,3,4}, C3 = {3,4,5,6},C4 = {5,6, 7}, which derive the
2-intersection graph I's(G,) of the maximal cliques as a line
graph. In contrast, as for graph Gy, the 2-intersection graph
I'2(Gp) of the maximal cliques is not connected due to the
lack of the connection between vertexes 3 and 5 in (7. |

C. Discontinuous dynamics

Consider a differential equation
X(t) = F(X(t)) ®)

of a matrix variable X(t) € R with a matrix-valued
function F' : R¥" — RI*" measurable and essentially
locally bounded, but not necessarily continuous. A matrix-
valued function X (¢) € R?*" is called a Filippov solution,
or simply solution, of (8) if X () is an absolutely continuous
function satisfying the differential inclusion

X(t) € KIF)(X(1)).

Here, K[F] : R™*" — pow(R?*") is the set-valued map
defined by

K[F)(X) =t {Y e R”":3X;, e R"*™\S, k=1,2,...

st lim X, = X, lim F(X}) = Y}
k—o0

k—o0
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Fig. 5. Relation between the global and local frames through (11) in R2.

with a set S C RY*™ of measure zero, where co(-) is the
closure of the convex hull of a set. Let Z(F) C R%¥*™ be the
zero set of the function F(X), defined by

Z(F)={X e R™" .0 e K[F](X)}, )

which is the equilibrium set of system (8). We say that a
closed, non-empty set A C Z(F) is a locally attractive
equilibrium set of (8) if there exists an open set « D A such
that

lim dist(X(¢),4) =0 VX(0) €U.

t—o00

Additionally, if &/ = R4*"™ and A = Z(F), we say that A is
the globally attractive equilibrium set of (8).

(10)

III. PROBLEM FORMULATION
A. Target system

Consider a group of n mobile agents in a d-dimensional
space, where d is a positive integer describing the dimension
of working space (e.g., d = 2, 3, but not limited to them). Let
V ={1,2,--- ,n} be the set of the agent indexes. Each agent
can obtain information from others over a network whose con-
nectivity is described by graph G = (V, £) with the vertex set
V and an edge set £. Agents ¢, j can exchange information over
the network if and only if {4, j} € £. The set of the neighbors
of agent ¢ is expressed as N; = {j € V: {i,j} € £}.

There are two types of frames to describe the positions of
the agents: the global frame ¥ and local frames ;(t) (i € V).
The global frame X is fixed and common among all agents
while the local frames X;(¢) are time-varying and may be
different from each other. Let z;(t) € R be the position of
agent i € V in %, corresponding to the origin of ¥;(t). For a
point z € R in %, let zl) € R? denote its expression in ;(t)
according to the following relation:

z= Rzl 4+ z(t), (an

where R; € SO(d) is a transformation matrix associated with
the rotation of ¥;(¢) from X. Assume that R; is constant and
unknown to anyone including agent : itself. For d = 2, for
example, R; is determined by the angle 6; € [0, 27) between
the first axes of ¥ and ¥;(¢) as shown in Fig. 5.

Assume that the velocity of agent ¢ can be directly con-
trolled by the control input u;(t) € R? in X;(¢). Then, the
dynamics of agent 7 € V is described in ¥ as

from (11). (See Appendix A for the deviation.) As for sensing,
we assume that agent ¢ can measure the relative positions
x?] (t) € R? of the neighbors j € A in X;(t), expressed
as

2(8) = R (2;() — 24(1)) (13)

by replacing z with x;(¢) in (11). Then, the control input u; (t)
should be of the form

wi(t) = fille ()] jens)

with a function f; : R¥Wil — R4 The control input of the
form (14) is said to be relative and distributed over G.

The control objective is to achieve (1) for any 7 € V with
some (R(t),7(t)) € SE(d), where x.; € R (i € V) is the
position of agent ¢ in a desired formation. This objective can
be rewritten as

(14)

lim dist(X (1), T.) = 0 (15)
with the collective positions X (t) = [z1(t) x2(t) -+ z,(¢)] €

R?*"™ and the target set of X (t) defined by

Tx. = {X e R”": 3(R,7) € SE(d) s.t. X = RX,.+71,) },
(16)
where X, = [T, Zuo © Tun| € RI*™ represents the

collective desired position.

B. Gradient-flow approach

For the control objective (15), we employ the gradient-
flow approach, which is effective in designing cooperative
controllers. Let v : R4*™ — R, be a function evaluating the
achievement of a given task with the minimum value, zero.
When z;(t) is governed by the gradient-flow of v(X) as

% (x (1))

bi(t) = — X

i) = — 5
for all ¢ € V, v(X(t)) is monotonically non-increasing, and
X (t) locally converges to the zero set v~1(0), as shown in
Section VII. From R; € SO(d), the gradient-flow (17) of v(X)
is obtained in (12) by the control input

wlt) = ~F 52 (X(0)

7)

(18)

Then, to achieve (15), we just have to find a function v(X)
satisfying

vH0) = Tx.. (19)

We call a function v(X) satisfying (19) an indicator to
Tx,, which enables the agents to know whether the desired
formation is achieved or not.

To design a relative and distributed control input (14) via
the gradient-based control input (18), let us define two classes
of functions. First, a continuous function v(X) is said to have
a relative gradient if it is differentiable almost everywhere and
for every i € V) there exists a function f; : R¥*("=I\§; — R?
with a set S; of measure zero such that

ov
Bl‘i

(X) = =R fi([R] (zj — z:)]jev\(i}) (20)
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holds for any matrix R; € SO(d). Let F, be the set of
all the continuous functions having relative gradients. From
(13) and (20), the gradient-based control input (18) with
v(X) € F,. depends only on relative positions mg-z] (t), but
does not on R;. Second, a continuous function v(X) is said
to have a distributed gradient over G if it is differentiable
almost everywhere and for every ¢ € )V there exists a function
fi : RY x Rdxw”\gi — R with a set SZ of measure zero
satisfying

v )= _F

oz, X) = —filwi [zj]jens).

Let F4(G) be the set of all the continuous functions having
distributed gradients over G. The gradient-based control input
(18) is relative and distributed over G for all 7 € V if and only
if v(X) € F.NFu(Q).

21

C. Problem setting

Our goal is to design an indicator v(X) to Tx, belonging to
F. N Fq4(G). However, its existence depends on the topology
of G. Namely, if the edges in graph G are insufficient, we
probably cannot find any indicators. Taking this situation into
account, we consider the following optimization problem so
as to attain (19) as close as possible:

H-dist(v=1(0), 7x.,),  (22)

min
v(X)EF-NFa(G)NFo(X.)
where Fo(X,) is the set of all the functions v : R4*™ — R,
taking the minimum 0 at X,. A solution v(X) of (22) is said
to be a best approximate indicator to Tx, in F. N F4(G) N
Fo(X.).

Now, the main problem in this paper is given as follows.

Problem 1: For graph G and the target set Ty, C R¥*"
in (16), derive a best approximate indicator v(X) to Tx, in
Fr N Fa(G) N Fo(X.). Moreover, from its gradient, design
the control input u;(t) in the local frame ¥;(¢) relative and
distributed over G. ]

As stated above, it depends on the topology of G whether
there exists an indicator. The next problem in this paper is to
characterize graph topologies from this viewpoint.

Problem 2: For the target set Tx, C R in (16), find
topologies of graph G such that there exists an indicator v(X)
to Tx, in F N Fa(G) N Fo(Xy). []

Remark 1: Problem 2 requires the existence of an indicator,
which satisfies (19). Nevertheless, to solve Problem 2, we just
have to check whether one best approximate indicator is an
indicator or not. If a best approximate indicator is an indicator,
there exists an indicator; otherwise, (22) guarantees that there
is no indicator over G. ]

Finally, we investigate local convergence of X (t) to v~1(0)
when using the gradient-flow approach. This is because for
non-smooth v(X), even local convergence is not guaranteed.
Moreover, we consider finding a condition to achieve local or
global convergence to Tx,.

Problem 3: For v(X) and u;(t) designed in Problem 1,
confirm that v=1(0) is a locally attractive equilibrium set of
the system (12) with the control input w;(t). Moreover, find
a topology of graph G under which Tx, is a locally or the
globally attractive equilibrium set.

IV. SOLUTION TO PROBLEM 1
A. Preliminaries for pattern matching

In this subsection, first, a conventional approach to pattern
matching is introduced. Next, to apply this approach to the
multi-agent coordination problem, three relevant results are
newly derived.

Now, we consider a rigid body placed in a d-dimensional
space. Let y1,v2,...,ym € R? be a sequence of m points
on the rigid body in a frame ¥, and z1,22,...,2m € R? be
the corresponding sequence in a different frame .. For every
i €{1,2,...,m}, the correspondence between these points is
given as

with some rotation matrix R € SO(d) and translation vector
7 € R%. Pattern matching is a problem to find (R, 7) € SE(d)

minimizing the sum of the square errors y .-, |ly; — (Rz; +
7)||? in terms of (23), which is formulated as

i Y — (RZ +71,)|]? 24

Y = (RZ 1) o9

withY =[y; y2 -+ ym] ER*™and Z = [21 22 -+ 2] €

Rdxm.
To solve (24), the singular value decomposition (SVD) is

used as
(Z — ave(Z)1,]

)Y —ave(Y)L)T =USVT, (25

where U,V € R are orthogonal matrices and S =
diag(o1,09,...,04) are the diagonal matrix whose entries
01,02,...,0q (01 > 09 > --- > 04 > 0) are the singular
values of the matrix in the left-hand side of (25). Then, the
solution to (24) is given as

d—1
. T
R =Vdiag(l,...,1,det(UV))U (26)
T =ave(Y — RZ). (27)

Note that matrices U,V in (25) are not necessarily uniquely
determined, and R satisfying (26) is not either. Let R,, :
RIX™ x R¥*™ 3 pow(SO(d)) be the set-valued function of
Y and Z consisting of all the matrices R € SO(d) given by
(26) with any orthogonal matrices U,V € R%*? satisfying
(25). Then, the conventional result for the pattern matching is
obtained as follows.

Lemma 1: [23] The solution to (24) is given by R €
Rn(Y,Z) and 7 in (27). [ |

We can regard (24) as a function of Y, defined by f :
RI>*™ 5 R, as

fY) =

min

28
(R,7)€SE(d) (28)

1Y = (RZ +71,,)|.
Since f(Y) is the min function of the continuous function pa-
rameterized by R and 7, f(Y") is continuous. Three properties
of f(Y) are derived as follows.
First, f(Y') is differentiable almost everywhere as follows.
Lemma 2: Assume that Z € Mgy,. The function f(Y) is
differentiable almost everywhere, whose gradient is given as

of

% (V) =2(Y —ave(Y)1,, — R(Z — ave(Z)1,)))

(29)
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with R € R (Y, Z).
Proof: See Appendix B. [ |
Next, the gradient of f(Y") is rotationally and translationally
invariant (i.e. SE(d)-invariant [34]) with respect to Y as
follows.
Lemma 3: Assume that Z € Mgy, For any (R,7) €
SE(d), the gradient of f(Y') almost everywhere satisfies
Of oo v 5 0f
5y (RY +71,,) = R@Y
Proof: See Appendix C. [ ]
Finally, the zero set of f(Y) and that of the gradient are
equivalent as follows.
Lemma 4: Assume that Z € M gp,. The following holds:

f7H0) = z(?i) :

Proof: See Appendix D. [ |

Y). (30)

€1V

B. Design of a best approximate indicator

To solve Problem 1, we first find a class of functions
v(X) belonging to F4(G). For this purpose, cliques play a
crucial role. Actually, the authors’ work [35] gives a specific
characteristic of a function belonging to F4(G) as follows.

Lemma 5: [35] For graph G, a continuous and differen-
tiable almost everywhere function v : RY*™ — R belongs to
Fa(G) if and only if v(X) can be decomposed as

v(X) = > wellwiljec), (32)
CeM-clq(G)
where v¢ RXICl — R, is continuous, differentiable

almost everywhere and depends on [xz;]jcc for each clique
C € M-clq(G). [ |

From Lemma 5, we can design just a function ve ([z;] ec),
but cannot change the structure of the sum in (32). For
achieving (19), the function

ve([zjljec) = %C(dist([ﬂfj]jecvPC(TX*)))2

with a gain a¢ > 0 is the most appropriate, which evaluates
the discrepancy between X and T, through the projections
on the [x;];ec-space. Actually, the following result is obtained,
which is the solution to the first part of Problem 1.

Theorem 1: For graph G and the target set Tx, C R4*"
in (16), a best approximate indicator to Tx, in F.NFy(G)N
Fo(X.) is given as

>

CeM-clq(G)

(33)

v(X) = o

dist([zj]jec, Pe(Tx.)))?  (34)

for any positive numbers ac (C € M-clgq(QG)).
Proof: See Subsection IV-C. ]
To consider the second part of Problem 1, we calculate the
gradient of (33). From (6), the projection of 7x, in (16) onto
the [x;];ec-space is described as follows:

Pe(Tx,) = {Y e R>ICl: 3(R, ) € SE(d)
st. Y = Rlzaljec + 71e}. (35)

() (b)

Fig. 6. Operation of the proposed method: (a) desired positions, (b) desired
positions with rotation and translation over each clique (squares) and agent
positions (circles).

From (7) and (35), (33) is reduced to

ac .
ve([zjljec) = 5 YePl?(fTX : I[z]jec — YII?
ac

= — min

T 2
9 (R,r)eSE(d)”[Ij]jec7(R[I*j]jec+71|c|)|| ]

(36)
This is nothing but the optimization problem (24) for

Y = [zjljec, Z = [w4jljec, m =IC| (37)

and can be solved by the technique of pattern matching as
Lemma 1. Moreover, by applying (37) in (29) of Lemma 2,
we can derive the gradient of (36). Then, the solution to the
second part of Problem 1 is obtained as follows.

Theorem 2: The gradient-based control input (18) with
v(X) in (34) is achieved as

wt)= > acfave(lz} (t)]jec)

CeM-clq,; (G)

+ Re(t)(2.: — ave([z4j]jec))} (38)
for any Re(t) € R‘c‘([atg] (t)]jec, [x+j]jec) and any positive
numbers ac. The control input (38) is relative and distributed
over G.

Proof: See Subsection IV-C. [ ]
The proposed controller (38) works to achieve the de-
sired formation via distributed pattern matching. This is
explained in Fig. 6 as follows. Consider the desired positions
z4; and the network connections in (a). The corresponding
graph consists of two maximal cliques C, and C, of order
3, forming triangles. Then, the matched desired positions
Zwik(t) = Re, (t)xwi + 7¢,,(t) (K = a,b), illustrated by the
two triangles in (b), are calculated as (38) over each clique
Ci, in a distributed way. Then, the agent positions x;(t) are
controlled toward an intermediate point between . (t) for
cliques Cj to which agent i belongs. Although the matched
desired positions &, (t) and 2. (t) are separated, they will
gradually gather as continuously updated according to (38).
Remark 2: Distance-based formation control, e.g. [17], uti-
lizes objective functions consisting of distance-errors between
neighbors such as

vX) = Y aiy(lle -l - d)?

{i,j}€€

(39)
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for positive numbers «;j, where d;; = ||z.; — 2.;||. Although
this function depends only on the distances, its gradient,
generating control input, depends not only on the distances but
also on the directions of neighbors. Therefore, the information
required to the distance-based formation control is the same
as the proposed controller (38). ]

C. Proofs of Theorems 1 and 2

Proof of Theorem 1: As a preliminary, we first consider a
relaxed problem of (22) as
H-dist(v

~10), Tx., ), (40)

min
’U(X)G}-d(G)ﬂ]:(](TX*)

where Fo(7x,) is the set of all the continuous functions v :
RIX™ — R, taking the minimum 0 on 7x,. From X, € Tx.,

Fo(Tx.) C Fo(X,) 41)
holds. Moreover, the following relation is obtained.
Lemma 6: The following inclusion holds:
Fr N Fo(Xs) C Fo(Tx.). 42)
Proof: See Appendix E. ]

Now, (i) we derive a solution of the relaxed problem (40),
and (ii) show that this solution belongs to the feasible set of
the original problem (22). From (42), the feasible region of
(40) contains that of (22). Thus, the solution of (40) is also
that of (22).

(i) The following lemma comes from the authors’ previous
work, which does not limit the set 7Tx, C R¥*™ to (16).

Lemma 7: [35] For graph G and a closed, non-empty set
Tx., C R¥", a solution to (40) is given by (34) for any ac >
0 (C € M-clq(@)) if (33) is differentiable almost everywhere
Sor any C € M-clq(G). u

For the target set (16), Lemma 2 guarantees that (33) is
differentiable almost everywhere. Thus, from Lemma 7, v(X)
in (34) is a solution to (40).

(ii) Consider v(X) in (34). By applying (37) to (30) in
Lemma 3 with R = R; and 7 = —R] z;,

T avc 81}0

R; 8 ([%bec) axz(RT[%bec R;rxil\—a)
0
= G (B @ = wliee) @)

is obtained. Thus, the gradient of v¢([z;];ec) is of the form
(20). Hence, ve([z;]ec) € Fr holds for any C € M-clq(G),
and thus v(X) € F, is obtained from (34). This and Lemma
7 guarantee v(X) € Fy(G) N Fo(Tx,) N Fy, which leads to
v(X) € Fa(G) N Fo(X.) NF, from (41). Thus, v(X) in (34)
belongs to the feasible region of (22). ]

Proof of Theorem 2: From Lemma 2, for clique C €
M-clq(G), if i € C,

T (ylsec) = ac{w: -

- RC(gj*z -

ave([z;]jec)

ave([x*j]jec))} (44)

(a) (b)

Fig. 7. Simulation result in R2: (a) desired positions ., (b) agent positions
z;(t) at t = 0 (circles) and at ¢ = 40 (squares).

holds with Rc € Rie|([x4]jec, [7+j]jec); otherwise, the par-
tial derivative is zero. From (13), (43), and (44),

— BT S yec) =~ G2 (R (2 — )l jec)
= —ac{R/ (z; — ;) — ave([R] (z; — )] ec)
— Re(wy — ave([zsj]jec))}

= ac{ave([RT(xj —x;))jec)+Re (v —

= ac{ave([z!)jec) + Re (. —

ave([zj]jec))}

ave([z.j]jec))} (45)

with Re € Ry¢|([R] (#;—x:)]jec, [#+5]jec) is obtained. From
(32), the gradient-based control input (18) is reduced to

ov v
wit) =—Rl 5 —(X®) =— > R 5=([z;(t)]je0),
ox; ox;
CeM-clq; (G)
which leads to (38) with (45). |

V. NUMERICAL EXAMPLES

In this section, the effectiveness of the proposed method
is demonstrated by simulations in both R? and R3. In all
simulations, the proposed controller (38) is employed with the
gain a¢ = 0.25.

First, consider the multi-agent system consisting of six
agents in R2. In Fig. 7(a), the desired positions z,; € R?
(¢ € V) and the topology of G are described by the squares and
the edges, respectively. This graph consists of four maximal
cliques of order 3. The simulation result is depicted in Fig.
7(b), where the circles and squares represent the initial (t = 0)
and final ({ = 40) positions of the agents, respectively, and
the dotted curves denote the trajectories. It is observed that
the desired formation in Fig. 7(a) is almost achieved at t = 40
with some rotation and translation. Figs. 8(a)~(f) show the
snapshots of this simulation. The circles represent the current
positions x;(t), and each triangle composed of the squares
denotes the matched desired positions . (t) = Re, (t)2+; +
7¢, (t) for each clique Cy, derived from the proposed controller
(38). It is observed that at first the matched desired positions
are separated according to the cliques, they gradually gather
to form the desired formation as Fig. 8(f).

Next, consider seven agents in R3. In Fig. 9(a), the desired
positions x,; € R? (i € V) and the topology of G are de-
scribed by the squares and the edges, respectively. This graph
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Fig. 8. Snapshots of the simulation: agent positions z;(t) (circles) and the
matched desired positions &, (t) of each clique Cj, (squares).

consists of four maximal cliques of order 4. The simulation
results from different initial positions are depicted in Figs.
9(b)~(d), where the circles and squares represent the initial
(t = 0) and final (¢ = 40) positions, and the dotted curves
denote the trajectories. It is seen that the desired positions in
Fig. 9(a) are finally achieved from any initial positions with
different rotations and translations, and that the reflections of
the formations do not occur due to the distributed pattern
matching.

We compare the proposed method to the existing method,
using the distance-based controller with (39). Simulation re-
sults with the existing method from the initial positions in
Fig. 9(c), (d) are shown in Fig. 10(c), (d), respectively. It
is observed that the final agent positions in Fig. 10(c), (d)
are different from the desired positions in Fig. 9(a) with any
rotations and translations, which is caused by reflections in
parts of the formation.

These simulation results show the effectiveness of the
proposed method in both R? and R3. Note that a collision
avoidance operation can be combined by adding repulsive
potential functions to v(X).

O NP o RN

Fig. 9. Simulation results in R? from different initial positions: (a) desired
positions ., (b)~(d) agent positions z;(t) at t = 0 (circles) and at ¢t = 40
(squares).

Fig. 10. Simulation results with the existing method from the initial positions
of (¢), (d) in Fig. 9: agent positions z;(t) at t = 0 (circles) and at ¢ = 40
(squares).

VI. SOLUTION TO PROBLEM 2

In this section, we find a graph condition to achieve an
indicator to 7x, belonging to F,. N F4(G) N Fo(X.). To
this end, a new concept of graph connectivity is introduced
as follows. For graph G and matrix X € RY*" a pair
(G, X) is called a framework. For a given graph G and matrix
X, € R¥&"_ framework (G, X,) is said to be clique-rigid if
the following holds with framework (G, X) for each matrix
X =[xy 3 -+ x,) € R™

[z;]jec € Pe(Tx,) VC € Mclq(G) = X € Tx,. (46)

A framework (G, X,) is clique-rigid if it is the only frame-
work that can be constructed from the set of the frame-
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Fig. 11. Meaning of clique-rigidity of frameworks.

works (G|c, [z+;]jec) induced by the maximal cliques C €
M-clq(G).

Example 3: In Fig. 11, framework (Gi,X,) is clique-
rigid as verified through the following procedure: (i) List
all frameworks induced by the maximal cliques in G;. (ii)
Reconstruct a framework from the maximal cliques with some
rotations and translations so as to match the vertex indexes.
This operation corresponds to the assumption part of (46).
(iii) A reconstructed framework (Gy,X) is given. Since it
is equivalent to the original framework (G, X.) with some
rotation and translation, the conclusion part of (46) is satisfied.
For any reconstructions, (46) is satisfied, and thus (G, X.)
is clique-rigid. On the other hand, (Gs, X,) is not clique-
rigid because there exists a reconstructed framework (Gz, X)
different from (G2, X.) with any rotations and translations. B

The following theorem is given as a solution to Problem 2.

Theorem 3: For graph G and the target set Tx, C R4X"
in (16), there exists an indicator v : R>*™ — R, to Tx. in
Fr N Fa(G) N Fo(X.) if and only if (G, X.,.) is clique-rigid.
One of such indicators is given by (34).

Proof: First, to show the sufficiency, assume that (G, X,)
is clique-rigid. Consider v(X) in (34), belonging to F, N
Fu(G) N Fo(X.) from Theorem 1. Moreover, v(X) is an
indicator to Tx, since (19) holds as follows:

v(X) = 0 < dist([zj]ec, Pe(Tx.)) = 0 VC € M-clq(G)
< [zj]jec € Pe(Tx,) YC € M-clq(G) 47)
s X e TX*,
where the first relation is from (34), the second one is from
(7) and the closedness of P¢(Tx,) from (35), and the third
one is from (35) and the clique-rigidity defined by (46).

Next, to show the necessity, assume that (G,X,) is
not clique-rigid. From (46), there exists a matrix X =

[(E‘l i’z e jn] ~€ Rd)(n SuCh that ij]jec S PC(TX*) VC S
M-clq(G) and X ¢ Tx,. Then, v(X) = 0 holds for v(X) in
(34) from (47). This fact and X ¢ Tx, lead to v=1(0) # Tx,.

From Theorem 1, v(X) is a solution of (22), which yields
H-dist(57(0), Tx, ) > H-dist(v"1(0), 7x,) > 0

for any function ¥ : R9*™ — R belonging to F, N F4(G) N
Fo(X.), where the last inequality follows from v=1(0) # Tx,.
Therefore, ©~1(0) # Tx, holds; thus #(X) is not an indicator
to Tx,. As a result, no function in F, N Fg(G) N Fo(X.) can
be an indicator. [ ]

For designing clique-rigid frameworks, the concept of the
intersection graph is important. Actually, the following theo-
rem gives a sufficient condition of (G, X.) to be clique-rigid
associated with intersection graphs.

Theorem 4: For graph G = (V, ) and matrix X, € Rdxn,
framework (G, X,) is clique-rigid if the d-intersection graph
Ly(G) = (V,&,) of the maximal cliques in G is connected
and

[T4jliecinc, € Majcine,,) Y{lm} € Ea- (48)

Proof: Assume that Tq(G) = (V,&;) is connected.
Consider a matrix X € RYX" satisfying the assumption
in (46). Then, for each maximal clique C, € M-clq(G),
[z;]jec, € Pe,(Tx,) holds, which indicates

[25]jec, = Relwajljec, + el (49)

with some (Ry, 1) € SE(d) from (35). Consider two maximal
cliques C; and C,, namely ¢,m € V, satisfying {{,m} €
&,, and then |Ce N Cpn| > d holds from the definition of the
interconnection graph. From (3) and (49),

[zjljecinc. Mic,ne,.| = Rel2sjliecinc., Micne,|

= Rm[z+jljccine,, Mic,nc,,)  (50)

is obtained. From (5), (48), and |C, N C,,| > d,

rank([7.;]jec,ne,. Mic,ne,,|) = min{d, [C, N Cp| — 1}
>d—1 (51)

holds. From (50), (51), and the fact that Ry, R,,, € SO(d), we
obtain Ry = R,,. Then, from (49),

_ T _ T
[z5]jecencn — Relzwjliecnc, = Telic,ne,. = Tmlic,ncm)

is obtained, and averaging row-wise the matrix leads to
Te = Tm = 75, <5 7aVe(|Tj|jecC Cm_Réx"C Cm )
m |szcm| ([ J]JE N [ *J]JE N )

Since T'4(G) is connected, (Ry, 7¢) for all the maximal cliques
Ce € M-clq(G) agree with each other in the same way.
Since all the (Ry,7;) € SE(d) are equal for ¢ € V, define
(R,7) € SE(d) as those common elements. Since each vertex
is contained by a maximal clique, from (49), X = RX " —|—%1;[
is obtained. Thus, X € Tx, holds from (16) and the conclu-
sion part of (46) is achieved. Therefore, (G, X,) is clique-
rigid. [ ]

We compare the clique-rigidity with conventional connec-
tivities, such as global rigidity and rigidity, defined as follows
[36]: First, framework (G, X,) is said to be globally rigid if
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7~ Satisfying (54) \
clique-rigid rigid
globally rigid
(G, X.) (G, X)) || (Gy X)

\

L (G%X*) )

Fig. 12. Relations between clique-rigid, globally rigid, and rigid frameworks.

Fig. 13. Examples of frameworks corresponding to Fig. 12.

the following holds for framework (G, X) with each matrix
X € Rdxm;

s = x5l = e — sl V{7, 5} € €

= ||J,‘l — l‘7|| = Hx*z — .Z‘*]H V’L,j e . (52)

Next, framework (G, X,) is said to be rigid if the following
holds for framework (G, ®(s)) with each continuous matrix-
valued function ® = [p1 ¢o --- ¢,] : [0,1] — RIX™
satisfying ®(0) = X,:

19i(5) = @s(s)| = llewi =zl ¥{3, 5} € €5 € [0,1]
= [[6i(s) = 6 ()| = l|zwi — 2us]| Vi, j €V, s € [0, 1].
(53)

Then, the following two theorems are given.

Theorem 5: For graph G and matrix X, € R,
Sframework (G, X,.) is clique-rigid if (G, X..) is globally rigid
and there exists a clique C satisfying

Cl 2 d+1, [z]jec € Mag- (54)

Proof: See Appendix F. ]
Theorem 6: For graph G and matrix X, € R™>" jf
Sframework (G, X,) is clique-rigid, (G, X.) is rigid.
Proof: See Appendix G. ]
These concepts of rigidity relate to each other as shown in
Fig. 12, which indicates the following: (i) The clique-rigidity
is stronger than the rigidity. (ii) If there is a clique satisfying
(54), the clique-rigidity is weaker than the global rigidity.
Fig. 13 shows examples of frameworks in R?, corresponding
to frameworks (G1,X.) ~ (G4, X,) in Fig. 12. As shown
in Fig. 13, clique-rigid framework (Ga, X,) in R? consists
of triangles (cliques of order 3); globally rigid framework

(Gs, X,) consists of quadrangles (non-cliques) some of whose
edges connect distant vertexes.

Remark 3: 1In the setting of this paper, the formation
control is not necessarily achievable over just a connected
graph because the control input is restricted to a relative one
as (14). If the agents could exchange the direct information
on (R;,7;), they just had to reach a consensus of (R;,7;)
over a connected graph. However, (R;,7;) € SE(d) cannot be
expressed through the relative states xg.l] (t), defined as (13).
Actually, Theorem 3 shows that the clique-rigidity is necessary
to achieve the formation control via relative states, and the
condition of graph topologies cannot be relaxed. [ ]

VII. SOLUTION TO PROBLEM 3

In this section, we investigate the convergence properties
of the system (12) with the control input (38). This control
input is derived from the gradient-based one (18) with v(X)
in (34), which is not differentiable everywhere. To deal with
such non-smooth dynamics, the following lemma is available,
derived from the non-smooth version of LaSalle’s invariance
theorem [37], [38], [39].

Lemma 8: Let v : R™™™ — R, be a locally Lipschitz,
regular function and X (t) = [z1(t) z2(t) --- z,(t)] € R
be a Filippov solution of (17). Then, for a compact positively
invariant set Q) C R of X (t), from any initial state X (0) €
Q, v(X(t)) is non-increasing with respect to t, and (10) holds
for A= Z(0v/0X)NQ and U = QL

Proof: See Appendix H. [ ]

To apply Lemma 8 to v(X) in (34), we have to verify the
existence of a compact positively invariant set ). Since this
v(X) is not radially bounded, its level set is not compact.
Instead, we construct € by using the fact that X (¢) is bounded
as shown in the following lemma.

Lemma 9: For graph G and the target set Tx. C R¥*™
in (16), let X(t) = [21(t) 22(t) -+ z,(t)] € R¥*™ be the
solution of the system (12) with the control input (38). Then,
(i) the average of x;(t) for i € V belonging to each connected
component of G is constant and (ii) || X (t)| is bounded.

Proof: See Appendix 1. [ ]

From Lemmas 8 and 9, we can derive the convergence
properties of the target system as follows.

Theorem 7: For graph G, the target set Tx, C R¥™ in
(16), and the function v(X) in (34), (i) Z(0v/0X) is the
globally attractive equilibrium set, and (ii) v=2(0) is a locally
attractive equilibrium set of the system (12) with the control
input (38).

Proof of (i): Let X(t) be the solution of of (12) with
(38) starting from X (0) = Xy € R¥", and Q(X,) C RX™
be a compact set containing X (¢) for all ¢ > 0. Such Q(X)
exists due to the boundedness of || X (¢)| from Lemma 9 (ii).
From Theorem 2, the control input (38) is reduced to (18)
with v(X) in (34), with which (12) leads to (17). Therefore,
from Lemma 8, (10) holds for A = Z(9v/0X) NQ(Xy) and
U = Q(Xp). Since this is the case for any X, € R¥*™, (10)
holds for A = Z(0v/0X) and U = R¥™, Thus, Z(Jv/0X)
is the globally attractive equilibrium set.

Proof of (ii): Since SO(d) and R are analytic manifolds
(i.e. manifolds with analytic transition maps), Pc(7Tx,) in
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(35) is an analytic manifold. Thus, the function ve([z;];ec)
in (33) is analytic on an open set around v, 1(0) [40],
[41]. Therefore, v(X) in (34) is analytic on an open set O
around (e elq(@) vz ' (0) = v~1(0). For analytic functions,
Lojasiewicz’s inequality [42], [43] is available, and there exists
6 € (0,1) such that

A (X)
X

(v(X))? < H H VX € 0. (55)
Let L(v,c) = {X € R¥*" : (X) < ¢} be the level set
of v(X) for ¢ > 0. Since O is open, v~1(0) is closed, and
L(v,0) =v71(0) C O, L(v,co) C O holds for a sufficiently
small ¢g > 0. This inclusion and (55) yield

ov

v H0) D Z(ax) noO> z(g’() N L(v,co),

which leads to

0
dist(X,v=1(0)) < dist (X, Z(a;() N L(v, co)) . (56)
Let X (t) be the solution from X (0) satisfying v(X(0)) < ¢o.
Then, X (t) € L(v,co) holds for any t > 0 since v(X (¢)) is
non-increasing from Lemma 8. Therefore,

dist (X(t), z(éi”() N L(v, co)) = dist (X(t),z@;{))
(57)

is achieved. From (i), (56), and (57), we obtain
limy_, o dist(X (¢),v71(0)) = 0. Thus, (10) is satisfied
for A = v71(0) and U = int(L(v, o)), where int(-) is the
interior of a set. Therefore, v=1(0) is a locally attractive
equilibrium set. ]

Now, we can guarantee the local convergence to the target
set for clique-rigid frameworks as follows.

Theorem 8: For graph G and the target set Tx. C R¥*"
in (16), if framework (G, X,) is clique-rigid, Tx, is a locally
attractive equilibrium set of the system (12) with the control
input (38).

Proof: For a clique-rigid framework (G, X, ), Theorem 3
guarantees that (34) is an indicator, satisfying (19). From (19)
and Theorem 8 (ii), Tx, is a locally attractive equilibrium set
of the system (12) with the control input (38). [ |

It is known that conventional methods for distance-based
formation control do not guarantee global convergence to the
desired formation even over the complete graph [17]. On the
other hand, the proposed method achieves global convergence
to Tx, over the complete graph as follows.

Theorem 9: For graph G and the target set Tx, C R4*"
in (16), if G is complete, Tx, is the globally attractive
equilibrium set of the system (12) with the control input (38).

Proof: If G is complete, M-clq(G) = {V} holds. Then,
v(X) in (34) consists of the only one term (33) for C = V, and
v=1(0) = Z(0v/dX) holds from Lemma 4. Moreover, (46)
always holds and (G, X,) is clique-rigid for any X,. Thus,
Theorem 3 guarantees that v(X) is an indicator, namely, (19)
is achieved. Then, we obtain Tx, = v~1(0) = Z(dv/0X),
and thus Theorem 7 (i) guarantees that 7x, is the globally
attractive equilibrium set. ]

The necessary condition to realize the global convergence
via relative and distributed gradient-based control input is the
clique-rigidity as follows.

Theorem 10: For graph G and the target set Tx, C R4X"
in (16), only if framework (G, X,) is clique-rigid, there is a
function v : R™>*" — R in F,. N Fa4(G) N Fo(X,) such that
Tx, is the globally attractive equilibrium set of the system
(12) with the gradient-based control input (18).

Proof: Assume that framework (G, X,) is not clique-
rigid, and Theorem 3 guarantees that there is no indica-
tor in F,. N Fy(G) N Fo(X). Then, consider one function
v(X) € F. N Fq(G) N Fo(X,), and v(X) does satisfy
(19). Because v(X) € F. N Fo(X.), v(X) € Fo(Tx,) is
obtained from Lemma 6, which implies that v(X) = 0 for
any X € Tx,. Therefore, Tx, C v~1(0) holds. From this
inclusion and the fact that (19) does not hold, there exists a
matrix Xo € v71(0)\7x,. Because v~1(0) is an equilibrium
set, X (t) with the initial state X (0) = X stays at X & Tx,
for all time and does not converge to Tx,. Therefore, Tx, is
not the globally attractive equilibrium set. [ ]

Theorems 9 and 10 give a sufficient and a necessary con-
dition, respectively, for the global convergence to 7x,. Thus,
there exist graph topologies ensuring the global convergence
between clique-rigid frameworks and the complete graph.

VIII. CONCLUSION

This paper addressed a distributed formation control prob-
lem using relative positions and local bearings. The idea is
to regard this problem as pattern matching of image data,
which enabled us to propose a formation control method
via distributed pattern matching. In this way, the proposed
method successfully combined the techniques of the different
fields: control theory (distributed control) and computer vision
(pattern matching). Next, a strict network condition is derived
to achieve the desired formation by introducing the clique-
rigidity. A graph based on the Euclidean distance naturally
derives clique-rigid frameworks rather than globally rigid
ones. For example, the Delaunay graph always gives clique-
rigid frameworks in the two-dimensional space, known as the
Delaunay triangulation [44]. From this nature, the proposed
method is more reliable in many practical situations. Finally,
the simulations demonstrated the effectiveness of this method
regardless of the dimension of the working space. Future
work includes generalization of the concept of the relative
states from (11) to extend the class of observable outputs. We
should investigate what kind of relative states are suitable for
controller design and practical application.

APPENDIX A
DEVIATION OF (12)

From the assumption above (12), the velocity of agent ¢ is
controlled by u;(t) in ¥;(¢), which means that

[i] _
lim 7 (t+9) — 2 () = u;(t).
§—+0 1)

(58)
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Note that xy] (t) = 0 is achieved by replacing z with z;(¢)
in (11). From this, by replacing z with z;(¢ + 6) in (11) for
é > 0 and dividing the resultant equation by 9,

zi(t+8) —wilt) _ 2t 4+0) — ()

=R, 59

5 5 (59)

is obtained. Take the limits of ¢ to zero in (59), and (12) is
achieved with (58). |

APPENDIX B
PROOF OF LEMMA 2
From (4), (29) is rewritten as
0

The rest of the proof is devoted to showing that (i) RZM,, is
uniquely defined almost everywhere, and that (ii) (60) holds.

(i) If m > d + 1, because the matrix in the left-hand side
of (25) has full rank almost everywhere from Z € Mg, the
SVD in (25) is uniquely determined almost everywhere, and
so is R in (26). Thus, only the case that m < d has to be
considered as the following lemma.

Lemma 10: For Z € Mgy, and m < d, R in (26) satisfies

RZM,, = WU ZM,,, (61)

and RZM,, is unique almost everywhere in terms of ¥ €
RI*™ ywhere Uy, Vi € R&"=1) qre the matrices such that
the SVD in (25) is achieved with
d—m-+1
S = diag(51,0,...,0), U=1[U, Us], V =[V Val.
Proof: From (25) and (62),

(Y M) Uy ZM,,)")T = Uy ZM, (Y M,,) " = U, USVT

(62)

= U, [U; Us]diag(Sy,0,...,0)V 7"
= [0 Eg_pmy1]diag(S1,0,...,00V"
=0 (63)

holds, where O € R{@=m+1)x(m=1) jg the zero matrix.
Because Y M,,, € R¥>™ and m < d, rank(Y M,,) =m —1
holds almost everywhere. Then, the matrix Y M,, € Rdxm
has the kernel of one dimension spanned by 1,, because
Y M,,1,, =0 holds from (3). Then, (63) yields

(Uy ZM,))" =1, (64)

for some ¢ € R (@=m+1) By multiplying 1, /m for (64)
from the left, 0 = ¢ is obtained from (3), which leads to
Uy ZM,, = 0 from (64). From this, (26), and (62),
d—m
——
RZM,, = (ViU + Vadiag(1,..., 1det(UV ) U, ) ZM,,
= WU ZM,,

is obtained, which yields (61). Because U; and V; in the

SVD (25) with the decomposition (62) are unique almost

everywhere, so is RZM,,. [ |
(ii) From Lemma 1, f(Y") in (28) is reduced to

FY) =Y —ave(Y)1,, — R(Z — ave(Z)1,,) >  (65)

with R € Rpn(Y, Z). Let
d—1

——
D = diag(1,...,1,det(UV)). (66)

From (4) and (26), (65) is reduced to
f(Y)=|YM,, —VDU"ZM,,|?
=tr((YM,,) 'Y M,,) — 2tr((YM,,) ' VDU ZM,,)
+tr((ZM,,) " ZM,,). (67)

As shown below, the gradients of the terms in (67) are
calculated as

otr(YMy,)"Y M,,)
% =2Y M,, (68)
T T
8tr((YMm)a¥DU ZMp) _ RZM.. 69)

and (60) is achieved.
Since (68) is obvious, just (69) is shown. Each component
of the left-hand side of (69) is calculated as

T T T
Otr(Y M) VDU ZMp) _ (MmaYVDUTZMm>
Y 0yij
.
+tr ((YMm)TaVDUZMm>
8yij

(70)

for Y = [y,;], where the matrices U, V, and D depend on Y’
as (25) and (66). The first term of the right-hand side of (70)
is reduced to

oy’ T _ LT 2
tr Mma VDU ZMy, | = tr((edien;) RZMy,)
Yij

= tr(eg; RZMmenm;) = ey RZ M e,

from (26) and (66). As shown below, the second term of the
right-hand side of (70) is zero, and (69) is obtained.

The rest of this proof is devoted to showing that the second
term of the right-hand side of (70) is zero. This term is reduced
to

.
tr ((YMm)TaVDU ZMm)
ayij
.
= tr (ZMW(YMm)TWDU )
ayij
.
= tr (USVT (‘WDUT +V 0 U’ + VDaU ))
ayij 3%] ayij
o
= tr (VT oV DS) +t (s aD) + tr (SDaU U)
3%‘;‘ 3yij 5yij

from (4) and (25). The partial derivative of the constraint of the
orthogonal matrix V, say VTV = E,, is derived as follows:

ov \ ov
v ) +VvT =0.
( 0Yij 0Yij

Hence, VT (0V/dy;;) is skew-symmetric, and all the diagonal
entries of this matrix are zero. Then, all the diagonal entries
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of the matrix V' " (9V/dy,;) DS are zero because D and S are
diagonal. Hence,

tr (VT ov ) = (72)
ayij
tr (VT ov DS) =0 (73)
ayij
are achieved. In the same way,
T
tr (SD ou U) =0 (74)
5%]‘

is obtained. From (72),
det(V) = det(V)tr (VTaV> =0
0Y;j 0Y;;
is derived. Similarly, 0 det(U)/0y,;; = 0 is obtained. Then,
d(det(UV))  0Odet(U) odet(V)
yij B Yij 0Yij
=0

det(V) + det(U)
(75)

is derived. From (66) and (75), 0D/0y;; = 0 is achieved.
From this, (73), and (74), the right-hand side of (71) is zero.
| |

APPENDIX C
PROOF OF LEMMA 3

Let

Y =RY +71 (76)

and consider a matrix R € R,,(Y, Z). Then, from Lemma 1,
there exist orthogonal matrices U,V € R?*¢ satisfying
R = Vdiag(1,...,1,det(UV))U"
(Z —ave(Z)1])(Y —ave(Y)1, )T =USVT
and S = diag(1,59,...,64) for the singular values

01,02,...,0q (61 > 09 > --- > 74 > 0) of the matrix in
the left-hand side of (78). From (3), (4), (25), and (76),

(Z —ave(Z)1])(Y —ave(Y)1,) )T = ZM,,(Y M,,,) "

= ZM, (RYM,,)" = (ZM,,(Y M,,,) " )R"
= (USVRT =US(RV)T

(77)
(78)

(79)

is derived. -
Assume that m > d + 1, and from (78) and (79), S = S
holds, and

U=U, V=RV (80)

hold almost everywhere because of the uniqueness of the SVD.
Replace the matrices as (80) in (77), and

R = RVdiag(1,...,1,det(URV))U" = RR (81)

is derived for R € R,,(Y,Z) from (26) and det(R) = 1.

From (3), (29), (76), and (81),
g—){(f/) = 2(YM,, — RZM,,) = 2(RY M,, — RRZM,,)

= RZ(Y) (82)

SR
<

is obtained, which yields (30).

Assume that m < d, and the SVD in (25) is achieved with
the matrices in (62) for Uy, Vi € R¥(m=1) n the same way,
the SVD in (78) is obtained with the matrices

d—m-+1
_ _ —N— _ _ _ _ _

S = diag(51,0,...,0), U=[U; U], V=[V1 Vo] (83)
for Uy, Vi € R¥(m=1)_ From (78) and (79), S; = S; holds,
and U; = Uy and V; = RV; hold almost everywhere. Then,
from Lemma 10, the equations

RZM,, = V,U' ZM,, = RV;U]' ZM,, = RRZM,,

are obtained. Hence, (82) holds also in this case, and (30) is
achieved. |

APPENDIX D
PROOF OF LEMMA 4

Consider a matrix Y € f~1(0), then from (65), ¥
ave(Y)1,) + R(Z — ave(Z)1),) is obtained with some R

Rm (Y, Z). Replace this in the gradient of f(Y') for Y
and from Lemmas 2 and 3,

€
Y9

%(?) = %(ave(Y)l,] + R(Z — ave(Z)1]))
of
= R@T’(Z)

=2R(Z — ave(Z)1,),

m

— R(Z —ave(2)1,))

holds almost everywhere with any R € R,,(Z, Z), which
yields 0 € K[0f/0Y](Y) because R = E4 can be assigned
from Ey € Ry (Z, Z). Thus, Y € Z(8f/dY) holds from (9).
The opposite relation can be verified in the same way. [ ]

APPENDIX E
PROOF OF LEMMA 6

Let dv : R*™ — pow(R4*™) be the generalized gradient
of v(X) [45], defined by

v
(X)) =K | == | (X). 84
o) =K | 55| (0 54
Let Drov : R¥*™ — pow(R) be the set-valued derivative of v
with respect to F', defined by

Drv(X)={a e R:3IW € K[F](X)

st. tr(PTW)=a YPedw(X)}. (85

Then, the following holds to system (8).

Lemma 11: [37] For a measurable and essentially locally
bounded matrix-valued function F : R¥>*™ — R¥X™ et
X(t) € R¥*™ be the solution of system (8). For a locally
Lipschitz and regular function v : R%*" — R, the following

holds almost everywhere:
do(X(t
% € Dpo(X(t)).

|
Consider a function v(X) € F,.NFy(X.). Then, v(X) takes
the minimum zero at X = X, which leads to

0 € (X*) =K [~[fillzj — zi]jev\(i})]iev] (Xi)  (86)
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with some f;(+), where the equation is achieved from v(X) €
F and (84) by choosing R; = E; in (20). Since SE(d) is a
path-connected set, so is Tx, from (16). Then, for any matrix
X € Tx., there exists a continuous function ® : [0,1] — Ty,
such that ®(0) = X, and ®(1) = X. Then, (R, 7) : [0,1] —
SE(d) is defined as the function satisfying ®(s) = R(s)X, +
7(s)1,}. From v(X) € F, and (84), by choosing R; = R(s)
in (20), the following is derived:

iR 2y — il jev ap)]iev] (R(s) X+ 7(s)1,))
—Ri fi(R] [(z; — 7(s)) — (xi — 7(5))]ev\ (i} )iev]

(87)
€ SO(d) is non-singular, from (86) and (87),
0 € dv(d(s)) Vse|0,1]

is obtained. From Lemma 11, there exists a matrix W &
K[d®/ds](®(s)) such that
do(®(s))
ds N
holds almost everywhere. Thus, dv(®(s))/ds is possible to
be zero almost everywhere from (88). From this and v(X) €
Fo(X,), namely v(X,) = v(®(0)) = 0, v(®(s)) = 0 for
all s € [0,1] is a possible solution. Moreover, this solution is
unique, and v(X) = v(®(1)) = 0 holds. Consequently, for
all X € Tx,, v(X) = 0 is satisfied. Thus, v(X) € Fo(Tx.)
holds, and (42) is derived. [ |

(88)

tr(PTW) VP € dv(®(s))

APPENDIX F
PROOF OF THEOREM 5
Assume that (G, X.) is globally rigid and that there exists
a clique C satisfying (54). Consider a matrix X € Rx"

satisfying the assumption part of (46). Then, from (35), for
each C € M-clq(G), there exists (R¢,7¢) € SE(d) such that

[z)]jec = Relaajljec + 1l (89)

which yields
(90)

For each edge {i,j} € &, there exists a maximal clique C
satisfying 4, j € C, where C can depend on the edges. Hence,
(90) leads to the assumption part of (52). Then, from the global
rigidity, the conclusion part of (52) holds. Thus, there exists
an orthogonal matrix R € R?*9, not necessarily belonging to
SO(d), and a vector 7 € R? such that

X = RX, +71,. 91)
Consider the clique C satisfying (54). From (3), (89), and (91),
the following equations are obtained:
[z;]jecMic| = Rlz«jlijecMc| = Rel®sjljec M,

which leads to R = R since rank([x.;]jccM)c|) = d holds
from (54). From R¢ € SO(d), R € SO(d) holds, and X €
Tx, is achieved from (16) and (91). Thus, the conclusion part
of (46) is obtained, and hence (G, X.) is clique-rigid. [ |

i = 2jll = l[2wi — x| Vi, j €C.

APPENDIX G
PROOF OF THEOREM 6
Assume  that (G, X.) is  clique-rigid.  Let
O = [¢p1 ¢2 -+ ¢n] : [0,1] — R¥™ be a continuous

function satisfying ®(0) = X, and the assumption part
of (53). Consider a maximal clique ¢ € M-clq(G),

and {i,j} € & holds for any 4,j € C. Then,
[¢i(s) — @(s)l| = [l@wi — x]| holds for any i,j € C
and s € [0,1], and [¢;(0)]jec = [z+;]jec holds. From
these equations, there exists a continuous function

(Re,7c) : [0,1] — SE(d) such that ¢;(s) = Re(8)zw; +7¢(s)
holds for any ¢ € C and s € [0,1], which is reduced to
[j(8)]jec € Pe(Tx,) from (35). This inclusion holds for any
C € M-clq(G), and from the clique-rigidity (46), ®(s) € Tx,
holds for any s € [0, 1]. Then, from (16), the conclusion part
of (53) is achieved. |

APPENDIX H
PROOF OF LEMMA 8

Let X(t) € R¥™ be the solution of (17), equivalently the
solution of (8) with

_ov
0X

Assume that there exists an element a > 0 of Dpv(X). From
(84), (85), and (92), there exists W € —0uv(X) satisfying
tr(PTW) = a > 0 for each P € dv(X). This is however
not the case because tr(PTW) = —tr(WTW) <0 for P =
—W € 0v(X). There is no positive element in Dpv(X), and

F(X) = (X). (92)

Drv(X) C (—o0,0] (93)

is achieved. From Lemma 11 and (93), v(X(¢)) is non-
increasing with respect to ¢. Then, the non-smooth version
of LaSalle’s invariance theorem [37] guarantees

tlim dist (X (t), Zs(Dpv) N Q) =0, 94)
—00
where
Z,(Dpv) = {X e R™>*" . 0 € Dpv(X)}. (95)
As shown below,
ov
Z,(Dpv) = Z<8X> (96)

holds for (92). Equations (94) and (96) lead to (10) for A =
Z(0v/0X)NQ and U = Q.

Equation (96) is shown. Consider a matrix X € Z(0v/90X),
and 0 € K[0v/0X](X) holds from (9). Then, 0 € Dpv(X) is
achieved because tr(PT0) = 0 holds for any P € dv(X) from
(85). Thus, from (95), X € Z,(Dpv) is obtained. Conversely,
consider a matrix X € Z,(Dpv), then 0 € Dpv(X) holds
from (95), and there exists a matrix W € —0v(X) satisfying
tr(PTW) = 0 for all P € Ov(X) from (85). Hence,
0 € Ov(X) is satisfied because otherwise tr(PTW) < 0
holds for P = —W € 9v(X). Then, from (9) and (84),
X € Z(0v/0X) is achieved, which yields (96). [ |
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APPENDIX I
PROOF OF LEMMA 9

Proof of (i): Let q be the number of the connected compo-
nents of graph G, and let G, = V3, &) for h =1,2,...,q
be the subgraphs of G representing the connected components.
For each h, from (13) and (38),

Sut=y %

i€V i€V CeM-clq, (Gp)
+ Re(t)(z+i — ave([z4j]ec)) }

S acd RIS (ave(lz;(8)]jec) — ()

CeM-clq(Gh) ieC

+Re(t) Y (@i — ave([z.;]jec))

icC

ac{ave(zl(t)]jec)

=0

is obtained. Thus, from (12), the average of &;(¢) for i € Vy,
is zero, and that of x;(t) is constant.

Proof of (ii): First, we show that ||z;(t) —z;(¢)|| is bounded
for any edge {i,j} € £. From Theorem 2, x;(t) is governed
by (17) with v(X) in (34). For each {i,j} € £, there exists a
clique C satisfying 4,7 € C. Then, the following is obtained:

|zi — 2]l = [[zeeec(ejclic — €jelse)l
= ”[xé]éeCMlC\(elClic - 6|C|jc)H

< V2||[zd)ecc Mic)|I, 97)

where ic is the order of 4 in C = {{1,0a,...,li. = i,..., 4|}
such that {1 < fy < -+ < l;, < -+ < {|¢|. From Lemma 1
and the triangle inequality,

dist([zeleec, Pe(Tx.)) = [l[zeecc Mic) — Re[zxelecc My |

> |l[zelece Mic)ll — |l[x<elecc Mic) |
(98)

holds with some R¢ € Ric|([z¢]ecc, [2+e]eec). From (97) and
(98), for v(X) in (34),

i — 25| <V2(dist([e]ecc, Pe(Tx. ) + | [@seecc Mic| )

Sﬁ( v(X) + II[x*deecM|c||> 99)

2
ac
is obtained. Lemma 8 guarantees that v(X(¢)) is non-
increasing. From this and (99), ||z;(t) — z,(¢)] is bounded.

Now, we show that ||X(¢)|| is bounded. Let T}, be a
connected spanning tree of Gy, and let {ink, jnr} for k €

{1,2,...,|[Vn| — 1} be the edges of T},. Then, the incidence
matrix of T}, is defined by By, € RIVrI*(Vel=1) whose (¢, k)
entry (Bp,)e is given as

1 if b=
(Br)ew = —1 if £ = jpp

0 otherwise.

From the property of the incidence matrices of connected trees,
the following holds:

rank([Br 1jy,|]) = [Val- (100)

Consider one connected component Gy, and let x, €
RVil (0 € {1,2,...,d}) be the {-th column of [z;]]c,, as
[;vj};-'—evh =[x1 X2 ‘- Xa]- The following expressions hold:

2
[mihk - mjhk]k€{1,2,...,\vh|71} Z Zq
i€V
= [lfzs]jev. [Bn Ty, II?

= Z I Bn 1|V;L|]TX1€||2

0e{1.2,....d}

S

ee{1,2,....d}
= (Onlin([Bh 1\Vh‘]))2|| ['rj]jEVh

where oy (-) represents the minimum singular value of a
matrix. From (100), owin([Bn 1jy,|]) > 0 is obtained.
From this, (i), the boundedness of ||z;(¢) —x;(¢)||, and (101),
|l[zj(t)]jev, |I* is bounded. Then, || X (¢)|| is bounded since

IX @I = 3=y Ml (O] jevn |17 u

(Umin([Bh 1|V;L\]))2||X€”2

2, on)

ACKNOWLEDGMENT

Some of the ideas in this study were obtained through the
discussion with Professor Brian D. O. Anderson (Australian
National University).

REFERENCES

[1] J. Shamma, Ed., Cooperative control of distributed multi-agent systems.
New York, NY, USA: Wiley-Interscience, 2008.

[2] N. A. Lynch, Distributed Algorithms. Morgan Kaufmann Publishers,
1996.

[3] S. Martinez, J. Cortés, and F. Bullo, “Motion coordination with dis-
tributed information,” IEEE Control Syst. Mag., vol. 27, no. 4, pp. 75—
88, Jul. 2007.

[4] R. Olfati-Saber and R. M. Murray, “Consensus problems in networks of
agents with switching topology and time-delays,” IEEE Trans. Autom.
Control, vol. 49, no. 9, pp. 1520-1533, Sep. 2004.

[5] R. Olfati-Saber, J. A. Fax, and R. M. Murray, “Consensus and coop-
eration in networked multi-agent systems,” Proc. of the IEEE, vol. 95,
no. 1, pp. 215-233, Jan. 2007.

[6] R. Olfati-Saber, “Flocking for multi-agent dynamic systems: algorithms
and theory,” IEEE Trans. Autom. Control, vol. 51, no. 3, pp. 401-420,
Mar. 2006.

[71 H. G. Tanner, A. Jadbabaie, and G. J. Pappas, “Flocking in fixed and
switching networks,” IEEE Trans. Autom. Control, vol. 52, no. 5, pp.
863-868, May 2007.

[8] J. Cortés, S. Martinez, T. Karatas, and F. Bullo, “Coverage control for
mobile sensing networks,” IEEE Trans. Robot. Autom., vol. 20, no. 2,
pp. 243-255, Apr. 2004.

[9] J. A. Marshall, M. E. Broucke, and B. A. Francis, “Formations of
vehicles in cyclic pursuit,” IEEE Trans. Autom. Control, vol. 49, no. 11,
pp. 1963-1974, 2004.

[10] T.-H. Kim, S. Hara, and Y. Hori, “Cooperative control of multi-agent

dynamical systems in target-enclosing operations using cyclic pursuit

strategy,” International Journal Control, vol. 83, no. 10, pp. 2040-2052,

2010.

Y. Igarashi, T. Hatanaka, M. Fujita, and M. W. Spong, “Passivity-based

attitude synchronization in SE(3),” IEEE Trans. Control Syst. Technol.,

vol. 17, no. 5, pp. 1119-1134, Sep. 2009.

[12] W. Ren, “Distributed cooperative attitude synchronization and tracking
for multiple rigid bodies,” IEEE Trans. Control Syst. Technol., vol. 18,
no. 2, pp. 383-392, Mar. 2010.

[13] J. A. Fax and R. M. Murray, “Information flow and cooperative control
of vehicle formations,” IEEE Trans. Autom. Control, vol. 49, no. 9, pp.
1465-1476, Sep. 2004.

[14] Z.Lin, B. Francis, and M. Maggiore, “Necessary and sufficient graphical
conditions for formation control of unicycles,” IEEE Trans. Autom.
Control, vol. 50, no. 1, pp. 121-127, Jan. 2005.

(11]



IEEE TRANSACTIONS ON AUTOMATIC CONTROL, SUBMITTED

[15]

[16]

(171

(18]

[19]
[20]

[21]

(22]

[23]

[24]

[25]

[26]

(271

(28]

[29]

(30]

(311
[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]
[40]

[41]

[42]

W. Ren and R. Beard, Distributed Consensus in Multi-vehicle Cooper-
ative Control Theory and Applications. Springer, 2008.

B. D. O. Anderson, C. Yu, B. Fidan, and J. M. Hendrickx, “Rigid graph
control architectures for autonomous formations,” IEEE Control Syst.
Mag., vol. 28, no. 6, pp. 48-63, Dec. 2008.

L. Krick, M. E. Broucke, and B. A. Francis, “Stabilisation of infinites-
imally rigid formations of multi-robot networks,” International Journal
Control, vol. 82, no. 3, pp. 423—439, Mar. 2009.

F. Dorfler and B. Francis, “Geometric analysis of the formation problem
for autonomous robots,” IEEE Trans. Autom. Control, vol. 55, no. 10,
pp. 2379-2384, Oct. 2010.

P. Lin and Y. Jia, “Distributed rotating formation control of multi-agent
systems,” Systems & Control Letters, vol. 59, no. 10, pp. 587-595, 2010.
K.-K. Oh, M.-C. Park, and H.-S. Ahn, “A survey of multi-agent
formation control,” Automatica, vol. 53, no. 3, pp. 424-440, Mar. 2015.
I. Maza, F. Caballero, J. Capitdn, J. R. M. de Dios, and A. Ollero,
“Experimental results in multi-UAV coordination for disaster manage-
ment and civil security applications,” Journal of Intelligent & Robotic
Systems, vol. 61, no. 1, pp. 563-585, Jan. 2011.

E. Fiorelli, N. E. Leonard, P. Bhatta, D. A. Paley, R. Bachmayer,
and D. M. Fratantoni, “Multi-AUV control and adaptive sampling in
Monterey bay,” IEEE Journal of Oceanic Engineering, vol. 31, no. 4,
pp- 935-948, Oct. 2006.

K. Kanatani, “Analysis of 3-D rotation fitting,” IEEE Trans. Pattern
Anal. Mach. Intell., vol. 16, no. 5, pp. 543-549, May 1994.

M. A. Lewis and K.-H. Tan, “High precision formation control of mobile
robots using virtual structures,” Autonomous Robots, vol. 4, no. 4, pp.
387-403, 1997.

E. D. Ferreira-Vazquez, E. G. Hernandez-Martinez, J. J. Flores-Godoy,
G. Fernandez-Anaya, and P. Paniagua-Contro, “Distance-based forma-
tion control using angular information between robots,” Journal of
Intelligent & Robotic Systems, vol. 83, pp. 543-560, 2016.

M. Aranda, G. Lépez-Nicolds, C. Sagiiés, and M. M. Zavlanos, “Dis-
tributed formation stabilization using relative position measurements in
local coordinates,” IEEE Trans. Autom. Control, vol. 61, no. 12, pp.
3925-3935, Dec. 2016.

Z. Sun, M.-C. Park, B. D. Anderson, and H.-S. Ahn, “Distributed
stabilization control of rigid formations with prescribed orientation,”
Automatica, vol. 78, pp. 250-257, 2017.

B. D. O. Anderson, Z. Sun, T. Sugie, S. Azuma, and K. Sakurama,
“Formation shape control with distance and area constraints,” [FAC
Journal of Systems and Control, vol. 1, pp. 2-12, 2017.

Z. Sun, Cooperative Coordination and Formation Control for Multi-
agent Systems. Springer, 2018.

K. Sakurama, “Distributed control of networked multi-agent systems for
formation with freedom of special Euclidean group,” in Proc. of the 55th
IEEE Conference on Decision and Control, 2016.

B. Bollods, Modern Graph Theory. Springer Science+Business Media,
1998.

T. A. McKee and F. R. McMorris, Topics in Intersection Graph Theory.
Philadelphia, USA: SIAM, 1999.

K. Sakurama, S. Azuma, and T. Sugie, “Multi-agent coordination to
high-dimensional target subspaces,” IEEE Trans. Control Netw. Syst.,
vol. 5, no. 1, pp. 345-358, Mar. 2018.

C.-1. Vasile, M. Schwager, and C. Belta, “Translational and rotational
invariance in networked dynamical systems,” IEEE Trans. Control Netw.
Syst., vol. 5, no. 3, pp. 822-832, Sep. 2018.

K. Sakurama, S. Azuma, and T. Sugie, “Distributed controllers for multi-
agent coordination via gradient-flow approach,” IEEE Trans. Autom.
Control, vol. 60, no. 6, pp. 1471-1485, Jun. 2015.

L. Asimow and B. Roth, “The rigidity of graphs,” Transactions of The
American Mathematical Society, vol. 245, pp. 279-289, 1978.

D. Shevitz and B. Paden, “Lyapunov stability theory of nonsmooth
systems,” IEEE Trans. Autom. Control, vol. 39, no. 9, pp. 1910-1914,
Sep. 1994.

T. Eren, W. Whiteley, A. S. Morse, B. D. O. Anderson, and P. N.
Belhumeur, “Information structures to secure control of globally rigid
formations,” in Proc. of the American Control Conference, 2004.

M. Mesbahi and M. Egerstedt, Graph Theoretic Methods in Multiagent
Networks. Princeton, NJ, USA: Princeton University Press, 2010.

J. Nash, “Real algebraic manifolds,” Annals of Mathematics, vol. 56,
pp. 405421, 1952.

M. P. Denkowski, “On the points realizing the distance to a definable
set,” Journal of Mathematical Analysis and Applications, vol. 378, pp.
592-602, 2011.

S. Lojasiewicz, Ensembles semi-analytiques. Institut des Hautes Etudes
Scientifiques, 1965.

[43]

[44]

[45]

S. Lojasiewicz and M. Zurro, “On the gradient inequality,” Bulletin of
the Polish Academy of Sciences. Mathematics, vol. 47, no. 2, pp. 143—
145, 1999.

M. de Berg, O. Cheong, M. van Kreveld, and M. Overmars, Computa-
tional Geometry: Algorithms and Applications, third edition ed. Berlin,
Germany: Springer-Verlag, 2008.

F. Clarke, Optimization and Nonsmooth Analysis.
1983.

New York: Wiley,

Kazunori Sakurama (M’12) received the Bache-
lor’s degree in engineering, the Master’s and the
Doctoral degrees in informatics from Kyoto Univer-
sity, Kyoto, Japan in 1999, 2001, and 2004, respec-
tively. He was a research fellow of the Japan Society
for the Promotion of Science from 2003 to 2004,
an Assistant Professor at the University of Electro-
Communications, Tokyo, Japan from 2004 to 2011, a
Program-Specific Researcher at Kyoto University in
2011, an Associate Professor at Graduate School of
Engineering, Tottori University, Tottori, Japan from

2011 to 2018. He is currently an Associate Professor at Graduate School of
Informatics, Kyoto University, Kyoto, Japan. His research interests include
control of multi-agent systems, networked systems and nonlinear systems.

Shun-ichi Azuma (S’03-M’05-SM’15) was born
in Tokyo, Japan, in 1976. He received the B.Eng.
degree in electrical engineering from Hiroshima
University, Higashi Hiroshima, Japan, in 1999, and
the M.Eng. and Ph.D. degrees in control engineering
from Tokyo Institute of Technology, Tokyo, Japan,
in 2001 and 2004, respectively. He was a research
fellow of the Japan Society for the Promotion of
Science from 2004 to 2005, an Assistant Professor
and an Associate Professor in the Department of
Systems Science, Graduate School of Informatics,

Kyoto University, Uji, Japan, from 2005 to 2017. He is currently a Professor
in Graduate School of Engineering, Nagoya University, Nagoya, Japan. He
held visiting positions at Georgia Institute of Technology, Atlanta GA, USA,
from 2004 to 2005 and at University of Pennsylvania, Philadelphia PA, USA,
from 2009 to 2010. He serves as Associate Editors of IEEE CSS Conference
Editorial Board from 2011, IEEE Transactions on Control of Network Systems
from 2013, and IFAC Journal Automatica from 2014. His research interests
include analysis and control of hybrid systems.

Toshiharu Sugie (F’07) received the B.E., M.E., and
Ph.D. degrees in engineering form Kyoto Univer-
sity, Japan, in 1976, 1978 and 1985, respectively.
From 1978 to 1980, he was a research member of
Musashino Electric Communication Laboratory in
NTT, Musashino, Japan. From 1984 to 1988, He was
a research associate of Department of Mechanical
Engineering, University of Osaka Prefecture, Osaka.
In 1988, he joined Kyoto University, where he is
currently a Professor of Department of Systems
Science. His research interests are in robust control,

identification, and control application to mechanical systems. Dr. Sugie was
an area editor for Automatica (2008-2017), and is a Fellow of the SICE.



