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Abstract—This paper investigates the time-varying for-
mation control problem of multi-agent systems. A novel
leader-follower formation architecture is proposed, termed
“linear formation control”. In this architecture, both the
shape of the formation and its translational motions are
represented by a linear transformation matrix determined
by the positions of the leaders. This setup allows the
leaders’ movements to generate time-varying desired for-
mations. To facilitate followers’ tracking of desired forma-
tions, an integrated control structure is proposed, com-
prising two estimators and a compatible controller. The
first estimator is responsible for obtaining the time-varying
linear formation shape parameters by measuring the lead-
ers’ relative displacements, the kernel of which essentially
involves solving a system of time-varying linear equations
in a distributed manner. The second estimator focuses
on inferring the time-varying translation parameters us-
ing leaders’ positions. Subsequently, utilizing the outputs
of these estimators, a tracking controller is proposed to
track the desired time-varying formation precisely. Finally,
the effectiveness of the proposed estimation and control
schemes is demonstrated through simulations.

Index Terms— Time-varying formation control, coopera-
tive estimation, time-varying linear equations, multi-agent
systems.

[. INTRODUCTION

In collaborative tasks, the behavior of multi-agent systems
is often expected to be cohesive. Formation control serves
as a unified protocol to coordinate interactions among agents
for achieving collaborative objectives. For example, formation
control has important applications in cooperative encirclement
[1], cooperative transportation [2], [3], agricultural operations
[4], and cloud seeding operations [5]. These diverse appli-
cations owe their success to the ongoing development of
formation control technology.
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Inspired by the consensus problem [6], early distributed
formation control methods are devised to enable agents to
reach a predefined formation at a predetermined location (see,
e.g, [7], [8]). The formation shape can be represented by
some predefined parameters. For example, a positive value
can govern the scale size of formations (see, e.g., [9], [10]).
Combining scale with rotation parameters, formation scaling
and rotation can be simultaneously achieved (see, e.g., [11],
[12]). Since scaling and rotation represent specific types of
affine transformation motion, the affine formation control ap-
proach employs a square matrix to govern the formation shape
that enables more types of formation variations, including
shear, reflection, and more (see, e.g., [13]-[15]). However,
despite these parameterized formation methods offering a wide
range of feasible formation variations, limited attention has
been given to the intermediate switching states between two
formations during the transformation. This is because many
studies (see, e.g., [9], [16]) often involve abrupt step changes in
achieving formation transformations. Consequently, there is a
need for more comprehensive investigations into time-varying
formation control technology to achieve smoother formation
variations.

Time-varying formation control provides smooth trajectories
when formation switches. It is especially suitable for formation
transformation and maneuvering in complex environments.
Distributed time-varying formation tracking control schemes
are designed in [17], [18], with assuming complete knowledge
of both the formation and its derivative information. When
the derivative of the desired formation is unknown, signum
functions can be used to achieve precisely time-varying for-
mation tracking (see, e.g., [19], [20]). Model uncertainties and
external disturbance are further covered in [21] by involving
radial basis function neural networks (RBFNNSs). As for time-
varying formation shape variations, a centralized method is
proposed in [22], where scaling and rotation motions can
be achieved by manipulating the complex-Laplacian matrix
associated with the underlying graph. In time-varying affine
formation maneuver, when leaders are with constant velocities,
proportional-integral (PI) type control laws are developed
under both undirected [13], [23] and directed [24] graphs. As
for leaders with time-varying velocities, a distributed control
law for solving the formation tracking problem is introduced
in [14], where neighboring agents’ control inputs are required.
This controller is further studied for triple integrator systems
[25]. Moreover, the neighbors’ inputs are replaced by their
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historical information in [26], but where only bounded position
error can be achieved. Without neighbors’ inputs, the methods
proposed in [27] can achieve precise time-varying formation
tracking by employing signum functions, which, however,
also brings jitters into control input signals. In summary,
most leader-follower time-varying formation control methods
typically rely on global information about the desired dynamic
formation, but it is usually known only to a few leaders (see,
e.g., [7], [9], [13], [19]). The unavailability of this global
formation information to the followers results in challenges
related to formation stabilization and tracking. However, this
global desired formation information is implied in the relative
displacements of leaders. Therefore, it is possible to employ
distributed estimation techniques to extract key information
embedded in these relative displacements.

In [28], distributed estimators are introduced to obtain
the leader’s time-varying trajectory as the feedforward in
formation tracking controllers. It is shown that information
pertaining to the desired scaling size and overall rotation can
also be implicitly found in formation edges (see e.g., [9], [16]).
Distributed estimators are proposed for both constant [29]
and time-varying [30] formation scale parameters. For planar
formations, an estimator capable of simultaneously estimating
scale size and rotation parameters is presented in [16] under
the framework of affine formation control. A notable aspect
of estimating rotation and scaling parameters is that such
information can be fully contained within a single edge (a
pair of agents). However, when estimated parameters become
complex, an edge may only contain a portion of the desired
parameter information. For example, the affine transformation
matrix parameter that determines the formation shape in the
affine formation control approach. In the d-dimensional space,
it is known that the affine transformation matrix parameter
is determined by at least d + 1 agents (i.e., d edges) [13].
This indicates that achieving a comprehensive affine formation
parameters measurement requires gathering information from
multiple edges, thereby forming a system of linear equations.
This complex relationship brings challenges in the estimation
of intricate formation parameters.

In the past decade, some distributed algorithms for solving
the time-invariance system of linear equations have been pro-
posed. For cases with a unique solution, a projected consensus
algorithm is introduced in [31] that can enforce each agent’s
local solution to reach consensus by moving along the tangent
space of the corresponding local linear sub-equation. Then,
the projected consensus algorithm is extended to arbitrarily
initial values in [32], by adding a term that can track the
local manifold corresponding to the local linear sub-equation.
Furthermore, switching [33] and random [34] networks are
also studied in this problem. For time-invariant underdeter-
mined system of linear equations that has multiple solutions,
minimum [;-norm solution, and minimum [2-norm solution to
a prescribed point are studied in [35] and [36], respectively.
The time-invariant overdetermined system of linear equations
that has redundant row conditions is usually unsolvable, but
its least squares solution always exists. Discrete-time [37] and
continuous-time [38] distributed algorithms are introduced. A
distributed version of Arrow-Hurwicz-Uzawa flow is proposed

in [39] derived from the classical centralized form. Although
the distributed solution of the time-invariant linear equation
has been widely studied in the past several years, there is a
lack of research on the distributed solution of a system of
time-varying linear equations.

This paper studies the time-varying linear formation con-
trol problem of multi-agent systems. The proposed linear
formation control method enables more parameters than the
affine manner to describe the formation shape, providing a
broader flexible formation set for complex maneuver tasks.
In the linear formation control method, it is important to
note that the overall formation is governed by a time-varying
linear transformation matrix, which can be determined by the
positions of the leaders. An integrated leader-follower control
architecture is proposed for addressing followers’ time-varying
linear formation tracking problem. First, a distributed estimator
are proposed to estimate these time-varying formation shape
parameters through collaborative observation of leaders. The
essence of this estimator involves solving a system of time-
varying linear equations in a distributed manner, expressed as
A(t)x(t) = b(t). Second, a distributed estimator is derived to
obtain the time-varying formation translation parameters by
observing leaders’ positions. Third, using the outputs of those
estimators, a formation control law is developed for time-
varying linear formation tracking. Finally, an optimization-
based linear formation design method is introduced that cas-
cades the proposed time-varying formation architecture to
achieve flexible formation variations.

In summary, the main contributions of this paper are given
as follows.

1) A new distributed leader-follower formation method,
termed linear formation control, is proposed. In this
method, the desired formation is represented by a linear
transformation matrix determined by leaders’ positions. It
allows the multi-agent system to perform broader range
of formation variations than translation [7], scaling [10],
and affine [13] transformations.

2) Time-varying formation maneuvers are considered in this
paper. Moreover, the proposed formation control schemes
are also applicable to time-varying nominal configuration,
which is more challenging than studies on time-invariant
nominal configurations in most transformation-based for-
mation control approaches (see, e.g., [9], [14]).

3) The challenge of cooperatively identifying time-varying
linear formation parameters is reformulated as the prob-
lem of solving a system of time-varying linear equations
in a distributed manner. The proposed method requires
less dynamic feedforwards than the previous work [40].

The remainder of this paper is organized as follows. First,
some preliminaries are given in Section II. Time-varying
linear formation control architecture is proposed in Section III,
where we also address our primary control objective. Then,
two estimators are proposed in Section IV and Section V to
estimate time-varying formation shape and translation, respec-
tively. On the basis of the estimated formation parameters, a
time-varying linear formation tracking method is devised in
Section VI. Next, a simulation of time-varying linear formation
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is presented in Section VII. The last section concludes this
paper.

[I. PRELIMINARIES

This section presents some notations and preliminary results
that will be used in this paper.

A. Notations

The operator ® stands for the Kronecker product for matri-

ces. Denote the identity matrix with dimension n by I,,. We
T

use 1,, and 0,, to represents the all-one vector [1 1] €

R" and all-zero vector [0 O]T € R™, respectively. For
a vector y € R”, |y||; denotes the I;-norm of vector y.
For a matrix F € R™ " [[F||_, F, and rank (F) denote
the oo-norm, Moore-Penrose inverse', and rank of the matrix
F, respectively. The vectorization of F is represented by
vec (F) = [fT, ...,fﬂT, where f, denotes the ith column of
F. A block-diagonal matrix is represented by diag{...}. The
symbol vec (-) means the vectorization of a matrix. Denote the
second smallest eigenvalue of a matrix by A; (-). For vectors
DP1,--sPp» sPan{py,...,p, } is used to denote the linear span
of these vectors. Let sgn (-) denote the signum function. For
a vector z € R™, sgn (z) = [sgn (1) sgn(zn)]T. For
c>0and aclosed set ', B, := {x € R" : ||x|| < c}, where
[lx|lp = infyer ||x — y||, is the point-to-set distance from x to
Ir.

B. Graph Theory [42], [43]

A directed graph G is a pair (V, €), where V = {v1, ..., v, }
is a non-empty finite set of nodes and € C V x V is a
set of ordered pairs of nodes, called edges. An edge (v;,v;)
represents the communication path from node v; to node v;.
The Laplacian matrix £ € R"*™ is defined as

0 (Ujvvi) ¢ 2
[ﬁ]” = -1 (’U]‘,Ui) cé& s
=2 jen: £l i=j

where N; = {j € V: (vj,v;) € E} is a set containing all
neighbors of node v;. For an undirected connected graph, the
Laplacian matrix is positive semi-definite and has only one
zero eigenvalue.

C. Solutions of A System of Linear Equations [44]

A system of linear equations can be written in the following
form
Ax =b, (1

where A € R™ ¢, b € R", x € R°. The solutions of the
system of linear equations (1) are identified based on the rank
conditions of A and b, given by

1) Ax = b has only one solution, if rank ([A b]) =

rank(A) = ¢
2) Ax = b has infinite solutions, if rank([A b]) =
rank(A) < ¢

3) Ax = b has no solution, if rank(A) < rank ([A  b]).

IFor a matrix F € R™X"_ the Moore-Penrose inverse of F is defined
as Ft € R™X™. Moreover, if rank(F) = m, it has FFt = L,. If
rank(FT) = n, it has and FTF = I,,. [41]

D. Nonsmooth Analysis [45]

Consider the following differential equation:
x(t) =f(t,x(t), x(0)=x0, >0, 2)

where f: R x R? — R? is measurable and essentially locally
bounded. Let F [f (¢,x(t))] denote the Filippov set-valued map,
such that

Flitxe) =) ) eo{ft.Bsx)\S)},

6>0u(8)=0

where ﬂu( s)—o denotes the intersection over all sets S of
Lebesgue measure zero; co denotes the convex closure.

The Filippov solution of (2) is defined by an absolutely
continuous vector function x € R? on [0, 7], such that

x(t) € F[f(t,x(t))] for almost all ¢ € [0,7].

For a locally Lipschitz function W (x(t)): R? — R, the
generalized gradient of W (x(t)) at x(t) is defined as

W (x) 2 co {iiLI}CVW(x) w ¢ D us},

where co denotes the convex hull; €2, is the set of points in
which W (x(t)) is not differentiable; S is a set of measure zero
that can be arbitrarily chosen so as to simplify the calculation.
The set-valued Lie derivative of W (x(t)) with respect to (2)
at x(t) is defined by

[qu.(2)W(x>é ﬂ £T]:[ﬂ~

£coW (x)

E. Some Useful Lemmas

Lemma 1 ( [46]): For the system x = f (t,x), if there exists
a C! function V (x) > 0, such that V (x) < —k1V (x) —
koV (x)?, where k; > 0, ko > 0, and 0 < g < 1, then the
closed-loop system is finite-time stable, and the settling time
is calculated by
. 1 n klvliq (x(())) — ko

k’l (1 — q) k‘g '

Lemma 2 ( [47]): For the system x = f (¢,x), if there exists
a C! function V (x) > 0, such that V (x) < —k3V (x)?, where
ks > 0, and 0 < ¢ < 1, then the closed-loop system is finite-
time stable, and the settling time is calculated by

V()
k3(1—q)

Lemma 3 (Corollary 24 of [48]): Consider the cascade-
connected system

T

{«h =f1(t,x1,x2) 3)

4\.32 :f2 (taxQ)

where f; : R x R™ x R" — R" and f, : R x R"? — R™?
are Lipschitz continuous. f; (-, 0r,,0n,) = 0n,, f5 (-,0,,) =
0,,,. Then the equilibrium (x1,x2) = (0,,,0,,) is uniformly
globally asymptotically stable> (UGAS) for (3) if and only if
the following three conditions are satisfied:

2A system is UGAS if it is uniformly globally stable, and uniformly
globally attractive [48], [49].
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Fig. 1. Information flow of the proposed estimation-based time-varying linear formation control schemes. u;, and u denotes the control inputs of

all leaders and followers, respectively.

1) The equilibrium x; =
fl (tvxla 0712)

2) The equilibrium x5 = 0,,, is UGAS for x2 = f; (¢,x2).

3) All solutions of (3) are to-uniformly bounded?, i.c., BS =
R™ x R™2.

0., is UGAS for x; =

[1l. PROBLEM STATEMENT
A. Time-varying Linear Formation Control Architecture

First, we introduce some definitions in the time-varying
linear formation control architecture to describe desired for-
mations during maneuvers.

Definition 1 (Nominal configuration): The nominal config-
uration {r; (t)};_,, r; (t) € R/ is a set of pre-defined time-
varying vectors corresponding to each agent.

Definition 2 (Augmented nominal configuration): r; (t) =
[ri (t) 1]T € R/ is called the augmented nominal con-
figuration.

Definition 3 (Target formation): The target formation
p;(t) € R? is the desired position of agent i, with d <
f. It is a linear transformation of the augmented nominal
configuration, i.e.,

pi(t)=AM)r(t)=A@)r:(t)+b(t), )

where A (t) € R/ is the linear transformation matrix;
b(t) e RG A() = [A(t) b(t)] € RXUTDA()r; (1)
and b (t) represent the shape and translation of formation,
respectively. All possible target formations constitute the fol-
lowing set 7 (¥ (t)), which exactly is the image space of the
linear transformation A (t), i.e.,

T(F(1) ={p" () e R™ :p" (1)

where

Il
—
)
3
&
>
—
~
~—
N
NI
—~
~
=
——

P () =[5 ()"
F) =@ ... Fe)

3Let xo € R™. The solutions with initial state xg are to-uniformly bounded
if there exist a const ¢ > 0 such that x (RZtO,to,xo) C B (0) for all
to € R. The set of initial states giving rise to ¢o-uniformly bounded solutions
is defined as ( [48])

BS = {xo €R": (Jec>0)(Vio € R)x (RZtovtO:xO) C B. (0)} .

B. Problem Description

Consider a group of n agents in R? and a time-varying
nominal configuration in R/, where d € N* and n > f+2,
f >d, f € NT. The leader set V; C V consists n; agents,
and the remaining ny = n — n; agents form the follower set
V¢ C V, where V denotes the set that comprises all agents.

Each agent satisfies the following single-integrator dynam-
ics:

pi (t) =u; (t> 5 3 1, (5)

where u; (t) € R? is control input, and p, () € R? represents
the position.

The graph G denotes the communication topology among
agents. This paper considers the first n; agents are leaders
without losing generality. The Laplacian matrix £ associated
with the graph G is defined in the following form according
to the partition of leaders and followers:

Ly Ly
L= .
[ﬁfl ﬁff}

i=1,..

Let G denotes the subgraph of G, consisting of all follow-
ers. The corresponding Laplacian matrix of G is represented
by Ly. N and N t: denote the neighbor sets of the agent ¢
in G, and G, respectively.

In this paper, only leaders know the time-varying augmented
linear transformation matrix A (¢). Followers can communi-
cate internally, but they cannot communicate with leaders. The
only available information for followers is leaders’ position
measurements. Followers can estimate A () using these mea-
surements for achieving time-varying formation tracking. Let
x; (t) and y, (t) denote the estimations of the formation shape
x* (t) = vec (A (t)) and translation y* (¢t) = b (t), respectively.
The primary objective of this study is to develop followers’
cooperative estimation laws to obtain the precise x* (¢) and
y* (t) for achieving time-varying target formation tracking, i.e.,

i [, () =" (0] = 0. ©

T by, ()~ " (0] = 0, <7>

I [, (1)~ & (07 (0] = s ®

for Vi € Vy, where A (¢)F; (t) = (r] (t) @ Ig) x* (t) +y* (¢).

In the following sections, we will achieve these three goals
(6)-(8) in turn. For distributed algorithms, it is necessary to
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assume that the graph is connected, so we make the following
assumption.

Assumption 1: The subgraph G; is undirected and con-
nected.

Fig. 1 shows the proposed comprehensive set of time-
varying linear formation control schemes. A linear formation
planning method is given in Appendix A to generate x*(t),
y*(t), and leaders’ desired trajectories. For followers, their
shape estimator, translation estimator, and tracking controller
will be explained in detail in Section IV, V, and VI, re-
spectively. Since the designed trajectories of leaders can be
informed to leaders, we also make the following assumption
for leaders.

Assumption 2: Leaders are equipped with appropriate feed-
back controllers that can let leaders track their desired trajec-
tories, i.e.,

tli}rgop?i(t) =04, VieV.
where the leader’s position error is defined as p;(t) = p,(t) —
pi(t), Yie V.

C. Uniqueness of Target Formation

Since the proposed time-varying linear formation control
architecture has a leader-follower structure, it is necessary
to ensure that leaders can uniquely determine the target
formation. Therefore, the concept of “linear localizability” is
introduced here.

Definition 4 (Linear localizability): For the nominal con-
figuration {r;(t)};_, of n agents, if any feasible p}(t) can
be uniquely determined by pj(t), the nominal configuration
{ri(t)}_, is said to be linearly localizable, where p;(¢) and
p}(t) denote the target formations (determined by (4)) of
leaders and followers, respectively.

pi =i )" .. (n )]
* T T T
P () = [(ph 11 ) v ()]

Remark 1: If the nominal formation lies in the same
Euclidean space as that of agents’ coordinates (i.e., f = d),
the concept of linear localizability is the same as the affine
localizability introduced in [14]. However, high-dimensional
nominal formations are allowed in linear localizability, which
implies linear localizability is more general in terms of for-
mation representations.

This section shows that linear localizability for a nominal
configuration can be guaranteed by the following assumption.

Assumption 3: For the time-varying nominal configuration
{ri(t)};_,, ri(t) € R/, it is assumed that {ri(t)};cy, linearly
span R/, i.e,

T

span {ry(t), ...,r, ()} = R/,

A necessary condition for Assumption 3 is n; > f + 1,
which implies that the minimum number of leaders is f + 1.
Remark 2: In order to generate time-varying {r;(¢)}!_, that
satisfies Assumption 3. For a {r;(0)}._, that meets Assump-
tion 3, one can let the member of {r;(t)},_, move alone its
corresponding linear sub-spaces, i.e., periodically scaling as

we selected in the simulation (Section VII-A). Alternatively,
it is also tenable to maintain linear spatial complementary
relations among {r;(0)};_, by multiplying the same time-
varying f-dimensional rotation matrix.

To begin, we introduce a lemma adapted from the affine
formation control [13], [14].

Lemma 4: For the nominal configuration {r;(t)},_,, r; €
RS, the following conditions 1)-3) are equivalent.

1) {ri(t)};_, linearly span R7.

2) rank(R(t)) = f + 1, where

R(t) = [RlT(t) R;f(t)r € R+,
R,(t) = [ri(t) Fa ()] € RMXUFD,
Rf(t) = [fnl+1(t) i'n(t)]T e R(—n)x(f+1)

3) dim (7 (r(¢t))) = (f + 1)d.

Proof: See Lemma 2 of [50]. O

Now, we introduce the following theorem to formally give
the necessary and sufficient conditions for linear localizability.

Theorem 1: The time-varying nominal configuration
{ri(t)};_,, ri(t) € R/ is linearly localizable, if and only if
{r;(t)};_, satisfies Assumption 3. Further,

pi(t) = Ry (1) © L) (R] (1) @ L)pj ().

Proof: In this proof, we will omit argument ¢ when it is
clear that we are referring to r;(t), p;’(t), p5(t), Ri(t), Ry(t),
and A(t).

(Sufficiency) Note that p; is determined by the linear
transformation A, such that

pi = (I, @A) 7 = (R, @ Ig)vec(A). )

where r; = [r] rEZ]T. If {ri(t)};cy,, linearly span R/,
according to Lemma 4, it can be derived that rank(R;) = f+1

and n; > f + 1. Then, vec(A) can be uniquely obtained by
vee(A) = (R @ Ly)p;.

Then, by using the above equality, followers’ target positions

are uniquely computed by
pj = (L, ®A) 7 =(Ry @ Ly)vec(A)
=(R; @ 12)(R] © Lo)p],
where 7p = [FL,, ... LT
proven.

(Necessity) If {r;};.y, do not linearly span RS, it means
rank(R;) < f 4 1. Then, in view of Section II-C, we know
that rank(R;) < f+1 does not satisfy the rank conditions for
the system of linear equations (9) having the unique solution
about vec(A). Hence, vec(A) can not be located, nor does p’.

|

. The linear localizability is

IV. COOPERATIVE LINEAR FORMATION SHAPE
ESTIMATOR DESIGN

This section describes a distributed method for followers to
cooperatively estimate the formation shape x*(¢). This estima-
tion is achieved through measuring relative displacements of
leaders. The displacement measurability is defined as follows.

Authorized licensed use limited to: BEIJING INSTITUTE OF TECHNOLOGY. Downloaded on February 13,2025 at 03:29:08 UTC from IEEE Xplore. Restrictions apply.
© 2025 IEEE. All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. Personal use is permitted,

but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Automatic Control. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TAC.2025.3540570

GENERIC COLORIZED JOURNAL, VOL. XX, NO. XX, XXXX 2017

v, @ v,

Fig. 2. The subgraph corresponding to the triplet 7;; ;-

Definition 5 (Displacement measurability): In the graph
G, if there exists a triplet* 7;; »;, we say the displacement
corresponding to the edge (v, vy) is measurable by agent ¢.

Consider ny; followers are capable of measuring leaders’
edges, forming the set V. The remaining n s, followers con-
stitute the set Vyo. It satisfies Vy = V1 UV, V1 NVja =
@, ng1 +npe = ng, ngp € NT, ngg € N. Without losing
generality, this paper considers that the first ny; followers can
measure leaders’ edges.

Let x;(t) € R¥ represent the local estimation of x*(t)
for follower ¢. This local estimation satisfies the following
integrator dynamics:

X(t)
e R,

(10)

:l'l’l(t)v ZEVf,

where p;(t)

A. Observability Analysis

This subsection shows that the following Assumption 4 is
the sufficient condition for ensuring that x*(¢) is available by
followers.

Assumption 4: In the time-varying nominal configuration
{ri(t)}_ ., ri(t) € RY, all leaders’ measurable edge displace-
ments linearly span R’,

span{...,rj(t),...} = Rf, for all G, (T55.6i) C G,

where i € V13 4,k € Vi rj(t) =r;(t) — ri(t).

It is noted that Assumption 3 is the necessary condition
for Assumption 4. Let m; denote the number of leaders’
edge displacements that follower ¢ can measure, where ¢ €
V1. These measurable m; edge displacements establish the
following time-varying linear sub-equation

M; (t)z(t) = &),
where M;(t) € RImXH 7(¢) € R¥, €,(t) € R™,

(1)

T T
Mi(t)z{.. ( (t)®1d> ] . S kEVINN,,
&) =[.. pN@® ..]",
ij(t) :I’j(t) —pi(t).

According to the size of M;(t), it is noticed that dm; may
be smaller than df. Then, in view of Section II-C, z(¢) may
not be unique determined by (11), i.e., x*(¢) is only one
element of the solution of (11). This observation implies that

j)kevlﬂNiv

4The triplet Tji ki admits a subgraph G ¢ (Tjiyki) consisting of three nodes
and two edges, such that G (Tji,]m‘) = (Vs (Tj“ﬂ-) ,Es (T]-Lki)) c g,
where Vg (sz‘,ki) = {vi,vj, v}, Es (Tji,ki) = {(vj,vi), (vi,v4) }-
Please refer to Fig. 2.

the target formation shape x*(¢) typically cannot be located
by the measurements from a single follower ¢ through (11).

All followers in V¢, admit the following time-varying linear
equation

M(t)z(t) = £(2), (12)

where M(t) € R™*¥; £(t) € R™; Zievﬂ m; = m. It
follows
M, 11(t) Eniv1(t)
M(t) = : , &) = :
an+nf1 (t) £le+’ﬂf1 (t)

If Assumption 4 is satisfied, it has rank (M(t)) = df.
In view of Section II-C, Eq.(12) must have a unique or no
solution. Since all leaders’ positions are governed by the same
formation shape parameter x*(¢), there must exist the solution
of (12). Therefore, it is concluded that (12) has the unique
solution x*(¢), i.e., z(t) = x*(¢).

B. Estimator Design

Based on the analysis in the previous subsection, it is
observed that the cooperative estimation of x*(t) essentially
involves solving the system of time-varying linear equations
(12) in a distributed manner. To facilitate it, we make two
assumptions about the boundness of the following variables:

Assumption 5: The derivative of x*(¢) is bounded by
[[€*(t)]|y < d1, where §; > 0.

Assumption 6: The leaders’ velocity is bounded by
Ip;(t)]|y < 02, Vi € Vi, where 5 > 0.

Let M;(t) = {z(t) € R™ : M;(t)z(t) = &;(t)} repre-
sent the time-varying manifold corresponding to the linear
sub-equation (11). Two sub-objectives for local estimations
{xi(t)}icy, are given as follows:

1) For each follower belonging to V¢, the local estimation

x;(t) converge to its time-varying manifold M, (t).

2) For all followers, their local estimations {x;(t)}

reach consensus.

i€V

The first sub-objective ensures that each local estimation
of the follower belonging to Vy; satisfies its corresponding
time-varying local linear sub-equation (11). The second sub-
objective ensures that all followers admit the same local
solution to the system of linear equations (12). If local
estimations {x;(t)},.,, fulfill the above two sub-objectives
simultaneously, it concfudes that every local estimation is the
solution of (12). To achieve those two sub-objectives, we
propose the following distributed algorithm to solve (12) and
obtain x*(t) cooperatively.

i) = {800

gi(t)
~ la+ B:OIMF () [Mx ME ()] M (0i(0) — & (0)]
T (1) MM (0)] s Va0 (1) — &0

~wF @ oMl o]

1€V

1€ Vy’ (13)

fi(t) =

M; ()x; (t),
(14)
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g,(t) = —kTL;(t)sgn |TL(t) > (x;(t) —x;(t) |, (19)

jeNTt
where
) o Pz(t) ie Vfl
L, (1) _{ Ly icV’
=IOl ievn
ﬂz(t){ 0 iEVfQ’

a > 0,7 > 2m;b, and k > 0;. P;(t) € R¥*Y denotes the
orthogonal projection matrix, i.e.,

Pi(1) = Ly — M7 () [M,()MF (1) M, ().

If we consider a non-zero vector v € R", its projection onto
the tangent space of the manifold M, () is denoted by P;(¢)v.

In (13), terms f,(¢) and g;(t) are designed to make local es-
timations converge to time-varying manifolds {M,;()}, v
and reach consensus, respectively. Now, we state the following
theorems.

Theorem 2: Under Assumptions 2 and 6, for followers
belonging to Vi, the distributed algorithm (13) can let the
local estimation x;(t) with dynamics (10) to converge to the
time-varying manifold M;(¢) in finite time T3, i.e.,

lim [Mz(t)xb(t) — Sb(t)] = 0dm“ Vi e Vf1,
t—T;
where
1
L . 2 _
Ti _ 1 In (’Yl 27’77,162) ‘/ZE (0) 2057
2 (y; — 2m;09) 2

ei(t) = Mi(t)x;(t) — &i(t).

Proof: The proof will be accomplished by analyzing the
convergence of €;(t), which represents the convergence error
to the time-varying manifold M,;(¢). The dynamics of €;(¢)
is given by

&(t) = M(t)x: (t) + M (t)pi(t) — &:(t).

We consider a Lyapunov function candidate Vi (t) =
1el(t)e;(t), whose set-valued Lie derivative with respect to

i

(16) is obtained by
Lrq.16)Vie (t) =] (1) F {€:()} .

Note that g,(t) lies in the null space of M,, ie.,
M; (t)g;(t) = 0,,,. It gives

Lrq (16)Vie () = — (a + Bi(t)) |e:(®)]]5
—eT()F {%sgn (ei(t)) + éi(t)} .

According to Assumption 6, it is also known
that lﬁz(t)H < 2m;dy. Therefore, for Vh €
2

—eFOF {ysen () + &)} it heoo<
— (i —2mid2) [les(t)],- TIn view of Section II-D,
Vie(t) € Lgq.(16)Vic(t) for almost all ¢ > 0. It gives

Vie(t) = el (Bei(t),

(16)

has

max Leq (16 Vie (£) < —20Vie (t) — 2 (7 — 2mada) Vi2 (£).

In view of Lemma 1, it follows &;(¢) — Ogm,, t — T;,
which implies that x;(¢) will converge to M () in finite time,

Before further analysis, we introduce the following lemma
to conclude the positive definiteness of a matrix.

Lemma 5: Under Assumptions 1 and 4, the matrix
(Lapn, — IL(t)) + Ly is positive definite, where Lf = L ®
Ly, II(t) = diag {IL,,+1(¢), ..., IL,(¢)}.

Proof: See Appendix B. |

Now, based on Lemma 5, the consensus performance of
local shape estimation x;(t) is analyzed in the following
theorem.

Theorem 3: Under Assumptions 1-6, for all followers,
the local shape estimations {x; (t)}ievf can reach consensus
under the algorithm (13), i.e.,

tlg)élo [x;(t) —x;(t)] =0qr, Vi,j€Vy.
Proof: In this proof, we will omit argument ¢ when it is
clear that we are referring to M, (t), P;(t), II(t), B, f,(t),
g:(). pi(t), x:(t), x*(¢), and &(¢).
The proof will be accomplished once the following steps
are realized.
1) Derive the estimation error dynamics ¥; form (13) and
(10).

2) Simplify the estimation error dynamics X; by using the
result from Theorem 2.

3) A Lyapunov function candidate is considered to analyze
the convergence of X;.

For step 1), the estimation error is defined as

A
X; =x; —x".

We know that x* also satisfies each local linear sub-
equation, i.e., Mx* = &;. It follows that

Based on the above equality of x*, let us use X; to replace
x; in f,. It has

fi=—(a+ B)ME (MMF) ™ (Mx; — M)
—MT (M;MT) ™ sgn (Mix; — Mix®)
M (MMT) " Mg - MT (MoMT) T Mt
=—(a+ ;) (I, —P;)x;
—yMJ (MMT) ™" sgn (M)
M7 (MM M
- M (MM]) T (M )
=—(a+8) (I, —P;)x;
— i (I, — Py)MT (M;MT) ™" sgn (M&;)
— (I, = P)MT (M;MT) ' M,
+ (I, —P;)&* — (I, —P;)) M (Mil\’Iin1 ¢,
where the following relation is used in the last equality:

(L, — P)yMT (MMT) " =M (M;mT)
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Then, let us use x; to replace x; in g,. It has

g =~ Kllisgn |TL; D (% — %))
jeNd
Now, for i € V1, the dynamics of x; is obtained by
x; =xk; —x*
=p; —x*
=—(a+5) I, —ILI;) X;
— (L, - )M (M;MT) ™' M
-1 -
— (L, —TL)M; (MM]) &

—ILi* — kIsgn |TL; ) (% — &;)
jeNd
For step 2), in view of Theorem 2, considering 7 € V

when ¢ > Tj, it has
Mx; — & =0y, Vie V.

According to (18) and the fact M;x* = §;, when ¢ > Tj, it
follows

(18)

M;x; =0,,,, Vi€ V1. (19)
Further, for any follower ¢ € Vy, it has
Ty —IL;) %; = 0y, (20)
which implies
x; = I;x;. (21)
We consider the derivative of (21). It follows
(Lyy — L) %; =IL;%;. (22)

By using (19) and multiplying both sides of (17) by
(Iqr — II;), it is obtained that
(Lyy — L) & = — (L, — P) MY (M;M7) ™" M%,
—1 -
= (L =P M (MM7) &,

In view of the above equation and (22), we have

TLE = — (Iy — ) MY (M;MT) ™" ML,
— Ly - T)MF (MM]) " €.

Then, by multiplying both sides of the above equation by
(Ig — II;), it is obtained that

(Lyp — TL) TLE; = — (I — T) MY (M;MT) ™' ML,
— (I, - ) MT (M;M]) '€,

Now, substituting (19) and (23) into (17), we obtain the
error dynamics as following for ¢ € Vy1:

(23)

Xi=— (a+Bi) (L — ) & + (L — IL;) TLE;

24

_Hi.if* — KkIL;sgn |II; Z (56"1 —)Ej) 24
jeNT

In view of the fact (I —II;) = Ogf for i € Vyo, it is
verified that (24) is satisfied by every follower i € V.

Then, the error dynamics (24) is rewritten into the vector
form, i.e.,

¥ =— (alyn, +B) (o, — ) % — (Iyp,,, — ) II%

- 25
— ITx — kITsgn (Hﬁfi') , @)

where
L;=Ls;®]ly
X = [’EEZ-H fE]Ta
x = [(x*)T (x*)T}T,

1T :diag (H7ll+1’ e 71—‘[71) )
B =diag (Bn,+1, .-, Bn) @ Ly

For step 3), we consider a Lyapunov function candidate
1 o
Vy(t) = ich[, .

It has V,.(t) > O except for the set of equilibrium
{x € R¥"7|L;x = 0}. The set-valued Lie derivative of V,(t)
with respect to (25) is given by
ﬁEq_(gg,)Vx(t) :,%Tﬁf]-" {i’}

=— (alypp, +B) X Ly (Iyyp, — ) %
— %" Ly (Lpn, — II) II¥
— X" LM% — kx" Ly F {Tsgn (TIL ;%) } .
also  know
X" LTIy —

According to  Assumption 5, we
7], < d1. Therefore, for Vh €
kx" L {Tsgn (TLL ;%) }, it has

> &%)
jeNT
< (ko) T .

hee-o0 3 |m
=1

In view of Section II-D, V,(t) € Lgq(25)Va(t) for almost
all t > 0. It gives

max £Eq.(25)Vm(t)
~T . S o~
<—F (aldfnf +B- H) (Lign, — TI) L%
~ (k- o0) 2],

Note that olyrn, + B — II is positive definite, because
one observes that all eigenvalues of algr,, + B — II are
positive using the Gerschgorin disk theorem [41]. We also
know k > 41. Furtller, in view of Lemma 5, we know that both
(Idfn ;- H) and L are positive semi-definite. It concludes
Va(t) <0.

When V,(t) = 0, it holds the following two conditions

(Flagn, +B = 10) (Lyn, — 1) £4% =00,
HZf.i‘ :odfnf.

There is no non-zero vector ¢ = L% that satisfies both

(Igpn, —I) ¢ = 045y, and IIp = 0Oy, because the
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corresponding null space of (Idfn P H) and II are comple-
mentary. Therefore, when Vx =0, it must have £ X = Ogy, o
which implies shape estimation errors {ii}z‘evf can reach
consensus, i.e., X;(t) — X;(t) — 0¢, t — o0, Vi,j € Vjy.
Furthermore, we have x;(t) —x;(t) = 07, t — o0, Vi, j € V.
It means local shape estimations will also reach the consensus.
The proof is completed. ]

In view of Theorems 2 and 3, we know that local estima-
tions {x;(t)}icy, will converge to their corresponding time-
varying manifolds M,;(¢) in finite time and reach consensus
eventually. It implies that local estimation x;(t) is able to
achieve the designed two sub-objectives. Therefore, these local
estimations can cooperatively obtain the unique solution of the
time-varying linear equation (12). Here, we have the following
proposition to conclude the performance of the estimator (13).

Proposition 1: Under Assumptions 1-6, for all followers, the
estimator (13) can let x;(¢) with the dynamics (10) to track
x*(t), i.e.,

lim [x;(t) —x*(t)] = Ogy,

t—o00

Vie Vy.

V. COOPERATIVE FORMATION TRANSLATION ESTIMATOR
DESIGN

This section describes a distributed method for followers
to cooperatively estimate the formation translation y*(t). We
make the following assumption regarding the boundness of the
variable.

Assumption 7: The derivative of y*(t) is bounded by
[[y*(¢)]|, < d3, where d3 > 0.

Let y,(t) € RY represent the local estimation of y*(t) for
follower :. It satisfies the following integrator dynamics

yi(t) =mi(t), i€Vy, (26)

where n;(t) € R? is designed as

ni(t)
== 3T (i) —p, (1) + (T (8) @ 1) (1))
‘Ni JENL

- %Sgn > ) —p; 1)+ (r] (1) @1a) xi(2))
VLS

—ogsgn | Y (1) —y;(1)]
jeNt
27

where o1 > 0, 09 > 7’Lf(53, o3 > 0.
The translation estimation error is defined as

(1) £y;(t) —y* (1) = y,(t) = p; () + (r] (1) @ L) x*(8),

where j € V; denotes any one leader.

The error dynamics of translation estimation are given by

¥i(t)

=n;(t) —y; (t)

:“U,\;z ST i) — ;1) + (rF () @ 1) %i(t))
i| jEN!

— s [ 6u(0) — 5,0 + (7T () @ L) £:(0)
1Y v

—ogsgn | D (3i(t) = 5; (1) | 37 (0)-
jeN!
(28)
Now, we define the following cascaded time-varying sys-
tems:

S0y =01 (t,3,,,%), (29)
o — t7~

5, {Pr=0n (b2 (30)
X =099 (t,%)

where ¥, represents the error dynamics of translation estima-
tion. o comprises dynamics of leaders’ position error and

shape estimation error.
We first study the stability of the system X; under the
condition that (p;,X) = (Odnl,Odfn f). Then, ¥; becomes
y(t) = o1 (t,,0an,, 0afn;) - (€29)

Furthermore, error dynamics of translation estimation (28)
becomes

Yi(t) = — 01y,(t) — oasgn (y;(1))

— 0358gn Z (jz(t) _yj(t» —yf(t)

jeN
Thus, eq.(31) is expressed as
¥(t) = = 015 (t) — osgn (5(1))
— assen (L43(1)) - R(1),

where Zlf =L;®I1 and
YO =Faa ) - Fa(t)

B =7 @0)" - 67(0)

Theorem 4: Under Assumptions 1 and 2, the translation
estimation error y, with the dynamics described by (32) will
reach consensus in finite time 77, i.e.

tii%y (1) _yj(t)] =04, Vi,jeVy,

(32)

1"

T}T.

where

o VA0
Ly 20’3)\2([,]@)7

Viglt) = 53 (DL 3(0)

Proof: We consider the Lyapunov function candidate
Viy(t) = %j:T(t)ﬁfj(t). It has Vi, (t) > 0 except for the
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set of equilibrium {_)7 € Ry |ﬁ Y= 0}. The set-valued Lie
derivative of V7, (t) with respect to (32) is given by

Lq.(32)Viy(t)
=" WL, F {3(1)}
= — o3 (DL F(E) =3 ()LL)
5T 0L F {oasgn (5(1)) + osen (£5(1)) }-

For Vh € —jT(t)ﬁf}"{agsgn (Zlfj(t)>}, it has h <
—03 Hﬁfj(t)Hl. Furthermore, it is analyzed that
mT(t)isfsgn (£5)

== D T W

i€EVy ]ej\/i

[sgn (v;()) — sgn (3,(t))] < 0.

]

Therefore, for Vs 6 5" ( JEF {sgn (y(t))}, it has s <0,
where E = Ig,, — ldnfldn, It satisfies LZf > X (Ly) B,
and 22 =2

In view of Section II-D, VLy(t) € Lgq.(32)Viy(t) for almost
all £ > 0. Then, by combining with the fact 2k = 04, . it
follows

max Ly (32)Viy (1) < = 03 [£5(0)|| < —~doara (£,) ViF (0).

In view of Lemma 2, it follows ﬁfji(t) = Odnys t — Tpy.
It implies y;(t) —y;(t) — 04, Vi, j € Vy, t — TL. [ |

Theorem 5: Under Assumptions 1, 2, and 7, the estimation
error y,(t) with the dynamics described by (32) will converge
to zero in finite time T}, i.e

tl_lg%yi(t) =04, VYieVy,

where

1
T, =Tr, + —1In ,
Y Ly o1 2(0‘2—63)

sup Vy (1),
TE[O,TLy]

V(1) =53 (05(0).

Vy =

Proof: In view of Theorem 4, when ¢ > T, it has
We consider the Lyapunov function candidate V,(t) =
%jT(t)i(t). When ¢ > T, the set-valued Lie derivative of
V,(t) with respect to (32) is given by
Lro s V(t) 5T OF {5(1)}
=y (1) F {=015(t) — oasgn (3(t)) + £(1)} -

According to Assumption 7, it is also known
that  [|y*(¢)|, < ds. Therefore, for Vh €
—y3T(t)F {o25gn (3(t)) + #(t)} ., it has h <

— (09— 83) |[5()||,- In view of Section II-D, V,(t) €
Lgq.(32)Vy(t) for almost all ¢ > 0. It has

<—o§ (tF(t) -
< =201V (t) —

max Lgq (32)Vy (1) (o9 — 03) ||J’(t)H1

4 (02 — 03) sz (t).

In view of Lemma 1, it follows y,(t) =+ 04, t = T7,. N

Theorem 5 shows that the system ¥; is UGAS under the
condition (p;,¥) = (Odnl ,04pn f). Here we have the following
proposition to conclude the stability of system >; combining
with the shape estimator described in the previous section.

Proposition 2: Under Assumptions 1-7, the estimator (27)
can let local translation estimation y, (¢) converge to y*(¢), i.e.,

lim3ji(t) =04, VieVy.

Proof: In view of Proposition 1, it has hm x( ) = Odafn, -

Combing with lim p,(t) = 04,,, we know that the system
t—00

39 is tp-uniformly bounded and UGAS with the equilibrium
(plv ) (odnzaodfnf)'

From Theorem 5, we know the equilibrium y(t) = 04y,
is UGAS for the system (31). Further, the system ; is also
to-uniformly bounded, because y;(t), p,(t), and X;(t) are all
bounded.

Therefore, according to Lemma 3, the system 3; with the
equilibrium (y,p,;,X) = (Odnf,Odm,Odfnf) is UGAS, which
implies tlirgoji(t) =04, Vi € Vy. |

VI. TIME-VARYING LINEAR FORMATION TRACKING
CONTROLLER DESIGN

This section describes a cooperative linear formation track-
ing control method for followers to track their desired posi-
tions p;‘c(t) using the estimated shape and translation parame-
ters x;(t) and y,(t).

For followers with dynamics (5), the linear formation track-
ing control law is designed as follows:

wi(t) = (P10 @ La) x:(0) + (rF (6) © 1) () +3,(0)

T (33)
—p[pi(t) — (rf () @ La) xi(t) =y, ()],
where p > 0.
The follower’s position error is defined as p,(t) = p,(t) —

pi(t), Vie Vy.

The derivative of p7(t) is obtained by

P =3 () + (iF(1) @ 1) &) + (rF (1) @ 1) & (1),
Then, the position error dynamics are obtained by
pi() = (i1 (1) @ 1a) 2a() + (r (1) @ 1) %:(8) +3,(0)
— P (t) + p (rf (t) @ Lg) %i(t) + py; (1)

Now, we define the following cascaded time-varying sys-
tems:

(34)

Sy by = o3 (LB % %5.5)., (35)
Yy roen ( b i) (36)
Yy =042 (ti f)
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where Y3 represents the dynamics of followers’ position error.
34 comprises the error dynamics of shape and translation
estimations.

Theorem 6: Under Assumptions 1-7, the formation tracking
controller (33) can let followers with the dynamics (5) to track
the target formation p} (1), i.e.,

tliglopi(t) =04, VYieVy.

Proof: We first study the stability of the system X3 under
the condition (¥,%,5,5) = (0usn, Ourn,+OunsOun, ). Then,
Y3 becomes

pf = 03 (tvﬁf70dfnf70dfnf70dnfa0dnf) . (37)

We consider the following Lyapunov function candidate for

(37):
1. -
Vilt) = 557 (05 (1),

whose derivative is given by V; = 13?13 = —pﬁ?ﬁ Iz

Therefore, the system (37) is UGAS with the equilibrium
ﬁf(t) - 0dnf.

In view of Propositions 1 and 2, we know tlim x(t) =

— 0
04fr, and tlim ¥(t) = 0ay,. Further, it apparently has
—o0

tligloi‘(t) = O4fn,, and tlirﬁloj(t) = 0O4pn,. Thus, the system

>4 is tp-uniformly bounded and UGAS with the equilibrium
%,%,5.5) = (Oan;, 0afn;,0an; s Odn, ).

Combing with the fact that the system (37) is UGAS with
the equilibrium p ;(t) = 04y, we know the system X3 is also
to-uniformly bounded, because ¥;(t), X;(t), y;(t), and y,(¥)
are all bounded.

Therefore, according to Lemma 3, the system X3 with the
equilibrium (I;J%iaivj’ay) = (odnf ; odf’ﬂf ; odfnf ; odnf ) 0dnf)
is UGAS, which implies tlimﬁi(t) =04, Vi € Vy. |

—00

VIl. SIMULATION

This section presents simulation results to verify the
estimation-based time-varying linear formation tracking con-
trol schemes. The desired time-varying formation is generated
by the optimization-based method described in Appendix A.

A. Simulation Setup

We consider a formation maneuver task in R2. There is
a group of 16 agents, including 5 leaders and 11 followers.
The communication topology among agents is given in Fig. 3.
The subgraph within followers is undirected and connected.
Thereby, Assumption 1 is satisfied.

The time-varying nominal configuration {ri(t)};il is a scal-
ing hypercube lying in R*. It satisfies the following dynamics

7i(t) = 0.04 cos (0.1¢) 14,

Fig. 3. Communication topology among agents. It is seen V; = {1, 2,
3,4,5}, V1 =1{6,7,8,9},and Vo = {10, 11, 12, 13, 14, 15, 16}.

Fig. 4. A 4-dimensional hypercube is projected onto a 3-dimensional
space. x, y, z, and w are 4 coordinate axes of R4. The transformed
coordinate axes are also presented. Note that straight lines connecting
two agents in this figure do not represent a connected topology, but only
represent edges parallel to the 4 coordinate axes.

with the initial value given by

rn0)=[2 2 =2 2]? 0 =[-2 2 2 2];
mgo; = % 2 -2 Q}T r4((0)) :[[ 2 2 -2 2]]T
rs(0) =] 2 2 -2 re(0)=[-2 -2 2 2
r7E0) = %—2 2 -2 2%; rg((O)): [fz 2 2 72]}7;
ro0)=[2 -2 -2 2|7 rp0)=[2 -2 2 -2
=2 2 -2 —2]? ri2(0)=[-2 -2 -2 2};
rs©)=[-2 -2 2 2" ruO)=[-2 2 -2 27
rs(0)=[2 -2 -2 =2]" rge0)=[-2 -2 -2 2]

It is verified that this time-varying nominal configuration
with the interactive topology (shown in Fig. 3) always satisfies
Assumptions 2 and 3. Fig. 4 shows the projection of the

hypercube {r; (O)}il, where the coordinates transformation
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—agent 6
—agent 7

agent 8
—agent 9
—agent 10|

agent 11
—agent 12|
—agent 13|
—agent 14|

agent 15
—agent 16]

@

(193]

Fig. 5. Shape estimation errors.

matrix is given by

0 1
0 0.5
1 1

10
0 1
0 0

Two obstacles are modeled as planar circles with the same
radius 6 m. Therefore, the safe distance is [, = 6m. Their
location are ¢, = [20 8]Tm and ¢, = [I18 —§] Tm,
respectively. We select the safe distance among agents to be
[ = 0.5m. The gain matrix is set as Q = diag (4Is, 2I5).
The reference time-varying linear formation transformation
parameters vec (Aref(t)> are selected satisfying the following

dynamics

vee (A™(1)) = [(xrefm)T (y“”f(t))T} N
re 0.04 cos (0.1¢)
0= o 0

() = { [0.402 0o]" 10s Sotthfr 110s

8

with the initial value

< ref 1.2789
AT (0) = {1.1379

By setting ¢ = 1, one obtains the trajectories of leaders from
(40). Moreover, the upper bounds of x*(¢), y*(¢), and p,(t),
s € VY, is also obtained.

Then, the parameters for the shape estimator (13), transla-
tion estimator (27), and formation tracking controller (33) and
(41) are select as follows satisfying Assumptions 5-7.

—0.9973 0.3099 0
—0.4261 1.1098 Of"

—1.6446
1.7484

a=3, =3, k=2,

0'1:1, 0'2:27 0'3:2, p:2.

B. Simulation Results

Fig. 5 and Fig. 6 illustrate that linear formation shape and
translation estimation errors all converge to zero. It validates
the effectiveness of the proposed shape and translation estima-
tors (13) and (27). The formation tracking errors are presented
in Fig. 7. One observes that the convergence of formation
tracking errors is slower than estimation errors shown in

4 -
—agent 6
—agent 7
agent 8
3 —agent 9
—agent 10|
agent 11
- 2 —agent 12
—agent 13
—agent 14
agent 15
1 —agent 16|
0 )
0 2 4

t(s)

Fig. 6. Translation estimation errors.

6

5

‘|
<3|

AR

\)
WV
00 2 4
t

—agent 6
—agent 7

agent 8 |
—agent 9
—agent 10

agent 11
—agent 12|
—agent 13
—agent 14

agent 15|
—agent 16

@

[1D;]]2

Fig. 7. Formation tracking errors.

Fig. 5 and 6, as we can see that estimation errors converge
within 2s but formation tracking errors take longer. This phe-
nomenon also confirms the cascaded relationship between the
proposed estimators and controllers. Additionally, within 10s,
the formation tracking errors converge to a very small value.
It guarantees the safety of subsequent obstacle avoidance
maneuvers, as we can see the translational maneuver begins
at 10s (also see the given reference translation parameter
' =05, t < 10s).

Fig. 8 shows the entire process of the formation maneu-
ver task in the environment with obstacles. The maneuver
task involves passing through a narrow passage between two
obstacles. Before 10s, agents identify formation shape and
translation parameters, waiting for the formation tracking
errors to converge to sufficiently small values. Then, they
maneuver in the x+ direction and shrink the formation (10s
- 45s). Next, the team’s formation compresses in y axis to
cross the narrow passage between two obstacles (45s - 75s).
After exiting the obstacle area, the compressed formation
begins to recover (75s - 105s). Finally, the group of agents
reaches the destination [O 40] m, and forms the reference
target formation in 150s. Throughout the whole maneuvering
process, a flexible formation maneuver is realized based on
the proposed time-varying linear formation control schemes.

VIIl. CONCLUSION

We have proposed a time-varying linear formation control
architecture for multi-agent systems. This architecture offers a
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] 15
10
5 |- -
— B
@Position of leaders =
@Position of followers || 5 J
—Trajectory of leaders
—Trajectory of followers -10
Obstacles 15
30 40 50 -10 0 10 20 30 40 50

-10 0 10 20 30 40 50 -10 0 10 20 30 40 50

-10

A5 .
-10 0 10 20 30 40 50

Fig. 8. Formation variations in the simulation. Note that straight lines connecting two agents in this figure do not represent a connected topology,
but only represent edges that are parallel to the 4 coordinate axes in the nominal formation, given in Fig. 4.
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broad set of flexible formations by specifying a time-varying
nominal configuration that can lie in a higher-dimensional
space than the agents’ workspace.

An estimation-based formation control scheme has been
proposed for time-varying formation tracking. One impressive
thing is that the proposed control schemes allow the challenge
case that the nominal configuration is time-varying. Estimators
have been proposed to obtain precise time-varying shape
and translation parameters, from the observation of leaders’
motion. Furthermore, the proposed estimator essentially also
accomplishes the problem of distributed solving a system of
time-varying linear equations. Based on these estimation re-
sults, the time-varying linear formation tracking controller has
been given to enhance formation maneuverability in complex
environments.

In future research, there are several interesting topics, in-
cluding nonlinear formation transformation, distributed linear
formation parameter decision, and uncertainties in linear for-
mation identification.

APPENDIX
A. Time-varying Linear Formation Design

This subsection describes a time-varying target formation
design method. In light of Theorem 1, under Assumption 3,
we know that the target formation is uniquely determined by
leaders. The linear formation parameters can be expressed
through the desired positions of leaders as follows:

vec(A(t)) = (R} (t) ® 1o)p; (1)

Therefore, notice that linear formation design is essentially
the desired trajectory planning of leaders. The desired position
of followers is represented by that of leaders, i.e.,

p;(t) = (Fi(t) ® 1y) vec(A(t))
= (7:(t) ® Ly) (R} (t) ® Lo)pj (t)
= G;(ri(1))p; (1)
= Z Gi;(t)p;(t)

JEV,;
where
Gi(ri(t)=[ Ga(®) | ... | Gin,(t) ]
= (F;(t) ® Ly) (R (t) @ L).

There are n, environmental obstacles. The formation opti-
mization is formulated as follows:

min Jy(t)
sit. hi (6,05, q,) <0 i€V k=1 ..,n,,
wij (6,p7,05) <0 4,j€V,i#]
where Ji(t) represents the formation keeping performance.
hir (t,pf,q,) represents the safe constraints for obstacle
avoidance of agent . w;; (t, p;, p;‘) represents reciprocal

avoidance constraints between agents ¢ and j. The expressions
of Ji(t), har, (t,p},qy,)s and w (t,p7,p7) is designed as

J1(t) =vec (A(t))T Qvec (A(t)) ,
vec (A(t)) =vec (A(t)) — vec (Amf(t))

(38)

10 (% p;
—convex polygon
obstacles
; Q

0 *
5 7 /
-10 -5 0 5 10
z(m)

Fig. 9. The convex polygon constructed from obstacles.

[N

hak (6,0550) =l | (0} (0) = 4,.(0)" (0} (1) — 4,.())]
S ACEYRORHOE <>>1
wy (t.p.p;) =1 | (P} (1) t>>T (OB HOIN
~ (pi0) ~p5 )" ( [ —p0)

where Q is a diagonally positive definite coefficient matrix;
vec (Aref(t)>
formation transformation matrix; ¢, (¢) represents the position
of obstacle k. l;; and [ denote safe distances; h;y (t,p},q,) and
w;; (t,p},q,) are constructed from the point-normal form of
lines. For example, Fig. 9 illustrates an example of the resulted
convex polygon from constraints {h; (t,p},q;)} 5oy -

By using interior point method [51], the constrained opti-
mization (38) is reformulated into the following unconstrained
optimization:

is a predefined time-varying reference linear

min Jy(t) + Ja(t) + J3(t), (39)
where
Jg(t Zzln Dk 7p;kaql>:))
i=1 k=1
st Z Z In (—wi; (t,p;,p}))

Ja is derived from constraints hg (¢,p),q;) < 0; Js is
derived from constraints w;; (¢,p},q;,) < 0. Since h;; < 0 is
non-convex, (39) is also a non-convex optimization. However,
feasible desired trajectories for leaders can be obtained by
enforcing p; (t) to move along the gradient descent direction
of J(t) = Ji(t) + Jo(t) + J3(t), as expressed by

510 = = (W04 59 00) VeI, @)

where ¢ > 0.
In addition, leaders can employ the following tracking
controller to track the obtained desired trajectory:
ui(t) = p; (t) — p(ps(t) —pi (1)),

VieV,. 41
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B. Proof of Lemma 5

Form the definition of IT,(¢) (below (15)), one knows I —
IT;(¢) is a positive (semi-)definite matrix when ¢ € Vq, and
null matrix when ¢ € V. From the fact that V;; # @, it is
conducted that Iy, , — II(t) is positive semi-definite. In view
of Assumption 1, it is obtained that L is also positive semi-
definite. Thus, in order to prove Lemma 3, it is sufficient to
establish that (I, — II(t)) 4+ Ly is non-singular, which will
be proven by assuming the contrary to obtain a contradiction.

Suppose there is a nonzero vector v (t) € R¥"s satisfying
[(Idfnf — H(t)) + Ef} P (t) = 045y, . Then, it clearly has

(Lipe, ~ TH(D) (2) = 045,
Lf¢(t) = odfnf .

In view of L3)(t) = Ogpn,. 1 can be denoted by (1) =
1., ®6(t), 6(t) € RY. Then, from (Lyn, — II(t)) ¥(t) =
04r.» we obtain M;(2)0(t) = Ogf, Vi € V1. For all followers
belonging to V1, they establish the following system of linear
equations:

M;()0(t) = 0pn, (42)

where

M) = [ M) -]

0(t) =Iy,, @ 0(t).

i€ Vf1,

According to Assumption 4, the measurable leaders’ edge
displacements linearly span R’ in the nominal configuration.
Therefore, rank (M (t)) = rank ([My(t) 0]) = df. In view
of Section II-C, (42) has the unique solution é(t) =01y, |4
which implies 0(t) = 04. Thus, we obtain ) (t) = 0, 4.
This contradicts the hypothesis.

Hence, (L, —II(t)) + Ly is non-singular, and thus
positive definite.
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