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Safe Multiquadcopter System Continuum
Deformation Over Moving Frames

Hossein Rastgoftar ?, Ella M. Atkins

Abstract—This paper proposes a hew scalable model for
coordination of multiple quadcopter systems by treating
collective motion as continuum deformation over a mov-
ing frame. The quadcopters are considered as particles in
a 2-D deformable body evolving in a 3-D motion space. The
2-D continuum reference frame (CRF) can arbitrarily trans-
late and rotate in a 3-D motion space for maneuverability.
Furthermore, a quadcopter team can significantly deform
over the CRF presenting risk of interagent collisions. The
formulation is therefore proven in this paper to guarantee in-
teragent collision avoidance and quadcopter containment.
Quadcopter team deformation is guided by N, > 3 leader
quadcopters initially placed at the vertices of a convex poly-
gon denoted as a leading convex polygon. The CRF is then
assigned based on independent leader quadcopters’ 3-D
positions defined by a homogeneous deformation, which,
in turn, dictates follower motions. A local communication
protocol is defined for the followers to acquire the desired
continuum deformation. By formal characterization of the
leading convex polygon deformation, both interagent col-
lision avoidance and quadcopter containment are guaran-
teed in a large-scale continuum deformation coordination.
A quadcopter team with 40 agents is simulated to illustrate a
large-scale collective descent defined by continuum defor-
mation coordination over a reference frame moving in the
longitudinal plane.

Index Terms—Continuum deformation, local communica-
tion, multiquadcopter system, nonlinear control.

I.  INTRODUCTION

ULTIAGENT SYSTEM (MAS) cooperative control

has received considerable attention over the past two
decades. Cooperation in an MAS allows the system to be re-
silient and robust in the face of disaster zone uncertainties train-
ing to understand and use. MAS cooperation can increase robust-
ness to failure [1] and reduce total mission cost [2]. Numerous
applications such as surveillance [3], traffic management [4],
formation flight [5], and connected vehicle control [6], [7] have
been proposed. This paper derives a continuum deformation
formulation for a multiquadcopter system over a moving (trans-
lating and rotating) frame in a 3-D motion space. Mathematical
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guarantees are derived to achieve and maintain a prescribed
continuum deformation with 3-D collision avoidance.

A. Background

Virtual structure [8], [9]; consensus [10]-[16]; containment
control [17]-[19]; and continuum deformation [20]-[22] offer
distributed control for MAS. The virtual structure is a centralized
approach for the multiagent coordination, while the other listed
approaches are decentralized. In a virtual structure, each agent’s
desired position can be expressed by the vector sum of two posi-
tion vectors: 1) a center point (CP) position vector, for example,
the MAS center of mass, and 2) a relative displacement vector
with respect to the CP [8]. If the agents’ relative distances from
the CP remain constant, the MAS is treated as a rigid body [23].
A flexible virtual structure formation control is also studied in
[24]. Virtual structure formation control is achieved with outer-
loop and inner-loop trajectory tracking modules. The outer-loop
controller is responsible for the CP (reference) desired trajec-
tory tracking. The inner-loop controller of each individual agent
regulates relative distance from the CP.

Consensus is the most commonly applied decentralized co-
operative control technique with applications including motion
control [11], [12]; smart grid and power systems [13], [25];
medical applications [14]; and distributed sensing [15], [16]. A
leaderless consensus control approach is applied for agent co-
ordination in [26] and [27]. Multiagent consensus guided by a
single leader is studied in [28] and [29]. In addition, an adaptive
leader—follower consensus coordination, defined by a switch-
ing communication, is proposed and validated in simulation
in [30].

Containment control [31] is a leader—follower method in
which collective motion is guided by multiple leaders, and
follower agents acquire the desired positions, defined by the
containment protocol, through local communication with in-
neighbor agents. MAS containment control can be modeled by
single and double integrator dynamics as in [31] and [32]. Con-
tainment control of higher-order MAS in which follower agents
are modeled by linear dynamics is presented in [33] and [34].
Wang et al. [32], [35] studied the finite time containment control
of second-order MAS, while MASs with switching communi-
cation topologies are studied in [36].

The authors have proposed a novel continuum deformation
approach for the collective motion of MAS [20], [21]. In me-
chanics, a continuum (or deformable body) is a continuous do-
main in a 3-D space containing an infinite number of particles
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with infinitesimal size [37]. A continuum deformation is a home-
omorphic mapping between initial and current configurations of
the continuum. Using continuum deformation, global coordina-
tion in a 3-D motion space is achieved over a class of nonsingu-
lar deformation mappings called homoeneous transformations
or homogeneous deformations. Under a homogeneous defor-
mation, agents are treated as particles of an n-D (n = 1,2, 3)
deformable body and can be classified as leaders and followers.
A homogeneous transformation can be uniquely defined based
on positions of n + 1 leaders placed at the vertices of an n-D
polytope at any time. For example, a 2-D homogeneous trans-
formation is defined by three leaders forming a triangle. A 3-D
homogeneous transformation can also be defined by four leaders
at the vertices of a tetrahedron. Follower agents, located inside
the convex hull defined by the leaders, acquire a global homoge-
neous transformation with only local interagent communication
[20], [22]; potentially no interagent communication [20]; or by
sensing other agents [20]. In addition, Zhao et al. [38] showed
how an n-dimensional homogeneous transformation can be ac-
quired through local communication defined by a weighted and
undirected graph having a symmetric Laplacian matrix. In [38],
communication weights are not restricted to be non-negative.

Like the virtual structure, a continuum deformation specifies
a deformable body enclosing all agents, for example, the leading
polytope defined by n + 1 leaders in R" can be considered a
deformable virtual structure. Therefore, interagent distances can
significantly change in an agent coordination task similar to the
virtual structure. A continuum deformation can be acquired by
followers in real time, which can considerably reduce compu-
tational overhead in an agent-coordination scenario. Consensus
and containment control are also decentralized approaches of-
fering real-time coordination at low computational costs similar
to continuum deformation.

Interagent and obstacle collision avoidance are two major
challenges in multiagent coordination. By constructing appro-
priate distributed potential functions [39], both consensus and
containment control offer interagent collision avoidance. MAS
containment is another key issue. It has been proven that fol-
lowers of MAS evolving under containment control eventually
converge inside a convex hull defined by the leaders [40]. How-
ever, followers may leave the containment region prescribed by
the leaders during evolution, which can result in interagent col-
lision and collision with obstacles in the environment [21]. By
applying continuum deformation, the authors have proven both
transient containment and interagent collision avoidance during
MAS evolution [20], [41].

MAS rigidity is the other key issue. When an MAS applies
consensus for motion-control applications, interagent distances
asymptotically converge to constant values. This can result
in rigidity of the desired formation. Therefore, collective
MAS motion may be difficult to analyze when MAS passage
through a narrow channel is required. By applying continuum
deformation, the MAS can deform as needed because interagent
distances are allowed to change.

In summary, continuum deformation and containment co-
operative control approaches have the following features in
common: 1) they are both leader—follower methods; 2) lead-

ers evolve independently in both continuum deformation and
containment control approaches; and 3) followers acquire de-
sired global coordination through local communication. Contin-
uum deformation extends available containment control theory
through formal support for and characterization of nontrivial
deformation of the convex hull defined by leaders. Because in-
teragent distances can significantly change and the convex hull
can deform and rotate in a continuum deformation, interagent
collision avoidance must be guaranteed. The continuum de-
formation coordination approach provides interagent collision-
avoidance guarantee conditions by 1) assigning a lower-bound
for deformation and 2) defining communication weights as fixed
distance ratios at initial time ¢¢. In addition, a multiple quad-
copter continuum deformation allows navigation in constrained
environments such as a narrow channel.

B. Objectives and Outline

This paper advances our previous contributions in continuum
deformation of single/double integrator MAS over a station-
ary frame to achieve continuum deformation of a multiquad-
copter system over a moving (translating and rotating) reference
frame. Each quadcopter applies an input—output (I0) feedback
linearization controller to asymptotically track the desired tra-
jectory given by a continuum deformation. Compared to the
available literature and the authors’ previous work, this paper
offers the following contributions.

1) Continuum deformation over a moving frame allows sig-
nificant rotation of the convex hull defined by leader
quadcopters in a 3-D motion space. Therefore, maneu-
verability of a quadcopter team is improved.

2) We provide guarantee conditions on interagent collision
avoidance and agent containment when the convex hull
defined by leaders significantly deforms and rotates. To
this end, we assign a lower bound on eigenvalues of the
continuum deformation Jacobian matrix given: 1) initial
agent displacement; 2) agent body size; and 3) an upper
bound on the quadcopter position control error. By defin-
ing a convex prism containing the quadcopters at all times
t, collision avoidance with obstacles in the workspace can
be guaranteed.

3) We relax the previous constraint on the number of lead-
ers (three) guiding a 2-D continuum deformation coordi-
nation. We show that Ny > 3 primary and secondary
leaders can guide quadcopter team collective motion.
Continuum deformation coordination is defined by three
primary leaders. Continuum deformation coordination
can be acquired by followers and secondary leaders in
real time through local communication.

This paper is organized as follows. Preliminary notions on
graph theory, position notations, a background on the MAS
continuum deformation, and further motivation for continuum
deformation coordination are presented in Section II. A problem
statement in Section III is followed by specification of contin-
uum deformation over a moving frame in a 3-D workspace (see
Section IV). Quadcopter team collective motion, defined by con-
tinuum deformation over a moving frame, is mathematically
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formulated in Section V. Section VI provides guarantees on
interagent collision avoidance and quadcopter containment in
large-scale continuum deformation coordination. Simulation re-
sults presented in Section VII are followed by concluding re-
marks in Section VIII.

Il PRELIMINARIES
A. Notions on Graph Theory

Let G = G(V, &, W) be a directed graph defining interagent
communication for a multiquadcopter system with node set V,
edge set &, and weight matrix W = [W;;]. The quadcopter team
consists of N vehicles moving in a 3-D motion space. Nodes
of the graph are defined by the set V = {1,2,..., N}. Quad-
copters are categorized as leaders and followers. Leader index
numbers are defined by the set V; = {1,..., Ny }. This paper
assumes that N > 3 leaders form a convex polygon in a 3-D
motion space, for example, a convex polygon defined by lead-
ers is called the leading polygon. Follower index numbers are
defined by the set Vp = V\ Vy = {N; +1,..., N}. Edges
of graph G are defined by & C V x V. If quadcopter : € V.
updates its position based on the position of vehicle 7 € V, then
(j,i) € & The set N; = {jli € Vp A (j,4) € E} is called the
in-neighbor set of follower 1.

Matrix W € RV*N gpecifies quadcopter communication
weights. Let w; ; denote the communication weight of quad-
copter ¢ € Vp with quadcopter j € V. Then, W is defined by

wj j ) G(VF7.j eN;
W, =¢-1 j=i . (1
0 else

Weight matrix W can be partitioned as

ll 0
W = )

Q L

whereI € RVt *Ne s the identity matrix and 0 € RV: *(N=Ne)
is the zero-entry matrix, 2 € RWV-Nu)*Ni g the follower—
leader communication matrix (or FL. communication matrix),
and L € RV -Nu)x(N=N1) ig the follower-follower communi-
cation matrix (or FF communication matrix).

B. Position Terminology

Throughout this paper, position is expressed with respect to
an inertial or ground coordinate system. Orthogonal bases of
the ground coordinate frame are denoted as €,, €, and €,. The
actual position of a quadcopter ¢ € V is expressed with respect
to the ground frame by

r, = Iiém + yzéy + Z7éz (3)
The initial position of quadcopter + € V is denoted by
rio =206 +Yio€y + 206 = xi(t)eé,

+yi(to)é, + zi(to)e: “4)

w®

(@) (b
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Fig. 1. (a) Initial formation of an MAS in the zy plane. Agents 1, 2,
and 3 are leaders and the remaining agents are followers. (b) Typical
communication graph used by followers to acquire a collective motion
through local communication. (c) = components of follower agents 7 and
8 versus time.

where t is the initial time. Each quadcopter ¢ in the MAS is
positioned with respect to a global desired position, denoted as
r; g, as defined by a homogeneous transformation

1€V, ri T = Q(t, to)rio +d(t, to) (5)

where Q = [Q;;] € R**? is the Jacobian matrix andd = [d;] €
R3*! is the rigid body displacement vector.
Quadcopter i’s local desired position is denoted by

_ JYiHT
Tg: =
Wi ;T j

Note that w; ; is positive and 3, . w; ;j = 1. This paper as-
sumes that the actual, local desired, and global desired positions
of all agents are the same at initial time to: r; o = r; g7 (o) =
rq (to)(VZ € (V)

1€V

. 6

C. Why Continuum Deformation?

For continuum deformation, communication weights of an
individual follower are consistent with agents’ initial positions.
While this property of a homogeneous transformation may seem
limiting, it is actually beneficial for safety in a large-scale team.
This statement is supported by the example in Fig. 1. The MAS
with initial formation shown in Fig. 1(a) is directed to move
collectively from left to right. Using containment control, the
MAS is guided by leaders 1, 2, and 3 moving on straight paths
with the same constant velocity. Followers use the graph shown
in Fig. 1(b) to acquire the desired collective motion through local
communication. Assuming single integrator followers, follower
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1 updates its position by

r; = Z gw; j (rj —r;)

JEN;

where g =2 and follower communication weights are as
follows: Wy,1 = W47 = W52 = W58 = 05, We,3 = %, We,7 =
We,.8 = %, W7 4 = W85 = 057, w7 6 = W6 = 029, w7 8 =
wg, 7 = 0.14.

Fig. 1(c) shows the & components of followers 7 and 8 ver-
sus time. Because leaders move horizontally, the y component
of every agent is time-invariant so followers 7 and 8 collide at
t = 0.37 s. This implies MAS collective motion practically ter-
minates at £ = 0.37 although it can be theoretically continued if
containment control requirements are satisfied.

The problem illustrated above occurs because followers’
communication weights are not consistent with agents’ posi-
tions at initial time ¢y = O s. This paper directly addresses this
issue by defining agent coordination as a continuum deforma-
tion acquired via local communication. Because continuum de-
formation is a nonsingular mapping, no two particles occupy
the same position during transformation. Therefore, interagent
collision avoidance can be guaranteed. Because interagent dis-
tances can be significantly expanded or contracted, the MAS
can also maneuver in obstacle environments including traversal
through narrow channels. In a continuum deformation coordi-
nation, follower communication weights are required to be con-
sistent with agents’ initial positions. This requirement will not
be restricting so long as the following conditions are satisfied.

1) Every follower arbitrarily communicates with three in-
neighbor agents forming an enclosing triangle.

2) Interagent communication is defined by a directed graph
containing a spanning tree.

3) 2-D continuum deformation coordination is guided by
Ny > 3 leaders.

Therefore, consistency of communication weights with
agents’ initial positions does not necessarily limit applicabil-
ity and scalability of a continuum deformation coordination.

Remark 1: In [22], it is shown that continuum deformation
coordination can be acquired by followers through local commu-
nication if each follower is allowed to communicate with three
or more in-neighbor agents. However, communication weights
are not unique when each follower communicates with more
than three in-neighbor agents in 2-D continuum deformation
coordination. In this paper, we assume that each follower com-
municates with three in-neighbor agents only for the sake of
uniqueness of the communication weights.

Ill.  PROBLEM STATEMENT

This paper studies continuum deformation of a quadcopter
team in 3-D motion space. The quadcopter team consists of
Ny, leader quadcopters and N — N, followers. Leaders move
independently and their reference trajectories are defined by a
homogeneous transformation as given in (5). Followers com-
municate with local in-neighbor agents to acquire continuum
deformation coordination in a decentralized fashion. An ex-

Fig. 2. Example directed communication topology in a quadcopter
team consisting of N; = 6 leaders and 34 followers. Primary leaders,
secondary leaders, and followers are shown by green, blue, and black
nodes, respectively. Unidirectional and bidirectional communications are
distinguished by red one-sided arrows and green double-sided arrows,
respectively.

CRF attime t

Fig. 3. 2-D continuum deformation in a 3-D motion space. é,, ¢,, and
&, are the ground coordinate system bases. Reference frame orthogo-
nal bases are denoted as &, (t), é2(¢), and é3(¢). The CRF can freely
translate and rotate in a 3-D motion space, allowing the quadcopter team
to deform inside the CRF.

ample quadcopter team communication topology is shown in
Fig. 2. The paper improves quadcopter team maneuverability
by formulating collective motion as a continuum deformation
over a moving frame. This is achieved by treating members of
a quadcopter team as particles of a moving deformable body
or continuum. It is desired that the continuum frame has an ar-
bitrary translation and rotation in 3-D motion space, while the
quadcopter team can significantly deform inside the continuum
frame. A schematic of a 2-D continuum deformation in a 3-D
motion space is shown in Fig. 3. Continuum deformation over a
moving frame is defined by 1) rigid body rotation and translation
and 2) quadcopter team deformation relative to the frame.

The main objective of this paper is to guarantee quadcopter
containment and interagent collision avoidance in a large-scale
continuum deformation. To ensure quadcopter containment,
this paper defines a convex prism containing all quadcopters at
all times ¢. It will be proven that follower quadcopters that are
inside the containment prism at initial time ¢, will remain inside
the containment prism at any time ¢ > ¢,. Therefore, obstacle
collision avoidance is guaranteed if the boundary surfaces of
the containment prism do not hit obstacles in the motion space.
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Because interagent distances can significantly change in a
continuum deformation, interagent collision avoidance must
be guaranteed. To ensure interagent collision avoidance, we
need to obtain the Jacobian matrix Q(t) € R3*3 and the rigid
body displacement d(t) € R3*! given leader trajectories r (t),
ro(t), and r3(t) for any time ¢. This paper addresses the chal-
lenging problem of identifying Q and d when the quadcopter
team deforms over a moving frame. The constraints ensuring
interagent collision avoidance are obtained in Section VI.

IV. QUADCOPTER TEAM CONTINUUM DEFORMATION
OVER A MOVING FRAME

Suppose a quadcopter team is tasked with following a col-
lective motion profile guided by N; > 3 leaders. Leaders 1,
2, and 3 uniquely define an MAS continuum reference frame
(CRF) and are called primary leaders. Remaining leaders (lead-
ers 4,..., Np) are called secondary leaders. All leaders’ global
desired positions can be defined per (5); however, elements of
Q and d are defined based on the primary leaders’ trajectories.

A. CRF Definition and Evolution

The MAS CRF is defined by a triangle with vertices occupied
by leaders 1, 2, and 3. This CRF can arbitrarily deform and
rotate while primary leaders’ positions satisfy the following
rank condition:

vt > 1, Rank [ry gp — Y157 T3mr —TiHT | = 2.
(7

This rank condition ensures that the CRF forms a 2-D convex

hull at any time ¢. Given the global desired positions of primary

leaders 1, 2, 3, the CRF bases are defined by

rogr —T1.HT rsHT —TYB, HT

e =

ltomr —viarl’ ° |tsur —rs, arl’

ég = él X ég.
The unit vectors é;, €, , €3 are mutually orthogonal. Note
thatrs g7 — rp, gr is perpendiculartors g — ry g7, where

rp,,mr 18 located on the line passing throughr; g7 and ry gr
as shown in Fig. 4. Therefore

rp, 6T =TT + 1 (C2.HT —T1HT) (8a)

(I'2.HT - I'1,HT) : (1'3,HT - I‘1,HT)
(I'Q,HT - I‘1,HT) : (I‘z,HT - rl,HT).

(8b)

p1 =

1) Continuum Deformation With a Virtual Leader: 1t is
assumed that there is no deformation along the €3 axis at any
time ¢ > t;. Without loss of generality, the position of virtual
leader N + 1, given by

ryi1, a7 () =11 gr(t) +Z63(t)  (9)

is along positive €3 and = > 0 is an arbitrary number. Then,
leaders 1, 2, 3, and NV + 1 form a tetrahedron at any ¢ > ¢, and

vt > th

Rank ([I‘z,HT —Trigr Y3.HT —T1,HT TYTN+1,HT — rl,HTD

=3. (10)

S B S

~
Convex Leading
Polygon

<

Leading Triangle

. Primary Leader

e Secondary Leader

e, y

. Virtual Leader

Fig. 4. Graphical representation of the MAS CRF, ground coordinate
unit basis vector (é,,é,,é.); leader global desired positions r; y7,
ro g1, r3 7 ;andthe CRF unit basis vector (é1,é5,é3), andrp, pr.

We define
z1 (t) y1 (1) 21 (t)
| a2 (t) Y2 (1) 2 (1)
t Z th P (t) - T3 (t) U3 (t) 23 (t)
oy (t) yni1 () 2y (1)

The elements of Q and d can then be uniquely related tor; g7,
ro g7, T3, HT, and ry 4 g7 by

T
[Vec @ (t))] —[LaPt) Lol] 've(P ().
d(t)
(11)
I3 € R3*3 is an identity matrix and 1, € R**! is a one vector.
a-parameters: t; yr =r; yr —r1 7 denotes the
relative global desired position of leader ¢ ( =1,2,3) ex-
pressed with respect to the CRF. The relative global desired
position ¥ 1 = (zi g1 — T1,107)€: + (YinT — Y1,HT )€y +
(zi,gr — z1,m7)€. can be expressed as T; yp = ;€1 (t) +
Biéa(t) (i = 1,2, 3), where ~; and 3; can be uniquely related to
Ti g, Yi,1HT>and 2; g by

i TiHT — L1,HT
oI
0 Zi HT — Z1,HT

Yi, HT — Y1, HT (12)

For 2-D homogeneous transformation in 3-D motion space,
quadcopter’s r; ;7 (t) (i € V) desired position is given by
1€ Vp, rigr(t) = ;1T gr + Qi ore g + 04 3T3 g

(13)
where «; 1 is unique and obtained from solving the following
three linear algebraic equations:

Yi(to) 7(to) v3(to) | | @in ~i.mt (to)
Bi(to) Pa(to) Bs(to) | |z | = | Bimr(to) (14)
1 1 1 ;3 1
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B. Continuum Deformation Acquisition

Without loss of generality, this paper assumes that the desired
trajectory of leader quadcopter 7, between initial position r; o
and target destination r; ,, is given by

i=1,2,3,t € [to, to + Trotat], Tai= (Tig —Tio)Si+Tio

(15)
where s; (1) = 215:0 Gat*~t (i = 1,2, 3), subject to s (tg) = 0,
5i(to + Tiota1) = 1, 8i(to) = 5i(to + Tiotar) = 0, and 5; (ty) =
§i(to + Tiota1) = 0. Coefficients ¢; ¢ through (; 5 are the solu-
tion of the following set of linear algebraic equations:

Tt50ta1 Tt4ota1 Ttgotal Tt?otal Tiotal 1] MCoi T
0 0 0 0 0 1 41:7;
T AT 3T 2T 1 0 Ca.i
0 0 0 0 L 0] ¢,
2073 .., 1272, ©6Tiotal 2 0 0]
0 0 0 2 0 0] LG,
1
0
_ |0 (16)
0
0
L0

Followers acquire a desired homogeneous transformation
through local communication. We assume that quadcopter
1 € Vp updates its position based on the positions of three in-
neighbor quadcopters iy, is, i3 (N; = {i1, 12,13}, Vi € Vp),
where followers’ in-neighbor agents are specified by a directed
graph. Fig. 2 shows a sample graph used for a 2-D local com-
munication continuum deformation. It is assumed that the quad-
copters’ initial positions satisfy the following rank condition at
t= tol

[ri,.mr(t0) — vy mr(to)  Tiy.mr(to) —riy mr(te) | = 2.

a7
Communication weights are obtained from
Yir (to) i, (t0) s (t0) | | wisi, 7i(to)
Bi, (to)  Bi,(to)  Biy (to) | |wis, | = | Bilto) |- (18)
1 1 1 Wi iy 1

Note that Wi, + Wi, + Wi, = 1 Vi € Vp).

Remark 2: 1t is beneficial to ensure that follower commu-
nication weights are all positive. This can enhance the follower
convergence rate to desired positions defined by a homogeneous
transformation. When communication weights are all positive,
then 1) each follower ¢ € V' will be located inside the commu-
nication triangle ¢ defined by in-neighbor agents %, 72, and i3,
and 2) followers are all inside the leading polygon. Therefore,
follower 1 is closer to the centroid of communication triangle 7
and MAS evolution stability can be improved. Mathematically
speaking, the magnitude of the closest eigenvalue of matrix L
from the imaginary axis is increased; therefore, the convergence

rate is increased. Notice that the closest eigenvalue of matrix L
to the imaginary axis is negative and real [21].

Assumption 1: Each follower i € Vp is located inside
the communication triangle whose vertices are occupied by in-
neighbor quadcopters 7y, 72,13 € N;. Therefore, the followers’
communication weights are all positive.

Assumption 2: Digraph G defining interagent communica-
tion among quadcopters contains a spanning tree, and position
information flows from leaders to every quadcopter ¢ € V.

Assumption 3: If N; > 3, the FL-communication matrix
2 from (2) is partitioned as follows:

Q-[2, 2] (19)
where €, € RIW=N1)3 and Qp € RV -N2)x(N2=3) Note
that subscripts are defined such that p indicates the set of primary
leaders, s indicates the set of secondary leaders, and f indicates
followers.

Assumption 4: If N; > 3, we define

Q4 1 Q4 2 Qg3

Qs = e RNVL=93 (20)
aN; 1 ONp 2 QN3

where each o-parameter «v; ; (1 = 4,..., Ny and j = 1,2,3)is

computed from (14) given the initial position of secondary leader
i€ Vi \{1,2,3} and the primary leaders’ positions. Because
the leading polygon is strongly convex at the initial time ¢, the
secondary leaders are all outside the leading triangle. Therefore,
each secondary leader has at least one negative communication
weight and one positive communication weight.

Theorem 1: We define

Mi,HT My HT
Zo.uTp (1) = | M2aT |3 Zmour,s (1) =
RUEN:¥A MmN, HT
_mNL +1,HT
Zyur.g () =
MN.HT

as components m € {x, y, z} for the primary leaders, secondary
leaders, and followers. If follower communication weights and
secondary leader a-parameters are consistent with initial quad-
copter positions and assigned using (18), then

Q I o] |ZmHTe (to) 0
ps -
Zm s (T =10]. 21
Q,; O L T, (to) 210
Zm,u7,f (to) 0

Theorem 2:1f follower communication weights w; ;, , w; ;, ,
wj ;, satisfy (18), and the communication graph G contains a
spanning tree, the following statements are true.

1) The matrix L € RV -N2)x(N=N1) i5 Hurwitz.
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2) The matrix
W, = -L'Q=-L"' (ﬂpf + QSprf)

c R(N—N]_ ) %3 (22)

is one-sum row, i.e., the sum of the row elements is 1 for
all rows of matrix Wp,.

3) The entry of row ¢+ — Nz, and column j of W, is equal
toa, ; (i € Vi, j € {1,2,3}), where ; ; is determined
by (14) given initial positions of the three leaders and
follower i € Vp.

Corollary (Global Desired Configuration): The followers’
global desired positions, defined by a homogeneous transfor-
mation, are given by

YVt > ty, m = €, Y, z, Zm HT,f = WLZm,HTA,p- (23)

V. QUADCOPTER TEAM COLLECTIVE DYNAMICS

Given the quadcopter dynamics modeled in Appendix A, the
quadcopter team collective dynamics can be expressed as

ZvQs = Asyszaqs + Bsysunqs (24)

where

Oy Iy Oy (N

Oy Oy Iy Ox
Agys =3 ®

Oy Oy Oy Iy

kasW  ksW o =k Iy —ki Iy
Bgys =

(I3 ® [On,xn Onyxn On,xnv In, Oy w(vonyg) ])T

“®” is the Kronecker product symbol, Oy, .y € RVz*N
and Oy, (v-n,;) € RN *x(N=Nv) are zero-entry matrices, and
I3 € R Iy, € RVeNe Ty € RV*N areidentity matrices.
In addition

2105 — [Zf BT zg Zf 2T 57 }T
€ RI12Nx1
is the quadcopter team state vector given by
Zy = [Z;z Zf,,f]T, Zyg = |71 - INL]T7
Zp =[N, 1 - an]”
Zy = [Zg,l Zf,,fﬁ zy1 =y - un, |
Zyt = [Yn, +1 - ?JN]T
z. = [z 2. )" 2oy = [ aw, )T
2.5 = [on, 41 2n]l
We define
a7 () = [Zvrz,HT,l (0]
Zu 1§ (1)
with (m = z,y,2), t > to, Zn grg = [Mmi,gr - mn, gr)’,
and zp, gr.f = [my, 1,57 - MaaT] . Umgs s then

given by
4 qi-i Zy 0T,
uNQs = Z k'jm Zy HT,l (25)
J=0 Z. HT,

where &y = 1. Note that W was previously defined in (1).

Remark 3: Matrix W is Hurwitz (see Theorem 2). Con-
trol gains k; through k£, are selected such that the roots of the
quadcopter team collective characteristic equation

CH(s) = |sI— Agys| =0 (26)

are all located in the open left-half s-plane, where I €
RIZN¥I2N ig the identity matrix.

A. Collective Error Dynamics

Let z,, (m = x,y, 2z) be the difference between actual and
desired quadcopter positions

Z’m,l Zm,0 —Zm,HT,]

27)

Zym = P —

Zm,,f Zm,f — Zy HT,f

Then, the MQS collective dynamics (24) can be rewritten as

2 . Zy 4
d4-J -1 0
i=0 z, j=3
a1
dtd—i 2y
Z;
4 Iy qi-i Zy HT,I
= Z kj 13 [29] L d4_—] Zy,HTVZ
o ON-—n, )N, t
Z: HT,
(28)

Let 2 = —L(—L7 ') = —LW/, be substituted in (28) where
‘W was previously defined in (22). Then

szr,l - _LWL (Z(I?J + Z:v,HT,l) = QZCE,I - LZx,HT,f
(29a)
sz,l = -LW,, (iy’l + Zy,HTJ) = Qiyﬁl — LZy,HT,f (29b)
Oz, =-LW.(2,;+ 2, 5r1) =Q%,; — Lz, gr .
(29¢)
Therefore
2 i-’L' 4
i [ ] di-d
Z d#t Zy + Z kj (13 ® W) dtd—i
j=0 Z, Jj=3
(30)
Zy HT,
X Zy HT.I = EQ
Zy HT,l
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where
9 . Zy HT,I
0 dd-7 .
~ 3N x1
Fam 2 b <13 ?w D ai T | | e | | €RT
j=0 L 7
2, HT,l
(3D
Defining
ZNMQS,HT
T .-.T T .-.T T .-.T T
= [Zar,HT o ZogrZygr Ly prZogr Zz,HT]
€ R12Nx1

and Z\1qs = ZmQs — ZMQs,H T, the error collective dynamics
(30) can be expressed by the following state-space form:

ZMgs = AsysZygs + (Is ® [On 3w INDT Eq. (32)

The solution of the error dynamics in (32) is given by

t
zMQS = CSYS |:eAsystZMQS(O)+/ eAsysT
0

X (Ig & > EQdT

t

where Cgys =I3; @ Iy 000] . EQ(T ) is a vector [see
total

(15)], where T}, is the travel time betv?/eaén initial and target

formations. T}t is selected sufficiently large that the deviation
of every quadcopter 7 is less than upper bound §

Vi € Vi,

O35 xv
33
I (33)

|r; —rimr| < 0. (34)

VI. SAFE AND SCALABLE COORDINATION CONDITIONS

This section assigns safety conditions ensuring interagent
collision avoidance and quadcopter containment in a large-scale
continuum deformation coordination.

A. Safe Continuum Deformation Coordination

Using polar decomposition, the homogeneous transformation
Jacobian matrix can be expressed as Q = RpUp, where ro-
tation matrix Rp is orthogonal and matrix Up is a positive
definite. This is because R p is orthogonal Up? = Q' Q.

Note that A; = 2, (Up) = 2,(/QT Q) > 0 if leaders do not
align during the continuum deformation. Because the leading
polygon is normal to the vector &3 at any time ¢, A3 = 1. The
paper assumes that 0 < A1 < As.

Let Dp be the minimum separation distance between all
leader and follower quadcopter pairs, and let Dg denote the
minimum distance of any follower quadcopter from the bound-
ary of the leading triangle at initial time £y (see Fig. 5). It is
assumed that each quadcopter is enclosed by a ball with radius
e. Given Dg, Dp, and ¢, we define

1
Omax = min {§(DB —2¢),(Dg — 6)} (35)
as the upper-bound for the error signal
Vit >ty Vi, d=sup|r;(t) —rimr(t)]- (36)

Fig. 5. Containment prism schematic showing minimum separation
Dp and boundary distance Dg at initial time .

Because 0y is assigned based on Dp and Dg using (35),
both containment guarantees and interagent collision avoidance
are assured if every quadcopter satisfies inequality (34) and
0 < dmax for all times .

Theorem 3: We assume

AcD,min < A1 (Up) (37)
where
0+e 5/5max +€/§max
A min — = 33
on. 5max +e€ 1+ 6/5max 38)

A is the smallest eigenvalue of the matrix Up, € is the quad-
copter body size, and . and § are assigned by (35) and (36),
respectively. Then, the following statements are true: 1) intera-
gent collision avoidance is assured and 2) quadcopters remain
inside a containment prism with two polygonal bases' and IV},
rectangular surfaces between the two bases. Note that rectan-
gular boundary surfaces all have the same height 2(J + €) (see
Fig. 5).

B. Scalable Continuum Deformation Coordination

We call continuum deformation coordination scalable if both
inequalities (safety conditions) (34) and (37) are satisfied for
a large value of N. Inequality (34) is a temporal constraint
that can be satisfied by choosing a sufficiently large travel time
Tiotal- This property is demonstrated in Fig. 11 of the simula-
tion section. Inequality (37) imposes a geometric constraint on
quadcopter continuum deformation by assigning a lower bound
on the eigenvalues of matrix Up given deviation upper bound
&, quadcopter size €, and 6y, .« assigned by (35).

Fig. 6 plots Acp min Versus €/dmax for different &/0uax
(0/0max = 0,...,0.9). For large N, continuum deformation
safety is guaranteed, if A, (Up ) is greater than Acp i at any
time ¢ given the upper bound J, quadcopter size €, and Oy, -
Note that § depends on quadcopter control performance as well
as Tiotal, that is, deviation upper bound ¢ decreases as Tiqal
rises. Acp min (lower limit for Up eigenvalues), quadcopter
size €, and 6y, must be appropriately selected such that safety
is guaranteed in a large-scale team.

IBases of the containment prism are translated copies of the leading convex
polygon and are equidistant from the leading convex polygon.
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Fig. 6.  AcD.min VErsus €/dymax for d/dmax = 0,0.1,...,0.9.
-200 5/00 4/UO 3/00 2/00 ‘/DD /0 '}OD '2001200
0
200 .: “:;;;x I— 1000
o nitial |,
600 __ — 600 g
— 400
[— 200
ge —0
Fig. 7. Quadcopter team initial and target formations.

VIl. SIMULATION RESULTS

We consider a quadcopter team consisting of 40 quadcopters
in a collective descent scenario. Quadcopters 1, 2, 3 are pri-
mary leaders and quadcopters 4, 5, 6 are secondary leaders. The
remaining quadcopters are followers. The quadcopter team is
treated as a 2-D continuum deforming in a 3-D motion space.
Quadcopter initial positions are shown in Fig. 7.

A. CRF Evolution

Given primary leaders’ initial positions (r; o = 360€, +
900é;, ry o = 72¢, + 108¢, + 1008¢., and r3, = 108¢, —
72é, + 1080¢. ), the basis of the deformation plane is obtained
from

20 T (08835 0.3313 0.3313]"

é t pu— =
1< 0) ||I‘2,0 *r1,0||2

é(to) = [~0.1280 —0.8509 0.5096]"

&(to) = [0.4507 0.4078 0.7941]".

The case study objective for the quadcopter team is to safely land
on a podium inside a narrow passage as shown in Fig. 7. Leader
goal (destination) states are located at r,; =1 (Tiotal) =
224, + 434€, + 560€.,r, 2 =rs(Tiora1) = 126€, + 2246, +
560€., and ry 3 = r3(Tiota) = 322€, + 224€, + 560é,. Pri-
mary leader trajectories are assigned by (15). Given the primary
leader trajectories, the elements of Q and d are computed us-
ing (11). Eigenvalues of matrix Up = 1/QT Q can be plotted

Eigenvalues of Up
=)
©

3
Tiotal "

Fig. 8. Eigenvalues of pure deformation matrix Up versus

t

versus z—— as shown in Fig. 8. Observe that Acp min = 0.54
is the lower limit for the Up eigenvalues.

B. Secondary Leaders’ Evolution:

Secondary leaders are initially positioned atr, o = —72¢€, +
117.6e, + 1084e,, r5 = —198¢e, + 37¢, 4+ 1197¢,, and
reo = —36€, — 62¢, + 1156é,. Given Q(t,0) and d(¢,0),
computed by (11), the secondary leaders’ positions at time ¢
are given by

Vt>0,7=4,5,6, g7 (t) = Q(t,O)I'LO + d(t, 0)

C. Collision Avoidance

Given leader positions, the eigenvalues of matrix U p are plot-
ted versus time in Fig. 10. Note that one of the eigenvalues of
the matrix U is always 1. Furthermore, A1 (¢) > 0.50 (V¢ > 0);
therefore, we choose Acp min = 0.54 as the lower-limit of the
eigenvalues of matrix Up. Observe that quadcopter 14 has a
minimum distance Dg = 14.6168 m from boundary 1-2 of
the leading triangle at the initial time. In addition, quadcopters
14 and 15 are the closest quadcopters with minimum separa-
tion distance D = 19.2603 m at the initial time. We assume
that the ball B, enclosing quadcopter ¢ has radius e = 1.5 m
and center located at the centroid of quadcopter 7. Using (35),
Smax = min {3 (Dp — 2¢), (Dg — €)} = 8.1302 m. Deviation
upper bound ¢ is calculated from (38)

8 = AcD min (Omax + €) — € = 3.7003 m.

Because § > 0, interagent collision avoidance can be assured by
increasing the travel time At and choosing appropriate values
for control gains k; through ky.

D. Continuum Deformation Acquisition

Follower quadcopters use the communication graph shown in
Fig. 2 to acquire continuum deformation through local commu-
nication. Communication weights are consistent with agents’
initial positions and assigned by using (18). Selecting k; = 8§,
ko = 24, k3 = 51.5625, and k; = 23.4375, quadcopter team
collective dynamics is stable; roots of the characteristic (26) are
all placed in the open left-half s-plane. z, y, and z components
of follower quadcopter 20 are plotted versus time in Fig. 9. The
maximum deviation of all followers at any ¢ > 0 is given by

Emax = max (”rz - ri,HT”oo)
VieV
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Fig. 9. Follower quadcopter 20 position versus time.

Trieshold = 1158
T
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4 = 3.7003m b
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total

Fig. 10.  Maximum follower deviation E,, .« for different values of travel
times tiotal-

5)

Fig. 11.  Minimum separation distance Dp and minimum boundary
distance Dg versus time.

where || - ||~ denotes the infinity norm. In Fig. 10, Fy.x is
plotted for 50 < Tiota1 < 400 s. It is seen that Fryax (Tiotal) <
3.7003 m, if Tiotal > Trhreshold = 115 s. Choosing Tiota =
200 s, minimum separation distance Dp and minimum distance
Dg, from the lateral surfaces of the containment prism, are plot-
ted versus time in Fig. 11. Because Dg > 0 at all ¢, no quad-
copter leaves the containment prism. Also, no two quadcopters
collide as Dp > 0 for all times ¢.

VIIl.  CONCLUSION

Continuum deformation for quadcopter team collective mo-
tion offers team scalability and substantial deformability within
the group. This paper has extended continuum deformation
from single/double integrator systems to multiquadcopter sys-
tems with six DOF nonlinear dynamics and moving reference
frames based on moving leader positions. We showed that con-
tinuum deformation can be achieved with interagent collision-
avoidance quadcopter containment guarantees. Scalability and
safety of quadcopter team collective motion are demonstrated
in a simulation scenario in which 40 quadcopters collectively
land on a podium inside a narrow channel.

APPENDIX A
QUADCOPTER MODEL

The actual position r; of every quadcopter is expressed with
respect to an inertial coordinate system with unit bases &,, &,,
and e, [see (3)]. However, it is more convenient to represent
quadcopter rotational dynamics with respect to the body frame.
Bases of the quadcopter body frame, denoted by ib,i, jb,i, and
lAcb,i, are related to &,,, €,, and &, by

1p i

o
k;,;
Co, Cy;, Co, Sy, —Sp,
= S% Sy, Cp, — Cy, Sy, S¢i Sp, Slﬁ) + O¢i O¢z S¢f Cy,
C¢z Sa,, Cls% +S¢>i Sls% C¢>i 591 SUL - Stf)z Cu C¢,09¢
&
x| e, . (39)
e,

In (39), C) and S are abbreviations for cos(.) and sin(.),
respectively. ¢;, 0;, and v; are roll, pitch, and yaw angles of
quadcopter i € V. Throughout this paper, it is assumed that 1);
is updated by 1/17 = uy ;, where 1;(0) = 0, w7 (0) =0, and uy
is updated by the stable dynamics

i = —kgithi — k. (40)
If ky 4, kq&,i > 0, 1;(t) = 0 for all ¢ and (39) simplifies to
ib,i cos 0 0 —sin 6; €
jb .| = | sing;sinf;  cosd;  sing; cosb; €
f{b . cos¢; sinf; —sing; cos ¢, cosb; €3
4D

Define the (actual) position r; = z;&, + y;€, + 2;€., veloc-
ity vi =v,,€, +v,,€, + v, ;€,, the gravity g = 9.81 m/s?,
mass m;, thrust force per mass FTJ- = Fr , and control input

m;

V., = [ur.,; ug, ugi]*. The dynamics of quadcopter i € V is
given by

X =f(Xi)+g(X)V,
() +g(X) Vi )
h(Xi)=ri =z vy 2]
where X; = [z; yi 2 ve; vy Vs Fry ¢ 0; FTz bi 6,7 €
R!2*1 is the control state, h is the control output
gT: [0 I] €R3X12
£ = [vei vy v fo S5 fo fr fs fo 0007
fi= FT,Z» cos ¢; sin 6;

f5 = —FTJ' sin ¢i
fo = —g+ Fr; cos ¢; cos 0;
fivs =1, =456
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Note that 0 € R3*? is the zero-entry matrix and I € R3*3 is the
identity matrix. The quadcopter dynamics given by (42) has a
total relative degree n, = 12. Using 1O feedback linearization,
quadcopter dynamics (42) can be converted to

d41‘i
U; = M746,iVi + Nrge.i (43b)
where
Mr i

Fr j cos ¢; cos 0
—Fr i cos ¢ 0
fF‘TJ- cos 0; sin ¢;

cos ¢; sinf); —Fr;sin¢;sin;
= —sin ¢;

cos ¢; cos 0; —Fr ;i cos ¢; sin;

9; cos ¢; cos b; — d); sin ¢; sin 6;
—¢i cos ¢;

—9z cos ¢; sin 0; — qSL sin ¢; cos 6;

Nrgo: = —2Fr

- (972 + ¢L2) cos ¢; sin; — 20; ¢L sin ¢; cos 6;

— Fr; ¢? sin ¢;

— (912 + qb?) cos ¢; cos 0; + 20, (;52 sin ¢; sin 6;
Define

- d] i . d] r;
Pdﬂ' = Zk4_]w and P, = Zkzl_]'m.

7=0 7=0
Choose the
U, =Py, — P, (44)

position of quadcopter ¢ updated by the following fourth-order
dynamics. By equating the right-hand sides of (43b) and (44),
it is concluded that

cos ¢; sin 6;

d’t - :
=g +Fr;| —sing; (45)
—g cos ¢; cos 0;
Equation (45) can be rewritten as
ur,i ﬁT,z‘
Vi=lui|=|é |= MT_g})@Ai (Ui = Nrgoi) . (46)
Ug i 92

Quadcopter ¢’s controller functionality is shown in Fig. 12.

APPENDIX B
PROOFS OF THE THEOREMS

Proof of Theorem 1: The initial position of quadcopter
i €V can be expressed by r; gro =11 g0+ 7i(to)ér +
Bi(tg)é2. If communication weights are determined by (18),

Pa; Ui Vi |[%=r&x)+g&x)v; h(Xi)E
hX) =[x ¥i z|”
P;
Fig. 12.  Block diagram of the controller for quadcopter i.
then we can set up a weight matrix W using (2) where
Q,, -I 0 T
t t =0. @a
Q,; Q; L [’71 (to) v ( 0)} (47a)
Q,, -1 0 T
t v (T =0. @47b
Q, L] [ B (to) By (to) ] (47b)

Note that row 7 — 3 of (47) is equal to

{Zglam (v (o) =i (o)) =0 i€V \{1,2,3}
djen Wi (v (to) =i (t0)) =0 i€ Vp
(48a)
{Zilau (8 (t) = Bi (t) =0 i€ VL \{1,2,3}
> jen Wi (Bj (to) = Bi(to)) =0 i€ Vp.

(48b)
Hence
1€ Vp, Z wi j (Tj HT,0 — Ti,HT,0)
JEN;
=TI Z ’U}M — 1
JEN;
+ Y wii [ (v (to) = i (o)) €1 + (B; (to)
JEN;
— Bi (to)) €]
= Z wi ;[ (75 (to) — i (o)) €1 + (5 (to)
JEN;
— Bi (to)) &) = 0. (49)
Similarly, it is concluded that
3
i€ Vi\{1,2,3}, > ai;(riuro—rinro)=0. (50)
=1

Consequently, (21) is satisfied when (49) and (50) are written in
component-wise forms.

Proof of Theorem 2: There exist at least N followers
communicating with Ny leaders. Because W is the zero-sum
row, the sum of the elements in at least N; rows of matrix L is
negative; however, the sum of elements in the remaining rows of
matrix L is zero. While diagonal elements of L are all —1, off-
diagonal elements of L are non-negative. If the communication
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graph G contains a spanning tree, matrix L is irreducible and
—L is a nonsingular M-matrix. Therefore, matrix L + I has a
spectral radius p < 1 and eigenvalues of matrix L are all located
inside a disk centered at —1 + jO and radius p [42]. From (21),
we can write

Zm HT,s (tO) = stZm,HTAp (tO) (Sla)

Zy HT,f (tO) - _L71 (prZm,HT.p (tO) + Q.s,fzm,HT,s (tO))

(51b)
where m € {x,y,z}. Substituting (5la) into (51b)
yields Zm,HT,f(tO) = Wfpzm,HT,p(t0)7 where Wfp =

LY, + Q,¢Q,¢). The entry of row ¢ — N;, and column
j GE€Vp,je€V) entry of matrix Wy, is equal to a;
from (14). Thus, Wy, and W are both one-sum row
(Wy, = Wp).

Proof of Theorem 3: Let m; and my define two unique
points of the leading triangle with minimum separation distance
atinitial time ¢o. If 0.5(Dp — 2¢) < (Dg — €), then my and my
are assigned based on the two most closely spaced quadcopters
at initial time ty. If Dg — € < 0.5(Dp — 2¢€), m, represents a
quadcopter and ms is the closest point to m; on the bound-
ary of the leading triangle. Consider (35), ||t,,.0 — Tm, .0/ =
1(0max + €), where = 1if my represents the closest point on
the boundary of the leading triangle. Also, u = 2, if my repre-
sents a quadcopter inside the leading triangle with the closest
separation distance. Interagent collision is avoided and no quad-
copter leaves the leading triangle if

n= 1727 Hrml (t) — Tm, (t)” < N(é + 6)
é ||rm1,HT(t) - rmz.HT(t)H'

Under a homogeneous transformation, r,,, g7 and r,,, g7
are updated by (5), where r,,, o =y, zr(to) and rp,, o =
T, mr (to). Consequently

I

Hr'rm JHT (t) - r7n,2,HT(t) - (rm| 0 — er,U)T

X QTQ (rm| 0 — rmg,())

- (rml 0 rmg,O)T U2D (rml,() - rmz,())

<A <

. 0+e€
at any time ¢ and, thus, ACDJnim =<
' 5max +€

||rm1ﬁHT (t) — Ty HT (t) ||

||I‘m] 0 — Ty, ,0”
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