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Ultra-Wideband and Odometry-Based Cooperative

Relative Localization With Application to
Multi-UAV Formation Control

Kexin Guo

Abstract—This paper puts forth an infrastructure-free
cooperative relative localization (RL) for unmanned aerial vehicles
(UAVs) in global positioning system (GPS)-denied environments.
Instead of estimating relative coordinates with vision-based
methods, an onboard ultra-wideband (UWB) ranging and commu-
nication (RCM) network is adopted to both sense the inter-UAV
distance and exchange information for RL estimation in 2-D
spaces. Without any external infrastructures prepositioned, each
agent cooperatively performs a consensus-based fusion, which
fuses the obtained direct and indirect RL estimates, to generate
the relative positions to its neighbors in real time despite the
fact that some UAVs may not have direct range measurements
to their neighbors. The proposed RL estimation is then applied
to formation control. Extensive simulations and real-world flight
tests corroborate the merits of the developed RL algorithm.

Index Terms—Cooperative relative localization (RL),
distributed formation control, GPS-denied environments,
ultra-wideband ranging and communication (RCM) network,
unmanned aerial vehicles (UAVs).

I. INTRODUCTION

ORMATION control of multi-UAV systems has been a
popular research topic in recent years [1] due to its
extensive applications, such as surveillance, forest monitoring,
and assistance in disaster areas. However, to realize real-life
flights, relative positions between unmanned aerial vehicles
(UAVs) are a prerequisite for most formation control meth-
ods [2]-[7]. Moreover, UAVs for formation applications should
be designed to be as efficient as possible. This means that
payload, sensing, and computational capabilities are limited.
Therefore, how to simultaneously achieve relative position
estimates with fewer resources and perform flight formation
is a worthy research topic.
One simple method to obtain relative positions is to con-
struct a communication network in which each UAV knows
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its own global position in a shared frame and communi-
cates it with others. The UAVs can infer a relative estimate
based on the shared data [3], [8]-[11]. Formation experimen-
tal results using global positions, particularly those involv-
ing quadcopter UAVs, already exist in both simulation and
actual flight, but agents here must depend on some external
infrastructure for positioning. Examples include global posi-
tioning system (GPS) [8], [9]; motion tracking systems [3],
[10]; and radio-based positioning with anchors such as
ultra-wideband (UWB) networks [11]. However, infrastruc-
ture dependence is disadvantageous. GPS is unreliable in
cluttered urban environments, and the aforementioned alter-
natives require carefully setting up the operation area and
have limited range. In addition, the accuracy of the infras-
tructures (e.g., positions of anchors and camera calibration)
seriously affects the positioning accuracy. Especially, in some
unknown environments such as forests, it is difficult to set up
such infrastructures. Therefore, these infrastructure-dependent
positioning systems are unsuitable for exploration tasks in
an unknown environment. Even in [8], where the formation
is distance-based and, thus, intended for use with interagent
range measurements without infrastructure, the experiment
reported was still GPS dependent.

On the other hand, infrastructure-independent examples also
exist, but are deficient in some ways. In [12], a vision-
based method was presented using onboard markers for rel-
ative localization (RL). Although promising, it is inherently
restricted by limited view angles, occlusion and lighting, and
heavy computations. The simultaneous localization and map-
ping (SLAM) method is able to provide position information
by generating an environmental map onboard during flight,
and obtain relative positions by sharing the position estimates
through communication networks [13]. However, it still can-
not be applied in some real-life environments, such as open
areas, featureless hallways, an indoor environment with slanted
walls, and forests with leaves and branches of tress. If the mis-
sion does not need to build a map, then mapping is a resource-
intensive process to be discouraged. In [14], a Bluetooth-based
RL method was proposed and intended for collision avoidance,
but experimental results show its restrictions in flight duration
and test area. A convex optimization-based RL was formu-
lated in [15]. However, the method has high computational
complexity and requires centralized implementation. Source
localization with sampled range measurements was proposed
in [16], where all mobile agents cooperatively estimate their
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relative positions to a static source with an unknown position.
However, it is still an infrastructure-dependent method and
no practical tests were conducted to validate their approach.
An integrated RL and leader—follower formation control in
continuous time was proposed in [17]. Numerical simulations
were carried out but there is no discussion on the influence of
measurement noises. In [18], simultaneous velocity and rela-
tive position estimation with application to formation control
was studied, but it requires that each agent must conduct a
combined linear and circular motion during the entire forma-
tion period. Accurate angular velocity required in the circular
motion makes it impractical for applications in a real plat-
form. All of these observations motivate us to investigate an
integrated system of RL and formation control, which should
be practical and efficient for real-world applications.

In this paper, we present an infrastructure-free cooperative
RL algorithm and demonstrate its application in formation
control. The algorithm is validated by both simulations and
experiments on a group of three quadcopters. The RL method
uses only onboard sensors and interagent range measurements
leveraging the same onboard UWB technology as reported
in some previous works in [19] and [20], which can achieve
submeter accuracy. The centimeter level of ranging accuracy
within the radius of 150 m, and light weight, small size, and
low power consumption make UWB a reliable and feasible
ranging technique that can be applied for UAV. Unlike [20],
which only discussed the problem of direct RL to a static
UAV, this paper aims to localize each UAV relative to its
neighbors. A consensus-based fusion scheme is proposed to
fuse direct and indirect estimates which provides a more
robust RL estimate in the presence of measurement noises
and packet dropouts. The proposed RL estimation algorithm is
then applied to formation control. Unlike [8], the system here
is complete, integrating RL estimates with a suitable formation
controller. The contributions of this paper are summarized as
follows.

1) A cooperative RL strategy that is independent of infras-
tructures using only onboard sensors and interagent
ranging: The RL estimation error is shown to be bounded
under bounded measurement noises. Simulations and
real-world tests are in accordance with the theoretical
finding.

2) A consensus-based RL fusion to enhance robustness to
measurement dropouts: The boundedness of the fused
RL estimation error is analyzed, and experimental results
showcase the efficacy of the developed approach.

3) Distributed formation flights using RL estimates:
Numerical simulations and real-world formation flights
of quadcopter UAVs demonstrate the effectiveness of
the complete system, which integrates RL into forma-
tion control, by utilizing a customized UWB ranging
and communication (RCM) network.

The remainder of this paper is structured as follows.
Section II introduces the problem formulation and graph
theory. Section III proposes a cooperative RL method and
consensus-based RL fusion estimation, followed by a UWB
network-based RL initialization strategy. Section IV discusses
a discrete-time formation control algorithm by using the RL
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Fig. 1. Simultaneous infrastructure-free cooperative RL and distributed
formation control strategy is proposed to overcome the shortcomings of
widely used global positioning and/or visual detecting-based UAV swarm
applications. (a) and (b) Distributed formation flights in different scenes.
(c) Distances, displacements, and relative positions of three UAVs during their
simultaneous movements. For clarity, all variables shown in (c) are depicted
at different instants.

estimates. Simulations and flight experiments are conducted in
Sections V and VI, respectively. Finally, concluding remarks
are drawn in Section VIIL.

Notation: Throughout this paper, N, R, R*, C, and ZT rep-
resent the set of natural, real, positive real, complex, and pos-
itive integer numbers, respectively. For a matrix A, notations
|A| and AT denote its Euclidean norm and transpose.

II. PROBLEM FORMULATION AND BACKGROUND
A. Problem of Interest

Consider a team of N UAVs (labeled consecutively from
1 to N) working collaboratively to localize themselves with
respect to their neighbors. Meanwhile, each UAV employs
these relative estimates to jointly perform formation.

Let V; be the UAV{’s neighbor set, in which UAVi is able
to obtain distance d¥ from UAVj if j € N;. That is, when per-
forming a formation, neighboring UAVj is actually within an
area with a perceiving radius c_l, that is, d¥ < d. Leveraging the
obtained sensing information, UAVi aims to estimate the rel-
ative position of UAV/, xgk, at t = tjx, k € N in UAV/’s own
frame ]—'lM as depicted in Fig. 1(c). Then, based on the rela-
tive position estimates of its neighbors, each UAV generates a
corresponding formation control command. In this paper, two
scenarios are considered: 1) UAVi is able to sense UAV; and
conduct direct RL estimation, that is, UAVj is a primary node
for UAVi and 2) UAVi is only able to range and communicate
with UAVr which is a neighbor of UAVj, but fails to sense
UAV;j directly, and UAVj herein serves as a secondary node.

Suppose each UAVi has an inertial frame .7-"1.1 and a moving
frame sz ,fori=1,...,N. The moving frame }"lM , whose
orientation is the same as that of .7-'{ , s attached to its body.
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This can be satisfied if the UAVs carry compasses. In ]—'1-1 ,
UAVi is able to access its own velocity v;. Moreover, we
assume that each UAVi is equipped with an onboard UWB
module, which can measure the range d,’f to UAV/ and obtain
its corresponding change rate d” at t = f,k € N in .EM
In this paper, the 2-D case is cons1dered Consequently, it
follows that d] = d" = |lx{lIl and x; = v}, where
X{ = Gk — Xik, Yk — yik) | and v} = v — vy are the
relative coordinates and relative velocity of UAVj in UAVi’s
local frame, respectively, and (x;, y;) denotes the global coor-
dinates! of UAVi. In addition, the velocity v; of each UAVJ,
i=1,...,N, is continuously differentiable and satisfies that
lvikll < v, where v is a positive constant. That is, for any
i,j € Ni, d¥ is differentiable and ||} || < 2. The first
objective is to develop an RL estimator such that each UAVi
can estimate x;{k, j € MN;. With these RL estimates and
inter-UAV distance measurements, the next objective is to
design a distributed distance-based formation control for real-
world UAV swarm applications. To proceed, graph theory is
introduced first.

B. Graph Theory

If each UAV is regarded as a node, then its coupling topol-
ogy can be described by a graph. Let G = (V, £) denote a
directed graph called a sensing graph which consists of a node
set V={1,2,...,N} and arc set £ C V x V. A directed edge
(J, i) € € means that UAVi can measure its distance and the
derivative of its distance to UAVj. To study the RL problem
(e.g., estimate the relative positions to UAVj), we are also con-
cerned with another weighted digraph graph G=W\i &, N,
which is composed of a set of nodes Y = V\{j}, a directed
edge set & C V/ x )V, and a weighted adjacency matrix

= [k]] € RV=DxOV=D Vi is the set of N — 1 nodes
excluding j, and if r € M\{j}, there is an edge (i,r) € &.
Moreover Vi,r € WV, K =0, /c > 0if (i,r) € &, and

k! = 0 otherwise. Furthermore we also associate the N-UAV
system with an undirected graph G = {V, €} called a commu-
nication graph, which is the corresponding undirected graph
of G. For an undirected edge (j, i) € 5, UAVi and UAVj can
exchange velocity and data packets mutually.

Denote £/ as the Laplacian matrix of G/, whose diago-
nal elements [; = Zre NG Kl-lr and for i # r, there holds
liy = —/cllr. For g‘, if there is a path in G from every UAVi
in G to UAVj, and we say that UAV;j is globally reach-
able in G, which is much weaker than strong connectedness
(every node is reachable from every other node). Define
B e RV=DxN=D {0 be a j adjacency matrix associated with
G with diagonal elements /c for i € V/, where K > 0 if
UAVj is a neighbor of UAV], that is, UAVi has a d1rect distance
measurement of UAVj and Ki]D = 0 otherwise.

III. COOPERATIVE RL ESTIMATION

In this section, a cooperative RL estimator based on the
UWB RCM network is presented. To enhance the robustness,
a consensus-based RL fusion estimation method is also

IThe RL estimation method can work in 3-D spaces as well if the distance
measurement, velocity, and relative position are all calculated in 3-D.
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introduced. Finally, an RL initialization strategy for real
implementations is given.

A. Persistent Excitation-Based RL Estimation

1) Incorporating Local Measurements: Suppose each UAVi
is able to measure the relative distance dZ to its neighbor
J at sampling time instant #; . Meanwhile, UAVi will trans-
mit certain information, including v; x, and local RL estimates
X7 etc., to its neighbors (e.g., UAV)) by encoding the data
packet into one ranging request command. For the listener’s
side, although UAV; can acquire its own velocity v;, contin-
uously, v; ;. is actually sampled for calculation at ¢ = ¢; ; once
UAV/’s information is received. A time-synchronization sig-
nal has been entrained in our UWB RCM? protocol for each
cycle; thus, without consideration of the transmission time,
Wwe assume f; x = tj . Since j € N;, UAVi can receive UAV;’s
information as well. Assume that all of the clocks have been
synchronized, based on the obtained information on UAVi,
we aim to design an estimator for each UAVi in a team to
localize the relative position x;{k in its own frame .7-'lM at
t=tig,jEN,keN.

Since the orientations of reference frames ]—"IM and ]—"JM for

i ;é j are cons1stent it follows that Xk+1 XZ + Tvij and

Xi K = xj - Taking the derivative of both sides of dj =

17112
can getd dt =v/

vZ x;(. By taking the sensor noises into consideration, the

RL estimation on UAVi at t = ¢; ; is given by
)A(ilk+1 = sz"‘T( zk+€k> "‘VT( lk+€k>
[l ) eed) - (e a) 2]
(1

where €, 6]‘3, and 6,‘3 are the measurement noises of v? o d’,

W1th respect to t1me in the continuous-time version, we

J. By discretizing it, one obtains d/d) =

and ZZZ, respectively, at time k; y € R is a tunable constant
gain; and 7 is the sampling period. It will be shown later that
the RL estimation error is bounded in the noise-contaminated
case.

2) RL Error Analysis With Corrupted Noise: The dis-
tance measurement sensor adopted herein (i.e., UWB) is
able to achieve centimeter-level measurement accuracy [19].
Compared with the larger errors (tens of centimeters per sec-
ond) in velocity estimation (i.e., Px4Flow) [21], [22],
simply assume that ek and ek are equal to O in (1). To proceed
suppose there exists a constant 8 >0 such that |lex|| < 8.

Forz—l,. N, we let 3/ = x/ — xi.Slncedd’jz
vZ xZ, the error dynamic can be obtained as follows:

2)
where A, p=1— yT(vl et ek)(vl vt €)' and €ik=Ter—

VT("z  Feel Xy

=i Z i
Xik+1 :Aikxik+€ik

2Each UAV has both transmitter and listener roles in our UWB RCM pro-
tocol. Note that the larger the data packet, the longer the time duration of one
ranging slot and, thus, practically, a tradeoff between the ranging update rate
and the quantity of data transmission should be considered for a UWB RCM
protocol design.
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Before moving on, it is necessary to provide the following
assumption.

Assumption 1 (Persistent Excitation Condition): There exist
m € Z*1 and ;L >0 such that Vk € Z™, the relative velocity
measurement v k = pY ik + €, satisfies

k+m—1

o oT
> il =L 3)

Remark 1: The physical meaning of Assumption 1 is that
the two components of v/, denoted by vy, ; and v, are lin-
early independent® for [ € {k, ..., k+ m — 1}. Expanding the

left side of (3), we can get

N2 T
etm—1 ktm—1{( ij kbm—1 4
Z LI it =k \Vix =k Vie iyl
=i,1=i,1 k+m—1 Vij vl:j k+m—1 vl:/' 2
I=k I=k ix,1Viy,1 I=k iyl

Abiding by the Cauchy—Schwarz inequality, we have

2 k+m—1

k+m—1 k+m—1
i\ ij i \?
Z vtx lvly Ly = Z Vix,1 Z Viv.1

2

for any k € Z*. And the two sides of the above inequality
are equal if and only if v}, and v, ; are linearly dependent,
lefk,....k+m—1}. Hence Assumption 1 is equivalent to
the hnear 1ndependence of v .l and v,y plelk, ... k+m—1}.
Now, we are in a posmon to give the following result.
Theorem 1: For UAVi, under Assumption 1, if the sampling
period T satisfies

1
0<T < ——— €]

y (25 +35)

[(&1 +

then the estimation error ||)~(Zk|| is bounded by ¢ =
JEE +40£) /201, where
o= ,ua[l — yT(2v+ 8)
g1 = 2mé + atm(m — 1)(20 +5)°

é—._I:2 1 o _ :|2
h = m+6am(m HC2m—1) (&

]Z(m 1)

a=2yT —y*T?(2v + 5)2
£ :=T8[1+y(2v+5)d].

The proof can be found in the Appendix. |

Remark 2: Note that if there exists no velocity noise, that
is, § = 0, then ¢ = 0 and the RL estimation error will asymp-
totically converge to zero. The effect of € on the RL estimation
error and its upper bound ¢, will be discussed in Section V-A.

The proposed infrastructure-free cooperative RL strategy
does not rely on any anchors and no precalibration is required.
Leveraging only onboard UWB RCM and the built-in sensors
of UAVs, an RL estimate with bounded error can be achieved
under bounded measurement noises. Besides, the direct RL

3The functions fiD), ..., fs(1) are called linearly dependent in an interval
T if there exist ay, ..., ag, not all zero, such that Zle aifi() =0,vle T,
and linearly independent otherwise.
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Fig. 2. Indirect RL estimate %7, from UAVi to UAV] through UAVr.

estimation, an indirect RL estimate can also be obtained
through UWB RCM. Next, we will introduce a consensus-
based RL fusion method to fuse the direct and indirect RL
estimates to improve the robustness of RL estimation in
noise-contaminated scenarios.

B. Consensus-Based RL Fusion Estimation

If UAVj is both a primary node and secondary node for
UAVi, that is, UAVj is not only the neighbor of UAVi but
also a neighbor of UAVr and r € N;, then x’f can be esti-
mated indirectly. Let x . be an indirect relative estimate of

X7 obtamed by UAVi at t = f;; through an intermediate UAVr,
then x! k= =Xix+ ”rk’ as shown in Fig. 2. Moreover, based
on the RL error analys1s of (1) in Section III-A, we know that
%t % Y|l is bounded for each UAV.

Based on the RL error analysis of (1) in Section III-A, we
know that || x x /|| is bounded for each UAV. Inspired by [16], we
consider a noise-corrupted consensus-like RL fusion strategy
for UAVi as follows:

i i j ploii i
Wikl = Tig T+ T("i,k + ‘k> TG [Xi,k - ”i,k]

+ > w[xl-nl] )

reNi\y}

where /ch and KI are constants representing the direct estima-
tion weight and indirect estimation weight, respectlvely Kl] #~
0 if UAVi has a direct RL estimate to UAVj and «? i = = 0 other-
wise, which means that UAVs can obtain reliable and continual
RL estimates in real time despite the fact that some UAVs may
not have direct range measurements to their neighbors.
Theorem 2: If the conditions of Theorem 1 are satisﬁed and
UAVj is globally reachable in Q and /c + Zre./\f\{] K <1,

then the fused RL estimate n of x in (5) has a bounded
estimation error.

This theorem is an extension of [16], but the difference
is that here the fused RL estimation error is bounded under
bounded direct and indirect RL estimates in the presence of
measurement noises. Before proving the result, we present
some preliminaries.

Definition 1 [23]: Consider a nonlinear dynamic system
x(k+1) =f(x(k), uk))

with the state x(k) and input u(k). It is said to be (glob-
ally) input-to-state stable (ISS) if for every initial state
& =x(0) € R" and each u(k) € R™, there exists a class KL
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function B : R>p x R>9 — Rsp and a class K function 7
satisfying

ek, &, w)| < BUEL k) + n(llull)

for each k € N.
Lemma 1 [23]: A linear discrete-time system

x(k+ 1) = Ax(k) + Bu(k)

is ISS when A is a Schur matrix.

Lemma 2 [24]: The matrix £/ + B/ is positive stable (its
eigenvalues have positive real-parts) if and only if UAVj is
globally reachable in G.

Proof of Theorem 2: For i = 1,...,N and i # j, we let

n? = XU Then, it follows from (5) that:
~ ij ij ~ 1] i
Tl =iy — Kjj ”zk Z ki [”m r,k]+”i,k
re Ni\{j}

(6)

where ”z P =K sz + 2 re NG} Kt X + Tex with ||“z k” =
C(KU + Zre./\/\{]} Kzr) + 7.

Assume that at 1 = f;41, UAVJ is globally reachable. We
aggregate all of the systems (6) for i € 1/, and then we have

= e T

= (- L -B)e b)) +u (7

=i ol Sl S T o

where 7, = [Jtlk. .nj_#k, ik Ty, ) and w! =
1j 1) Nj P

[uljk u’ 1k’”j+1]k uN]’k] with * € W. £/ is the

weighted Laplacmn matrix of the graph ¢/ and B €
RW=Dx(N=D 5 3 j adjacency matrix associated with G.

Based on the Gersgorin disk theorem [25], all of the eigen-
values of £/ + B/, denoted by A, are located in the union of
discs as follows:

Ger(ﬁj + B’)

N—1 N
=U )\iEC:ZUk
i=1

reNji=1

2>

reN\{}

< Y «ht (8)

reN\{j}

By the condition in Theorem 2, we know that
Yoenng ke < 1 and «f + X cang ki < 1. Thus,
we can infer that A; lies in a union of discs which are inside
the unit circle centered at (1,0). Moreover, since UAVJ is
globally reachable in G, by Lemma 2 that all the eigenvalues
of £/ + B/ are of positive real parts, it indicates that A; is
strictly inside the unit circle centered at (1,0). Therefore,
all eigenvalues of £/ + B/ lie strictly inside the unit circle
centered at the origin and accordingly, £/ + B/ is a Schur
matrix. Based on Lemma 1, (7) is ISS, which means for all
k>0, 17 g wi ol < BRI k) + ndllu ).

Accordmg to Theorem 1, for any positive constants K,? s Kijps
||u < c(/clj + Zre/\/\{/} /clr) + T§. Since n(-) is a class K
function, it follows that n(||uk D — p as k — oo, where p
is a constant. Because ||Jt0 || is bounded and B(-, -) is a class

KL function, B(|x % II,k) — 0 as k — oo. Consequently,

IEEE TRANSACTIONS ON CYBERNETICS, VOL. 50, NO. 6, JUNE 2020

(B U (k, ﬁ';], u(k))| — p as k — oo. Thus, the proof is

completed |

Remark 3: Tt should be noted that the graph G/ might be
time varying due to possible failures of range measurements.
If a digraph G is strongly connected at t = f;4 (i.e., there
exists a path between any two distinct UAVs), besides the
relative estimation to UAVJ, for example, each UAV estimates
the relative position to UAVq, g € V\{j}, accordingly, fr;q,
L9, and B9 can be obtained.

Remark 4: Before the UAVs take off, a nonlinear regression
(NLR)-based method [11] can be applied to estimate the coor-
dinates of the static UAVs, and these estimates will serve as
an initial guess of the RL estimators in Section III to improve
RL accuracy. To apply this technique, a UWB RCM scheme
is developed in Section VI-B.

Remark 5: The proposed RL estimation method can be seen
as a weighted mean value of the direct and indirect estimates
which can increase the convergence speed and provide a more
robust RL estimate in noise-corrupted cases.

IV. APPLICATION TO FORMATION CONTROL

Combining interagent RL with distributed formation con-
trol is still challenging for practical applications especially in
the presence of noise. Based on global position information,
Deghat et al. [26] proposed a continuous-time algorithm
for a double-integrator model. However, this continuous-time
version cannot be implemented directly since range measure-
ments between agents are discrete. Thus, in this section, a
discrete-time formation control law involving RL estimates
and measurement noises is proposed as follows by discretizing
the aforementioned continuous-time algorithm:

Dikt1 =Dix +Tvik

v,k+1_v,k+y1TZ lk"‘J/zTZ(dlj _d )n;{k 9
jeN; JEN;

where T is the sampling period y1 and y» are small positive
constants, and v” i and ! i.x are relative velocity measurements
and fused RL estlrnates obtalned from (5).

By combining the RL algorithm developed in the last sec-
tion and the formation control algorithm (9), an integrated
cooperative RL and formation control algorithm is proposed
in Algorithm 1.

V. SIMULATIONS

In this section, we demonstrate the cooperative RL strategy
with six mobile UAVs in consideration of the sudden change
in trajectory, and then apply the estimates to multi-UAV
formation control.

A. Cooperative RL Simulation Results

1) Configuration: Six mobile UAVs are labeled as
1,2, ..., 6, respectively. The sensing graph of the six UAVs is
depicted in Fig. 3. It can be checked that in the sensing graph,
UAV1 is globally reachable. UAV2, 3, 4 have direct RL esti-
mates to UAV1 while UAVS and UAV6 only have indirect
RL estimates to UAV1. Besides, UAV3 is able to obtain two
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Algorithm 1: Pseudocode for Simultaneous RL Estimation
n?, and Distributed Formation Control

Procedure: RL Initialization
1 Ranging and communication, then conduct NLR: while

A¢ > k do
2 for i < 1t N do
3 if i == N, j < 0; otherwise j < i+ 1
4 UAVi sends range request and data package to
UAV; )
5 Calculate the relative distance QIZ
6 Conduct NLR based RL initialization [11]

7 Each UAV stores the initial RL estimates )A(g
Procedure: Cooperative RL. and Formation Control

8 while CooperativeRL do

9 for i < 1 to N do

10 if i == N, j < 0; otherwise j < i+ 1
11 UAVi sends range request and data package to
UAV; )
12 Calculate the relative distance QZZ, distance rate
c_iZ , and indirect relative velocity Bi‘{k
i
13 Xikt1 < (1)
1}
14 nl{ i1 < 3
15 Calculate the control command <« (9)
16 Send command to flight control board
®2
%
UAV1
%3
x4
E
%5
Fig. 3. Sensing graph.

indirect RL estimates to UAV1 through UAV4 and UAVS, and
UAVS5 has two indirect RL estimates to UAV1 through UAV3
and UAV4. The six UAVs’ movements are as follows:

b cos(%k) g = [—2 .sin(k)}
' _% sin(%k) ' 2 sin(k)
- cos(%k) —sin(%k |: 1 :|,v5k: [%j|
' i sin(%k) cos(%k cos(k) ' 0
pap — _—3sin(k)i|’ o= [_5%0 sinE%k)}
’ | 3cos(k) ’ 3 cos(3k)

and they are initially located at (0, 0), (2, —30), (20, —15),
(—20, 8), (—14, 8), and (—10, —30), respectively.

2) Fused RL Estimation w: To demonstrate the success of
the proposed estimation scheme, we set UAV1 as a relative tar-
get to estimate. In the first simulation, we let all of the UAVs
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TABLE I
STATISTICS OF RL ERRORS WITH § = 0.5 m/s, y = 0.5 (UNIT: m)

Case 21 31 41 51 61
Fig. 4(b) mean 0.1145 | 0.1359 | 0.2078 | 0.2123 | 0.2105
) variance | 0.0048 | 0.0046 | 0.0086 | 0.0071 0.0122
Fig. 4(e) mean 0.1231 0.1742 | 0.2305 | 0.2274 | 0.2167
: variance | 0.0185 | 0.0123 | 0.0198 | 0.0133 | 0.0177

take different continuous motions as seen in Fig. 4(a), which
include both linear and nonlinear motions. In the second sim-
ulation, UAV4 suffers from a sudden deviation of velocity at
t = 100 s, while others remain the same as shown in Fig. 4(d).

In this section, the positions of all UAVs relative to UAV1
are discussed and demonstrated since each UAV is able to
reach UAV1 as shown in the sensing graph of Fig. 3. Velocity
noise is bounded with § = 0.5 m/s, and €? and ¢? are consid-
ered as well with a bound of 0.05 m. Choose T = 0.05 s
(20 Hz),* y = 0.5, «f = lay/(Ni| + 1 + )], and
K{j = [1/(Ni] + 1 + @;)], where || is the cardinality
of NV, and a;; = 1 if UAVi has a direct measurement of
UAVj, and «;; = 0 otherwise. Accordingly, the conditions of
Theorems 1 and 2 are satisfied. Since each UAV conducts the
RL estimation from itself to UAV1 and performs the RL fusion
in its own frame, for the sake of brevity, here, we denote nfl
by m;1 and its corresponding real RL is x;;. The evolution
curves of the estimation errors ||m;; — x ;|| for the first and
second simulation are depicted in Fig. 4(b) and (e), respec-
tively, and the RL estimation errors are bounded with 0.4 m
in both cases. It is worth noting that in Fig. 4(e), the fused esti-
mates w31, T51, and e fluctuate slightly in the presence of a
significant variation of w41 at # = 100 s, and this demonstrates
that our proposed cooperative RL method is robust to unex-
pected maneuverings. The statistics of the errors are shown
in Table I which reveals that the mean estimation errors of
these two cases fall into the same magnitude and the errors in
Fig. 4(e) are slightly larger than those in Fig. 4(b) due to the
jerk of UAV4. Although the variances of the errors in Fig. 4(e)
are an order of magnitude larger than those in Fig. 4(b), it is
still acceptable since they are in centimeter-level.

On the other hand, in the presence of noises and data loss,
the fused estimator averages the impact of noises and data
dropouts. To some extent, additional information in indirect
estimation helps speed up convergence rate of the RL estima-
tion. For example, see the evolutions of direct, indirect, and
fused estimation error of x3; in the presence of noises and
data dropouts in Fig. 4(f). Obviously, the simulation result with
fusion converges faster than the direct estimation no matter in
the beginning or when the data transmission recovers.

3) Direct RL Estimation X and the Influence of € and y:
To show the influence of different velocity noises on the accu-
racy of the RL estimation, € bounded by 8§ =0.1-0.7 m/s are
demonstrated. Other configurations are the same as the sec-
ond simulation. For a given y, without loss of generality, the
evolutions of || {53 — X s3] under different conditions of & are
shown in Fig. 5(a) and their statistical results of the estimation

4UWB module PulsON 440 can provide a ranging measurement interval
of 25 ms (40 Hz) by default configuration, which is sufficient for the inner
control loop of a UAV in most scenarios.
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Fig. 4. RL estimation results in the cases of continuous and hopping trajectories. (a) Continuous trajectories of six UAVs. (b) Evolution of RL estimation
error ||;; — X1l calculated on UAVi, i =2, ..., 6. (c) Comparison of direct RL estimation errors between the proposed method, pell - ||, and the method

in [20], yerll - Il (d) Trajectories of six UAVs with a sudden change of UAV4.
at 100 s. (f) Evolutions of direct, indirect, and fused estimation errors of x3;.

TABLE 1I )
STATISTICS OF RL ERRORS OF w53 UNDER DIFFERENT §, y (UNIT: m)

4
v 0.1m/s 0.3m/s 0.5m/s 0.7m/s
0.1 mean 0.0685 0.1397 0.1541 0.1765
: variance 0.0020 0.0084 0.0092 0.0148
0.5 mean 0.1034 0.2439 0.3530 0.3991
: variance 0.0032 0.0223 0.0677 0.0688

errors are presented in Table II. It can be seen that regardless
of y = 0.1 or 0.5, the mean and variance values of the errors
become larger with the increase of 8, which is consistent with
Theorem 1.

On the other hand, for given 5, y should be chosen to sat-
isfy (4). The trajectories of || Xs3 — X 53/l and its upper bound
with ¥ = 0.5 and 0.1 are exhibited in Fig. 5(b) and (c), respec-
tively. The statistics of RL errors are shown in Table II. It
can be seen that under the same &, a smaller y can help to
reduce the estimation errors but decelerate convergence speed
while a larger y is reversed. Therefore, a dynamic y can be
adopted, which means at the beginning of RL, a larger y can
be chosen to speed up the convergence of RL, then reduce y
to narrow the RL error. A time window of 3 s is chosen for
Assumption 1, that is, m = 3/T. If pn is obtained at the end
of flight, then it should be fixed and ¢ will be a constant. In
this simulation, we adopt m latest measurements to dynami-
cally calculate u with the increase of time step k. Thus, the
upper bound curve is wavy but the peak value can be chosen

(e) Evolution of the RL estimation error in the presence of jumping on UAV4

for reference such as 0.6 m in Fig. 5(c). To summarize, the
relationship among s, y, and ¢ can be seen in Fig. 6. Next, we
will combine the proposed cooperative RL with UWB-based
formation control.

4) Comparison With the Method in [20]: Note that the
method introduced in [20] only considered the direct RL with-
out fusion. The 2-norm of the direct RL estimation errors of
X34> X54- X353, and Y ¢4 are depicted in Fig. 4(c). The sensing
graph and configurations are the same as Fig. 4(a). In these
two cases, X34, X54> X353, and X ¢4 share the same initial posi-
tions of [—4, 117, [17, =517, [23, =111, and [—4, 3] T. It can
be seen that based on the proposed method, all direct RL esti-
mation errors are bounded by 0.5 m at 20 s. However, the
errors using the method in [20] can be up to 8 m, which are
much larger than the results of the proposed method.

B. Combining Cooperative RL and Distributed Formation
Control

Consider a three-UAV team where each UAV is able to mea-
sure the distance to the other two UAVs. The control goal is to
form two triangular formations with velocity consensus. In the
simulation, we set y; = 1 and y» = 1.4 x 1072, Other param-
eters are the same as those in Section V-A. Two equilateral
triangular formations are preconfigured with d;"j = 15and 30 m
sequentially.

Fig. 7(a) and (b) shows that two equilateral triangular for-
mations are formed successively and sustained by true relative
positions and RL estimates, respectively. Compared with the
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Fig. 5. Absolute values of RL estimation error, ||£53 — x53|l, and its upper bound c. (a) |53 — xs3|l with respect to § = 0.1-0.7 m/s. (b) [ Xs3 — x53l and
its upper bound ¢ with y = 0.5 and § = 0.5 m/s. (¢) || x53 — x53| and its upper bound ¢ with y = 0.1 and § = 0.5 m/s.
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Fig. 6. Relationship among §, y, and c.

noiseless case in Fig. 7(a) (without measurement noises and
using true relative positions), the significant difference in
Fig. 7(b) is the flight trajectories, which are affected by the
measurement noises. The desired formations are achieved at
11 and 15 s, respectively, and the inter-UAV distances are
maintained at 30 m as seen in Fig. 7(c). Both of these two
cases achieve velocity consensus as shown in Fig. 7(d), and
the fluctuating relative velocity between O and 20 s indicates
the change of formation. The performances demonstrate that
the proposed RL algorithm is able to support multiple UAVs
to achieve formation in the presence of measurement noises.

VI. FLIGHT TESTS

In this section, we present extensive flight experimental
evaluations to demonstrate our proposed simultaneous coop-
erative RL and distributed formation control system. At first
the performance of cooperative RL is evaluated in terms
of average absolute error in comparison with the ground
truth provided by VICON’ (a motion capture system with
milimeter-level positioning accuracy). Then, this cooperative
RL combined with the proposed distributed formation control
is demonstrated by three-quadcopter flights.

A. System Configuration

Fig. 8 illustrates the hardware configuration and signal flow
of the UWB-based RL system. UWB modules PulsON 440°

5https://www.vicon.com/
6https://tirnedornain.com/products/pulson—440/

are installed on three quadcopters. Due to the large band-
width (from 3.1 to 5.3 GHz), UWB is robust to multipath and
non-line-of-sight effects, and provides a reliable long distance
ranging with an accuracy of 10 cm. Algorithms, sensing, and
communication are executed on a credit-card-sized mobile-
level Raspberry Pi2. The quadcopter is equipped with Pixhawk
and Px4Flow’ for flight control and onboard velocity esti-
mation. Note that other equivalent velocity or displacement
sensing systems can be adopted as well. Moreover, high-
precision velocity measurements can help to improve the RL
accuracy.

The UWB module on each quadcopter actively sends rang-
ing requests to neighboring UAVs for distance measuring and
communication based on the two-way time-of-flight (TWToF)
ranging method. A customized UWB RCM network protocol
will be introduced in Section VI-B. In this network, an instant
distance estimate obtained by UAVi will be calibrated first
through linear regression [19]. Then, the corrected range mea-
surement together with the received information go through
Algorithm 1. The output of (9) is an acceleration command
which will be sent to the low-level control board, Pixhawk.
In the control board, this acceleration command will be trans-
formed into attitude command and further into pulse-width
modulating (PWM) signals to control motors for UAV flight
as depicted in Fig. 9. All the processes above are controlled
by Raspberry Pi2 and XBee only receives each UAV’s global
position and velocity from VICON as ground truth.

B. Ultra-Wideband Ranging and Communication Network
Configuration

A contention-free time division multiple access (TDMA)
time-slotted network is used to coordinate communication
and range measurements. Each node transmits its previous
range and velocity of range measurement provided by UWB
firmware, together with its current velocity, RL and height
estimate as data packet embedded in the range request packet.
All nodes can overhear this data and provide it to the pro-
cessor. An example of slot map with three nodes identified as
200-202 (i.e., UAVO0-2) is given in Table III. Each slot supports

7https://pixhawk.org/modules/px4ﬂow
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0 Trajectories of 3 UAVs with noise using RL Estimates
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Fig. 7. Simulation results of formation control using RL estimates in noise-corrupted case and the system dynamics are governed by (9). (a) and (b) Flight
trajectories of three UAVs using true RL in noise-free conditions, and using RL estimates in noise-corrupted case, respectively. (c) Evolutions of inter-UAV
distances in noise-corrupted case. (d) Average of the 2-norm of the relative velocities in two cases: noiseless measurements + true RL (red) case and noisy

measurements + RL estimates (blue) case.
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Fig. 8. Flight platform and diagram of system workflow.

a TWToF range conversation with associated data package. On
completion of slot 3, the process will repeat from slot 0.

C. Experimental Evaluations of RL Estimation

To verify our proposed RL system, onboard tests were
carried out on three simultaneous moving UAV platforms
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Fig. 9. Diagram of flight control workflow.

at Internet of Things laboratory as seen in Fig. 1(b), where
a VICON system is installed for the ground truth. Each
UAV concurrently conducts ranging measurement and
communication.
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Fig. 10. Distributed RL estimates of Test 13 on each UAV platform. (a) Global trajectories and absolute RL estimation errors in x and y directions.

(b) Comparison of RL trajectories calculated on UAV1 and its corresponding 2-norm errors. GT represents the RL ground truth obtained from VICON system
and Est is the estimation curve. The solid red and blue circles are the starting points of ground truth and RL estimates, and the diamonds represent the

corresponding ending points.

Fig. 11.

Video snapshot of three UAVs simultaneously estimating relative positions and flying as a formation. The red circled UAV is a designated leader

labeled as 1 and it can be controlled by a pilot to prevent the UAVs from flying toward the crowds. The blue and green circles, labeled as 0 and 2, respectively,
are two followers to achieve and maintain a desired formation with the movements of UAV1 (yellow arrow indicates the flight direction of the leader at certain
time step). Forward, backward, right, and left movements of the formation are demonstrated. In fact, these three UAVs run the same code and no leader is
assigned beforehand. Here, the designated leader is merely for safety considerations, otherwise the formation centroid may be random due to the perturbations

and control accuracy.

TABLE III
TDMA SLOTMAP CONFIGURATION FOR THREE UAVS

Slot | Requester ID | Responder ID Data package (16 bytes)
00 200 201-202 time-synchronization message
01 200 201 yes
02 201 202 yes
03 202 200 yes

In order to cover as distinct situations as possible, 13 tests
were conducted with different speeds and trajectories, includ-
ing Static, Circle, Triangle, Line, random Walk, and NTU
letters. Since the RL performances of these three UAVs are
similar, without losing generality, here we show the aver-
age absolute RL estimation errors of UAV2 as an example in
Table IV, where 2S1C_2 means that two UAVs are static and
one UAV moves in a circle in the second time. The statistical
results illustrate that the mean of our proposed RL estima-
tion error along one axis is around 0.2 m in the presence of
measurement noises.

Fig. 10(a) illustrates the plot of overhead 2-D trajectory
recorded on UAV1 from Test no.13. It can be seen that
the average absolute RL estimation errors in x and y direc-
tions are both less than 0.4 m. Since the RL estimation is

CALCULATED ON UAV2 (UNIT: m)

TABLE IV
AVERAGE ABSOLUTE RL ESTIMATION ERRORS (1/n) Z;':] |x; — xGT|

i

oat T | x| X

BT Joy] | Jor]— Jou] | Joa]  Joy]
01_2sic_1 | 0.132 0.110 | 0.141 0.098 | 0.121 0.111
02_2s1c_2 | 0.150 0.101 | 0.136 0.122 | 0.141 0.118
03_281T_1 | 0.245 0.117 | 0.2830 0.155 | 0.237 0.122
04_2s81T 2 | 0.258 0.133 | 0.249 0.148 | 0.234 0.161
05_1s2c_1 | 0.267 0.120 | 0.233 0.123 | 0.244 0.131
06_1s2c_2 | 0.296 0.094 | 0.261 0.103 | 0.266 0.139
07_1s2T_1 | 0.202 0.167 | 0.215 0.187 | 0.216 0.151
08_1s2T_2 | 0.227 0.115 | 0.212 0.176 | 0.249 0.133
09_1L2C 0.190 0.186 | 0.197 0.189 | 0.201 0.182
10_3W 0.203 0.223 | 0.210 0.216 | 0.219 0.206
11_3T 0.217 0.204 | 0.215 0.216 | 0.205 0.221
12_3C 0.247 0.220 | 0.218 0.237 | 0.232 0.226
13_NTU 0.222 0.190 | 0.211 0.208 | 0.238 0.198
mean 0.219 0.152 | 0.210 0.167 | 0.215 0.161

conducted distributively, the RL estimation errors generated
on each UAV have the same magnitude with slight differ-
ences. Without loss of generality, the evolution curves of
RL trajectories and estimation errors on UAV1 are shown
in Fig. 10(b).
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8 T T T 120 i
—dis01 — 2201

7r \ dis12 100 2210
— —dis20 — 2120
E6f ---desired distance 1 8ok -—desired angle |
2 5 launching | >
E’ Iformlatlon %JD 60
94 anding |
A ‘ < 40

3 W :

2r 20

1 1 " L L f 0 L : . L .

0 50 100 150 200 250 0 50 100 150 200 250
Flight time (s) Flight time (s)
(a) (b)

Fig. 12.
estimates.

D. Quadcopters Formation Flight

In this section, we implemented the proposed distributed
formation control utilizing cooperative RL on quadcopters
with the same configuration as described in Section VI-A, and
conducted a series of real-world flight tests in a grass field
at Nanyang Technological University and an abandoned bas-
ketball court near Science Center Singapore. These outdoor
experiments also demonstrate the robustness of the systems
against wind disturbances. In both these fields, an equilateral
triangle formation of three UAVs was achieved successfully.®

There are three UAVs involved in the experiments, which
comprise of one leader (UAV1) and two followers (UAVO and
2). The control of these UAVs are set in a global coordinate
frame with x-axis align with magnetic East and y-axis with
magnetic North. Initially, all three UAVs are placed on the
ground, roughly following a predefined configuration for con-
sistency purpose. In particular, we assign UAVO as a launching
origin and place UAV1 along the East direction with respect
to UAVO in order to keep the flight control coordinate and
the RL coordinate system consistent. Meanwhile, UAV2 can
be put arbitrarily in North zone. Upon power-startup, the
UWB modules will measure the distances and start commu-
nication, and the Raspberry Pi2 will then derive initialization
configuration and start estimating relative positions. With esti-
mated relative positions, control outputs can be calculated
accordingly. Second, when onboard control outputs are avail-
able for all UAVs, the pilots would then manually takeoff
and ascend the UAVs to 1.5 m altitude, with respect to the
terrain. This altitude is chosen to minimize ground aerody-
namic disturance while maintaining good visual contact for
the optical flow velocity estimator. When the target altitude
is reached, two pilots would then switch their UAVs from
manual flight mode to formation flight mode, where the UAV
would automatically control its velocity to satisfy formation
requirements. One pilot, controlling the leader UAV1, would
then manually fly the UAV in predefined trajectories to test the
behavior of follower UAVs. If the follower UAVs could auto-
matically maintain the predefined formation against unknown
movements from leader UAV, the experiment is considered

8Flight video can be found in: https://youtu.be/E713k93_Vws.

(a) Inter-UAV distance measurements evolution on each UAV during flight. (b) Bearings of each UAV relative to its neighbors deriving from RL

successful. A flight video snapshot is shown in Fig. 11, where
three UAVs reach the desired formation of an equilateral trian-
gle with side length of 3 m and maintain the formation with the
movements of the leader UAV. Online inter-UAV distance mea-
surements and the relative bearing evolutions (generated by RL
estimates) in the period of formation forming, are depicted in
Fig. 12(a) and (b), where three different background colors,
respectively, show the launching, formation keeping, and land-
ing phase. After a period of adjustment, the desired formation
is achieved and kept from 56 to 257 s with the inter-UAV
distance of 3 m and relative azimuth angle of 60°.

VII. CONCLUSION

This paper proposed a combined distributed cooperative RL
and distance-based formation control scheme for UAV swarms
without infrastructures, global positions, and computing for
pattern detecting. Based on the capability of the designed
UWB RCM network, each UAV is able to estimate the relative
positions of its neighbors by utilizing our proposed consensus-
based RL fusion scheme. These RL estimates combined with
the inter-UAV distances and relative velocity estimates are
directly fed into a discrete-time distributed formation control
law to achieve formation flights. Extensive flight experiments
validated the effectiveness of our proposed system. The coop-
erative RL and formation control with applications to mobile
vehicles in some switching topology case can be investigated
in the future.

APPENDIX
PROOF OF THEOREM 1
.. T
A Lyapunov function J(X7,) = X}, X} is defined, and the
difference of this Lyapunov function in m time steps can be
written as

k _ y(5¥ A
Al = ‘I(Xi,ker) - J(Xi,k)

T .. LT

_Fi s i S

= Xig+mXig+m — Xik Xik
k+m—1

T .. LT .

— S S s S

= Z (Xi,1+1Xi,z+1 Xi,lxi,l)
I=k
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k+m—1

22,0 2
> (P el -
I=k

~ijl (i ij <ij
X Xi (vi,l+€l) ("i,1+€l> Xi
k+m—1 k+m—1

TA. 7 2
+2 ) glAuxl+ D leul
1=k =k

< [szz(zv +5)° - 2yT]

|:k+m 1 T i T~ij
X Z x ( 1+61><vi’1+61) Xii
1=k

k4+m—1 k4+m—1

TA. 7 2
+2 ) glAuxl+ D el
1=k 1=k

In addition, by using induction method on the system (2), RL
estimation error at [ step is obtained as
I—k—1

-1
Xf], = HAIZ X Z 1_[ A |&ik+t

=0 s=k+1+1
=Aj k-1

where A;x—1 =1 when [ = k. Due to (4), [|4;/ll < 1,V €
Z*. Since |e;| < T8[1 +y(2v+ 8)d] = &, then

2y T)

(10)

(1)

|30 = |xi )+ Z Jeins] = | %2 + @ - nos.

Thus,
k+m—1 k+m—1

2 3 elAurly =26 3 (1771 + ¢ — e ]
1=k

= 2m€|lxl~,k

Now, (10) can be written as

T .. .. T
i (i ij
Xi ("i,z + fl) ("i,z + ‘l)

| +m?g2.

Il +m(m — g2

k+m—1

Aan < —«a Z
=k

+ 2mé|l2’7

X (12a)
(12b)

To separate X  from X > next we expand (12a) individually.
According to (11) (12) can be rewritten as

k+m—1

T ..
k i AT ij
Ady < —a ) Xi,kAi,k:l—1<vi,l+€l)
1=k

.. T ..
y )
X (v,-,, + ez) Aifi=1X

k+m—1
o ij T
Al Vit e€)\vi; €

IR
I—k—1
X ( > Ai,k+t+1:l—1€i,k+t>

=0

ktm—1 fi—k—1 T
—a Z Z Ai,k+t+l:l—l€i,k+t)

=k \ 1=0

" . T .
ij ij < ij
X ("i,l + 6l) ("i,l + 61) Aikl-1X g

2601

T

ktm—1 f1—k—1
-« Z ( Z Ai,k+t+1:l—1€i.k+t)
I=k

t=0

1—k—1
X < > Ai,k+l+1:11€i,k+t>

=0
+ 2mE||X] |+ m*E?

k+m—1

< -« Z XU Al 1( Zz"‘sl)

T ..

ij S

X ("i,z""l) Aii—1X ;g
k+m—1

+20 Y [0=0ECT+ O]
o

+a Y [(z K267 ] + 2me | 20 ) + me>

I=k
k+m—1
Al 1( zl+€l>

=-a ) X

T ..
X (V;{,-i-él) Ai k11X (13a)
+ [2m§ +aEm(m — )25 + §)> ]le | (13b)
+ |:m2 + éam(m —1H@2m - 1)}52. (13¢)

To proceed, A; ;.11 should be extracted from the summation
in (13a), and thus we need to prove the following inequality
first:

.. .. T
T ij ij
A ki (V,',l + 61) (v,-,l + 61) A ki1

.. .. T
<Al ("Z; + 61) ("Zz + 61) A ki-2
Vi=kk+1,....,k+m—1, where A; s =1 if s < k.
The following is the proof of (14). Vx € R%:

.. .. T
TyuT i i
x Ai,k:l—l("i,l +€1) (v,.J + 61) A je1-1%

.. .. T
T ij ij
=X A,kz 2Ai,1—1("i,1 + 61) (V,v,l +€1) Aj-14i k12X
——— ——
=z =7

N " T
=Z'A]_, (vi-{, + 61) (vﬁ-{, + 61) Aj-1Z

(14)

) - T, .
_ ZT[I —yTO!_ +ea-D!_ + 61—1)T] (";j,z + 61)

x <v§{,+e,) I—yTo! e 0! +enT|Z

=B -

15)

Before proceeding, we denote ||v§jl_1 + €1 ||2 by A;j—1, the
zerospace of B;_1 by

Null(Bi-1) = {v € RBi-1v = 0

and the eigenspace of A;;—1 by
(le 1)

)»111 [ueR|B,11u_k,11u}
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It is easy to see that |[v},_, + € 1||2 is the only nonzero
eigenvalue of B;;—; with elgenvector v/ i 1 + €;_1, which is

simple. Therefore, A;;—1 = ||"zl | € 112
If Z € Null(B; ;—1)

.. .. T
TuT ij ij
x Ai,k:z—l(",;l + 61) (V,',l + 61) Aij1-1x

=7 (vi{l + €1> (v;{, + 61) Z.

IfZ e Ei”;fl”

L(vll | +€-1),t €R, then

(16)

without loss of generality, we choose Z =

" " T
xTAIk:H ("?,1 + 61) (Vilz + 61) Aj 11X
ij 2\, T (i i T
= (1=y7Iv! + et 1?) 2T (v ) (o] +e) 2
y T
<ZT( ll~|—ez)(v;{l+el> Z.

It is known that for any Z e R2 it has Z = Z| + Z, for some
Z; e Null(B;;_1),Z; € EA BiiD " together with (16) and (17),
which implies (14).

According to (14), together with (13), we can get

a7)

k ! ST 4T ij i T
Ady = —a XikAikikam—2 (vi,l + ‘1) ("i,z + ‘l)
I=k
X Ai,k:k+m—2xi,k + & ”Xi,k” +&
kt-m—1
_ AT S i T
= —a X Aliima| Y (vl +e) (v +e
=k
X Aiektm—2X ]+ EX] N+ &
- T i i
<~ X Al g moAikkim—2 X + EUX I+ 2.
(18)
Now, we need to prove
. _ o720m-D)
AlemAirin— = [1=yTE+8 " L (19)

The followmg is the proof of (19).

ForA, Aig=I—yTE] ,~I—61)(v l+61)T] - VT(v
el)(vl l—l—e;)T] denote B;; := ("11“‘6!)("1 l—i—e;)T and A,[
||v + €;]|%. Similar with the proof of (14), Vx € R?

xTAIlAi’]x
x'x if x € Null(B;,)
ij NT. . (Bi1)
l—yT||vl.J+el|| x'x 1ferM
(20)

thus, AI,A,»,, > [1 — yT(2v + 8)%1*1. According to (4), (19)
holds.

So far the RL estimation error bound can be presented as
follows. Combining (18) with (19), we have

AJ*

IA

_ 2(m—1)
nalyT(@+8) =17 IRL I+ @R + &

= —oJ(x/}) +§1m+§2

IEEE TRANSACTIONS ON CYBERNETICS, VOL. 50, NO. 6, JUNE 2020

where ¢ > 0, & > 0, and & > 0, therefore,

VI(&7 is bounded by [(§1 + (/&7 + 40£)/20] and [(51 —
\/ 512 + 40&7)/20] in the right and left half plane, respectively.

Since |[(§1 + /&7 +4082)/20]1| > |[(51 — /& +40&)/20]]

and [(& + ,/512 +40&)/20] > 0, then we can obtain that
||)~(§{k” < ¢, where ¢ = [(&; +,/§12 + 40&5)/201], and the proof

is completed.
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