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Abstract— Decentralized cooperative localization (DCL) is a
promising method to determine accurate multirobot poses (i.e.,
positions and orientations) for robot teams operating in an
environment without absolute navigation information. Existing
DCL methods often use fixed measurement noise covariance
matrices for multirobot pose estimation; however, their per-
formance degrades when the measurement noise covariance
matrices are time-varying. To address this problem, in this
article, a novel adaptive recursive DCL method is proposed for
multi-robot systems with time-varying measurement accuracy.
Each robot estimates its pose and measurement noise covariance
matrices simultaneously in a decentralized manner based on the
constructed hierarchical Gaussian models using the variational
Bayesian approach. Simulation and experimental results show
that the proposed method has improved cooperative localization
accuracy and estimation consistency but slightly heavier compu-
tational load than the existing recursive DCL method.

Index Terms— Adaptive filter, decentralized cooperative local-
ization, extended Kalman filter, multirobot systems, variational
Bayesian.

I. INTRODUCTION
A. Background

ULTIROBOT systems have been widely used in many
applications, such as area exploration [1], [2], region
surveillance [3], and fast search and rescue [4]. Accurate
positions and orientations (poses) of all the robots are essential
for the success of their operation in performing various tasks
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[5], [6]. For an environment with accurate and persistent
absolute! measurements, it is easy to achieve highly accurate
estimates of robots’ poses. For example, if the global position
system (GPS) signal is accessible, the resultant integration
of odometry and GPS can provide accurate estimates of
robots’ poses. However, for an environment with intermittent
absolute measurements or without absolute measurements,
it is a challenge to achieve accurate estimates of poses [7].
Cooperative localization (CL) is a promising technique to
improve the localization accuracy of multirobot systems for
the above scenarios [8], [9]. In the CL, each robot is equipped
with the proprioceptive and exteroceptive sensors, and the
proprioceptive sensors are used to measure the self-motion
of each robot, and the exteroceptive sensors are employed to
provide the occasionally accessible absolute measurements and
the relative measurements between any two mobile robots.
In addition, each robot can share its pose information with
other robots through a wireless communication module. With
CL, the accurate absolute localization information obtained
by some team members can be spread to other members
through information exchanges and relative measurements,
based on which the multirobot systems can achieve improved
localization accuracy [8], [10].

B. Related Works

The Bayesian filtering technique plays an important role to
fuse the self-motion measurements, the occasionally accessible
absolute measurements, and the relative measurements in the
CL. A large number of Bayesian filters have been specifically
designed for the CL, such as the extended Kalman filter (EKF)
[8], the particle filter [11], [12], the maximum likelihood
estimation algorithm [13], and the maximum a posteriori
estimation algorithm [14]. Among these filtering methods,
the EKF has been a popular choice due to its satisfactory
estimation accuracy, ease of implementation, and relatively
low computational complexity [15]. Under the assumption that
the motion modeling noise and the absolute and relative mea-
surement noises all have Gaussian distributions, the EKF can
achieve almost optimal pose estimates of all team members for
overall multirobot systems (except for the first-order lineariza-
tion errors) [16]. So far, there are two kinds of EKF-based

IThe word “absolute” means that the measurements are taken relative to
accurately known reference positions.

1557-9662 © 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: University of Surrey. Downloaded on March 08,2021 at 12:42:32 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0001-9303-9083
https://orcid.org/0000-0002-3614-7974
https://orcid.org/0000-0002-1572-7769
https://orcid.org/0000-0002-8393-5703
https://orcid.org/0000-0003-4548-1111
https://orcid.org/0000-0002-7224-8553

8501525

CL (CL-EKF) schemes: the EKF-based centralized CL (CCL-
EKF) [8], [10], [17]-[21] and the EKF-based decentralized CL
(DCL-EKF) [7], [22]-[25].

In the CCL-EKF method, the self-motion measurements
(e.g., linear and rotational velocities) and the occasionally
accessible absolute and relative measurements (e.g., relative
position, bearing, and range) are all sent to a fusion center,
based on which the poses of all robots are jointly estimated
using the EKF. Although this CL method is able to achieve
almost optimal and completely consistent’ pose estimates
of all robots under assumptions of Gaussian motion and
measurement noises, it requires centralized implementations
of the EKF and global communications between the fusion
center and all robots in the motion and measurement updates.
As a result, the CCL-EKF method is prone to failure caused
by the local communication faults and suffers from substantial
computational complexities, which may limit its practical
applications. To improve the CCL-EKF method, some distrib-
uted centralized-equivalent CL. (DCECL) methods have been
proposed [8], [10], [17]-[21]. Roumeliotis and Bekey [8] first
proposed a DCECL method, in which the cross correlation of
any two robots is decomposed into two half cross correlations,
and the two robots maintain and update the two half cross cor-
relations, respectively, and each robot implements the motion
update in a distributed manner. This DCECL method can
save communications and computations if the motion update
frequency is greater than the measurement update frequency.
However, it still requires global communications among all
robots. To further alleviate the communication requirements,
Kia er al. [10], [21] proposed an improved DCECL method,
where new intermediate local variables are introduced to
achieve decentralized implementations of the EKF. Although
this method only requires local communications with the
adjacent team members, it imposes an additional constraint
that the multirobot systems need to have a communication
graph with a spanning tree rooted at the interim master in
every time step, which limits the scope of CL for multirobot
systems.

As a popular alternative to the CL-EKF, the DCL-EKF
method can solve the above problems inherent in the
CCL-EKF methods, in which each robot serves as a local
fusion center and the CL is implemented in a decentralized
manner. However, the DCL-EKF method suffers from an
important problem of double-counting which treats correlated
pose estimates as uncorrelated and uses shared measurements
repeatedly so that inconsistent pose estimates of all robots
are thereby induced [26]. Covariance intersection (CI) is a
standard technique to address this problem [27]-[29]. In the
CI technique, the effects of unknown cross correlations are
alleviated by inflating the measurement noise variances of
all sensors to obtain more consistent state estimates [27],
[28]. Many DCL-EKF methods that exploit the CI-technique

2Suppose that % and P are, respectively, the estimate and estimated error
covariance matrix of a random state vector x. The state estimate pair (X, P) is
consistent if the difference between the estimated error covariance matrix and
the real error covariance matrix is positive semidefinite, i.e., P—E[(x —X)(x —
f()T] > 0, and completely consistent if the estimated error covariance matrix
is identical to the real error covariance matrix, i.e., P = E[(x — %)(x — %)"].
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(DCL-EKF-CI) have been proposed [7], [22], [23]. Although
these DCL-EKF-CI methods can guarantee estimation
consistency, their estimated error covariance matrices of pose
estimates are overly inflated (i.e., overly conservative) due to
the inflations of measurement noise variances, which results
in poor CL accuracy. Another strategy for addressing the
problem of double counting is to estimate cross correlations.
Zhu and Kia [24] proposed an improved DCL-EKF-CI
method by estimating and compensating for the unknown
cross correlations. However, this method suffers from heavy
computational burdens incurred by a constrained numerical
optimization problem. On the other hand, Luft er al. [25]
proposed a recursive DCL-EKF (RDCL-EKF) method,
in which every cross correlation is factored as two half cross
correlations,? and each robot estimates its pose and half cross
correlations with the other robots recursively. As compared
with the improved DCL-EKF-CI method [24], the RDCL-EKF
method has better CL accuracy and smaller computational
costs. Although the RDCL-EKF method cannot guarantee
that the pose estimates are strictly consistent, it exhibits
satisfactory estimation consistency [25]. Unfortunately, its
estimation accuracy and consistency degrade substantially
when inaccurate measurement noise covariance matrices are
exploited, as will be detailed in the next section.

C. Motivations for Paper

The absolute and relative measurement noise covariance
matrices are important parameters for implementing the
RDCL-EKF method, which will be shown in our simulation
and experimental study. In practical multirobot CL applica-
tions, the absolute and relative measurement noise covariance
matrices are commonly selected as fixed nominal values
according to engineering experience. However, the measure-
ment noise covariance matrices may be time-varying, which
cannot be matched by fixed nominal values. For example,
the measurement accuracy of a camera depends heavily on the
distance between the camera and the measured target, and the
greater the distance, the worse the measurement accuracy that
is achieved and vice versa. As a result, the RDCL-EKF will
exhibit poor CL accuracy and estimation consistency when
inaccurate nominal absolute and relative measurement noise
covariance matrices are used. Although some adaptive Kalman
filters [30]-[39] have been proposed to estimate inaccurate
noise covariance matrices, these methods are not suitable
for the DCL of multi-robot systems since they are specially
designed for a single linear system. To the best of the authors’
knowledge, the adaptive DCL methods for multirobot systems
have not been previously reported.

D. Contributions and Organizations of Paper

To improve the performance of the existing RDCL-EKF
method for multirobot systems with time-varying measurement
accuracy, a novel adaptive RDCL-EKF method is proposed
in this article, in which each robot estimates its pose and

3Suppose that T is the cross correlation of random variables x and y.
If the cross correlation X* can be factored as %Y = X (X*¥)T, then both
T+ and X are termed half cross correlations of random variables x and y.
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absolute and relative measurement noise covariance matrices
simultaneously in a decentralized manner. The measurement
noise covariance matrices are modeled as inverse-Wishart
distributed, from which hierarchical Gaussian models for mul-
tirobot systems can be constructed. For each robot, the pos-
terior probability density functions (PDFs) of its pose and
measurement noise covariance matrices are mutually coupled
under the constructed hierarchical Gaussian models, and the
variational Bayesian (VB) approach is therefore employed to
obtain approximate joint estimates. The proposed adaptive
RDCL-EKF method has the same communication mode as
the standard RDCL-EKF method, but only requires slightly
higher communication overhead to transmit additional para-
meters in each cooperation. A large number of simulation and
experimental results demonstrate that the proposed adaptive
RDCL-EKF method has better CL accuracy and estimation
consistency but slightly heavier computational load than the
existing RDCL-EKF method for multirobot systems with
time-varying measurement accuracy.

This article is organized as follows. In Section II, the mul-
tirobot CL model and problem statement are presented.
In Section III, the proposed adaptive RDCL-EKF method
is derived, and its detailed implementations are given. The
simulation and experiment studies are, respectively, provided
in Sections IV and V. Conclusions are drawn in Section VI.

II. PRELIMINARIES AND PROBLEM STATEMENT

A. Multirobot CL Models

Consider a cluster of ng homogeneous or heterogeneous
mobile robots moving in a two-dimensional environment with
n; known landmarks. Every mobile robot installs propriocep-
tive sensors (e.g., wheel-encoders) and exteroceptive sensors
(e.g., ultrawide bands (UWB), cameras or laser scanners),
in which the proprioceptive sensors are used to measure
self-motion of every mobile robot, and the exteroceptive
sensors are employed to collect the absolute measurements
from the robot to the landmarks or relative measurements from
the robot to other robots. The nonlinear discrete-time motion
model of robot i can be formulated as follows [7]:

xi=xj_ + (V- w,:/ cos(¢j_,) At
=i+ (V- el @A @)
8 = ¢ + (2% —w ) ar

where xi, y; and ¢} are, respectively, the east and north
positions and orientation of robot i at time k, and [xk, Vi, $il
denotes the pose of robot i at time k, and Vk and Q‘ are the
measured linear and rotational velocities of robot i at time
k provided by the proprioceptive sensors with measurement
noises w,:/ and w,? respectively, and Ar denotes the dis-
cretization time.

In this article, three kinds of absolute and relative measure-
ments are considered, including the relative position, bearing,
and range measurements. For robot i, its three kinds of
measurement models from robot i to landmark [ are written
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s [71, [8]
i NEE i
o =) 3 e
0l = atan2(y; — yi.xi —x}) — ¢l + vaak (2)

rik = (od = 2) + O =)+l

where the superscript “T” denotes the transpose operation
of a matrix, and the subscript “ak” denotes the absolute
measurement at time k, and pak, ol " and r are the relative
posrtlon, bearing, and range measurements from robot i to
landmark / at time k& measured by the exteroceptive sensors
with measurement noises Vllf o vl | ‘and v/ , respectively, and
xt and y! denote the east and north positions of landmark
[ with the subscript “L” denoting the landmark, and C(¢>,’;)
denotes the direction cosine matrix from the local framework
of robot i to the global framework, which is given by

; cos(¢f) — sin(¢i):|
C H == . lk ik . 3
0= Saldf) o ©
It is noted that the landmarks are all assumed to be static, and
their positions are accurately known in the models (2).
Similarly, for robot i, its three kinds of relative measurement
models to robot j are given by [7], [8]

.. . xj —x!
= Cep| v
Qrk = atanZ(yk y,{, xp— x,{) — ¢+ Ui{k 4

i, . N 2 .
= vk =)+ (o =00) o

where the subscript “rk” denotes the relative measurement at
time k, and the superscrlpt 97’ means that robot i is relative
to robot j, and prk, H;i and r' k are the relative position,
bearing, and range measurements of robot i to robot j at time
k measured by the exteroceptrve sensors with measurement
noises vy, Uaj and v/, respectively, and x,f and y/ are,
respectively, the east and north positions of robot j at time k.

Define the pose of robot i as its state vector, i.e., x}< £
[x,i, y,i, gb,i]T. The motion model and absolute and relative
measurement models of robot i can be, respectively, formu-

lated as the following general forms:

xf{ =] (Xi—1 W)

I _ Wil (i ol il
Zyye = g (X, X1) + Vo (5)
u _ ij
rk hrk (Xk’ Xk) + Vrk
where z € R" and zrk € R’ are, respectively, the absolute

and relatlve measurement vectors to landmark / and robot j,
and x, = [x]L, v 1T is the position of landmark /, and f;(-),

k( ) and h’, . (+) are, respectively, the state evolution function
and the absolute and relative measurement functions, which
are correspondingly defined according to (1), (2), and (4), and
w2 [w,i/", w,?”]T, v/ and v}, are, respectively, the state
noise and the absolute and relative measurement noises.
In this article, wy, v;]k and Vlrjk are all assumed to be zero-mean

“Here, the relative position pilk is an absolute measurement since it is taken
from robot i to landmark / whose position is accurately known.

Authorized licensed use limited to: University of Surrey. Downloaded on March 08,2021 at 12:42:32 UTC from IEEE Xplore. Restrictions apply.



8501525

IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 70, 2021

TABLE I
LOCAL MOTION UPDATE FOR ROBOT i [25]

) ) p {s#i}
Function 1: (ﬁ;‘kfl,z}dk,l, {Ufj‘k_l}
{1<i<ngr}

Calculate:

1. Predicted state vector (pose): R,y = i, (X},_1|5_1,0)

. . i Ofi(xh_1wh) /.
2. State Jacobi matrix: F} = % (Xic 1)k— 1a0)

. . . off (xi_,,wi) , .
3. State noise Jacobi matrix: Otk (i wi) ( 4

i
k= (9w}c

4. Prediction error covariance matrix: 3, = Fp30 (Fk)

5. Predicted half cross-correlations:

for j=1:ng,j #ido
ij i g
Oklk—1 = T kOk—1|k-1
end for

B . (i) .
) =LMU <Xic—1\k—172ic—1\k717{Ukj—llkz—l} ,QZ)

{1<j<ngr}

Xk—1|k— 1:0)

GiQi (GL)"

Gaussian white distributed that is W;( ~ N(0, Q};) V” ~
N(O, R’ 1), and v} ~ N(O, R ), Where Qk, R;lk, and RY % are,
respectively, the state noise covariance matrix and the absolute
and relative measurement noise covariance matrices. Further-
more, w;;, v”k and V;jk are all assumed to be uncorrelated with
each other.

B. Problem Statement

Before presenting the main motivation of this article,
the existing RDCL-EKF algorithm [25] is first reviewed.
In the RDCL-EKF method, the heart is to estimate{ beliefs
{f(};‘k, klk} 1<i<ng) and cross correlations {X; k}ii;}snk} of
all robots based on a decentralized strategy, where the cross
correlation Z;{J‘ « 18 factored as two half cross correlations, that
is ):”k = Zk‘k(Zk‘k)T, and the half cross correlations X,
and E ik are recursively estimated and maintained by robots
and j, respectively For robot i, it requires to estimate its own
belief {&j;, ui} and half cross correlations (e {f;qk
with the remaining (ng — 1) robots. The RDCL-EKF algo-
rithm consists of three parts: the local motion update (LMU),
the local absolute measurement update (LAMU), and the
cooperative relative measurement update (CRMU), which are,
respectively, summarized as three functions in Tables I-III.
In Tables II and III, l‘* and j;*, respectively, denote the
landmark set and the robot set detected by robot i at time k,
and row{a;};cr, col{a;};cr, and diag{a;};cr denote the block
row matrix, the block column matrix, and the block diagonal
matrix, respectively, which are composed of all matrices in the
set {a;|l € T'}.

It is seen from Tables II and III that the absolute and
relative measurement noise covariance matrices {ng}[lell*}

and {R are, respectively, the inputs of the LAMU

JEJ

and the CRMU functions. Both the state estimate f(};‘k and
estimation error covariance matrix Z};‘ . depend on {R!’} ety

ij ;
and {Rrk} e
on the accuracies of {R’ k} Ielj*) and {Rrk}

{j#i}
{1<j<ng}

i+, which means that the accuracies of {Ra W leli*)

, and then the state estimation accuracy relies

ejiny- Meanwhile,

the half cross correlations {Zklk} , depend on {ng} leli*)
and {Rrk}
and {Rf,’,;} ey also have effects on the estimation consistency.
In practical multirobot CL applications, the measurement
accuracy of exteroceptive sensors may be time-varying. For
example, the measurement accuracy of a camera depends
heavily on the distance between the camera and the measured
target, and the greater the distance, the worse the measurement
accuracy that is achieved and vice versa. However, the absolute
and relative measurement noise covariance matrices {R!’ } leti*)
and {R {jejiny are commonly selected as fixed nominal
values {Rak} le+y and {Rrk} {jeji according to engineering
experience, as shown in Fig. 1. As a result, poor CL accuracy
and serious estimation 1ncon51stency will be induced by the
use of inaccurate nominal values {R’ k}{le,m and {Rrk} {jejiy in
the LAMU and CRMU functions, which represents the main
motivation of this article.

{j€ix

III. NovEL ADAPTIVE RDCL-EKF METHOD
A. Design Idea of the Proposed Method

In this article, to improve the CL accuracy and estimation
consistency, a novel adaptive RDCL-EKF method is pro-
posed, in which the absolute and relative measurement noise
covariance matrices are adaptively estimated based on the
VB approach. For multirobot systems, any mobile robot i
may detect any landmark /, and the absolute measurement
noise covariance matrix R;lk is required in the LAMU if the
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il i
am ()
{ ﬂkl{id}(} * ) ren)
Function 1: _| Function 2: _|Function 3:| | _, 3 g
LMU LAMU "I CRMU ghlialiac
= e
R | R},
{ & J1eif] * e}
Fig. 1. Diagram of existing RDCL-EKF algorithm for robot i.
TABLE 1I
LAMU FOR ROBOT i [25]
(i} . . iy {#i} .
: . i(a) i(a) ij(a) _ St I3 (%] [E3 l
Function 2: ( Xk |k ’Ek\k ’{ Oklk {1§j§nR}> = LAMU <Xk\k—17 k-1 {Uk\k—l}{lgjgnR} s Ui 7{ a.ImRa.Ime}{lel?:})

If the detected landmark set I:* of robot i is non-empty:
Construct:

1. Augmented absolute measurement: zak = col {zak} {eriy

. . . ili* . il
. | — T
2. Augmented absolute measurement noise covariance matrix: R,; = diag {Rak} (letiy

Calculate:

3. Augmented absolute measurement Jacobi matrix: Hak = row {H

) Ahil (xi xb )
ak}{lep*}, where HY, = 7”@(3 xz) (Rije_1)

T ik ix |
4. Kalman gain of augmented absolute measurement: Ka,C = Ekl b1 (H;l,f ) {Hjll,’; i klk—1 (Hjll,’j ) + Ral,c }

. . -li* i
5. Predicted augmented absolute measurement: 2’ ]’;‘ k_1 = col {zlek‘ k—l}

6. State estimate: Xk|k = Ry LK 3 [Za;f — 2 1]

~5l _ il s l
1uq» Where Zgy = hey (Xk\k_uXL)
{leti*}

7. Estimation error covariance matrix of LAMU: E;(l',? = [I - K;l,’g HZZ’“ ] klb—1

8. Estimated half cross-correlations:
for j =1:ng,j#ido
(a) _ i1i* ilt iq
Ullc]\ka [I - K, Hyp ] Uk]\kq

end for

If the detected landmark set ;" of robot i is empty: )”(fc(l‘z) =Ryt E;;(l’,? =L 1 {0,?“(C

o i U
= Oklk— 1} .
{1<j<ng}

mobile robot i detects the landmark /, where 1 < i < ng
and 1 < [ < np. Since each mobile robot has different
running statuses and each landmark has different positions,
ng X ny absolute measurement noise covariance matrices must
be adaptively estimated for the entire system, which are shown
in Fig. 2. It is seen from Fig. 2 that all absolute measurement
noise covariance matrices are mutually independent so that
they can be separately estimated. On the other hand, any
mobile robot i may detect any mobile robot j, and the relative
measurement noise covariance matrix Ry, is required in the
CRMU if the mobile robot i detects the mobile robot j, where

1 <i,j<ngandi # j. Considering that R” and R’k are
identical, then only ng(ng — 1)/2 relative measurement noise
covariance matrices are unknown for the entire system, which
are illustrated in Fig. 3. An intuitive method is that the robots
i and j estimate the relative measurement noise covariance
matrix R} (i < j) together based on the measurements
and z/,. However, a fusion center is required to collect the
relative measurements z; and z/; for estimating R}, which

violates the original 1ntent10n of recurswe DCL (RDCL).
To address the above problem, in this article, a decentralized
estimation strategy is proposed to estimate the relative
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TABLE III
CRMU FOR ROBOT i [25]

Function 3: (f{}qk,EZ‘k’ {U]ia"k}{#i} ) — CRMU (i;ﬁc)vzmk’ ]ch“(ca) #) i ,{va ;Jk} o )
{1<i<ngr} {1<j<ngr} {iedp”}

If the detected robot set ji* of robot i is non-empty:

() 53i(@) JS(E)}{S;éjEj’i*}

1. Receive information from robots in j;": {xk‘ K Sk Ohlk
{1<s<ngr}

Construct:

2. Augmented state estimate of robots in ji*: K@ _ o1 fg7(@) _
Kl Kk S Geginy

o s(a)) {573}
3. Augmented estimation error covariance matrix of robots in ji*: Ei’fk( ) — block {Ei(\ k), Ei‘ fc )}{ vy
$,5E€GL*

where 37°(@) _ gis(a) ( JS(‘1>)T

K|k Tkl \Tklk

4. Augmented relative measurement: Zm = col {z } Geiity
5. Augmented relative measurement noise covariance matrix: Rf,f = diag {RM} ey
Calculate:
6. Cross-correlation of robot ¢ and robots in j3*: Rl - {Eij(“) where 9 = 5%(e) (O’Jl(a))

. k- gk Bk f fegiey’ K|k k|k k|k

i i (a)
L . . . . (a) ik ik
7. Augmented estimation error covariance matrix of robot i and robots in ji*: EDVNAES PN 5 (a)
(=) =h"

8. Augmented measurement Jacobi matrix of robot ¢ and robots in ji*: H; J’“ = row {H, 1, H

_ ont (xi %) [ ila on (xixl) (si(a) ~j(a
where Hj, = % (Xk(lk) S )) and Hy, = % ( e i(\k))

ey

w1 C ik -
9. Kalman gain of augmented relative measurement: K” K 21(@711 (ka’“ ) {H” ’° ELT,)C (H:a]k’C ) + R”k }

10. Predicted augmented relative measurement: iij,j‘ w1 = col {igq k_l} gile) ‘J(a))

l
{jej,i*} , Where Z zrk‘k ] =h ( IRTAES AT

) Rk i‘;ﬂ? i k i i
11. State estimate: i | T | e + K, [Zrk - Zrk\kfl]
K|k Xklk
12. Estimation error covariance matrix: k‘k R = (I - K?,} H:]kk ) Efji

zlj}c* T Ejk
k|k K|k

13. Estimated half cross-correlations of robot i: {O’ZJ“ p =2

klk}{jej};.*}

fort =1:ng,t¢ {i,ji*} do
. -1
@ 7 a t
Thlk = Sk (EZ(UC)) Uzlc\(ka)
end for

If robot i is detected by robot j: Send information to robot j: %.(%), 52 57(%). Receive information from

Kk K|k Uk\

robot j: )‘(i‘k, EZI P Uli]" » = L; Calculate the estimated half cross-correlations of robot i

for t =1:ng,t ¢ {i,5} do

it i i(a)) it(a)
Oklk = 2k|k (2k|k) Oklk
end for
. . _ . iy N
If robot i doesn’t cooperate with any robots: X}, = 5‘2%?7 Sk = 2;5{;27 {a;j‘ o= a?l,(ca) e ienn

measurement noise covariance matrices, in which each pair based on the relative measurement z; and the estimation
of relative measurement noise covariance matrices {R, i» R/} information of R} is sent from robot i to robot j. Next,
(i < j) is sequentially estimated and updated. That is to say, if robot i is detected by robot ] then R/, 7 1s estimated based
if robot j is first detected by robot i, then R}} is estimated on the relative measurement z/, and the received estimation
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11 i 13 14 1n,
Rak Rak Rak Rak ° Rak
21 22 23 24 . . 2n;
R, R, | R, | R R}
31 32 33 34 3n;
R, R, | R, | R, R,
41 42 43 44 4n;
R, R | R; | R R}
. . . B .
L) L) L) ] L]
npl ng2 ng3 ng4 | npny
R2 | R%*° | R%2 | R R%
Fig. 2. All absolute measurement noise covariance matrices for the entire
system.

information of R;Jk Finally, the estimation information of
Rﬁ,i is sent from robot j to robot i to replace the previous
estimation information of R}, and the estimate of R}, is
further refined. The diagram of the proposed decentralized
estimation strategy for {R}}, R/} is shown in Fig. 4. It can be
seen from Fig. 4 that the proposed decentralized estimation
strategy can guarantee that the constraint R} = R/, holds,
and both the relative measurements zj’k and z,’,'c are used to
estimate the relative measurement noise covariance matrices
(R, R,

The diagram of the proposed RDCL-EKF method for robot i
is illustrated in Fig. 5, where {Rélk}{le,i*} and {R;Jk}{jejﬁ} denote
the estimated values of the absolute and relative measurement
noise covariance matrices, respectively. We can observe from
Fig. 5 that, for the proposed method, the absolute and rel-
ative measurement noise covariance matrices are adaptively
estimated in a sequential manner. First, the state vector (pose)
x}< of robot i and the absolute measurement noise covariance
matrix {R!} yreg+y are jointly estimated based on the previous
measurements z;;_; and the current absolute measurement
{z;’k}{le,i*} using the VB approach in the LAMU, where
z1..—1 denotes the set of all available absolute and relative
measurements from time 1 to time k — 1. Then, the state
vector (pose) x}; of robot i and the relative measurement
noise covariance matrix {R;Jk}[ jejiv are jointly estimated based
on the previous measurements zj;_;, the current absolute
measurement {z’/ } yte#)» and the current relative measurement

{z’r’k} e using the VB approach in the CRMU. As compared
with the existing RDCL-EKF method, the proposed method
can achieve better CL accuracy and estimation consistency via
adaptively estimating the absolute and relative measurement
noise covariance matrices. Next, we will present the statistical
modeling of the state vector and the measurement noise

covariance matrices.

B. Statistical Modeling

In the RDCL-EKF framework, the one-step prediction PDF
of robot i is approximated as Gaussian, that is

p(X;(lZl:kfl) = N(X;{; )A(;;U(,l, E;dkfl) (6)

8501525

where %}, _, and E};l,ﬁl can be obtained using the LMU
function in Table I.

According to the absolute measurement model in (5),
the absolute measurement likelihood PDF of robot i relative
to landmark / can be formulated as

(el Rly) = N(e W (5, x,). R,

where the absolute measurement noise covariance matrix R,
is assumed as a random variable. In Bayesian statistics,
the inverse-Wishart distribution is often used as a conjugate
prior distribution of the covariance matrix of a Gaussian
distribution with known mean value, which can guarantee
the conjugate inference under the variational inference frame-
work [40]. Motivated by this fact, the absolute measurement
noise covariance matrix ng is modeled as inverse-Wishart
distribution

leli* (7)

PRy 1zix-1) = IW (Ry i1, Uger)s L€l (®)

and ull,,_, and U, . denote the degrees of freedom (DoFs)
parameter and scale matrix of p(R;lk|zlzk,1), respectively.

In practical DCL for multirobot systems, the working
environment of an exteroceptive sensor is often slowly time-
varying. For example, the distance between the camera and
the measured target is a slowly time-varying quantity because
of the slow robot movement speed. As a result, the absolute
measurement noise covariance matrix R;’k, which depends on
the distance between the camera and the measured target,
is also a slowly time-varying parameter. Motivated by this
fact, ull,_, and U, can be approximately obtained via
the following linear propagation model [38]:

il il il oyl
Uakik—1 = PUgk—11k—1> Uaklk—l = pUak—l\k—l )

where ul,_,, and UJ,_, | denote the DoF parameter and
scale matrix of p(Rélk,IIthq), respectively, and p € (0, 1]
denotes the forgetting factor. Such linear propagation guaran-
tees that p(Rfllklzlzk,l) has the same mean value but increased
variance (uncertainty) as compared with p(R;’k_1 |Z1:k—-1),
which accounts for the slow time-variation and unavailable
evolution model of R,.

According to the relative measurement model in (5), the rel-
ative measurement likelihood PDF of robots i and j can be
written as

p (s 51 ) =N (oW (). RE). < (10

where the relative measurement noise covariance matrix R;Jk is
assumed as a random variable and modeled as inverse-Wishart
distribution

y "
P(R:Jk |Z1:4-1, {Z;k}{lelil*})

= IW(R%d ulrjk\k—l’Uler\k—l)’ jej an
and ”f~11;|k—1 anq Uf,’,;lkfl denote the DoF parameter and scale

matrix of p(RY, |Z14—1, {Z!} (1ei+))» Tespectively, which can be
obtained using a similar way to (9) as follows:

ij iy ij i
Upkik—1 = PUrk_1jk—1> Urk\kfl = PUrk71\k71 (12)

Authorized licensed use limited to: University of Surrey. Downloaded on March 08,2021 at 12:42:32 UTC from IEEE Xplore. Restrictions apply.



8501525

IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 70, 2021

Fig. 3.

If robot i detects robot j

&
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' Robot i AN RY —>‘—> Robot j
| rk
|
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|

[ . Estimate .
I Robot i ;i [ ——Robot;
I Rrk z’,

|

|
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If robot j detects robot i

Fig. 4.
I 1
(R, R/).

Diagram of the proposed decentralized estimation strategy for

ij ij
where u;_,_; and Urk 1jk—1 denote the DoF parameter and

scale matrix of p(R}_,|zix_1), respectively. It is noted that
the absolute measurements {z i} yzei+) have been obtained when

Rrjk is adaptively estimated.

Equations (6)—(12) make up an hierarchical Gaussian model
of robot i whose graphical illustration is shown in Fig. 6.
Using a similar way, ng hierarchical Gaussian models of the
entire multirobot systems can be constructed. Next, we will
present how to jointly estimate the state vector (pose) of robot
i and measurement noise covariance matrices based on these
ng hierarchical Gaussian models using the VB approach.

C. Joint Estimates of x; and {Rl}}yei)

To estimate x, and {R[}(c  simultancously,
we require to calculate the joint posterior PDF
p(xL, {ﬁélk}{,eli*”zl:k_], {ng}{lel;*})' Unfortunately, a recursive
analytical solution of this joint posterior PDF is unavailable
since the Gaussian-inverse-Wishart joint PDF does not have
a closed form under the Bayesian estimation framework.
To solve this problem, the standard VB approach [40], [41]
is employed to obtain a free factored approximation of the
joint posterior PDF as follows:

p (%5 (RS}

Z1:k—1, {Zlek}{[eli* )

(a) H q (a) Rll

leli*

13)

12 13 14 R Ing .
X Rrk Rrk Rrk Rrk
21 23 24 . . 2np .
Rrk X Rrk Rrk Rrk
31 32 34 . o 3ng | N i _piJi R
Rrk Rrk X Rrk Rrk Rrk - Rrk
41 ) 43 . o R4 .
Rrk Rrk Rrk X Rrk
. . . . . . . . . .
ngl ng2 ng3 ng 4 - I Ing 2np 3ng dng |, )
Rrk Rrk Rrk Rrk X | Rrk Rrk Rrk Rrk X

All relative measurement noise covariance matrices for the entire system.

where ¢ (x}) and {g‘“)(R})} ¢+ are the approximate pos-
terior PDFs of the LAMU, which are given by

log q(”) (x’)
= E{R' }{,e,,*} [IOgP(Xka {Rak}{zell* Zik—1, {zak}{lel:* )]
(14)
log ¢’ (Ry,)
] I:log p(X;c, {Rillc}{[eli*}» Z1:k—1, {zzlk}{IE[;'(* })]
(15)

i [fis Vs#T)
[Xk’ {Rak}{xejli*}

where E,[-] denotes the expectation operation with respect to
the approximate posterior PDF ¢(y).

Proposition 1: Exploiting (14), the approximate posterior
PDF ¢@(x!) can be updated as Gaussian, that is

¢ (x}) = N(x: 67, i)

where f(;ﬁ) and E;;(‘Z) can be obtained by running the LAMU
function with {2, R, X} }ye), and RI, denotes the esti-
mated absolute measurement noise covariance matrix and is
given by

(16)

A7)

Ry = [e[®) ) ren

Proposition 2: Using (15), the approximate posterior PDF
g (R",) can be updated as an inverse-Wishart PDF, that is

g (R;lk) IW(Rak’ Uk Uleklk) (18)

where the pf)sterior.DoF parameter uffkl « and scale matrix Ufllk‘ %
are, respectively, given by

I aklc = uak\k 1

1
ak\k = Ulk\k 1 +All (19)

and the auxiliary matrix A is written as

— bl (xf, %) (2 — bl (xg x0)]'] 20)

Proof:  See Appendix A for the proofs of Proposi-
tions 1 and 2. 0
Finally, we calculate the required expectations in (17)
and (20). Since the scale matrix Rélk is updated as an

Al =E{[2,
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Fig. 5. Diagram of the proposed RDCL-EKF method for robot i.

2 J
X 1> k1

¥ i
b VIS

il
ak|k = ’Uak|k 1

Uikt ’Urk|k—1

Fig. 6. Graphical illustration of the constructed hierarchical Gaussian model
for robot i.

inverse-Wishart PDF according to (18), the estimate of ng
is calculated as

aa-171! ; A
Rak = {E[(Ralk) ]} = Ualk\k/uizlk\k-
Utilizing the first-order Taylor approximation of hifk (x};, xZL)

at x; = ﬁil «—1» the auxiliary matrix A}z can be approximately
calculated as

A;cl = E{[ h;lk(xk\k 1>XIL)
[Zfz]k - halk (Xk\k—l ) XZL)
—H (x — %))
= H), T (1)
+[ hak(xklk 1 X;) — H, (’A‘Z(\Z)

il il (oi I il (gila)
X[Zak_hak(xk\k 1aXL) H, (Xk\k

where Hf,lk is given in Table II.

Equations (16)—(22) constitute the proposed VB-based
LAMU. It can be seen from (16) to (22) that the calculations of
the approximate posterior PDFs q(“)(xk) and {¢g@ (R ) (leli*)
are mutually coupled. As a result, the analytical solutlons of
these approximate posterior PDFs are unavailable. To address
this problem, in this article, the fixed-point iteration method
is employed to achieve approximate solutions of these pos-
terior PDFs, in which the posterior PDFs g (xf{) and

21

= %))

ak (%

ol

her)]
)]

(22)

ol

Xpik—1

| |

| |

| |

| |

. - | o
Function 1: _|Function 2: | ! |Function 3: ' T g
L AMU : CRMU : klk > Sklk> klk

| |

il £ £y {RIJ } A g i il

{R"k}{lgl}f} v Xk > Zie | * {7t k‘k’zk‘k’ck‘k'

|
Estimate R, :
|

{g@OR")} ity are alternately updated. That is to say, at the
(m + 1)th iteration, the posterior PDF ¢@(x}) is first updated
as @ t(x)) by fixing {gOR)) = ¢RI} ey
and then the posterior PDFs {q@ (R k)}{lell* are updated
as {g@Wm+D(RY )}Hiej+y based on the updated posterior
PDF ¢@*D(xi). Such fixed-point iterations are performed
until convergence in the proposed VB-based LAMU. The
fixed-point iteration of the proposed VB-based LAMU for
robot { is summarized as the VBLAMU function in Table 1V,
where m*, M and € denote the actual number of iterations,
the maximum number of iterations, and the iterative threshold,
respectively.

: : i J ) i .
D. Joint Estimates of X, {Xi}jejiry and {Ryi} ;e i
J .

e and (R ey,
we need to calculate the joint posterior PDF

i () ij il ij
P(X;{, {Xk}{jej,i*}a {Rrk {jejki*}|zlzk—1> {Z;k}{lel;‘j}, {Zrk}{jej]f*})'
Similar to Section III-C, we also employ the standard
VB approach [41] to obtain a free-factored approximate
solution of this joint posterior PDF as follows:

p(xi’ {X’{}{jeﬂ*}’ {RU}{] iy 1 ey {ij];}{jej,i*})
<ol il ) > TLo() e

Jei

To jointly estimate X},

where g (i, {x} }, (ejivp) and {g R} (jejiv are the approximate
posterior PDFs of the CRMU, which are given by

log g (Xi» {X/{}{jej;i*})

=E, logp(xi, {xj} . {Rij} LIk,
{Rr’k}{je,-;*}[ U ey U e
il ij
ot {Z”‘}{jeﬂ*})} 29
logq(Rii)
=E [logp(X2, {X,i} ,
i [/ is Vs#7) jeji*

(25)

{R”}{ e S L1k l,{zak}{lel’* {zij’;}{jeﬂ*})]
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TABLE IV
FIXED-POINT ITERATION OF THE PROPOSED VB-BASED LAMU FOR ROBOT i

Function 4: (x;(‘k), Ek(‘k), {Ulc|k )} {Uazqk’ ak\k}{lelw}) = VBLAMU (XZ\k—la Z;‘c\k—la {Ulie]\‘k—l

w foal il il l
;Lc ’ {Z’(Lle ufzk\k—h UZk\k—l? XL}{lGlfc*} ’ M7 €
If the detected landmark set I\* of robot i is non-empty:
1. Initialization: ) = ult, ;. UL = 0¥, RED = UL /ull(S) for all 1 € 17
2. Fixed-point iteration:

for m=0: M —1do

Update posterior PDF ¢(®(m+1 (xi)

Ok|k—1

) ) - {j#i} . . - {5#i}
at(a)(m+1 i(a)(m+1 ij(a)(m+1 St 2 2,
Run (Xk(|k>< ), Ek(ﬂc)( ), {Ukj\l(c !t >} ) = LAMU (Xk|k—17 Slk—1 { ) }

{1<ji<ngr}

{1<j<ngr}
{Zil R }
ak> ak )y AL {lel}‘c*}

. T
. i ~i(a)(m+1 A
[Zalk — hil (Ko, x1) — H (R k(\k)( % k|k 71)]

Caleutte AJ™ ) = HU ") (1) + [ bl (%)~ FRUE ™)~ %

Update posterior PDFs ¢(® ™+ (R, )

Calculate uil,iz;“) = ulek\kfl +1, U:,i]frl) = Uilk|k71 + AZZ(MH), Rffﬁ"‘“) = ZZIETZH)/
gi(@(m+1) _gi(a)(m)
Check convergence: if 1—~1% oI +'1“‘)"“ < €, terminate iteration
*k|k
end for
3. Save %0) = &i(0m) gl _ syt on) fiste) _ i@ mn) | A il = ) it
: ke — *k|k > Sk T K|k (1<i<ng) Uak|k aklk aklk =

If the detected landmark set I.* of robot i is empty: ﬁ;f‘? =Rijk_1s EZ(‘? = i1, { (a) O'k‘k 1}

Uk\k

il il il yil
{uak\k = uak\kfl’UakUc = Uak\k—l}{lel?}

{i#i}

{1<j<ng}’

i

2k

)]

il(m+1)

'Ll(m*)
Uakik {leti*y

{i#i}

{1<j<ngp}

Proposition 3: Exploiting (24), the approximate posterior ~where the posterior DoF parameter u:/kl . and scale matrix Uf,j,;| X

PDF ¢(xi, {x,i} (jejivy) can be updated as Gaussian, that is are, respectively, given by

gl xi, {Xi} . lrjk\k rklk 1
{icii*}

U = Ul + B

(29)

=N Xf; ) ﬁqu Ei\k z;(j\];c (26) N
= X;L" ; ﬁ]{‘kk ’ (Z;(]\];( ) Zk\k and the auxiliary matrix B}’ is formulated as
. o i o ij o pii (i < i (i <\
where the state estimates %j, and X}, the estimation error B, = z,;, — h (X, x —h; (x;, x; (30)
covariance matrix Zk‘k and Zklk, and the cross correla-
tion E xx can be obtained using the CRMU function with . Proof: See Appendix B for the proofs of Proposi-
{Zrk’ Ark}{ jeiry and the estimated relative measurement noise  tions 3 and 4. 0
covariance matrix ﬁ;i is written as Similar to Section III-C, the expectations in (27) and (30)
| can be, respectively, calculated as
L N-1T7)"
R”::[E[(R”) }] . 27)
k k
' ' R = rklk/urklk GD

. vieii /T
Proposition 4: According to (25), the approximate poste- B/ = H;Jk):iuf (H’r/k)
rior PDF ¢(R}}) can be updated as an inverse-Wishart PDF

as follows: +|:erjk - hlr (P?ZTZ)» ﬁ,i‘(,f)) -
o(RY) = (R ol ) ) [~ L (5. 31

5 (& — €]

7 (5 - 1)) 62
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TABLE V
FIXED-POINT ITERATION OF THE PROPOSED VB-BASED CRMU FOR ROBOT i

}{j#i}
{1<j<ngr}

i g ij
{zrk’urk\kfﬂUrk\kfl} e 7M76)
{s€3}*}

*

ij ij
Oklk

. Y i
Function 5: (xk‘,€7 Eklk,{ Uy

A

-4 %

Jk s

If the detected robot set j.* of robot i is non-empty:

ij(0) __ ij(0) __
rklk urk\k U

ij
rklk U

1. Initialization: " deo RO =
2. Fixed-point iteration:
for m=0: M —1do

Update posterior PDF ¢(™+V) (x};, {xi}{jeji*})
k
{i#i}

L
TRk S eqiny

{s#i}

b
{1<j<ngr}

ij(a)

~i(a) zz(a) fs

) :VBCRMU( SRS A

u“o
rk\k

i5(0)

rie for all j € ji*

Ju

{i#i}

Run )»(z(mjtl) Ez(m+1) ij(m—+1) ) — CRMU ()»{z(a)7 E 7 1](11) ,ji*, {Zij 7Rij(m> )
< K|k K|k K|k (1<j<ng} K|k k|k Ok|k G<i<np) 7k rk> Tork Uity
Save xi’l“k(mH) ZZJ";C (m+1) Ei"ck(m+ ) produced in the CRMU function
Extract xfc(‘zﬂ'l) 2”(m+1) and EJ(mH) from )‘cj"“k(mH) 2”’“ S (m+1) 2]’9 - (m+1) , respectively.
o 21(|m+1) 223‘(m+1) A'L(lm—O—l) A'L(la)
5 ¢85 (41 k|k K|k i5(m-+1) k|k ij(a k|k
Construet Ei“f ( = ij(m+1)\ T (m+1) E,f“(c - j(m+1) £kj|,(€ - j(a)
15(m j(m Aaj(m ~j(a
(ka ) Eklk Xklk k|k
ij(m+1) _ prij 526769 (m+1) (pyis Lila) oi(a) ij(m+1) _ gij(a)
Calculate Bk] - H?kzklk (lejk) [ h” ( Xkl o ?elk ) H” (ﬁkjue - £kj\k )} x
si(a) si(a) ij(m+1) ij(a)
[ h” ( Xk > k\k) Hw (£k\k _£k|k )]
Update posterior PDFs ¢ (R, for all j € ji*
ij(m+1) _ ij(m+1) _ ij(m+1) "i'(m+1) ’L (m+1) ij(m—+1)
Calculate ur]klk = :«Jk\k 1+ 1 Ur]klk U:«Jk\k , +BY . R o /u er|1¢
,\L(m+1) ).(z(m)
Check convergence: if %I puCT H)’“H““ < ¢, terminate iteration
XKk
end for
o ooy Y {0#1)
3. Save %., = %) wi = ;ilm) [yl pulm )} ,{u” — Hm) yi g }
k|k k\k klk K|k klk = Pklk (1<i<np} rklk = Yrk|k rklk rklk ety
ik .. ai _ aila) i _ si(a) ij  _ _ij(a)
If the detected robot set j;* of robot : is empty: X, = Kk B = Ek|k , {O'k]‘k T OkE [ cienny
ut = g ’Uij —yi }
{ rklk rk|k—1 rk|k rk|lk—1 {JGJ;*}

where the auxiliary parameters are given by

. ij
gl gl _ ;c\k 2;klk
klk ij j
(x4) =k
y & y @
g = | KK gu(a) — | Rkl
klk < I klk Aj(a)
klk Xklk

and ﬁ,{‘k, ﬁ,{‘(k“), x Kk and Zklk can be, respectively, extracted

~ ]k Ajk *(a) l]k
from X, X . Ty and Zk‘k accordingly.

Equations (27)—(33) constitute the proposed VB-based
CRMU. We can observe from (27) to (33) ‘that the calcula-
tions of the approximate posterior PDFs ¢(x,, {x,i} {jejiy) and

{q (RZ()} {jejix are also mutually coupled so that the analytical
solutions of these posterior PDFs are unavailable. Similar to
the proposed VB-based LAMU, the approximate posterior

Authorized licensed use limited to: University of Surrey. Downloaded on

PDFs q(x};, {X,{} ;e,’*]) and {q(R )} (jejir) are also alternately
updated based on the fixed-point iteration in the CRMU. The
fixed-point iteration of the proposed VB-based CRMU for
robot i is summarized as VBCRMU function in Table V.

E. Proposed Adaptive RDCL-EKF Algorithm

The proposed adaptive RDCL-EKF algorithm is composed
of four parts: the local motion updates of all robots, the local
time updates of measurement noise covariance matrices of all
robots, the VB-based LAMUSs of all robots, and the VB-based
CRMUs of all robots. The detailed update process is as
follows.

1) In the local motion update, each robot propagates its
state estimate, estimation error covariance matrix, and
cross correlations independently.
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TABLE VI
IMPLEMENTATIONS OF THE PROPOSED ADAPTIVE RDCL-EKF ALGORITHM

) ) o ) iy {5#i} . : {1<i<np}
Imputs: {X: |, 1, 2 116 1, Qk, 115, 50 _ {a” } TS § L S=nE
{ k—1lk—1> “k—1|k—1> ) ’ }1§ZSTLR’ k—1lk—1 {1§i‘anR}s{ ak|lk—11» Y ak|k 1}{1515,”1?},
PIRR U ! ij i ti#d} ij \19€d"}
ek} (1<i<nny 1X0 ) cizngy Vb1 Urkieo {1<ij<nR}’{ rk S (1<i<ngy P Mo €

Local motion updates of all robots:

For all 1 <4 < ng, robot ¢ runs the LMU function independently:

g . N ) g . g {#0) .
(X}c\k—lazk\k—lv{akj\kfl} ) =LMU <Xk—1\k—172}c—1\k—17{Uk],ukfl} Q;c)

{1<j<ngr}

b
{1<j<ngr}

Local time updates of measurement noise covariance matrices of all robots:

For all 1 < ¢ < ng, robot ¢ calculates the dof parameters and scale matrices independently:

for ! =1:n; do
il il il _ il
Uak|k—1 = PUak—1|k—1> Uak\k—l = pUak—l\kfl
end for

for j =1:ngr do

C L i — i ij — LUy
If j # i Upglk—1 = PUrp_1|k—1 Urk\k—l = pUrkfl\k—l

end for

VB based local absolute measurement updates of all robots:

For all 1 < ¢ < ng, robot ¢ runs the VBLAMU function independently:

{i#i}

sila) svi(a) ij(a) il il _ s i ij %
(xk\k D 2A AN {Uk]\k } ) {u;klka;k\k}{lel?}> = VBLAMU (xi\k_u k-1 {Uk]‘k_l} A

il il il l
{Zak7 uak|k:—17 Uak\k—lvxL}{leli*} 7M7 €

0 ¢05 {ug, = ugre—1, Ubipe = U;lk\k—l}{lél?}

b
{1<j<ngr}

VB based cooperative relative measurement updates of all robots:

For all 1 < ¢ < ng, robot ¢ runs the VBCRMU function:

) ) oy {i#i} o s ; i i {3#i} )
ad % i i % _ ai(a) i(a) ij(a) ik
(Xk\ky DI AP {O—k]\k} {“r]k\wUer\k}{jejH}) = VBCRMU (Xk\k s 2 {Ukj|k Ji
k

b
{1<j<npgr}

{1<j<ngp}’

ij o ij ij
Z U U } ) M,e
{ rky Yrklk—1° © rk|lk—1 {jej,’;*}’ ’
If the robot i has been detected by the robot j € ji*: send {uﬁﬂlk = “Zﬁkv Uﬁg‘k = Uijé‘k}{jeji*} to robot j
k
. Ji — Ji — 1y ;
Else: send {uTMkil = uT,Mk,UTMki1 = Urk\k} ~ to robot j

(iesiy

R O I G 7
Ifj ¢ ji": {urk|k = U1 U, = Urk|k—1}

{i¢ii*}
. . o L) ) . g Ly {i#d)
. Jot i (%) il il {1<i<np} iJ 17
Outputs: {Xk—l\kflvEkfl\kfl}lgiSnR’ {Uk\k}{lii,jgn}%} {uak\k7Uak|k {1<i<ng}’ Yrklkr ©rklk (1<ij<ng}

2) In the local time updates of measurement noise covari-
ance matrices, each robot propagates its DoF parameters
and scale matrices of absolute and relative measurement
noise covariance matrices with respect to all landmarks
and all the other robots.

3) In the VB-based LAMU, each robot updates its state
estimate, estimation error covariance matrix, Cross cor-
relations, and the DoF parameters and scale matrices
of the absolute measurement noise covariance matrices
relative to all detected landmarks independently, while
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Fig. 7. Diagram of the proposed RDCL-EKF algorithm for robots i and j.
the DoF parameters and scale matrices of absolute and 40
relative measurement noise covariance matrices relative i
to the undetected landmarks all remain unchanged.
4) In the VB-based CRMU, each robot and all the other 20t
robots detected by it jointly update their state estimates,
error covariance matrices, cross correlations, and the 1or
DoF parameters and scale matrices of relative measure- z ol
ment noise covariance matrices. s
The diagram of the proposed RDCL-EKF algorithm for 2 ~107
robots i and j is shown in Fig. 7, where LMU, LTUMNCM, o0l
VBLAMU, and VBCRMU are, respectively, the abbreviations
of the above update steps. The detailed implementations of -30F
the proposed adaptive RDCL-EKF algorithm for all robots are
shown in Table VI. It can be observed from Fig. 7 that the -4or
state estimation information and the distribution parameters of _50 . . . . . .
the relative measurement noise covariance matrices of robot i -10 0 10 Easzt(zm) 30 40 50
and robot j require to interact with each other through local
communication in the cooperative process between robot i and  Fig. 8. True trajectories of six mobile robots.

robot j. We can observe from Table VI that the proposed
method does not require a common fusion center, and each
robot plays a role of fusion center, in which each robot
estimates its state vector (pose), absolute measurement noise
covariance matrices with respect to all landmarks, and relative
measurement noise covariance matrices with respect to all the
other robots in a decentralized way.

Remark 1: The proposed RDCL-EKF method has the same
communication mode as the existing RDCL-EKF method,
but requires that the additional distribution parameters of
the relative measurement noise covariance matrices are trans-
mitted, as shown in Fig. 7. Thus, in practical CL appli-
cations, the proposed method has the same communication
frequency with the existing RDCL-EKF method, but only
requires slightly higher communication overhead to transmit
additional parameters in each cooperation. It is worth noting
that we have assumed perfect communications between the
local robots, and the problems with regard to the delays and
dropouts in communication will be further considered in our
future work. Meanwhile, VB learning allows the robot to adap-
tively estimate the measurement noise covariance matrices,
contributing to better performance for the problem of DCL
with time-varying accuracy, but at the expense of slightly
higher computational complexity.

IV. SIMULATION STUDY

A. Simulation Setups and Descriptions

In this section, the performance of the proposed adaptive
RDCL-EKEF algorithm is validated using a series of simulation
tests. A team of six homogeneous mobile robots move ran-
domly according to the motion model (1) in a 2-D environment
with five known landmarks, that is ng = 6 and n; = 5, where
the true linear velocity of each robot is V; = 0.5 (m/s), and the
true rotational velocity €; of each robot is randomly drawn
from [—0.5, 0.5] (rad/s), and the discretization time is set
as At = 0.5 (s). The true trajectories of six mobile robots
are shown in Fig. 8. The proprioceptive sensor is selected as
the wheel encoder which is used to measure the linear and
rotational velocities. The wheel encoders installed on every
robot have the same measurement accuracy, and the standard
deviation is set as oy = 5%V, which is proportional to
the true linear velocity. According to the velocity measuring
principle of wheel encoders, the standard deviations of linear
and rotational velocity measurements can be, respectively, set
as ovk = (V2/2)or and oar = (v/2/a)oy, where a denotes
the distance between two drive wheels of every robot [15].
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Fig. 9. RMSEs of position of all the algorithms compared for six mobile robots.
2.5 2.5 2.5
— 2 — 2 —_
> 2 5 2
(5] (6] ()
k=2 = k=2
v—LuO 1 .5 (\ILIJO 1 _5 (‘)LUO
7] (%) 7]
= = = 15
o oc o
1 1
CCL-EKF
05 RDCL-EKF-T 05 1
q RDCL-EKF-N 0 100 200 0 100 200
RDCL-EKF-VB Time (sec) Time (sec)
25 2.5 2
— 2 —~ 2 —
& & D 15
k=) = o
1.° 1.5 2° 1.5 W°
(%] (%] N
= E E 1
T 1
0.5 0.5 0.5
0 100 200 0 100 200 0 100 200
Time (sec) Time (sec) Time (sec)

Fig. 10. RMSEs of orientation of all the algorithms compared for six mobile robots.

In this simulation study, the bearing and range measurement
models in (2) and (4) are used to validate the performance of
the proposed method. It is noted that the similar simulation
results and conclusions can be also obtained using the rel-
ative position measurement models in (2) and (4), and they
are omitted for brevity. The standard deviations of absolute
measurements are all proportional to the true distance between
the exteroceptive sensor and the reference landmark, and the
standard deviations of relative measurements are also all pro-
portional to the true distance between the exteroceptive sensor
and the mobile robot. Considering that every exteroceptive
sensor has a limiting measurement accuracy, the standard devi-
ations of absolute and relative measurements all have the mini-
mum values, and the minimum standard deviations of bearing
and range are, respectively, chosen as 1 (deg) and 0.1 (m).

Specifically, for the absolute and relative measurements,
the standard deviations of bearing and range are, respectively,
set as the five percent of the distance between the exteroceptive
sensor and the measured target, that is ogy = 5%d) (deg) and
o = S5%d; (m), where og; >1 (deg) and o, >1 (m), and
d; denotes the true distance between the exteroceptive sensor
and the measured target (reference landmark or mobile robot).
Since every mobile robot has limited sensing scope, it can only
detect the landmarks and other mobile robots occasionally.
To be more consistent with the actual situation, it is assumed
that each mobile robot detects every landmark and mobile
robot both with the probability of 20%. To better show the
advantages of the proposed method, four CL-EKF algorithms
are compared in the simulation tests, in which the true state
noise covariance matrix Qy = diag{[c{,, 63,1} of each robot
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Fig. 11. NEESs of all the algorithms compared for six mobile robots.

is used. The detailed descriptions and parameter settings of
the four CL-EKF algorithms are listed as follows.

1) CCL-EKF [8]: The existing CCL-EKF algorithm is
the optimal centralized algorithm employing the true
absolute and relative measurement noise covariance
matrices R, and R, to estimate the poses of all robots,
which is used as the most accurate reference.

2) RDCL-EKF-T [25]: The existing RDCL-EKF algorithm
employs the true absolute and relative measurement
noise covariance matrices R,; and R,; to estimate the
poses of all robots, which acts as the benchmark for the
proposed adaptive DCL method.

3) RDCL-EKF-N [25]: The existing RDCL-EKF algorithm
utilizes the nominal absolute and relative measurement
noise covariance matrices R, and R, to estimate the
poses of all robots and will be compared with the
proposed algorithm in terms of estimation accuracy and
consistency.

4) RDCL-EKF-VB: The proposed adaptive RDCL-EKF
algorithm employs the standard VB approach to estimate
the absolute and relative measurement noise covariance
matrices, in which the nominal absolute and relative
measurement noise covariance matrices R,; and R, are
used as initial prior values, and the initial dof parameters
and scale matrices are set as: {”amo 5 Uao‘o

5Ra0}{}iiz; and {”row 5 U = SRIO} l<lj<"R}
and the other parameters are selected as p =1 — 107>,
M =50, =10"%

Among the above four algorithms, Ry R,
diag{[arzk, a(,zk]} and Ry =Ry = diag{[&rz, 6'92]}, and 6, and
oy denote the nominal standard deviations of range and bearing
measurements, which are, respectively, selected as 0.5 (m) and
5 (deg). The CCL-EKEF algorithm can obtain the optimal CL
accuracy, and it is used as the performance benchmark for
all CL-EKEF algorithms. On the other hand, the RDCL-EKF-T
algorithm can achieve the best CL accuracy in the RDCL-EKF

framework, and it is used as the accuracy benchmark for the
RDCL-EKF-N and RDCL-EKF-VB algorithms. The codes of
all algorithms are performed on a computer with Intel Core
i7-6500U CPU at 2.50 GHz.

In all comparative algorithms, the initial state estimates
of all robots are set as their initial true states, and the
corresponding estimation error covariance matrices are all set
as 10~'°I. Simulation time is set as 200 (s) and 1000 Monte
Carlo run simulation trials are performed. To compare the CL
accuracy, the root mean square errors (RMSEs) of position
and orientation are used as performance metrics, which are
defined as

RMSE, (k)

(LN
2| (-

. 2
Al(s) i(s) ~i(s)
)],

M,

RMSE,() = |2 > (61 — i)

s=1

where RMSE’ and RMSE] denote the RMSEs of position and

orientation of robot i, respectively, and ka i) and </>'(S)
respectively, the true values of east posmon, north posmon
and orientation of robot i at the sth Monte Carlo simulation,
and )2,’{‘(,5() j),’(‘(,i) and gz@,il(,i) are, respectively, the estimates of east
position, north position and orientation of robot i at the sth
Monte Carlo simulation, and M,, denotes the total numbers of
Monte Carlo simulations.

To compare the estimation consistency, the normalized
estimation error squared (NEES) is selected as the evaluation
index, which is defined as follows:

M. -1
_Z(XZ(S) AZ(\?) (22(‘5()) (X;((S)

nos=1

NEES' (k) = 2

(35)
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TABLE VII
ARMSES OF POSITION AND ORIENTATION, ANEESS, AND SINGLE STEP RUN TIMES OF ALL THE ALGORITHMS COMPARED FOR S1X MOBILE ROBOTS

CL Methods Metrics Robot 1 Robot 2 Robot3 Robot4 Robot5 Robot 6
ARMSE, (m)  0.09 0.11 0.12 0.09 0.10 0.09
CCL-EKF ARMSE, (deg) 1.34 1.42 1.43 1.29 1.30 1.31
ANEES 3.00 3.00 3.04 2.98 3.00 2.99
Time (ms) 0.26 0.26 0.26 0.26 0.26 0.26
ARMSE, (m)  0.10 0.11 0.12 0.09 0.10 0.09
RDCL-EKF-T ARMSE, (deg) 1.34 1.42 1.43 1.29 1.30 1.32
ANEES 3.54 3.48 3.44 3.50 3.20 3.47
Time (ms) 0.10 0.10 0.10 0.10 0.10 0.10
ARMSE, (m) 022 0.27 0.29 0.20 0.25 0.21
RDCL-EKF-N ARMSE, (deg) 1.82 1.86 1.87 1.79 1.83 1.81
ANEES 10.79 13.80 15.85 10.07 12.53 9.89
Time (ms) 0.10 0.10 0.10 0.10 0.10 0.10
ARMSE, (m)  0.12 0.13 0.14 0.11 0.13 0.11
RDCL-EKF-VB  ARMSE, (deg) 1.51 1.57 1.59 1.48 1.52 1.50
ANEES 3.23 3.37 3.54 3.34 3.35 3.27
Time (ms) 0.28 0.28 0.28 0.28 0.28 0.28

where NEES' denotes the NEES of robot i, and X;((S) is the
true state vector of robot i at the sth Monte Carlo simulation,
and ﬁ;{(‘? and Z;flf{) are, respectively, the state estimate and
estimation error covariance matrix of robot i at the sth Monte
Carlo simulation. In theory, if the state estimate is consistent,
then the NEES value is not greater than the state dimension
(i.e., NEES < 3), and the state estimate is strictly consistent
when the NEES value is identical to state dimension (i.e.,
NEES = 3).

To compare the estimation accuracy of absolute and relative
measurement noise covariance matrices, the RMSEs of stan-
dard deviations of range and bearing measurements are used
as evaluation metrics, which are defined as where RMSE,,
and RMSE,, denote, respectively, the RMSEs of standard
deviations of range and bearing measurements, and l,';*(x) and
j,i*(s) denote, respectively, the detected landmark and robot sets
by robot i at time k of the sth Monte Carlo simulation, and

|1*®)| denotes the number of landmarks within the set 1",

and | j,i*(s)l denotes the number of mobile robots within the set

Ji ) and 6:(1(‘,‘;‘),( and 6,/ denote the estimates of standard

deviations of absolute range and bearing measurements at
time k of the sth Monte Carlo simulation, respectively, and
6,”,35& and 6(;{,.(}:|)k denote the estimates of standard deviations
of relative range and bearing measurements at time k of the

sth Monte Carlo simulation, respectively.

B. Simulation Results and Analyses

Figs. 9-11 show the RMSEs of position and orientation
and the NEESs of all the algorithms compared for six
mobile robots, respectively, and Table VII lists the averaged
RMSEs (ARMSEs) of position and orientation, the averaged
NEESs (ANEESs), and the single step run times of all the
algorithms compared for six mobile robots, respectively. It is
seen from Figs. 9 and 10 and Table VII that the proposed
RDCL-EKF-VB method has similar RMSEs and ARMSEs
of position and orientation to the RDCL-EKF-T but smaller
RMSEs and ARMSEs of position and orientation than
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the existing RDCL-EKF-N method. It can be seen from
Fig. 11 and Table VII that the NEESs and ANEESs of the
proposed method and the RDCL-EKF-T are almost identical
and all close to the benchmark 3, however, the NEESs and
ANEESs of the existing RDCL-EKF-N method are all far
from the benchmark 3. We can also see from Table VII that
the proposed RDCL-EKF-VB method requires more single
step run times than the existing RDCL-EKF-N method.
Thus, the proposed RDCL-EKF-VB method has similar CL
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accuracy and estimation consistency as the RDCL-EKF-T
method but better CL accuracy and estimation consistency
than the existing RDCL-EKF-N method at the cost of the
increased computational complexity.

Fig.

12 illustrates the RMSEs of standard deviations of

range and bearing measurements. We can see from Fig. 12 that
the proposed RDCL-EKF-VB method has smaller RMSE,,
and RMSE,;, than the existing RDCL-EKF-N method. The

| = ) 2 N2
) A LL(s) A1j(s)
1 M 2z 2161;,*“” (Ur - Gr,ak\k) z,je,‘;*m (Ur - 0r,rk|k)
RMSE”" = V Z Z ng li*(s) + ng o six(s)
n =1 i=1 2L 2l i
— (36)
wone | S ~ils) ) _ ~ij() )
] &<« Zlel,’f(” 09 = 09 ak|k Zjej]i*(“ 09 = Oy rklk
RMSE”” = V Z Z ng li*(s) ng o six(s)
nos=1 i=1 2L 2l i
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when 6, = 0.5 (m) and 6y = 1:1:10 (deg).

ARMSE,; and ARMSE,, of the existing RDCL-EKF-N
method and the proposed RDCL-EKF-VB method are, respec-
tively, 1.22 (m), 3.21 (deg), 0.54 (m), and 1.27 (deg). Thus,
the proposed RDCL-EKF-VB method can better estimate the
absolute and relative measurement noise covariance matrices
than the existing RDCL-EKF-N method, which results in
better CL accuracy and estimation consistency.

To better show the advantages of the proposed RDCL-
EKF-VB method, the performances of all methods are further
compared when different nominal standard deviations of range
and bearing measurements are selected. Figs. 13 and 14 show
the ARMSEs of position and orientation, ANEESs, and the
ARMSE:s of standard deviations of range and bearing mea-
surements, respectively, when the nominal standard deviation
of bearing measurement is chosen as 6y = 5 (deg) and the
nominal standard deviation of range measurement is set as
o, = 0.1 : 0.1 : 1.0 (m). Figs. 15 and 16 give the ARM-
SEs of position and orientation, ANEESs, and the ARMSEs
of standard deviations of range and bearing measurements,
respectively when the nominal standard deviation of range
measurement is chosen as 6, = 0.5 (m) and the nominal
standard deviation of bearing measurement is set as Gy =
1 :1: 10 (deg). It is observed from Figs. 13 and 15 that
the proposed RDCL-EKF-VB method always has better CL
accuracy and estimation consistency than the existing RDCL-
EKF-N method when different standard deviations of range
and bearing measurements are selected. It can be also observed
from Figs. 14 and 16 that the proposed RDCL-EKF-VB
method can always estimate the absolute and relative measure-
ment noise covariance matrices better than the existing RDCL-
EKF-N method when different standard deviations of range
and bearing measurements are selected. Consequently, for the
case of time-varying measurement accuracy, the CL accuracy
and estimation consistency of the existing RDCL-EKF method
can be further improved by the proposed method, which is
induced by the recursively adaptive learning of the absolute
and relative measurement noise covariance matrices based
on online pose estimates and measurement data using the
VB approach.
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Fig. 18. Experimental platforms for UTIAS multirobot cooperative localiza-
tion and mapping data set [42].

V. EXPERIMENT STUDY

A. Experimental Setups and Descriptions

In this section, the performance of the proposed adaptive
RDCL-EKF algorithm is tested with an open access UTIAS
multirobot cooperative localization and mapping data set that
was provided by Leung et al. [42]. In the experiment, a team
of five identical mobile robots moved on a flat lab with
15 landmarks, where the 15 cylindrical tubes with distin-
guishable barcode identifiers served as landmarks. Each robot
was equipped with a wheel encoder and a monocular camera,
in which the wheel encoder was used to measure the linear
and rotational velocities of each robot with output frequency
67 (Hz), and the monocular camera was employed to obtain
the range and bearing measurements between the robot and
the landmark or the other robot. The reference positions of
landmarks and the reference poses of all mobile robots were
all provided by a 10-camera Vicon motion capture system at
100 (Hz) whose position accuracy is on the order of 1 (mm).
The experimental field and platforms are, respectively, shown
in Figs. 17 and 18.
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TABLE VIII
APEs, AOEs, ANEESS, AND SINGLE STEP RUN TIMES OF ALL THE ALGORITHMS COMPARED FOR FIVE MOBILE ROBOTS USING THE DATA 1

CL Methods Metrics Robot 1  Robot 2 Robot 3 Robot 4 Robot 5
APE (m) 0.10 0.09 0.08 0.10 0.10
CCL-EKF-N AOE (deg) 3.25 2.31 2.06 3.54 2.55
ANEES 12.15 12.03 12.50 9.72 13.72
Time (ms)  0.008 0.008 0.008 0.008 0.008
APE (m) 0.35 0.40 0.25 0.56 0.31
RDCL-EKF-N AOE (deg) 6.73 8.13 5.31 13.83 6.99
ANEES 222.7 490.4 118.0 1462.5 214.0
Time (ms)  0.008 0.008 0.008 0.008 0.008
APE (m) 0.15 0.14 0.11 0.23 0.13
RDCL-EKF-VB  AOE (deg) 4.42 4.16 3.27 6.80 3.85
ANEES 23.01 27.71 21.80 37.07 22.44
Time (ms)  0.014 0.014 0.014 0.014 0.014

The motion model of each robot is described by (1), and the
discretization time of the motion model is set as At = 0.02 (s).
The range and bearing measurements between the robot and
the landmark are described by the absolute measurement mod-
els in (2), and the range and bearing measurements between
the robot and the other robot are modeled by the relative
measurement models in (4). Eight sets of real-world data (i.e.,
data 1 to data 8) are used in this experiment study, which are,
respectively, collected in eight different runs with different
test trajectories, moving velocities, and running times ranging
from 15 to 70 (min). To demonstrate the effectiveness and
superiority of the proposed method, three CL-EKF algorithms
are compared in the experimental tests, including CCL-EKF-
N, RDCL-EKF-N, and RDCL-EKF-VB, where CCL-EKF-N
is the existing CCL-EKF algorithm using the nominal absolute
and relative measurement noise covariance matrices R,; and
R, to estimate the poses of all robots as reference, and the
descriptions and parameter settings of the RDCL-EKF-N and
RDCL-EKF-VB in the experiment study are the same as those
in the simulation study. Note that the CCL-EKF-N algorithm
is used as an optimal benchmark for CL. Since the true state
and measurement noise covariance matrices are unknown in
the test, their nominal values are used in the CCL-EKF-
N, RDCL-EKF-N, and RDCL-EKF-VB. In the experimental
comparisons, the nominal state noise covariance matrix is
selected as Qi = diag{[(?'\z,, G5l1), where 6y = («/5/2)6' and
G0 = (24/2/5) with & = 0.1, and the nominal absolute and

relative measurement noise covariance matrices are chosen as
Ry = Ry = diag{[5?, 571} with nominal standard deviations
g, = 0.5 (m) and 69 = 3 (deg). The codes of all algorithms
are performed on a computer with Intel Core 17-6500U CPU
at 2.50 GHz.

To compare the CL accuracy, the position error (PE) and
the orientation error (OE) are selected as performance metrics,
which are defined as follows:

PE (k) = \/(x;‘k - 2;;|k)2 + (y,‘lk - ﬁ,’;\k)z
OF' (k) = I¢, — Bil

where PE' and OE! denote the PE and OE of robot i, respec-
tively, and x’,, y/,, and ¢!, are, respectively, the reference
values of east position, north position, and orientation of robot
i, and )?,ilk, j},’;‘k, and ngS,ilk are, respectively, the estimates of
east position, north position, and orientation of robot i. Like
as in the simulation study, the NEES is used to evaluate the
estimation consistency, but M, is set as 1 in the experiment
study. To better show the results of experimental comparisons,
the PEs, OEs, and NEESs of all the algorithms compared are
smoothed with a span of 20 (s).

(37)

B. Experimental Results and Analyses

First, we compare the PEs, OEs, and NEESs of the CCL-
EKF-N, RDCL-EKF-N, and RDCL-EKF-VB using the data 1.
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Fig. 19. PEs of all the algorithms compared for five mobile robots using the data 1.
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Fig. 20. OEs of all the algorithms compared for five mobile robots using the data 1.

It is noted that the similar results can be also obtained using
data 2 to data 8, so they are omitted for brevity. The PEs, OEs,
and NEESs of all the algorithms compared for five mobile
robots are, respectively, shown in Figs. 19-21. The averaged
PEs (APEs), averaged OEs (AOEs), ANEESs, and single step
run times of all the algorithms compared for five mobile robots
are given in Table VIII. It can be seen from Figs. 19 and 20 and
Table VIII that the proposed RDCL-EKF-VB algorithm has
smaller PEs, OEs, APEs, and AOEs than the existing RDCL-
EKF-N algorithm. We can also see from Fig. 21 and Table VIII
that the NEESs and ANEESs of the proposed RDCL-EKF-VB
algorithm are closer to 3 as compared with those of the existing
RDCL-EKF-N algorithm. Meanwhile, as shown in Table VIII,
the proposed RDCL-EKF-VB algorithm has greater single
step run times than the existing RDCL-EKF-N algorithm.
It can be seen that the proposed RDCL-EKF-VB algorithm

has better CL accuracy and estimation consistency but slightly
greater implementation load than the existing RDCL-EKF-N
algorithm for the real-world data 1, which results from
the use of the more accurate measurement noise covariance
matrices.

Second, we aim to test the dependence of the proposed
method on the selections of nominal standard deviations
of range and bearing measurements. To this end, the over-
all APEs (OAPEs), overall AOEs (OAOEs) and overall
ANEESs (OANEESs) among all robots are used to compare

the performance, which are defined as
ng

1 1
OAPE = APE', OAOE = AOE/,
s e

: ZANEES’

i=1

OANEES = (38)
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TABLE IX

OAPES, OAOES, AND OANEESS OF ALL THE ALGORITHMS COMPARED USING DATA 1-8

8501525

CL Methods Metrics Datal Data2 Data3 Data4 Data5 Data6 Data7 Data38
APE (m) 0.09 0.10 0.08 0.08 0.11 0.09 0.12 0.11
CCL-EKF-N AOE (deg) 2.74 3.04 2.46 2.21 3.89 3.30 3.18 4.65
ANEES 12.03 14.55 11.87 13.65 9.98 9.80 18.59 14.04
APE (m) 0.37 0.41 0.31 0.32 0.98 0.35 0.38 0.47
RDCL-EKF-N AOE (deg) 8.20 9.07 6.67 6.25 24.77 8.89 8.12 13.39
ANEES 501.5 365.8 2332 286.7 1108.1  233.1 247.3 535.35
APE (m) 0.15 0.17 0.14 0.12 0.39 0.18 0.19 0.24
RDCL-EKF-VB  AQE (deg) 4.50 5.15 4.02 3.49 9.89 5.29 492 8.53
ANEES 26.41 3240  27.95 27.31 7548  73.05  47.68  42.02

where APE!, AOE/, and ANEES' denote, respectively,
the APE, AOE, and ANEES of robot i, and OAPE, OAOE,
and OANEES denote, respectively, the overall APE, AOE, and
ANEES among all robots.

We compare the OAPEs, OAOEs, and OANEESs of the
CCL-EKF-N, RDCL-EKF-N, and RDCL-EKF-VB using the
data 1 when different nominal standard deviations of range
and bearing measurements are selected. Fig. 22 illustrates the
OAPEs, OAOEs, and OANEESs of the CCL-EKF-N, RDCL-
EKF-N, and RDCL-EKF-VB when the nominal standard devi-
ation of bearing measurement is chosen as 6y = 5 (deg) and
the nominal standard deviation of range measurement is set

as 6, = 0.1 : 0.1 : 1.0 (m). Fig. 23 exhibits the OAPEs,
OAOEs, and OANEESs of the CCL-EKF-N, RDCL-EKF-N,
and RDCL-EKF-VB when the nominal standard deviation of
range measurement is chosen as g, = 0.5 (m) and the nominal
standard deviation of bearing measurement is set as 6y = 1 :
1 : 10 (deg). It can be observed from Figs. 22 and 23 that
the proposed RDCL-EKF-VB algorithm always has better CL
accuracy and estimation consistency than the existing RDCL-
EKF-N algorithm when 6, = 0.1 0.1 1.0 (m) and
ogp = 1 :1: 10 (deg), which exhibits the weak dependence
of the proposed method on the selections of nominal standard
deviations of range and bearing measurements. The underlying
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1:10 (deg) using the data 1.

cause is that the dependence on the nominal values of the
measurement noise covariance matrices will decrease as the
number of time updates for them increases.

To better exhibit the practicability of the proposed method,
we compare the OAPEs, OAOEs, and OANEESs of the CCL-
EKF-N, RDCL-EKF-N, and RDCL-EKF-VB using data 1-8.
Table IX lists the OAPEs, OAOEs, and OANEESs of all the
algorithms compared using data 1-8. We can observe from
Table IX that the proposed RDCL-EKF-VB algorithm always
has better CL accuracy and estimation consistency than the
existing RDCL-EKF-N algorithm for data 1-8, which demon-
strates the superiority of the proposed method in practical CL
application.

VI. CONCLUSION

In this article, a novel adaptive RDCL-EKF method
was proposed for multirobot systems with time-varying

IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 70, 2021

measurement accuracy, where a novel decentralized estimation
strategy was proposed for estimating the unknown absolute
and relative measurement noise covariance matrices in a
decentralized manner. For each robot, its pose and absolute and
relative measurement noise covariance matrices were jointly
inferred based on the constructed hierarchical Gaussian model
using the VB approach. The proposed adaptive RDCL-EKF
method has the same mode and number of communications
as the standard RDCL-EKF method, but only requires
slightly higher communication capacities to transmit
additional parameters in each cooperation. A large number of
simulations and real-world data sets were used to compare
the proposed adaptive RDCL-EKF method and the existing
RDCL-EKF method. Simulation and experimental results have
demonstrated that the proposed adaptive RDCL-EKF method
has better CL accuracy and estimation consistency but slightly
heavier computational burden than the existing RDCL-EKF
method for multirobot systems with time-varying measurement
accuracy.

APPENDIX
A. Proofs of Propositions 1 and 2
Before solving ¢@(x}) and ¢@(RY,), the joint PDF
P(Xi,{R;Ik}{lel,i*}azl:k—l,{Zi,lk}{zeliﬁ*}) in (14) and (15) is first
calculated. According to Bayes’ theorem and using (6)—(8)
yields

P(Xfw {Rilk}{zez;*y Zk—1> {Zélk}{zeq,*})

= p@ix-1)p (¢ lz1a—1) [ | p (2 Ixi. RL)

leli*
XP(RZIHZI:I(—I) = p(zl:k—l)N(Xi; ﬁ;{\k,p zi‘k,l)
1 I il il
X HN Zy; Xk»XL) R;k) XIW(Rak’ ;k|k71’U;k|k71)'
leli*
(39)

Next, we solve q(“)(xk) and ¢@ (R’ ). Substituting (39) in
(14), we have

log g (x}) = logN(xj; ﬁi\kfp zﬁc\kfl)
ZlogN z bl (%G, X0 ), R ) + ey (40)
leli*
By linearizing the absolute measurement functions

{h (XL, XL)} leg) At Xi = xk‘k , and exploiting (40), q(“)(x )
can be appr0x1mately updated as (16).
Substituting (39) in (15) gives

. 1 . .
IOgCI(a)(R;Ik) =73 (na + uizlk\kfl +2) 10g|R;lk|

s U+ AD R ) e @D

where tr(-) denotes the trace operation of a matrix.
According to the definition of the inverse-Wishart PDF,
q(“)(Rélk) can be updated as (18).

Authorized licensed use limited to: University of Surrey. Downloaded on March 08,2021 at 12:42:32 UTC from IEEE Xplore. Restrictions apply.



HUANG et al.: ADAPTIVE RECURSIVE DCL FOR MULTIROBOT SYSTEMS WITH TIME-VARYING MEASUREMENT ACCURACY 8501525

B. Proofs of Propositions 3 and 4 By linearizing the relative measurement function h (xk, xk)
. .. . S o (

First, we calculate the joint PDF in (24) and (25) as fol- &t '{Xk = X;di)»xk = X/iuca )} and exploiting (45),
lows. According to the conditional independence and Bayes’  ¢(x,, {x,ﬁ} {je J'i*}) can be approximately updated as (26).
theorem, the joint PDF can be factored as Substituting (44) in (25) gives

X, X , R”} L, Z1k—1, 12 " {’,’} lo (R”):——(n.—i— Y +2)10 ’R”
p( k { k}{ jejit { rk {] ix Lik—1 { ak}{lel } Z/k {jEj,i*} 249 rk ) 7 urk\k—l g,k
) 1 . . N -1
= P(lekq, {Zlalk}{lel,i*}) —EtrI (U;.Jklk,1 + B;f) (RZ{) ] +egy. (46)
XP(Xf;a {X;i } L) Zik—1, {Zf,lk} {lel,i*}) According to the definition of the inverse-Wishart distribu-
el tion, the posterior PDF ¢ (R7) is updated as (28).
x [T p(#hix XL RE) p (R 21t {7 ey ) 42)
H e e T * { ”k}{lE’k } REFERENCES
S
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