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ABSTRACT

Kalman Filter Localization Methods for Autonomous Navigation

of a Robot

Jun Hee Han

Advisor : Prof. Nak Yong Ko
Departmant of Control and
Instrumentation Engineering, Chosun

University

This paper reports Kalman filter methods for localization of robots. The methods
are implemented for robots in indoor and underwater environment. They propose a
new model of measurement uncertainty which adjusts the error covariance depending
on the measured distance. The methods also use non-zero off-diagonal values in error
covariance matrices of motion uncertainty and measurement uncertainty. The method
is tested through experiments in an indoor environment of 100*40 m working space
using a differential drive robot which uses Laser range finder as an exteroceptive
sensor. The results compare the localization performance of the proposed method
with the conventional method which doesn’t use adaptive measurement uncertainty
model. Also, the experiment verifies the improvement due to non-zero off-diagonal
elements in covariance matrices. This paper contributes to implementing and
evaluating a practical UKF and EKF approach for mobile robot localization.

This paper also includes a simulation method to generate sensor measurements for
location estimation of an underwater robot. Field trial of a navigation method of an
underwater robot takes much time and expenses and it is difficult to change the
environment of the field trial as desired to test the method in various situations.
Therefore, test and verification of a navigation method through simulation is

inevitable for underwater environment. This paper proposes a method to generate
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sensor measurements of range, depth, velocity, and attitude taking the uncertainties of
measurements into account through simulation. The uncertainties are Gaussian noise,
outlier, and correlation between the measurement noises. Also, the method implements
uncertainty in sampling time of measurements. The method is tested and verified by
comparing the uncertainty parameters calculated statistically from the generated
measurements with the designed uncertainty parameters. The practical feasibility of
the measurement data is shown by applying the measurement data for location

estimation of an underwater robot.
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1. 28 2o TH LD2AB
dutdoz RF 20 ZLHE HEZE [ AI2ole $B22& UT(Unscented
Transform)& 81 b SUT(Scaled Unscented Transform)2 80| QUCH. AIZ1OF ECIEE
MEE [ AFEct=s 282 SdAI| ZoHE I HM=2 &2 (Matrix square root)
2HO AL 2 AF0AM=E uTEEY SH A3 2HE AMEotH 202l S0l
MESIQUCEH. R 2o EHE 0|28 /XFE Lnelsd A= Jd 2.12 =
MNE2t Z2C

UKF Localization
1 : Initialize parameter(u;_q, i1, Mg, Q¢ K, V)
2 : Input robot state & covariance (fiy_1, 2¢_1)
3 : Create sigma point(X,)
4 : Motion Model
5 : Sensor Model

6 : return robot state & covariance (i, ;)

a8 2.1, 28 28 ZH 2AAMZE

Fig. 2.1. Pseudo code of UKF Algorithm
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Fig. 2.2. Laser Range Finder (LRF)
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Table 2.3. Algorithm for generation of sensor measurement time

1. Algorithm measurement_time(t ; ,,n,(t),At)
2. fort =20t N do
3. update n,(t)
4. ty; =ty +(At+n,()n, (@) ~ (0,0,)
0. toio1 =1t
6. endfor
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N2 FEg &l FIIE LIEHHTE
Phased Array Piston
Bottom Tracking Maximum Altitude® &1m 66m
Minimum Altitude 0.5m {0.51m optionally) 0.5m (0.25m optionally)
Velocity Range’ 9m/s 170 mfs
Long Term Accuracy® *0.3% + 0.2cmyfs #05% = 0.2am/s
Long Term Accuracy® 21.15% £ 0.2cmy/s +115% = 02emfs
Precision @ 1mys® +1.0cmy's *1.0cmy's
Precision @ 3m/s* =1.8cmys =1.9cmys
Precision @ Smys* 21 6emf's *18 emfs
Resolution 0.1cy's (default), 0.001cny's (selectable)  0.1cmy's (default), 0.001cmy's (selectable)
Ping Rate 12Hz max 12Hz max

¥z LORD MicroStrain®
3DM-GX3” -25

Attitude Heading Raterence Systam
422012974

#5223

REZX2USE pacant ponsing X

Attiude and Heaaing

Atiude headag range 60" anout al 3 ares

Accelerometer range 457 stangara

Gytoscope range

Stabe accuracy typacal for static test condtions

Dynaee accuracy for dynamic (cyche) test conddions and

Long ferm drift

Repeatabiity

Resolilion

Dati output rate

Jeed 38 10 KH2. SIDIARY Nered (USer Sajustatie |

Finenng -
N0 physical units; coning and Sculing inlegras
1 Kz

on, angular rate, and magnobs Hkd
2, defiaveiocty, Euler angses, qualednion, rotaion

Cutput moces

FEATURES
0.01% Accuracy
1 x 10 ~* Resolution
Unigue Anti-Fouling Port
Low Power Consumption
High Stability and Reliability
Fully Calibrated and Characterized
1S0 89001 Quality System — NIST Traceable
Frequency Cutputs or Dual RS-232 and RS-485 Interfaces

-

Feature Type 8142:001
Operational Frequeney MF [19-34 kHz)
Transceiver QOpercting Range Up to 7,000 Mefres
Performance Acoustic Cover Uptoz 9Q°

Better than 15 mm
All Transceivers Tested to Better Than|
0 1% of Slant Range 1 Drm

Ronge Precizion
Positioning
bifi
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8 2.4, dA 220 dN Sd A
Fig. 2.4. Sensor model and Specification of sensor features
H 2.4 53 A =)
Table 2.4. Update rate of measurement
sensor t(sec)
DVL 0.20
AHRS 0.01
rangel 0.10
range?2 0.10
range3 0.10
range4 0.10
depth 0.02
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Table 2.6. Algorithm for generation of range measurement data
Algorithm range data ¢ .t ;, (¢),x(t))

for j = 0 to N do
for i = 0 to N do
if t;—t,, <001& t;—t,; >0

motion_model (u(t,),x(t;), At)
(e =% () (B, —x, (1)) + (B, —x,(t;;))?

3.
4,
5. At=t ,—t;
6. x(t,;)=
(tsi): RS
7. "
+n,(t,.), n(t,;) ~N0,0,)
8. break
9. endif
10.  endfor
11. endfor
2z B =20A e Hel SHat )2 212 AX HHEUHMHMEH "2 2
X B (k=1--4)LKl HelOll CHet & gt= &t dIA0l 2o SEE= Hel &t
2 dA XHUA 26t X0l el &30 UIJI 20 IHRAICH & Sa, )
£ oo StCh
s 2 2.78 20| =Zgts M40t 2125010 Hel STt M4 2
ot sottt
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Table 2.7. Algorithm for generation of depth measurement data

Algorithm depth data ¢ ¢ ,, (¢),x(t))

1.

for j = 0 to N do

2.

= (0 to N do

for i

if t,—t,, <001& t;—t ;>0

At=t,, —t
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d(ts,l)7Xz(ts,i)+ni(ts,’i)7 nd(tsl) N(07U(1) (20)
Al(18)2 2X0I 0ISE Ml AH =& )0l & FF dA2 224
D26t ABH0 IIRAI BSn,(1,)S MESICH A(19)s MM =FO0
Lt B 3 Al 0lA HI20t 2RAXMNK Helel &t (t,,)0l
SHUN ZEE IR HSn(1,)S HBOIACH A(20)2 20l H
(19)2 22 geoz &350l HgEC}.

DS AR FHS0l ZEE Hel SHabe ()2 ABEH n (D HIFA
2o, 0l HEBEMH O3 H 2.82 JHel SE0 Oiet d422HE Aot
22| SO0|Ct.

H 2.8, &Z2H M8 S

Table 2.8. Algorithm for application correlation
1. Algorithm Application_correlation (¢, r, (¢),n,(t))
2. for i = 0 to N do
3' lf ts,i > tupdate +tgap
4. update n,(t,,)
5 . tupdm‘e = tu pdate + tgap
6. endif
7' rs (ts,i) :rs (tw) +nc(ts,i)’ nc(tsi) ~ N((]’Jc)
8. endfor

H 2.89 2icE2 HAM SEO0| Z0iLie Bl 3 AIZ0l Al2H2+2
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Table 2.9. Algorithm for generation of outlier measurement

1.

Algorithm Application_outlier (¢, ;,r,(t),0,)

S :sample(t&” )

for i
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3.

4.

if sy= lgi
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Table 3.2. Result of experiment comparing measurement uncertainty model

Fixed measurement Adaptive measurement
uncertainty uncertainty
E(error) 0.2903 0.2423
O (error) 0.1934 0.1501
Max. 0.8257 0.7404
RMSE 0.3489 0.2850

Result of using fixed measurement uncertainty model
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Fig. 3.3. Result of using adaptive measurement uncertainty model
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Fig 3.5. Result of Extended Kalman Filter estimation

_33_

Collection @ chosun



8 3.6. P& Zo Y /X =8 20

Fig 3.6. Result of Unscented Kalman Filter estimation

H 3.4. AXFdE 202 SHA ofiS

Table 3.4. Statistical analysis of the estimation

EKF UKF
E(error) 0.2257 0.2177
o(error) 0.1285 0.1114
Max 0.4892 0.4767
RMSE 0.2597 0.2445
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H 3.6. AIE2dI0I& A S0 ZESE JIAICH &S

Table 3.6. Gaussian noise applied to simulated measurement

standard
oy value
deviation
0.1
o, 0
velocity measurement Ow 0.1
noise 7, 0
o, 0
o, 0.1
oy 0.1
range measurement Try 0.1
noise o, 01
I, 0.1
depth measurement
. 04 0.2
noise

# 3.72 # 3.62 It

=]
& A0 28t LHEOICH. At

Velocity Log), ZIIEEE =&Hot= 3DM-GX3®-252Z 2  AHRS(Miniature

Attitude Heading Reference System), HZl gt =HEG
Ultra-Short  BaseLinedt  Telemetry Transceiver, 20| @& =&3dHJ|

Submersible Depth Sensors Series80000| UCE.
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H 3.7. JIRAISH &S 2& AN E4 A

Table 3.7. Specification of sensor features related to Gaussian noise

sensor feature value
AHRS Attitude resolution 0.1°
DVL Precision@1lm/s +1.0cm/s
Range measurement Range Precision 15mm
Accuracy 0.01%
Depth measurement
Resolution 1x10 ®
1. RN B NE AS
ST dE2 MSHO0IE2 MHE MM Hel SZatd 201 SEEtsE 0l
Zot SHAHQ HHOIZ {AotUCH SHUN HEe S&ad giss € =+
UCH. O3 Al(22)= =24 #HE 2 LIEHUHD Helet 201 S33tu Hsst It
A ES & e 2 = AL

[ 0.0096 0.0002 0.0001 0.0001 —0.0002
0.0002  0.0100 —0.0003 0.0001 — 0.0006

(X)= " 0.0001 —0.0003 0.0106 0.0003 0.0002| (22)
0.0001  0.0001 0.0003 0.0097 0.0003
|—0.0002 —0.0006 0.0002 0.0003 0.0405

Ul DR Hel EFA0 S JIRACESH (e BEBI USE
J =

-

o, =01,(i=1234), ZO0ISE g0l s

0, =022 HIHSIAUACH. 2l(22)2 U2 FEEXS

k2 =AJb LiEHLEE R2 Hel dA SEE00
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(a) Localization by Extended Kalman Filter
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Fig 3.9. Result of Extended Kalman Filter estimation
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(a) Localization by Unscented Kalman Filter
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Fig 3.10. Result of Unscented Kalman Filter estimation
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H 3.11. /AX=E 212 SHA oA

Table 3.11. Statistical analysis of the estimation

EKF UKF

E(error) 0.1629 0.2382

0O (error) 0.0909 0.1288

Max 0.5435 1.0181

RMSE 0.1866 0.2708
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