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Background

» What is state estimation!?
The problem of estimating the state of a process
Noisy measurements
Sensor fusion

» Sample applications
Robot localization and mapping
Chemical process control

Weather prediction
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Background | Otate Space Models =3
» Discrete-time, nonlinear models:

Xr = h(Xp_1,u5,wg)

Y = g(Xk‘vnk)

» Markov assumption:
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p(Xk|u1:k7Y1:k) =7 p(Yk|Xk) /p(Xk;|Xk;—1,llk) P(Xk—1|ll1:k—1,Y1;k—1) dXp_1
A\ \ / A\ J/

4 4

TV TV VO

posterior observation motion prior
belief correction prediction belief
using g(-) using h(-)

» Intractable
Infinite-dimensional

Infinite computation time
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Background | Bayes Filter | Infinite Dimension

» Kalman Filter assumptions:
[Kalman, 1960]

Gaussian state PDF

P(Xk|ll1:k,)’1:k) — N (f(k,f’k)

Zero-mean, Gaussian noise PDFs:

Wi NN(‘LQk)) g NN(OaRk)
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Background | Bayes Filter | Infinite COmPUtatlon "'

» Extended Kalman Filter (EKF)
[Schmidt, 1967]

Conventional approach involving linearization

» Sigma-Point Kalman Filter (SPKF)
[Julier et al., 1995]

Modern approach of passing selective samples through the
nonlinearity

» Chi Hay Tong CRV 2010: EKF/SPKF/Bayes Filter for Localization 8 June 3,2010



= o

Outline I

» Background

» Objective

» Experimental Setup
» Results

» Discussion

<

Conclusion

» Chi Hay Tong 9 June 3,2010




]
=

obiective | Literature Review
» [Julier and Uhlmann, 1997]

Simulated spacecraft reentry tracking problem

Found that the SPKF estimate had a lower mean-squared error
compared to ground truth than the EKF

» [van der Merwe and Wan, 2004]
Simulated and real GPS/INS UAV guidance problem

SPKF had a lower RMS error compared to ground truth than
the EKF with similar computational requirements
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obectie | NOVel Contribution

» A comparison of the performance of the EKF and SPKF as
approximations to the Bayes Filter; in the context of a
real-world nonlinear state estimation problem
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ovjectie | Methodology 0

» Implement algorithms
EKF

SPKF
Bayes Filter (via Monte Carlo Sampling)

p(Xg U1k, Y1:6) = UP(Yk\Xk)/p(Xk:le:—h g )p(Xg—1|01:6—1, Y1:k—1)dXk—1

» Real-world nonlinear state estimation problem

Indoor mobile rover localization problem
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Vicon markers

Laser rangefinder

Netbook

Joystick

% receiver

P3-AT base
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Experimental Setup | Lab Space
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4 8 10
SPKF )
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results | ETTOT Spike Example
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(X |1k, Y1:6) = UP(Yklfik)/p(ﬁMfik—h g )p(Xg—1|W1:5—1,Y1:6—1)dXg—1
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Conclusion 0

» SPKF is easy to implement

» SPKF outperforms the EKF (in this problem)
Handling of nonlinearities

Approximating the Bayes Filter

» However, the Recursive Bayesian approach is
fundamentally flawed
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IA’g = Hx,kpk—1H£k+HWakaH£ak
x, = h(Xz_1,u,0)

) A 1
Ki = PGl (GuiPy 6Ty + GucRiGE,)
P, = (1-KiGxy)P;
X, = X, +Ki(yx —g(x;,0))
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Xz’,_k = h(X;p_1,u;)
2L
. 1 _ 1 B
Xk = i7 T r (K’Xi,k —+ 5 ZXZ,IC>
i=1
2L
. 1 - ~ NT 1 - . N\T
P, = L+r ("3 (XO,k_Xk) (Xo,k_xk) +§Z(Xi,k_xk) (Xi,k_xk) >
i=1
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agorinms | SPKF Correction 0

Vi = g<X¢_k7M,k)

. 1
e (yzﬁ Zm)

=1

| | 2L
Vp = —— —y —yi) + = ik — Y ik — Y ’
k L+%</f(yo,k Yr) (Vok — ¥k) +2;(3’,k Yi) (Vi yk))

| | 2L
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Up = L+H<“(Xo,kxk;)(yo,k)’k) +2;(Xi,kxkz)(yi,k)'k)>
K, = UyV.'
X = X, +Ki(yr —¥r)
P, = P_ - KU}
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agorinms | Particle Filter (PF) 0

X]gn_l)l < p(Xk—1|u1:k—17Y1:k—1)
W;m’lm) <~ p(wg)

xp )= h(x,g”f)l,uk,wgm’lm)), (Vm, L)

w{™m) = p(yk\g (Xl(cm,zm)‘jo))

Xgn,lm) - {Xgm,lm)_ | wl(cm,lm) }

» Chi Hay Tong CRV 2010: EKF/SPKF/Bayes Filter for Localization 33 June 3,2010



[ 2 Th_1 cosbrp_1 —sinfp_1 0 Vg,
Yk Ye—1 | +T1 | sinfr_1 cosbr_1 O Uy, | +Wk
i t9k Qk—l 0 0 1 Wi
N— — ~~ N——— )
X% X1 Ug

——

h(x;_1,ux,Wg)

Wi ~~ N(O,Q)

June 3,2010

» Chi Hay Tong CRV 2010: EKF/SPKF/Bayes Filter for Localization 34



Experimental Setup | System Models | Process Noise
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Experimental Setup | System Models | Measurement Model Rl
. 9 . 2

[ k.l _ \/(xl—xk—dCOSQk) —‘r(yl—yk—dSHle) + 1y
P, atan2 — Yy —dsinbr, x; — xr —dcosl) — 6 ’

. , R (yl Yk ks lv k k) k J
Vil g1 (Xk:ank:,l)

nk,l ~ N(O, R)

» Chi Hay Tong CRV 2010: EKF/SPKF/Bayes Filter for Localization 36 June 3,2010



X
. w‘)
Experimental Setup | System Models | Measurement Noise i
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Results | EKF m

EKF estimation error in g

EKF estimation error in &

—— estimate error
Mo 30 confidence envelope
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SPKF estimation error in & SPKF estimation error in g
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Results

vs. SPKF vs. PF
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results | Quantitative Results -
(all RMS values) | EKF | SPKF | PF
T — x [m)] 0.50 | 0.23 | 0.22
y —y |m] 048 | 0.24 | 0.22
0 — 0 [rads] 0.51 | 0.14 | 0.12
F— 2 m] 0.46 | 0.10 | N/A
) — Gps [m] 0.42 | 021 | N/A
§— 0, [rads] | 0.50 | 0.12 | N/A
62— 0, . m] | 0.083 | 0.079 | N/A
Gy — 6y, [m] | 0.093 | 0.095 | N/A
69 — Go,, [rads] | 0.028 | 0.023 | N/A
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