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FUZZY ELEVATION MAPS




3D terrain modeling from onboard range
sensors is crucial for many field robotics

o WALACA applications

= Natural ,envirOaneh‘t‘s
> Search & Rescue

o Onboard 3D scanner
2 Huge amount of daga‘

Need for compact
representation

(7.6
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Fuzzy surfaces offer an interesting alternative
to tesselated models for terrain elevation

‘. F|Iter noisy data
B Interpolate missing data

B Continuous representation
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Y 1™  The Fuzzy Elevation Map method (FEM) can

produce a reliable fuzzy elevation region

ANFIS
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Proposed contributions aim to improve FEM

computational speed and performance

1. Spherical Subsampling 2. Systematic definition

of Fuzzy Parameters
ANFIS
ubsampling Training
Raw 3D

e Reduced 3D Ef =
g Point Cloud S
Image Map

Reliable
@ Fuzzy

Region
Binary Fuzzy @
Occupancy | | Reliability
Matrix ANFIS O\ Mask
Training

B Performance Analysis

» Outstanding obstacles » Comparison with Q-Slim
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PERFORMANCE I.MPROVEI\/IENTS




Subsampling can reduce fuzzy identification

speed and homogenize data distribution

: I\/IaX|mum helght mgrld cells

height (dm)

height{m)

y(m)
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ma Spherical subsampling is a fast range-
independent method for sensors with a pitching
SHIvansiors 2D scanner

s Highest scan
e O density

Highest scan 'ﬁﬁiﬁ
density
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\ 4 |m Spherical subsampling is a fast range-
——

independent method for sensors with a rotating
2D scanner
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B Standard Fuzzy Partition (SPF)

Z Wij (;l?, lj) =1
Vi,j
» Firing strength:

wij(€,y) = pr,(x) pr; (y)

B Zero-order Sugeno inference
» Constant consequents:

Gij(;lf, lj) — Ujy

B Terrain elevation:

z=H(x,y) = Z (wij(x,y) asj)

Vi,

ANFIS Training starts from an uneven
Standard Fuzzy Partition and zero-order
o€ uALAGA Sugeno inference

msideways) membership functiom
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EXPERII\/IENTAL RESULTS




\ 4 |m Experiments have been performed with a
Ll

pitching Hokuyo sensor designed for mobile
DE MALAGA robotics

B UnolLaser 3D Scanner (UTM-30LX):
» 30m range
» 1 m above ground
> AP=0.278°
» Scan time: 12.43s
» Up to 505036 points
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The position of a standing obstacle has been

modified in four different scans

No obstacle
Close front

Close side

Far e
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Fuzzy Performance Evaluation with a
QuadCore Intel Core i7 at 2.2 GHz

Obs- Training No. RMSE SaaalOabc SERSEESEES RMSE Time
tacle points of rules (1112) Adjustment IS more (1112) (s)
TV pilatid "L-CIAR gccurate with no (close) — BELEEENERL
7 < 4 [0.0413[1 : f ).0558 117.00
| 11ra93_ 10 x 80.0237 standing obstacles ).0360  30.84
PFE2 T4 [0.0420 D.0563 47.84
I 15 x 8 |0.0238 ‘ — 15 x8 0.0360 41.32
None 0.75 65019 =1 100451 <3 Far 0.75 64666 =<1 00564 2032
- 15 x 8 |0.0238[ 22.07 - 15 x8 0.0370 21.12
0.5 28916 —— — 50421 9.07 0.5 28770 ————G 0564 9.12
15 x 8 0.2568] 11.90 15 x 8 0.4484 10.96
0.1 1180 —— — 150451 5.90 0.1 68 ——— 60642  5.96
15 x8 0.0951 177.00 15 x 8 0.0871 174.00
- 187600 ——— 39533 115.00 - 189688 —— 9559 119.00
15 x 8 0.0055 80.87 15 x 8 0.0379 S7.65
== J=+

L L5525 ——— 57505 48.87 L O ————59562 50.65
15 x 8 0.0955 40.33 15 x 8 0.0372 44.26

A = = I [~ oA CE
Cl.ofe 0.75 65122 ————57505 20.33 Cf‘lofi 0.75 66465 ————37562 21.96
—siae 05 9s030 10 X8 0.0956 21.07 SHron 05 2onog 10 X8 0.0872 23.05
- U7 <4 0.1295  9.07 - ORI XA 0.1262  10.05
15 x 8 0.1530 10.89 ‘ 15 x 8 0.1568 11.19
0.1 N — 51305 4.89 0.1 1206 —— 59405  5.19
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Fuzzy Performance Evaluation with a
QuadCore Intel Core i7 at 2.2 GHz

Obs- Training No. RMSE Timel|| Obs- Training No. RMSE Time
tacle points of rules (m?) (s)]| tacle points of rules (m?) (s)
CBOTOT . T B
Spherical subsampling i :
L 115423 M= 15 x 8 0.0369_ 80.84
SRR &% significantly reduces 00563 | 47 .84
_ . . . ,
TR LB computation time without : 8.8222 121(1)23
much effect on RMSE : -
05 93016 L0 X8 ) 15 x 8 0.0370 21.12
- 7 x4 0.0421 9.07 o 7 x4 [0.0564] 9.12
15 x 8 0.2568 11.90 15 x 8 0.4431 10.96
0.1 H80———16.0451  5.00 0.1 68— 0.0642  5.96
15 x 8 0.0951 177.00 15 x 8 0.0871 174.00
- I8T000 —— 51983 115.00 - 189688 —— 31559 119.00
1 115595 15 x 8 0.0955 80.8 Overadjustment 1 15 x 8 0.0879 87.65
PUEOTEA 0.1205  48.8 7Tx4 0.1262 50.65
15 x 8 0.0955 to small data 15 x 8 0.0872 44.26
Close 0.75 65122 2 X2 20 0 X2 :
e | 7 x4 0.1295 7Tx4 0.1262 21.26
T s ogo30 10 X 8 0.0956 15 x 8 0.0872 23.05
- U7X 4 0.1295 7Tx4 0.1262 10.05
15 x 8 0.1580 . 15 x 8 0.1568 11.19
0.1 - === 01305 4.80 0-1 1206 —— 101405 5.10
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Fuzzy Performance Evaluation with a
QuadCore Intel Core i7 at 2.2 GHz

Obs- Training No. RMSE Timel|| Obs- Training No. RMSE Time
tacle points of rules (m?) C : nts of rules (m?) (s)
s 10 < 8 0.0237 Al .~ 15 x 8 0.0369 174.00

) 7 x 4 0.0413 e LIWEE R0 °TT7 x4 0.0558 117.00

= A 15 x 8 0.023 accurac . 15 x 8 0.0369 80.84

L NS ————G5420 y 08— 1 0.0563 47.34
. 15 x 8 0.0238 43.33 , _ 15 x8 0.0369 41.32

None 0.75 65019 =<1 00451 2133 Far 0.75 64666 =<1 00564 2032
, 15 x 3 [0.0238 22.07 , ‘ 15 x 8 [0.0370 21.12

0.5 28916 ——— 505151 9.07 0.5 287710 ——— 60561 0.12

15 x 8 0.2568 11.90 15 x 8 0.4484 10.96

0-1 H80———16.0451  5.00 0.1 68— 0.0642  5.96

15 x 8 0.0951 177.00 15 x 8 0.0871 174.00

- BBT00 == 1383 115.00 - 89688 31550 119.00

—_._ 15 x 8 0.0955 80.87 15 x 8 0.0879 &7.65

L 8525 —— 7505 48.87 L U ————7565 50.65

. — 15 x8 0.0955 40.33[| _ . _ 15 x8 0.0872 44.26
Close 075 0912279571 0.1205 2033|1070 O o962 2196
T 05 0893912 % 8[0:0956 2107 ) OF SRR 0.0872  23.05
- T x4 0.1295  9.07 - POTTT X4 0.1262 10.05

15 x 8 0.1580 10.89 15 x8 0.1568 11.19

0-1 W == —051305 4.80 0.1 1206 —— 101405 5.10




Computation time, model size, and accuracy

Y yma
L,l outscore tesselated QSIlim elevation maps,
especially with outstanding obstacles

B Close-front obstacle

p=0.1, 7x4 rules
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Performance is significantly improved with

k—-\ 0
respect to original FEM
, Modeling . .  RMSE Time Number of
Scene Characteristics >
method (m~) (s) parameters
15 x 8, p = 0.5 0.0238 22.07 143
No obstacle ANFIS 7 x4,p=0.1 0.0451 5.90 39
15 x 8 ([23]) 0.0468 31.01 406
QSlim 1000 faces 0.0250 29.17 4590
100 faces 0.0357 29.17 483
15 x 8, p=0.5 0.0370 21.12 143
Far obstacle ANFIS 7 x4.p = Q.l 0.0642 5.96 39
' 15 x 8 [23 0.0660 31.20 406
QSlim 1000 faces 0.0383 32.21 4572
100 faces 0.0783 32.03 471
15 x 8, p = 0.5 0.0956 21.07 143
Closeside obstacle ANFIS 7 x4.p = Q.l 0.1305 4.89 39
S 15 x 8 [23 0.1256 32.14 406
QSlim 1000 faces 0.1349 29.14 4578
100 faces 0.1959 29.14 477
15 x 8, p = 0.5 0.0872 23.05 143
. ANFIS 7 x4.p=0.1 0.1495 5.19 39
Close-front obstacle 15 < 8 [23] _ 0.1303 33.07 106
QSlim 1000 faces 0.1212 33.18 4569
100 faces 0.2038 33.16 477
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Conclusions

Ground based terrain modeling approach

Fuzzy Elevation Maps
» Compact
» Continuous
» Manage noisy and missing data.

® Proposed improvements
» Spherical subsampling for training data selection

» Uneven membership functions with Standard Fuzzy Partition and Zero-order
Sugeno inference

B Successful results with respect to original FEM and QSIlim

B Future work

» Global maps
» Alternatives to ANFIS
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