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Planetary Terrain Classification Using Dynamic Texture
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Using a motion image processing technique called “Dynamic Texture”, a classification
method for different characteristics included in terrain image sequences (soil types,
slippage between terrain surface and the wheels, etc.) captured by an on-board camera
of planetary exploration rover was proposed. The effectiveness of the proposed method
was finally demonstrated through experiments using a two-wheel test-bed rover.

AR TERA
(BHHAL - 1)
[ERESEEN [ 2T S
20104 | 1,400, 000 420, 000 |1, 820, 000
20114 | 1,200,000 360, 000 |1, 560, 000
201 24 600, 000 180, 000 780, 000
G
I
% &t 3,200,000 960, 000 |4, 160, 000
WEESY B« e a REI
BT D5 R - MIE - T - BB AL - JIRER AR T 4 7 A
F—U—F: AV AT A BRERA, BEERT, 77 A= 2

1. WFERMS IO R

(1) BfE, MREETEAEEHE HVZ
BMEERFHEAED SN TWDER, 5%, 2
v¥a ATHW LD EEKIZIE, K EY
[ - JREPRIC DT DR E A EBLT 572D DR
ELREEMENLELINTWVD.

(2) 73k, CCD I ATRL—HF—L V7
7 A UH AT E SRR AT AR
SEBEINTETZN, ZBITY A A0

IR X 28 0O K 91 82 e B e
REEME NG LTS 07T, HE&RICAE
ET D EHOH SF NIRRT 5 Higo
[0 R &) DX D IR FER R e
TRWEEZRET D Z LIXTE . F£7z,
HATRNEE® Y EEAWT, v—r3—
Hilg & FHEOM O IIENRREEHEET D 2
CEAPELEMELH DD, Zhbix, &
W, HEfgREHE O HEOWE EHET H Z &

[\

&

H



ZHMELTEY, MRETTDHIZEIIRD
MERmMCET 2 HEOME L2 FHIT L Z L
ITTE 720,

2. WIZEDRK

(1) = — =T O H R f B D> 5
BIATRE A R R (LEEhL o fEEe, &
B Bl |2 )9 5 1R RRESE) o SE 24T
D).
(2) “Dynamic Texture it Eim 12 LS X,
BERETo — AN IEHINDIITATND
55025 B E 2 H VTSR O R 5
FITHOFHET ALY XADBRREIT) .
O~ 7o L E 2 AT 2R E EA2H
WA e — N —TETTDERICHE LN D EH
Bl LC ERRFELEHAL, BOMELZF
L& LTz IREPHIZ 3o 72 D HiL 3R i R 50 8 0
ARETCTHDH T L EEIET D,

3. Mok

(1) FIThiFV A XL >TXBIEN 5+
HOMMEICERL, TOREOEWNILL
— N —KIKDELTRIED BN, HmDIE Y
RLTEXEERKE LT, BEIATHOHELN
% HiFR B {5 O BRI R LD & RE.
Z DARGE D Ttk DFFHT - FEBRFIEO 2244
ZRE L7,

(2) B—R—[EEDHATNLELNDH
3% 1 B ) 44 A B VO CORKR M SR T oD R )
EITOFE (FE 7 20— X587 = —X)
OPA (K1) 8L, 7 =—XD%E
B MLERFET ALY ZLAOBRKEIT-
7.

ZITH7=— XL bICHhE LR D,
HHENE G & & 5 B E R T 5 4 (Dynamic
Texture T /WIZETEZETNANRT A —H
L LTHEET A0, VAT ARIEFED
15TdHsd NASID 7A=Y XA &AL~
7L, BT —ZICART LT XN A EE
WHT 20T, 2 kol a1 A
(2D-DCT) % 7= Wi JE#g Tk & fL A A b
5 ET, LRGN FECKREEIT-
7.

BT, FE T2 —ATBREEIN-TF—X

R—RA FOEx I LHBIZHT 5T LN T
A= LC, EBRICHRERT ETRES
NIZETNWRT A= ENET 500K
o> BRI A H L 7.
(3) QDET NIRRT A —ZHETETFIEOHH
MWERERT D012, £9°, o H%EERm
iR Uik mig 2 VT, EiG T A
7 Z 1 OpenGL Z AV 7= N TA sk @hEi & 1F
L, Ei7 3V X azmfLy-.

BT, X1 ORI TEFIEO A M % i
BT AEDIT, ARL—L FIZEESINZ 1
Rl O EITHEm (X 2) &AW T, EHREE
OtHEL, B d BHICHT L GO O

T X REET O2EROE T ETHE L2 /NT
A—H L LI-EREBERASL, L7 a
UXLEBH L.

X BT, HRSTIE 50em (BLERES:30cm) O 2
DT A Xy Re—s_— (¥ 3) & 3m MY
FOEER A & AW ETRBR ATV,
2 DEBREBFBOBBBG N LHEE SN
Dynamic Texture T NV/NT A —H T —X
N—R &L, K3 OERIEEOEE G5
LIV ERER R T = — XICEH T 5
Z LT, BERm O RNT O (FRRE)
LB ERROWEY ORKE S (BIRRME)
PEBNC BT 5200 FiktEERA T,

(4) %7z, AR 2 FIEOERHAETHN 2
FAN 2 FEBR M L2 3 B AT RS S & R 5
H7=81Z, 2-fold cross validation,
Receiver Operating Characteristic (ROC)

i ARARAT 24T > 72

Learning Phase

Image sequence 1 Image sequence 2 Image sequence 3+

:-{Recognition Phase

Target image sequence

‘ Dynamic Texture Analysis
Database |

| l projection

model parameters
A3, C3,Q3,R3

12
m(idel ParaAmet?rs Distance evaluation in
A1,C1,Q1, R parameter space

—»| sequence 1
model parameters | | 50 sequence 2

12.Co. 0 S

42,02 Q2. Ko < target sequence

T Dsequence

50

projection n2 00 “nq

1. SR AR A O TR

counter balance
for the wheeled
structure

guide rail

soils(lime, sand, gravel)
CCD camera wheeled structure

X 2. 1 fwfEST 5w FEER A



X 3. 28T 2 by Fa—/— (§)
& EBRAYE (%)

4. BFFEECE

(1) K2 (R END 1 AT 8w F2 5
& & VG 4 B O 18 G A K, /1 G,
i 2(H), WF]) 2R L TENER 3 FEHD
EHEITERES, K 41RT &) EEt 12
P OMBHENEGR 2 IS Lz, £, &K
B 3 D 2 T 2 by Ra——%H
W EFTEBRC, 1 FEEO 3 () & 3 R
YEDOE R AEITHE & 2 FEOMRIEMLEN B
51T X9 AR 6 O MEF mEE G4
s L7z,

7B, K4, X512k, FhEN 4R, 2
MO Lo L, TS W& fE T
A—% (EfBY A X, w7 L—2%, 7F -
Bk 7 e XA CHEA L RFTmETe v s
DONLE) ZRL TS,

20 (10:Learning, 10:Recognition) local block sequences
(8x8 pixels, 300 frames)

300 frames 540 pigel,

pasa e s

gravel

sand-1

of
lime m e image velocity

4. shRmEE G (FE T = —XH)

20 (10:Learning, 10:Recognition) local block sequences
(8x8 pixels, 300 frames)

300 frames 940 pixel

A

320 pixel

> >
10blocks 10blocksv

The direction of
the image velocity

Dim illumination Bright illumination

X 5. HiFRmEhEe GRik~7 =— X H)

(2) Dynamic Texture Z#HWT()IZRL =
- #0551 B 4 [F) - o sk B TERE I oW TR
RIEFER Ke-KMIDEHIThot-. M6k
SO 71, 1T hHmB IO HRICENEN
M 4 oiFmER (G5 12 ) 2~
GEDORBMBEEO/NNT A —2 R LI

JHEEREOMHBE AR L2 b 0T, [
MRV (V) b ol ERRREES BV (FREIAS
KEW) ZEZRLTWAS. 77, 8B X
[0} 9 X , Receiver Operating
Characteristic (ROC) fi#g# & MEIX N 5 Fik %
W, [AUEEfGgT — & 238 & L7zl
BOMREFI AT > 2R T, R~ —T—
ﬁ§ﬂﬁﬁéﬁﬂ§ﬁﬂfﬁ§0)ﬁiﬁﬁ¢?ﬁﬁ(j:gﬁa)Fiﬁ)\TJ:
OFEFE) 1235 B LI-s8ilktERE, Suv~—»F—
73 M 2% i B 15 O B REIC (1 @LF@EW
ELTEND, FLEOFEEGIIHT LY
) IZHE B L3RRk Re DTS &2 2 1
ZIVURLTWD. ZOMHTITETE, s
DFFEICHE LR DBEEZ T A -2 L L
TN A E EFmicElm+ 518
FARMERE B W E R CE B
INHORIZHREND L HIZ, 6 FED
FEBERI R L CEh i oM 2T~ T
L2 A, ¥ 6(a), X 8(a) ® Euclidean
distance & I 25 BRBERIEE 25 & 00 RS
FHOMRENENZ &0, £72, X 7(b), X9 (b)

@ Cepstral distance & BRI 5 BEFEHIEE 2
& DN FEFRAIZ

B RO T O PR
MR TE L.

ENE WD

Aa Ab AcBa Bb Be Ca Cb Cc Da Db Dc

Dc Db Da Ce Cb Ca BoBbBaAc Ab Aa

||
(a) Euclidean distance (b) Martin’s distance (c ) KDF on the Stiefel Manifold

X 6. HhFmBEEGEHRE~ 7 (1)

arget sequence

Targ Target sequence
A AbAc BaBbBc CaCb CcDaDbDc

Aa Ab Ac Ba Bb Bc Ca Cb Cc Da Db De

Target sequence
. asbAcBaBEBeCachceDans 0

(a) Kullback-Leibler distance

(b) Cepstral distance (c) The distance based on

the feature vector

7. R mE g ERE~ > 7 (2)

Rate (TPR)

02 04 06 o8 1
False Positive Rate (FPR)
(c) KDF on the Stiefel manifold

0z 04 05 08 1
False Positive Rate (FPR)
(b) Martin s distance

02 04 06 08 1

False Positive Rate (FPR)

(a) Euclidean distance
ROC plots (CASE 1)

X 8. ROC fAT#&H (1)

1

09 f / 09 g £
§ E 08 o
E . H
$ x $ -

g
E

2 S

True Positive Rate (TPR)
g
°o

o " 2
ozt o = 02}
0.1 % 01

AT

o2 04 1 02 04 06 08 1
False Posi R A (FPR] False Positive Rate (FPR)
(a) K- L (b) Cepstral distance

l&RW%ﬁ%%(@




3) @ oFEENS, 2 FEIE O HEER E

(Euclidean distance, Cepstral distance)
IZEESWT, HRmEEG G 65 2
ORI DR (R X OERR) % B
MErZ o ET 5 FikaRE L. 10 13,
RFC 2 TS O BRRERI S A #R YR (Eucl idean
distance i H) , BIF R (Cepstral distance
W) EnECe U TR W T
L6 (a), BXWY, 2 FEOBEERE D 5
B O R Z VW TE - BIRRE 21
FNNFELUTHE (b, ) O ROC fE#HT OFEFRT
D, ZORERND, BEFIEN I EEOR
BEREE O A% WG A I THEVERE
EROZ ENRENT.

F7o, AN, X3 O FEEREERE OB E
ZHWT, EFIERFEICLI s T2 EEOH
RAEFFE O EE TR 2R 1IRT. 72
B, X502 e — —% Hu 7z 5 5
(6 FE¥H) I3, 4 OF —H_X— AW (12 Fll
) O CTEERE (BRI YA X)), B&
W, @RFE (m— N—E W EITHE) 23
WAOEWEG R ZENETN 12 EET Y& £
TEY, TO X5 RFEOMBEO S ZITHED
WO E 2T 1.

K1IDOXIBFERNS, BEFIEOFHNE
AR THIEMTEE.

ve Rt
2o

02 04 06 08
False Positive Rate (FPR)

(a) The combined distance
(proposed)

10. 2 FEEE O 3% mm Eh R RS 5 2 B
PR 43 26 718 D ROC FBAT S 3

02 04 06 08 1 02 04 06 08 1
False Positive Rate (FPR) False Positive Rate (FPR)
(b) Cepstral distance (c) The Euclidean distance

F 1. 2 o —R—F X Xy FEFTER
Eifg 2 AN 2 FEEE O BRIk =R (%)

(a);B&HEE | (b)Euclidean | (c)Cepstral
B distance distance

(REFR) DFH [OF;:
EhE 1 100 0 75
EE % 2 95 95 5
EE % 3 90 65 15
EhE% 4 100 0 55
ENE % 5 95 95 0
ENE 4 6 95 90 60

5. ERRERLE
(WFgefRFE . WFZEsHE K OV HERF 22 512
I THRR)

(MEREam S0 (BF 3 )

(D Koki Fujita, “Vision—Based Terrain

Analysis for Planetary Rover Utilizing
Dynamic Texture,” Proceedings of the 12"
International Space Conference of
Pacific-Basin Societies (ISCOPS), o
2010, pp.701-712.

@ Koki Fujita and Naoyuki Ichimura, “A

Terrain Classification Method for
Planetary Rover Utilizing Dynamic
Texture, ” Proceedings of the AIAA
Guidance, Navigation, and Control
Guidance 2011, &t A, AIAA2011-6580,
2011, 1-12.

® Koki Fujita and Naoyuki Ichimura,
“Combining Distance Measures to Classify
Terrain Image Sequence Based on Dynamic
Texture Model,” Proceedings of the ATAA
Guidance, Navigation, and Control
Conference, AFtA, AIAA 2012-4702, 2012,
1-10.

(Fa%EKR] GrH41h)

@D Koki Fujita, “A Discussion about
Several Measures to Distinguish Different
Terrain Types Utilizing Dynamic Texture
Models,” Kyushu University-KAIST Joint
Seminar, August 26, 2010, Kyushu
University, Fukuoka, JAPAN.

@ Koki Fujita and Naoyuki Ichimura, “A

Terrain Classification Method for
Planetary Rover Utilizing Dynamic
Texture,” ATAA Guidance, Navigation, and

Control Conference 2011, August 10, 2011,
Portland, Oregon, USA.

® Koki Fujita and Naoyuki Ichimura,
“Combining Distance Measures to Classify
Terrain Image Sequence Based on Dynamic
Texture Model,” ATAA Guidance,
Navigation, and Control Conference 2012,
August 14, 2012, Minneapolis, Minnesota,
USA.

@ BEHEEE, ke, WAESE, Dynamic
Texture |2 X % HiZ AT F1E D EERHY
MREEL, %5 6 RIFHE FHEMNE G HHS,
2012 4E 11 H 20 H, BUFFH.

(F) G 14F)

@O Koki Fujita, “Autonomous Terrain
Classification for Planetary Rover” in
Advances in Spacecraft Systems and Orbit

Determination (Chapter 10), InTech
(http://www.intechopen.com), 2012, 264
(H2 =% 16).



(P 36 U PEAE )
ORI Gt 0 1)

YN
FEHE
MR E
FH¥H -

HG
HFEEA A -
ENS DRI -

OBfsiRdt Gt 0 1)

YN
FEHE
MR E
FH¥H -

HG
JiygEX ey S =
ENS DRI -

(D)
A Bt— D

6. HFFTHEARR
(D) AFFEfRE

e 50 (FUJTTA KOKT)

FUMN K« K2EBE TR 3ERE « Bh#k
IeE S : 00315110

(2) WFge oAz
A

RER

(3) HHEMF I
B

EER



