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Abstact

Recently, autonomous rovers are used for lunar and planetary exploration. It is
necessary that the rovers determine their routes and localize their positions au-
tonomously. In the environment of celestial surface, visual images taken by optical
cameras are used for localization, because localizing with only dead reckoning such
as IMU (Inertial Measurement Unit) or WO (Wheel Odometry) induces error ac-
cumulation.

Skyline algorithm is one of methods for localizing with panoramic images. In
this method, extracted real skyline is compared with known digital elevation model
to decide position. The accuracy of localization with skyline algorithm depends on
the difference of the skyline between two points where localization is executed.

In order to make navigation and localization with skyline algorithm easier, this
paper proposes novel path planning method considering localization accuracy. In
this method, dijkstra algorithm is used for optimization, and a new index evaluating
the difference of the skyline is introduced for cost function of path planning.

To confirm the effect of the proposed method, a simulation was conducted in
a virtual terrain firstly. The virtual terrain was made by crater model and the
function used in perlin noise. The simulation is consisted by two steps. Firstly,
two paths are planned by the conventional method and the proposed method on the
terrain. Secondly, simulator makes virtual rover follow each paths with localization
by skyline algorithm, and localization error is calculated.

The simulation was also conducted in the DEM (Digital Elevation Model) of the
Mars and Moon. The results of these simulation showed that the path planned by
the proposed method decreases the error of localization conducted in the process

of following the path.
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HERDE R, OWTIEEA NEORIFEZ2ES 720, 2R TOFHBEEN Z N F TIZEHH -
FITINTE R, hTH, HIRADREXREAAMD 2 WVIFHEBEH DRy F2EVAD I L
&, YHFRAEZHMICHET S LCHEERKREHZESTEZ, L, REKRAEIZETSHA
Swvvavi, 1972 FIHH EIFonzT7 RO 17T 52Xk 2502 BBIZBEIRDONTE ST,
NN 2019 FEBEE CILEBREZBEAAND Z LTI L RIKIZREZADATH S, TOH
FIZIE, MR TRhWAET A YAV e MEMOFHBRHESPILEHMLL 722 T, SV
Rtz S RIZZBHOBENBEL L5 8 NFHEENPPEINS LD 10722 LK &
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3" Mars Exploration Rover (MER) (¥ 1.1) REZHEHDELVLTINETII S AVHAB LT AE
KEIZEDIAENTE 2 (1], BE, HEATHEOER 25 [2], KE T NASA O Mars Science
Laboratory Curiosity (MSL) [3] BWEEFTH 21FA, SETHIZEE N TT7S5Xy V] %
M# L1 v NOHEBREI v ay, FY Uy RIvY—r 25 4 05 EFRBEZ bz,
T 51T, 2020 FITIEHONFH R (ESA) 12X 58— "DFH EIFHY ExoMars HE D —E & L
TFPFEINTED 5], HET—NZHVEZFHEEISEEBACLE I b T &P
na,

RKERE CRERFEOEH 2 2> BET — 1L, B, HE, TLUTHEREEY YD
KT, FEHITBRELREICI S IND, TABPTIyYaryzFrdsuo—ITid, @0VH
BETHEI RO OND, £72, ABOFERELBRWIEND 2, HBREDEFETOREINS
e 0Wd, MEDBLZEPOMEIIRET LI EVERL LS, B8 - MERAHEES
DEFUCIE, BEYOR MR A Y v THEREDNN— Ny = THTOMREL, &K
FHECHOMEHED LS5V 7 b = THICOMREDWM HAEKEIZH D I VN EL LB,
AWMETIE, ZD5H, BEFICODVWTERZ LTS, RENPS, AU —NOH A EHETF
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1.1: Mars Exploration Rover|6].

1.2 HRAEDT —/NOREEEHE 2B S 2 JefTiH5E

AIETHRZZ2 B0, AREORMIIBVWTIE, 2P OWEICHERBH T 2KkD S
Nd, TOEBDZD, INEFTITERALRERZZE LU ZRESEFEI I REINTE 2,
— I, AT —ANDO LS BBEIE Ry N OREHETE, #RERGERZLDD, I AR
PERNMITBHEDICRENGEZ2B 245 2 TRENP RO SNSE, T AN LTIX, BEEE
HECRE BRI — NI H W 5N D 1E D, DM CMENZ D2 7-OITR2 RBERIZAINT
53ANPEAINTEZ,

LR D 5o DREEEH E LTI,

o HMDEFTM % HRElT B Fik
o TX)NF—%2iti{td B Fik
o HfE % BEALd B Fik

REPREINT NS, 1 DHEICIXFM% 8T CERME 2GRS 2T [7), BEOWL DT
%%Fbk%&[]&tbéib%% 2DOHDIRVF—IZBT 55 LTI, HKEDD
B ARERRAET S e 2HMLZTIE 9], HEE ﬁ%wmmﬁéiﬁumaz#ﬁ
£95, 3DHOBEIZDWTEELZEDIZIX, 11 BREWHE, £/, TNoEREL
B—N®W%%$~%%%$t%2bﬁtiﬁum%%%éhfm%(leo

—HT, EFETIE, v— LB EZR L REEITEOMAS HEB ZabhTng
MW xEd L2, BEEOREENEEREEE BT 5 2 & T2 I T ARG [13] (X
1.3) %, AU FEHEDEEREHRAN X T D% FEALT 2 Tk [14]) (X 1.4) 2 EMRRE
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H1EF L3 TET — DO H OALEREEIZBE S 5 Jefrifst

INTVWS, L2L, INSDOFEEZMANVSZOIIE, FEEDOEERHEEE Z 5 ThVHEEK
CITHIE 2 FHRNIZ AL TELBEDRH D, X617, MEWHTEDOEZIZEL CX, HEEDOZ
SR LT—AIZGRAONTWVWSICHE T, BRI EREFIEICE DV TREERDRS
PERRINT VD EIEF VD720,

F7-, REFHEIIEECT 2REOEZIIZIGU T, HATZEHE (Local planning) & KIKH
725FH (Global planning) & IZKAIE 43 [15], Local Z2REEEEIENIE 1m 7> 5 10 m F£E D —
R—DM*zBETLI L 2MELZEDT, AREDEEY Z[EHELRA S LZR2IETT S
TR ERIZBEBNVTWVWDEEER D, B—\DETTIRETHONDIHEREZ CITHIA S EHH
MOBINTWIRELEDTHD, TNIIX L, Global Z2REEEETHIE, 100m 2*5 1km A —
R—DEIORKERDZEDT, Lo RERMPPMEIC L EREREE2EZERTIILE
HELTWa, 2o 2 2BEWICHWEIBERTH D, B IZHIREIZ DWW T OMWE
# % 7z Global planning IZ& > T3I v ¥ a YU RV TDAX— b9 6 T—)ILANDBEHREE
AETHE S N, BEIOEFETX O M2 WEEEHRZFH L T Local planning THEERIZEITT 5
FiaikEd s, LWOIEHF THEED —NOBEPKRIND, LU 7-REEReMz2EE L 721
%D% < 1%, W 1.31Z/R-0U7Z&D1Z, Local planning 122 Y TH-HDTH - 7=,

1.2: A visualization of path plan simulation for a rover generated using various combinations

of weighting factors (Wyise, Wint, Weztn)[12].

1.3 AT —"OHONEHREE IZBT 5 5ETH5E

PREE T & FIRR, RELU-RIEZHERIERTSZ L, REHFED —NOHEELKEET
Ho, BEEARY MMZHEWTIA S WV o3 X e AL EHEE B IS, Sl EEsff 2 & > T
BE A O DR ENEHE - 51 % kD B Wheel Odometry (WO) X, AHE & MIHEEDOHIEIZ X -
THIE %G9 % Inertial Measurement Unit (IMU) 3% %, UL, HREERHEITMPAND
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1.3: The result path on the simple map. Yellow area represents feature-rich terrain while

blue area represents featureless terrain[13].

(a) (b)

1.4: The red lines represent the viewing directions of mast cameras. In (a), the mast angles
and timing are predefined. In (b), the optimal viewing angles and timing are computed based

on the VOSAP (proposed) algorithm[14].

MizEbnTHY, HIgOAY v FIZXLFRENEMT 5720, WO X IMU DAIZL > TH
7 —2avaBIR5>Z83#LV, TDRO, HFEHRATIZXDEBGEE AW ALEHETF
BRI N TWS [16], EHIZED S ALEHETEE LTI, Visual Odometry (VO) [17]
(B 1.5), R E DR~y 72 [18] (¥ 1.6), Visual Simultaneous Localization and
Mapping (V-SLAM) [19], #ifE~x v F > 7 [20], AAA4F1 =y F oo [21]22] (K1.7) %
ERRINTED, ZD55 VO IZ MER 8 KU MSL, Ffus~ v F > 7% MSL TEREIC
AwvwshTwa [23][18].
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Rz ERETEORT, HES Yy F U T A0 T4 vy F U Ea —NDELE
AL OHEER VBN TH D Z EDBHE L RoTW5E, INSDTEIF, T — TR
NIZHATIZEoTHEONDEGEMPERE 2 KT 522 & CREHRTEZ2SE RS20,
WHE DRI & > THEERBEDRZEH T2 L WO IR D 5, FTEANITA vy F T
FZENDPEE T, B> TIE 10m BEOHECTNELZRIETE 2 I LWH b7, KT
1000m A EDFEAENELTUE S [22][24], AWM TA4 v~y F U3 o Fike gL Tt
Beamzillzonsdbon, ZOHMPKGFEHEOREINFEL, FET—NZBWTEMALX
NBIZIEE > TV,

# o Rover Way Points — Traverse Path ' Descent Blast Zone

1.6: Trajectory of the Curiosity using feature matching[18].
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1.7: The system of VIPER][22].
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ANi%)

AETHE, AMEICBVTHEED - "ONEHREFIEE LTHEET D, ANTTIIVYI Yy F
VTN TY) XLZOWTRHT 5,

21 ANATAVIVFUTORE

AHATA vy F U, WEROEEZHWTHCMNEZHEE T 2 FIEORMTH 5,
Cozman 52 & » TIREI N7z VIPER[21][22] L IFIXN D FiENEMREL > TH D, B—NI1Z
BRHINEZNEIRATIZEEN ) IEBRPS AL T4 2B L, PRINSAEDEI
® Digital Elevation Model (DEM) & H#Kd 5 Z & THNEHEEZE IR,

WMETIE, AHNA T4 o BRZREM (¥=2) 2L, DEM LOY— 7 {i#E & ik
T BFIE[25]) REDBREINTWVWED, AW TIE VIPER % &b U 7= F3% [26]) ZHLD & S,
ZDOFETIE, DEM EOERUIEWT, BHEITNE Z DR TPFRINDEANAT10 2 (FRAH
174V ERR) ZHRANERLTEE, ERIZBHIZNATA 1Y (BHIADA 1
CIER) EENSEHBL, YHRANAS T4V EBEIANA T4 U DENPRE /NS WALEZ B
i e HEE T 5, RIEHMBET, ZOMEHREFIEIZOVTHLLBRS,

2.2 ARWFETHWABAIA T4V F U ITT7NTY XA
2.2.1 BHIAHA T4 DHIH

ANATA VR FUTIZBENT, AN T4 VIEEHAA ¢ HHENZE T 2 HOEERA DA
my ZFHWTERIND, O —NOAEBEHEETHAIZE W TEBICBHEIS 5 SR DWW T,
1° RADFHALH ¢ = (0, ...,359)[°] T &IZMAZRIE L, 360 IRITLDNXZ bV m = (mo, ..., m3s9)
CUTAIATA v %EE, DI, ZOAHA 51 VEBIARA SA 2 EIER,

O— "o @l TN M ERRIE, BEINZAATITEEN IEEroiliansg,
MANEGE, HMECHEMEEZHRET ST MEEGILL, 2 DD DR iRE TS L
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2B ANATA VY F U 22 KB THWAAIA T4V F VI T7LT) XA

THiHd 5 (K21, 25 L THRLNHEREREZE LI, 7V TRESINEG LT
DJFERE % AL - AT 52T, BllAAA T4 vBfEond, BHITRNIZE->T
BIhbhd,
20 — v(9)
7]
ZIT, 23N I<EBEIZBITHM0A0DES, v(e) 1FHAMA ¢ AN T 2 M L
DRDEHR ETOEE, plXEEOHERE [rad/pixel] TH D,

(2.1)

0o
o

-]

]
—_
-]
o

elevation [deg]
S
|

200 300
azimuth [deg]

2.1: Example of skyline extraction.

2.2.2 HEEHRIZE DS FEALT T4 VAR

DEM i%, H22D X512, HIEZAKERT—RAKREI DR TRIZAEL, ThZzhor)l
WHD DRSS 2 K-8 5 2 & CTHIERMOME %2 TV X NVIZRBLZEDTH 5,

DEM EO&MOMEER, p=(z,y), FETOEI% 2(p) &RT, ZOLE, M23D&LD
i, pSRTH BN ¢ HIFIZ op 32 M EIfHL TV Z e 2E25, T5&, LIEH
DEIZBI 5 E X,

%$:ZGH%(§£$312)&O—d%@) (2.2)

ERTIENTESL, ZDLE, alZAMAAROBE—"DEESTHY, dkép) FEEDH
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2B ANATA VY F U 22 KA THWA AL T4V F I 7T XA

RIZEODSHIEHT, REOYE r ZHWVT,
d(kép) = r — /1% — (kdp)? (2:3)

o TRODOND, iz, ZDEMEHEHDFRITHNT 50— 05 DA,

(a0 h
ejr = arctan (a]’k é§;0+ )) (2.4)

LB, ZOEE, I —NZERINZAATDEITH S, KAWL TIE, Mars Exploration
Rover Spirit D7 A 7 D& [27] 22F 12 1.5m & Uz,

AHNATA IS B S ¢ HE DA, BEHHS D o #SER E TOREEE D NIZH 1T
DERAD e;r, THYH, TNk s; &RT, DI, RIKTLDREBELAATDEINS, =F/HD
EHIZE > TRDOND, s; 13T bb, k& M=D/op $TERISEEDRRD ¢;, TH
5, TNERUIE%E ¢; 20 25359 £TL1U $O2IERIALBINRSILT,

s(p) = (50,81, $350) (2.5)

LT, mip=(x,y) T8I 5, DEM»oFREINDZANAT1 v %lb, FEIE, ZOAD
174V s(p) B FPRAIA T4 VLR,

AFRIZBENT, BEBERDOY I 2L —Ya VITHWEERTA—RDfE%, £2112FLD
Tzo 32l —=Ya v ilonTid, F4EE, FEHETHLIABRS,

4] 10

2.2: Example of DEMJ8].

2.2.3 AHA T4 VDOHENZ LD H A ERTE

BIIEICBWTEONETFHAAALTA L, N)IIAATIZE>THEONBBHIAHA S
AR T A L THEMNBEEZRD S,
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2B ANATA VY F U 22 KA THWA AL T4V F I 7T XA

O Oaf,z

z(p)

o 0O O O

(a) Top view of skyline rendering

(b) Side view of skyline rendering

2.3: The algorithm of rendering skyline.

%ZFE\ZjJ’f 74 s(p) = (80,...,8359) kﬁﬁ{ﬁ\”zﬁ’r 74 m= (mo,...,m359) t@k[ﬁﬁ')’z§+
z,

il

*(p) =Y _(m; — s;(p, )" (m; — s;(p, ) (2.6)

J
YEB, ZOLE, HEMEpt L,

(p*,0") = arg min ¢(p, ) (2.7)
yo e

kDN B,

£/, AT, BHEOED, ANA 540y F o220 —"OHMA0HEIRS Z
73, HAARKEE YR IMU, VO REDZFTDMOBELRIZL>THESNS LREL TV
5, Thbb, a DIEIZEIR>TWARY, 72720, 4DV Ialb—Ya VEREIZDODVWTD
HTHRRZ B, ZOMOL X2 AMNAOHEIZIX, —EDMENELLEDE LT,
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o ANATAURYF VT 2.3 SEATHHGRIZ B 1) D41 & HE e K FE MR GEE

7 2.1: Standard deviations of noises for simulated skylines

Parameter | Value on Mars | Value on Moon Description
op 5 [m] 10 [m] interpolation step
r 3396000 [m] 1738000 [m] radius of star
D 3192 [m] 2283 [m)] distance to horizon
M D / op number of step
h 1.5 [m] height of the camera on the rover

2.3 SEATWIRIZ B 1) B A EHEE R ERGEE

ATEHDOA EHTE FIEOREIZH 72D, MER Spirit & U Oppoutunity O 7B FHI% 2 5 W\
T, MEHEDY Ialb—raryABIlnbhTwad, fiEHElX, High Resolution Imaging
Science Experiment (HiRISE) (2 & o TIEE & 1172 KE D DEM[28] &, FEFRIZ 2 D MER IZ
Lo T Izl 29) EHWT 2 DDA TE Z b (K24), fifEp & Al a D
HEEBAIZZNTN, 5lm & 1°, 2Tm & 5° 2> TW5, 72720, HEDGEIZHWS N
DEM Of#fE 1 4m, B#HFEDHEIE 1m TH D,

—HT, TOMIETIE, K242 L72EBD, ZJV—RPEBHMOEHIZBE 27— A%
WToTWVWB, ZT5Vo RN RMELFIET 28I TIE, AWM T1 U~y F U2 L5400
BHEVRB IRV TVWEEZILSNS,

£, AAATA <y F T OREEAEMEZ HWTHREEL 7205 [30] TlX, 0.5m O
fRIREZ KD DEM Ob & TiE, 1 6m OFECNEHTHAETH S I EhREINTVS,
UL LRDS, BEOD—NDORSNZEREMEE2EZRT 5L, SFEED DEM 2083252 &
FEHAKREWV, 0.5m HDERED DEM 2 WS Z L IFBHERNTRVWATEEMES H B, I 51T
—HT, 5m~5m fEED DEM % WAL EHEE TlE, 22 20m~111m O TEH L,
MEHECIZERT D2HTEFHELZZ 2P BRoNT WS, s X2 h%2 KB T 5 DEM
DEMFZIE U T EHTOREENPRKEKALH L TVWE Z LIEHBETE R,

N IXEBRPSF/FONDIHFEREOFTE, FIZY—27DAZHWTHAHEHEZSE IS5 F
% [25] Ti, MHEED 13m x 24m @ DEM 2 HHWTCHLEHEDY I ab—Ya yRBIRb
N7AER, FRED 61.8m LR >/ Z EDRINT WD, I 51T, ZOMETIE, B—10D
BENZIG U SR OEFH B D TN THEI L ZFN, AH15A4 vy F Uk bhER
EDMHEENHIRT NI TR TH S LIREINT VWD,

O— 2SI N7 LIDAR ¥ Vi & > T3 R Z2/ER L, Thzd & IZHERRe
DEM & ZiRd 5 Z & CRIEHEEZ B 275, Multi-frame Odometry-compensated Global
Alignment (MOGA) [31] &N FEBREINT WS, ZOFHEIF, 13m OFRET
40m DEENE SN, HB5MTIE VIPER &KL CEBERMEHENAETH S Z L2
RENTWS, 72770, HFEHAT LN LIDAR Ot v 2EBH LR ITNERS2WT &
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B2HANATA VTV 2.3 FeATWIFUIT B 2 AL i A ARG FEARGLE

Z, EEQREDPELUSHBESINSHEET - NIBWTRMSKBAWAEHATH S, £/, ZOF
ETHMENK 100m KEXRT =265, FEP-ADNIv ¥ av2ETTHHERICEN
TS EHEEREE D WIS B IR TEGT T 2 3 PR IBETH L EEZ OSND,

1000 1000
800 800
__ 600 ~_ 600
£ A
400 " 400
200l ¥ Ground Truth 5 x Ground Truth
x Estimated positions 00 x Estimated positions
x Two-Way Doppler Tracking x Crater centre
0 T — 0 :
0 500 1000 0 500 1000
X [m] x [m]

2.4: Localization simulation done in previous work.
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3

o5 3 B ALEMC R 25 8 U 7o RS A

ANi%)
Jiq
OV
i

MEHMERE ZZRE L REBETE

ARETIE, AFRICEWTRES DRI EHEH TR DO WTEERIZERNDS, £/, /EEFIE
EUTHET 2RKGTETIEIIOVWTHRN, W#HDE W% LT 5,

3.1 REEJTHIREKETETIEDOH

KIFZE TR, HRESEEOD —NARAHA S vy F U HEIOWTHOMEW EZ P 2 7%
W, ZTOHEMBIZEOVWTREZWS LIE L BT, B—"2800 X3 WK% 5HE T 5
ZrERHEMNET S, FHET AR, Bm ot m BEOR/MMALEDTIERL, Hkm D
BRI 2F ORI D2EEL, EBDOI vy a vy LNV TOEED — O IEM B E) % 4
W9 20K % KD B,

O — NDSREEE & EHEIEAET 5720021, YRLVPSHOMNBEHEZ EMHEICBE IR 2N
KDoNB, ULizhoT, AN T4y FUIICEbHCMNERTEEZ B 2RV T WRE
2, WO RTWRIETHEELEVWMI LI ENTESL, TOIILBRKERDLZZLDTES
RKETHTIEEZ R T 2720, AHA T4y F oIk BAEHEOHSE % FTHEIZ
DWT, IKIHTERT D,

3.2 [iBEHEOMGEDOREESE

AETHRRZE B, A1 74w F Ul kbHOMNBERTEIZ, DEM2»SHEI NS
FRHRAAATA VR IINATIZE> TR INZEEP G I NGBIA A T 1~
LEHIET AL TBIRbNT WS, PHRANATAVEBIIALA 5S4V EiE, RITRT
2 DREZIZL->THEEINS,

e*(p) = _(m; —5;(p)"(m; — 5;(p)) (3.1)

0 — NOBAEHOEMHAIZIGU TOFRT, TOHMENSOFHEAIA T4 IZE>Te2 N
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o 3 T LB 2B U 7R R 3.3 BudE b Tk

RENI KR Hmh, BEMEE UTHEINDSIDTH > 72,

oL E, B—NOEBROBEMDELIZENT, FEANA T1 2 s(p) IO RS
IZBWTEIES>TWS (405, p a2 TH si(p) DEMA/NT W) BE, 0—1N"Df;
EBEEUKHETEI VLW EEZONE, BLRIMNEp ITBWVWTE 2 /NS L>TL
F\, BEHEEVPEI 2N EL 2720 TH S,

U7zhoT, AN T4y FUIICLPHCMEWRTEVRARD THD LSRR IX, o—
NOBENIRUTANA TA VIIREL LT DL LRETHELF A D, RE2ERZEL
TAANATA VOB EPKRE LD XD TR ZZETNE, BRELEOEMTAIAT1 Y
XY F UL BMEREDOREE RN ETHI LN TERIETTH D,

T ZTAMETIE, A1 T4 VOBMMEZERT 2720, ANA T4 VDEEDKES %
RIFHEDRZEETHILLT D, AWM TAVIYFUTIIBITBEMNANA T4 TFHM
AN T4 O, R31IZL-oTEIRbWad, ThESEIZ, ROLIITEATS
(K 3.1), HdHifip & p CORIZBWT, DDENRKEWVITZY, p & p Z2HHET 5 6N
DN B eEZSND,

Elevation [rad]

S359
So
s’ .
0 | S 359
0 359

Azimuth [* ]

3.1: Difference of skylines.

3.3 BuE/LFIE

AT, REEORETIEE UTXA 7 A NTiL[32] W3,
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o 3 T LB 2B U 7R R 3.4 PERT 1L D FAM BE R

HRERE D — ORI IZH W T, fiiZ Rapidly exploring Random Tree (RRT) %
mkmnwapqv,@m%Y»:UzA%%mtﬂ%Wﬂag%ﬁﬁiéob#b,ﬁm%@
I% Digital Elevation Model (Z & > TRE I NPT —XZ2HEHL, FHEANAL T4 0 DEH
RANATA VR FUTILLPHCMEHREEZB IR 5720, FARXR—T—XOED KNI
WU I BTV AL B2V L, Bb —MWRFTHED 1 ODTHEEA 7 A
T LR ERU 72,

XA 7 AN TR, REREEHEZMBBEICAKHWONET VIV ALTHD, HFHELH,
SHMHE TRV DD /) — REFFEEADIA MR-y VTHREI NI T 71285 C
BRoTWELE, TyVOIAMNPERNE LD LD RREERDZ Z MW TES [32][35],

TIITRBOTINITY XL LT, FAT7ANTEORRTHS A*TILTY XL [36] X,
SHRENOWRTH2Z D¥ 7T XL [37] R EMPMBIZHFET D, A7V TY AL, XA
JANTHED—BALLERZEDTH Y, BIEOHERK ) — o T—)VETOIRX MOHEEE
BEEATHIZE o TE DR BEREDAIREIZ R > T WD, 7z, D¥TILITY XL, Ty
DAANPENZET 2GEITHIG LI FIETH B, AFRIZEWTHESE YT HAEHE
DR SIIHNRBRETH S0, AT ANTIEE A¥T)IVTY X L2 L7203, X EA
MR FETHEEA VA NTHERZRATLI L Uiz, AFETRET IREHETEX, X
A TANTEYIND T Z THET N T) ALIZH U TEHBEHT LI ENTE S,

RA AN THEOMEZM 3.2 2R T, BEOHR — K (A) LBEVAES /—F (B, C, D)
D5b, BTy IDIAZRNEW —REHET (B), T5&, A5 BABHTIEOR
INOZANDEETE S, BEIEOB LBV ES /=R (C,E) D55, RIFEA»PSBE LR
Motz /) =R (C)NBRLZY YNPFET %G, A>BEB>COEFHIAMLA-COD
JARNETNIWVWIEDZ ADS CABETLIBROB/NIANE UTCHEET 5, ZOFIHZ H¥
WA SIHROTHEVIEL, &/ —RANRBE-ODOR/NIA N ZEREEIETW Z LT, ¥
Mo HHIAD 2 A S DWBR/NE IR DR EIRET B,

BA I ANTHEEHANS2SH, DEM 22 27 7 2E8d 5, DEM EO&R%ZZDE
£F/—F&l, &/ —FIZIZDEM LToOEEREEGZ 5, £z, &/ — FOMERKREZ RS
THRFIRIZZY DICE>THERL, 7772 LT/ ZENTEL LS (K33), 775
7 EOET Y DN, WHEP SRR FHEBICESOWTCaANEEZ, ThEHWTX A A
b I T K B RREKEHE 2 FEET B,

3.4 FERTED FAMBIEK

PERDRIEE I TIE, RS HRHAE S F TOREMPER 0 —NOLEE 2 Z "L
TR EZI N, TYVDIA N LULTEZONEZ ENEL W,

AR TIX, BKEHEOREFEL LT, / — FEOHEMEENAZEZEL-ZbO2EET
HrZl T 5,
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o 3 T LB 2B U 7R R 3.4 FEkTFHE D S B £
Cost of edge

D Cost of node

(sum of edges)

3.2: Dijkstra algorithm.

3.3: Making graph based on DEM.

ij:, J — ]\ Ny, Ny Fﬁﬁo)ﬂﬁ_fgﬁ Lij 72,
Lij = [ni — nj|

= \/(Ii —2;)* + (i —y;)* + (2 — 2)?

$7, BED GBS ) — KAlD & & ORI oy %,

oy = arctan A
’ V=P + 5
EEET B,

102m | 105m | 110 m 102m 105m 110m
: | I |

98m | 105m | 107 m 98 m 105m 107 m
| I |

100m | 103m | 106 m 100m 103m 106 m

(3.3)

(3.4)
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o 3 T LB 2B U 7R R 3.5 IRET LD FAMBE R

IS Z2HWT, /— FHEOFHEBIE C(ni,n;) ZEAFD X S ITRET 5,

Lz (077
Ccon(ni,nj) =W NZ + Wy Ni

ZIT, Wi, Wo 3FNEN L;j, a;j DEATH Y, Np, N, ZENENOHEEEBIEIT 547
BMThbd, £7-, 9= "OEITAHERRAMER AL 15° <‘_’. U, a;; PINEBI 5T W,
EEREAE TS, AFRIZBWTIE, EAFITOMRE WL, W, Wb 052 L7, N iE
) — RHEOHEEORKETH 5, DEM OFMEED V2 5% U, N, ($E1TATREZ B DO IER A
ThHbd15° & U7z, ZNEHAWT, REEKROFAMRELIX

con path Z Ccon nz; TL]

(3.5)

path
-y (WL oW, %J) (3.6)
path @

AN

3.5 FRETIRDFAMBIEK

3.2. TR B, ANATA Uy FUIIZLBMNEHREEZRGITT H7-DI121%, KRk
EREBUIZANA T4 VDENE D 2 KRETEIREND D, TN%ZEIC AN TR H
EBINSED, RAVARNIFEIIBWTET Y VIZE 2 5N MBI, {Tv JMiEo
)= REDAAA T4 v DEALE D;; #BAT 5,

HDLYIIZEoTHEENZ2DD ) — R ny, n; BIZBIT 220454 v OEMEEZRT G
B,

359

D;; = Z (i, (w3, 95) — 84, (5, yj))2 (3.7)

k=0

ERL, TNZEHWT, FHZICFHAREEZLTD & 5128 ET 5,

_ L Qi Dij Nij
C’pm(nl, TLJ) =Wy N, + W, N + Wp Np (38)

B Ly B & R a BREMEDRRDSNZDIZHL, 2HAA 542 DE(LER D 138K
b2 BENRD B0, (D) ' ZHERTFEOTMBEKIZMA 2, Dy % Li; 28> TW50D
1%, AHA 54 VOEBEH#D - DETHES O THS, L ThbbIy VOEXT
HY, KFETHE > TWEZ T 7IEDEM 2 G2 LTWB 70K FIRTH S0 5, EBIZIX

Li )1 (pi, = pj. Upi, = Pj,) (3.9)
V2 (otherwise)

A
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o 3 T LB 2B U 7R R 3.5 IRET LD FAMBE R

7z, miffie FERIZ, Wp % Dy OFEA, Np $3BIBILORETH D, FRKIC, REKSE
D A B £ 1

pro path Z C(pro Ny, n]

path
1 Lij
L, D;: N;;
_ W, =4 W, S 7 et R N 3.10
2% Ly, T Wey TWoT T (3.10)

LB, RBIETHE, REUAEMERHEICHET 2 EROFEANRERFICHET 5720
W =01, Wo =0.1, Wp =0.8 &FREU 7z, KA Np DIEIZDOWTI, ﬁ%ﬁm%ﬁ
D TDITRBELIRDRINDATNATA VDERLEUTHREL, UTFTDOLIITRDT,

Np = (e x 2)? x 360 (3.11)

elX, ) IXEBOMBBERLIZHE DL, AAA T4 VHlHO#AEL LTHEINAMETH
5, Tmbb, MEINIREEEZERBULIZDAT, EHIZANAITA VY F U ITIZLBME
MEZTHILNTELLEXOND D;; D%, FESNEANA T4V DEARDR/ME
YLUTHEL, ThE Np & U7z, 72750, 20D Np BIUOEAMFITBEW Ok E X 2B
%2 & T, EfTHRE - R - MEHRCHEEDO TN ETNE EOREEEHTINE2ELHETLHZ
EMTE 5,

RELAEDOY I 2L —Ya T, BATIEEDHEZHANT, Np=0.5& U7,

LR O R FHWT, X147 AN TiEIC& Y DEM ECREREKZRD B FHEE, Ah
L7343y FUIICLBEHONEHREDKE ZZR L -RIEFETEL UTRET 5,
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B4 = MBI BIIAYIal—Y a3y

5

=

REBHWFICEITEIalL—aYy

ANi%)

AETIE, AIETRELVZRETEHFEOMRZHER TSI 2HMNIZ, YIab—Yay
EBIRS, REFHEICLLOREFHOANMEEZMEET 2720, BRI ZIERL,
RFHEEREFRICEDVWTERICREG E 2 E ML 72, £D%, FrEI N2/ e o —NIZ
EBRIELILZ2EEL, BREZE/RTI2HECOMNEWHTERELZFHA TSIV Ialb—Ya Yy
B ITiRol,

4.1 ARAEHIE D VERK

A & U, SEHAMEIZZ V-2 & 2ROtz E 2 5, BENR I L —
& & EBEDIEK TR Z AN IZEC Y

411 7L —X

7 V=D, ERMEINZAEZ V—XOIIRET IV [38] 2Tz, ¥Er, O
L—&i%, s 0fifEE r, @E%2 h(r) 2 LT, UFDEDIIRTIENTES, FEHK
IZDWTIEFK 4.1 1277,

ZOBRETNVIE, BEHLEAZHRI, THEPHEED ED o 72858, &I AERHIT 0~
TA TWL LRI & > THRI T TW5,

(hgai (0 <7 < 7o)
h(r) _ ho (Lﬁ)a _ho

1 rr \"ri1’ro r1

il (ro <r <)

h 3 2 4.1
(T):al(i—l) +a2(1—1) +—1 ( )
™ L] ™ ™

JEOER (rg < 1)
h(r)  h (r )ﬂ
= — _—— a3

\ 71 T \"
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B4 = MBI BIIAYIal—Y a3y 4.1 {RAEHTE D 1 K

7 4.1: Constants of the model of shape of craters

ro | 0.844r; | Radius of recess
ro | 1.054r1 | Radius to edge
ho | 0.367r1 | Depth of crater
hy | 0.038r; | Height of edge

ai 3.13
as -1.09
as | 0.0255
Q 1.31
I5; 2.6

4.1.2 K%

AR EEDOERKIZIE, CGTOI VY RABRMEOERZEICH NG, =YY /14X
[39][40] Z2BF T LTz, N—=V v/ A XF, BRETREZSNMZ0IZKD LD BB EMHAL,
INHEEFLETTI VAR LEDESLZETERIN, ZORBIZL->T, BRESHITE
fbU, FMTRWE S 4 4 ABREFHINT WS, FHZRE/S—=Y v/ 1 X [40] TlX, ZO

e LT,
C(t) =1 — (6|t°] — 15t* 4 10[¢*) (4.2)

PHVWONTWS (K4.1), HAETRZSMNMZI0IZR WS MEIZERL, ZolEzEH
W 2 fE U 72,

09
0.8
07
0.6
0.5
0.4
03
0.2
0.1

0
-1 -0.5 0 0.5 1

4.1: Fifth order function used in Perlin noise.
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B4 = MBI BIIAYIal—Y a3y 4.2 BEEEY I 2L —Ya Yy

4.1.3 {ERE U 7= {RAEHTE

Lo V=42 & BEOERGEZTCIZ, FEFE400m DI L —& 1 D8 ¥FE200m EFE 3 D
EROREMEZ, K42 DO ERL 7z, EE X 10m/pixel & U7z, 7z, Z OHIZIXK
WHIE O E UTEZ, RO E CORMIIARmEFAEFEL LTWVWS,

1500 A
1250
1000

750

*% | 2000 m

4.2: Virtual terrain.

4.2 BEEEYIa2L—v a3y
BIETER LU I I WT, RRTFHEERETFEZ2HVWTRKHHZBE I o7, &

5Nz 2 DD EX 4.3 1IZRT,
B EL, ERFIERED 1899 m, RETFIERIEEN 2692m &R o7, HERFIERETIZY

V—RDLEMZ@EHEL TVWBEDIZHNL, BREFERKIZZV—XEEORZ@EELTVWSZ
ENbh b,
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B4 = MBI BIIAYIal—Y a3y 43 RBERYIalL—Vay

- (Conventional Path
- Proposed Path

Goal

1250
1000
sE
Bofy
250
-0
+250
500

Zooo
A7s0

1500

: ;Iésa
2000, : A=
1750~ Vo
1500 /50
1250~ /
aggo~, | Start |
7 L /

750

500, /250
30/
0

4.3: 2 paths on virtual terrain.

4.3 BEEHKY Il —Yav
4.3.1 FEBEBIHA A T4 > OIER

HW3IBTHRAREZEBY, AWM T4 v~y FrrickdEHCEHREIZBEWTIEX, DEM 25
AEINDZFERANATA v, B—NIZBEI NN I AATIT L > TR I N2 HG
MOBRONBBHATA T4 VO AERBELRS, ULIL, KEXHDEEOHTIZEWT,
B AR A T4 2B IFBIRATRETH S, TI T, MEHEZ B Z RS ZHUTBE N
T, BIIATA T4 2 2EEL -,

O—NOEIEMBEIZBITZFEANAL 51 0% DEM»6RD, 212/ 14 X %2055 2
ETCHERBBIA NS4 Uiz, /1 XU,

o Jifiify
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N

N

B4 = MBI BIIAYIal—Y a3y 4.3 $%

5%
(i

EyIalb—vav

23

o N T ERDIRRE
o DDA EREE

WZEDKEDE, TNENEMDMITHD CARELVTTFEATA T4 U AIA Tz, AALAIZD
W, HANAICHERENELBRIETANA T4 VBN EMALEIICIT NS EfEL, {2
FEOMEICE L TIBMIZ AL S04 0 ADIAN) A X2 MA Tz, £ 14 ZXDIEMIAED
BHERADRKE X 2, K425 D, 72, /A RXeMNEULBRBA N1 51 > O—H
%, M4.412R9 (k9 5 KERED DEM Z£H),

%% 4.2: Standard deviations of noises for simulated skylines.

Type of noise o

Azimuth angle 10 [°]

Resolution of pictures | 0.01 [rad]

Other environment 0.5 [°]

017571 == Rendered skyline

0.1501 == Real skyline
0.125 A

0.100 A

0.075 A

elevation [rad]

0.050 A

0.025 A
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4.4: Simulated real skyline.
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4.6: Localization Error and Following Error.
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4.7: Mean of error of the localization on the virtual terrain (condition 1).
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4.8: Variance of error of the localization on the virtual terrain (condition 1).
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4.9: Goal reach rate on the virtual terrain (condition 1).
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4.10: Reached position on the conventional path on the virtual terrain (condition 1).
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4.11: Reached position on the proposed path on the virtual terrain (condition 1).
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4.12: Sum of the difference of skyline in paths on the virtual terrain (condition 1).
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4.13: Sum of the difference of skyline in trajectories on the virtual terrain (condition 1).
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4.14: Skylines from the conventional path on the virtual terrain (condition 1) (segment 1-5).
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4.15: Skylines from the conventional path on the virtual terrain (condition 1) (segment
6-10).
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4.16: Skylines from the Proposed path on the virtual terrain (condition 1) (segment 1-5).
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4.17: Skylines from the Proposed path on the virtual terrain (condition 1) (segment 6-10).
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4.18: Mean of error of the localization on the virtual terrain (condition 2).
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4.19: Variance of error of the localization on the virtual terrain (condition 2).
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4.20: Goal reach rate on the virtual terrain (condition 2).
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4.21: Reached position on the conventional path on the virtual terrain (condition 2).
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4.22: Reached position on the proposed path on the virtual terrain (condition 2).
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4.23: Sum of the difference of skyline in paths on the virtual terrain (condition 2).
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4.24: Sum of the difference of skyline in trajectories on the virtual terrain (condition 2).
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4.25: Skylines from the conventional path on the virtual terrain (condition 2) (segment 1-5).
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4.26: Skylines from the conventional path on the virtual terrain (condition 2) (segment
6-10).
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4.27: Skylines from the Proposed path on the virtual terrain (condition 2) (segment 1-5).
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4.28: Skylines from the Proposed path on the virtual terrain (condition 2) (segment 6-10).
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4.29: Skylines from the Proposed path on the virtual terrain (condition 2) (segment 11-13).
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5.2: 2 paths on the Mars surface (case 1).
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5.3: Mean of error of the localization on the Mars surface (case 1, condition 1).
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5.4: Variance of error of the localization on the Mars surface (case 1, condition 1).
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5.5: Goal reach rate on the Mars surface (case 1, condition 1).
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5.6: Reached position on the conventional path on the Mars surface (case 1, condition 1).
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5.7: Reached position on the proposed path on the Mars surface (case 1, condition 1).
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5.8: Sum of the difference of skyline in paths on the Mars surface (case 1, condition 1).
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5.9: Sum of the difference of skyline in trajectories on the Mars surface (case 1, condition
1).
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5.10: Skylines from the conventional path on the Mars surface (case 1, condition 1) (segment
1-5).
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5.11: Skylines from the conventional path on the Mars surface (case 1, condition 1) (segment
6-10).
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5.12: Skylines from the Proposed path on the Mars surface (case 1, condition 1) (segment
1-5).
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5.13: Skylines from the Proposed path on the Mars surface (case 1, condition 1) (segment
6-10).
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5.14: Mean of error of the localization on the Mars surface (case 1, condition 2).
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5.15: Variance of error of the localization on the Mars surface (case 1, condition 2).
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5.16: Goal reach rate on the Mars surface (case 1, condition 2).
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5.17: Reached position on the conventional path on the Mars surface (case 1, condition 2).
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5.18: Reached position on the proposed path on the Mars surface (case 1, condition 2).
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5.19: Sum of the difference of skyline in paths on the Mars surface (case 1, condition 2).
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5.20: Sum of the difference of skyline in trajectories on the Mars surface (case 1, condition
2).
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5.21: Skylines from the conventional path on the Mars surface (case 1, condition 2) (segment
1-5).
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5.22: Skylines from the conventional path on the Mars surface (case 1, condition 2) (segment
6).
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5.23: Skylines from the Proposed path on the Mars surface (case 1, condition 2) (segment
1-5).
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5.24: Skylines from the Proposed path on the Mars surface (case 1, condition 2) (segment

6-10).
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5.25: Skylines from the Proposed path on the Mars surface (case 1, condition 2) (segment
11-12).
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5.28: Mean of error of the localization on the Moon surface (case 2, condition 1).
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5.29: Variance of error of the localization on the Moon surface (case 2, condition 1).
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5.30: Goal reach rate on the Moon surface (case 2, condition 1).
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5.31: Reached position on the conventional path on the Moon surface (case 2, condition 1).
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5.32: Reached position on the proposed path on the Moon surface (case 2, condition 1).
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5.33: Sum of the difference of skyline in paths on the Moon surface (case 2, condition 1).

©
o

HEl Conventional path
[ Proposed path

Difference of skyline
N w iy (61 [e)] ~ (]
o o o o o o o

=
o

1 2 3 4 5 6 7 8 9 10
Segment num

5.34: Sum of the difference of skyline in trajectories on the Moon surface (case 2, condition
1).
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5.35: Skylines from the conventional path on the Moon surface (case 2, condition 1) (segment

1-5).
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5.36: Skylines from the conventional path on the Moon surface (case 2, condition 1) (segment
6-10).
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5.37: Skylines from the Proposed path on the Moon surface (case 2, condition 1) (segment

1-5).
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5.38: Skylines from the Proposed path on the Moon surface (case 2, condition 1) (segment
6-10).
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5.39: Terrain characteristic of 2 paths on the Moon surface (case 2).
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5.40: Mean of error of the localization on the Moon surface (case 2, condition 2).
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5.41: Variance of error of the localization on the Moon surface (case 2, condition 2).
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5.42: Goal reach rate on the Moon surface (case 2, condition 2).
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5.43: Reached position on the conventional path on the Moon surface (case 22, condition

2).
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5.44: Reached position on the proposed path on the Moon surface (case 2, condition 2).

X 5.45, 5.46 1%, B LELBLIUOT — N EIZBITARZAIA T4 VEETHD, 51D
LA L ARRIZ, RETERBOKBECTRIZZLEIH AL TW5, FEE, 2200m Hifi TIEALE

91



¥ 5 EEROMEEAHWEZYIAL—Ya Yy 52— 2. AXM (FEMiE)

WEBRENMETLTED, AHh1 54 VEBBOBIMMNINIZHFSELTWEEEHEEZSNBED,
BIRDED, BEEBUTAIATA VDPRELBILTVWTS, MEH#HEDETIECTHE
MARBIZHESTWBEEFBESBRWIZ LIZEELLETH S,

80 H Conventional path
Proposed path
w
£
260
[}
Y
o
S
240
g
L
=
020
0 m u —
S & & & & &L EL S &L
AR R AN R
Q Q Q Q ¢ / % / / / / / %
S S S Q Q Q Q Q Q Q Q Q
VYOS SIS FS
N ~N ~N ~ NN A% v

Distance from start [m]

5.45: Sum of the difference of skyline in paths on the Moon surface (case 2, condition 2).
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5.46: Sum of the difference of skyline in trajectories on the Moon surface (case 2, condition
2).
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5.47: Skylines from the conventional path on the Moon surface (case 2, condition 2) (segment
1-5).
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5.48: Skylines from the conventional path on the Moon surface (case 2, condition 2) (segment

6-8).
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5.49: Skylines from the Proposed path on the Moon surface (case 2, condition 2) (segment
1-5).
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5.50: Skylines from the Proposed path on the Moon surface (case 2, condition 2) (segment
6-10).
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5.51: Skylines from the Proposed path on the Moon surface (case 2, condition 2) (segment

11-13).
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5.58: The difference of skyline per distance in paths on each cases.

3% 5.1:

The difference of skyline per distance in paths on each cases.
Terrain type Conventional path | Proposed path
Virtual 2.1 x 1074 9.0 x1073
Case 1 : Mars 3.2x107° 2.4 x 1072
Case 2 : Moon 6.2 x 1073 1.1 x 107!
Case 3 : Mars 7.6 x 10~* 3.7 x 1073
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5.54: Skylines from the conventional path on the Mars surface (case 3, condition 1) (segment

1-5).
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5.56: Skylines from the Proposed path on the Mars surface (case 3, condition 1) (segment
1-5).
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5.57: Skylines from the Proposed path on the Mars surface (case 3, condition 1) (segment
6-10).
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