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SAGOC YRR Bk USRS, DR
B TE, A L& —ANE AR (Durou

4, 2008) . MAFTE LK BRI, Rl — XA
LT 3% 51 A [] ' BE 7 1) WL () £ 5, 3l G 7 B
SIS T B IS nT R T U Y P
(Liu f1 Wu, 2021). [FIAF, XFF H BREE 0 0% 5
JERESRAE, AR A B IX 23 R A 23T O (oK
BH 5 B A R KRR A b S B B 55 o i A A
22k B H AR T ST R 0O IR B T X, 7S
FAAGOGEE T T DL A R Rl ) — 4R

Bk A BR A B DX 3 0 b s o BE AR R, AR SO
T ML T 200 H B0 s A sk m =
Ar ik . ROT I BR RS AT A5 v R H 3K AR B
Uiy 't L PR X A5 2] 5 A A TR o3 B A R AR R
2 DEM.,

2 R HARBOCEL =g

2.1 EEREMDLA

AR SCHE BT 2 H ARG i S
AR Frs . B e S Edn it AT Ab B, G
ot B SO MG AR bR 2R R B 3 B2 A A or
1, AR AR B A By AR B X AR 1
oo PSR IR A T o0 MR i s AR
TETTHEHEA K R B RDCEE AL, ASCE R4 7
PR NS o 4TI M B AR BER i ARG
DEM 73#t54 (1120 m/M2 % LOLA DEM), =453
PR A AR 0 HEE (401 m/ R 2 W NAC 3%
1), B2 4 F @R 53R P 4G
DEM 411, MIAR AT HERIAGTT IR, niliRSEAR A
146 DEM 1E A i A AL n i DEM. k0%
FRrp Bk S AR T 2 HE 1 6 B 4 2 R B A
IFLH TR BIEMEOGEE L2 . DEM ALY R
DL KA i DEM A5 295, P08 TG Ak s 2 A 7 0
(0 g AN BT . MR AR T8 R, Bk s
KT S AR B DEM 1) 43 B30 15 45 48 1 7 HE k.
BT PR TS R, Y AR O DEM K23
FORFEF AR S HOR AR AT T — a4t
HEDEE LR DEM ik 848 & 0 R, BT,
RS RAR PR — B R R DEMAAE i il

2.2 RETALIE

Pikk ¥ 2 AHE . KBTS AR
B, BRI R OK A IR XA AR A
TE KT 2R R T7 1, LRO NAC P& {1t



BT 45 JET 208 H RSO0 B A BRE R R G — e d 417

1) 2 B8R A X — B A v o 5% O BH 8 B A R
fifi (De Rosa %5, 2012) . {H7E 7 Bkt #IX
— AR NG R A AR, R TE s B
AR S5, R, RTPASCEERERET
UG, BPERIAEUER - 5 M e A6 T 1)

(B7E A SR X 2 2 4, b LTy 1) 281k R
PRI, 75 SE AR R S A5 T A B8 I 220 DA g SO A )
KIATE LB 210 BT 88 (lat,, lon,,), B4R
AR P Gt s fon,) (9K PR IE £ Zenith,
FA BH 7457 A1 Azimuthpﬂ@ﬁ?ﬁﬁ‘% :

Zenith, = acos(sin lat,,, X sinlat, + coslat,,, X coslat, X cos(lonp - lonsm‘)) + lat, (1)

(cos lat,,, X sin(lonP - lonsm))

Azimuth, = atan

ERCEE=3 G YN R DA =9 R P SN

A DAE— 20 MR8 HOG BRI DLt e 52 AR . T ik i) 2

rh AT BE PR IR X A A 360° YOG BEOULIN , - T
B PRAR K A IR R A nT MRS B o

R
B0 ()

v Y
| S T
Y

( £ DEM )

(" ZLRONAC

v
| BB \E

17 a
| EER S A ||&

Tk MR &
‘ AR
DEM{iitk y A
<%g&m%><%§&w€> o (eRetia
DEM 1 DEM 2 DEM n

v
> | BT RS WIS |

L RFEDEM

JeERALDEM

DEM/r R & T
AR R

i  HEEREADEM

K1 ZPRBOE R kTR

Fig. 1  The workflow of the multi-image photoclinometry algorithm

XS TR A BRI, BRHAS B4 AT 20 52
GG (E ST =4 md, B A SORYE NASA Bt
ISTFER AT AR AR XA SO (hitps ://wms. Iroc.asu.
edu/lroc/view_rdr/NAC_POLE_PSR_SOUTH[ 2024-02—
271) X B — K UG A ORI 1 K A B3 DX
HHAZ SRR

(2)

(cos lat, X sinlat,,, — sinlat,,, X coslat,, X sin(latw - latP))

23 HEBAEERLEARE

BRix—A R HERR (v, y), PR
152 E T (x, y) FIHUESE IR Fis

[(x,y)=A><R(x,y) (3)
A, ARIREWE IR, oy ZoRAG Y17
G AR o AR SCH R I R R R B R H Bk
1 IR N Bk B 2 5 (McEwen, 1991), W% T
B—ikE AR, SR R 0] RN
Mot

R(%y)=(wn 0

K, p B ASAAZE, AR EIE ) AR
B R I w R B A AREE ;s w, Flw,
KA S AL 4, A A T TR S
WEACEFE P E . McEwen (1991) 1535 w, Flw, Hy
MR, BIPIERUER R 1. fESLE i &
IR A Ak ) B X

FUHSAR OB a3, BfS = (3)
53X (4) Azl G A S Br G 22 18] 1) 5 B 22 5]
KB DEM @S AR E, PiE X iR 22 0] LIE N
R RBORIERIAL DEM . HBeE R AN

Lpho:Zmi,(]i(xvy)_Z)z (5)

K, n FREUGECE, m FmERBEMIL. h
T HERBE R AAE R X, AT LB H
TEMR NS M IE P S8, TR XN
TR ZEEA B L HSX RGN T T4
TRETA I NAC AR, 23 A s — 5K X R Y 3 P4
B SEHERR , (45 76 1T 58 38 5 AR 152 22 i) 220 g6 3k 4
X dak

BRL Ay 5245 O B e SR il — N A R R, i 2R
HAHZ (5) BLDEM e, 2 etk iy
A8 (Oliensis, 1991). [ s ZH] FH E F0 00 = 72
B PR, A5 R Y ST AS 2 R O 5
i H 2l A Ko BE 9 DEM AR 4] 4 DEM Fi

+ w, iy (4)



418 National Remote Sensing Bulletin i & 54k 2025, 29(2)

S HRRE T
ML IER .

S P DEM PR a] 61k

= im,(z,. x,y - 2)2 (6)

A, 20k E R, Z8FE5 % DEM,
A (6) WS 1745 BT DEM s, BPEEDE
SEAG ] RSSO C B T AR B — IR 1 ) DEM, 5%
4t )51k B Z iR 52 A2 L R AL A — i DEM AR [R], A<
SCHE TR RLEE $5 A% oR BRfel A5 A I AR AR

DEM = FE 0% se 3 o AR BUR Fman T
=3 3wl 4(xn) - 2(ey) D)

—————

A, w%ﬁtM%%mﬂﬁ HUEE (AR Al A i T
BRNE . TEZ M BOCEE D, ok B iR 52
P06 RE SR A R AL 2 1 A ) H S 5 18 AR fig
SE RGO, (115 2 0552 AR 80 A [R] B o
Hi— I DEM (= F2 2 th T A7 A S i il . e
a A DX sl R AR L P15 R s O, (L H: v

RE AT TE [ 52 208 4 2 1717 52 ) DA e UL v - 5375
ﬂ%mm AEARLEE 458 2% FT A sl 28 AN Rl sE A8 4
JDEM Z [a] 9 22 5, O B g o IRTREAT 1) 4819 0T 5k
il B RS2 AZ A B DEM 7] LL2# 2] HAb 52 A% A iR
DEM kAifb A B ks . [FIRY, MR s —
AN R B Jo s DY 43V S ACER 4 AR AL A 2R 1Y
FREE

i BT, DA 2 ESEAZO0 R 2 1 Sk oA
Bh

Ly = &L, + BLe, + YL, (8)
K, o, BRIy HEAHIR R E ., R4
SCRE R0, BUCOLRE SN 1, 1x107
F10.1,
24 BiENFESIEMRASF

AL 2% 2 52 150 B 1 R A 33k ) o 8 2 A
g% o EHE AL T AL R RS E T REEE (W 5
2018) il A i 32 M H i L B (Alexandrov Fll
Beyer, 2018). #R1MI, iXLLHLZT) AR/
i, SHE I b as A LL e AR S 22 #E (Choi
4%, 2020),

Adam 4L 2§ (Kingma F1Ba, 2017) B2 K
REVRE IS WRER S . H 2R LURLR
BHIET - Zfrsha, RUE 7% UL R
FE TIPS BB AL PR B R B S8R

0, MIFFE BB R g N
g =V.f(6,-)) (9)
K, N HATEE AR . KT RAREE g,
E—shitmh
m=B mit-1)+(1-8)- g (10)
Kb, BOoRIRBOE AR, AN [F] 8h it vk AL
#, BIAN0.9. ZRrahiEv MasE Ll
v, =By v, +(1-8,) g (11)
K, BN TEECEWCR, BRIA R 0.999, =X (10)
M (1) A& FAERIEG A 0F T B =0 B (4155 0
S R | I ] iy B2 = o s B U A N U 7
FE o T RRGE R UR By BEA RS B HOEORIL, SEPRAY
— B A B sl R AN
m,=m,/(1-B) (12)
o =uv/(1-pB) (13)
T (10) — (13), BHEEHFHARXN

a:aq—a-ﬁ4/§+8) (14)
A, e=10", HDRBIEH I EAZFREN .
o (14) ATLVESR], —Br s R il 6 5 508
B 5 1] o T B A B B 22 ) 25 T T ok AR R R

R/, BV 2 06 32 72 55 ) k32 A D) B S )
JE N, RRE AT M T AR R B R R O A O sk
st

2.5 ETFHR=1T5HIDEM Mg &

5 2.3 1T NAC R Y n il DEM 5 2t
frim a2 mtmt . oA (5) #5 sAn)
W SRR RAE HE, BRI IRZRAE T) DEM I
AGEe—E, PRAG SR BB I IA R A
S i 2 DEM [t 1) F BD IR

eGSR, AT DOULEE 3 A L 2 AR W SR
HFERE, (HEA L e —WHNREE . X
i B G S I N AR BOOE IR 26 AR TR] . ELR2 AR B 5
RUWARZES . N T EWITEA AR 22 57000 &
FORCE, FRATR Y 1 3 T8 2 S8 R/ AL
, B

a\\

w, =gl > gl (15)
i=0

o, g N LR AR A S — 3 AR R B L 1
Fﬁﬁﬁmmﬁ BRI KBS T A 100,

AR o AN SR BE RS2 AR N Y DEM (= R {E
%%Mﬁmﬁﬂﬁ,%ﬂﬁﬁﬁﬁﬁﬁ%¥ﬁﬁ



BT 45 JET 208 H RSO0 B A BRE R R G — e d 419

BOR, UEWTZ RS AR A X T AR S AR R B B
AT, i ST i 8 R A A i Rl IR AR
TEE MR EE R, A H DEM Rl AU F
JI7R -

Z(x,y)= argmax iwimizi(xay)az (16)
=

K, Z B MRE " i R— X R A
X, RIBOA MR A X — X s B R
{EL, 5K — DX o R O 0 2 IR 20 8 3 DEM )
[

3 FI Bkt =R S S A

3.1 SLISERE

WA 2 iR, AR SO R PR A 52 B X 3 o7
T H BR VP v R i T DO R, I X 6
Bl JR R 8 H iR (Pefia—Asensio 28, 2024) Hil
Wiz s H BRE Rl #5 114 (De Rosa %, 2012) f9fi
PEEREX . SLHIX 1 (137°28'54"W, 89°27'52"S)
BT A BRF R 44T . SCIX 2 (149722'46"W
89°46'54"S) i TVbFi/RiifE bl % . FE X
Y10 A R g iR A fe ARG RS A X R (Gliser
4, 2018), AFITH KA RS 2L RN 5

K2 SO
Fig. 2 illustration of the study areas

LIFARFEG —RAE R 1 m/EZ ) LRO NAC
AL M 20 mM% Z 1Y LOLA DEM VE R 5414 6 BE v 11

WAEE . F 1IN T RGN TEAEE, HoREH
ISR RER (1) 5% (2) BEME
BARR R T IME . SR X L FILE T, Jei
X35 7 MRS AR 0 BB, 5 2R B IR A
FEA RESE R H HRE NI X IR X 2 M R )
BR—E, IR, W E S5
IS IX 1R 53 ah, A SORI R R 43 590 78 25 A4
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Table 1 Parameters of images used in experimental analysis

T X WS KIATIEA/C)  RIARBUH/(C)
M139797542 9.1 88.3
M139756842 14.7 88.7
M164941830 62.7 89.8
M116434159 66.6 90.0
S 1 M111186999 85.7 88.5
M164731516 92.19 89.8
M139098568 107.6 88.2
M113230984 157.7 88.5
M171857276 165.3 88.3
M132646185 300.0 89.9
M142226765 26.2 88.7
M143508781 205.8 88.6
SR 2 M143407023 219.5 88.6
M132822574 275.1 90.0
M117228165 313.9 90.0
M150366876 320.3 91.0

3.2 BB E X DEM B EITRE

321 X1

S X1 T 10 3K NAC S 1500 i B 806 i
B m A PER DEM, A T HERA H A AR i B
GO E DEM A, K2R B 1 m 23983 DEM [
FREF 2 m S & DEM $E4T HedR . R,
4 LOLA DEM B 43 HER T RFE R 2 m A 275 FL L
fli DEM #E47 HLER
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Fig. 3 NAC images used in the experimental areas
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Fig. 4 Comparison of the DEMs for study area 1 and the enlarged views corresponding to the bounding boxes in Fig. 4 (a)

ASC LA NASA 2 FF A& A 1 B AR R2 I 5 7 1 28 i
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LOLA 06 i A i i) 5 m/f% & LDEM  (Barker &,
2021) M ARIEMENIT G T HAREER R,
FET WO AU LDEM 52 BR Tk B DL A kAR Ak
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ZEL R LA e B R DU C ) o PR B, TR IRIR A
FLSL ML TE A SC L AR Sy 2 R HOR LOLA
DEM 943 HE R 42T 2= 5 m N, HL 550 2 A2 A X ™
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Table 2 Comparison of LOLA, photoclinometric DEM
with photogrammetric DEM and LDEM in study area 1

(b) NAC DEM(2 m/f& %)
(b) NAC DEM(2 m/pixel )

LI DEM 5 LDEM
DEM LA 45 R /m A4 R /m
¥R R ¥R RKRE
LOLA DEM 1.12 9.31 1.52 6.88
ARG DEM 1.03 8.19 1.12 6.53

FEHRM2ZE TR, KSR T DEM 922
SR, FER T IFARRMENTImE, BRE
Ko, 7 SH AT LI g A % LOLA DEM FlINAC

() AR L DEM(1 m/R3)
(¢) Photoclinometry DEM (1 m/pixel)

DEM7E 47 R A BRI XA K i 22 5, X
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BB S, 3% 315 Bl N LOLA DEM 5 Hi4x 34
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Fig. 5 Difference maps between the LOLA DEM, the photoclinometric DEM, and the photogrammetric DEM in study area 1

1950

1945
£1940
#1935

1925
1920

1906
1904
£ 1902
o 1900
E 1898
1896
1894

1950
1940

71920
o £ 1910
— EHMEDEM (Qm/g %) 1900
(s %) e

20 mME %K)

LDEM

LOLA DEM

1930 F

1930 F

2 HIH A1

0 50 100 150 200 250 300 350
BE B /m

Jﬁlz

0 20 40 60 80 100 120 140 160 180 200 220 240
BE S /m

BT A3

0 200 400 600 800 1000
BEES/m

K6 SLEX 1 DEM i 14l Hik

Fig. 6  Profile comparison for study area 1



BT 45 JET 208 H RSO0 B A BRE R R G — e d 423

SR

(a) JRUR LRO NACHAZ (ID:M132646185) (b) JF4H LRO NACHZ(ID:M116434159) (c) JRUH LRO NACH#£(ID:M171857276)

(a) The NAC image (ID:M132646185)

(d) HAE ARG L 1 DEM AL 41
T ELE (1D : M132646185)
(d) The simulated image that mathes the
NAC image with ID :M132646185

(b) The NAC image (ID:M116434159)

(e) WAESLABOCIL L DEM AE i AL
TR (ID: M116434159)
(e) The simulated image that mathes the
NAC image with ID:M116434159

(¢) The NAC image (ID:M171857276)

() MAEFAAGOCHE 1 DEM A UYL
15 E A% (ID:M171857276)
(f) The simulated image that mathes the
NAC image with ID:M171857276

m

K7 SEERIX BT SR A R

Fig. 7 Simulation results of test area 1

322 ZEWKX2

8 B R T SEH X 2 ) LOLA DEM FIEE 2
DEM DA K AR SCHRAAZR G BE 1 DEM DL K HAR e 1 X Jak
BRI 55286 X 1 LS SRAL, A SO BOLRE
2 DEM AU SEREMREZ T T RETIEAR, o
H/NTL A S AN R A A (Cangr R (e
FRiEX ) . 23 GETt 7555 X 2 1 LOLA DEM
FAGOLREYE DEM 5 m AR E (LDEM AR 52

(a) LOLA DEM (20 m/f& %)
(a) LOLA DEM(20 m/pixel )

(b) NAC DEM(2 m/E %)
(b) NAC DEM(2 m/pixel)

®DEM) 25, JRR2ERERRER I H . "L
AR, (EBRHIEARR 221 X, A SO0
TEDLA AT DL e e 22 5 A7 A 30% = — MR R LU
N, XWBE— U T RE AR R =k
FERIRE S . BARERZE Il 3 TR, (B2
K9 ry 22 SR AT LI 31, d5e K22 5 39 A A AE B I
BEDEMZE i DO 5 (BIINE 9 (a) @k
PREEIXHEL), AT AEIE th S0 B DEM AR A 51

EE/m
1720

1650
1580
1510

1440

(¢) Photoclinometry DEM (1 m/pixel )

K8 SEHrIX 2 DEM X LA R AIEAE H (LOLA DEM L) B Jey B 2 15
Fig. 8 Comparison of the DEMs for study area 2 and the zoomed views corresponding to the bounding box drawn on the LOLA DEM



424 National Remote Sensing Bulletin i & 54k 2025, 29(2)

%3 ZLWEX2#HLOLA DEM.®& K E % DEM MR % £ DEM.LDEM % R4 Rib 5
Table 3 Comparison of LOLA, photoclinometric DEM with photogrammetric DEM and LDEM in study area 2

DEM RN DEM HA54E /m 5 LDEM HA45 5 /m
HIAR O NE] B e KAE
LOLA DEM 1.04 8.55 0.78 6.90
WAL DEM 0.70 8.53 0.73 7.17
g
S b

500 m
(a) LG IX 2 I NAC G IRIR R
PHEAR

(a) NAC image mosaic from all the

(c) BBOCIEE DEM 54820 #
DEM 2% 5
(¢) Difference map of photoclinometric
DEM and photogrammetric DEM

(b) LOLA DEM 545 S &
DEM 225 /4]
(b) Difference map of LOLA DEM and

illuminated pixels in study area 2 photogrammetric DEM

(d) LOLA DEM 5 LDEM 22 5% &
(d) Difference map of LOLA DEM
and LDEM

(e) SAZILIE L DEM 55 LDEM 22 5 4]
(e) Difference map of photoclinometric

DEM and LDEM

»
f
O NWAULNONO

3 Rffi/m

K19  SCEIX 2 LOLA DEM GZ80G YR DEM FIHESZ I it DEM \LDEM A4 5 (1 (i Sk 48 1] 25 SR i 23 Tl o b 2% IX )
Fig. 9  Difference maps betewwn the LOLA DEM, the photoclinometric DEM, and the photogrammetric DEM in study area 2 (The

white arrow highleights the distinct edge areas of impact crater that lack elevation data)

W 10 7w, AR SO 78 B (RN Jay 50 1) RUBE 4
FIERCT 3 sk m ARl b AT A, AT B R R
AR DEM W S FEAS E . nTLLE S|, A7
343 1 &1 b SR 1 LOLA DEM 1) 1 28 34 55 9 Jik
HEX) DEM AT — & i B, (2R Akt 52 50 B
7 DEM 1] LUAE B AR A 34 DL B — 86 K Hp Ak 5 $55
i DEM W& o WAE/NTT X, W) i 2 frs, 5
— PR R NTTAEAZOG 1 DEM A5 8] T 5¢
B EHE, (H5E S I E DEM Z 1 . X ik
B4 I £ DEM £/ BBl eI R B e
H2E 5ok F TRAGOCEE 1 DEM Hh g /M i b

WG BRSO E R DEM, AR SCEFE T 3 1%

AE o2 M B 25 SEIS X 2 1Y NAC 5215, JEHI4E 7 %5 B
e R0 ELE, R 1 s B (d) A
FAEE I (e) 22 1B R B B R X 48U /i
Ab 35 e b TE P 7 A, U BSAS O BV DEM 723K
R TE FPR SRS, X 5 & 10 B ) 1w 5] 45

—&, EEEEE L (a) 511 (d) xR
L& AR PR IR T A A R BBl B s DX 3 A 4 sl 22
So MAEJRTR AN i, B RS NAC 150
R ERONHRL, ITE TRARE R TR IR AR E
ITIEE ST . 11 (o) MR T 8A X T KT
IR S P A5 00, RIVHEBH 52 56 4 i B 7E DT 3
S ol T B BERE A A, DT AT LR B I M A



BT 45 JET 208 H RSO0 B A BRE R R G — e d 425

F A SIEG X BB NAC AR LA B 4y, T LA BASZ /NI IR A Ui W] B 0 52 649 DEM 15 EC S 20
i AGOCEEE R BRI, BTN R

1650 =%

1645
1640
i 1635

1630 7
1625 . | Hlm L

0 50 100 150 200 250
FEE/m

1531
1530
£1529
o 1528
71527
1526
1525
1524
0

50 100 150 200 250
PR /m

1585

WS DEM (1 m/(R %) Eﬁ 1950
HMMEDEM 2 /%) R

- LDEM (5 /iR %) B o wmmy
LOLADEM (20 /&%) 0 100 200 300 400 500 600 700 800 90

HE B /m
B 10 S2Ee1X 2 DEM i E H i

Fig. 10 Profile comparison for study area 2

(a) JAH LRO NACHZ (ID:M143508781) (b) J5iffi LRO NAC#1%(ID:M143407023) (c) Jihfi LRO NACH%(ID:M117228165)
(a) The NAC image (ID:M143508781)  (b) The NAC image (ID:M143407023)  (c) The NAC image (ID:M117228165)

@ - :
(d) MAEFAGOCHETE DEM A AR (o) HRIEEABOCIEEE DEM AR OB () MR AOLE 1 DEM AR i A A AL
{5 L% (1D : M143508781) 5 LR (1D : M 143407023 ) i EL R (ID: M117228165)
(d) The simulated image that mathes the ~ (e) The simulated image that mathes the (f) The simulated image that mathes the
NAC image with ID:M143508781 NAC image with ID:M143407023 NAC image with ID:M117228165
500 m

Bl SEEG X 2 BT FLSE g 25 2R

Fig. 11 Simulation results of test area 2



426 National Remote Sensing Bulletin i & 54k 2025, 29(2)

4 %5 B

B oF ) BK EE AR I ' BR R A, SEAREE ) 1 B
SCEPSA TP R, AR TR T 2R
AL L D HEEREZR =MV W Ik, %07
A 20 mAR R 5 HER A LOLA DEM 12 18 43 3
FH 1 mMBREINACEBIENR A, WHZ 5
TR & F ALY o FE PR pR B S 1%
B GO IR T BMGR R R A PR
DEM 293, IF780%5 18 T H 3Kt 2 i BSR4 5
KESBYRE, JH4 0 DEM AHRIPEL S sk,
ARSCABIAT HIE R 2 2] R 117 Adam L 1L 25 FF]
TR R B OB ACE Wl G S RIE R R RS 15
FN DEM f4 5 it FIAS JEE

FIH A 3k W v e 2 i i o e B O 1 T SR
BB IX BHEATSE I A M o FSEER A R AT UL, S50t
FEVE DEM IR T NACSAE R dns, kg
FE/NME S DA s . 5 I DEM /Y1y
IR A5 1.03 mF10.70 m (K NAC 521411
—MMEERKRNEA), XA LOLA DEM 54852 0
HDEM 2% 4 1.12 m 1 1.04 m, 5 LDEM (47
MR350 1.12 m #10.73 m, XFR ) LOLA DEM
5 LDEM B 2250 1.52 m F10.78 mo WL XS b 5256
WEBH TASCEE R Tk A 5 . 250675 DEM 5
52 & DEM Al LDEM f9 25 5 = 27 T H LOLA
DEM ¥t = R AN TA] o 3% — R Ge 1k 22 SR IHFEAL
15 B2 1% 06 7 DEM A FRiR 3 (&5 (b) .
E5 (d) FE9 (d) ). 4077 b ih 25 0 2R IE
TS ELE DEM 5 5245806 EE ¥ DEM (1 73 B FUL
T o P 2 5 o o R ) A R 0 S s /N o BT
REEAZOCE Y DEM B DI Th S a, HT5
8O EE VL DEM 1 5 FRAB UL T 45 5 ol v gL 5]
S5HEW ARG IA L, /NS HTERE T
O, AERAE AR B R DX 0 2% 25 L8 3] — SE f/)N
MI2E5 . BT ARARR X NIEA A GES,
5% DX PN e R 2 fif AR 40 BE %6 DEM = R EA T34
TR T M I 3 P B AN 1 BT S IR AR e B rh .
TEAET R K A B R X & i OB AR 4k, LAB 1
BT R RS B RS R (FELYTE) . W
TR REEVE, A SCHE W 5 kX Tl
PSRBT TR ok . (H R T 2R IE ] R w]
DL AL AT e 2 0O BEAR B R F S AT e o
B DEM. 534k, 7E5I AZKEMARE, T2 IRUERE

{4 18] o e ) M B, AR IR A RS5O A
SBAELRZ R, M REAR T 2R A DEM A9 200 Bt
AR AR I Z EEZASOE L DEM 2R T 055
(AT S A PR, AT LA oK ke 9 ] Bk AR AR
155 Rl R | T Y = 2 P Bl S A

52 3k (References)

Alexandrov O and Beyer R A. 2018. Multiview shape-from-shading
for planetary images. Earth and Space Science, 5(10): 652-666
[DOL: 10.1029/2018EA000390]

Barker M K, Mazarico E, Neumann G A, Smith D E, Zuber M T and
Head J W. 2021. Improved LOLA elevation maps for South Pole
landing sites: error estimates and their impact on illumination con-
ditions. Planetary and Space Science, 203: 105119 [DOI: 10.1016/
j.pss.2020.105119]

Choi D, Shallue C J, Nado Z, Lee J, Maddison C J and Dahl G E.
2020. On empirical comparisons of optimizers for deep learning.
arXiv:1910.05446 [DOI: 10.48550/arXiv.1910.05446]

De Rosa D, Bussey B, Cahill J T, Lutz T, Crawford I A, Hackwill T,
van Gasselt S, Neukum G, Witte L, McGovern A, Grindrod P M
and Carpenter J M. 2012. Characterisation of potential landing
sites for the European Space Agency’s Lunar Lander project.
Planetary and Space Science, 74(1): 224-246 [DOI: 10.1016/j.pss.
2012.08.002]

Di K C, Liu B, Liu Z Q and ZOU Y L. 2016. Review and prospect of
lunar mapping using remote sensing data. Journal of Remote
Sensing (in Chinese), 20(5): 1230-1242 (REHIL & X105k, X1 4 F, 40
JKBE . 2016, J BRIk ] [l i 5 B L i s, 20(5): 1230-
1242) [DOI: 10.11834/jrs.20166158 ]

Durou J D, Falcone M and Sagona M. 2008. Numerical methods for
shape-from-shading: a new survey with benchmarks. Computer
Vision and Image Understanding, 109(1): 22-43 [DOI: 10.1016/j.
cviu.2007.09.003]

Gléser P, Oberst J, Neumann G A, Mazarico E, Speyerer E J and Rob-
inson M S. 2018. Illumination conditions at the lunar poles: impli-
cations for future exploration. Planetary and Space Science, 162:
170-178 [DOI: 10.1016/j.pss.2017.07.006]

Grumpe A, Belkhir F and Wohler C. 2014. Construction of lunar DEMs
based on reflectance modelling. Advances in Space Research,
53(12): 1735-1767 [DOLI: 10.1016/j.asr.2013.09.036]

GuoDJ,FaW Z, WuB, LiY and Liu Y. 2021. Millimeter- to decime-
ter-scale surface roughness of the Moon at the Chang’e-4 explora-
tion region. Geophysical Research Letters, 48(19): €¢2021GL0949
31 [DOI: 10.1029/2021GL094931]

Horn B K P. 1977. Understanding image intensities. Artificial Intelli-
gence, 8(2): 201-231 [DOI: 10.1016/0004-3702(77)90020-0]

Horn B K P and Brooks M J. 1986. The variational approach to shape
from shading. Computer Vision, Graphics, and Image Processing,
33(2): 174-208 [DOL: 10.1016/0734-189X(86)90114-3]

Kingma D P and Ba J. 2017. Adam: a method for stochastic optimiza-



BT 45 JET 208 H RSO0 B A BRE R R G — e d 427

tion. arXiv:1412.6980 [DOI: 10.48550/arXiv.1412.6980]

Kirk R L. 1987. I. Thermal Evolution of Ganymede and Implications
for Surface Features. II. Magnetohydrodynamic Constraints on
Deep Zonal Flow in the Giant Planets. III. A Fast Finite-Element
Algorithm for Two-Dimensional Photoclinometry. California In-
stitute of Technology

Li S, Lucey P G, Milliken R E, Hayne P O, Fisher E, Williams J P, Hurley
D M and Elphic R C. 2018. Direct evidence of surface exposed
water ice in the lunar polar regions. Proceedings of the National
Academy of Sciences of the United States of America, 115(36):
8907-8912 [DOI: 10.1073/pnas.1802345115]

Liu W C and Wu B. 2020. An integrated photogrammetric and photo-
clinometric approach for illumination-invariant pixel-resolution
3D mapping of the lunar surface. ISPRS Journal of Photogramme-
try and Remote Sensing, 159: 153-168 [DOI: 10.1016/j.isprsjprs.
2019.11.017]

Liu W C and Wu B. 2021. Influence of solar incidence angle on single-
image photoclinometry for precision lunar topographic mapping.
ISPRS Journal of Photogrammetry and Remote Sensing, 182: 208-
227 [DOI: 10.1016/j.isprsjprs.2021.10.011]

McEwen A S. 1991. Photometric functions for photoclinometry and
other applications. Icarus, 92(2): 298-311 [DOI: 10.1016/0019-
1035(91)90053-V]

Oliensis J. 1991. Shape from shading as a partially well-constrained
problem. CVGIP: Image Understanding, 54(2): 163-183 [DOI: 10.
1016/1049-9660(91)90061-S]

Pefia-Asensio E, Sutherland J, Tripathi P, Mason K, Goodwin A, Bick-
el V T and Kring D A. 2024. Automated astronaut traverses with
minimum metabolic workload: accessing permanently shadowed
regions near the lunar South Pole. Acta Astronautica, 214: 324-342
[DOL: 10.1016/j.actaastro.2023.10.010]

Rosiek M R, Thomas O, Howington-Kraus E and Foster E. 2013. Lu-
nar South Pole digital elevation models from lunar reconnaissance
orbiter narrow angle camera//44th Lunar and Planetary Science
Conference. The Woodlands: [s.n.]

Smith D E, Zuber M T, Jackson G B, Cavanaugh J F, Neumann G A,
Riris H, Sun X L, Zellar R S, Coltharp C, Connelly J, Katz R B,
Kleyner I, Liiva P, Matuszeski A, Mazarico E M, McGarry J F,
Novo-Gradac A M, Ott M N, Peters C, Ramos-Izquierdo L A,
Ramsey L, Rowlands D D, Schmidt S, Scott V S, Shaw G B,
Smith J C, Swinski J P, Torrence M H, Unger G, Yu A W and Zag-
wodzki T W. 2010. The lunar orbiter laser altimeter investigation
on the lunar reconnaissance orbiter mission. Space Science Re-
views, 150(1): 209-241 [DOI: 10.1007/s11214-009-9512-y]

van Diggelen J. 1951. A photometric investigation of the slopes and
the heights of the ranges of hills in the Maria of the Moon. Bul-
letin of the Astronomical Institutes of the Netherlands, 11:
283-289

Wu B, Li F, Hu H, Zhao Y, Wang Y R, Xiao P P, Li Y, Liu W C, Chen
L,Ge XM, Yang M, Xu Y Q, Ye Q, Wu X Y and Zhang H. 2020.
Topographic and geomorphological mapping and analysis of the
Chang’ E-4 landing site on the far side of the Moon. Photogram-
metric Engineering and Remote Sensing, 86(4): 247-258 [DOI:
10.14358/PERS.86.4.247]

Wu B, Li F, Ye L, Qiao S, Huang J, Wu X Y and Zhang H. 2014. Topo-
graphic modeling and analysis of the landing site of Chang’ E-3
on the Moon. Earth and Planetary Science Letters, 405: 257-273
[DOL: 10.1016/j.epsl.2014.09.009]

Wu B, Liu W C, Grumpe A and Wéhler C. 2018. Construction of pixel-
level resolution DEMs from monocular images by shape and albe-
do from shading constrained with low-resolution DEM. ISPRS
Journal of Photogrammetry and Remote Sensing, 140: 3-19 [DOI:
10.1016/j.isprsjprs.2017.03.007]

Zhang Y Z, Qiao L, Chen J, Zhang J, Li B and Ling Z C. 2025. Geo-
logical characteristics and evolution history of the Amundsen cra-
ter at the south polar region of the moon. National Remote Sens-
ing Bulletin, 29(2): 506-523 (3K RAF, F+4%, BR&l, sk T, 224, %
SRR . 2025, H ERFE 1 BT 552 7% (Amundsen) 3 [X 5 4R AE M 3 AL
J7 RARSE BRI, 29(2):506-523) [DOI: 10.11834/jrs.20244014]

Multi—view photoclinometry from monocular images for pixel-wise 3D
mapping of the lunar South Pole region

CHEN Zeyu,LI Zhaojin, WU Bo,JIA Ranye,PENG Yue

Planetary Remote Sensing Laboratory, Department of Land Surveying and Geo-Informatics, Hong Kong Polytechnic University,
Hong Kong 999077, China

Abstract: Three-dimensional mapping of the lunar surface is of immense importance for lunar exploration missions and scientific research.

Research in the past decades has mainly focused on laser altimetry and photogrammetry methods to generate precise DEM based on rigorous

mathematical calculation. Due to the limitation of the hardware and algorithms, these methods cannot meet the requirements for exploration

of the lunar south pole, which demands meter-level resolution to guarantee safe descending and traversing. Thus, photoclinometry has

received much attention because it can make full use of the images to reconstruct pixel-wise-resolution DEMs from monocular images.

However, the lunar south pole suffers from solar elevation angles of nearly 0 degree, and the shadow effect is severe such that effectively
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recovering all the terrain details using only a single image is not possible. Moreover, the loss functions established directly from multiple
images in the photoclinometry algorithm may be inconsistent due to the major differences among the images caused by the varying
illuminations. This limitation may cause difficulties in converging the loss and may prevent recovering the terrain. The paper presents a
multiple image photoclinometry method for pixel-wise 3D reconstruction at the lunar south pole. The inputs of the method are multiple high-
resolution images and corresponding low-resolution DEM, and a multi-resolution pyramid is used to optimize the DEM step by step. In
terms of the loss function, this paper proposes a similarity constraint by fully considering the shadow differences between the lunar south
pole images. Rather than optimizing a single DEM, the approach initializes multiple DEMs using the low-resolution DEM associated with
each image. While the conventional photoclinometry constraints are established on each DEM, an encourage mechanism is then introduced
to ensure the pixels cover the same region exhibit consistent elevation. With respect to the loss optimization, an adaptive learning rate
optimizer is introduced to guarantee the convergence of the loss function. The gradient update information in the optimization stage could
also provide a reference for the photometric quality of the image, which becomes an important index for the following DEM fusion. Two
regions are selected around the Shackleton Crater at the lunar south pole for experimental analysis. Regarding the LDEM and photogrammetric
DEM as the reference, the geometric accuracy of the DEMs generated from the proposed approach is about one pixel, and the terrain details
(e.g., small craters and ridges) presented on the images are fully reconstructed. Rendering simulation is also conducted based on the reconstructed
photoclinometry DEM for in-depth evaluation. By analyzing the DEM under various illumination conditions, the simulated images closely
resemble the original NAC images, and thereby demonstrate the accuracy and precision of the photoclinometry-derived DEM. The method
presented in this paper can effectively reconstruct high-resolution, high-precision DEMs from monocular images at the lunar south pole, and
provide important 3D data support for future exploration missions to the lunar south pole and related scientific research.

Key words: Lunar South Pole, DEM, pixel-wise 3D reconstruction, photoclinometry, photogrammetry
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