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ABSTRACT

A lunar rover’s optical camera is used to provide navigation and terrain information in an exploration zone. However, due to the scant
presence of atmosphere, the Moon has homogeneous terrain with dark soil. Also, in extreme environments, the rover has limited data
storage with low computation capability. Thus, for successful exploration, it is required to examine feature detection and matching
methods which are robust to lunar terrain and environmental characteristics. In this research, SIFT, SURF, BRISK, ORB, and AKAZE
are comparatively analyzed with lunar terrain images from a lunar rover. Experimental results show that SIFT and AKAZE are most
robust for lunar terrain characteristics. AKAZE detects less quantity of feature points than SIFT, but feature points are detected and
matched with high precision and the least computational cost. AKAZE is adequate for fast and accurate navigation information.
Although SIFT has the highest computational cost, the largest quantity of feature points are stably detected and matched. The rover
periodically sends terrain images to Earth. Thus, SIFT is suitable for global 3D terrain map construction in that a large amount of terrain
images can be processed on Earth. Study results are expected to provide a guideline to utilize feature detection and matching methods
for future lunar exploration rovers.
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ol A5 FEe] =5 sAARde] SAlshks Aol e
el g F3RE A A S FamES © AR 24
ZF2A9] & ER}E 4] Foltl(Ju, 2016; Kim, 2017; Hong and
Shin, 2018). ZZ w]=re A8 & 3HE AJH]2yCommercial Lunar
Payload Service, CLPS)2} o}=2H|v]2~ Al &](Artemis Program)
& dsie] 19709 o} SHEI & WA AVIE s
(NASA, 2019; NASA, 2020), $-&aiske & mz]z(Moon
Village) AlE wste] @717 A4S Q) SAIFEES A”kst
GEHESA, 2016). =12 20133 & SRS & vt o)
ERIA 19761 41 o5 Al AR & A AR =71t
S9ick 201958 A H22 g Svio] TS 3547
o ER}E 3 Foltky, 2016; Wu et al., 2019). Sjueb=
ATEE & EAL AlEAS 202210l AR efPgol, 20301d71A]
o 5l T2 913 BRIIS 7P ZolckKim and Song, 2019).

9 B 5t ARAS ofgsie] AT @ Al
712k B9t & Hele] Tl Wbk 7k shkShin and Hong,
2018), St FPIEE 7R & e =gk=7] oo, AT}
A8k P20 AW AP} 7Fs3E 2687 /g e It Eom et
al, 2012; Hong et al, 2019). 28] g4 = 3} 7lHlg} )25l
ok ARl opfel, =i Fah ARAn 75 o) Al
o} shezfol oo 2ol 917 2k 20 5 RE w7k
o2 wekst 4= 917 F(Norris et al., 2005). 2=H#Q 34+
Fpake] 3349 A= AR Pekw D A 24T 5
gle] 27k ZAH) AL ¥ 4 s Sk(Ahn and Lee,
2008; Lee et al., 2011), 28] TFHARNA HEH 95X
Ao} 3P AAR) 20 917 234 3249 A TS FFsel
A dFclFuke and Krotkov, 1996; An et al., 2018).

Fhullet P& o) el B 44, 339 A T,
2n) 74 Az 34 5L 919 HUR Fele] 597 35 2
At 7o) delo] BAEA 9Jtk Lee et al(2013a)} Tareen
and Saleem(2018)2 Z17] T} 3%, Z7], AHEE 71k
o w B A% B Y 7SS S ARhe, wa,
e Seol lm RAslth w9 B vRe) 54
oA 7138k ghicga) Ak AAI(Kim et al., 2019), F<l
719] A §A2] 837 934 3 (Cowan et al., 2016;
Lakshmi et al., 2018), 2lo|c} H* 2152} g8t 7+ A (Choi
et al, 2019) 59 2L 9jal 544 4% @AY 7S
‘o] Hlal HESIL ek
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A2t o' sl A% et gtk el @ 9t
o]Foll & niuA| g ARt AR o Mo EYE
7RIeE B3E o] 53k Sl 2R Al ARk EAalet
S it e 3 dlolH AR S-S 7RIt web & 't
Zrje] Aok P AefE Slrte 2 A% S0 AIsk Aetst
589 53 AE 2 AT 7Y ARgel a7t o]
B dydies & A8 e e 53 e 3 A4S
7S] ees viul BARte =M 5 & =X Tk Ay
PR 75 7]s TS 913 7% AAme E8shaat gtk o)

2l 15(Yutu-1)7} g3t & A9
P ARSI 53 HE 2 AR e e v
Asl7] ffsl HEd S5 s 583 1 AR A, A
S 55 v BYsilnk e R s BEYE Ele
=rle] FYYR} APYRE 758 AT G 583 HE
2 AR e 28 ke Asink

2. 51 S LK

2.1 2 XA 3

B AFelxE & BAF 2 75 159 dhxeap) szt
(panoramic camera)7} Hgg & A|q FFE ol8ste] Gt
547 A 2 A 7EEY e BAsItFig. 1). 5
13= 1.0 m (W) x 1.5 (L) x 1.1 m (H)g] =79} 140 kg<]
FAE 712, 6719 vlFE o83kl ] 20 km/he] S
o]58 4 Q== AZEQTH(Choi et al., 2015). 2013y 129
9 389] uptle] HF3 HF 155 AR T golul, skt
X A, A #37] T AHE gAskL 317hY w3t EY
AR 24, AF T2 A 5o HARITE s olF
shegh} FhlEls 50 mme] 23 A, 19.7° x 14.5°9] 7k
7FA™ 2352 x 1728 Z7)9] Zef @& skl 1.5 m ol
nEo| gAjElo] Bl 2|9e] XY gl A|Heky] EAS A5

f13 ARS-H A

Fig. 1. Yutu-1 (NASA, 2018)
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22 2RI BAOIM STH 15 U FE 1Y
o P GAte] EA-F 55 98l SIFT (Scale-Invariant
Feature Transform), SURF (Speed Up Robust Features), BRISK
(Binary Robust Invariant Scalable Keypoints), ORB (Oriented
FAST and Rotated BRIEF), AKAZE (Accelerated KAZE) 7]
55 ARSIt
A Lowe(2004)0] 2J3)] A<kl SIFT= EA7EA] 71 7318k
5S4 e 2 A 7o duA] vk SIFTE 949 e
2 FE et ATt e AL #3ke BAdskaL, DOG
(Difference of Gaussian) S} o] g3te] P =7|9} HiekAd
o E¥lshes SRS AEItE @ 3K, AR wis) 2 wis
e B A o] glon) =& N HIge] e sk
ko] gJti(Lee et al., 2013b). SURFE= SIFTS} GAFSHA A8
P ALY TS At SAHES A, 7] 224o)
7Fs3k BEje} A& P d(integral image)yS ARE3le] St S5
i} A ZTHBay et al., 2008). SURFE Ay} v 34
Aol 547 o] golsht AlAle] The el ok
cFxlo] JtiJung and Yoo, 2015). ORB$} BRISK= ¢iF <=7}
kS SIFT9} SURFS] T8 7id3817] i3 7idk=|Sick ©]
$13l ORB= 47 2557} Al&Al A/do] w2 FAST (Features
from Accelerated Segment Test)$} BRIEF (Binary Robust
Independent Elementary Features)S ©]-8-3lC}(Rublee et al.,
2011). BRISK =3} FASTE o]83}e] 218 A} ~A|LS WA
o} 3ol Blshs S ARS8 B9 k] 42
S o]g3sle] HRFIS AXFECK Leutenegger et al., 2011).
ORB¢} BRISK= 5743 7% %7} SIFT¢} SURF] H|3)
whel AA7E AR 914 9 2ol ARE it SRR A
2 A WA E4Re) BoldE i Svh Asels
thgo] QIrKim et al, 2012). AKAZE:= KAZES] oWt &2
MAsE] Q18 7iekEl 7192 FED (Fast Explicit Diffusion)E
Agatel W48 A BHE WS SAUE FEaT
(Alcantarilla et al., 2013). 7|& 7|HE| v]3] EAA A&
Mare Ao aol Be ol Ak 54l JriKim

et al., 2019).
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T X] g °§*o’ 7t %L; %l %QEEE‘H T5dE 594
s JHHES
ximate Nearest Neighbors)Z O]Q—S}%{B‘r S 2= 7
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3 Ma7E S7REE Hist shiafzio] A2 ¥tk FLANNS
theake] oS tPdo 2 ANN (Approximate Nearest Neighbor)
S olgsle] P 7 AFHES ol 7ot Muja and
Lowe, 2009). ZAREHE 7g] AAbPEE AM8akn 2 o8-k
FIEEHE Al AES W= 3k 5 Sk SIFT,
SURFe} 2o 22t MeAks 7kl SA435e fIeHst
A& AR, oKl 7ieAkE J‘iuﬂ_ %’8@—% 7}%1 ORB,

4:@LE_,] a}u]. JAF AP A
32& ZLE ﬁlvr, =1 53] 71131 #’ﬁ o 5 4%L%§_£T
178kl “gd Add(inlien) S 2= A0
Fast} B =R s en] 2uls} RANSAC (RANdom
SAmple Consensus)Z o]&3te] QATHES A ASIGILE 1
Jea] mel ARRS 9JE) BE volEE o]8dk= JLJﬂ Hk=
<], RANSACS H4io] ES TR FE3kaL vhs
AR B3l A4 A S Fsi7icl(Fischler and Bolles,
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£ Aol 543 A= 9 A 7IEE(SIFT, SURF, BRISK,
ORB, AKAZE)2 Python 3.59} OpenCV 4.1& o]g3}o] -3}
911, 282 Intel (R) Core (TM) i7-4700 HQ CPU @ 2.40
GHz X 8, 16 GB RAM A}%}2] Ubuntu 16.04 (64 bit) 3-40]|A]
SFYBINTE 544 % 71 5 ORB: Yl 544 4% 7S
ZAE 5 Tk 500702 BAE 27 S 10902 W7gske]
B3} 7] EAANES HAESIEE 3kth T3k RANSACS]
AR vkE- 312 Z12F 0.3 10,0000 2 A23gs)1e] AFHES
dLe] AT 5 Q=F STk 2 Aol E A s
Hek A9, ule] 2|4, Felold] A%, 2 AH AGoR FF33A
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A e (1555 HolFal vk
TR g 2]y 540 = Qs 54
Ay B3] wet 22 Hake] A
7(]63 BHaley] = 1

3
=

]

o

Ly
Fs

e

H ox,
H;I
32 o

ZEl

19 F

N

T

il

(e

Mo

3 25 =
6,1727112] 2 AFAES AN, Hek A Helxl= 0.0151
o] vke A=z 282709 A AHHES AE3Ih SIFTS}
3 e ATEE B AKAZEE 24| 58] 2|ejx] 02537<]
A= 2674702 FHHES HEIITE SR Hek 2| Holx

Boulder Area

(c) Crater Area

440 Journal of the Korean Society of Civil Engineers

(d) Rover Track Area
Fig. 2. Lunar Terrain Image Sets from Yutu-1 (The Planetary Society, 2016)
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Table 1. Quantitative Comparison of Feature Point Detection and Matching Results

. Feature Point (Number) Features Matched with .. Computation
Algorithm - Precision .
Left Image Right Image RANSAC (Number) Time (sec)
SIFT 82,211 73,872 282 0.0151 505.06
SURF 47,846 46,358 51 0.0093 119.38
Gi:z; d ORB (100000) 100,000 99,394 37 0.0031 17.36
BRISK 72,382 59,715 56 0.0062 18.15
AKAZE 19,351 15,551 41 0.0107 2.47
SIFT 85,063 84,896 2,413 0.1255 600.72
SURF 51,202 50,691 386 0.0448 120.43
Bxi‘ier ORB (100000) 100,000 100,000 204 0.0110 17.19
BRISK 105,149 101,639 527 0.0344 48.11
AKAZE 23,657 24,016 740 0.1275 3.84
SIFT 78,570 89,838 1,310 0.0678 588.24
SURF 48,971 51,048 198 0.0248 114.83
Crater Area| ORB (100000) 99,765 100,000 163 0.0083 18.36
BRISK 84,325 93,157 335 0.0227 3534
AKAZE 17,418 19,120 320 0.0746 2.77
SIFT 103,766 98,598 6,172 0.2433 860.16
SURF 52,197 51,007 738 0.0799 124.14
Tri:(llvzrrea ORB (100000) 100,000 100,000 216 0.0125 17.39
BRISK 175,053 197,042 1,187 0.0419 183.38
AKAZE 42,268 44,686 2,674 0.2537 9.31
SIFT 87,403 86,801 2,544 0.1129 638.54
SURF 50,054 49,776 343 0.0397 119.69
Average | ORB (100000) 99,941 99,849 155 0.0087 17.57
BRISK 109,227 112,388 526 0.0263 71.24
AKAZE 25,674 25,843 944 0.1167 4.60
Table 2. Feature Detection Results from Left Terrain Images
SIFT SURF BRISK ORB (100,000) AKAZE
(Feature Point Number) | (Feature Point Number) | (Feature Point Number) | (Feature Point Number) | (Feature Point Number)
- E .
Ground
(82,211) (47,846) (72,382) (100,000) (19,351)
(85,063) (51,202) (105,149) (100,000) (23,657)
Crater Area
(78,570) (48,971) (84,325) (99,765) (17,418)
Rover
Track Area

(103,766)

(52,197)

(175,053)

(100,000)

(42,268)
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Table 3. Feature Point Matching Results with RANSAC

SIFT SURF BRISK ORB (100,000) AKAZE
(Inlier Number, Precision)|(Inlier Number, Precision) |(Inlier Number, Precision)|(Inlier Number, Precision)|(Inlier Number, Precision)
Flat
Ground
(282, 0.0151) (51, 0.0093) (56, 0.0062) (37,0.0031) (41, 0.0107)
Boulder Area
(2,413, 0.1255) (386, 0.0448) (527, 0.0344) (204, 0.0110) (740, 0.1275)
Crater Area
(1,310, 0.0678) (198, 0.0248) (335, 0.0227) (163, 0.0083) (320, 0.0746)
Rover
Track Area
(6,172, 0.2433) (738, 0.0799) (1,187, 0.0419) (216, 0.0125) (2,674, 0.2537)

o] e} I A= g 42 001073 4702 21 538
R ol Hls|| HH3] e HE: S Ho] Tt} Table 12
F AR - FelMe] 5HA
RANSAC 719+ 78913 A &S 3
S HE= 46022 2 AR 7MY wEA AAHES
AT SIFT= 718 7418k A3 A% des Hol 792
v, 3 638.54% 2 7Y TR i S8 Ko Fal Jrk
SURFE HT 119.69%2 F WA= 71 A7 4283190k

BRISKS} ORB+= Z42; it 71.24%9} 17.57%9] ARMS 493}

==

T=
ISR} AKAZES] it
[e]

VI AT HE

Stk 53], ORBE 413 4ol FRok Aglo] el Ak
SEg Hel a1 gtk
4. 88

£ elrk= SIFTSE AKAZEZ L & 218 57800 23918 43

A5 BeJFa gtk AKAZE: SIFT R} 22 7l4e]
I AARES S AR =L e} 7Y we
&8 AHES HEBI0i) SIFTE 7718 ot &2 Hofr
L Qlek BN AKAZES} AR AStes 7R BE F7e]
A Pl 7P B2 7] Aee PRo R HE Siitk
o] 353 A (FoRM] w2 2% AR, v WA, 5
WAVs Dol Zrie it SEETE YAe] B8 A ARE
ARgsiTt web 28e] Heke @ Aape ARY, sheeh) st

P
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7¥Fedt AKAZE7} 2gkaiet. ©AF A1 92] ARl 32kl A
B 58 vhfek 852 vlefelel 3 =& kil so] Hash
2= A s I3 R ARE TR0 R AR 2SS
ok HEAQ 3R Ame= AFoA FE0] TFeslER, 2
Retwe}l FNEek 7o) 9 ATH HE des B SIFTE
ARgeR= Zlo] Agtsith

£ deie B A S ol8sl] @ 5H HE E
A 7Y dss Hlal 24 3L, IS E FAF ZH oA
L8 7Feds HE S5tk sHARE A & oMo =8 Y=
S =7l el AL o, teRRE 2 A1F S 53
offtt webA & 'FAF 21 7Rke] £ g Ay JEH 7=
Zles sk SfEiME, st @ A8 BAPY 7hse AR
FA| FZo] HoF Zo 2 AlgHr) T3k e Fele] Bo] EAst
= A02 deikl & G594 %(permanently shadowed region)
AR QEAE, E AR SR ohet AER SN E

A FF 58 AE 2 A 1Y o] Lasitk

gl =

%‘ J\‘LE‘\% t}}%ﬁ}\é7]%ﬁ?‘% _ZI_B_A]'CQEE ;(]%% 1?:]_0]_ Z’:{s
H AFEAAE EE Q= € TRL6 o)+ 3k
a171% 7h = olo] ARG
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