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Inpainting method for rock art images based on DR-IFMM
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This method
determines two optimal repair radii based on the pixel density of the damaged region, and is applied to the IFMM

Abstract: A method based on the DR-IFMM is proposed for inpainting damaged rock art images.
algorithm to generate the repaired image respectively. The IFMM algorithm improves the weight calculation rules
based on the FMM algorithm. and then fuses and restructures the two images into the optimal repaired image. The
experimental results show that the DR-IFMM method outperforms the MSMM, IK-means, COTR, STDecomposition,
SFIIM, AutoFill and ICriminisi methods in inpainting rock art images with various types of damages, and effectively
addresses the issues such as color loss and texture clutter. Compared with the LLaMa method. the advantage of the
proposed approach is that it still can achieve better inpainting results without model training and high-performance
computer. Inpainting damaged rock art images can inherit and develop the rock art through the form of digital. and
provide cultural relic researchers with a complete record of China’s "history’ etched on stone walls.
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Fig. 1 Inpainting process

2.1 EHEFEERBE

FMM 5832 % I8 DR 40 0] L 17 AR A58 /08 1 453 475 [X S8 e 8 52
NGB 5, AR 358 4% DX S8 AS 0 00 L T AR e R, G 32 il 5
Wb ARG NEE R, R BEMEE LR
JC I R P A A B R 2 AR . R R b 3R R R, AR SR
ARG W B B AG R BB AR 1 X R R %
FEAH 0 WA B BB AR 1 FMM 5 2800 T B1R
BE.

AR X IR R A, T R RS M
TR — MR E M (x s y) Al — 4 Z ik A5 56 M
ey y) FFAR IR KBRS M, (x s ) A2 ORI =X
(DR,

Moy = 1, M,(z,y) = 255 .

0, HAlh

Forh, o FRRBEBIBE A bR, y RN BRI A AL bR,
Ay ) XN R — AR R A e bR, AR 0 Z 3 4
AR, 1 FRBI X ER .0 RARIEF KGR, &
BES P NBGXEH R LEEREENBRE,» 2K
FEH P AP OAEERE MR E, R 2 s, At
BRI LGRS P o, Ler+D Al KMIES
TE X BAE I E G KBRS EENE D, # T (2

it X IRQ

HHEARR A P AE r BURFE N R840 X R R
e -
,:(2r+ )z,re {1.2,3,4,5.6} (2)

Hor, g, FR RSN 2r 1) X 2r+ 1D BRI S LY
A AR XA A5 3R R, BIVAE TR 3 T P RS R M
(x, y)=1MW%h ., SERMH0 X B B D, S/ mm
N r A AERBER A P R,

HEATEIB AT ] AL E r e [1.6 DT AR
M RE M. (x, y) R — DR Q(x, y) . TR
JERDHE [ N 0, 0) B (s ) T TT K YA A T Ak 2 g
R AAE R A E THME R E R, WiE 2 Fos, it
RAHETE ABCD WS E B . MRS &> s X 7 19 T Ak 2L
Me fRA S (DRI ABCD B8 E AR Q.. («»
) HH Qe y) =1 Fm b T4 X S N A5 2 5

Qun (x,3y) = Qc(xsy) —Qp(x,y) —

Qilxsy) +Qu(x.y) (3
2.2 IFMM &%

18 52 B3 vk I A% O AE T ORI T CHE O P AT 5 O i
(improvement of fast marching method, IFMM) 1% §f &
T AE A 6 BE A% 15 RN BE B0 56 0SB R 3l oo & g =3t
A X

2r+1

D

3 2+l

o HHHEE DT
[EYSIIE I8
SRR E A
G5/ 7 T RBBEBER

.« 18

E 2 IFMM Bk E% 16 5 R

The principle of IFMM algorithm for inpainting



R % AT DRIIFMM 6 2 3 B A8 8 7 =5

G

W 2 FrRs RS T IR BRI 4 S 2 X 48
A RIS X 0, G AE S 10 i B B H 45 (X Bl B o
FMEEARA P TR . BLBEBEANHRHGXE Q, 40
HEMBRANRRSCHER T o, T WiFEIER
Jfl Eikonal %% .

| vT(x,y) |=1o0onQ,withT(z,y) = 0 on Q2

4

Ho, T (s y) HE L FRR BB R A E 00 1 i
HE HTRERTENT ., VT (x.y) & T (., y) MHE,
TR IR, IR MR EE R R R
B0 RRBERALTHIIRA A

BE MU ARIEIE & T, ik BB 2 . gl 2 fi 3
Fis .

VI(K)

N

M3 AR ER STk

Fig. 3 Calculation method of boundary pixels

SAEERBEGEAN P U - AR ARD
MR ES A K EXHBRES K HEBRELP WRER
WMER T (P).

I.(P)=I(K)+<I(K)(P—K) (5)

HP TUORCHBGES K WEREME. vIK) EK
B G R B R E B3, (P —K) & K BIfF B2 1%
KAHEP WBmE, VIK)(P—K) Z21EMP—K) W%
FEBS N B EME T MR E AR, S E RN
ARG E A HE [(P),

2 iis o wESPLIEK) + VK (P —K)]

I(P) =
5 . w(K,P)
i\EI:r(P)

(6)

Ho, [(P)RBBEGENE.E.(PY)ZUSA P h

Uy Bhor SRR AR w (P K ) AL TR pR 2, JH T AR
EESSREESol I =NiuF- AT

w(P,K) = w,(P,K) +w,(P,K) )

w, (P,K) =dir(P,K) «dst(P,K) ¢« lev(P,K)
(8)

w,(P,K) = dst(P,K) * lev(P,K) (9

Hop . dir(PL,K) R HAEK T, 0 R 15 £ L%
75 1] BIVAH BE 75 ) b A% B AL 4R 8 5 30 205 1) — SO R
EXHMEE B STk L I 10 iR . dst (P LK) & LA
PEEAERN 7. HTFHAmE e R R E N C R ENTS
BRI, X (AD R, leo (PLK) RS HLANER T,

FHF o4 5 25 (20 5230 (918 R X8 5 5k T K, b 4 58 A8
HARRRSE -, =X A2) fiR,
P—K
I P—KI
HrAp [IP—KIIHEBEEL P MK ZHEMER.NP)
RHBEEARRNILL BB T M .
d;
dst(P,K) = TP—KT® (1D
Ho.d, [EASHER, RRBE SR h & B G
FEX OGRS EER GEERE L, [|[P-KI|ER&
H P MK Z 1B R BE B R, AR /N,
T,
m;(P,K):lHT(P)iT(K)‘ a2
Hp , T(PYM T (KA R ZBRREME Mg
R, T, E— 1 SHHEE W EWEN 1, &K
BIZ MK, R PRER Z 0] (14 25 ) 22 Sl R, A E R fIG .

& 55 FMM {8 52 50155 (AU R B80S 1530 40 3808 I A 15
B O R Y 7 A CER R L LR BE B AN R T DL R S (R 2
R B F X BB 5 S5l A S R B 25 F LBk
LN W92 RO =05 7 NV | K= R RS e 1 % i
15 BB 455 X 3 AN BB TS e B

FriE B AR FZ AN, B B 4= 8038 W X Fr s B 1%
E BB KW, B Jy ) A E B R T e
o ASCHE R A AL E R BOTH A LR b SR A O AL
R T 0 5 A o S 18 AT RE . R ECAR I P
BE &Rk SR B AR R AR SR Ty A G B AR AR
FEEARABETER Q) HABREHARAR D, HiEFH
R IR AR R 5 TF T AR N A B AR & S B
JEE R AEL AR B 1 0= (13) . (D) TR

G (x,y) =[[Ix+1,y)—I(x—1,y)]+

dir(P,K) = « N(P) (10)

[I(J‘yy+1)*I(r,y*l)]zj% (13)
LI+ 1.y) —1(x—1,y)
I(x,y+1D —I(x,y—1)
Ho .G, (s ) RN IR, RWENME R S E
MBS .G, (o s )RR Tr {8, R ME R A
BEMRE I (e+1,y9) I (x—1,y) I (x,y +DF I (z,
y— D& I, y) AR R S, XA T3 A L4 X 4k
N 0 MR L N 4 R R £ P R BRSO A TR
BER A G WEAE R R R AL T (s y) BB
K I (x+1,y).3003) QO TR A5 A6,
G (x,y) =[[I(x,y)—I(x—1,]+

G,(x,y) = tan a4

[I(r,y-‘-l)*l(x,y*l)]q% (15)
o I(xey) —I(x—1,y)
I(x,y+1)—I1(x,y—1)
VI ZEHE , T B FIR R s 3 94 Ry — 4> 46 B 0 B
HRAE 3457 9 44 B JEUVARL B SR A5 A B8 B0 PR B B 25 X[
[0 m x5 54 L A F X IHL. & G, (xs )W RER

« 19 .

(16)

G,(x,y) = tan



948 & 2 F o

T B A

A7) NESLZBRE S THE L AXEN . E[1,L], B4
S L=8 Ml L=16 B HiF Rl

94 6:\ 9.‘ [Z 169 }11 012
0, q‘ 0,1 6| 8 93.‘ Hg‘ ;,)10 ’.613
0]“ '097 9] o‘ 02\\ 'ﬂuvﬁl,
/ ya} )
e it P U bo=1===r == P hd!
K4 IFMM J5 [ A 5
Fig.4 Calculation of IFMM direction weight
20— —1 2[+1
Gd(l ,y) S ( 2L T oL ) a7

BT DX (] AR AR e — AN B 1, 32 BRUA 2 R i AN
e K J7 AR R R 8 SR A% & B BR B 1), T 2k 19 15 38 s AR
AKX @I w, . IFMM B #1155 07 3% Bk 2> 2 5 1)
BARE SR, X B e QU TE B E A R T B
i X Sk RS IE R B &

NFAGFEEE TG T E i — 518 5 B KN 5
F.BEE T HEHNAXAD PR,

max(D T, —D™T,0)"+
max(D™T, — D" T,0)° = 1 (18

H,D TG, j)=TG, j)—TG—1, j).D"T
G, D=TGF1, j)—TG, jHFRRKFIrE ERAR2E
435 43 TR MK R 3 2 S miiR R Al 2%
i D > T MD > T Raa|EF M LHED, ZALK
FH“upwind” 22 3% » P68 728 Ak e PR Dy 1B 1) 25 43 oF B
S (L o O B (R 0 B BT LV AR BB % Oy I 2R AT, AR
FRE 5 7 10 (1 R
2.3 BgE4SA

B ERTEAH, ETEEERE M, TEEBE
JEEMR F, (xoy) FUF, (o) o 5 W E R 712 5T
¥ RBMEBEERBZ F, (. y).
F,1 (x,y) JrF,,Z (xy)

2

R > E, (x.y) Zill F, (x.y) Z a2 5, i —
WEG. 7EF, (x, y) LA 3X3 i = 357 18 B0 I8
PR BB S Fo (2 y) o DL A 05 78 5
BAWE B F.. (2. ) 38 m= 20) s,

F,.(x.y) = OQ—a)F,.(x,y) +
aF, (x,y)sa € [0,1] (20)

Hi, o I—MHEB . HTWHE F,., (x, yMF, (z,
) Z IR e A R FL, (o )R EZ A
LA 5 TR,

F.(x.,y) =

19

. 20 o

Lot

o I e 2 " Folx.y)

K5 KREH

Fig.5 Image fusion

3 BZRELSW

3.1 AEEGHIES
AHMEGRE R, — RS R, EMKE T, &
SCRAHFRE TP LIRS R M T E R 2 L =
I A BHE 4 A Hb IXOR 4R 200 gk A ER, RS R
256 pixel X 256 pixel, g & A # — 1~ H 600 5K 7 i K15 4
BUAECE 4L I 6 TN,
D ——

K6 m R AR

The data set of rock art images

Fig. 6

3.2 EEEEG
S REA A T2 AN TR RE B B A B A R4 A2 TR B AR
R (CRIR A L, 5o 8D i 7 s .

i

s i
= (G0

= XL
7 MRS

Fig. 7 Mask images

MR BB R 5 5 ER — 3 ¥ 8 256 pixel X
256 pixel, QIR A TE 2K IR Oy T 7 40 0 B AR 45 L v 2% B AR
LR B AR BEPLLR . BRI DLL AL, QIR 43 o R R 0
YRR R FE B 1 F0 3 MR, BEHLL R B shE sl
RPN 3 MMEEM 20 S H LB LLGHE i 44 BN 2k e
J6 MMEERMZ ML, I R A R [ IR R



FRR F

A F DR-IFMM & 2 & BA% 16 2 7 B R

G

BE B e A 4 B T TS SR e g ik . AR A R
o0 o WA S A S A5 AR B, A A X TR
3.3 FLEXW

AN SC R 45 R AR 8L B (structural similarity index,
SSIM) {8 {5 1 1Y (peak signal to noise ratio, PSNR) Fl12#
> B TR A% e A A BE™ (learned perceptual image patch
similarity, LPIPS) =3 {4 5T i WA d8 45 . SSIM I T 3%
A5 40 X 3RS 5 0 T A0 5T 5 R AR A 45 R A oL
PSNR | # F* R k5 5 W A 5 AR BT o 09 AH OS¢ v, 1M
LPIPS 7] L) Jz e A& 52 115 J5 161 4% B9 J&% 1 22 5. PSNR Al
SSIM {8 R 7R 18 2 BOR AL 75 L LPIPS fEL# /N 3% 7R 18
BRORBIT .

A HLE BN Intel (R) Core (TM) i5-8400 CPU @
2.80 GHz Ab#H %% .16 G W AF . B M % 7 Windows 10 &
ALk 64 Ar3AE R 48 MATLAB R2020b,

A% S REHLIE B AN [ b X R 2 T R, an B 8 B, MK
KR 7R 5 b PG REL R 46 140 109 8 %88 32 s 4 i %@@u
K A 3¢ . AutoFill?™ . SFIIMPY | COTR™ | 1K-
means" Fll MSMM"™" 45 6 Fl 7 vk B %16 B 300 . 5)??1‘:
R, R 6 Ry B ne s B 2 4 A m NS

v E _I i 2 P = e o » i .
4 o 4 o B 4 £l R
Fal i i g . % = Fal ah 5 . o %
78 5 ] ? N a & ¥ - 7 . £
- | ) y ) \ ] -
54 , ; | & : - .
£ P . > > "\
H i \ LN ! >
' : N 1 N
TRE U & ) & b W &
3 .
s, 1 | BE
FEN

() FIGER O BHER (o) A%
(a) Original image (b) Damaged image (c¢) Method of this paper

(d) AutoFill

g 8w it g — % B s MSMM 75 3 48 B 25 %18
K A AR A Xk, XA R B R A — i
T, BB L AN I8 SR €0 A LU B L (H 2% Y B LA R ()
B EE R NEBRASEEERTEH, Z N EEERBKRN
A 155 . TK-means J5 ¥ R FRE 61 3K 3 5 s, il 3k 42 i A
R T RS Bk B E BMR xRS v L 5 R ER
B Iy A S R R A A0 T B Y BE L (B REF
BHEEBEXRSE MR, BAKRNHENBER
WL AR 8 B 2% 1l A T Y R R K SR B A B B
COTR J5 #de— M MG M S B4 0 5 k. B 2 1
RE PR R 2R 5 I BE , (1518 &2 XS 3 2% 5 T8 161 IX 88k B
SREN G AP B ISR N 2t B s Ll S BOR b
B4R (5 B RN 45 5 H B T A O w22 L 1K 8 R s Bk B
A6 A O E R BT B e L . SFIIM
J535 0 FH P 6 28 5 DX b 1 R AR A S SR B 4 A5 X R, g
1% S e (7% A B A5 DX S8k R X e 2 ) e U O T R R
AT 18 2 BRI O SR AE L H— B P A (F B &
AT AL B, AT LW ZE B 8 A Ty ke R Y ER L A B)
P07 XSk A R A B, B BT WA B4 X R b,
AutoFill 77 138 it 4 Ze P 3 53 J7 B, B 4000 1R 1 3 Bl ok

R

(e) SFIIM (f) COTR (g) K-means (h) MSMM

K8 L)k MR IE S 45

Fig. 8 Inpainting results of traditional methods

.« 2] .



948 & 2 F o

T # K

SR FE AW G B % 5 Tk AR S B A 04 A D RS R 1
K3, AR ARMBEERR  AEBENEG LR AR
T B 52 IR 30, o LR A B (5, 458 oAy 58 68 1 4K 1L 2 T 1 B
ik I 30 5 A B B . A S Tk o T R U 28 T R A 1 O 1Y
PRGBS . B8 A58 0 1 4 I (BT vl %) 3£, L 0 B 46 RRATE TR
SEA IR A (S BRI 18 B L X 2 B R R B
LT B E RO .

Sy itt — 25 B IR B AR A8 07 2 A Ak, R A SSIML,
PSNR A LPIPS WA 6 F Ik ERIE e S . F 1M 2
YRR T A AN R RDR B 05 T . & O ke T R
AR LR | T RE M L e A A 2 AE A AN IR 4T IR Y
BE RN AR, R 1R 2 v A B XN R 26 1Y 26 98
BRI 4540516 52 . SSIM L PSNR H1 LPIPS £ B K E R,
Wil 25 P45 R IR B 403 R T 0% B84 AR MG O M A 3 o 4

Ko FRIIR A5 1F F B v 2% B2 A e B 405 18 2 45 R o L AR S
%45 J5 B SSIM. PSNR Fl LPIPS 43 %]k 9.12 X 10",
3. 14X 10" dB.6. 22X 10 %, 7E 6 Fh 7 h R A i, 76 H:
SR 305 BRI 52 rh AR S R 45 R 3 O 48 45
IR, 455 B 8 A Hr vl 1 AR SCH5 i e MSMML,
IK-means,COTR, SFIIM Lk } AutoFill 77 i & & %k #
e lt .

Wi 5 1 B 2 ) Bk 1 BT IRGOR T B L 45 3 1
SRR, LU Ll i) VR B 24 20 07 2 ok R 18 5
AT AR SO PR TR 2% S 2 AR LaMa 1B
FIG18 52 07 i, 6 AT % L SE 80 B UEA SCF R R B R
Ae ). ERL PR R0 T, A ik LaMa 5 i 4)
TFL BRI EERE S EERLE 4 AR
BIRR G S B PP 45 51 . R 3 4 s,

Rl BUREFGETEEREAENIEHESEEGRETN

Table 1 Quality evaluation of inpainted images compared with traditional methods under fine scratch conditions
. Tk T 70 £ o8 B S 2R o AR
R SSIM  PSNR/dB  LPIPS SSIM  PSNR/dB  LPIPS SSIM  PSNR/dB  LPIPS SSIM  PSNR/dB  LPIPS

AutoFill®™ 9,98 101 4.91X10" 1.50X10 % 9.95X10 ' 4.47X10" 1.62X10 29.92X10 ' 4.26X10" 1.83X10 % 9.85X10 ' 3.96x 10" 2.18X10 °
SFIIMM 9,98X107 1 4.79X10" 1.57X10 2 9.94X10° " 4.34X10" 1.71X10 2 9.90X10 " 4.14X10" 1.95X10 % 9.80X10 ' 3.84X10" 2.50%10 2
COTR™ 998X 107" 4.68X10" 1.56X10 2 9.93X10 1 4.24X10" 1.78X10 2 9.88X10 " 4.03X10" 2.06X10 2 9.75X10 ' 3.74%x 10" 2.88x10 *
IK-means'™ 9. 96X 107" 4.53X10" 1.59X10 % 9.90X 10" 4.09X 10" 1.92X10 2 9.82X10 " 3.88X10" 2.34X10 % 9.61X10 ' 3.55X10" 3.65X10 *
MSMM“H 7941071 2.43%X10" 1.01X10 ' 7.92X10° " 2.43X10" 1.07X10 ' 7.87X10 " 2.42X10" 1.30X10 ' 7.63X10 ' 2.39X 10" 2.01x10 '
AICTTH: 9.99X107" 5.03X10" 1.48X107%9.96X107" 4.60X10" 1.57X107% 9.94X10™" 4.39X10' 1.72X107> 9.88X 10~ "' 4.10X10' 1.97X 10’

®2 HANMNRFGTEREAENIEHNESEEGRETN

Table 2 Quality evaluation of inpainted images compared with traditional methods under coarse scratch conditions

ok + 7L T 7L £ o B AR 2R o A 2
SSIM  PSNR/dB  LPIPS SSIM  PSNR/dB  LPIPS SSIM  PSNR/dB  LPIPS SSIM  PSNR/dB  LPIPS
AutoFill®™ 9.91x107" 4.09%10" 1.93X10 2 9.76X10 " 3.65X10" 2.75X10 % 9.60X10 " 3.46X10" 3.87X10 2 9.05X10 ' 3.08% 10" 6.89x 10 *
SFIIM™Y 9.91X107" 4.09X10" 1.95X10 2 9.75X 10" 3.64X10" 2.78X10 2 9.57X10 " 3.44X 10" 3.92X10 % 9.00X10 " 3.06X10" 6.94X10 2
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IK-means-** 9.85X10 1 3.82X 10" 2.15X10 % 9.57X10 ' 3.35X10" 3.46X10 > 9.28X10 ' 3.16X10" 5.03X10 *8.25%x10 ' 2.75x10" 9.96%x 10 *
MSMM™ 4,24 X101 1.84X10" 2.62X10 ' 4.26X10 ' 1.85X10" 2.66X10 ' 4.27X10 " 1.86X10" 2.69X10 ' 4.31X10 ' 1.90X 10" 2.86x10 '
AT 9.92X107" 4.17X10" 1.89X107 % 9.78X107" 3.71X10" 2.63X107% 9.63X 10" 3.52X10' 3.68X1029.12X 10" 3.14X10' 6.22X10~°
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Table 3 Quality evaluation of inpainted images compared with the LaMa method under fine scratch conditions

- e i b 4 o 5 T AR 2R 14 5 R 2R
i SSIM  PSNR/dB  LPIPS SSIM  PSNR/dB  LPIPS SSIM  PSNR/dB  LPIPS SSIM  PSNR/dB  LPIPS
LaMa®™  9.98X107" 4.99X10" 1.51X10 2 9.94X10 ' 4.43X10" 1.81X10 % 9.91X10 " 4.25X10" 1.95X10 % 9.80X10 ' 3.91X 10" 2.88%10 *

AIHE 9.99X107" 5.03X10" 1.48X1072 9.96X107" 4.60X10" 1.57X1072 9.94X10™" 4.39X10" 1.72X1072 9.88X 10" 4.10X 10" 1.97X 1072
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Table 4 Quality evaluation of inpainted images compared with the LaMa method under coarse scratch conditions

. T i e 1% % s 2
i SSIM  PSNR/dB  LPIPS SSIM  PSNR/dB  LPIPS SSIM  PSNR/dB  LPIPS SSIM  PSNR/dB  LPIPS
LaMa®™ 9.92X107" 4.13X10" 1.87X10 2 9.76X10 ' 3.71X10" 2.43X10 % 9.61X10 " 3.51X10" 3.14X10 % 9.04X10 ' 3.11X10" 5.43X10 *

AXHE 9.92X107" 4.17X10" 1.89X107% 9.78X 107" 3.71X10" 2.63X 1077 9.63X 107" 3.52X 10" 3.68X 107> 9.12X 107" 3. 14X 10" 6.22X 107>
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Fig. 9 Inpainting results of the proposed method compared with the LaMa method
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Table 5 Quality evaluation of inpainting of contaminated and damaged areas
oy B s #Hi5 e 45
k SSIM PSNR/dB LPIPS SSIM PSNR/dB LPIPS SSIM PSNR/dB LPIPS SSIM PSNR/dB LPIPS
LaMa%% 9.91X10 1 4.05%10" 4.31X107" 9.84x10 " 3.54X10" 4.31x10 ' 9.81x10 ' 2.74x10' 4.34x10 ' 9.97x107" 4.34x10" 4.32x10 !
ICriminisit®™ 9.86X10 ' 3.87x10" 4.33%x10 ' 9.81x10 1 2.95%x10" 4.35x10 1 9.79%x10 ' 2.72x10" 4.43x10 ' 9.90x10 ' 4.21x10' 4.32x10 !
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