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YEVERERR, SEPLXAS HARA 0 P T Fiskal: (1) ek, Rt g 2, Kb AYa
il EBE ERE @NISE, AN = s K SRR, D2 - GO0 B AP R,
T AT (0 HEOR P AR SRR RARU) 2R i Pl o B AN TR (2) A i v P56 A Pl S5 4 1. AE 7
RS b e AR R BN 0 oA AEME . B R 25 S RUK G055, SR T IX S8 AN R P 1A 1)
V7 v AR A R AN — B AR EARIE AR A IR A B 30 F A s AL T AL B h A A
P X 342 ) EL o e v 2 AR A

ARSI A FH R L i Pl A e RS TR P D73, AE PR R BRATT VR AT S [ — S AR SR A

2 MxIfE

BUA TSN U B A B T iR R B AP, — R T R, ) — SRR TG D

FE55 1 07k, B R Cignoni 55 2 40 = 4 G SUBT R FEAIL f~F T o) P 408 A5 TR0 R BE SRR A5
RERCR, Feih mi2 Ao 5 48 5 A fix 2407 R T XE CLR TR AR A R BE AR A 32 313 REAT R sh &S R AE
D B R4 OR KR T2 AN S AL 0T B R e 131, — e 3 Y = RS0 9 PR AR Dl FEE e ik
AT AR KA U RO 400, Song 45 RO A% SR FE L TR 5K, LLA AR B B Al Ar 2 e K,
P — AMERE R = 4R AE (77 B 5%, Kerber 25 10121 41 = 4IR30 AL T _E15 21— 18
KR, 285 FIASIR] B AR REARLE 12 B BB B 3R IR B I OB AR AE AR R, AT MR R G —
2 v FE T 25 R 20715, Bian A1 Hu 91 6 Laplacian AAAR FIAEZ I R 40 BA FE AR 45 4, 38 HH— /MR EF
YT RRAE (R VT B AR 7 7. Wang 55 4 4 = 437 5 sp SR I 26 2% 15 B A N REZ) S8 ), 7 FH 3L
UL T 2T R . Miao S5 (1) DDA 24 i 1] 5 220 i 4E = ZE R R TH _E. Zhang 5 [16) 42t BEH0L45 €
JERESRAE N AR B AT AN RIS RO AR T 7% Li 45 071 3R —/MET 3D RS AU 3 BT 1) e e
AP Y SN E R T A v Ak ith = S B EN A R S eI RE L AR R A VK R S
VEREAL B 2R 18] W 85 191 B — N T U1 T UG PRI V2 R A% 11 3D 4T BN B G R DD A S,
[T 0 B 2R 7 )i WS Y AT D) 1y e F AT B

FE5E 2 KT7VE, Alexa 45 RO 1E45 5 B A CADGHETT 18 B MR S AR, A i Wik il T 72 R AR '
W R 8 AR A e S, D TR B RE A G L VAR T, Li & Y GG A E R
0P FR A UG SR b P AL A I, PS5 A 40 rh 40 SR A AR T . Meng 55 22) 1]
Shape-from-Shading 75V T2 RERE R (PR ERELRE:, P8 0 P2 B AL B X AEFE AT B R,
H 32 BNR ph SR B SCYITFRER T R AZ AR S th, Wa 58 23] PR — N H R4, H
JUE AR AN 2D FPAR, SRR AR AR Ik IR R 3D AT A ¥ 2D FEARIK 3D w1
RILHIK. Sykora 55 P4 AE L2 RIBIE R _EIN BRI AR 2008, 220 B — @ R &
IR, VIR X BRI SR RS54 kEK, Zeng 55 291 43 3 K4 G ZE Al i1 D LA A5 28, A 445 IR
VRRERIAY. Wu 4 1261 JU) AN P B P2 (B SR IR 3, e x v JEE 320 ) i b B A )V i P R BURE B
R 0 PR AT 200 7 18 i A TR A 4005 5 T G R ME N, BT X NI AR KT, Yeh & 127)
Xof B N BB EAT 2381 232, DA XIS E B AAL B, R 5 58 HLARIE R L DL K il 28, e J SR A
AL FITR R, Ji 45 B8] B T AR IR TR A b O IRV MR R AT 12 KU AL AR B, B X Bk
VEREBETE, Lin 55 290 41 Y — ol I 325 il Sl ) 36 7 e BT AR AL T i E NG B R 2R A BRI T, W
S5 30 fif P 2 W 2 07 025 i A PR T S R, AT Shape-from-Shading SO i i M5
BT AR R RERORS B, Lu 45 B 3t LT = 4R VR B2 FRORN — 4 ol B2 MR (R0 VR & NG v i 1) A=
JREE. AR E A IR A T ST, Zhang 55 132) 0 A2 R i X ST BEREAT BT T, SR BE B AR B
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Preprocessing
of line drawings

Labeling of object
regions

Gray scale control picture

and feature seeds

Solving poisson
equations

Relief model

Figure 2

I Gauss B 7 23R R FE B VR RERR I L, Zhang 55 1331 K 2% [a) [F)P4 A48 2005 V8 voi 2 30 45
AR, TR SRAE AR L T RS 21 [ B 2B 5 T I R AR A,

JE R R A B BE A R = 4E R, B R R R AR i R T WIS A, DRI Je i T A
JIEAL R R RE. AR SCER A P R R i P A i R TR 1) 02, AR SR I&T 1 o, AR 3~8 5

2 (MEMRFE) EFNBENS

(Color online) Shadakshari Avalokiteshvara. (a) Line drawing; (b) color labeling

HORs X HEZE b AR S PRI 4.

3 ZimE AL IE

SN SR A BRI EAT TUAC B, G5 I R P AR B AT e 75, P T AR A B 1 — Sy
TPk, XTIk B S EL I TT, FIRE A ih 250 TOEBR T 2%, fJa n 2k AT B R AL AL

1 REGHEZR

Figure 1 System overview

BRI RAR R MR AR B, Wl 2(a) PR,

4 PFXEHERC

RS Z R, (HAH LR R 2 S i VR R 30 UL R ) AR T R R IR 2R, H AT
IEAEL A T B SR A A SRATIAEE DIX A 15 1) T3 9 S e s S A R AR B, R
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Ja FAZE B 75 SO AN R DXCSIR TS A B B G, BARIE RS SR8 /K IATE (flood fill) B33 SE I 4 31
7E (K 2(b)). HRERATLEIXIRUIARNY) % & 5 i1 22 A FF P X ICE SRR, o AR A DX 3l B 22 T3
it T 2B JAVRME A ETH, R R BREAR 5G] P X8 - itz 2, REuide i i
PR s IR HAR R 7 R, SRR LR IR TR — SR (0 24 J P XSk A s A R A . AR 3R 56
HRDIRSE, F Gl 34 2% A XN BT E SRR BN BRIV, 5T RIS IR Poisson J7FE J2HK
T I%, IR VEARA T CHAN TR AR S A 00 e e R 4 1 7 5

5 Poisson 518

X —ANEHA X R, HIA 5N B;, 7E Dirchelet I 20 T 1) - 4E Poisson FFEE XU F:

Viu(z,y) = f(z,y), if (z, R;,
{ () = f(2,y), if (2,y) € "

u(z,y) =c, if (z,y) € B;.

X (e, y) ATTRERIE, FEASCPAR G BB MK, 1205 P 2 PR e L 1, e rp S i 3
JrAoR m R, BRI RN AR, f (2, y) & CRIREL, FEASC R — SR X IR K L= 1 18] (S
WEE 6 F1 7 711, c XIS ERAHIE, ERGH ¢ BUEA 0 80 1, EAT5 A R 5B i) A il
TR (S 8 ). 1E Cartesian W%~ A BRZ 2 BEREA (1):

Ui—1,j — QAU;S F Uity | i1 — QAU;QJ + Uigt1 _ fis )
w22y JiREn] DL — D 5l Jacobi IAKME. 45 € XEAIIRLAI AR KM T, [ Jacobi IR
AAGHIUR LI AR FEEARLAE DI A8, B30 TS0 v P2 11 LR A5 R A B 5 A1 38 B T g AR
1k BATBCE B AR LR R R EAN SRS 3 DS TR E TR S RIB IR, N
i TR R R — 0 AR OO 2 i A AT R A, SR i A R B A 8] %A R (BN T
2k B, WA IR CIA R, AT R Dyt . dnRIRLTCak 214, WIAAAEREAT fe K
IEAREG B 821k, A3TH Jacobi MRS A GPU A& s R INigisAL, Inid 551 300 /34
ABER R EGR DA ISR A L REEH I A 2K

6 FREHRERISE

NI B B AL 1S N AR R T RS . BATEIE R A fi I, Riissd H % AT 2 1Kok rE
TR H A R P 73342 P S 80 DU I A i b i e R A 3. 7 V7 B B SRR N A b 2,
(ELAE T i S At b AR AR BRI N AR T A AL . DRI A ) Vo S R SR B L XA BT e 3, g L
T R R AR B DR JETRAE 2 2% 0 R 5 SR KT RDH A, BATT8 I A2 B 3 R 2 4
P HoRE0S B X IR AL (A3 BB X (18] 3(a)). FHZAL O IXEIE N — SRR, #E— P A R B
AR (distance transform, —3af P X8 0 PR 25 A8 ot A I FEE RUAR 10 DX 84— s BRI FE R 1
IR, A58 — DAL (B 3(b)), HH 8 A S IR 20 Selex [ 8% i IR K L BT BEAT =005 #1145 2]
—ANIRFEAE R, AR AR R AR R (1) 8 f (2, y) TRESZDEIE R B =LA, TR
By v LV R SR ARARAE I RIAR I e,y ARAR, BEABAEDN 2 AAKR, R 2% e 5 1 e i jld W A% 1 v O
IR (B 3(c)).

219



BRSPS R

(@ ‘ ) ©
3 (MEMFE) FREAZEEI S 24 TE

Figure 3 (Color online) Low frequency component processing of the relief model. (a) Human figure region in Thangka;
(b) distance transform of human figure region; (c) low frequency component of the relief model

() (b) (©) (d)

4 (MERFE) AR SERIEEAL IR
Figure 4 (Color online) Limb regions processing. (a) Drawing arm and leg shapes; (b) arm and leg masks; (c¢) arm and
leg control pictures; (d) result of Poisson diffusion

7 FREREGSE

T RS () o oy 5 T R R B R AN I DL F R i R i ke, 78 R R R AL A DL R AR
IR R A, AR SR 320 s, ELan B 1(a) o DR U35 (40 25 St A A IR 24 1 R 28 L SO
JFED 24 P 57 1140 6l 408 08 208 25 LA 1 5 A /N DX 3 T2 3 LR 350 11 Jmy S R k. AT S D e ek 1 (1] 1)
BARZ HAZ HRITEAR, WE 4(a) B, SR)E% DU BANF R iR A a3 25 R (K 4(b)), FEA
4(c) FEAKERHIEBEI (1) 1 fz,y) B ST f(r,y) = 1) RSB DYBMTFE R
ERBCR (B 4(d)).

MEEPE 4(d) AT LARILUT BAS )8 (1) BARTE NN RE 6 56 28 5 70 75 Wi v T AR I Hh 50 5 3
BT, E7E S I T 2 4 1) v 0 2 e A AR 1), SR BRI 0 80, FRA 1A BE TRV R BE e
I B ) R R AT, BB AR I A AR AR BB S5 1 1 SR 7 0 AR (2) TFHa IR0 o VR R = AN, S8
EAER TR EAE B

Xof T PR S LA 6 i R, SO T RN R K DU SRR (B 4(b)) RN IX I EE R (B 5(a)),
FE B 4(b) VYR 52 RROEEAT R B AR 4 A5 B ] 5(b), K HR BN (1) B f(2,y) RS EIE 5(c) FILR.
M 5(c) T LAE HTE Sk 7 R 009 Bhsh R BER I T DU 1) R B ke, SO AN BIBE R 5e BT, AT 2R3
T A HRAEBRER 1 H SR 7 o5 SR

ST T AN P v AN 1) R, LB PR Poisson 384 B 5 IXIR LA S AR R ANVE K &R, Bk
/NG [0 DX 3R R T 5 KPR DX 3T I SR A P 7 e o P 2RI, FRATTAR a1 it iy REARLR AE 748 Xk
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5 (MEEhMRFZE) AV ARSI
Figure 5 (Color online) Improved limb regions processing. (a) Body figure mask; (b) distance transform of limbs; (c)
result of Poisson diffusion
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(c)

6 (MERFE) FHEMABIESLE
Figure 6 (Color online) Fingers and toes enhanced processing. (a) Positions to be enhanced; (b) result of Poisson
diffusion; (c) enhanced relief

WRELKH f(z,y) 1, BAEERESTRUT: (1) £ R E (B 5(b)) b aid T X5
2 IR, SRS E SR BENX N AL (B0 2 ) 2 MBE B AR B gk, RIE R LR (B 6(a)).
(2) BIEE—AN BRI T EA, EATIAK size R EHELE o J7 B y J7 ) BE B K IME, S8)5 KB 8%
LRI PE R A AT BIEMR 1S, (3) W T EUR 1S ERIEEAME R AU pG, j), IR EBUE AN T size, WA H
BZFAEN (1—sin(m/(2 x size) x p(i, 7)) x 0.5. (4) FEVUBLFE &R K AHS 2] TV, K& 1S 5 1V M3k
R EUR IE. (5) ¥ EUR 1IE S hn 25 DY ik B A He ] (K 5(b)) 43 258 1 VYRR FEF 6K (B 6(D)).
(6) KB 1 VY K Ak R 2 20 (1) 19 f (2, y) HORAR.

X HoAth T8 LSS EAT A AR B ¢ i 75 3 (0 e b s 2 R A B 6(c) P, AN mT B
F H TR R A5 8RB R

8 FRHRESIHITE

7 I 0 B0 IR R A I, BT S A RS AR T AE X, B R AR A &
SR THT PR R B ) BEUS AR, ARSI LA RS Fo 0y 3 G LEAT AL 2.

8.1 ARRERHY

NS AT T UL DA P 45 5 45 N A0 T P8 AR ) B A7 A AN [ 2R, SR DRI IR ER 1 FH S IR 73
TR AT RS, S BRI thA D, LR ANIAAT S B DI Sl TR . (ELAE R R i P v e AN
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MERRERRE

7 EEBEERIR EIEHIE AR F AR
Figure 7 Gray-scale control pictures of local face regions and generated relief. (a) Eyelid; (b) nose; (c) ala nasi; (d) left
and right sides of bridge; (e) left and right sides of philtrum; (f) philtrum; (g) upper lip; (h) relief generated

Egk

Bl 8 (MBMFE) KEEMXERMEBEHFR

Figure 8 (Color online) Adding black and white seeds in cloth regions. (a) Mask of region of interest; (b) drawing lines
interactively; (c) adding black and white seeds; (d) relief generated

9

N4

(b)

XL JR R B AT B M A U2, D 1 E T 2 I H T 2 Jy 3 A BT B, Db 2L N A T 38 [X 33 o —
EHE . Jebl EIRAT G, K E IR DXk Hok, ﬁﬁFﬁﬁEﬂ‘]B’JEE%E%%%EUHE%E@JRE%%U
Bl (B 7(a). FRLET R0, EXT N S A B H— AN =M, 8 A R DL s B — >k
NEUEIR WO, SRETHE = AR ATE W fF/,ﬂé.\FDJZEﬁEE%Uﬁw@Ji K FEREHIEL (B 7(b)),
TE 5 A7 79 3 rp O B R AN N TSR ATT A P S A 15 B R B K R R P (B 7(c)). 2Rl
AT LA 1) 10 50 At R 3508 DX A R 4 i 1, AN B

BATEE 7 FRIRTA KR (B 7(a)~(g)) A AT AR A P i B, bl T S 22 0 DAL &
WIS LA A7 B A FER ] (B 7(d) A (F)) 2 TR IR M A IR, 78 G R4 T 50 Ak R 42 il P
I T EATHEAT S m) B, B e A BB T AR BE A f Bl A (1) B f(z,y) HREERE1S 2K
TFHERTY (B 7(h)).

8.2 EREMRIAE

TEREREME R, AMGFEERIARR. KRR =g, VARILTTIX YA 2 FH I HE R 2R DL K P RFAE
LRz R I, FEPYERARAE LR (WA IRAE 95 £8) ﬁfATﬁ%%%Eﬁ%@ﬁﬁ%iﬁt TETF R X e 4 2
TR 2 UL K R REAE LR B B0 T AR R I, N T SRR AR, TR SRR — I n
EARRF T, H A — MR BEG R T A, RS EMEEL KT 2/EN Poisson HFEH
LR REAS BTN LR 2R UL R P ERFAE 2 7 B v AR DA B [X 3k P v P T AR )V A . DA R
FREX OBV AT (B 8): (1) 4470 75 ZT S AR AR R X IR L a3 B SR (B 8(a)).
(2) FHRARMN A #igh3) B (K 8(b)), JFiCR T REREAE 5 WFEL N SR E LR AR, (3) FBATTF I TAE
PSR (B4 TR P SR AAE 2 A YT AR AE 2R B UM I (3 B 1 A, 7RSS ERZR IR I
FhF s (B 8(c)). (4) KX se B R E L R AN (1) 1B AL RLIR ¢ SRIRAS 312 DX I8 1) A% AR 7 i
RACR (K 8(d)).

o KPS s TES AR AR T LA RIAE iR AL B, AR,
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) (b) ©
B9 (MEHZE) ihHsmiLIE

Figure 9 (Color online) Jewel ornaments processing. (a) Jewel ornaments mask; (b) gray scale control picture; (c) relief
generated

& 10 BEFMUENZZHNRE

Figure 10 Shadakshari Avalokiteshvara. (a) and (b) Two views of generated relief

8.3 ifidm

FE— L R A 5 LIeA A FRRIBRE M, BT e 0T3P R RST EEED (B 9(a)), 7TEL
FE3C (1) 2 flz,y) =1 (B 9(b)), SR)GKAE Poisson J7 A BCEA IR R FIFRE= B (8] 9(c)).

9 HRER

LA I U B TR, LA SRR G B LT LA 19 B 0
REIEFS, E RGCI TR VL T B, PP T DL 4% A 3 MOR A AL 58 43 DL
SRR, BN 5 R BN G I PR 90 A 9 IR 7

P 10(a) AR DU L 25 0 TE T2 MO DU 35 AR D SRR A A 2, SRS
R F I, SRR, WU, WUF AT, A TREE, AT RSk HREH
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* 1 MEREFRXEITHEHAC IR E K32 B E

Table 1 Computational time and interaction time spent on different regions

Region

size (pixel)

Solving Poisson

equations (s)

Interactive operations

Interaction

time (min)

Body region 1030x1194 48.8 Delete lines inside body region <5
. Add lines of arms and legs
Limbs 1030x1194 42.73 < 10
as well as control picture
Face 241x276 16.05 Select eyes and mouth interactively <1
Left side Assign white and
502x1135 1.78 <1
background light black seeds interactively
. Assign white and black
Light around head 762x723 2.33 <1
seeds interactively
Hair and Select hair and
694 x 819 2.42 <3
jewel ornaments jewel ornaments
Clouds, mountains Add boundary
2008 %2799 46.12 <3

and water waves

constraints interactively

zon Wl K AES 0t EGSEYIR. BRI SR RERI O (8] 10(b)), AT LA BRI &

11 EFENERE
Figure 11 Sakyamuni Buddha. (a) Line drawing; (b) relief generated

A DU WL A5 AR LU SR, DO 005 4 A 3 7t BB Wi, ok, R R, =
KB I AR AT BR G HAR B, AR AR T A5 R

KRG L HIBIT G N Core i5-4590 3.30 GHz AbFZS GTX970 GPU, 8 GB WAF. X 1 4H T
D] o AR 2 Y e — S X3 ) o SR LA B A [R) AN RS B ]. AR 1 AR s v WA SCH GPU g5

Poisson J5 R [ [ 1E 47 i AR /N

82 MBI RERERANE, B 11(a) X RIS, Bl e i h Taben, £ FaimuE
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f»g%;“ 2
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& 12 BEFRER

Figure 12 Green Tara. (a) Line drawing; (b) relief generated

13 AR AR

Figure 13 Greek goddess Athena. (a) Line drawing; (b) relief generated

R, BBRAL TR RE. 1 11(b) SRR B AR

55 3 AT R R GRERE, F 12(a) NX R MUK [ BEIRFRRUSRE, EVERRAZ B, TURARA
IR IR dob B R S SRR AL, A 21 B @R R, S
0 R G R RER R B AR I BEAT T4 MG RED, /2 T B R, XUE A2 R AT, 2 B
s, ATBRI) R EFRE. FEABIR T LB EI T AMIG R 4h, SARMIATR A8 5 4 BRI A S0 IV
SRAENS AR PR ICR: (1 12(b)).
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B R — AN AR R ROBIT, b A B o R S RS 1B 13(a) AHESIRAT LA, 2t ik
Eps, RPN, 53— AFraTiE. & 13(b) A HEFERERCR. 8 XA 5] WA ST A
e Jie B HAE FE R 7RI A A

10 ZFe5R¥kRIIE

A AT IR A L2 W T AU B AR B R V. AR B B B R R LS
B, BATT A DX I A P A ] B DA R (X330 57 20 AR Poisson 23R4S T HLE B & B
FERERETY. SCrp g I BB 7 A TR R, ROZR b, R — R =4ERLE 2R, XA
FRIR BEE TR AT AN 7] A9 A R T35 AT AR FSEAS [0 XA (R0 . FH BAT T 5 9 2 RSP R e i o 7 — il XU
N R EARMAE AR S KR 2 —ANFT ok, FEBRATIA ) R R MR R LA 1, 5 R B Ut AT B
A N 275 FH R AF U 3DMax B Maya FOIFREAT S, M0 A5 21587 KURS (1 R . AEROR
TAR R BEATT SIS B, X 20 TS R IO R DL RS B R I AN 2l R 3K
ATTARE BEE FE 2% AR IR A TT R AR B SO 7 R ER LKA BT I BOR A T 7R
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Generation of Thangka relief from line drawings
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Abstract Line drawings lack the three-dimensional (3D) information of the depicted objects, which is present
in 3D models and photographs based on relief-generation techniques. Therefore, creating relief surfaces from line
drawings presents special research challenges. This paper creates a 3D relief model of Thangka, the Intangible
Cultural Heritage of China and UNESCO, from line drawings. To obtain the relief surfaces, our approach solves
Poisson equations under the constraints of gray-scale control pictures and boundary seeds of the object regions.
The Thangka relief is divided into low-frequency, mid-frequency and high-frequency components. The low- and
mid-frequency components respectively correspond to the height of the human body and the limbs in the relief
model, and are obtained by solving the Poisson equations constrained by distance transformations. The high-
frequency components correspond to the heights of local details such as eyebrows, flowers, clouds, and mountains
in the relief model, and are obtained by solving the Poisson equations with boundary constraints. Finally we add
the height maps of the three components and transform the resultant height map into a mesh model of the relief.
The effectiveness of our approach is demonstrated in several examples.

Keywords intangible cultural heritage, Thangka, line drawing, Poisson equation, relief

Meng XIA was born in 1993. She
received her B.Sc. in computer sci-
ence from Hangzhou Dianzi Univer-
sity, M.Sc. at the State Key Lab
of Computer-Aided Design and Com-
puter Graphics (CAD&CG), Zhejiang
University. Currently she is working
towards the Ph.D. degree in the Com-
puter Science and Engineering Depart-
ment, Hong Kong University of Science
and Technology. Her research interests
are visualization and human-computer

Rong ZHANG was born in 1991. Cur-
rently, she is a Ph.D. candidate at the
State Key Lab of CAD&CG, Zhejiang
University. Her research interests are
non-photorealistic rendering and view
synthesis with deep learning.

interactions.

Jinhui YU was born in 1960. He
received his B.Sc. and M.Sc. de-

Ren PENG was born in 1968. He is
an associate professor of computer sci-

ence at Zhejiang University, deputy di-
rector of the Department of Digital Me-
dia, and deputy secretary-general of the
Industrial Design Society of Zhejiang
Province. His research interests are dig-
ital media art design, creative design,
and information interaction design.

grees in electronics engineering from
Harbin Engineering University (for-
merly Harbin Shipbuilding Engineering
Institute), China, in 1982 and 1987, re-
spectively. He received his Ph.D. de-
gree in computer graphics from the Uni-
versity of Glasgow in 1999. He is a
professor of computer science at State
Key Lab of CAD&CG, Zhejiang Univer-
sity. He is also a guest professor in the

Department of Computer Science, Harbin Finance University,
China. His research interests are image-based modeling, non-
photorealistic rendering, computer animation, and computer
graphics art.

228



