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Abstract: Existing blind watermarking methods for irregular 3-D meshes suffer from synchronization failure under
uniform scaling attacks and excessive relative distortion in low-norm coefficients caused by fixed quantization steps.
To address these issues, a blind watermarking algorithm integrating scale-invariant synchronization and adaptive

quantization is proposed. Operating in the irregular wavelet transform domain, the algorithm employs bounding-box
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normalization and uses a weighted combination of normalized edge length, discrete curvature, and neighborhood area

ratio as the sorting key for wavelet coefficient vectors (WCVs), thereby achieving synchronization invariance under

uniform scaling. In the embedding stage, an adaptive quantization index modulation (AQIM) scheme is introduced, in

which the base step size is set to the mean norm of WCVs and scaled adaptively by each coefficient's norm, yielding a

better trade-off between robustness and imperceptibility. Experiments on four standard irregular meshes (Venus, Ar-

madillo, Horse, and Bunny) show that, compared with the baseline method, the proposed algorithm improves the nor-

malized correlation coefficient (NC) from 0.980 to 0.994 under a 1.5x uniform scaling attack, reduces the mesh struc-

tural distortion measure (MSDM) from 0.044 to 0.037 under no-attack conditions, and maintains equivalent embed-

ding capacity.

Key words: 3-D mesh watermarking, wavelet transform, quantization index modulation, adaptive quantization, scal-

ing invariance
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Algorithm 1 Scale-invariant synchronized AQIM water-
mark embedding

Input: mesh M; message m= {mo, e

¢, p, A
Output: watermarked mesh M.

my, }; level L=3;

1: compute AABB diagonal L of M; normalize v« % to ob-

tain M.
2: apply Valette - Prost irregular wavelet decomposition to M; ex-
tract level-3 WCV set D;= {do, ...,le }
3: for each WCV do
4: compute normalized edge length /7 ;, curvature f; ;, area ratio
/3.i (min - max normalized to [0, 1]).
5: sorting key k;<—wy f1 i+wa f2i+ w3 f35
6: end for
7: stably sort all WCVs by ascending k; to obtain D;  (ties broken
by topological index).
8: convert to spherical coords (r,-*, 9;, (o; ); U %Zr,-*; Ag<—cp.
9: fori<—0toN-1do

w\f

Ti
—1,0.1-A.
/1) !

11: '« DC=QIM 7, ,m;, A
12: reconstruct d;' from r;' and (0;7@‘)‘

10: A;<—max Ay

13: end for
14: restore original WCV order by the inverse permutation of
step 7.
15: apply inverse wavelet transform (IDWT) to obtain A",
16: return M'.
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Algorithm 2 Blind watermark extraction

Input: watermarked mesh M "level L=3; c, p.

Output: message ni= {m”o, s hiy, }

1: compute AABB diagonal L' of M"; normalize to obtain M.
2: apply Valette - Prost decomposition to M"; extract level-3
WCV set D},

3: re-sort by the same multi-feature key as embedding to obtain

e
D;

; convert to spherical coords and extract {r,* }
o Lo '
4: y(—NZri,AO —Ccu.

5: fori<—0toN—-1do

o B
6: A< max Ay" ) L0.1-44".
o

e * A'
7. Q()(—A \‘A"FJ Ql(—A \‘A'J*—Z

. "
ri —01|<

Vi —Qo‘then m; < 1; else ml- 0.
9: end for

10: return ni'= {m”o, ...,m‘Nl}.
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RHEAS AL, SEERHTA A QEM Bds R ik &
W PR 45— T AL 28 5 RIS A (3R 1 R TS
H3 9 QEM fai b 5 i # M s SR aR B AR T R 40y

A Venus 100 759. Armadillo 172 974. Horse
112 642, Bunny 35 947). # 1 45 7 &0
ISAE OB 264 N AL QIM B 75 1) ik
B E (MSDMD X b R eS8 e B o 7K B iR A AL
BN NS R TG 2R 3 2Nk R R &

(WCV), & HH (Venus. Armadillo. Horse.
Bunny) FJi#z A& &= 5 9 214 5 020 bit. 3 590

bit. 5 340 bit 1 6 740 bit. JF: FHHEA AN A E
H1 Valette-Prost AN 88 W /N 73 i 565 3 J2 S s WCV
e T, 200 AT RS 45% - 51%, A
PRELAE 5 RS P S5 A G

Bl 4 S8 it FE DY b S 1900 X 4 A58 25

VA TR bR E A

1) AR AR : R AR B E— M
W 4Ky B (MSDM) 1% 1§ b5 1 Lavoué 2
(27125 - 45 A6 AH AUk 5t BE v v, BB Y B R (O,
1], MSDM & 8 /)N 2 755 7K B 5] e 1R A0 i 45 47 Bk
i, 5 MR BA R — k. [R5 B A H
H— i KB RIRZE (MRMS) i B 1]
%%, 25 = 4ER R 2PN T 7L [24] B 4
RV 5k FLHE R EAT 2 4k FE BRI

2) &tEfEtR: R E— X RE (WO
PG R IOK BN 5 JE 46 /K B RO AR ABLEE . NC A Y8
FIA [-1, 1], {REREUT 1 RoR/K ENK 52 s

) HiERE: DURAME R (biv 5P
BT RN LERR S (bpy) i

4) H—WAHR R H T SR BUKEN 5]
SR /KEDFF 51 2 18] (AR AR B, HosE SO

zflwiﬁ/i
\/Zfl \/2,1 Wi
Hr, w RN EIEKENELRE T A1, W, RRHEEUK
ENFAY, LAKEIKE . HNC=11FR5%E4I1E
BRI . R 3EY . IS TR0 5 40 4/ 2R A A 5%
B WOV B E Bk, SRIUTAIKEE N 5 R 46
KB BE NA — B AR SCH% 2.5 97 1) 43 r X B

NC= ﬂu)
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G058 ¥ A7 WCV B | R 67 B AL E, FRAL
B A LE RN R B K N R B ST NG,
PURIE NCIRATEA K ST H| Eyrh . KK
IR 7E BT N

5) MSDM: X H Lavoué 55 $& ) (1 W k% &5 #)
REWN IR . ASCRAEBRINSHRE: /Wl
A3 42 Y 2-ring 483, = W IALUE H o = 0.4,
e 4 MSDM N BT A T A5 53 0 45 44 2k 35 1)~ 35048
MSDM /N3 7 7K BN 51 RS R 8% 2R FLBRAIG
3.2 EAEMRE

TG TAINES QIM Fk 7 [1117E
ToX i 244 F ) MSDM XLt . 7E Venus W% |,
A X 7% MSDM A 0.0358, A LK JE 5 9% 1
0.0432 [#AIK 17.1%, 15 W] H 3 3 & A 8 KA R0
DT NEE WOV X8 1IN 2K H s Armadillo
F1 Horse W% LB 2 HE AR o DUFh 0 A% 403
TRFETE 12.9% - 17.1% Z 8] B TR 7 3978
¥ 3 EEA WCV B 1 bit, IKRARETE
#ﬁo

N E W R R R ORI REE R, A
] 45 4 R ) MSDM {H £ il s HR B, S
Fi7m o
3.3 LXK EE M

RS UIE SR TE AN [R] A% 4 b E IR Ak RE
#* 2 %% Venus. Bunny. Armadillo. Horse JUF#5
HEIRGAEGL— 1 LA ety . ARALAR 48 5 i B s
S FHATEEA VY. HoR, Venus HiTH 25
Bunny 7 JIEHF AL, =& X U B 5 [F) 22
e MR 50 L AR Armadillo 25145 % .

B QIMEESE B ATAQIMITE

0.057 -12.9% 15.0%

-15.8% =L3-13%

-17.1%

o e
o o
L e
L 1

MSDM (fE4is3)
=
(%]

Venus Armadillo  Horse Bunny SESHE
5 ANFEBR QIM FEiHETT 15 A 30 AQIM J7 A MSDM X EE

Horse VUK, 3 AT 1 AN [R) 8 % B 5 40
AR B E D PR -

TE TR 2 85 R0, Se it B BENL I X i 0T
DA% BENLRE S R e 75 1) 204 Bk B B AL
PR, RSO RASIST B R R, RS
KB 25 HAZ MRS K =20 ISR NC B{E, 1A
) NC 5" EEHE[ 1177 2) NC"Fi 81 PA" E (b
AR, DURBRBENLES) NSt fa e
P BEATL I E i 55 Bl AL 4 B0k B S B ALY
A NC EE G LW FIEUAE haifE % o<
0.00D), M5, MirE. W48
IS TRk BT S e M X — I LAERE B
o BRI TE T = 4k R £ T8 P i L
MBS AL . i P S e R R, A
b B AT B A7k R 45, 3550 46 U e i T RS et o
FRACA AR e, 0T A5 HE 7 5 XA T A /A B X R
SERPRa, 4nor/E MR BN E R, AT
i ML, T ST bR 3 55 vh 2 P B A GBI 55

*1 EEMRENLE

QIM k7 v2i[11]

A3 AQIM 5k

WA A T B RN i/ bit (MSDM) (MSDM) IR / %
Venus 10,242 5,020 0.0432 0.0358 17.1

Armadillo 7,065 3,590 0.0451 0.0393 12.9
Horse 11,264 5,340 0.0418 0.0352 15.8
Bunny 14,991 6,740 0.0446 0.0379 15.0
FHE — — 0.0437 0.0371 15.2




L AR XXXX 5 XX
e ST WAL F 5 2T HE RO S AR A

SRR TE 0.5% i FEBE LR 5 B T
AL IEAE Venus W% - NC = 0.904, AH Lt J7 JE
#EJ7%E (NC=0.886, W& 4) $#£7+4) 1.8 ME S
R AE 50 b PR IEACT, NC=0.779,
A EE QIM 732 [11] (NC = 0.623, W% 4)
FETHZ) 15.6 NAE IR, U BV RE 0GE
TEARRAAEHe 7 T, 158 TR E &R — 5 2R
IBHE P B E FE AL, AR SO EAE S S AR
it N 0 TR 5 e e 1 iR B A T 450 K HE e i 3
#E: UL Bunny PUA% A, 1.5 5355 46~ NC
H 2L 0.980 F2TFE 0.994, 0.5 5546
i 0.976 $2 7+ & 0.997; JEf: (30°, 43 7lHL x/y/z
By e A R A D 5PRE (AR A L BR A 4%
10%) Bl A Mk S Ah R R, WMk
(1) NC #AMET 0.9998. SZIGFR B, AQIM it
AT S BRI I R, X 55 2.4 i

Wang 5525175 5 T [ By /)N I A2 46 1 B 7K B
W50 IR IGAE T E S R a5 K0 el B A A
AL A R

N LR S 7 R R O VETEAS [ LA B s R 4
REZ2 5, ¥ NC 5 MSDM F& AR 0] HL 45 5 2 )
MG, w6 .
3.4 HEREMSH

NG E R L HE RO K TSR, R
3G T SRR E SR 3 )2 WCV B EUIE u i

mﬁgwgcJﬂ;ﬂomﬁ3ﬂﬂ,E%Mﬁ%

Wi sk h N, e AN 8.4% (SI4IIGE T e
29500.3%) o AR LRI UL 1 1) £ KA AP K A
ZEN 11.8%, £ PRI M 11240 22 7K1 R 5
MM R R R (L3R 2 & Bt 26 1F T 1Y
NCAE), KUbfehtmi b K E#RE A FHE
RFRIG

*2 HMRGEREEEMERILE

Wiy SR/ S Venus Bunny Armadillo Horse KIFHINC FEHE[11]FHINC
WL P 0.10% 0.989 0.991 0.986 0.988 0.989+0.003 0.990+0.003
BE LI P 0.30% 0.947 0.951 0.943 0.949 0.948+0.005 0.942+0.005
B 0.50% 0.904 0.909 0.899 0.906 0.905:£0.007 0.886+0.007
AR TR 107K 0.928 0.934 0.921 0.930 0.928 0.912
EURLEIN 301Kk 0.849 0.862 0.837 0.855 0.851 0.756
EVRLEIA 50 % 0.779 0.796 0.762 0.787 0.781 0.623
AsbR AL 8 bit 0.916 0.922 0.907 0.914 0.915 0.895
g FE A4 30° 0.993 0.995 0.990 0.992 0.993 0.991
TR X HI2E 10% 0.996 0.997 0.994 0.995 0.996 0.992
B 54 x1.5 0.994 0.996 0.991 0.995 0.994 0.980
Y2450 x0.5 0.997 0.998 0.994 0.996 0.996 0.976
T A A7 B2 45 0.998 0.999 0.997 0.998 0.998 0.996
W % fT 4k 2 70% M 0.872 0.884 0.851 0.866 0.868 0.781
P s i 4k % 50% [ 0.752 0.771 0.724 0.746 0.748 0.632
g 2510% T A5 0.902 0.887 0.861 0.894 0.886 0.743
Ay 32 30% 7 4 0.681 0.642 0.589 0.663 0.644 0.486
B Y1153/ 2 0.746 0.718 0.684 0.731 0.720 0.558
HE Bk 0.3% I 75 +70% fii 1t 0.817 0.829 0.792 0.811 0.812+0.009 0.684:0.009
HEW 0.5% M 75 0.724 0.742 0.697 0.733 0.724+0.011 0.552+0.011
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—— FX NC —s— QIMNC EZA#F3 MSDM [ QIM MSDM
(a) NC TtE
1.00 5

0851
0.90 1
088 4
2 as0 4
0751
0.701
0.5 4

0,60

(b) MSDM TfEL
0.28 9

024
0.20 4
E 01
£ ooz
0.08 4
0.04 4

Q.00+

0.1%

K6 AU B T WiF 72 NC 5 MSDM X Lt (Venus
()%

3 WERIEWCVSERIERMMEX T E (B:

Bunny f4&)
N . AN,
WK MR Wi SRR o
0
BE AL S 0.5% 0.0214 0.02190 23
EDRLETR: I e 50K 0.0214 0.01970 7.9
AL F AL 8 bit 0.0214 0.01960 8.4
BI51478 x1.5 0.0214 0.02133 0.3

’
€= ‘ﬂﬂ;#‘ FT eI | ol A AR 3 B O A e o R rh “ ety

Il " P 7K BRI TG Wt N i ) WCV i E44 Crin =l AR AR 1
AN ) 5 BRANIRAEA B SRR 1 D30 (<0.5%) S & R EEMEE T .

3.5 HERSLIL AT

NGy BT ST TR, AT BTV Rl
SEG. WEIWHARE: (o FEdEJE[11] CBA
—WHEF, TAQIMD: (b) (XS ANBHE&EIH—

5ZREmBET, S0 K AR E (IKE
A (© NFINAQIM HiEM &AL, HEFi%)E
HinkK (AEB; (D AL (FLE A+
B) . 7E Venus Fl Bunny W #% I 43 5 13 76 W 5
MSDM. 0.5% BEMLIE A NC 50 b7 b7 171 o
NC F1 1.5 £i5 ¥ 51 46 i NC VU 0 G B 48 b, 45 R
W 4.

LA W: (D BEA WH—1+E
X MSDM JL-F- TG s, {HAE ¥ 5] 4 i B di T NC
B F #E Tt (Venus: 0.980—0.994, Bunny: 0.980—
0.994), IESEVH— AL HE P L2 B4 508 Bt 52
T EZERE; (2 BLEB (LAQIM) #
MSDM &M 2 15%, 5] i 78 Sz 3 4z 7 P Bods
NC f & Z T (Venus: 0.623—0.763) . Z 2T+
(0 BEHLHITE T R o 307 ~F 0 32 B 5 el v A
T, AR B BRI HUN WOV 2 BN B
1M AQIM X 1X 28 RECR H I KM EM DK,
NG BRI R R4 i BT R, AT AE VG4
Tk I AT RE PR FFTE IE# I AL IX s M EL 2
N, BRI RN TR REGEIAEES K,
HOh S R BN SRR R R A
IR R R G G R R . thAh, FEER
MEASKEBEAE (GEBFE E IS
NNCHAMEF T 1.6 M H 57 2L (Venus: 0.763—
0.779), X# 4 3a KIE T IH— I H P B T
WCV BERUEE G, 58 IE PR A WCV 4k

T4 HAASIRLER

il & PR e MSDM NC(HE 75 0.5%) NC(CF¥ 50 K) NC(4ET8x1.5)
(1] Venus 0.0432 0.886 0.623 0.980
FoE A Venus 0.0430 0.887 0.635 0.994
fii & B Venus 0.0358 0.904 0.763 0.981
ek Venus 0.0358 0.904 0.779 0.994
WaREA
B Bunny 0.0446 0.891 0.634 0.980
fiE A Bunny 0.0444 0.891 0.647 0.994
it B Bunny 0.0379 0.911 0.773 0.981
SEHE Bunny 0.0379 0.918 0.786 0.994
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DAEAR T IO (3) eI A s
IR T EEE T R, SR UE T P IR B
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3.6 SHERMSH

AR5 7 AT A AR K B AN B A 2D B AR B
c X HEEMERERI 52T . A Bunny WA AR, 4
W% % pe{0.1,02 03,04, 05 Al
cef2.0, 2.5, 3.0, 3.5, 4.0} i 1 & ¥ 5 MSDM F1
0.5%MEF NC, 45 NFES.

=5 SHBUEMESH(Bunny [ig)

B MSDM  NC(M7) c MSDM  NC(M:7)
0.1 0.0428 0.895 2.0 0.0312 0.862
0.2 0.0398 0.910 2.5 0.0338 0.884
0.3 0.0379 0.918 3.0 0.0355 0.903
0.4 0.0349 0.901 3.5 0.0379 0.918
0.5 0.0330 0.878 4.0 0.0389 0.928

AR5 23 mT W, B ANO.1 3G K 2] 0.3 15,
MSDM Hi 0.0428 [% % 0.0379, NC H 0.895 Jf &
0.918, VLHIAIXF RIS LR b RIGE R %L
EWBE R ZXE S ES; YpHEIEE04
A10.5 I, MSDM 4k £ [£ K % 0.0349 A10.0330,
{H NC J 1 F B& % 0.901 A1 0.878, it B /)8 5 %%
WCV K id /NS BUR Hi e 75 4 E R IT IR &
o ZAERIEEE S 2.4 756 B REAEFH 175 Hr
—3, KU B=0.3 RAEA ] WAL M S B HE 2
&g, R5A¥MAER, cidh (c=
20 FEUPKAZ. BEEHE TR, cd X

(c=4.0) BEfFNCHETZ0.928, {HMSDM 1
1£2.6% (0.0379—0.0389). c=3.55c=4.0¥N
HRLEFE: ¢=4.07EBunny ENCHEAL, ¢=3.5(1
MSDM ¥ ik A3CHe = 3.51ENENE, MEA
ALE e NS R R Ee =
4.0. TERHBNZ, BHTRIFFEARMN 4P,
FRSBHEFRAA —ENERME, EhhERE
KT EEG ] RE T ZEE AR E -
3.7 ESiREARFRM A ERELER

SRk — A5 U A AR ST VAR T A = 4 A K
ENWF T AL, B 1~2 5 Fis 5 [F A 3 )
/NE-QIM BEZR R 2 F5 SR B0 41, AR SCR 78 I AR AR
RUETTEM B DA R, WK 6. FEfAH
SCHR TR PR B AR A — BUd BN BB R, A
B RS — g DA IR AR R VAR
ANFFERBITREE. BETmE, S TLUMEXR
Ko VT A REE LR R R R A5 R
B4 — AL B0, 1] X 18] s %F T DA 3R 25 1)
250, KA 1-BERVENEM RN . FE U
B, Zge it 7 S T3 A SO AR Tl
EEITIEAE T E, A R U A
AAE Kim [ 1115 AR S5 12 (A AT

HHEZ 6 AT WL, AT VR B 2 2] J7 VA AE & H X
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R, HIEE KRB GEERE . Bk 2 s s e
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AL AES Kim Z[ 15248 T F

*6 RRMZLEMARKENFGES AT AN BEX L

Jrit xmy g wE ﬁgﬁf KGR MR PR R
Sayahi[5] AN AER T 5x10° bit 0.032 0.995 0.890  0.900 0970  1.000  0.820
Wang][6] GCN % 64 bit 0.045 0.952 0.885 0900 0945 0.875  0.820
Zhu[7] GAT/Deep3DMark & 8 bit 0.052 0.982 0911  0.803 0982 0.88  0.789
Yoo[8] 3D-to-2D ¥ 4 % 4 - 48 bit 0.050 0.905 0904 0.870 0.895 0860  0.884

Modigari[20] NCDG-LVDNN % 32 - 64 bit 0.034 0.944 0900 0.885 0920 0.890  0.870
Kim[11] IWDW-QIM 7 0.47 bpv 0.0437 1.000  0.886  0.623 0980 0895  0.743
AR AQIMHIWT x 0.47 bpv 0.0371 1.000 0905 0781 0994 0915  0.886
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