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<Summary> Majority of existing algorithms for shape-based 3D model retrieval presumes a specific shape class (e.g.,
rigid-body CAD model of mechanical parts) defined by using limited shape representation methods (e.g., singly-connected,
closed mesh). Recently, however, need has arisen for a more versatile algorithm capable of handling wider class of shapes (e.g.,
articulated models) represented by using diverse shape representations. We have previously proposed an appearance based
algorithm for 3D model retrieval that possesses invariance to articulation (global deformation) and is able to handle diverse

shape representations'"

. The algorithm extracts local image descriptors at interest points of 2D depth images rendered from
multiple viewpoints about 3D models. The algorithm achieved good retrieval accuracy for articulated, simpler 3D shapes.
However, retrieval accuracy was not satisfactory for some other classes of shapes, e.g., complex and rigid models. In this paper,
we propose a 3D model retrieval algorithm that can handle a wider class of shapes. The proposed algorithm is based on ', but
employs randomly and densely sampled local visual features as well as a global visual feature. Distances among 3D models are
computed by using distance metric learning. Experimental evaluations using multiple standard benchmarks as well as
international 3D model retrieval contests have shown that our proposed algorithm outperforms many existing methods.
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Fig. 1. Examples of keypoints due to SSIFT, DSIFT and 1SIFT.
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Fig. 2. Examples of 3D shapes in the MSB, PSB and ESB.
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Fig. 3. Comparing a pair of 3D models by BF-DSIFT.
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Table 1. Vocabulary sizes used for the experiments.
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R MVBHEOFEENKRE V. LML, EFAHIZIO
SEHRHEEHKD 1,200 8l & DSIFT & 0 D7z, #i 1 [a
B2 066 L, HELIEFEOTHTIIRbEETH .

BE-DSIFT 1% 3 RITETIL 1 D7 Y ORHSEAE 13,000
L, BF-SSIFT O#J 10 fFlct 2 7=. FUCHEEb 59, GPU
DAFIERZ L0 SIFT FegdihtiRe o 3 R
Z BTz, F7z, BF-DSIFT OiEEHIEH 30,000 &, BF-SSIFT
X0 RIEIZEI L7z iz b b 5, AiEa— 7 v 7 oFfl
LD, =7 MBI 10 fFEEb L fR e LT,
MR 1 ElH2D 137 &, FEANTM 2452 K TORRAAT
BEL 7R o7z,

VM-ISIFT I, 3 RTET IV 1 D70 OFHEKIT 42 L
BIZH, B 1 OB B AS—F BEEEN LI SIFT
R SES, 3 54 BT 5. £, BSOS AT
FREEETRILS, 0547 BET 5. R E L THRE 1 EHIZY 417
7.

MR-BF-DSIFT CI3f#%E 1 BldH7-0 TIXS539BE L5 b,
MR VEIZ 4.08 ) & K5y DIRFEIA D> TV D, K 5 B
BRI, (A 2T 7T 47 BRRBVAT L LRSI
DB, MR B, BRBERDEXONDMIIA vy a s
T 7 DER L PEELIR 2T 5 BN B 572, FHRESKE
V. MR IEORBREEIIEVD, T OFEEITTT VED
TR E 72 5.

BF (EORIAEETH D a— R 7 v 7 5FE T, 128 LD
SIFT ® s 0%E Y 7 V% N, = 500,000 & L7234,
k-means 7 7 A%V 7 GEEHN, =1,200)TiEH 1,700 £,
ERC-Tree 7 7 A% U L7 (FEHEL N, =30,053) Cidf 1 B4 2
L7-. [FUFEZESTIE ERC-Tree DF A, O INIRTKEE
NEHD. LML, kmeans TIIRFN 24 53E8EHDK
X7pa— K7 w7 %, ERC-Tree 72 HIEERICFE ARETH H.

&2 &% 1EBH-YOFERE (PSB)
Table 2. Computation time per query for the PSB.

. B |sEdesy | PSBICHIS DIRER 1 RIOKHH] [s]
Tk Ny N, Rend. | SIFT | VQ | Dist. | A&F
BF-SSIFT | 1206 | 1,200 | 0.08| 039 | 0.19 |0.004 | 0.66
VM-1SIFT 42 0.08 | 3.54 0.547 | 4.17
BF-DSIFT | 12,881 | 30,053 | 0.08 | 1.21| 0.02 |0.057 | 1.37
MR-BF-DSIFT | 12,881 | 30,053 | 0.08 | 1.21 | 0.02 |4.080 | 5.39

(Rend.: R L&Y 7, SIFT: JapiFeEdhit,
VQ: 2 hLETl, Dist.: BREEEHE)

32, BHRALUFI VT OBRRABERRRBE

712, PSB, MSB, ESBIZBITHLMHELZY D
RS E MBI EOBRZ /RS, BF-DSIFT OfA%47=0 D
RS N, = 300, F£7o=— K7 v 7 OFEFEHIL BF-DSIFT
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T N,=30.215 (S,,,,=90), BF-SSIFT T N,=1,200 & L7-.
PSB, MSB TiZ, BF-SSIFT, BF-DSIFT, VM-ISIFT MO\ ¢
b, TREROMII > TRERERM L. K%<
DFEDEETNERZ D 2 & TERERES L Shz &
£z b5, BF-DSIFT 1, PSB Tid 80 5%, MSB Ti% 20
HLSARE CHZRRSEE S0 L7=. VM-ISIFT |Z PSB, MSB ®
WL E 80 TSR CRRERGEE A faFn L7z, fafn L7 8k
i, BAERBICENE SNDICoN, T Ol L7 EigRt
DER SN, FEOZEE S Baf Lzl ThAH. — T,
BF-SSIFT (%, 6 Hl CIIMRIEEEDMES, 320 A E Tk
KRN E B Uit S 72, BF-SSIFT (3R 4524 72 ) OS2
Wiz, %< DIREEBPEREND ZETET VYLD D
BB L, BERISEEN M L L7z, ESB TIIfLa a1
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Fig. 7. Number of views and retrieval performance.

L Th, BF-DSIFT, VM-ISIFT ORZREENT E A ERML
L72p/no7-. B & LCiE, ESB @ CAD EF /ULIIJEAELE
HIHAMCTod 0 D72 WA T RO I L 2 &, K
KT, ESBIZE\WVERE RN E ORI T 720 T
EB 2T, HAEKREES L CORMNEN- D, &
NEHTHA ).

DIBEDFBRTIX, MREBERE LFHFEREDONT A EEBEL,
WEEII N =2 2 5.

3.3, ETIILHEYOEEEERERLERE

8 |2, PSB (Z¥51F % BF-SSIFT & BE-DSIFT OE7 /L4
720 ORI L RBRE 2~ 3. 7248, MSB, ESB Thlalkk
DA %7~ L7=. BF-SSIFT (V;) & BE-DSIFT (N) 1%, tRA%%
EIAL ST (BF-DSIFT OS24 7- ) OREEIT N, =
300 [ZEE)DFER TH 5. BF-DSIFT (V,) 1%, HA4720 D
RS E B ST 5E (ABUE N, =42 IZEHE) OfRERT
H5.

PSB TiE, WINDOHAELET VYD OFFEEL N, 231
T BIToH, MFRKEEEM E LT, BUSE I s 2%
ICEE T 2 2 & TEHRRBRIB AR A D 2 LN TE D TH
% . DSIFT [% N,= 13,000~20,000 F&% TR A fn L 7=
AR, FEROFHE Lo S < 720, HREHFEOHE
FESARZEAEN 2 72572, MBBEIEE a7z,
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Fig. 8. Number of features per model and retrieval performance for the PSB.
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Fig. 9. Vocabulary size and retrieval performance for the PSB.



PLEDRR I, Bk N;=42 D4, BF-DSIFT D54
720 DEFEELN, 1%, 13,000/42 = 310 HRENZE THD.

34, I—FIVYDEERERREE

912, PSB (2317 % BF-SSIFT & BF-DSIFT ®1— R v
7 DFHYSER L RBFEIE 2773, 728, MSB, ESB THlalfkD
AR L. #USE0E N;=42, BE-DSIFT OA4S7-0 D
FH¥IE N, = 300 (E7 V4720 13,000 &) & L7z, =—
K7 7287 3 XA, ERC-Tree & L7=.

BF-SSIFT OZRIEE L, EHEL N, = 1,000 f2Ecr—2
ERD, FERHCAEET L RBREE MK Y L. SSIFT (34F
ELD DTN, BT VO SRR A U TR BT,
FEE IR L TH A > THRENME T Lz EHERI2. —
#C, BF-DSIFT OEIEEEIL, BF-SSIFT OMRer — 27 L v
R & 7RREESL (N, = 20,000~30,000 ) CAIFI L, BEEW
\Z72 572, BF-DSIFT TV K& IeiBmins Bz /2 o 78
ME LT, o7 LREMHENIC LY, RIS,

FHAZERNC B W TIRD ER O 2RI IR > T2 Z L NBEZ BN,

F, MBRESEEEWIC o7 F I & LT, FEEEET
@ BF-DSIFT $f#i%, B OfEMZEAE 0 DBiZce A N7
T LEIRD T, FEEESHEIMLCY, HE0DE VR L
DT, BREEETHEAOREN RN Tl D BT L.

35. EWHIEEICKDHREFHEAETHE

# 312, BF-SSIFT, BF-DSIFT, VM-ISIFT % #lA &7z
DOWRRFEFE 2o~ T. AT N;=42, BF-DSIFT Ofsi47-
D OFEEIE N, = 300 (BT /L4720 49 13,000 fE) & L=
#F 3D “No” I, KLD CTHHE L 7= EEiER& BERE & S
TofER, 7Yes” 1%, MR TEMAE L7-iSHIBRREE 2 fEis & S
BT84, PSB, MSB, ESB DWFHIUZEKNTH, i
SRHORRBEIC L D o0 5 A8, [EERREEC £ 2 i L 0 mv R
FREE &R L=, #z1%, BE-DSIFT TiZ, PSB TKI 6 %,
MSB THJ 15 %, ESB THI7 %D BN R BT, Frdze)
IR CRHEE L2 B E R CHR T2 L0 b, RIS
WIS U7 BEEER B (ZERIRIC TR - 72 I IR ERAE) C R 2
FH, WUNZET VAT ) 2 E N TE T

PSB T, BF-DSIFT & VM-ISIFT Z A& HE-HA1Z,
B b RBKEER @< 720, R-Precision=64.0% % 7R L7, %
2R OY 7Y 7 (DSIFT) TARRE L 7= RIR 72 5184
Z, 1SIFT 239 Z & CHREREN M L7z, MSB TiI,
BF-DSIFT & BF-SSIFT % #A& b7/, i bRRIEE
MBE< 720, R-Precision=91.9% %/~ L7z, BEET{TT L
BN BRLD MSB TiE, BEZRITKT L IR RTRHE D
TS EFRNZB . MSB IZERW CIIREH VM-1SIFT i,
R-Precision = 54.9 % &, BF-SSIFT & BF-DSIFT £ Y % 30% LA
HEWBRBREEEZ R LTz, L LR BERTREL, A
A OTITRFREE DRV E AW TS, BREBEOER A
N THHT8THD. FIZIEMSBIZBWT, 3 ETo

#HA A i H Tl R-Precision = 90.3 %, BF-DSIFT & VM-1SIFT
DA EI>H Tld R-Precision=88.0% &, FEERL7=HF Txd
E73o 72 R-Precision = 91.9 % & Ll L C, MK E DK T,
B % BEICHZONE. ZORENS, BEFEL &%
N33 WILETNADOHT TYNRHATH DT —F =2 (f
ZIE, v a— Uk o TIEE L= 8k 3 RoeET )V
B T 2BRBFRIEE LT, —EOMBBENIFTE 5.
ESB !, BF-DSIFT & BF-SSIFT A A E-HAIC, &
HRREE R E < 72V, R-Precision=504% % /xL7=. JEAT
FHEOY CAD 7 VORI IR A R X 72

R 3. FHEOMARE O & HFRMEEE

Table 3. Feature combination and retrieval performance.

) R-Precision [%]
FiE MR ?
PSB MSB ESB

No 448 75.7 42.6

BF-SSIFT D7
Yes 50.3 86.8 414
No 54.1 75.4 425

BF-DSIFT O
Yes 60.4 * 90.7 49.2
No 50.9 482 383

VM-1SIFT @~
Yes 56.5 54.9 40.7
BE-SSIFT No 53.8 76.1 44.0
+ BF-DSIFT Yes 59.9 * 91.9 * 504
BE-SSIFT No 54.5 69.0 438
+ VM-ISIFT Yes 593 82.0 43.1
BE-DSIFT No 57.6 70.8 42.7
+ VM-ISIFT Yes * 64.0 88.0 48.7
BF-SSIFT No 57.1 73.8 44.4

+ BF-DSIFT

+VM-ISIFT Yes * 63.6 90.3 * 49,7

36. BHEFELOBRERELR

F 4T, METHELHGETEORTIEE 27, SPRH 7,
SHD ' LFD ©, VM-1SIFT 23 KIBHFH, % Ofth2s DAt T
bH%. #£ 4 £V, MR-BF-DSIFT, #7-/3% MR-BF-DSIFT &
MR-VM-1SIFT O#AE 873, PSB, MSB, ESB @ 3 o4
TC, HOEVRBREZR L. JBfTH3E BF-SSIFT &kt
4% &, #RRFE MR-BF-DSIFT |%, PSB T 16 %, MSB
THI 15 %, ESB TKIT % OREBEREDM EXRR N, F
7= MR-BE-DSIFT & MR-VM-ISIFT OfAEDEIL, HAE
TANEL EEND PSB T 19%D M EE/RLT-.

BETFEORIZIE, 1 DOXRCF~v—7 OBRERIEER BN
— TR F v — 7 TREBEME N T 20N H o7,
) 21X, LFD 1, Z4%7cMIARE 7 5 5 5 PSB T R-Precision
=447% &, BEFFEBOP CIEE WV RSBIEELZ R L. L
L, BEIEET NANLRED MSB R CAD £ VNG ALD
ESB TITMFFEEIMET L, SPRH <° SHD "0 KIsi5# & 7]
TREEF 572, F77, JRFTEHS FoG V1%, MSB T R-Precision =
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80.9 % & i\ VRERKEFE 2 L7228, PSB & ESB TlIdftod Kisk
R L IR TS 572, — 7 CHELEFILIY, PSB, MSB, ESB
DWFTIUZBNT S, BEFFIEL Y SWVREREE LR L.
Z ORERIN G, L TEIL, Trimble 3D Warehouse D & 9 72,
MBI T T Y DHRD T —F _N—2ADOBREFTH, MmFkL
TR 2 REABE 2T L WIFFTX 5.

Fox i, EEZR 3 IRoTIIRIELR SR =1 -7 A b SHREC
WS LTz, R 5ICHEREZRT. & 5 ® NN (Nearest Neighbor)
IR R 1 B OEMEE, R-Preld R-Precision Z7/~K7 .
SHREC 2010 & A fE T VEM YTk, Fx o
MR-BE-DSIFT |4, Smeets & DMEVD & [E45 | A7 25845 L
72.NN Tl % & Smeets HDOFENRHKI 2 % 15 <, R-Precision
TlE, Bx OFENINS% Ed o7z 72721, DMEVD (1%
BRRA v v 2 2R E LTEY, E<HAVBNDERERT
HbHRY I A—TIZEF#EHATE R, —F T,
MR-BF-DSIFT (IR EBUCA L TH D HTENL TN D, Fiz,
SHREC 2012 Z4(E7 /WM 2 Cig, Foxld I (25 L7z,
MR-BF-DSIFT %, Tatsuma & ¢> DVD+DB+GMR & Eifi L T,
NN T 4 %, R-Precision THI5 % EVVRBIEE 2R LTz,
X 512 MR-BF-DSIFT, MR-VM-ISIFT, MR-BF-GSIFT (%73
R0 o7 O3 FEAaabEFETHE, S
IO FIEE S ZBE LT DLEORERE S b, _ETIEIL,
TSV DTEDOET VHEOBRBIEN THL Z ENHAD.

T 4. BEFFIEL ORI,

Table 4. Comparison of retrieval performance with the existing methods.

R-Precision [%]
FiE
PSB MSB ESB
SPRH? 363 53.0 347
SHD 10 39.6 55.6 346
LFD® 447 555 347
FoG” 402 80.9 345
BF-SSIFT 'V 448 757 426
BF-DSIFT 54.1 75.4 425
VM-1SIFT 50.9 482 383
MR-BF-DSIFT * 604 *907| * 492
MR-VM-1SIFT 56.5 549 407
+1\1/\I4}$VF1\/11)-?;};;T *640| *880| *d487

4. FLOHLSHDRE

ARFIECLE, BT T N2 ¥ OIEEVEEOTIRE T
R, SRRIEREBN KD 3 RILET NT —F _—A(T
S BREAGEE O EAI, SEATIFSE BE-SSIFT OFFE0H
WY& BB O RIS R A i L7 FIEA TR R Ll L7z,
REFIEO P % 729 JRPTFHY BF-DSIFT (X, 27 ¥
LIRS A 5 2 & T, BF-SSIFT Tz & i
STESARIRTERFHA AR 2 2. & BT, KIEH VM-1SIFT

%= 5. SHREC 2010, SHREC 2012 DR
Table 5. Results for the SHREC 2010 and the SHREC 2012.

SHREC 2010 SHREC 2012
Fik LoEfeET LY ZHRET LY
NN [%] |R-Pre.[%]| NN [%] |R-Pre.[%]
CF 92.0 635
DMEVD * 100.0 86.1
LSD 517 232
ZFDR 81.8 49.1
3DSP 70.8 36.1
DVD+DB+GMR 82.8 613
BF-DSIFT 98.0 76.6
MR-BF-DSIFT 98.5| * 909 86.3 63.9
MR-BE-DSIFT
+MR-BF-GSIFT * 879 | * 66.1
+MR-VM-ISIFT

% BF-DSIFT &fAA W THVWA Z & C, BF-DSIFT H{AT
IEARE L TOW e R RA~DOFRBIME & S 7=, MZ T, FFHU
22 L D LRI - 72 FERE D R %4 Manifold Ranking
(MRIETHE L, BT U7 B CHk 21T - 7=

PSR OFER, Fox DIREFIEIL, BF-SSIFT A3t4 &
& L QW EBBELET M IN A, 87 0IAE T 1 & CAD
T NVORBRFv—7IZBNTh, ERELVAEILE
WIRFBRSEE 2k Uiz, £8x 13, 3 RooBIREERSE D
EEg= 7 A MIsnL, RBEET VR L 2R RIGE
FTOREORBEIAT, 1 fLEE5 LT,

SR OMEIL, BeROE b, B A€ V10 Th 5. BF-DSIFT
L, GPU AR E 2 — 7y 7 OFHIZ L @b & n
7=. L2 L, BF-DSIFT 13 3 HIRTOESKRITCHHL TH 572
b, FLIEENE KBICHE TS, Kot Ny v ST
FHEZER OIEME 1TV, R RO mERbE A A€V EEX
%. 72 MRIEE, 3o 3 FA—F OHAERRZET S
72O RPIET —H _X—R 2O F FHA TE 2. 175K
F 7 HEEIZ L D MR DA r—F 7 b AR 5.
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