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invariant feature transformation)4$4EF B4 R & . 7845 R b4 3F — 256 B 6945 S AL A 2 4 LA AR 5040 5
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A 77 6] K #9— K (approximately consistent in orientation, & #8 ACIO)% R %k %, JL44iK T SPI 49 IE Bets AE 6] 2 4] 4
TR E X R A BO0B S TR IRA A K A ARG T KA agHE 8 i35 A7 K-d #f(standard K-d tree, & #k SKD-tree)
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JE R SEM I MM Ty ke T Ak 1) A ik B Anak IR B B 69 ACIO A= HKD-tree #9 sk E 2T &
ik 49 I8 B H ik SR B4k R R IR PTAR 7 ik b SKD-tree 7 ik Ao S # 64 R BkvAHr 7 i% (cascade hash, 8] #k CasHash)
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Fast and Hierarchical K-d Tree Based Stereo Image Matching Method

ZHANG Gui-An, YUAN Zhi-Yong, TONG Qian-Qian, LIAO Xiang-Yun

(School of Computer, Wuhan University, Wuhan 430072, China)

Abstract: Feature Matching has long been the basis and a central topic in the field of computer vision and image processing. SIFT
(scale-invariant feature transformation, by David G. Lowe), due to its advantages of invariance to image scale and rotation, and robustness
to a substantial range of affine distortion and change in viewpoint, has been attracting the attention of many domestic and foreign
researchers over a decade. Rapidity and accuracy are very crucial for stereo pairwise image matching in applications such as 3D
reconstruction. First, in order to accelerate the speed and promote the accuracy of matching, this paper proposes a novel method based on
SIFT called approximately consistent in orientation (ACIO), which depicts the spatial location relationship of two matched vectors
between stereo pairwise images (SPI), and therefore improves the accuracy of matching efficiently by avoiding the wrong
correspondences. Secondly, this paper analyzes the structure of standard K-d tree (SKD-tree) and proposes a new one with hierarchical
structure, named HKD-tree, which partitions the feature sets of SPI into stripes in terms of ACIO constraint and builds map between them.
By reducing the search space, the matching speed increases greatly. Thirdly this work presents an efficient and fast matching algorithm

based on ACIO and HKD-tree. Extensive trials based on a benchmark data set show that the proposed approach outperforms the
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state-of-the-art methods in matching speed with slight promotion in accuracy. Particulary, it is one order of magnitude faster than
SKD-tree and also several times against the recent CasHash method.

Key words: SIFT (scale-invariant feature transformation); ACIO (approximately consistent in orientation); HKD-tree; SPI (stereo

pairwise image)

AR JEL A0 A0 0 i R A 2R Bl ) (primate) J8 1 J#] [ 1 20 1) 7 2 B, B A N SR 00 H AR 32 0 AT B T 4
80% LA LY AN AR B 22 T HoAlh A Bl s v SEHLRLIE BB A 12 O T R HLES AT TR ) B g, LA A2 N S
A A IR A HLES S AR R BRI L DT A o R A N A R A S ).
FEIK LN Y SEBLH  d T 22 HLAE S I ) f5 22 PO PR 49 30t PR DL BE AR R RO L o R8O I L E 7 96 2 i 51

T 0 ) — X BB e AT N S AETE AR . R TR SRR R] X 45 EUHE DT T A ok T AR K Hk ik
T 7E — S84 57 AR B {5 06} (stereo pairwise image, i FR SPI)FIN F H, 4545 R RE AR A R 42/ F B AT A1 A8 1k, 1%
- 18T P 175 4% A2 4k (rotation-in-plain). 41 ¥ 1 BroR, 22 45 GO0 BARAE AR RO B O 22 e A 2l i I 82
U, ARAE A G R PRANRRAE s (WA B G RO 28 A I, A EATTIR VT e s 78 A G 7 Bl e A2 4 DR &L |
2 ()7 B VA R A AR T A% A 2 4 DC TC 119 AR AU % P 5 0 e 7 SR I, AT IR e T i 4 B A b #5451 )
— AT LTI — R IRATER T T A A G R 1 5 WK 4 — B (approximately consistent in orientation,
TR FR ACIO) 2 3R 5 28, 1% 240 AT LAAIR (7 by 8% S 4R 40T o5 1) 5 DE TE, ) IRF 380K T BATTX A K-d B (SKD-tree) 5 2k
1) R J2% . SKD-Tree #2& Ak 2 A4 45 14 v G C 280 % 0 v 1) Rl 1IN ) 52 2% B2 24 O(log(N) (N A RRAIE R4S 250), (H 2 B
FHFFE S A EO 2R 2 XA LA A EAFLE A AT SKD-tree FZEAN FEEH T /2 X458 K-d # (HKD-tree),
AMUARFE T SKD-tree M0 A, T HL 7R3 44 (1) DT AL 3 1759 2 TR K A& A+ BE 5,76 ACIO Fl HKD-tree [J5E4il
b R T PR R A P S P B

Fig.1 Spatial position relationship of features and orientation of matched feature vectors

1 SRR AR 28 TR, A O 2R R DG FE AR AL 1) 5 14 5 1)

N T B UEAS ST SR DT IR IAT E W JE T SKD-tree (1975 32 (HUFR A b ¥R 15 92) A fi ol J5 A6 A e cdfs 172
AT X b SR, S8 45 SRR WY A ST VE AN NG 2 b L A 75 30k SRS 0, 7 DG G B2 b LU bR e D7 VR R — AN B it
2% LA b, [ IS BT 7 325 R £ G I 3 6 R B2 48 T K e i bl — o Tl A5 1 7 A AR K i 1A .

28 BRSO F 2Tk

(1) F 3R T2 (B0 O AR 7 0] K40 — E(ACIO) A K A& JF 4 Y HAR R 5 X
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(2) $EHX) SKD-tree titit i 2 IRk 4544 K-d 4, Rl HKD-tree;

(3) 1£ ACIO 23N, 32 tH A T- HKD-tree ¥ UL AL 501,

(4) W R E M TR IAUE T A ST A RO, R 23 A T a3 R i, 9 3 — 25 (ST A E U 4%

ASCE 1 R AR G AR, B A UL T J5 ¥ 0 R R RN FL 56 2 1 5 A ST R 7 VEVE VE AR I A 28, (0 46
IR KRN T X SRR R EIE v 26 3 78 B 52 30 SR B0 AIE A oy A AR S v M e 28 4 g
O3B T AR ST 10 Jay R R A Sk (¥ AF 9 88 55 0 g i)

1 HxIE

TEVE SR B 45 Ak 31 40 4l o T8 5 DG P 2 — A Rl 1 20 O o T2 1) B 4 i SR B IR 8 b IR R AIE 3
VIS 25 N RRAIE TR] (R AR AL >fe ) W7 5 DU IC, AT IS B o]« 43 2855 H 10, DR SRR AiE 2R 20 (g IR PR R DG e 15
ST DAY 2200 3 3 e VK i1 73 ) 110 o 1 (T 3B SN2 N /8 N A B (1 G 0 < NN I P - e
TS5 HE AT R IR R 1 AN B 2 A T, UL AUREAE X SRR S AR BT — o e A5 8 T
BN B3 )32 Ve, T4 H T AR 2 6 T R SRR 3k 1) 5 v 7 [ B 2 L U7 I8l (histogram of oriented gradient,
K HOG YRFAE H 8 7120, 0 3ok 40 Jel 3 X P 68 B 7 i) -6k, T I L U7 PR, P I SR 3 R — AN AE AL 1R T
JE P 5T, S SO0 7 BB Lowe 7E 1999 4EPUIIVRER T REASASFFE A8 e (scale invariant features
transform, fi Bk SIFT),J-7E 2004 SELI e AF T 58 4 1 40 AR B 3R RS FH 00 A 49, STRT 5 HE X SO RE el —
SE A PS50 BT A7 SRR A A A5 AR A B N AR T I I X S R RO AR A — S IS e 1 T RS
RO Wy ARG AU, 3 54 VO T A B T Sl i 8.

tHF SIFT 7E i 2 B FH A 9t B 3R BN O0 e e I T K it O F A, ik AT LAy 3 2K,

(1) 5 SIFT Yy 855 L(STFT-like) 145 fiE 134 75 : SURF (speeded up robust features) & [ Bay 25 AU Y 75 3%
R AR DBY B R T AN AT SIFT 75 DoG 25 [al A W AR (i A 1 77 2, T A A1 FH AR 43 €l (integral image) 7T & 457
v S Ry v T e T U S AR AR B (Hessian matrix) IRAT 51 38 3 0 W7 L 2 15 O B KB SR 3B 3 04885 il ik
FEPP S AR SIFT 2R E 2 H x A1y J7 [n] G ZK /N Wi Y (Haar wavelet response)fCE: T8 5, P g ix v] LA
kSR FER oy IR v AR 3G STFT S i ik v 580 2 T8 1 1 8 ok 237 - 1) 1 Bk o B 3 ke L Ase AR ARLRE, 1T STFT-
Rank!" Vi S8 il 38 5 e e i 42 TR 40 B0 A7 HE 7, 28 U5 B0CSL FP 5 4 DAy B G 28 10 P 43 7F (ordinal
descriptor), i 5 1 8 Spearman AH 2% 5 45,44 BR PG R 25 191 7 Wi 21 [—1, 1122 ). B AR DG T FRDRS ) B35 A P i o,
AFLHG 7 853 795 5 0 16 95 T O(N log N') (13 I ), 6 5 4 41 i 2 85 ke S Wk 400 AR BG STRT G 5, I 1) 42 2% J3 465 v
Calonder 25 A% 4 ) BRIEF(binary robust independent elementary feature) & 3% H i3k il 5= 43 53 (1) 5 2 1
TR A VG BC I S0 R (Hamming distance) R PRAFAHALRL . iy 10 W3 i 25 A DAJE 3 o 450 5 s 45 (XOR
operation) K 5% J, JIT LA UG I 38 8 R B {H & BRIEF F 3 32 B 2 AN BUAT g AN A8 M. 1 PR 24 4t Rublee 2 A1)
1E BRIEF {356t _EHEAT 7 2k, 2 ) T ORB(oriented FAST and rotated BRIEF) /715, 50 Al T FAST ()76 75 7] 14 Al
BRIEF [ G lie i ANAE Pk B T AV B 5256 45 R L1 25 AU OB T o BRIEF FR B o5 AT T ik, 38t HAT T e AN A8
P 1) RIBRIEF(rotaion Invariant BRIEF)#Hii ¥, AT & 1% /7 VAN FTTH AP T BRIEF 1877 5 #8 5 BE RRAE EAT
3.

(2) *F SIFT HIAUAL: It i 75 vE KA Ak Pele F1 Werman! VSRl T4 5 T 4% 4 B o R 2 169 ol M % 2 B 2
EMD(earth mover’s distance). 25U, 3545 diffusion distance!"8F1 EMDyop!! . X i3k £ 45 44 I Ak, T 2 A4k
IR A T K B ) R O v 1 K B 2 128 £7), Yan Fil Sukthankar Y42 Hi ¥ PCA-SIFT 244 3 s 2 BB AR iz H 3
R AEBE 1AL b 78 VRRAE AUk TR 41x41 19 EHE B BT 5 2x39x39=3042 4 (1 1) i, #32 FH PCA £ R
¥ o BE BB 36 4E. BUARAE DU G B b AT BT 4R T, {H /& Mikolajezyk A1 Schmid®' 28 £ UF WY 3 76 A0y
(distinctiveness) [ AN SIFT, [i] I J& 2% BE ARG E £ (11115 2% 26 Gilinsky I Zelnik-Manor! > Hy 1 H 45 (114
A5 1 3K 7R ——SIF Tpack, 2 25 i 2 40T 1 P S X6 R fU R 75 T REAF IR &, AR I, S 0 Ji =5
A7 KT IXAS ) 38 (T AN AT LA B AR P A7 Y1 R, ) B 38 2 s SR DR BE vk gL 38 - sl A4k 5 V52 1 Cheng
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2t N DU L B B8 T W 5 0 7 92, 0 Sl R Bk W 75 (cascade Hashing), '® 1 56— AN 4 50 FC) 8 75 5 4% ek 4T — 3 b
W 2R, 2% R T — A B R, R 2 Ml (bucket), ] (1 B HHFAE &5 p 76 B AR MR J P IO TTIEC 55 802
BN A=A 2 B 03 R 5 FENE A A 43R Lol i v SR AN 0 B R R Sk AT RS A R s
7128 1 VB B B HE P IR A 30k vh SR BT & AN s, P I R B R A5 A A0 R YR A T 8 L AR BRAF UL IS A
Wi Cheng %5 A\ K526, % 07 A T SKD-tree 75 i, H.HE IR 25 (114 75 777 LDAHash!® 145 8 w5 1) DT RE 2% % Xt
S AR SR BN LU ) 5 v 2 —  FAA L S 4

(3) X SIFT [ J#:Liu % NP2 e ift i 8 &, $8 H T SIFT Flow, 76 — /> 34k 4 b ok H B 5 B 28
(histogram intersection) - $8 H e 48, 4R J5 70 510 48 ks 25 ) 5 (query image) i i #5 /MK 6] 5% B8 1 (minimum
alignment energy) X} 55T —A~ 15 2 45 (1 G X T H 78 — AN 80 S UG b 0l vT g 1932 338 8 5 5 ), BA
J G328 Bl G A 16 31 5 2 A AR ABL I 5% 10 i A P b ik B 45 B2 3 1 H 169, Spatio-temporal  STFT R i 23 5 &
FINE DoG FITE L, K RTINS HE 85 0 — A BF 25 A2 0 1 WA st F0 3 EDU sk A B 2% 2 4% & 2 v 3 A5 1)
(xy xt Ky WIY) R o BEAT  IX R SR AT IR A s 15 15 1 2 3 A6 R 1 5o WAL 1) — 2 b B n N 1) JRE AR B VE A
W PR 2R 45

PR E P B9 A 5 2 L A kg T IS S 0 1 R 4 S 80 T 25 8 IX 3 19 DG P A 92 - B R T B 1 AR
ETE S, A0 R i A 2730 S5 k3 e 7 9, I 4 6 22l (sum. of absolute differences, i #% SAD). “F77 Z=
(sum of squared differences,fii#k SSD). U4k T 4 (normalized cross correlation,f&j#k NCC)ZPHHEAT Lh
¢, Banks % NP2 ) 5056 & L, SAD R SSD AN JRUEE ff #ft HLF S5 /0s, 22 FH 1 oF DG ek A 05 v SR A 1 A
T NCC K H T A& B 20 AR, 5 T RST BRI A5 T T, R ff 2 3 i AR T S B 2% B N 2 20 T v ol iR
M 75 25 B 25 (1 5% W1, Zabih H11 WoodfillP3 4 ! T CT(concensus transform)# RT(rank transform) Py #1627 #548
e o CTAERT 1P UL & 300 0, JF 5 AR AR 3K FEAR LU T 1 r 0 A1 1 240 B 47 3 (bit string), IfJ RT
A R e o AR BE /N T U AR 3R R RH AT AR 3 AN 03X PR P AR A =4 o0 MR BEAT T FE R 4 60, A0 A5 A O T BT 5 2K
FEAR T G, AT BEAIG T 55 A8 5 (outliers) FH W 75 (18] 508K B2 [ IRF, DG E I 3 ok S 50300 B B 2 R A7 it AL X mT LA
2R P R v v O L A SR U R U Vs A R A I A 4 S B R R B (E=E gt E smootn)» /1 T H#11% A S 4 30 DL 35 /MK
Bl 15, S0 IR R 222 18 SRORE, EL TSR A Ak 5 125 Bh A RBP4 USR] 1 M X 5 £
{6 %1l 7 ,Scharstein A1 Szeliskit® ¥ 37 44 UG 2 83k 40 S 4 A5 B8, 20 % o4 UG B2 AQ 4 i1 44 (matching  cost
computation) R A (cost aggregation). M 2 114 (disparity computation)FUi% 4l 14 4 E (disparity refinement).
S — AN IR BT F AR T LR R G2 I IR T — AN B 42140 Ji5 S i 5T T AR $ 4 TR
5%,

2 ACIO 1 HKD-tree X & & 3£1&1t

A FRATTR ) P A O v AT TR A0 10 kL S 2 T K4 — BU(ACIO) A R K R I AR S
HKD-tree [1145 15 X1l 73 77 2%, 35 J5 A2 AR 4 107 TRT 7R 00 P 2 5 1 B 3ol 11 DL i 450k,
2.1 ACIOEX

T8 B AW AR (B3 350 v J0 SR A R 407 A 45 7 B0 AR R Xk WS 1 7 = 4 T 7 2 ST AR B I ] o R A I 1%
5 2 A1 B 2 G RGN EE T KT8 B BRI 58 A 22 R A4 I SR 4R, 36 o (1 W i PS5 (I B 43 190k Ok o7
PRGNS SPLEATZ 1812 V- H RO B A5 Ak LR A R RE 45 JEORI AR £ 25 4k T4 & 4875 SPT AU TE B 384018
A T Ji o T 5 I R P v s e A U ) A7 2 2 AR T A8 A BN e 48 I 5 SPT Hb ) DG TE i P 23
PR, BATR I e W F e — M E X R T LI RIL A ACIO YRR, P4 HAR< )
X

o —fBrHh, 7E N7 AR VTS P R W AR IE, B B R (query  feature) BT £F IHRFAE s EE B B 0 5 %5 4R
(reference set,fijFK RS), T # 28 ) 1 RFE 246 & B0 H AR £ (target set, T FK TS). R, B AT 8 S22 G I REAIE
HEAA
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R:R={r|(x,,,),i€[0,M],M eR"},
I H b5 B R SR

T:T=1{t|(x,y),je[0,N], NeR"},
oA M AN 7350 R AN TR AE SR BCE i SR AE 7 R ¢ & DCCE ), R A DT T AO6, 37 (), 00 I [ DT
B s X S A GG UG sk 2 (R (e 2 M IR 2k 2,0 L2k i 77 17 )@ M Ord J5 ) 9 DB 17 2,8 7R

1=z, OVi},Orie(—g,gj (1
o B SCUUECHFAE 7] 5 4, Bt 4535 P AN VS ECARFAE [a) i LR I 4R A
L:{lk|<r,t),ke[0,P],P=min(M,N),reR,teT} 2)

o JE S ACIO 23T, S O M 45 VL BCHRF AL ) 5 Ly A Ly, ELEATIITT 1A Oriy A1 Origonn, A S AL TE
ATV 1) B DR ARFAE 1) 1,0 BT BATTR K &R

lmid = alup + ﬂlden’ a, ﬁ € ER+ (3)
Ori,, +Ori Ori, —Oriy,,| |ori, —0ri,,,
Ori . = L T P o +e,6€e| - 4 4 L d 4)
mid 2 ’ 2 ’ 2

2.2 HKD-treei%it

JER G K-d B 1 T AU AR ACTO 23R 56 2% SPT HEAT 43 2 A8 43 AL A7 8 1) A W RRAIE R AR R )2
HR R VL ECR AR H AP B T

o EHY SPI WKL AR R FH T, 53 ) B g Tod o AR g o o ) DR FCRFAE 1) 32 Loy FH Dporgon(WT T 2 BT 7R, AN 2R —
P A R /N 1) R ABURCE A5 ), 3 T ARG, — S T SPT AT BEAF7E 1 R A0 A S5 A [R] 1) i 8.

o ARAEVCECRFAE 1) & Loy AT Lyprrom TEFFAE FUER R IERIE 2 riop AT Fporrom T GAAR AT Yiow TV ¥ RS
Wy B H B (RIB WA T), 50— 2 s O — 4415 (stripe), b — E 10 = 50

D
hirefm ST (k=1,...,H) %)
FRAELE T R0 BEFFE I B LR H 2 9036 I L3R 7 it B R A 4 s 0 =
yz,mmm _ytmp _
h,m’"s,k :T(k—l,..., H) (6)
o TERFMEFEIUG, 0 SR 20 A5 R AE i S 4% R VAR AR TH P HE P ARG X R I T 3 Sl LA B 102 s 2b

KK e MRy % B 4405, map,_, = (s, 5,) (k=1,..., H) R k % r B ¢ TGS S T B — 4 40
A K-d W kdtree, WK 3 FioR, B LR RAFAETI R root list H,IFET s, Al kdtree, IR SC R
Map, . paree, = Sy oot _list). 3 1L — WS HE T AR AR H BRFAE 2 1] (1 HK 2R

Sr1 &\t
Fiop —— g
e ?\. "
S2 .\\_‘\.
e | [|—© So
[ —
e— @@ ]
5 @ e — 1 —e ® 5
N 0 [ ] <
. @
) e | L
e —e
o | || 8 |u
9 ) .//_/,_, bottom
bottom

Fig.2 Hierarchical structure of partitioned SPI
B2 SPIMJZTE 7y
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Fig.3 HKD-Tree creation and maps establishment
B3 QI Z R EE M K-d B S S 56 &
2.3 EEELRIT
7t ACIO AWK A HKD-tree 428 451 1) Al b A SO 3 T Ar it K-d B (1 DL RS SRE 04T T ik A
HKD-tree _E R s 2 HIHFAE LR F 2% 1 I s 42) 10 BT 8 25, H 2 i IS map i $R2VIE H AR A6 ] H bR

HE s 22 BRI AE root list "3 BIHH N IR, 5t Jo A0 7 90 20 (OB L8R AT S5 U 40 R T 40 (198 28,396 A2 B (i 4% 1 g )
A Ay 25 IR AE O UG C 457 4E AR AF 7F FWD_MATCH J& M b S0k 1 PEanid T sl 50k i vt il 72

B3% 1. SL ACIO Rl HKD-tree [R5 HE DL it S35,

Input: SPI, features detected in DoG space and located precisely by interpolation with calculated main
orientation

Output: Features with their correspondences stored in FWD_MATCH of feature structure

1: Step 1: Creating hierarchical structure

2: partition SPI into A stripes in terms of formulas (5) and (6)

3: establish stripe map bwtween reference stripes and target stripes:map, . =S 4Su)(k=1,---,H)
4 for K=1:H do

5: build s,’s K-d tree kdtree, as usual

6: store its root in root_list

7 establish tree map between s, and kdtree,:map . karreeey=(S-root_list)

8: end for

9: Step 2: Matching

10: for K=1:H do

11: for i=1:n do //n is the feature number of s,

12: get feature r;’s target stripe s, by stripe map map,_. 4

13: get s,’s K-d tree kdtree; by tree map map . iuee)

14: search 1-nearest neighbour and 2-nearest neighbour

15: if found and ratio of KNN less than threshold and satisfying ACIO, then
16: r;’s FWD_MATCH set to 1-nearest neighbor

17: end if

18: end for

19: end for

20:end algorithm

3 KE5SMH

AT BGAEA SC T 7 iR A R 3 R R AN S 5150 ) 5 Brute Force J77%. SKD-Tree /715 M CasCash
77153847 5% tE . Brute Force J7 12 2 HEAT 55 )R 3048 & (exhaustive search), 763 & 51 (8 HLMEAf 1 Bb 4k vy, IR otk
DIAE 0 EEE ) A E . SKD-Tree J7 & OpenCV H T4l H (19 77 2%, 58 48 M ST T SCR (4]0 I S0 R -E4T T AL
BAH— 2 MARRME.CasCash J5 22 BT 10 732, R, A8 SO 5 BL b 3 R v e ot 1 A0 PR 1k b AT B,
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3.1 SRIEIRE

S 4 B vER C 3 E 528L,184T T DELL PRECISION T3500 PC #l_E, ¥ 4E R 48 /& Win7 SP1, AL B8 12
Intel Xeon,W3503@ 2.40HZ 2.40HZ, N 174 4GB K HI 1K MR B4 72 1 Middlebury $2 £t (¥ b v s 122 v 1) a7 4%

Fig.4 Six databases from middlebury: Art, book, doll, moebius, laundry, reindeer

3.2 HERoM

3.2.1 MY

SEIG A RRAE A AR BCR H DoG J73%, H 4 B VSIS J5 v #0 AL BE R BE RS AIE S T ORAIE S8 45 SR S0 A 1F,
FERE— AR L A — PPUCEC J7 VA AR 2 AT 10 AR EINSE S P38 1 J2 4 FhICE vk mIs AT a5
R 1 s AT I B R

Table 1 Matching time of four methods running on different databases (Unit: ms)
R 1 4 PULECTTIEAEA R A LRIz 4TI ) (S fir:7ERD)
ik B e 4 PR CRFAE 50
Art (4647)  Book (5268) Doll (6780) Laundry (9297) Moebius (4890) Reindeer (5048)
Brute Force 3 806.50 5476.60 8637.25 17 043.67 4 668.06 4024.47
SKD-Tree 411.52 537.79 691.05 992.23 477.16 380.59
CasHash 57.68 76.91 112.54 633.77 67.57 103.55
HKD-Tree 13.07 52.85 44.26 113.06 23.5 12.70
18 000

|| —=— Brute Force
LI —— SKD-tree
14 000 § —— CasHash

TP HKD-tree
=2
4@? 10 000
= 8000
=
= 6000
=
Sl 4000
2000 - -

) /{/_... «1‘\\\ ]

r—gi___a\\n—i—‘?h
art book doll laundry moebius reindeer

B PR

Fig.5 Matching time of four methods running on different databases
5 4 FhULEC T EEAEAN R 0 e L I AT I (A
MFE A LLE B Brute Force /772 VL HC i a) i K, SKD-tree J7 1582 P T 21— AN 44, 1M 550381 /7 72 CasHash
(0 EE AR A T3 30 B (E R B AR K H B 22 IR LA AE TR BT B B, e AR BB I Laundry I AT DUA Y
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X — RS VETE A B e AR AT T AR (0 2 I, R R AIE R 22 IT Ak 25 I [) 45 B 38 o, AR 7 8 B b
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