UHFRJQLWLRQ KRPRJUDSK\ LPDJH PRVDLF
FLDQ S\UDPLG PDFKLQH OHDUQLQJ UDQGRP
URERWLF LQVSHFWLRQ 6HHNXU URERW VW
VWUXFWXUHIURPPRWLRQ 67580FODVVL¢HU

, 1752'8&7,21

21',7,21 DVVHVVPHQW RIEULGJH GHF!
LQPDLQWDLQLQJWKHVWUXFWXUDO |
FUHWH EULGJH VQ (®IWP DEHWHFMFN RQ E
LV DQ LPSRUWDQW PDLQWHQDQFH WDVN
DFURVV WKH 8QLW K GEL\\VIHVEGH/DKIODR HD BIf E
FUDFNLQJ> @ 0D QWEGH IGIFWANHL & HEDLU O\ V
GLDWHO\ DIWHU FROFW V OB\8HRQ BY WK
DUH FUHDWHG IRWZYW IBUHD@EGVFWR B WRID F
IDFHURGVDQG VWHH®G UXLQLRUFR P WQWR
DQG UHSDLU
7KH FXUUHQW PHWKRG RI VLWH LQVSHF
SURFHVV IRU ORQJ VSDQ EULGJHV 6NL«
VLWH DQG DVVHVV WKH GHFN FRQGLWL!
DQG FUDFNV RQ D FKILEW WO X ERQ WL
$XWRPDWHG DQG DREE XOUWDAM M VAFRHIQGN. WVLK L
PLQLPDO ODQH FORVXUH LV KLJKO\ GHV
HYDOXDWLRQ 5RERWLF EULGJH VFDQQ
SURFHVV RI EULGJH LQVSHFWLRQ > @ +|
DXWRPDWHG LQWHUSUHWDWLRQ RI WKH
LQIHU EULGJH FRBGHQWRI QRIYSI® DXWR
GHWHFWLRQ DOJRULWKP DQG GHPRQVW
D VWDWH RI WKH DVRADQRERW VR VENUK B 1H
LQ )LJ 0DQ\ SULRU FUDFN GHWHFWLR
HGJH GHWHFWLRQRRWGLODJEXWKWKWKH P
QRQ UREXVW WR QRLVH DQG UHTXLUH P
DGMXVWPHQW :KHQ WKH FUDFNV DUH KL
D QHDU XQLIRUP EDFNJURXQG VHH )LJ
PD\ SHUIRUP ZHOO ZRDKGHAR QFHDOWH L P
FUDFNV RI YDULDEOH DSSHDUDQFH DQG
$GGLWLRQDOO\ PDQIX®NXSYIWPIHRHW LV D G
WR DXWRPDWLFDOO\DQDO\]LQJODUJH G
2XU DSSURDFK XVHWPIDBKLGHRGHD U@LL ]
WR VXFFHVVIXOO\ G8W W FFLUDOAN VQZKW
WXQLQJ WKUHVKROG SDUDPHWHUV :H C
UREXVW PXOWL |HOWEU\H MRDR EFWPH ) K|
IRUPDQFH DFFXUDF\ RQ LPDJHV RI UHDO
DOJRULWKP VWDUWYV ZLWK UREXVW FXU
SRWHQWLDO FUDFN UHJLRQV HYHQ LQ \
GLVWUDFWRUV 9DWXDOHI WBWWU B D QX KV
UHJLRQV DUH FRP S)XOMH® Q7 R HWIRHP\BE WL V
LQFOXGHV VFDO M RIIFFHR X QR Q/LIKRQYPN K H X ¢
RIWKHFUDFN $VXLWHRISRVVLEOH FRP|

< ,((( 3BHUVRQDO XVHLV SHUPLWWWGLEXWIURMGXBOKEDWVY RQ(SHEPLVVLRQ

6HH KWWS

ZZZ LHHBWRWD GXEOGNVDIWFOP PO W[LROYY WILRKW PRUH LQIRUPDWLRQ
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yLJ /HIW %ULGJH LQVSHFWLRQ DW WKH +
7KH ZKLWH GRWV VHHQ LQ WKH LPDJH DUH WK
5%%), 5RERWLF $VVHVVPHQW %ULGJH ,QVSHE ‘
3HUIRUPDQFH /7%3 SURJUDP RIWKH)HGHUDO +LJ :

> @ KDV GHYHORSHG D URERWLF VFDQQLQJ VI\YMWHP IRRS$BRZL QU LFRIL BR H NeXEMY DALV WKDW D U
QRQGHVWUXFWLYH HYDOXDWLRQ WHFKGW KFNRPURRQ GV B MKW B D WH\QV KRYGD BLE 8BS B P HWKK R G V
PHDVXUHPHQWY DQG KLJK UHVROXWLRQ LPDRPGLAOVLURY &KQ P WANDMHR QZHDOREXOBSBOLHG IRU \
LPDJH GDWD IURP EUL GR$IL@H PNOGI RW GW Y E O D EDX & RPGWHGLPOD AN IURP RXU ZRUN VKRZVRMHQL ¢
GHWHFWLRQ DOJRULWKP 3DWK SODQQLEF WHIVRWHIFKRPGIOHQ J DQ 5 FFRDTFOILGH '@ BMMR Q SUREOH|
IRUWKH URERW VFDQOLQJDUH GLVFXVVHG LQ > @

LV HYDOXDWHG H[SHULPHQWDOO\ ZLWK WKUHH FODVVL;HU PHWKRGV VXS
SRUW YHFWRU®@ DFEDERRVW > @ DQG UDQGRP IRUHVWYV > @

7KH WHVWV DUH GRQH ZLWK UHDO EULGJH GDWD DQG KXQGUHGV RI FUDFN
LPDJHV IURP WKH /RQJ 7HUP %ULGJH 3HUIRUPDQFH SURJUDP V

/7%3 > @ SLORW SURMHFW EULGJHV DW +D\PDUNHW 9% 86$% DQG
6DFUDPHQWR &% 86% ,Q RUGHU WR KFRIUWHDWHKIW BRRB SFOOLWHHd QREZRD®I D VXHIDFH
YLHZRID ODUJHEULGJHVSDQ DQ LP DYKRYHT FRPEWS R RV 10 15 ULFREE FEWDLFW G MW H F W
DOLJQHG FRP S X WD W HRQERODNV WRXRX V PRAFBT FKE BUKBTFNY RI RXUDOJRULWKP
GHQVLW\ PDS IRU WKH EULGJH PRVDLF SURYLGHV D FRPSXWDWLRQDO

GHVFULSWLRQDV ZHOODV DQDW D JGRQ Rkh WHZELRI VK HeY SO IHRQ §DW M Y QY
RIEULGJH GHFN FUDFNLQJ LPDJH ELQDUL]DWLRQ $XWRPDWHG FO
LQFOXGLQJVXSSRHWW QHPW RV \F MAKLIEE F
A. Related Work QHWV ZLWK LQ S X WFIUHDRAXHIFHVH\DXFEKLIFY. W \

,Q SULRUZRUN PDQ\DXWRPDWHG FUDRMINS®H W IDHW VR § G ODR B DWK RV WRKL YV P H V
EULGJH GHFNV HPSKDWIWH KV XD GRQ@EMAHQEVR 6 UMW VHIPHQWLQJ WKH FUD
BWDQGDUG LPDJH SURFHVVLQJPHWKRXQH® POXNKIRGIVH GIW KR @ VRIZPGIDWD WL
LPDJH WKUHVKROGLQJ DQG PRUSKR OFRID RS HAUHDW DR @ QIRWHII BAFLVFOE &RKX U D
IRUWKHVH FUDFNV 1XPHURXV VXFFHWQ KO, VS\SORIDLAVKHWHIGDW R EGIGI OUDFN V H
GHPRQVWUDWHG 2L WKRKLE R XARW WW BMIDFNXWHJILE QV NQRZQ WR ZRUN ZHOO LQ
GHVFULEHGLQ > @+> @ +RZHYHU WRE>XWWHNLPRBEHM MIVRGUBIKEIDIALIRGRIPVE R W K
FRQFUHWH EULGJH GHFNV DUH RIWH QDIRPWHWHG UK WH O ® ¥ DRDA) VR Y IE\OXD/Y L ¢, F
FOXWWHU DVLOOXVWUDWHG LQ)LJ |DW®EPY B FRD KN Y HIFPHQWW RXGHMSHSANR D
DQ DXWRPDWHG PDQQHU 7R LOOXVWBRWHLQKIE IR WKW LOLRID IVEKKFHZ® SSHIEW D Q F
RXWSXW RI D UH F H@ BVORIURIANVE P W H EWENRRP\SFORUHVGUZLLEYKKV LR Q R1 WKH 67580 DOJRU
RXU 67580 FODVVL;HURQD VDPSOH LPDJHIURP RXUGDWDVHW

ODFKLQH OHDUQLQUHK® VRAHHIY'X®® UHFRIQLWLRQ DQ®&7+2'6
FODVVL:,FDWLRQ DRUP YHHHW\ B 0 WSKHUQ7 KIHWEKEG Y ZAODKY VL HU FRQVLVWYV RI
KDQG WXQHG SDUDPHWHUV > @+> @D UBESUW BDQHG/HIRAKQ W HDHO/ON FMKRIH
OHDUQLQJ LV siipervsddéa@inDROIEVH Q D E O HN IVWHOWH. FR P S X W DDVF KR Q HDAHED U Q LRQ J F O
WLFDO LQIHUHQFH ED @ WGCGRWV DY B H W K BX W YWWHKHMLHWVHERIRW XVLQJI 5$1GRP 6$PSOH
PDQXDO SDUDPHWHU DGMXVWPHQW DV 1@ ZKHRIWH PAHLVOKIR G N I\PXRKADAN DUKH ¢ WV
SHUFRODWKR ® @O »R (@ W OGVE RMDRH WKHRIEFVHQ @DJH R1I WKH DYHUDJH LQWHQV
> @ > @ )RUWKHWDVNRIDXWRPDWH®BWHCGH 8 REDF N7EHWREW V. R/@ BVRK/HR | 5§
WUHQG WRZDUG XVQRQYIPDE KR Q HWAKHPDJULN USHOROWL GYH/CD YLV XDO FRPSDULVRQ V
QHZ ODFKLQH OHDUQLQJ LV D ODUJHRW OGQMHQGNW KGRILHOOVEQR FENHWEVU H XV H G
DOJRULWKP IRU DOO FODVVL¢FDWLR QHDVRNO\D E&CR @SS U R I MPLIOA HIG VZXLIWWKD & DGIF
DOJRULWKP UHTXLKH VLG K WHOHRSW IV HAGIWIDRML RAKRY WEBUR[LPDWLRQ LV HTXL
GDWD )RU H[DPSOH QHXUDO QHWV DSBUR/[HEDWR BOG\EKHBHQAHX BYBBENFUDFN
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&/$66,),(8(5)25081&( , 7+ 7+F1 )($785(9(&725 X )$785(9(&7258216,67,1* Y $785 (&1 $1' F2
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FRUUHVSRQGLQJ WRL[HO LPDJH UHJLRQV 7KH
KLIK UHVROXWLRQ LPDJHVY ZHUH FDSWXUHG XVLQJ WZR &DQRQ 5HEHO
7 L'6/5 FDPHUDV ZLWK &DQRQ () 6 == PP I *

OHQVHV PRXQWHG RQDG6HHNXUURERW DVVKRZQLQ)LJ OHFKD
WURQLFVDQGQDYLIJDWLRQ RIWKHURERW V\VWHP LQ GHVFULEHGLQ > @
JRU WKH H[SHULPHQWDO UHVXOWYV FRPELQDWLRQV RI FDQGLGDWH

IHDWXUHV LQWHXQIWHQW EDVHG DWW VFDOH VSDFH DUH

XVHG 7KH YDOLGDWLRQ DQG WUDLQLQJ VHWYV DUH FKRVHQ IURP

VDPSOHVY SHU EULGJH LQ WKH ODEHOHG GDWDEDVH ZLWK HTXDO QXPEHU
crack D Qmen-crack VDPSOHYVY 7R TXDQWLI\ FODVVL{HU SHUIRU

PDQFH DVWDQGDUG WHQIROG FURVV YDOLGDWLRQ LV SHUIRUPHG ZKLFK
YDULHV WKHWUDLQLQJDQG YDOLGDWLRQ VHWRYHUWKHHQWLUHGDWDVHW

A. Classfication With Intensity and Gradient-Based Features

8VLQJ WKH VSDWLDIOW\ BMDMHHGIHOQWNHQHY DORQJ WKH

ORFDO OLQH VHIJPHQWYV DV GHVFULEHG LQ 6HFWLRQ ,, WKH EORFNV DUH
FODVVL,HGDQG WKH SHUIRUPDQFHPHWULFVRIWKHG690FODVVL¢{¢HUDUH
VKRZQ LQ 7TDEOH, 7KH UDQNLQJRIIHDWXUHV LQ RUGHU RI WKHLU LQ
GLYLGXDO SH4,IRUP DQURHEQY GHFUHDVL JRUGHL{{l WHEWLRO UHVXOWY D S5HMNLPDJ
RlDFFXE]D'WKHFRPELQHGlHD’W/XiU’l?'YH O%ﬁ\ﬁsw&@jjwmeFw?uRQRQWKHEULGJH E
DQG SHUIRUPV EHVWx :H XYW XUKHYBHEBBWHFWHG FUDFNV F ORUSKRORJLF D OURHSPHRUTHW L
HYDOXDWHWKHFODVVL{HU SHUIRUPIBIFHPRODWXKWH YDOLGDWLRQ VHW GDWD D\
VKRZQLQ 7DEOH,, 7TKHFRPELQHGLQWHQVLW\ EDVHGIHDWXUH YHFWRU

OHG WR DQ LQFUHDVH LQ DFFXUDF\DQG SUHFLVLRQ RI WKH FODVVL¢{HUV
5DQGRP IRUHVWY FODVVL¢HU KDV WKAHNKROIK AYWPEFFRGBERRYY WRYBEHUIRU

DERRVW FODVVL¢HU KDV WKH KLJKHVWKUR®PYHRXUHVRQ DHVXOWVLQDQLQ
IRUDOO WKUHH FODVVL,FDWLRQ DOJRL

B. Classfication Using Scale-Space Features WKHUHIRUH LV GRX QWG IHDMKXW KLWHFW R L

7KH 690 FODVVL;HU SHUIRUPDQFH IRUGLIIHUKHOW FRPELODWLRQV
RI/DSODFLDQ S\UDRUG GHWFXUWE N & E &6 BPRUAPHC]lY Distingi Test Se

VKRZQLQ 7DEOH ,,, FHKR ISHKIHR\UKWDHH F G B M FIO;THVUOAM BH H S HDWDI RDW B G KH/ LY HYHR.
FRPSDUHGLQ 7DEOH ,9 5DQGRP IRUH\GALV WD @ AWK MKW \DWDF EXHID EURP W ZR
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.ULVWLQ -UHDRHLYHG WKH % 6
&RRSHU 8QLRQ 8QLYHUVLW\ 1
WKHO 6 GHJUHH IURP WKH
WXWH RI 7THFKQRORJ\ &DPEULG
DQGWKH3K ' GHJUHHIURP &RO
<RUN 1< 86% LQ
6KHLVDQ$VVRFLDWH3URIHV
RI (OHFWULFDO DQG &RPSXWH
7KH 6 WDWH 8QLYHUVLW\ RI 1H

WKHEKQJ 0 /D UHFHLYHG WKH % 6 C
6$GHQUHHYV LQ HOHFWULFDO HQJLQHH
WBQ,IOMVHALY LW\ R1 7THFKQRORJ\ 7KDL 1J
Q DQG UHVSHFWLYHO\ DQG WK|
UVHOMAWDLFDO DQG FRPSXWHU HQJLQ
6WDWH 8QLYHUVLW\ 6WLOOZDWHU
"H SHHULW FCHQ$W VLVWD QW 3URIHVVRU Z
QJIRIGXRASXWHU 6FLHQFH DQG (QJLQH
URVHIBYF&D 5HQR 19 86% 'XULQJ
LOQWHUHVWY LQ FRPSXWHU YLV ? FZROP\S B WHDRMLRWDIDWD DW WKH 'HSDUWPH
SKRWRJUDSK\ PDFKLQH OHDU QDWQRIPURRG 7KDL 1JX\HQ 8QLYHUVL
HOLQJ WH[WXUHDQG UHAHFWDQFH ELRHPDRHE@RPRWMWRR HVWLHP ZWVV Q3 REWERB®GQG WKHQ D 5
RSWLPL]DWLRQ LQ YLVLRQ DQG DSSOLFDWIRQ@KH EHRBRWLIRW $&M OLYFMEH Q QNHQWWRKEWNXUYH DQ
WKH 7H[FDP WH[WXUH GDIROWDP HR Y XARPHD W RBQLYANWRMN YO FH. VRGWDZD\ 1- 86$ +H ZDV D NH\ W
WH[WXUH 6KH LV DOVR D PHPEHU RI WKH 5XW JWHUD/P &WHIQDAH G H R i OBRRSIME W K R E RMQLAFY $ VMR W H G
DQG D PHPEHU RI WKH *UDGXDWH )DFXOW\ Rl WWHK H RHPG X WIHQW 6IF1IKADA 1 GPIMUWRKMWOWLRQ )+:$ +H
JURP WR VKH ZDV RQ WKH 5HVHDUFK 6 W® IUDWHOLFRRS URRIBISRUDIALIVRIQ WKH )+:$ WKH 1D
GHYHORSLQJUHDO WLPHPRWLRQ HVWLPDWQRB@® JREKWRPR IR UIDGS O WHOHNE. BQHISDGWPHQW RI
ELRPHGLFLQH DQG HQWHUWDLQPHQW LQGXVWHEBVUWPHQW RI 'HIHQVHDWR'R (CDG6WKHQFH )RXQG!
'U 'DQD LV D UHFLSLHQW RI WKH 1DWLRQDO GHFLKMFEXYRWXAGE®RR® &D SIS §¥BXEOLV PG LQ P
IRUDSURJUDPLQYHVWLJIDWLQJ VX UVIDRHGVIFQW B 6 8 DRV RIQDLAR 6 BXQIG! I BRHILSHI@RW HHHMEFDUG K L
WHDP PHPEHU UHFLSLHQW RI WKH &KDUOHV 3D B®RELZQE QRERWLLEQ/$Y IVBIE V. QP R E LORIPY H Q DR Q RBIW Z
WKH $6&( DQG VHQVLQJ DQGLQWHOOLJHQW WUDQVSRUWDW
'U /DDQG KLV WHDP UHFHUYFAGOMRFLHVBPRI &LY L
&KDUOHV 3DQNRZ $ZDUG IRU ,QQRYDWLRQ IRE WKH
WLRQ 7RRO 5$%,7 +HLV WKH UHFLSLHQW RI WZR

1HQDG *XFHEWNLYHG WKH % 6 GHHYHR WO WLRQ®$ZDUG DW LQWHUQDWLRQDO FRQI

HQJLQHHULQJ IURP WKH 8QLYHUVLW\ RI =DJUHE =DJUHE

&URDWLD DQGWKHO 6 GHJUHHDQG WKH 3K ' GHJUHH LQ

FLYLO HQJLQHHULQJ IURP WKH 8QLYHUVLW\ RI OLFKLJDQ

$QQ SUERU 0, 86% 5RQQ\ 6DOLBHERLYHG WKH % 6 GH.
+H LV FXUUHQWO\ D 3URIHVV LUBBQLRID +DUDSDQ 8QLYHUVLW\ 7D

WKH '"HSDUWPHQW RI &LYLO DQ QW®O (QDDG WKHO 6 GHJUHH LQ HOH

QHHULQJ 5XWJHUV 8QLYHUVL D\SXWB®$HQJIJLQHHULQJ IURP 2NODKRF

+H LV DOVR WKH 'LUHFWRU RI W XBUWX 0 2ZRWBU 2. 86% LQ

WLRQ ORQLWRULQJ 3URJUDP D UV &HQWHAXUBHQWO\DQ $SSOLFDWLR(

$GYDQFHG ,QIUDVWUXFWXUH D WaMQWEULIRE $GYDQFHG ,QIUDVWUXF

+LV UHVHDUFKLQWHUHVWY LQFOXGH 1'7HL {1 D WVMLFRQD L © KIMDIVHW W X8RO X B UV LW\ 3LV FD

OHDGLQJ D QXPEHU R ULXFES\RUMAD QROLDON H B VUM V FWMVHDUFK LQWHUHVWYV LQFOXGH U
'U *XFXQVNLLVWKH3,RIWKH1DWLRQDO ,QV W D@ G DRLG\L O QUAQTH PR @QRIXRW XUH LQW

7HFKQRORJ\ ,QQRYDWLRQ 3URJUDP 1,67 7,3 FW\ WKHPOMW D RW RXIOPNLDIJHQW URERW

+LJKZD\ 5HVHDUFK 3URMHFW 6+53 SURMHFWRQ 1'(IRUEULGJH GHFNV WKH

/HDG RI WKH 1'( 7HDP IRU )+:$ V/RQJ 7THUP %ULGJH 3HUIRUPDQFH /7%3

3URJUDP DQG WKH 3, RQ VHYHUDO RWKHU SURMHFWYV +H LV DQ DFWLYH PHPEHU RI D

QXPEHURIVRFLHWLHVDQG LV VHUYLQJ DV MQJ H 1RR B 6\Y BDRSUBRFBHENHS WKH % 6 G

&RPPLWWHH RI WKH $PHULFDQ 6RFLHW\ RI &LY V ERPSXWHU VFLHOFH IURP $PLUNDE
7HFKQRORJ\ 7HKUDQ ,UDQ LQ
GHJUHH LQ LQGXVWULDO HQJLQHHU
YHUVLW\ 1HZ %UXQVZLFN 1- 86% L
HV+H LV FXUUHOQVF&) (Q JALHMWHDW Z L WK
&PQWHU RI $GYDQFHG ,QIUDVWUXF\

IURRRVK B XWJIHUV 8QLYHUVLW\ 3LVFD

LQUHVHDUFK LQWHUHVWYV DUH QRQGH

DOOLQ PHFKDQLFDO HQJLQHHU QRQGHVWUXFWLYH HYDOXDWLRQ 1
+HLV FXUUHQWO\ D 5HVHDUFK LWIORGH 2L WK EULGJH GDWD PDQDJI

SDUWPHQW RI &LYLO DQG (QVYLPPQMDH 8 WHDOW YIVYHRYLQJ

5XWJHUV 8QLYHUVLW\ 3LVFDWDZD\ 1- 86$ +H LV

DOVR D 3URIHVVRU LQ WKH '"HSDUWPHQW RI OHFKDQLFDO

'"HVLJQ DQG 3URGXFWLRQ &DLUR 8QLYHUVLW\ *L]D

(J\SW +H LV WKHDXWKRU RIQLQH LQWHUQDWLRQDO SDWHQW YV

DQG SXEOLFDWLRQWHQYKYWDUHDYHMHIMUFK KDV EHHQ IXQGHG E

WKH 8 6 1DY\ WKH 1D WLREDVOLERRQ HQKH JRSDUWPHQW RI "HIHQVH

WKH '"HSDUWPHQW RI 7TUDQVSRUWDWLRQ +R@GD &RUSRUDWLRQ DQG RWKHU LQGXVWUL

FRPSDQLHV +LV UHVHDUFK LQWHUHVWYV PGIMOXBH H[SHULPHQWDO VWUHVYV DQDO\VLV

IRUPLQJ DQG PDFKLQH GHVLJQ

'U %DVLO\LV DOHPEHU RI WKH $PHULFDQ 6RFLHW\RI (QJLQHHULQJ (GXFDWLRQ

+HUHFHLYHG WKH 7KRPDV $0YD (GLVRQ 3DWHQW $ZDUG IURP WKH 1HZ -HUVH\

&RPPLVVLRQ RQ 6FLHQFH DQG 7THFKQRORJ\ IRU KLV GHVLJQ RI D QRYHO IROGLQJ

SURFHVV DQG DVVRF L [D/QKGDFEMAKULIQ\H WHKKWDBHB5 LPHQVLRQDO IRO

FRUH VKHHW VWUXFWXUHV

Be—

%DVLO\ % UKPHWULOHG WKH % 6 D
IURP &DLUR 8QLYHUVLW\ &DLU

UHVSHFWLYHO\ DQG WKH
8QLYHUVLW\ RI $VWRRQ %LUP




