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;08($-%2! %$'%&'$(0*-! +*.! 7*A2'! %'$880+0%$(0*-=! 132! *&(@&(! *+! (32! 8)8(2/! 08! $!A.0((2-! 7*A2'!
%3$.$%(2.=! 132! 2K@2.0/2-($'! .28&'(8! 83*A2;! (3$(! (32! $72.$42! 8&%%288! .$(2! +*.! (32! 7*A2'!
.2%*4-0(0*-!A$8!MMN5!A0(3!7*A2'!O0P!$-;!O2P!$%30272;!"QQN!.2%*4-0(0*-!$%%&.$%028=!

;? 2*,6"0@(,+"*

R*A$;$)8!0-(2.$%(0*-!B2(A22-!%*/@&(2.8!$-;!0(8!&82.8!$.2!3043')!27*'72;!A32.2!(32!;270%28!%*&';!.2$;!
$-;! ($:2! 0-8(.&%(0*-8! +.*/! 0(8! &82.8=! J-2! $.2$! *+! @$((2.-! .2%*4-0(0*-! (3$(! 8&@@*.(8! %*//&-0%$(0*-8!
B2(A22-!/$-!$-;!/$%30-2!08!8@22%3!.2%*4-0(0*-=!E!8@22%3!.2%*4-0(0*-!8)8(2/!%*&';!.2%2072!$-!0-@&(!0-!
(32!+*./!*+!$&;0*!804-$'8!*.!708&$'!0/$428=!S$.0*&8!(2%3-0T&28!3$72!B22-!@.*@*82;!(*!*B($0-!$!.*B&8(!
8@22%3!.2%*4-0(0*-!8)8(2/!+.*/!8@22%3!&((2.$-%285!8&%3!$8!(32!U0;;2-!V$.:*7!V*;2'!FUVVG!W"X5!(32!
?(.&%(&.2;! V$K0/&/! $! Y*8(2.0*.0! F?VEYG! /2(3*;! WZX5! (32! V$K0/&/! C0:2'03**;! C0-2$.! I24.2880*-!
FVCCIG!/2(3*;!W[X5! (32!V0-0/&/!V2$-!?T&$.2;!L..*.!L8(0/$(0*-! FVV?LLG!/2(3*;!W\X5!$-;!*(32.!
8($(08(0%$'!$@@.*$%328=!V2$-A30'25!8272.$'!.282$.%328!;08%&882;!8@22%3!.2%*4-0(0*-!8)8(2/8!+.*/!708&$'!
+2$(&.285! /*8(')! (3.*&43! '0@8! 8)-%3.*-0]$(0*-8=! ^3$-4! W_X! @.*@*82;! /*&(3! '*%$'0]$(0*-! (3.*&43! 3&2!
+2$(&.28!+*.!;272'*@0-4!$!8@22%3!.2%*4-0(0*-!8)8(2/5!A30'2!`$-4!WMX!0-(.*;&%2;!$!'0@!%*-(*&.!2K(.$%(0*-!
+.*/!%*'*&.!0/$428=!?272.$'!-2&.$'!-2(A*.:!$@@.*$%328!3$72!$'8*!B22-!&82;!0-!/$-)!*+!(32!;272'*@2;!
8@22%3!.2%*4-0(0*-!8)8(2/85!/$0-')!+*%&82;!0-!'0@8!.2$;0-4!WabcX=!,-!(308!@$@2.5!(32!.282$.%3!+*%&828!*-!
$! 80/@'0+02;! 72.80*-! *+! 8@22%3! .2%*4-0(0*-5! -$/2')5! 7*A2'! %'$880+0%$(0*-=! 132! 8)8(2/! 08! 2K@2%(2;! (*!
%'$880+)!(32!,-;*-280$-!'$-4&$42!8@*:2-!7*A2'5!8&%3!$8!O$P5!O0P5!O&P5!O2P5!$-;!O*P!B$82;!*-!+$%2!0/$428!
*+!(32!8@2$:2.8=!132!8)8(2/!8($.(8!B)!$@@')0-4!(32!H$--)!/2(3*;!+*.!2;42!;2(2%(0*-=!132!H$--)!2;42!
;2(2%(0*-!A0''!82@$.$(2!(32!'0@b.240*-8!+.*/!(32!+$%0$'!0/$428=!132!#0832.!C0-2$.!D08%.0/0-$-(!E-$')808!
F#CDEG!/2(3*;!08!(32-!$@@'02;!(*!2K(.$%(!$-;!;2(2./0-2!(32!'0@b+2$(&.28=!#0-$'')5!(32!L&%'0;2$-!;08($-%2!
08!&82;!$8!$!%'$880+02.=!132!*&(@&(!*+! (32!@.*@*82;!8)8(2/!08!$!A.0((2-!7*A2'!%3$.$%(2.=!1308!$.(0%'2! 08!
*.4$-0]2;!$8!+*''*A8=!?2%(0*-!Z!;08%&8828!(32!7*A2'!.2%*4-0(0*-!8)8(2/!B$82;!*-!#CDE!/2(3*;=!?2%(0*-!
[!@.282-(8!(32!2K@2.0/2-($'!82(&@!$-;!0(8!.28&'(8=!#0-$'')5!?2%(0*-!\!B.0-48!(32!%*-%'&80*-=!
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A? B5$&!"#$%&'$(")*+,+"*&C:/,$3

d2-2.$'')5! $! @$((2.-b/$(%30-4! $@@.*$%3! 0-7*'728! (A*! 2882-(0$'! 8(2@8e! (32! @$((2.-! (.$0-0-4! $-;! @$((2.-!
%*/@$.08*-!F(28(0-4G=!,-!(32!@$((2.-!(.$0-0-4!8($425!8272.$'!'0@!824/2-(2;!0/$428!$.2!0-@&(!(*!(32!8)8(2/!
$-;! (32! #CDE! /2(3*;! 08! $@@'02;! (*! 2K(.$%(! (32! '0@! +2$(&.28=! ,-! (32! @$((2.-! (28(0-4! 8($425! (32! 8)8(2/!
%$@(&.28! $! +$%2! 0/$42=! 132! %$@(&.2;! 0/$42! A0''! (32-! B2! @.*%2882;! &80-4! (32! H$--)! 2;42! ;2(2%(0*-!
/2(3*;!0-!*.;2.!(*!'*%$'0]2!(32!'0@8!$.2$8=!R2K(5!(32!#CDE!/2(3*;!08!$@@'02;!(*!2K(.$%(!(32!;2(2%(2;!'0@!
+2$(&.28=!#0-$'')5!$!;0.2%(!%*/@$.08*-!08!/$;2!B2(A22-!(32!&-:-*A-!8@22%3b7*A2'!A0(3!2$%3!@*880B'2!
@$((2.-!'2$.-2;!0-!(32!(.$0-0-4!8($42!0-!*.;2.!(*!;2(2./0-2!(32!0;2-(0()!*+!(32!&-:-*A-!$%%*.;0-4!(*!(32!
4**;-288!*+!/$(%3!*+!(32!@$((2.-8=!,-!(308!8(2@5!(32!L&%'0;2$-!;08($-%2!%$'%&'$(0*-!08!&82;!$8!$!%'$880+02.=!
132!8)8(2/!83*A8!(32!*&(@&(!0-!(32!+*./!*+!$!A.0((2-!(2K(=!#04&.2!"!;28%.0B28!(32!*72.$''!$.%30(2%(&.2!*+!
(32!@.*@*82;!7*A2'!.2%*4-0(0*-!8)8(2/=!

1+)@6$&;?&132!*72.$''!@.*%288!*+!(32!@.*@*82;!7*A2'!.2%*4-0(0*-!8)8(2/!

2.1. Canny edge detection!
H$--)!2;42!;2(2%(0*-!08!$-!$'4*.0(3/!A0(3!8272.$'!8(2@8!(3$(!%$-!;2(2%(!2;428!A0(3!-*082!8&@@.2882;!$(!
(32!8$/2!(0/2=!H$--)!$'4*.0(3/!&828!ZD!d$&88!+&-%(0*-!;2.07$(072!+*.!3$-;'0-4!(32!*.040-$'!0/$42!WfX=!
#0.8(5!$!@.2@.*%2880-4!8(2@!A30%3!%3$-428!Idg!0/$428!(*!4.$)8%$'2!0/$428!08!$@@'02;!(*!2$%3!0-@&(=!132!
H$--)!2;42!;2(2%(0*-!8($.(8!A0(3!$!8/**(30-4!@.*%288!(*!.2;&%2!-*082!0-!(32!0/$42!A0(3!d$&880$-!#0'(2.=!
132!2T&$(0*-!+*.!$@@')0-4!(32!d$&880$-!+0'(2.!08!$8!+*''*A8e!

!"#$#%!" &'%("#%)*+''&*,%-&.(#$%*,/%#" &'%("#%'(*,/*$/%/#0&*(&1,2%3"#%'411(",#''%.#0#.%1-%("#% &4*5#%&'%
"&5".6%/#7#,/#,(%1,%("#%'#.#8(&1,%1-%#2%3"#%'#81,/%'(#7%1-%("#%9*,,6%#/5#%/#(#8(&1,%&'%(1% 8147+(#%
("#%
&4*5#%5$*/&#,(%+'&,5%*,6%1-%("#%5$*/&#,(%17#$*(1$'%'+8"%*'%:1;#.<%=$#!&((<%>1;#$('<%#(82%3"#%#?+*(&1,%-1$%
8*.8+.*(&,5%("#%&4*5#%5$*/&#,(%@GA%*,/%("#%#/5#%/&$#8(&1,%@!A%*$#%*'%-1..1!'B%
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D? EFG$6+3$*,.%&'$/@%,/

1308!82%(0*-!;28%.0B28!(32!2K@2.0/2-(8!%*-;&%(2;!+*.!(32!@.*@*82;!7*A2'!.2%*4-0(0*-!8)8(2/!&80-4!(32!
#CDE!/2(3*;=! `2!;272'*@2;!*&.!*A-! ;$($B$825!%$''2;! (32! #1,b6-($.! 7*A2'b0/$42! ;$($B$825!A30%3!
%*-808(8!*+!$!(*($'!*+!_Q!'0@!0/$428!A0(3!"Q!0/$428!+*.!2$%3!7*A2'!%'$885!&82;!+*.!(.$0-0-4=!132.2!A2.2!_!
7*A2'b%'$8828! 0-! ,-;*-280$-! '$-4&$425! 0=2=! O$P5!O0P5! O&P5! O2P5! $-;!O*P=! #*.! (28(0-45! A2! &82;!"QQ! +$%2!
0/$428!%*-808(!*+!@2.8*-8!A3*!A2.2!@.*-*&-%0-4!(32!7*A2'8=! #04&.2!Z!83*A8!(32!0/$42!8$/@'2!*+!2$%3!
@.*%288! 0-! (32! (28(0-4! 8($42=! #0.8(5! (32! *.040-$'! 0/$42! A$8! 0-@&(! (*! (32! 8)8(2/=! R2K(5! (32! 0/$42! A$8!
%*-72.(2;!(*!$!4.$)8%$'2!0/$42!+*.!H$--)!2;42!;2(2%(0*-=!132!.28&'(!*+!(32!H$--)!2;42!;2(2%(0*-!/2(3*;!
A$8!(32!IJ,!0/$42!*+!(32!*.040-$'!0/$42=!132!@.*%288!A$8!%*-(0-&2;!A0(3!$!+2$(&.2!2K(.$%(0*-!@.*%288!
B)!$@@')0-4!(32!#CDE!/2(3*;=!J-%2!(32!.2%*4-0(0*-!@.*%288!A$8!%*/@'2(2')!;*-2!&80-4!(32!L&%'0;2$-!
;08($-%2!%$'%&'$(0*-5!(32!8)8(2/!42-2.$(2;!(32!*&(@&(!%3$.$%(2.!B$82;!*-!(32!.2%*4-0]2;!7*A2'!$8!83*A-!
0-!%*'&/-!\!0-!#04&.2!Z=!132!8%.22-!%$@(&.2!*+!(32!;272'*@2;!7*A2'!.2%*4-0(0*-!$@@'0%$(0*-!08!@.282-(2;!
0-!#04&.2![=!

#&.(32./*.25!1$B'2! "!83*A8! (32!.2%*4-0(0*-!$%%&.$%028! +*.! 2$%3!7*A2'!%'$88! 0-! (32!2K@2.0/2-(8=!132!
304328(!.2%*4-0(0*-!$%%&.$%028!A2.2!$%30272;!B)!7*A2'!%'$8828!O0P!$-;!O2P!A0(3!"QQN=!U*A272.5! (32!
.2%*4-0(0*-!.28&'(8!;.*@@2;!804-0+0%$-(')!*-!7*A2'!%'$88!O*P!A0(3!__N!.2%*4-0(0*-!$%%&.$%)5!A30'2!%'$88!
O&P! $-;!O$P! *B($0-2;! *-')! \QN! $-;! [_N! .2%*4-0(0*-! $%%&.$%)5! .28@2%(072')=! ?272.$'! %*-;0(0*-8! (3$(!
@*(2-(0$'')!(.0442.2;!+$'82!.2%*4-0(0*-!0-!(32!@.*@*82;!8)8(2/!A2.2!7$.0$(0*-8!0-!'043(0-4!;&.0-4!(32!+$%2!
%$@(&.0-4!@.*%288!$-;!'0@!/*72/2-(8!*+!8*/2!@2*@'2!(3$(!A2.2!-*(!%3$-40-4!/&%3!A32-!@.*-*&-%0-4!
*-2!7*A2'!(*!$-*(32.=!

IJ,!0/$42! I2%*4-0]2;!7*A2'!

1+)@6$&A?&132!0/$42!8$/@'2!*+!2$%3!@.*%288!0-!(28(0-4!8($42!

1+)@6$&D?&132!8%.22-!%$@(&.2!*+!(32!;272'*@2;!7*A2'!.2%*4-0(0*-!$@@'0%$(0*-!

!"#$%&'$(")*+,+"*&-./,$0&

!"#$%&'('$&

,-@&(!0/$42! d.$)8%$'2!0/$42!
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H'$88! ,/$42!8$/@'2! E%%&.$%)!FNG!

E! [_!

,! "QQ!

6! \Q!

L! "QQ!

J! __!

E72.$42! MM!

H? I"*(%@/+"*

1308! @$@2.! 3$8! ;08%&882;! $! 7*A2'! .2%*4-0(0*-! 8)8(2/! B$82;! *-! +$%2! 0/$428! &80-4! (32! #0832.! C0-2$.!
D08%.0/0-$-(!E-$')808!F#CDEG!/2(3*;=!LK@2.0/2-($'!.28&'(8!83*A2;!(3$(!(32!%*/B0-$(0*-!*+!(32!#CDE!
/2(3*;! $8! $! +2$(&.2! 2K(.$%(*.! $-;! (32! L&%'0;2$-! ;08($-%2! /2(3*;! $8! $! %'$880+02.! %*&';! 4072! "QQN!
$%%&.$%)!+*.!8*/2!7*A2'!%'$8828!8&%3!$8!O0P!$-;!O2h=!U*A272.5!(32!8)8(2/!-22;8!/*.2!0/@.*72/2-(!*-!
(32!.2%*4-0(0*-!*+!(32!*(32.!7*A2'!%'$88285!0=2=!O$P5!O&P5!$-;!O*P=!132!$72.$42!.2%*4-0(0*-!.28&'(8!+*.!(32!
7*A2'!.2%*4-0(0*-!8)8(2/!A$8!MMN=!#&(&.2!A*.:8!A0''!B2!+*%&82;!*-!/*;0+)0-4!(32!%'$880+02.!(*!0/@.*72!
(32!8)8(2/h8!.*B&8(-288!$-;!$%%&.$%)=!
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