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81**1 .&'8+7+%, O /01(/017 :+8&%,7" 210& 7%(0*+%, 8%,7+7*1 O .()81& (17 910L 7+A,)0L O 8%,@%(01&
F%0 O 8%&&'(1&G 9),7 0, :a:1 .()," ?,1 *&),7B%&:'1 91 D%0&+1& )..(+/0'1 O 81 .(), .1&:1*
93%4*1,+& (1 7.18*&1 5%+,* 91 817 910L +:)A17" K,70+*16 0,1 CD 91 (3+,*1,7+*' 91 81 .(), .1&:1*
93%4*1,+& () 8%&&'()*+%, 1,*&1 (17 910L 7+A,)0L" 23)@),*)A1 91 81**1 :'*;%91 17* /03+( ,3U ) .)7
91 .&%4(M:1 93)(+A,1:1,*6 .0+7/03+( ,3U ) .)7 91 I(*&1 O +,*&%90+&1 9),7 (1 .(), 91 D%0&+1&"
K, &1@),8;16 +( U ) 0,1 '*).1 931,&1A+7*&1:1,* .;%*%A&).;+/01 O 8;)/01 %.'&)*+%,6 )(%&7 /016
9),7 (1 7U7*M:1 91 W),91& 20A*6 (1 I(*&1 17* 1,&1A+7*&' 0,1 710(1 B%+7" b3)0*&1 .)&*6 +( 17* ,'8177)+&1
930*+(+71& 0, B)+781)0 ()71& 91 &'B'&1,81 .%0& .%0@%+& 1,&1A+7*&1& (1 I(: 9),7 () 4%,,1 A)::1
931L.%7+*+%,"

c0+*1 O 81**1 .04(+8)*+%,6 9+N'&1,*17 )&8;+*18*0&17 90 8%&&'()*10& %.*+/01 7%,* .)&0176 .(07
8%,,01 7%07 (1 ,%: 91 8%&&'()*10& O *&),7B%&:'1 91 D%0&+1& 8%,5%+,*1 %0 dC$ Ed%+,* C&),7B%&:
$%&&1()*%&E" ?,1 .&1:+M&1 &')(+7)*+%, %.*+/01 ) '*' &)..%&*'1 9),7 <!e>" $1 *U.1 91 8%&&'()*10& 17*



 !  !"#$%&' (

"#$%&'&() *)+,-* &) +)-"-.* ,#(. "# "-))*$#)+$& (/)#''&() &( $#-./( ,& .# .-'0"-1-)* ,2-'0"#()#)-/(
3456

7& 0$-(1-0& ,& 1/$$*"#)&+$ 89: &.) ,/((*& 0#$ "# ;-%+$&  6<6

Image
référence

Image
d’entrée

Spectre
Energie du

Spectre
Plan de

Corrélation

-1| . |²TF TF
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,2&()$*&6 7& .0&1)$& ,& 1& 0"#( &.) ,/((* 0#$ "2*G+#)-/( A
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M#(. (/)$& *G+-0& J-.-/( (/+. #J/(. ,*J&"/00* +(& 0$&'-I$& #00$/1S& -'0"#()#() /0)-G+&O
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#-"&(*,6%#G: 0- #;#"< 5# +H-(*",6%# '# 53,)*52-"2",(- (*",6%# '# 52 $()*&#++,(- ./01 *&(*(+>
*2& I J #+" *&>+#-"> '2-+ 52 ?,@%&#  :K:

 !"#$%  :K L MH-(*",6%# '# 52 $()*&#++,(- (*",6%# ./01

N2 *&#),C&# >"2*# '# $#""# 2&$D,"#$"%&# $(-+,+"# O '%*5,6%#& 53,)2@# '3#-"&># $()*(+># '#
EN � N G *,P#5+ '3%-# )2-,C&# +*>$,Q6%# 2Q- '3(4"#-,& %-# ,)2@#eI (2N � 2N ) $())# $#52 #+"
)(-"&> +%& 52 ?,@%&#  :K E4G: N2 *D2+# +%,=2-"# $(-+,+"# O &>25,+#& 52 9? '# 53,)2@#~I E2N � 2N G #-
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More than Moore : Diversification
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%'"%2" 4+, SI\ +( +@$%2-'(- +( 3'&'""["+ 2( %+&-'.( (0/L&+ 4+ -K%6+, 4#2(+ '33".%'-.0( '33+"$+,
5-6&+'4,5)

 !"!#!" $%&'()*&)+%* *) ,%(-&(,* .* /0-&)(0--*1*-)

8+, 3&0%+,,+2&, 1&'36.72+, ,0(- 4+ ('-2&+ D+%-0&.+""+) 8+2& /04+ 4+ 90(%-.0((+/+(- +,- 4$J
,.1($ +( '(1"'., ,02, "+ -+&/+ 4+ 5,-&+'/ 3&0%+,,.(15= %+ 72+ "#0( 302&&'.- -&'42.&+ 3'& 5 -&'.J
-+/+(- 4+ 40(($+, 3'& ^2@ 5) *+, ,C,-[/+, ,0(- %'&'%-$&.,$, 3'& 4+ /2"-.3"+, ,02,J2(.-$, 4+
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40(($+, ./30&-'(- $D+(-2+""+/+(- +( -+/3, &$+") Y/L'&72'(- 3"2,.+2&, /.%&03&0%+,,+2&, +- 2(+
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CLB

Matrice
D’inter-

connexion SLICEM
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SLICEL
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Cout
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X (s + Mq + MEp ) =
L  1X
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E  1X
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x(l; m; e)W (M:E:l + M:m + e)( M:E:p + M:q + s)
N C;=;EF

PB%(N = M � E � L ^ k = s + M:q + M:E:p ^ n = M:E:l + M:m + e^ _@ Q %+ U /4$+ 0%/
%$+*%'/ ^l 2 [0; L  1]@m 2 [0; M  1] %+e 2 [0; N  1]= P*$/* ,$% IIJ 0% +&*11%N :4*$+/ :%,+
M+'% 0*B*/9% %$ ,$% IIJ - +'4*/ 0*5%$/*4$/= L4,/ A4$/*09'4$/ 1% (&/N = 64 %+M = E = L = 4=
>&' (4$/9?,%$+@ $4,/ :4,B4$/ (&1(,1%' 1%/ /4'+*%/ 0% 1& IIJ 0% +&*11% ! :4*$+/ %$ 1& 0*B*/&$+ %$
0%/ IIJ 0% +&*11%  :4*$+/=
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1& '%:'9/%$+&+*4$ 0% (% 0%'$*%' (455% 54$+'9 0&$/ 1& I*3,'% ;=!= U% /()95& .14( 02,$% IIJ
0% +&*11% ! :4*$+/ - .&/% 0% 1& '9&1*/&+*4$ 0*'%(+% %$ ,+*1*/&$+ 1% >Q 6&0*78 %/+ *11,/+'9 :&' 1&
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U2&'()*+%(+,'% 02,$% IIJ %$ ,+*1*/&$+ 12&134'*+)5% 6&0*78 %/+ (45:4/9% 0% :1,/*%,'/ 9+&3%/=
>4,' ,$% IIJ 0% +&*11%N :4*$+/@ $4,/ &B4$/ .%/4*$ 0%� = log4(N ) 9+&3%/ %+� = N

4 .,++%'ab
:&' 9+&3%= U& '9&1*/&+*4$ 0% IIJ64 :4*$+/@ %$ ,+*1*/&$+ 1%PE 0% 12&134'*+)5% 6&0*78 @ 04$$9
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09:%$0%$+ 0% (%11%/ 0% 129+&3% ?,* 1% :'9(K0%= >1,/ 39$9'&1%5%$+@ *1 b & ,$% 09:%$0&$(% %$+'% 1%/
04$$9%/ %+ 1%/ 0*R9'%$+/ 9+&3%/ 0% (&1(,1 0% 1& IIJ=

>4,' ,$% IIJ 0% +&*11%N :4*$+/ $4,/ &B4$/ .%/4*$ 0%N
4 log4(N ) IIJ  :4*$+/ (% ?,* %/+

9?,*B&1%$+ -3N
4 log(N ) 5,1+*:1*%,'/ (45:1%7%/ %+8N

4 log(N ) &00*+*4$$%,'/ (45:1%7%/= U2&B&$+&3%
0% (%++% &'()*+%(+,'% '9/*0% 0&$/ /& '&:*0*+9= >&' (4$+'% /%/ *$(4$B9$*%$+/ 5&S%,'/ /4$+ ] CEF 1&
/,'G&(% 4((,:9% %+ C;F 1% $45.'% 024:9'&+%,'/ ,+*1*/9/=
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:1;< 2;650 =>6.? ), @2;6 ()3<2,05 ,0 @2)6 A;0 =0660 25=7)60=6;50 @2)6 2++0, B /0( 652)60*0<6(
52+)/0(# '< 0C06? ,0 60*+( /109.=;6)4< /; &' /0 ,12,345)67*0 82/)9D 0(6 /0 2TA + TM ? 4ETA

/.()3<0 ,0 60*+( /1;<0 2//)6)4< 06 TM 0(6 ,0 60*+( /109.=;6)4< /1;<0 *;,6)+,)=26)4<# :12;650
+256? ,0PE ;6),)(. /2<( ,0 /05<)05 .6230 /0 =0660 25=7)60=6;50 <0 =4<6)0<6 +2( /0 *;,6)+,)0;5(#
F)<()? ,2 ,260<=0? /.-<)0 +25 ,0 60*+( .=4;,. 0<650 ,1255)G.0 /0 ,2 +50*)H50 /4<<.0 06 ,2 +5.(0<=0
/0 ,2 +50*)H50 (456)0? 50A;)(0 +4;5 =0660 25=7)60=6;50 0(6 /4<<.0 +25 ,1.A;26)4< "#"" I

L = 2 log4(N )TA + ( log4(N )  1)TM J"#""K

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

L2 /0;9)H*0 *.674/0 =4<()(60 B 5.2,)(05 ,2 652<(@45*.0 2G0= ;< (0;, M,4= NNO /4<6 (2 @4<=D
6)4<<2,)6. 0(6 09.=;6.0N

i logi N @4)(? 2G0=N ,2 ,4<3;0;5 /0 ,2 652<(@45*.0 06i =4550(+4</ B ,2
62),,0 /; &' ;6),)(.# P< 090*+,0 /0 5.2,)(26)4< /0 =0660 *.674/0 B M2(0 /0 ,12,345)67*0 82/)9D 
0(6 /4<<. +25 ,2 N)3;50 "#! QR S#

Unité de
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Facteurs de
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Radix 4
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L =
N
4

[(2TA + TM )( log4(N )  1) + 2TA ] L262IM
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"8&/)")$(/)-, *# 9#//# `J #$/ '#$%#9/).#>#,/ "( >)$# Q b -& Q a *& $)=,("fwd c inv LG)=&'# 26^M6

 ! "# $%&'(# )* %#$%&+#,-# .# )/01( 2-1.1+& #- 31 1,0142# .# ,567%# 0# +5%-1#+ #, $/%/..8.#!



 !"! #$%&'()%(*$)+ ,#(-$')..)+ /0*$ .1',/.#2(#('02 3)+ #.40$'(&,)+ 55(  !

"#$ %&''(#$ %)#'*+(# ,#-.#'* /*+# 0&-+'1#$ $&-$ 23 0&+4# %)-' .#5*#-+ %# .32#-+$ 5&4,2#6#$
+#,+($#'*( ,3+ %#$ '&47+#$ 71'31+#$ 5&4,+1$# #'*+# 8 #* 9 71*$: ;# 4/4#< 2#$ 035*#-+$ %# +&*3*1&'<
,#-.#'* /*+# +#,+($#'*($ $-+ 8 = 9 71*$: >2-$1#-+$ ,3+34?*+#$ $&'* 5&'@A-+372#$ %&'* 23 *3122#
%- 72&5 BBC: D' #E#* -'# 1'*#+035# A+3,F1G-# ,#+4#* %# ,3+34(*+#+ 2# 72&5 BBCHIBBC 3@' %#
5F&1$1+ 2# '&47+# %# ,&1'*$< 2# '&47+# %# 71*$ %- $1A'32 %)#'*+(#< 2# *J,# %# 5325-2 3.#5 3++&'%1
&- *+&'53*-+# #' A3+%3'* 23 ,2#1'# (5F#22# &- ,3$: D'@'< #' 0&'5*1&' %# 23 .32#-+ %)#'*+(#order<
2#$ $&+*1#$ ,#-.#'* /*+# 0&-+'1#$ %3'$ -' &+%+# '3*-+#2 #* 1'.#+$(: ;3'$ 2# 53$ %- 4&%# $&+*1#$
#' &+%+# '3*-+#2< -'# 4(4&1+# $-,,2(4#'*31+# #$* +#G-1$#: "3 B1A-+# 9:! KLMN 122-$*+# -' $5F(43
$14,21@( %#$ %1E(+#'*#$ #'*+(#$ #* $&+*1#$ %# 2)I> O121'6: I2 J 3 71#' #'*#'%- %#$ #'*+(#$ $&+*1#$
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A = x(0) + x(2) $%B = x(0)  x(2) 2$"K$#% Q%&$ .-0."0'( $% 0$ &'("0%-% ($&- 2&Q% "# .H.0$
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3/)#%4&03,3%#9 "# N+)%# 0# 8%&2*#/'# 3/)#%4&03,3%# (#%4#) 0# /# -,%0#% 2*# +, 8%&2*#/'# 0&$3%&# 0*
$3-/,+ 0# $1%)3# 0* 4&+,/-#*%9 Y/ $*3)# /1*$ *)3+3$1/$ */ $#'1/0 1$'3++,)#*% '#))# 813$ 7 8%&2*#/'#
5,%3,.+#f ol2 (1*% )%,/$(1$#% +, 8%&2*#/'# '#/)%,+# 0* ',/,+ $1*E,3)& #/5#%$ +, .,/0# 0# .,$#9
L,% $*3)# */ $#'1/0 N+)%# SA #$) *)3+3$& (1*% %&,+3$#% */ (%&ON+)%,-# ,5,/) +# $#'1/0 4&+,/-#*%
2*3 (#%4#) +, )%,/$(1$3)31/ 0* $3-/,+ #/ .,/0# 0# .,$#9 Z,3$ 3+ #$) (%&8&%,.+# 0# 0&'14(1$#% +#
$3-/,+ $*% 0#*6 513#$ S #) [ (1*% /# (,$ (#%0%# 0F3/81%4,)31/$9
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-& (,-#:$+*' 0# :&'&- (# ;&+$ 0/1'# ;&<*' &'&-*4+51# (1% -#( 0#12 :&'&12 &=&'$ -& '13,%+(&$+*' 01
(+4'&-7

>+#' 51# -& $#:6'+51# (1)#%6,$,%*0?'# )%,(#'$# -/+':*'=,'+#'$ 3&@#1% 0/A$%# #':*3B%&'$#
%,01+(&'$ &+'(+ -/+'$,4%&$+*' 01 %,:#)$#1%7 8--# )%,(#'$# )-1(+#1%( &=&'$&4#( $#- 51# 1'# B*''#
(,-#:$+=+$, 0#( :&'&12 #$ B*''# (#'(+B+-+$, 0# %,:#)$+*' CDDEF7
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G)%H( &=*+% %#<1 #$ '13,%+(#% -# (+4'&- %&0&% #' 1$+-+(&'$ 1' %,:#)$#1% -&%4# B&'0# #' )%#3+#%
-+#1 #$ 1' %,:#)$#1% (1)#%6,$,%*0?'#7 I& 0#12+H3# )6&(# 0#( &))-+:&$+*'( %&0&% :*'(+($# . %#($+J
$1#% :# (+4'&-7 "#$$# ,$&)# :*'(+($# . &))-+51#% 1'# $%&'(;*%3,# 0# K*1%+#% &1 (+4'&- '13,%+51#
#'=*?, )&% -# %,:#)$#1%7 8' (1+$#L -/&3)-+$10# 01 3*01-# 0# -& KKM 0*+$ A$%# :&-:1-, &9' 0# 0,J
$#%3+'#% -#( :&%&:$,%+($+51#( 01 (+4'&- #$ )&% -& (1+$# -# %#($+$1#%7 N*1( )%*)*(*'( &+'(+ 0/1$+-+(#%
-/OP KKM )%*)*(,# &9' 0/+3)-&'$#% -/&))-+:&$+*' 0# %#($+$1$+*' (1% KPQG7

R&'( :#$$# (#:$+*'L '*1( )%*)*(*'( 0/&B*%0 1'# =&-+0&$+*' #2),%+3#'$&-# 0# -/&))-+:&$+*' 0#
%#($+$1$+*' #$ '*1( 3*'$%*'( )&% -& (1+$# -/&=&'$&4# 0# -/OP )%*)*(,# )&% %&))*%$ . :#-1+ 0# S+-+'27

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

I& %#($+$1$+*' 0/1' (+4'&- :*'(+($# . &))-+51#% 0&'( 1' )%#3+#% $#3)( 1'# KKM (1% -# (+4'&-
'13,%+51#7 I& $&+--# 0# -& KKM 0,)#'0 0# -& 0*'',# 0/*B(#%=&$+*' #$ 0#( ;%,51#':#( 3+(#( #'
@#17 P&% -& (1+$#L '*1( :&-:1-*'( -/&3)-+$10# #' :6&51# )*+'$ 01 ()#:$%# *B$#'17 G )&%$+% 0#
-/+'0+:# 0# -/&3)-+$10# 3&2+3&-# 01 ()#:$%#L '*1( )*1=*'( 0,01+%# -& ;%,51#':# 01 (+4'&- 0/#'$%,#7
I/&%:6+$#:$1%# 51# '*1( &=*'( +3)-&'$,# )*1% %,&-+(#% :#$$# &))-+:&$+*' #($ 0*'',# (1% -& K+41%#
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IP FFT
256 points

Calcul
Amplitude

IP DDS
Xilinx

F =10 MHz

12 bits

0 Recherche
Maximum

IP DDS
Xilinx

0F =10 MHz

 !"#$%  !"# $ %&'()*+'*,&+ -+ ./011.)'0*)23 -+ &+4*)*,*)23

5+ 4)630. -/+3*&7+ 8,+ 32,4 ,*).)4234 12,& .0 &70.)40*)23 -+ '+**+ 011.)'0*)23 +4* 6737&7 +3
,*).)403* ./9: ;;< -+ =).)3> ?"""@! A3 +B+*C D 10&*)& -/,3+ E&78,+3'+ -/+3*&7+ '(2)4)+C '+**+
9: 1+&F+* 6737&+& ,3 4)630. 4)3,42G-0.! H2,4 '(2)4)44234 0)34) ,3+ E&78,+3'+ -/+3*&7+ 760.+ D
10MHz ! A3 +B+*C ./011.)'0*)23 -+ &+4*)*,*)23 +>1247+ -034 .0 I)6,&+  !"# 1+&F+* -+ -7*+&F)3+&
.0 J0.+,& -+ '+**+ E&78,+3'+! H2,4 011.)8,234 ,3+ IIK -+ *0)..+ LMN 12)3*4 0, 4)630. -/+3*&7+!
:0& .0 4,)*+C 32,4 '0.',.234 ./0F1.)*,-+ -, F2-,.+ -+ .0 IIK D '(08,+ 12)3* -, 41+'*&+ 2O*+3,!
5+ '0.',. -+ ./0F1.)*,-+ '234)4*+ D F,.*)1.)+& '(08,+ J0.+,& -, 41+'*&+ 10& 423 '23P,6,7! A34,)*+C
H2,4 '(+&'(234 .+ F0>)F,F -+ '+4 0F1.)*,-+4 0)34) 8,+ 423 )3-)'+! :2,& '+.0C 32,4 4,1124234
8,+ .+ F0>)F,F +4* -/0O2&- Q>7 D .0 1&+F)R&+ J0.+,& +* 8,+ 423 )3-)'+ +4* Q>7 D " S'+') +4*
'234)-7&7 '2FF+ &7E7&+3'+T! A34,)*+C 4) .0 J0.+,& 4,)J03*+ +4* 4,17&)+,& D .0 &7E7&+3'+C 0.2&4 '+**+
J0.+,& +4* '234)-7&7+ '2FF+ 32,J+..+ &7E7&+3'+C 32,4 )3'&7F+3*234 ./)3-)'+ +* 32,4 1044234 D .0
J0.+,& 4,)J03*+ +* '+ P,48,/D .0 Q3 -, 10&'2,&4 -+ *2,* .+ 41+'*&+! % .0 Q3 -+ '+ 10&'2,&4 32,4
2O*+3234 .0 J0.+,& F0>)F0.+ 0)34) 8,+ 423 )3-)'+! % 10&*)& -+ ./)3-)'+ 2O*+3,C 32,4 12,J234
-7-,)&+ .0 E&78,+3'+ -, 4)630. -/+3*&7+! A3 +B+*C '+**+ E&78,+3'+ 1+,* U*&+ *&2,J7+ +3 ,*).)403*
./78,0*)23  ! V

Indice = F0 �
N
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S ! T

0J+' H +4* .+ 32FO&+ -+ 12)3*4 -+ .0 IIK!
H2,4 0J234 J)4,0.)47 .+ 4)630. -/+3*&7+ 6737&7 10& ./9: ;;< +3 ,*).)403* W()1<'21+ +* 32,4

&+1&74+3*234 .+ &74,.*0* 4,& .0 I)6,&+  !" !
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 !"#$% "#$" % &'()*+ ,- ./01'- ,- +234 55&

6)- 778 ,- 1*'++- 9:; </')1. * =1= *<<+'>?=- @ A- .'()*+# B/?. A*+A?+/). +2*C<+'1?,- @ AD*>?-
</')1E )/?. AD-0AD/). +* F*+-?0 C*G'C*+- *').' >?- +2'),'A- ,- A-11- F*+-?0 -1 )/?. F'.?*+'./). +-
0=.?+1*1 -) ?1'+'.*)1 HD'<&A/<- A/CC- '+ -.1 C/)10= ,*). +* 7'(?0- "#$:#

 !"#$% "#$: % IC<+'1?,- ,? .<-A10- ,- ./01'-

J* 7'(?0- "#$; 0-<0=.-)1- +2*C<+'1?,- ,? .<-A10- /K1-)? *').' >?- ,-. F*+-?0. ')1-0)-. >?'
)/?. *',-0/). @ ,=1-0C')-0 +* F*+-?0 ,- +* L0=>?-)A- F0# M) -N-1Etrigger 0-<0=.-)1- +- 10'((-0
?1'+'.= </?0 ,=A+-)AD-0 +- ,=K?1 -1 +* O) ,? 10*'1-C-)1EentreePddsP12bit 0-<0=.-)1- +- .'()*+
(=)=0= <*0 +234 55& ,- Q'+')G -1 ?1'+'.= A/CC- -)10=- @ +234 778 <0/</.=- -1 'C<+*)1= .?0
74RI# J- .'()*+ sortiePre 0-<0=.-)1- +* <*01'- 0=-++- ,- +* ./01'- ,- +* 778E +- .'()*+amplitude
-.1 +2*C<+'1?,- A*+A?+= -) AD*>?- </')1 ,? .<-A10-# B/?. ?1'+'./). ?) .'()*+ >?- )/?. +- )/CC/).
ready </?0 '),'>?-0 +2').1*)1 *?>?-+ +* <0-C'S0- F*+-?0 ,-. *C<+'1?,-. -.1 <0T1-EcountPmax -.1
+- A/C<1-?0 >?- )/?. ?1'+'./). </?0 <*0A/?0'0 +* C=C/'0- A/)1-)*)1 +-. *C<+'1?,-. ,-. .<-A10-#
J- .'()*+ indexPmax A/)1'-)1 +2'),'A- ,- +* F*+-?0 C*G'C*+- ,-. *C<+'1?,-.# H-11- ,-0)'S0- -.1
.*?F-(*0,=- ,*). ?) .'()*+ >?- )/?. +2*<<-+/). max#

U*<<-+/). >?- +-. 0=.?+1*1. ,- +* 778 ./)1 ,'.</)'K+-. *<0S. !:; AVA+-. ,2D/0+/(-.# H-.
0=.?+1*1. ./)1 A/)L/0C-. @ A-?G /K1-)?. .?0 74RI -1 F'.?*+'.= ./?. HD'<&A/<- ,*). +* 7'(?0-
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O13P0 (' 6'(.+'2.57 /-1A3.,/72'(/ +* 13.7).1/ +/ E57)2.577/,/72Q 75*0 05*;'.2570 '7'(R0/3
+'70 )/22/ 0/)2.57 (/0 (.,.2/0 +/ (>*2.(.0'2.57 +/ (>JK SST +/ N.(.7- /2 (>'11532 +/ (>JK SST
135150A/ +'70 *7 )572/-2/ +/ +A2/)2.57 3'+'3"

L'70 )/32'.7/0 '11(.)'2.570 +/ B*/33/ A(/)2357.8*/ 752',,/72 (>'*251352/)2.57Q (' E3A8*/7)/
+>A);'72.((577'B/ +* 0.B7'( 3/U* /02 23P0 A(/6A/" K5*3 ,5+A(.0/3 *7/ '11(.)'2.57 +/ VW 75*0
*2.(.0570 *7 &O4 +/ 2R1/ OL&#XL#YYY 5* D./7 OL&#XL#$YY +/ T/-'0 J7023*,/72" &/0 )576/3Z
2.00/*30 A);'72.((577/72 *7 0.B7'( '7'(5B.8*/ '6/) *7/ E3A8*/7)/ AB'(/ ? #QXH V[\" &;'8*/ A);'7Z
2.((57 /02 )5+A 0*3 #X D.20" C/ )576/32.00/*3 /]/)2*/ *7/ 13/,.P3/ 1;'0/ +/ +A,*(2.1(/-'B/ '6'72
+>/765R/3 (/0 0532./0" W7 /]/2Q (/0 0.B7'*- +/ 0532./0 +/ )/ 2R1/ +/ )576/32.00/*3 /02 *7/ )57)'2A7'Z
2.57 +/ ! A);'72.((570 0*))/00.E0" K'3 )570A8*/72Q (' E3A8*/7)/ +/ 0532./ /02 AB'(/ ?1;25GHz

4 = 312; 5
^[\ /2 (/0 0.B7'*- +/ 0532./ 0572 '.70. )5+A0 0*3 !_ D.20"

L'70 (/ )'0 +/ (>*2.(.0'2.57 +/ (>JK SST +/ N.(.7- +'70 *7/ '11(.)'2.57 +/ VW 1(*0./*30
135D(P,/0 ,'=/*30 0/ 13A0/72/72" W7 /]/2Q (/0 +577A/0 E5*37./0 1'3 (/ &O4 '6/) *7/ E3A8*/7)/ +/
<#XQH ^[\ /2 )5+A0 0*3 !_ D.20 );')*7 7A)/00.2/72 *7/ 13/,.P3/ 1;'0/ +>/-23')2.57 '@7 +/ 0A1'3/3
(/0 ! A);'72.((570 +* &O4" &/22/ 1;'0/ +>/-23')2.57 1/*2 `23/ 3A'(.0A/ +/ +/*- ,'7.P3/ +.]A3/72/0"
C' 13/,.P3/ )570.02/ ? E5*37.3 ! A);'72.((570 +/ #X D.20 /7 1'3'((P(/ 1'3 )R)(/ +>;53(5B/ '6/) *7/
E3A8*/7)/ +/ <#XQH ^[\ )5,,/ .( /02 ,5723A 0*3 (' S.B*3/ !"#a" J( /02 '.70. .7+.01/70'D(/ +>*2.(.0/3
*7/ '3);.2/)2*3/ SST '6/) ! /723A/0 /7 1'3'((P(/" O6/) (>JK N.(.7-Q 75*0 '6570 (' 1500.D.(.2A +/
);5.0.3 *7/ +/ 0/0 '3);.2/)2*3/0 3A)*30.6/0 2/(0 8*/ b'+.-Z! c*302 JdeQ b'+.-ZX c*302 Jde /2
b'+.-ZX C.2/ c*302 Jde" ^'(B3A 8*/ )/0 '3);.2/)2*3/0 1/3,/22/72 +>'65.3 1(*0./*30 /723A/0 /7
1'3'((P(/0 /2 E5*37.3 1(*0./*30 0532./0 /7 1'3'((P(/0Q (>.7)576A7./72 ,'=/*3 +/ )/0 '3);.2/)2*3/0
3A0.+/ +'70 (/ E'.2 8*>/((/0 7/ 1/3,/22/72 1'0 *7 23'.2/,/72 )572.7*/" W7 /]/2Q )5,,/ 75*0
(>'6570 /-1(.8*A +'70 (' 0/)2.57 X"!"XQ )/ 2R1/ +>'3);.2/)2*3/ *2.(.0/ *7/ 0/*(/ ,A,5.3/ /2 *7 0/*(
D(5) +/ 23'.2/,/72Q 1'3 )570A8*/72Q (/ 23'.2/,/72 /7 2/,10 3A/( 7>/02 1'0 3A'(.0'D(/ '6/) )/ 2R1/
+>'3);.2/)2*3/"

C' +/*-.P,/ ,'7.P3/ +>/-23')2.57 /02 +577A/ 0*3 (' S.B*3/ !"#_" L'70 )/ )'0Q 75*0 0A3.'(.0570
(/0 0532./0 +* &O4 /7 (/0 /765R'72 0*3 *7 0/*( D*0 +/ #X D.20 '6/) *7/ E3A8*/7)/ +/ #QXH V[\"
L'70 )/ )'0 75*0 15*6570 *2.(.0/3 (>'3);.2/)2*3/ K.1/(.7/+ M23/',.7B Jde +/ N.(.7- '@7 +>'65.3
*7 23'.2/,/72 /7 )572.7* +/0 +577A/0" &/1/7+'72Q 8*/(8*/ 05.2 (/ 2R1/ +* SKVO 8*/ 75*0
05*;'.2570 *2.(.0/3Q (' E3A8*/7)/ ,'-.,'(/ +/ E57)2.577/,/72 +/ (' SST 7/ 1/*2 1'0 '22/.7+3/
(' )'+/7)/ +>'33.6A/ +/0 +577A/0" K'3 )570A8*/72Q (/ 23'.2/,/72 +/0 +577A/0 /7 2/,10 3A/( /7
*2.(.0'72 )/22/ '3);.2/)2*3/ /02 '*00. .33A'(.0'D(/"

&5723'.3/,/72 ? )/ 8*. ' A2A 135150A 1'3 N.(.7-Q (>JK SST )57U*/ +'70 )/22/ 2;P0/ 1/3,/2
+/ 23'.2/3 ! 65./0 /7 1'3'((P(/ +>*7/ ,'7.P3/ )572.7*/" &/ 8*. )5702.2*/ *7/ 05(*2.57 .72A3/00'72/
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CAN Extraction IP FFT
312,5 MHz

12 bits

312,5 MHz

312,5 MHz

312,5 MHz

312,5 MHz

48 bits

 !"#$% "#$% & '()*+,)-./ 0+*+11213 435 5.*)-3 46 789

CAN Extraction IP FFT
312,5 MHz

12 bits

1,25 GHz

48 bits

 !"#$% "#$: & '()*+,)-./ 5;*-3 435 5.*)-3 46 789

0.6* *;+1-53* 13 )*+-)3<3/) 3/ )3<05 *;31 46 =6( 43 4.//;35 *3>6 0+* 13 789# '/ 3?3)@ 5- /.65
6)-1-5./5 1A+*,B-)3,)6*3 4A3()*+,)-./ 0*;53/);3 56* 1+ C-D6*3 "#$%@ /.65 0.6E./5 +001-F63* G ,35
5.*)-35 /.)*3 HI CCJ G 3/)*;35 0+*+112135 3) 5.*)-35 0+*+112135# 73,- 35) 0.55-K13 D*L,3 G 1+ M*;F63/,3
43 M./,)-.//3<3/) 43 1+ CCJ F6- 35) 43 1A.*4*3 43 NOP QRS# 73))3 M*;F63/,3 35) 560;*-36*3 G 1+
,+43/,3 +E3, 1+F63113 135 4.//;35 +**-E3/)#

8T/ 43 E+1-43* 13 M./,)-.//3<3/) 43 /.)*3 HI 0.6* 435 4.//;35 ;,B+/)-11.//;35 G 6/3 M*;U
F63/,3 )*25 ;13E;3 3) M+6)3 43 4-50./-K-1-); 46 <+);*-31 /;,355+-*3 V789W@ /.65 6)-1-5./5 ,.<<3
3/)*;3 6/3 <;<.-*3 43 X" 0.-/)5 G ": K-)5 ,B+,6/# 9.65 355+Y./5 4A+001-F63* /.)*3 HI CCJ 43
)+-113 O!X 0.-/)5# ZA+*,B-)3,)6*3 0*.0.5;3 35) +-/5- 4.//;3 56* 1+ C-D6*3 "#$ 

Mémoire
64 points
48 bits

Extraction
des données

Mémoire
256 points

12 bits

IP FFT
256 points

ChipScope
Pro

48 bits

FFT 256 points

 !"#$% "#$ & 8*,B-)3,)6*3 43 1+ CCJ 0*.0.5;3

7B+F63 ,+53 43 1+ <;<.-*3 6)-1-5;3 ,./)-3/) 6/3 ,./,+);/+)-./ 43 " ;,B+/)-11./5 43 $O K-)5
,B+,6/# 735 ;,B+/)-11./5 M.*<3/) 6/ 5-D/+1 5-/65.[4+1 F63 /.65 +E./5 D;/;*; 3/ 6)-1-5+/) 1A.6)-1
Q+)1+K# Z+ 0*3<-2*3 0B+53 43 ,3 5Y5)2<3 ,./5-5)3 4./, G *;+1-53* 6/3 3()*+,)-./ 435 4.//;35 3/
3/E.Y+/) " ;,B+/)-11./5 43 $O K-)5 ,B+,6/# J.65 ,35 5-D/+6( 4.-E3/) \)*3 5+6E3D+*4;5 4+/5 6/3
<;<.-*3 43 )+-113 O!X 0.-/)5 5- /.65 5.6B+-)./5 +001-F63* 6/3 CCJ 43 )+-113 O!X 0.-/)5# I+* 1+
56-)3@ /.65 6)-1-5./5 1AHI CCJ G 3/)*;3 0+*+11213 3) 5.*)-3 0+*+11213 F63 /.65 +E./5 0*.0.5;3 +T/
43 ,+1,613* 1+ )*+/5M.*<;3 43 C.6*-3* 46 5-D/+1 4A3/)*;3# C-/+13<3/) /.65 ,+1,61./5 13 <.4613 3/
,B+F63 0.-/) 46 503,)*3 .K)3/6 3) /.65 +],B./5 13 *;561)+) 3/ 6)-1-5+/) 1A.6)-1 7B-0^,.03 I*.#

73))3 0B+53 + ;); E+1-4;3 +E3, 56,,25@ 3) 135 *;561)+)5 .K)3/65 5./) 53<K1+K135 G ,36( -1165)*;35
56* 135 C-D6*35 "#$! 3) "#$X
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"#$% &' &(#)*+,' $-.% #/-$% /#0*12 1#$% .$ ),'3*', +'3)% 04#,&(*+'&+.,' 1' 0456 778 ),-)-%2'
'$ .+*0*%#$+ .$ 9#$& 1' +'%+: 6#, 0# %.*+' $-.% #/-$% ,2#0*%2 .$' 3'%.,' 1' 0# ).*%%#$&' &-$%-332'
1' $-+,' 56 778 #*$%* ;.' 1' 0456 778 <*0*$=: >'++' 3'%.,' # 3-$+,2 ;.' 0456 778 ),-)-%2'
),2%'$+' .$' &-$%-33#+*-$ +,?% %*3*0#*,' @ &'00' -9+'$.' )#, 0456 1' <*0*$=: 8-.+'A-*%B $-+,' 56
778 '%+ )0.% )',A-,3#$+' '$ +',3' 1' ,#)*1*+2: "#$% .$ 1'.=*?3' +'3)%B $-.% #/-$% .+*0*%2
$-+,' 56 778 )-., *3)0#$+', 1'% #))0*&#+*-$% 1' C.',,' 20'&+,-$*;.': D'% ,2%.0+#+% -9+'$.%
#),?% &'++' *3)0#$+#+*-$ -$+ 3-$+,2 0' 9-$ A-$&+*-$$'3'$+ 1' &'++' 56 #*$%* ;.' %-$ #/#$+#C'
)#, ,#))-,+ @ 0456 778 1' <*0*$= '$ +,#*+#$+ 1'% 1-$$2'% 2&(#$+*00-$$2'% @ .$' A,2;.'$&' 1' EBFG
H'C# %#3)0'%I%'& '$ +'3)% ,2'0 &' ;.' $4'%+ )#% ,2#0*%#90' #/'& 0'% 56 &-33',&*#.=:
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traitement

Mémoire

Filtre
BPOF

 !"#$% @: 6 D E&7/.# A-0& 2% -8#1&7'+%&+)1% 410403/% 40)1 -# &011/-#+'0*
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'4(&)9>93*/(, %+)/( 6$&( 3( 3+%%0( '+%)*(%) -% &(-1 ?1)/( () %+-& :0%0/$1*&+%& .+-/ -%( 6$&( 3(
3+%%0(& 3( @ ?1)/(&;
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/2 H P63+ 423--2,; 21 P!Z2,; /2 -0!;<=3.2<.,;2 > #!+2 /2 -0?8 77@ 5;656+*2 21 .2;42+ /2 5;6/,3.
.245+_5,3++!1<2 5!; ;!556;. > -0!;<=3.2<.,;2 > #!+2 /2 -0?8 77@ /2 A3-31B%



 !"! #$%&'()')#*( +%,    

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

 !"!# $%&'()*+&,(%

!"#$ %&''& $&%'()# #)*$ +,)+)$)#$ *#& (-+."#'"'()# /01 23*# #)*4&. ".5),('6-& 2& ,&%)#7
#"($$"#%& )+'(-($89 :& %6)(; 2* /01 &$' &<&%'*8 +)*, $" $(-+.(%('8 2& +,)5,"--"'()# %)-+",8&
"*; =0/> &' "*$$( +", $&$ ?)##&$ +&,@),-"#%&$ &# '&,-&$ 2& ,"+(2('8 %)--& #)*$ .3"4)#$ &;7
+.(A*8 2"#$ ." $&%'()#  9B9C9 0)*, ." ,8".($"'()# 2& %&' ".5),('6-& #)*$ #)*$ ?"$)#$ $*, +.*$(&*,$
'&%6#(A*&$9 D# &<&' E

F G)*$ #)*$ (#'8,&$$)#$H I ." @"-(..& 2&$ J.',&$ %)-+)$('&$ KBH CH  LH  BH   MN9 O&$ 2&,#(&,$
+&,-&''&#' 2& ,&5,)*+&, +.*$(&*,$ (-"5&$ ,8@8,&#%&$H ,82*($"#' "(#$( .& #)-?,& 2& J.',&$
#8%&$$"(,& I 28J.&, +)*, "4)(, *#& 28%($()# J"?.&9 O& J.',& %)-+)$('& 2& +6"$& +&,-&' 2&
,82*(,& 23*# %P'8 ." '"(..& -8-)(,& #8%&$$"(,& +)*, .&$ $')%Q"5&$ 2&$ 2(<8,&#'$ J.',&$ &' .&
'&-+$ #8%&$$"(,& +)*, .&$ -"#(+*.&, 2& .3"*',& %)'89 >J# 23)+'(-($&, ." @*$()# 2&$ (-"5&$
,8@8,&#%&$H 2"#$ .& +."# 2& =)*,(&, 2* J.',& %)-+)$('&H #)*$ *'(.($)#$ *#& 4&,$()# )+'(-($8&
2& %& J.',&9 !& +.*$H #)*$ "2"+')#$ .& %,('R,& 2& $&5-&#'"'()# +)*, '&#(, %)-+'& 2& ."
+,)?"?(.('8 23"++",('()# 23*#& ,8@8,&#%& &# &#',8& 2* $S$'R-&9 O)--& &;&-+.& .& 4($"5&
,8@8,&#%& "4&% *#& ,)'"'()#0 " ." +.*$ 5,"#2& +,)?"?(.('8 (9&9 *#& +&,$)##& A*( 4&*' &#',&,
2"#$ *#& $"..& 2)(' ,&5",2&, &# @"%& ." %"-8,"9

F G)*$ #)*$ (#'8,&$$)#$ "*$$( "* J.',&$ 0T=9 D# &<&'H %& 'S+& 2& J.',& 2)##& 2&$ ',R$ ?)##&$
+&,@),-"#%&$ &# '&,-&$ 2& 2($%,(-(#"'()# KUN ')*' &# 8.(-(#"#' .3"-+.('*2& $+&%',".& 2*
J.',&H (9&9 .3"-+.('*2& $+&%',".& &$' %","%'8,($8& +", *#& ',R$ 5,"#2& 2S#"-(A*& &' +",
%)#$8A*&#%& &..& #8%&$$('& *# #)-?,& ',R$ 5,"#2 #)-?,& 2& ?('$ +)*, ." %)2&,9

F G)*$ #)*$ .(-('()#$ I ." '"(..& 2& .3)?V&' I ,&%)##"(',& 2"#$ ." $%R#&9 0)*, $& @"(,& #)*$
"4)#$ *'(.($8 ." -8'6)2& 2& WXY ZW*++),' X&%'), Y"%6(#&$Z K  CN +)*, 28'&%'&, .& 4($"5& E
$8.&%'()# 2& .3(#@),-"'()# *'(.&9

F =(#".&-&#' *# +,8',"('&-&#' $+8%(JA*& 2* +."# 23&#',8& &$' "++.(A*89 O&''& )+'(-($"'()#
&$' ?"$8& $*, .3*'(.($"'()# &' .3"2"+'"'()# 2& ." -8'6)2& 2& ,&%)#$',*%'()# 23(-"5& I +",'(,
2& ." $&*.& (#@),-"'()# 2& +6"$& 2"#$ .& 2)-"(#& $+&%',". K  [N9 O&." #)*$ " +&,-($ 2&
,&#2,& .& %),,8."'&*, #*-8,(A*& +.*$ ,)?*$'& 4($7I74($ 2& 2(<8,&#'$ 'S+&$ 2& ?,*(' E ?."#%H
$',*%'*,8H "22('(@H &'%9 1#& "''&#'()# ')*'& +",'(%*.(R,& " 8'8 +),'8& +)*, .(-('&, .& #)-?,&
23('8,"'()#$ #8%&$$"(,& +)*, %)#4&,5&, #)',& ".5),('6-& 2& ,&%)#$',*%'()# I $&*.&-&#' B )*
M ('8,"'()#$9

 !"!- ./0(',&123 (4&,2,56

:3".5),('6-& +,)+)$8 &$' (#$+(,8 2& ." -8'6)2& 2('& Z",?,& 2& 28%($()#Z &' (. &$' %)-+)$8 2&
2&*; #(4&"*; \23"*',&$ #(4&"*; +&*4&#' ]',& "V)*'8$ $( ?&$)(#^ E

F G(4&"*  E O& #(4&"* %)#$($'& I ,8".($&, *# +,&-(&, %."$$&-&#' 2* 4($"5& %(?.& +",-( .&$
2(<8,&#'&$ %."$$&$ &;($'"#'&$ 2"#$ ." ?"$& 23"++,&#'($$"5& %)#$(28,8& E %6"%*#& 2&$ %."$$&$
&$' %)#$'('*8& 2&$ 2(<8,&#'$ 4($"5&$7,8@8,&#%&$ 23*#& $&*.& +&,$)##& (9&9 *#& %."$$& 8A*(4".&#'
I *#& +&,$)##&9 1# J.',& $+8%(". 2& %),,8."'()# &$' *'(.($8 +)*, ,8".($&, %& %."$$&-&#' A*(
$&," 28'"(..8 +", ." $*('&9

F G(4&"* L E 1#& @)($ .& %."$$&-&#' &$' ,8".($8H #)*$ #)*$ (#'8,&$$)#$ I *# #)-?,& ?(&#
28'&,-(#8 2& %."$$&$ (9&9 .&$ %."$$&$ A*( +,8$&#'&#' .& -";(-*- 2& ,&$$&-?."#%& "4&% .3)?V&'
%(?.&9 D#$*('&H *#& %)-+","($)# "4&% %6"%*#& 2& %&$ %."$$&$ 5"5#"#'&$ &$' ,8".($8& +)*,
28'&,-(#&, .3)?V&' %(?.&9 !"#$ %&''& +",'(& #)*$ "4)#$ *'(.($8 .& J.',& %)-+)$('& $&5-&#'89

G)*$ %)--&#_)#$ +", 28%,(,& .3"++.(%"'()# %6)($(& +)*, 4".(2&, #)',& "++,)%6&9 D# &<&'H
?(&# %)##"`',& .3"++.(%"'()# +&,-&' 23*# %)'8 2& %6)($(, .& +,)%&$$&*, .& -(&*; "2"+'8 I %&''&
"++.(%"'()# A*( +&,-&' 23"4)(, *# %)-+,)-($ &#',& ." ,"+(2('8 &' ." %)-+.&;('8 +6S$(A*& ').8,8&9
!& .3"*',& %)'8H &..& +&,-&' 2& -(&*; "2"+'&, .3".5),('6-& +)*, *#& *'(.($"'()# )+'(-".& 2&$
,&$$)*,%&$ 2($+)#(?.&$ $*, ." %(?.& #*-8,(A*& %6)($(&9

:3"++.(%"'()#H %6)($(& 2"#$ %& ',"4"(.H &$' *#& "++.(%"'()# ?()-8',(A*& A*( %)#$($'& I ,&%)#7
#"`',& &' I (2&#'(J&, *# 4($"5& %(?.&H +,8$&#' &# &#',8& 2* %),,8."'&*,9 O&''& (2&#'(J%"'()# 2*
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-45 ……
. 

0 … 45 -45 … 0 … 45 -45 … 0 … 45 

…
. 

(b) 

� 15�  0 �15�

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

1.)'2* +3., 4,5* ,56) +.)75.8.9'9,* *, *9 848* ,*8:) 53(-),*# &' 53(-),*))* *), 907*))'.5* :3-5
,*9.5 *9 738:,* +*) +.;05*9,*) 83+.<7',.39) :3)).(/*) +- 1.)'2* 7.(/* :'5 5'::35, '-= 1.)'2*)
50>05*97*) +* /' (')* +?'::5*9,.))'2* @ 53,',.39A 07B*//*A (5-., +* >39+A *,7# C3-5 1'/.+*5 /* :5.9D
7.:* +* 93,5* '57B.,*7,-5* .8:/'9,'9, 9-805.E-*8*9, /* 73550/',*-5A 93-) 0,-+.39) +'9) 7*,,*
)*7,.39A /*) *;*,) +* /' 53,',.39 F:3-5 /*) '-,5*) :53(/68*)A ./ )-G, +* )-.15* /* 848* :5.97.:*H#
&*) +.;05*9,) ,*),) 50'/.)0) +'9) 7* ,5'1'./ -,./.)*9, /' (')* +*) 1.)'2*) CICJK L  $M# N*,,* (')*
*), 739),.,-0* +* :/-).*-5) 1.)'2*) F:/-).*-5) :*5)399*)H '1*7 +.;05*9,) '92/*) +* 53,',.39A +'9)
-9 *91.5399*8*9, 739,5O/0 *, '1*7 -9 (5-., +* >39+ <=*# C3-5 ).8:/.<*5 /' 738:50B*9).39 *, /?.9D
,*5:50,',.39 +*) 50)-/,',)A 93-) '//39) )*-/*8*9, *=:3)*5 /*) 50)-/,',) 3(,*9-) '1*7 P :*5)399*)
+.;05*9,*) FP 7/'))*)H# &*) P :*5)399*) -,./.)0*) )39, :50)*9,0*) "# $F'H# NB'7-9* +*) :*5)399*)
:50)*9,* +*) 53,',.39) 1*5,.7'/*) 738:5.)*) *9,5* LD "A Q "M *, +*) 53,',.39) B35.R39,'/*) 738:5.)*)
*9,5* LDS"A QS"M FT.2-5* "# $F(HH#

 !"!# $%&'%()'*+*,' -. /0(, -1*,'%&*

&?.9,53+-7,.39 +* 7*,,* 0,':* +* :50,5'.,*8*9,A >'7./*8*9, 50'/.)'(/* 9-805.E-*8*9,A ' :3-5
3(U*7,.>) +?'-28*9,*5 /* :3-13.5 +.)75.8.9'9, +- 73550/',*-5 ,3-, *9 '-28*9,'9, )' 53(-),*))*
'-= 83+.<7',.39) +* /?.8'2* 7.(/* F53,',.39A (5-.,A *,7#H# C3-5 )* >'.5*A /?.8'2* 7.(/* 5*739),5-.,*
*), -9 738:538.) *9,5* +*-= 7') @ F H -9 :5*8.*5 7') E-. 739).),* V -,./.)*5 /' )*-/* .9>358',.39
+* /' :B')* +'9) )39 :/'9 +* T3-5.*5 *, F!H /* +*-=.68* 7') 3W /?'8:/.,-+* F'8:/.,-+* ):*7,5'/*
+?35.2.9*H *, /' :B')* +* /?.8'2* 7.(/* )39, -,./.)0*) #

X'::*/39) E-* /* </,5* .9,53+-., +'9) /* :/'9 +* T3-5.*5 +- 73550/',*-5 *), -9 </,5* +* :B')*
:-5*# K'9) /* :5*8.*5 7') 3W /?.8'2* 7.(/* *), 5*:50)*9,0* )*-/*8*9, :'5 )' :B')* ):*7,5'/*A /'
8-/,.:/.7',.39 +* 7* ):*7,5* +* :B')* '1*7 /* </,5* CYT +399* /' 1'/*-5 1 /35)E-* /?.8'2* 7.(/*
*), .+*9,.E-* V /?.8'2* 50>05*97* FZE-',.39 "# [H#



 !"! #$%&'()')#*( +%,   !

Corr = T F  1[ej (� cible )e j (� reference ) ]

Corr = T F  1[1]

Corr = �

"#$ %&

'()* +, +(*- )./* .01,).)* /) '23(+ 4()* 5, 65() 4, +.3375(12.) 2$,$ /) 62+ 4, +.3375(12.) 138*
9) ,1 138* 7),3:712;/,$ <,6,)4()1- +, 9513, ,*1 138* 6,/ 3.0/*1, ,1 138* *,)*205, (/= +>():,?,)1*
4, 5@2?(:, +205, 6(3 3(66.31 A 5@2?(:, 37B73,)+,$

C./3 3,?742,3 (/ 63.058?, 4, *,)*2025217- )./* 63.6.*.)* 4@(D./1,3 A +, *6,+13, 4, 6>(*,
/), (?6521/4, 3,+.)*13/21, (9) 4, 3,)43, 5, +.3375(1,/3 65/* 3.0/*1,$ E638* (F.23 2)13.4/21 5,
632)+26, 4, +,11, 71(6, 4, 63713(21,?,)1- )./* +.?6571,3.)* +, 6(3(:3(6>, 6(3 /), 71/4, */3 5,*
,G,1* 4/ ).?03, 4@2173(12.)* */3 5( 3.0/*1,**, ,1 5( 42*+32?2)(12.) 4/ +.3375(1,/3$

 !"!#!$ %&'()*+,-. /. 0)1+)2*+.-.3+

H@(5:.321>?, /1252*7 6./3 .612?2*,3 5,* 6,3B.3?()+,* 47+2*2.)),55,* 4/ +.3375(1,/3 ,*1 47+321
*/3 5( I2:/3, #$ J$ <,1 (5:.321>?, +.)*2*1, K " & A *75,+12.)),3 5,* +.)1./3* 4, 5@2?(:, +205,
,) /1252*()1 5( *,/5, 2)B.3?(12.) 4, 5( 6>(*, *6,+13(5, 4, +,11, 4,3)283,- "L& A ?2)2?2*,3 5,*
,G,1* 4, 5@(?6521/4, +.)12)/, 4, 5@2?(:, +205, "+.)1,)/,& 4()* 5( 632*, 4, 47+2*2.) ,1 "!& A
3,+.)*13/23, 5, 65() 4@,)137, (F,+ /), ?71>.4, 2173(12F, (F,+ /) ).?03, 138* 52?217 4@2173(12.)*
"N it M N ./ # 2173(12.)*& O  JP$ C./3 *, B(23,- )./* +.??,)Q.)* 6(3 2)13.4/23, 5@2?(:, +205, R
S+"T-T& R 62=,5* 4()* /), 2?(:, S"LT-LT& 62=,5* 2$,$ S+ ,*1 ,)1./37, 4, U73.*$ E638*- /), 63,?283,
13()*B.3?(12.) 4, I./32,3 4, 5( )./F,55, 2?(:, +205, S"LT-LT& )./* 752?2).)* *,* (?6521/4,*
*6,+13(5,* "E?6521/4, M  &$ V)*/21,- )./* 37(52*.)* /), 13()*B.3?(12.) 4, I./32,3 2)F,3*, 4/
*6,+13, ?.4297$ T./* .01,).)* (2)*2 /), 2?(:, 3,+.)*13/21, " 2N � 2N &$ <,11, 2?(:, +.)1./3 S+
,*1 5.+(52*7, */3 "T-T& 62=,5* ,1 5, 3,*1, )@,*1 ;/, 4/ 03/21$ V) *75,+12.))()1 *,/5,?,)1 5@2?(:,
S+ )./* .01,).)* 5@2?(:, +205, ?.4297,$ W2 5, ).?03, 4@2173(12.)*N it ,*1 2)B732,/3 A /) ).?03,
9=7 6(3 5@/1252*(1,/3- )./* 37(52*.)* /), 13()*B.3?(12.) 4, I./32,3 4, 5@2?(:, (2)*2 3,+.)*13/21,
(638* 5@(F.23 ?2*, 4()* /), 2?(:,$ ', +, *6,+13, )./* 37+/673.)* *,/5,?,)1 5@(?6521/4, ,1 )./*
5( 3(D./1.)* (/ *6,+13, 4, 5@2?(:, +205,$ H@(5:.321>?, 63,)4 9) ;/()4 5, ).?03, 4, 4@2173(12.)*
,*1 */6732,/3 A nit $ EF,+nit ,*1 5, ).?03, ?(=2?(5 4@2173(12.) 9=7 A 5@(F()+,$

H, 63,?2,3 6(3(?813, 1,*17 4()* +,11, 6(312, ,*1 +,5/2 ;/2 (G,+1, 5, 65/* 5,* 6,3B.3?()+,* 4/
+.3375(1,/3 (2)*2 ;/, 5, 1,?6* )7+,**(23, 6./3 63,)43, /), 47+2*2.) A *(F.23 5, ).?03, 4@2173(12.)*$
C./3 +,5( )./* (F.)* 71/427 5, +.?6.31,?,)1 4/ 65() 4, +.3375(12.) F2*XAXF2* 4, 5@(/:?,)1(12.)
4/ ).?03, 4@2173(12.)* 4()* 5@(5:.321>?, 637*,)17 4()* 5( I2:/3, #$ J$

 !"!#!4 5167&+2+ /8*-0&23+2+*(3

H( I2:/3, #$ Y 637*,)1, /) (6,3Q/ 4,* 42G73,)1* 37*/51(1*$ H( I2:/3, #$ Y"(& 637*,)1, 5@2?(:,
+205, 4@.32:2),$ H@2?(:, +205, 3,+.)*13/21, (F,+ ).13, (5:.321>?, ,1 ,) /1252*()1 *,/5,?,)14 217X
3(12.)* ,*1 (Z+>7, I2:/3, #$ Y"0&$ H@2?(:, +205, 3,+.)*13/21, (638*200 2173(12.)* ,*1 637*,)17,
*/3 5( I2:/3, #$ Y"+&$ H@2?(:, 37B73,)+, /1252*7, 6./3 B(032;/,3 5, 9513, C[I ,*1 255/*137, 4()* 5(
I2:/3, #$ Y"4&$ H,* 65()* 4, +.3375(12.)* .01,)/,* *()* 2173(12.)*- (F,+ 4 2173(12.)* ,1 (F,+200
2173(12.)* *.)1 637*,)17* 3,*6,+12F,?,)1 */3 5,* I2:/3,* #$ Y",&- "B& ,1 ":&$ T./* 6./F.)* +.)*1(X
1,3 /), ),11, (?752.3(12.) 4/ 65() 4, +.3375(12.) ,) /1252*()1 4 2173(12.)* "I2:/3, #$ J"B&& K /)
62+ 4, +.3375(12.) 65/* 9) ,1 /) 03/21 ),11,?,)1 2)B732,/3 A +,5/2 4, 5@?(:, +205, 4@.32:2), "I2:/3,
#$ Y",&&$ <,6,)4()1 )./* 3,13./F.)* 4,* *2?2521/4,* ,)13, 5,* 65()* 4, +.3375(12.) ",& ,1 ":& 4,
5( I2:/3, #$ Y$ V) ,G,1- 5@2?(:, 3,+.)*13/21, (638*200 2173(12.)* "I2:/3, #$ Y"+&& 3,**,?05, A
5@2?(:, 4@.32:2), "I2:/3, #$ Y"(&&$ C./3 +.)93?,3 +,5(- )./* (F.)* +(5+/57 5, \WV ,)13, 5@2?(:,
+205, 4@.32:2), "(& ,1 5@2?(:, 3,+.)*13/21, ,) /1252*()1 42G73,)1* ).?03, 4@2173(12.)*$ V) ,G,1-
5, \WV R \,() W;/(3, V33.3R ",33,/3 ;/(43(12;/, ?.],)),& 6,3?,1 4, ;/()129,3 5( 42G73,)+,
,)13, 5,* F(5,/3* 4, 4,/= *2:)(/=$ H,* 37*/51(1* *.)1 637*,)17* */3 5( I2:/3, #$ Y ">&$ E2)*2- )./*
6./F.)* +.)93?,3 ;/, 65/* 5, ).?03, 4@2173(12.)* ,*1 :3()4 65/* 5@2?(:, 3,+.)*13/21, 3,**,?05,
A 5@2?(:, +205, 4@.32:2),- 24,? 6./3 5, 65() 4, +.3375(12.)$ I2)(5,?,)1- 5( I2:/3, #$ Y "2& 637*,)1,
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 !"#$% "# $ % &'()*+,-./01 2.-)-34 5+2, .,(-.1, )'-0(*1 6-7)1 8 ,1/(2331019. :13 6+9.+2,3 1.
)-33(*1 :2 6+9.1921

)13 ;<= +7.1923 (>16 )13 :-?4,19.3 9+07,1 :'-.4,(.-+93# @+23 5+2>+93 >+-, A21 9+23 (>+93 29
0(B-020 5+2, 29 n = 4 C3 +2 5D# E-93-F -) 13. -92.-)1 :1 ,4()-31, 5)23 :'-.4,(.-+93 6(, :'29 6+.4
)13 51,G+,0(9613 :2 6+,,4)(.12, 7(-331,+9. 1. )1 .1053 :1 6()62) 946133(-,1 5+2, 61 .,(-.1019.
(2*019.1# <16- 512. ,()19.-, )( 5,-31 :1 :46-3-+9 :2 6+,,4)(.12,#

=932-.1F 9+23 (>+93 4.2:-4 )'1?1. :2 5,4.,(-.1019. 32, )( ,+723.1331 :2 5-6 :1 6+,,4)(.-+9 >-3H
IH>-3 :1 )( ,+.(.-+9# ;+2, 61)( 9+23 (>+93 6+05(,4 )13 ;<= +7.1923 3(93 1. (>16 5,4.,(-.1019.
19 2.-)-3(9. 29 J).,1 ;KL# M(93 )( L-*2,1 "#NO 9+23 (>+93 6+93-:4,4 312)1019. :13 (9*)13 ())(9.
:1 HPO I QPO :1*,43# &13 ,432).(.3 (>16 .+2.1 )( 7(31 CL-*2,1 "# RF :-?4,19.3 (9*)13 :1 ,+.(.-+93D
1. 19 2.-)-3(9. 29 J).,1 31*019.4 I P ,4G4,19613 3+9. 5,4319.413 32, )( L-*2,1 "#N #

&( L-*2,1 "#NO 0+9.,1 7-19 A21 )13 ;<= +7.1923 (>16 )1 5,4.,(-.1019. 3+9. 01-))12,3 A21 612B
+7.1923 3(93 5,4.,(-.1019. :1 )'-0(*1 6-7)1# E-93-F (>16 61 5,4.,(-.1019. 9+.,1 6+,,4)(.12, 13.
71(26+25 0+-93 3193-7)1 I )'1?1. :1 )( ,+.(.-+9# &( L-*2,1 "#N 0+9.,1 )( 6+2,71 SK< +7.1921
(>16 .+2.1 )( 7(31 C:-?4,19.3 (9*)13 :1 ,+.(.-+93 /+,-T+9.() 1. >1,.-6()D# &13 ,432).(.3 +7.1923
0+9.,19. 291 (2*019.(.-+9 :2 .(2B :1 7+9913 :4.16.-+93 (>16 )1 5,4.,(-.1019.# =9 1?1. 9+23
+7.19+93F 5+2, 29 .(2B :1 G(23313 ()(,013 5,+6/1 :1 "UF 29 .(2B :13 7+9913 :4.16.-+93 4*()1 I
"$#$ U (>16 5,4.,(-.1019. 6+9.,1 29 .(2B 4*()1 I !RFNU 3(93 5,4.,(-.1019.#

&( L-*2,1 "#NN 0+9.,1 29 1B105)1 :1 6+,,4)(.-+9 (5,V3 )'(55)-6(.-+9 :2 5,4.,(-.1019. :1
)'()*+,-./01 CL-*2,1 "# $D# &'-0(*1 6-7)1 CN"WFN"WD 5-B1)3 13. 6+93.-.241 :'29 >-3(*1 (>16 7,2-.
L-*2,1 "#NNC(D# &'-0(*1 ,4G4,1961 2.-)-341 5+2, G(7,-A21, 29 3-05)1 J).,1 ;KL 13. 5,4319.41
L-*2,1 "#NNC7D# @+23 (>+93 2.-)-34 61 J).,1 ;KL 5+2, 0+9.,1, )1 ,1/(2331019. :46-3-+991))1 :2
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 !"#$% !" # $ %&'( )* +,-./' )01(2/3(1,+4 4*/ 5'4 653+4 )' 7,//253(1,+

7,//253('*/ 38'7 7' (96' )' )035:,/1(;-'< 63/ 53 4*1(' +,*4 *(1514,+4 *+ =5(/' 65*4 7,-65'>' '(
,6(1-142 6,*/ +,(/' 3665173(1,+"

?' 653+ )03*(,7,//253(1,+ ,.('+* '+(/' 501-3:' 71.5' 43+4 (/31('-'+( @A1:*/' !"BB@3CC '(
501-3:' /2D2/'+7' @A1:*/' !"BB @.CC '4( 6/24'+(2 )3+4 53 A1:*/' !"BB@7C" ?3 835'*/ )* EF% )'
7' 653+ '4( 2:35' G0:09" H6/I4 503665173(1,+ )' +,(/' 35:,/1(;-' )' 6/2(/31('-'+( 4*/ 501-3:' A1J
:*/' !"BB@3C '( 36/I4 4'*5'-'+( K 1(2/3(1,+4 +,*4 ,.('+,+4 5' 653+ )' 7,//253(1,+ 6/24'+(2 )3+4 53
A1:*/' !"BB@)C 38'7 *+PCE = 0 :86" L+' 41-65' 7,-63/314,+ '+(/' 5'4 )'*> 653+4 )' 7,//253(1,+
-,+(/' .1'+ 5' .,+ 7,-6,/('-'+( )* 6/2(/31('-'+( 6/,6,42" %+ '&'( 5' 653+ )' 7,//253(1,+ 38'7
6/2(/31('-'+( 6/24'+(' .'3*7,*6 -,1+4 )' ./*1( M*' 7'5*1 43+4 6/2(/31('-'+(" N,*4 38,+4 ('4(2
7' 6/2(/31('-'+( 4*/ )1&2/'+(4 (96'4 )01-3:'4 @.1+31/' '( G 65*41'*/4 +18'3*> )' :/14C 38'7 '( 43+4
./*1(" ?'4 )1&2/'+(4 /24*5(3(4 ,.('+*4 -,+(/'+( 5' .,+ 7,-6,/('-'+( )' 7' 6/2(/31('-'+("

%+4*1('< +,*4 6/,6,4,+4 *+' )'*>1I-' ,6(1-143(1,+< 3)36(2' G *+' 1-653+(3(1,+ 4*/ OEL<
M*1 7,+414(' G /2)*1/' 5' +,-./' )' =5(/'4 )' 7,//253(1,+ )3+4 53 .34' )0366/'+(1443:' 43+4 6,*/



  !  !"#$%&' () "*+,&$%!-'. /' &' ,00"$.."0 ' /' 1,&-'.

     
PCE=0.063 PCE=0.117 PCE=0.13 PCE=0.11 PCE=0.061 

 
Avec  

prétraitement 

PC  
Avec  

prétraitement 

PC  
Avec  

prétraitement 

PC  
Avec  

prétraitement 

PC  
Avec  

prétraitement 
 

 !"#$%  !"# $ %&'( )* +,-(,./('0'1( 2*, 3. ,45*2('22' )* 64,,-3.('*, 7/28987/2 )' 3. ,4(.(/41

 !"#$%  !": $ ;4*,5' <=; .7'6 +,-(,./('0'1(

.*(.1( ,-)*/,' 3' 1405,' )'2 /0.>'2 ,-?-,'16'2! ;'3. '2( ,'1)* +422/53' >,@6' 9 3A*(/3/2.(/41 )*
B3(,' 640+42/(' 2'>0'1(- CDE=FG H:IJ ::KL! E4*, 7.3/)', 3' +,/16/+' )' 14(,' (,.7./3J 14*2 .7412
*(/3/2- 3' B3(,' 2'>0'1(- 63.22/M*' H:IL! ;'+'1).1( +4*, .*>0'1(', 3' 1405,' )'2 ,-?-,'16'2 ).12
3' B3(,' 14*2 +4*7412 *(/3/2', *1' 7',2/41 4+(/0/2-' )* B3(,' 2'>0'1(-' 6400' 6'33' +,-2'1(-
).12 H::KL!

N' +,/16/+' )* B3(,' 640+42/(' 2'>0'1(- 6400' 14*2 3A.7412 +,-2'1(- ).12 3. 2'6(/41  !"!"
6412/2(' 9 ?*2/411', '12'053' )/&-,'1(2 2+'6(,'2 )'2 /0.>'2 ,-?-,'16'2! E4*, O .,,/7',J 14*2
6400'1P412 +., 2'>0'1(', 3' +3.1 )* B3(,' '1 )/&-,'1('2 Q41'2! %12*/('J 14*2 .&'6(412 6R.6*1'
)'2 6'2 Q41'2 9 *1 2'*3 2+'6(,' /22*' )A*1' 2'*3' /0.>' ,-?-,'16'! E4*, .&'6(', *1' Q41' 9 *1
2+'6(,' +3*(S( M*A*1 .*(,' 14*2 .7412 *(/3/2- *1 6,/(T,' -1',>-(/M*'! ;' )',1/', 640+.,' 3A-1',>/'
,'3.(/7' )A*1 +/U'3 C).12 3' )40./1' )' F4*,/',G )A*1 2+'6(,' +., ,.++4,( .*U 0V0'2 +/U'32
)'2 .*(,'2 2+'6(,'2! ;' 6,/(T,' +,-2'1(' *1 6',(./1 1405,' )' 3/0/(.(/412 M*/ 641)*/2'1( 9 *1'
5./22' )' +',?4,0.16'2 )* 64,,-3.('*, 34,2M*' 3'2 /0.>'2 ,-?-,'16'2 241( (,T2 +,46R'2 W 'U'0+3'
)'*U ,-?-,'16'2 )' 3. 0V0' +',2411' .7'6 *1 .1>3' )' ,4(.(/41 )' 04/12 )' :# )'>,-2! X.12
6' 6.2J 3' +3.1 )* B3(,' '2( )/7/2- '1 )'2 0*3(/(*)'2 )' +'(/('2 Q41'2 C74/, 0V0' )'2 +/U'32
/243-2G! ;R.6*1' )'2 Q41'2 '2( .334*-' 9 *1' 2'*3' ,-?-,'16' 6' M*/ 1' +',0'( +.2 )A.74/, *1'
64,,-3.(/41 '1 24,(/'! E4*, ,'0-)/', 9 6' +,453T0'J 14*2 +,4+42412 )A4+(/0/2', 3. 2'>0'1(.(/41
'1 ,.Y4*(.1( )'2 64'Z6/'1(2 )' +41)-,.(/412 C ai G 9 14(,' 6,/(T,' H L! %1 '&'( 3' +/U'3 '2( .334*- 9
*1' )'2 ,-?-,'16'2 2/ 241 -1',>/' ,'3.(/7' '2( ai ?4/2 2*+-,/'*, 9 241 ,/7.3'! X.12 3' 6.2 641(,./,'
6' +/U'3 '2( .334*- 9 3. ,-?-,'16' 0.Y4,/(./,' .*(4*, )' 6' +/U'3! ;'2 64'Z6/'1(2 241( 45('1*2
/(-,.(/7'0'1( '1 .*>0'1(.1( 3'2 5411'2 )-('6(/412 '( '1 ,-)*/2.1( 3'2 ?.*22'2 .3.,0'2 6400'
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 !"#$% "#$$ % &'()*+,+( -. /011'*,+203

/.*, .(+ 4,52+).**.6.3+ )+2*2('. ,7./ *. 8*+1. /0690(2+.# :7./ /.++. 91.62;1. 09+262(,+203< 30)(
,703( 1')((2 = -272(.1 *. +.69( -. -'/2(203 9,1 > ?,7./ > .(+ *. 30651. -.( 26,@.( 1'A'1.3/.(
/03(2-'1' -,3( *. 8*+1. /0690(2+. (.@6.3+'B#

 !"!" #$%&'()%(*$) +) ,-.,/0$'(&1) 2$02034)

 !"!"!# $%&'(&)*

C0)1 1'-)21. -D,7,3+,@. *. +.69( -. /,*/)* 3'/.((,21. 90)1 *, 912(. -. -'/2(203< 30)( 91090(03(
)3 ,*@012+46. -. /011'*,+203 1',*2(' ()1 -.)E 327.,)E F

% G3 91.62.1 327.,) /03(2(+. = -'+.1623.1 *D,99,1+.3,3/. H 9105,5*. H -. *D26,@. /25*. =
)3. 0) = 9*)(2.)1( /*,((.( ?)3 30651. +1;( 1'-)2+ -.( /*,((.(B#

% I3()2+. 30)( 2-.3+2803( *D26,@. /25*. 9,162 *.( 26,@.( 1'A'1.3/.( -. *, /*,((. /03(2-'1'.#
I3 -D,)+1.( +.16.< /.++. 09+262(,+203 /03(2(+. = '72+.1 -. /069,1.1 *D26,@. /25*. ,7./ +0)+.(

*.( 26,@.( -. *, 5,(. -D,991.3+2((,@.#

 !"!"!+ ,-.//*/

:91;( ,7021 -'832 *, 5,(. -D,991.3+2((,@. = )+2*2(.1 /06901+,3+ J 26,@.( ?K2@)1. "#$LB# C0)1
7,*2-.1 *. 9123/29. -. 30+1. ,9910/4. +0)+ .3 (269*28,3+ *, 91'(.3+,+203 .+ *D23+.191'+,+203 -.(
1'()*+,+(< 30)( ,703( /03(2-;1. M 9.1(033.(< $ 26,@.( 1'A'1.3/.( (03+ 3'/.((,21.( 90)1 1./033,N+1.
*. 9.1(033,@. O).*O).( (02+ (, 10+,+203# P.*, 30)( -033. )3 30651. K = 8 � 21 = 168 26,@.(#
Q0)( /066.3R03( 9,1 1.@10)9.1 *.( 26,@.( 1'A'1.3/.( -D)3. 6S6. 9.1(033. .3(.65*. -,3( )3.
(.)*. /*,((. ?30)( 05+.303( ,23(2 T /*,((.( /011.(903-,3+ ,) 30651. -.( 9.1(033.( /03(2-'1'.(
-,3( *, 5,(. -D,991.3+2((,@. ?K2@)1. "#$UBB# I3()2+.< 30)( 1.@10)903( *.( 26,@.( -D)3. 6S6.
/*,((. (.*03 *.)1( 910912'+'( -,3( -.( H (./+.)1( H /066. 9,1 .E.69*. *, 10+,+203 ?K2@)1. "#$UB#



  !  !"#$%&' () "*+,&$%!-'. /' &' ,00"$.."0 ' /' 1,&-'.

Phase 1

I1
I2
I3

I4
I5

Fc
(2)

Classe 1

Classe 2

...

Classe o

Fc (i) : Filtre segmenté par classe i

Création du
filtre

segmenté

O << L

L : Nombre de classes
O : Nombre de classes sélectionné

Correlation

Image
Cible

Fc
(1)

…...

Fc (i)

…...

Fc
(L)

 !"#$% "#$% & '( )*+,-.,/010,2 )3 4( 5(/3 )6(..73210//(83 32 +4(//3/

 !"!"!# $%&'()*+,- .)/-01 2

'6,593+10: )3 +31 (48,701;-3 3/1 )3 )*137-0237 46(..(7132(2+3 )3 460-(83 +0543 <=0/(83 > 73?
+,22(@173A > B23 ,B .4B/03B7/ +4(//3/ )3 4( 5(/3 )6(..73210//(83# C,B7 /3 :(073 2,B/ B1040/,2/ 46(4?
8,701;-3 D0=3(B < A .7*/321* )(2/ 4( E08B73 "#$F<(A# '60-(83 )63217*3 .7*17(01*3 3/1 0217,)B013
)(2/ 43 +,77*4(13B7 2B-*70GB3# H.7I/ B23 .73-0I73 17(2/:,7-(10,2 )3 E,B7037 2,B/ -B410.40,2/
/,2 /.3+173 (=3+ B2 J4173 (..34* K J4173?+4(//3<0A K# '3 J4173?+4(//3<0A 3/1 B2 J4173 )3 +,77*4(10,2 )3
4( :(-0443 LCME :(570GB* 32 :B/0,22(21 )0N*73213/ 0-(83/ 7*:*732+3/ )3 4( /3B43 +4(//3 <0A# H02/0
2,B/ (=,2/ (B1(21 )3 J4173/ GB3 )3 +4(//3/# O(2/ +3 17(=(04 2,B/ (=,2/ :(570GB* +3F iltre classe 32
B1040/(21 " 0-(83/ 7*:*732+3/ .,B7 +;(+B23 )3/ +4(//3/ +,2/0)*7*3/# '3 +;,0P )3/ 0-(83/ 7*:*732+3/
31 43B7 2,-573 )*.32) )073+13-321 )3 4( +4(//3 31 )3 4( +,-.43P01* )3 46(..40+(10,2# C,B7 2,173
+(/Q /3B43 4( 7,1(10,2 )B =0/(83 3/1 +,2/0)*7*3Q " 0-(83/ 7*:*732+3 /,21 2*+3//(073/ .,B7 :(570GB37
)3/ J4173/?+4(//3 7,5B/13/ 31 )0/+70-02(21/# L34,2 43/ )0N*7321/ 13/1/ 7*(40/*/Q 43 2,-573 )3/ 0-(83/
7*:*732+3/ 23 ),01 .(/ 3P+*)3710 0-(83/ 7*:*732+3/ )(2/ +;(+B2 )3/ J4173/ .,B7 8(7)37 B23 5,223
)0/+70-02(10,2# HB )34> )3 +3 2,-573Q 04 :(B1 /,2837 > (=,07 B2 )3BP0I-3 J4173 .(7 +4(//3# H 2,137
GB3 /3B43-321 4( -B410.40+(10,2 (=3+ 43 J4173 )3 +,77*4(10,2Q 4( 17(2/:,7-(10,2 )3 E,B7037 02=37/3
31 43 +(4+B4 )B CRS /,21 7*.*1*/ 9B/GB6(B 4( +,77*4(10,2 )3 460-(83 +0543 (=3+ 1,B13/ 43/ +4(//3/#

T23 :,0/ 460-(83 +0543 3/1 +,77*4*3 (=3+ 1,B/ 43/ J4173/ +4(//3/Q 2,B/ +4(//,2/ 43/ 7*/B41(1/ /34,2
43B7/ =(43B7/ )3 CRS# S2/B013Q 2,B/ +,2/0)*7,2/ /3B43-321 43/ +4(//3/ GB0 ,21 ),22* 43/ .4B/
87(2)3/ =(43B7/ )3/ CRS <$Q % ,B F +4(//3/A# H=3+ 43/ +4(//3/ +;,0/03/ 2,B/ B1040/,2/ 43 )3BP0I-3
20=3(B# '3/ 7*/B41(1/ )3 +,77*4(10,2Q )3 +3 .73-037 20=3(BQ ,5132B/ 32 +,2/0)*7(21 1,B13/ 43/
0-(83/ )3 4( 5(/3 32 3217*3 )B +,77*4(13B7 /,21 .7*/321*3/ /B7 4( E08B73 "#$"# S2 (5/+0//3Q 2,B/
(=,2/ 4( .,/010,2 )3 460-(83 +0543 )(2/ 4( 5(/3# S2 ,7),22*3Q 2,B/ .7*/321,2/ 4( =(43B7 )B CRS#
R;(+B23 )3/ +,B753/ 73.7*/3213 1,B13/ 43/ =(43B7/ )3/ CRS ,5132B3/ .,B7 B23 +4(//3# S2 U(B1Q
2,B/ (=,2/ (V+;* 43 7*/B41(1 )B +4(//3-321 )B .37/,22(83 K.37/,223 "KQ .(7 3P3-.43Q 32 B1040/(21
2,173 .73-037 20=3(B# D,B/ .,B=,2/ +,2/1(137 GB6(=3+ +3 .73-037 20=3(B 2,B/ +4(//,2/ 43 =7(03
.37/,22(83 K.37/,223 "K 32 .73-0I73 ,B 32 )3BP .,/010,2/# L(B: .,B7 )3BP +(/ ,B 04 3/1 +4(//* 32
3eme 31 324eme I-3 .,/010,2 -(0/ 9(-(0/ (B )34> )3 4eme .,/010,2# R63/1 4( 7(0/,2 .,B7 4(GB3443
2,B/ 2,B/ 40-01,2/ > F +4(//3/ (B -(P0-B-#



 !"! #$%&'()')#*( +%,   !

K : nombre d’images

L : nombre d’images par secteur

p : nombre de secteur par classe
q : nombre de classes

(a)

(c)

(b)

I1I2 I3 ………………………. Ik

Classe 1

…

Classe q

1... ..…     Secteur p…..…     Secteur p 1...…..…     Secteur p

IL

……

 !"#$%  !"# $ %&'()*+,-. /. 0())1&2+*(3 4 /.56 3*7.256 8 92: 0&2;;*<02+*(3 /. &=*-2'. 0*>&. 9>:
*/.3+*<02+*(3 /. &=*-2'. 0*>&.

 !"#$%  !" $ ?1;5&+2+; /. 0())1&2+*(3 /. +(5+.; &.; *-2'.; 0(3;*/1)1.; 27.0 &.; @ <&+).; 0&2;;.
0(3;*/1)1.

 !"!"!" #$%&'()*+, -(.,/0 1

A2 B).-*C). 1+2B. /. 0. 3*7.25 0(3;*;+. /(30 4 0&2;;.) &=*-2'. 0*>&. B2)-* &.; /*D1).3+.;
0&2;;.; 0(3;*/1)1.; /23; &2 >2;. /=2BB).3+*;;2'. *!.! 3(5; ;1&.0+*(33(3; ;.5&.-.3+ &.; 0&2;;.; E5*
B)1;.3+.3+ &. B&5; /. ).;;.->&230. 27.0 &=*-2'. 0*>&.! F3;5*+.G 3(5; H2>)*E5(3; B(5) 0,2053.
/. 0.; 0&2;;.; /*D1).3+; <&+).; /. ;.0+.5);! I(5) ;. H2*).G 3(5; 27(3; 5+*&*;1 J *-2'.; )1H1).30.;
B(5) /1<3*) 0,2053 /.; ;.0+.5); .+ 3(5; 27(3; 5+*&*;1 25;;* 53 <&+). KILM 9M*'5).  !"#9>::! I(5)
)12&*;.) 0.++. 1+2B. 3(5; 27(3; >.;(*3 /. H2>)*E5.) N <&+). B2) 0&2;;.;! F3;5*+.G 3(5; 0())1&(3;
&=*-2'. 0*>&. 27.0 &.; /*D1).3+; <&+).; /.; ;.0+.5); 0(3;*/1)1;!

A2 M*'5).  !"O B)1;.3+. &.; )1;5&+2+; /.; 0())1&2+*(3; (>+.35; 27.0 0. /.56*C-. 3*7.25! P(5;
27(3; 0(3;*/1)1 ;.5&.-.3+ J 0&2;;.; .3 ;()+*. /5 B).-*.) 3*7.25! K5) 0.++. <'5).G 3(5; 27(3;
).B)1;.3+1 /.56 0(5)>.; .3 *3+)(/5*;23+ .3 .3+)1. /*D1).3+.; *-2'.; /5 B.);(332'. QB.);(33.
 Q 8 9R: .3 0(3+*35. 0.56 ;(3+ &.; 72&.5); /.; ISF E5* 0()).;B(3/.3+ 4 53. >(33. */.3+*<02+*(3G
9": .3 B(*3+*&&1. 3(5; 27(3; ).B)1;.3+1 &.; -26*-.; /.; ISF (>+.35; 27.0 &.; " 25+).; 0&2;;.;
0(3;*/1)1.;! L3 0(3;+2+. >*.3 E5=27.0 ;.5&.-.3+ J 0&2;;.; .3 ;()+*. /5 B).-*.) 3*7.25 3(5;
(>+.3(3; 53 +256 /. >(33. ).0(332*;;230. 1'2&. 4 T U .+ 53 +256 /. H25;;. 2&2)-. 27(*;*323+



 !"  !"#$%&' () "*+,&$%!-'. /' &' ,00"$.."0 ' /' 1,&-'.

 !"#$% #$!% & '()*+,-,) ./0.12,034-,052 .* 60)-71 .1 +- 819)5221 # 12 )59,01 .* .1*:0;<1 2061-*

+1 "= >-*4*21 ?-*))1 0.12,034-,052 @ +1 60)-71 1), ,5*A5*9) 0.12,03( 45<<1 +- 819)5221 # 5* 8-)
914522*1 .* ,5*,B$

C5*9 45<8912.91 +/1D1, .1 +- 4+-))034-,052 .* 891<019 2061-*E 25*) -652) 452)0.(9( F 4-) @
> B )1*+1<12, .1*: 4+-))1) 52, (,( 452)0.(9(1) .-2) +1 891<019 2061-*E >!B ,950) 4+-))1) 1, >FB
G*-,91 4+-))1 )52, 452)0.(9(1) 1, 25*) -652) 452)0.(9( ,5*,1 +- H-)1 ./-88912,0))-71 -614 ,5*,1)
+1) 85)0,052)$

I- 891<0;91 452),-,-,052 ?-40+1 J .(,14,19 1), G*1 @ 8+*) 52 - .1 4+-))1) 12 )59,01 .* 891<019
2061-* K 8+*) 0+ L - .1 4599(+-,052) J ?-091 1, 8-9 452)(G*1241 8+*) +1 ,1<8) .1 4-+4*+ 1), 79-2.$
M02)0 25*) -++52) 6509 )0 +/-*7<12,-,052 .1 25<H91 .1 4+-))1 12 )59,01 .* 2061-*N 81*, O,91
A*),03(1 8-9 *21 -*7<12,-,052 .1) 819?59<-241) .(40)05221++1 .* 4599(+-,1*9 2*<(90G*1$ C5*9
41+- 25*) -652) )L2,P(,0)( ,5*) +1) 9()*+,-,) .-2) +1 ,-H+1-* #$#$ I- 891<0;91 +0721 9189()12,1 +1
25<H91 .1 9(?(91241) 452)0.(9( .-2) 4P-G*1 3+,91 )14,1*9$ Q-2) 41 ,9-6-0+ 25*) -652) 452)0.(9(
)1*+1<12, .1*: 4-) F 1, # 0<-71) 9(?(91241) > )0 52 61*, 0245985919 8+*) ./0<-71) 0+ ?-*, *,0+0)19
*21 619)052 58,0<0)(1 .* 3+,91 RCST 45<<1 8-9 1:1<8+1 41++1 89()12,(1 .-2) U  VWB$ I- .1*:0;<1
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