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¬1'®t¯�°g±9²`³A´�µB¶�³A¯B·'¸ ¹`¹
º#¹`¸H·9°%» ¼#½%¾�²¿³c¸ ¹*À
º#¹`¸H·9°%» Ám¹¿µBÂ�ÃN³c¸ À
º#¹`¸H·9°%»kÄ_Å�¶�¾]°E²`¸ À�¹`¹
¬1¾�¸H·'Ã'½%@· ¹*Æ
Ç È ¯B·'Ã'°t´\Â�@·'¹`°B¯ Ç

|@yJ| É (w&L258G<5(wFV>NI x >@FYvAWG<58@,/PB6 ÊkÊjÊkÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊjÊkÊkÊjÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊ |
|@yJ|@yJ| []8@PcU-$VPA24(38GPB>NI�>'^%^%<58Ë>@FY"%$'&�ÊkÊjÊkÊSÊ�ÊSÊkÊjÊkÊkÊjÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊ Ì
|@yJ|@yÍ~  TI324$V<5PB>'25$S>N^/^%<58Ë>@FY"%$'&�ÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊjÊkÊkÊjÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊ �

|@yÍ~ +-KcP%8@^�&L(*&m8NM � 8@<4v ÊSÊkÊjÊkÊjÊkÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊjÊkÊkÊjÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊ Î
Ï Ð ÃN³c²`¹¿¶�¹`¯\½%ÃVÅ�Ä_·fÂ\´�¹¿³c¸ Ñ

~AyJ| Ò .%2Y>'(3P%(JP%W925"%$ |mÓ�Ô FH8@0h^E8GP%$VPc2ÕaBIJ25$V<?&�Ê�ÊSÊkÊjÊkÊkÊjÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊ }
~AyÍ~ Ö $'6A,BFH24(38GPQ8'M]25"/$�Pc,%09.B$V<]8NM�FH8G01^B8@P%$oPA2]aBI324$V<Y& ÊkÊkÊjÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊ | Ì

~AyÍ~AyJ| CE>GFH258G<Y&=>f×r$'FH24(3P%W925"/$�8G<Y6A$o<m8NM�<5$'6A,�FH25(J8@P�Ø#+-25,�6AK�8NM�&LKc0101$V24<5K�Ê | ¤
~AyÍ~AyÍ~ { 0h^%I3(wFV>N24(38@P�&�ÊkÊjÊkÊjÊkÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊjÊkÊkÊjÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊ |V}

~Ay Ì qd�A^B$V<4(301$oPA2?>NIB<5$'&),%I32?&�ÊjÊkÊjÊkÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊjÊkÊkÊjÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊ |V}
~Ay Ì yJ| q�×r$'FX2T8'M\aBIJ25$V<=FX8@PAaBWG,%<Y>'25(J8@P ÊkÊSÊ�ÊSÊkÊjÊkÊkÊjÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊ ~@Ù

Ú Û ½A·'Ü�³A¶�½A·'¹`-½%²]¬1¯�½%²*Å�¸V¹¿¸ Ï/Ú
Ì yJ| { PA24<58c6A,�FH25(J8@P�ÊkÊSÊ�ÊSÊkÊjÊkÊjÊkÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊjÊkÊkÊjÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊ ~ Ì

Ì yJ|@yJ| Ö $VUc(3$ � ÊSÊ�ÊSÊkÊjÊkÊjÊkÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊjÊkÊkÊjÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊ ~ Ì
Ì yJ|@yÍ~ sT$HaBP%(J25(J8@PB&m,B&L$f6�(JP�>NPB>'I3K/&L(*& ÊkÊSÊ�ÊSÊkÊjÊkÊkÊjÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊ ~ ¤

Ì yÍ~ x $'&)2=&L$V^B>'<Y>'.%I3$S>N^/^%<58'�c(30�>'25(38GP�2589> ~pÓ�ÔÞÝSßAà aBIJ25$V<�ÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊ ~ Î
Ì yÍ~AyJ| sT$VU-$VIJ8@^%01$oPA2]8NM�25"/$�P/$'FH$'&4&5>N<4K�FH8GPB6A(324(38GPB&�ÊkÊjÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊ ~ Î
Ì yÍ~AyÍ~ +-8@IJ,%25(J8@P�^/<58cFH$'6c,%<5$ ÊkÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊjÊkÊkÊjÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊ ~@}

á â Æt·'³c¯\¸o¹¿°B¯�·f°ã¶�Â\²*·'¹`ä\²`³�·'³cÃ'¶�¸ ÚBÚ
¤ yJ| Ò .%2Y>'(3P%(JP%W90�,%IJ25(J^%I3$m24$V<50�&=ÊjÊkÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊjÊkÊkÊjÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊåÌ@Ì

¤ yJ|@yJ| Ö $'6c,BFH25(J8@P�8NM�25"%$kPc,%0�.B$V<]8'M�F¡"�>NP%P%$oI*&Õ,�&L(3P/WQæ]ç Ô ÊjÊkÊSÊ�ÊSÊkÊåÌ ¤
¤ yÍ~ Z�8c6A(èarFV>N24(38GPB&nM`8G<éa�I325$o<Y& � (J25"�&LKc0101$o25<5KêÊ�ÊSÊkÊjÊkÊkÊjÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊåÌ �

¤ yÍ~AyJ| ë ,�>@6A<?>NPc2Y>NIJI3K�&)KA0h01$V25<4(*FNìf>NPc25(w&LKc070�$V24<5(JF#<5$f&L^B8@PB&)$'&�ÊjÊkÊSÊ�ÊSÊkÊåÌ �
¤ yÍ~AyÍ~ É >NIèM`�¿^%Iw>NP%$S&)KA010h$V25<4(*F#<5$f&L^B8@PB&)$'&íÊ�ÊSÊkÊjÊkÊkÊjÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊåÌ@î

¤ y Ì { 01^%IJ$V01$XPA2?>N25(J8@P98NM�25"%$paBIJ25$V<4(3P%W9>GFH25(J8@P�(3P�24"%$k25(30h$p6A8G0�>N(JP�ÊjÊkÊSÊ�ÊSÊkÊåÌgÎ
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�AyJ| qd�A^B$V<4(301$oPA2?>NIB<5$'&),%I32?&�ÊjÊkÊjÊkÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊjÊkÊkÊjÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊ ¤ Ù

�AyJ|@yJ| sT$'&L(JW@P�$V�%>'01^%IJ$'& ÊjÊkÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊjÊkÊkÊjÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊ ¤ Ù
�AyJ|@yÍ~ ò $V<LM`8G<50�>'PBFH$pUG>'<5(*>'25(J8@P � (324"�^B>'<Y>N0h$V25$V<?&�ÊkÊkÊjÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊ � Ì
�AyJ|@y Ì []8@01^%,/2Y>N24(38GPB>NI�FH8G01^%IJ$V�A(J2)K7FH8GPB&L(w6A$V<Y>'25(J8@PB&m8NM�25"%$S>'I3W@8G<5(J25"%0 ÊkÊ �@}

ó ô °B¯\-²`Â\¸o¹¿°B¯�¸ óBá
õ7¹`¾\²`¹¿°BµBÃ'½%ä�ÜEÅ ó_ö
¬1ä�ä]³A¯�´\¹*Æ�¬ ö/ñ
¬1ä�ä]³A¯�´\¹*Æ�õ öBÏ
¬1ä�ä]³A¯�´\¹*Æ ô öBï
¬1ä�ä]³A¯�´\¹*Æ�÷ ö Ñ
ø�¹*·'½ ù á
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~AyJ| Ö $'6A,BFX$'618@<Y6c$V<m.B>@&)$'6Q8GP�24<5,%PBFo>N25(J8@P ÊkÊjÊkÊSÊ�ÊSÊkÊjÊkÊkÊjÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊ ~A|
~AyÍ~ Ö $'6A,BFX$'618@<Y6c$V<m.B>@&)$'6Q8GP�P%8G<50�8'Md$o<5<58G< ÊkÊSÊ�ÊSÊkÊjÊkÊkÊjÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊ ~A|
~Ay Ì Ö $'6A,BFX$'618@<Y6c$V<m.B>@&)$'6Q8GP�(JPBFH8@<4^B8@<Y>'25(J8@P�8'M]>725<?>NPB&)(324(38@P�.B>'PB6ªÊkÊjÊkÊSÊ�ÊSÊkÊ ~@~
�AyJ| Ò ^%24(30�>'I#FX8@09.%(3PB>'25(J8@PlUG>NIJ,%$'&j8NMma�I325$o<j8@<?6A$V<Dü�>NPB6�Pc,%09.E$o<p8NMý&L$V^�>N<Y>'.%I3$

24$V<50�&�e;M`8@<m0h(3P%(J0�,%0êFH8-&)2�ÊkÊjÊkÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊjÊkÊkÊjÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊ �@þ
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|@yJ| { 01^%IJ$V09$VPA2?>N24(38@P78'MdaBIJ25$V<4(3P%W9>GFH25(J8@P�,B&L(JP%W7^B>'<Y>NIJI3$VI z &)$V^B>N<?>N.%IJ$ ÝSßAà a�I325$o<Y&mÊkÊ î
~AyJ| C\(JI324$V<mFH8GPAaBWG,%<Y>'25(38GPB& ÊSÊkÊjÊkÊjÊkÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊjÊkÊkÊjÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊ ~@Ù
�AyJ| { 6A$'>'It0�>NWGP%(324,B6A$TM`<4$'e-,%$VPBFHK9<5$f&L^B8@PB&)$j8'M ~ � så8@P%$Deg,B>G6A<Y>'PA2mM >NP1aBIJ25$V< ÊSÊkÊ ¤ Ì
�AyÍ~ Zl>'W@P%(J25,B6A$pM`<4$'eg,/$VPBFHK9<5$'&)^B8@PB&)$j8NM�25"%$k8@^/25(30�>NI | �¿24$V<50 P%8@P%� &L$o^B>N<?>N.%IJ$7C {)Ö

8GP%$7e-,B>@6c<Y>NPc2#M >NP�aBI324$V<�ÊkÊjÊkÊjÊkÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊjÊkÊkÊjÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊ ¤@¤
�Ay Ì Zl>'W@P%(J25,B6A$kM`<5$'e-,%$VP�FHK1<5$f&L^B8@PB&)$j8'M]25"%$S8@^%24(30�>'I | �¿24$V<50�&L$o^B>N<?>N.%IJ$7C {)Ö 8GP%$

e-,B>@6c<Y>NPc2mM >NP1aBI324$V< Ê�ÊSÊkÊjÊkÊjÊkÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊjÊkÊkÊjÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊ ¤ �
�Ay ¤ Zl>'W@P%(J25,B6A$=$V<4<58@<�M`<5$'e-,%$VPBFXK�<4$'&L^B8GPB&L$p8'Mt24"%$m8@^%24(30�>'I | �¿24$V<50�C {LÖ &L$V^�>N<Y>'.%I3$

8GP%$7e-,B>@6c<Y>NPc2#M >NP�aBI324$V<�ÊkÊjÊkÊjÊkÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊjÊkÊkÊjÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊ ¤ î
�AyÍ� { 6A$'>'It0�>NWGP%(324,B6A$TM`<4$'e-,%$VPBFHK9<5$f&L^B8@PB&)$j8'M ~ � så$VI3IJ(3^%24(*FV>'I�a�I325$o< ÊkÊjÊkÊSÊ�ÊSÊkÊ ¤ Î
�Ay î Zl>'W@P%(J25,B6A$pM`<4$'eg,/$VPBFHK9<5$'&)^B8@PB&)$j8NM�25"%$k8@^/25(30�>NI � �¿24$V<50 P%8@P%� &L$o^B>N<?>N.%IJ$7C {)Ö

$VIJI3(J^%25(wFV>NI%aBIJ25$V< ÊkÊSÊ�ÊSÊkÊjÊkÊjÊkÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊjÊkÊkÊjÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊ ¤ þ
�Ay Î Zl>'W@P%(J25,B6A$7M`<5$feg,%$oPBFHK�<4$'&L^B8GPB&L$18'M=25"%$98@^/25(30�>NI � �¿24$V<50�&)$V^B>N<?>N.%IJ$�C {)Ö $oI3�

IJ(3^%24(*FV>'IEaBIJ25$V< ÊjÊkÊSÊ�ÊSÊkÊjÊkÊjÊkÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊjÊkÊkÊjÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊ ¤ }
�AyÍþ []8GPA248@,%<m8'M�25"%$=0�>NWGP%(324,B6A$mM`<5$'e-,%$VP�FHKj<4$'&L^B8@P�&L$p8'M�25"%$p8G^%25(J0�>NI � �`25$V<40�&L$V^%�

>'<Y>N./I3$7C {LÖ $VIJI3(3^/25(*Fo>NI%aBI324$V< ÊkÊjÊkÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊjÊkÊkÊjÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊ �@Ù
�AyÍ} Zl>'W@P%(J25,B6A$=$V<4<58@<�M`<5$'e-,%$VPBFXK�<4$'&L^B8GPB&L$p8'Mt24"%$m8@^%24(30�>'I � �¿24$V<50�&)$V^B>'<Y>N./I3$=C {)Ö

$VIJI3(J^%25(wFV>NI%aBIJ25$V< ÊkÊSÊ�ÊSÊkÊjÊkÊjÊkÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊjÊkÊkÊjÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊ �A|
�AyJ|VÙ +-8G01$k6A$f&L(3WGP�<4$'&L,%IJ2Y&#8'Md24"%$k8@^%24(30�>'I � �`25$o<50í&)$V^B>N<?>N.%IJ$k$VI3IJ(3^%24(*FV>'I�a�I325$o< ÊSÊkÊ �@~
�AyJ|@|�{ 6A$'>'It0�>NWGP%(324,B6A$TM`<4$'e-,%$VPBFHK9<5$f&L^B8@PB&)$j8'M ~ � så<58@2?>N24$'6Q$VIJI3(J^%25(wFV>NI%aBIJ25$V< Ê�ÊSÊkÊ � ¤
�AyJ|V~ Zl>'W@P%(J25,B6A$#M`<4$'e-,%$VPBFHKk<4$'&L^B8@P�&L$=8NMt24"%$m8@^/25(30�>NI |@| �`25$o<50P/8@P%� &L$V^�>N<Y>'.%I3$ C {)Ö

<48@2Y>'25$'6�$VI3IJ(3^%24(*FV>'I%aBI324$V< ÊkÊjÊkÊjÊkÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊjÊkÊkÊjÊkÊjÊkÊjÊkÊSÊ�ÊSÊkÊ �@�
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f) Triangular filter
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One quadrant fan filter : Ideal frequency response
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Magnitude response of 1-term non-separable FIR filter:N1=N2=22
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Magnitude response of the 1-term separable FIR filter:N1=N2=22
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Error magnitude response of 1−term separable FIR filter

Absolute maximum error = 0.018
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2−D elliptical filter : Ideal magnitude frequency response
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Magnitude response of 5−term non−separable FIR filter:N1=N2=22

Absolute maximum error : 0.0921
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Magnitude response of 5−term FIR separable filter:N1=N2=22
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Magnitude error frequency response of 5−term separable FIR filter

Absolute maximum error = 0.0538
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Variation of the number of iterations with each separable term
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Variation of the cost function with number of separable terms
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2−D rotated elliptical filter : Ideal magnitude frequency response
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Magnitude response of 11−term non−separable FIR filter: N1=N2=22

Absolute maximum error : 0.2045
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Magnitude response of 11−term separable FIR filter:N1=N2=22
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Magnitude error response of 11−term separable FIR filter

Absolute maximum error : 0.1708
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Variation of minimum cost with number of coefficients

ì�í½îpï6ñQò¯ó¦ô½õ 4 ö�Û�ù}ñQí{ù}ýQíD
ðü�
}ÿ%ý*�6òaû"íÞü6í½û8ï6ûÙ��
/�Oý1=�íÞý��
ý��6òkülï6ûF#còGñ¡
�ÿ�íÞüþølò"�þò3üþø¦ò3ülý1�@
yò�?��
�Áí½ò3ü¦ýZ�



. �

ülï6û�#þò3ñ
}ÿC��
yò�?��Áí½ò3ü¦ýZ�ÁôB2�6í6�1�6ñ�
�#6ú½ò3û´�3ù}ü�#cò8ñQò�ø¦ï���ò�ø�#5��û"í½ü6íÞû�íDÔ�íÞü6î¯ý��6òKülï6ûF#còGñ1
}ÿ
r6�!q5�]���@�Mq5�@�5xU�M�/���/���Ax	���Z�@9lù}ü ø�ý*�6íI��9líÞü"ýQï6ñUüX9lñUò�ølï��Áò��?ý*�+ò���
pûa�6ï6ýrù�ýUí<
püþù�úO�@
pû��6ú½ò"JlíÞý%��
}ÿ
ý*�+ò8ù}ú½î�
ðñUíÞý��6û�ôKB2�6íI�+�=ò���ýUíD
ðüP�6ñQò��=òGü¦ýZ� ù��OíÞû��+úÞí6�OýUíI�kù}üþù�úD�M�=íI��
}ÿ�ý*�+òz��
ðû��6úÞòHJ¦í½ý	�z
�ÿ�ý*�6íI�
ù}ú½î�
ðñUíÞý��6û�ù��kù8ÿ ï6ü��ÁýQíD
pü;
�ÿ�ý*�+ò8ü¦ï6ûF#þò3ñ2
�ÿ�íÞüþø¦òH�còGüþø¦ò3ülý+�@
yò�?&��íÞò3ülýA�@95=1�6ò3üV�@
pû��þù�ñUò�ø
ý*
�ý*�+ò�=�ò3íÞî �¦ýQò�ø�ú½ò�ù��Oý�û"ò�ù}ü�� � ïþù}ñQònüM
pü!���=ò"� ù}ñrù�#6úÞò�ù�úÞî 
pñUí½ý*�6ûàô
`�
pü��=í{ølò3ñ¡�þñZ�=ý�ý*�+ò+��ÉP�µü!
pü!���=òH�þù}ñÑù�#6ú½ò�Õ�Ö�×u� úÞýUòGñ'ølò��=í½îpü�ù}úÞî 
pñQíÞý*�+û,ÜAÝ � Þnß ô?ì!
pñ¢ù��þú½ýUò3ñ

}ÿ°
pñÑø¦ò3ñFR)S�ù�üþøàR)W í½ü�ý*�6ò��1S�ù}üþø3�1W�ø¦íÞñQò��ÁýQíD
pü��nñUò��	�þò��ÁýQíD:yò3ú<�/9»ý*�6ò�ülï6û�#þò3ñ�
�ÿkÿ ñUò3ò
�þù�ñrù}û�ò3ýUò3ñZ��í6�XáMâ�Yã��R)SAR�W!T�R�S\T�R)W�T>õBù�üþø�
pü+ò íI�_ñQò � ï6íÞñQò�øKý*
)�	
ðúD:yòaùkúÞíÞü+ò�ù}ñ��%�!�OýUò3û

}ÿ ò � ï ù}ýUí<
pü���ô[ä�åHæ�ç�å[è æ!å1ç"é�æ�å�ê	ë�ìDí&é�ë*å[ë��!åç�è�í�îMïDå"J�ìDë%ðKé�ê[ñaÜDá Wâ ßZò[ó æ�ë*�!åê	åHî�é�ôZé�#!ï<å¡õ�ï<ë*å"ô
ö å�ê%ìD÷ æX9/ë*�!åKæ5øMí�#�å"ôiè�ù�ê	ø�çA�zî�é�ôZé�í�åHë*å"ôZêUì6ê[è�æMïDð+áMâ�Yãú R�S!T&ú�R)W\T&ú2�H�/�+���/t��z���]�M�/�*�/�@wD�
��w�x%�@� ò �+ê�ê	ø!íaìDæ!÷;ì<æ!ìDë�ì6é�ï<ïDðyéºê	ì<í�ìDïIé�ô�ç�è�í�îMïDå"J�ìDë%ð 9[é�æ ö R YûR�S~YûR�W"92è æ!å;ç"é�æÄê%å"å
ë*��é�ë2ë��!å1ë%=2è�ë*å�ç��!æMì6ü/ø!å�êU=1ì<ïDï!��é":/å1ë��!å+ê�é�í�å1è�:/å"ôZé�ï<ï�ç�è�íaî!ïDå"J�ìDë%ð+ì½ù�ë*�!å°ê	ì<æ!÷�ï<å+ê%å"î�é�ôZé�#!ï<å
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