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� � � f�g k
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C: eH� G68(.>f35C: G/D*,"235C:47/FW^$: G/0(;3E3Z(;3JIK&P*^(.$:(XCE*?(F-="%$E4A =`,3d-="%$E47" �^>A(;3P*,".-!(X684hgi(.$:(.1GCP-="%>N`?(;3d ;-!(.$
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&P*?4c/�*�(.1,/0 G68(|3dC:*?(lW?$: G/J(;3:3q3ZCO"%CE(+"%Cq35 2H�(qa24N-!(.1<4N1,3ZCO"%1GC.Lq�r"2/D*{35CD";C:(X473T$:(.W?$E(;3Z(918CE(;6\"23
`,35`,"%>#�n"%1�"23E3Z4Na21?H�(918C+ %Y�-2";>A`?(|3 C: ¡3Z =H�({35(.C� ;YF$O"%1,6G 2H -="%$E47"%¢^>A(;3JL �B(B68(.1? =C:({CE*?(
$D";1,68 =H£-="%$E47";¢?>A(;3rC:*,";C)$E(.W?$:(|3Z(.1GCVC:*^(q3ZCO"%C:(¤"%CUC:4NH�(P¥r"23r¦�§©¨Aª«­¬.®.®9®0¬ ¦ §w¨Nª¯ ° ";1,6�"=/./0 2$O684A1^a2>A@± §w¨Nª $:(9W?$:(;35(.1GCD3�CE*?(q(.1GC:4A$E(q3ZCO"%CE(F";CdCE4AH�(T¥D²DL
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$:(9a2`?>c"%$:>N@ �#3:/D*?(;6G`?>A(;6�¶#·7¸ ¹XºJ»h·7¼0¹:ºJL{½)*_"%CX473JIS4N1,3ZCE(;"26� ;YT-84N(.&P4A1^azCE4AH�(+"=3F/0 =18CE4A1G`? 2`_30IS&U(
"23E3Z`?He(XC:*,";CF¥¤/."%1B 21?>N@{CD";]!(  =1�4N18CE(.a2(.$¤-2";>A`?(|3rxSCE*8`_30I ± §©¾Eª 473bCE*?(�35CD";C:(e"%CFCE*?(X4A1^4AC:4c"%>
C:4NH�(P35>A4c/0(!I ± § « ª 473VC:*^(T3ZCD";C:(¤"|Y[CE(.$U"�354A1?a=>A(PCE4AH�(U4A1,/0$E(.H�(.1GC.I;";1,6+3Z F =1'LV½)*^473r"23E3Z`?H�W^C:4A =1
473P %Y[CE(.1B/0 =1,3Z4c3ZC:(918CT&P4ACE*<C:*^(X&P".@�3Z(.1,35 2$O3b"%$E(X`,3Z(;6\4A1�W?$D"=/0C:4c/0(!I,&P*?(.$:(lC:*?(l-="%>A`^(F %YUCE*?(
3Z(91,3Z =$�4c3r3:"%HeW?>A(;6l"%CU3Z =H�(T/0 =1,3ZCO"%1GC¿Y[$E(;À!`?(.1,/0@qÁ C:*^473SY[$:(;À!`?(.1_/0@q473r"b1,"%CE`?$D";>�/9"%1,684c6?"%CE(
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C: +$:(9W?$:(;35(.1GC)C:*^(F6G473:/J$:(.CE(bC:4NH�(d`^1?4ACO3)4A1\ 2`?$TH� G68(9>kL
( 3Z4N1?a{C:*^473X"23E3Z`?HeW?C:4N 21'IV&U(</9"%1n$:(.W^$:(;35(.18ClC:*?(eW?$: G/0(|3:3X`,3Z4N1?aB"<W?$: =¢,"%¢^4A>A4NC5@�684c3ZCE$:4*)

¢?`?CE4A =1{ %-!(9$ ± §©¾Eª ¬ ± § « ª ¬ ± §,+5ª ¬.®.®.® Ll½)*?473b/9"%1{¢,(�6G 21?(X¢G@�684A$E(;/0C:>N@\$:(.W?$E(;3Z(918CE4A1?a+C:*?(+6G473-)C:$E4A¢?`^C:4A =1/. ° ± §w¾Eª ²q";1,6�Y[ 2$l¥1032z$E(.W?$:(|3Z(.1GC:4N1?a<CE*?(\/0 =1,684ACE4A =1,"%>U684c3ZC:$E4A¢?`^C:4A =1/. ° ± §w¨Nª54
± §w¾Eª ¬.®.®.®9¬ ± §©¨76 « ª ²DL98T 2C:(\CE*,"%CXCE*?473F$E(.W?$:(|3Z(.1GCD";C:4A =1�(.1,/J G68(;3FC:*^(sY#"=/0CXC:*_"%CXC:4NH�(+H� ;-!(;3
Y[ 2$E&P";$D6�I,"=3)C:*?(q35CD";C:(q";CPC:4AHe(P¥)6G(.W,(.1,6?3) =1?>A@+ 21\C:*^(b*?4735C: =$:@+ %Y�C:*?(q35@?35C:(.H�¢,(0Y[ 2$E(bC:4NH�(
¥JL

: (P1^ %&nH\";]!(U"b3Z(;/J 21,6X354AH�W?>N4µY[@G4A1?am"23E3Z`?H�W^C:4A =1'LVjk1,35C:(;"=6� ;Y�>N(.C:CE4A1?aTC:*^( ± §©¨Aª 68(9WK(91,6
 21BC:*^( (.1GC:4N$:(l*?4735C: 2$E@{ %YmC:*?(e3Z@^3ZCE(.H Y[$: =H C:4NH�(X35C:(.W;2\"%>N>�CE*?(X&P".@{CE zCE4AH�(�3ZCE(.W�¥	<�u
&)(e"23E3Z`?He( CE*,"%ClC:*?(e68(.W,(.1,6G(.1,/0@�a2 !(;3F¢,"=/�]{ =1?>A@9= C:4AHe(X3ZCE(.W,3q4A1GC: \C:*?(+W,"=3ZC.If4kL (!LAI�&U(
"23E3Z`?He(

. ° ± §w¨Nª 4 ± §w¾Eª ¬.®.®9®0¬ ± §w¨76 « ª ²	>�. ° ± §w¨Nª 4 ± §w¨76�?Eª ¬9®.®.®J¬ ± §©¨76 « ª ²
jk1zCE*?473)CE*?(;354730I?&U(q&P4A>A>�"%>NH� !35CT"%>A&m".@?3)`,35(FCE*?(l3ZC:$E 21?a=(;3ZCPY[ 2$EH  %Y¿C:*?4c3P"23:35`?H�W?CE4A =1z4N1

&P*?4c/�*�=5>	u=L)½)*?4c3P3ZW,(;/04c"%>f/."=3Z(q473P/9"%>A>N(;6 CE*?(5@BADCFEHGDI "=3:3Z`^H�W?C:4N 21'L
JLKNMPO�QSRTQ�#UO!VXWZY\[ ¹�º]AD^�¶7_`A2¶5AbaD^'cdA!¸X·7¼zº]^.ºJ¶Z¹�¸ GDI;¹eC<¶S_,¹fI�ADCJ·7ADg0»A¹:º ± º]A2¶k·µº7hm¹:º�¶S_,¹
@BADCFEHGDIiA%ºDº]j8¸lk,¶#·7GDc{· mondm]GDCpA2»A»,¥�q�2Dn

. ° ± §©¨Aª 4 ± §©¾:ª ¬9®.®.®.¬ ± §w¨76 « ª ²	>�. ° ± §w¨Nª 4 ± §w¨76 « ª ²
rd1? =C:*?(.$+&P".@�CE �35CD";C:(<CE*?(ts{"%$E]! %- "23:35`?H�W?CE4A =1 4c3 CE*,"%C ± §w¨vu « ª 473F4N1,68(.W,(.1_68(.1GCX %Y

± §w¾Eª ¬.®.®.®9¬ ± §©¨76 « ª a24N-!(.1 ± §©¨Aª Ib4#LM(!LNIPC:*?({Y[`?C:`^$:(B473�4A1,6G(.W,(.1,68(.1GC� ;Y+C:*?(BW,"235C<a=4A-!(.1 CE*?(
W?$E(;3Z(.1GC.LPw�4A]!(m"%1G@+/0 21,6G4AC:4N 21,";>?4A1_68(.W,(.1,68(91,/0(T"23E3Z`?HeW?C:4N 21'I2CE*?($s{"%$E]! ;-X"23E3Z`?HeW?C:4N 21+H\".@
¢,(b$:(|"23Z =1,"%¢^>A(q 2$U1? 2C9Lr�_ =$)(.o^"%HeW?>A(!IQ"23:35`?H�(TC:*,";C)&U(q"%$E(bC:$O"2/D]84N1?al"FH� ;-84N1?ab 2¢dx5(|/0CU"%1,6
 2`^$X 21?>N@�-="%$E47";¢?>A(\473q4ACO3�>A G/9"%C:4N 21'L ½)*?(\>A G/.";C:4N 21¡"%CXCE4AH�(X¥�y u�473�1^ 2CX4A1_68(.W,(.1,68(918Cl %Y
C:*^(F*?4c3ZC: =$:@\a24N-!(.1\C:*?(l>A G/.";C:4N 21B"%CTC:4NH�(b¥P¢,(;/.";`,3Z(l&)(l1?(.(;6\C: +]81? ;&	4A1�&P*?47/D*�684A$E(;/0CE4A 21
C:*^(� =¢dx5(;/0C�4c3 H� ;-84N1?an";1,6 ";C\&P*,"%C�-!(.>A G/04NC5@!L : ( /.";1'Id*? ;&U(.-!(.$.IPH\";]!(<CE*?(9s{";$:]! ;-
"23E3Z`?HeW?C:4N 21\H� 2$E(b$:(|"%>A4c3ZCE47/d¢G@\"26^684A1?a+C:*^(;3Z(q-="%$E47"%¢^>A(;3)CE   =`?$dHe G68(.>kL : (l/.";1<H\";]!(b 2`^$
H� G68(9>�(9-!(.1�H� =$:(e"2/./0`^$D"%CE(�¢G@�";>73Z B"=6?684N1?a�-=";$:47";¢?>A(|3�C:*_"%CX$:(9W?$:(;35(.1GCFC:*^(\"2/./J(.>A(.$O"%CE4A 21
 %Y C:*?(� 2¢dx5(;/0C9L�j 1na=(.1?(.$O"%>T&)({/9"%1­CE$D";1,3 Y[ =$:H ";18@nH� G6G(.>P4A1¡&P*?47/D*b. ° ± §©¨Nª ²�68(.W,(.1,6^3
 21 ± §w¨76�?Eª ¬.®9®.®0¬ ± §©¨S6 « ª Y[ 2$m3Z =H�( ´_o8(;6L=X4A1GC: �"5s{"%$:]! ;-XH� G6G(.>,¢8@+C:$E(;"%CE4A1?alC:*?(b-=";$:47";¢?>A(|3
± §w¨76�?:ª ¬.®.®9®0¬ ± §w¨76�+5ª "23�"dW,"%$ECV %YiCE*?(P35@?35C:(.H 3ZCD";C:(!I=4kLM(QLAI.C:*^(P3Z@^3ZCE(.H�3ZCO"%C:(P*_"23V"{zEH�(.H� =$:@`|
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�S4Na2`?$E(qt8LNu2� ° "!²	r *^4Aa2*^>A@e3Z4AHeW?>A4h´,(;6Xv )#½Pp�8 Y[ =$PH� 21?4NC: =$:4A1^aF"q-!(.*?4c/0>A(!L ° ¢�²r½)*?(q`?1^$: 2>N>A(;6� p�8 Y[ 2$PCE*?$:(9(�CE4AH�(¤3Z>N47/0(|3
 %Y = <¡u�CE4AH�(¤3Z>N47/0(|3�4A1GC: XCE*?(qW,"235C.L

�!4A1_/0(FCE*?(FW?$E G/0(;3E3d473P`?1G¢K =`?1,68(|6�I�&)(l35C:4A>N>S1^(.(;6�C: �$E(.W?$E(;3Z(.1GCP4A1G´,1?4ACE(.>A@eH\"%1G@\/0 =1,684*)
C:4N 21,";>,W?$: =¢,"%¢?4N>A4NC:4A(|3 . ° ± §w¨Nª 4 ± §w¨76 « ª ²OLV½)*?(9$:(0Y[ =$:(!I!&)(P`_3Z`,";>A>A@XHs"%]!() =1?(T>7"235CP354AH�W?>N4µY[@G4A1?a
"23E3Z`?HeW?C:4N 21'�
JLKNMPO�QSRTQ�#UO!VXW�� [ ¹rº]AD^b¶S_`A2¶PA @ ADC EHGDI9·7ADc k CFG;¼0¹:ºDºm·µºbCE4AH�(]) 4N18-="%$E47";18C�� GDCd*? 2He 2a2(91?(. 2`_3
GDCF35CD"%CE4A =1,"%$E@��e· m . ° ± §w¨vu « ª 4 ± §w¨Nª ² ·µºb¶7_,¹Pº]A!¸ ¹ m]GDC$A2»A»?¥�	�
 cz¶7_^·µºq¼oA%º;¹ n
��¹ C�¹ k CD¹:º;¹ec8¶�¶S_,¹
¸5GTa8¹D»�j2º9·7c�� A\C:$D";1,3Z4NC:4N 21{H� G68(9> . ° ±�� 4 ± ² n��X_,¹eC�¹ ± CD¹ k C�¹:º;¹ c8¶ ºl¶7_,¹5I]ADC0·7ADg0»N¹:º A2¶U¶S_,¹
¼�j�C CD¹ec8¶U¶k·7¸ ¹TºJ»h·7¼0¹5ADc`a ± � C�¹ k CD¹:º;¹ec8¶7ºq¶7_,¹iI�ADCJ·7ADg0»A¹:º�A2¶�¶7_,¹icK¹��|¶$GDcK¹�	

�\��� � �����{�J���9� � �������<���� �;��!��"�+���V�9� � # �d�%$��X�
&<�
( 1,6G(.$�CE*?("s{"%$:]! ;-¤"%1,6bCE*?(U3ZCD";C:4N 21,";$:4AC5@q"=3:35`?H�W?CE4A 21_30I.C:*^(�]!(9@dCE P$:(.W?$E(;3Z(918CE4A1?am3ZC: G/D*,"=3ZC:4c/
68@G1,"%He47/FW?$E G/0(;3:35(;3F473bCE*?(�$:(9W?$:(;35(.1GCD"%CE4A =1� ;YTC:*?(�CE$D";1,3Z4NC:4A =1�H� G68(9>�. ° ± � 4 ± ²DIV&P*?4c/�*
473e"�/0 21_684ACE4A 21_"%>bW?$E 2¢,";¢?4A>N4AC5@¡684735C:$E4A¢?`?CE4A =1'L : (B/."%1 $E(.W?$E(;3Z(.1GCe3Z`,/D* "�H� G68(9>P`,3Z4N1?a¡"
')( ¶#·7¸ ¹ ( ºJ»h·7¼0¹�*$AD^!¹:º9·7ADc�cK¹D¶+� GDCFE,� ')(.- *0/
�=L
JLKNMPO�QSRTQ�#UO!VXW2143 v )[C:4NH�(�)#3Z>A4c/0(qpP".@!(;3547"%1\1?(9CZ&U 2$E] ° v )#½Pp�8�²	m]GDC A5k CFG;¼0¹:ºDº5� _`G%º;¹qºJ¶ A2¶Z¹
I�ADCJ·7ADg0»A¹:º ADC�¹ ± ·µº A6*$AD^ ¹Eº9·7ADc cK¹D¶+� GDCFE Y[$O"%a2He(.18C a8¹*h"cK¹ a A%º m]G2»N» G)� º�	 - _,¹7�DCFA kd_XºJ¶ C jG¼ (
¶ j CD¹l·µºiALa!·7C�¹E¼0¶5¹ a1A!¼�^=¼0»h·7¼6�DC A kd_8� _`G%º;¹icdGTa8¹:º%ADCD¹ ± 9<± � n:� _,¹eCD¹icdGTa8¹:º�·7c ± _`ADI%¹%cdG
k`ADC�¹ecG¶ º�	 - _,¹�cdGTa8¹:º+·7c ± � ADC�¹%ADcdcdG2¶ A2¶Z¹ a;�V·A¶7_�<>=
?bºon	. ° ¦ � 4 =�ADC ° ¦ � ²:².	 - _,¹ ')(�- *7/
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C�¹ k C�¹:º;¹ecG¶ ºiA\/0 =1,684ACE4A =1,"%>f684c3ZCE$:4A¢^`?C:4N 21�. ° ± � 4 ± ² I.·7A�¶S_,¹l/D*,"%4N1\$:`?>N( Y[ =$Tv )#½Pp�8b3��
. ° ± � 4 ± ² > ¯�

��� «
. ° ¦ �� 4 =�ADC ° ¦ �� ²:² ®

�S4Aa=`?$:(et8LNu ° " ²¤3Z*? ;&T3l"s-!(9$:@{354AH�W^>A(q(.o^"%H�W?>N(F ;YT"\v )#½Pp�8 Y[ =$l"s-!(9*?47/0>N(FH� =1?4ACE 2$E4A1?a
"%W^W?>A4c/."%CE4A 21�Lr½)*?(lv )#½Pp�8 H� G68(.>c3�CE*?(b¢,(.*,".-G4A 2$P ;YVCE*?(q-!(.*?4c/0>A(!I=C:*?(b(918-G4A$E 21?H�(918Cr";1,6<";1
 21`) ¢, !";$D6�/9"%H�(.$O" C:*_"%CbCE$:4A(|3dC: \(;35C:4AHs"%C:(qCE*?(X-!(.*?4c/0>A(��©3)W, !3Z4NC:4N 21 ° 4A1{ =$D68(9$�CE �]!(.(.W�4ACb4N14ACO3)>7";1?(2²DL

pP"235(;6  =1 CE*?(¤3ZCD";C:4N 21,";$:4AC5@XW?$E 2W,(.$ECZ@QI CE*?473fH� G68(.>,6G(0´,1?(;3VCE*?(PW?$: =¢,"%¢^4A>A4NC5@X684c3ZC:$E4A¢?`^C:4A =1
. ° ± §w¨vu « ª 4 ± §©¨Aª ²dY[ =$+"%1G@�¥JL{j YT&U(�W?`?Cl4A1n 2`?$�684735C:$E4A¢?`?CE4A =1� ;-!(.$FCE*?(�4A1^4AC:4c"%>U3ZCO"%CE(;30IV4NC
68(0´_1?(;3PC:*?(l684c3ZC:$E4A¢?`^C:4A =1< ;-!(.$T";$:¢?4NC:$D";$:4N>A@�>N 21?ae3Z(;À!`?(.1_/0(;3) %Y¿C:4AHe(q3Z>N47/0(;3r$:(;35`?>ACE4A1?a+4A1\CE*?(
� @G1,"%He47/bpP".@!(;3547"%1e1?(.C5&) =$:]+H� G68(.>	� � }qt'&�
#�
JLKNMPO�QSRTQ
�UO!VXW��43 � @G1,"%H�4c/FpP".@!(;3547"%1f8d(.C5&) =$:] ° � p�8�²l·µº A5k`A!·7C���� ¾ ¬ ����� n � _,¹eCD¹�� ¾·µº A6*$AD^ ¹Eº9·7ADc c,¹D¶ �PGDC E%GDI%¹eC ± §©¾:ª n�C�¹ k C�¹:º;¹ecG¶k·7c��X¶7_,¹¤·7c?·A¶k·7A2» a!·µºJ¶ CJ·7g�j!¶k·7GDcLGDI%¹ CmºJ¶ A2¶Z¹Eºon"ADcda
��� ·µº A ')(�- *7/ m]GDCF¶S_,¹ k CFG;¼0¹:ºDº�	�� GDC ADcd^�� nT¶7_,¹ a!·µºJ¶ CJ·7g�j!¶k·7GDc;GDI%¹eC ± §w¾Eª ¬.®.®9®0¬ ± §��^ª ·µº
a8¹*h"c,¹ a A%º��

.! ± §w¾Eª >#" §©¾:ª ¬9®.®.®J¬ ± §$�?ª >#" §��^ª&% >�.' (" §©¾:ª&%*) ��
¨ � «

.' ± � >+" §©¨Nª 4 ± >#" §©¨S6 « ª&% ®
�T4A-!(.1n35 2H�(s68(;3Z4N$:(;6B&P4A1,68 ;&�>A(.1^a2C:*�I�&U(\/."%1n(;"=3Z4N>A@ /0 2H�W, Q3Z(\C:*?(\4N1?4ACE47"%>UpP".@!(;3547"%1

1?(.C5&U 2$:],� ¾ "%1_6zC:*^(�CE$D";1,3Z4NC:4A =1\1?(.C5&) =$:]-��� C: e68(0´,1^(F"+pP".@!(;3Z4c"%1�1^(.C5&) 2$E]� ;-!(.$P";>A>'CE*?(
-="%$E47"%¢^>A(;3S&P4NC:*?4N1XC:*,";Cr&P4A1,68 ;&qLr½)*?4c3SW?$E G/0(;3:3V4c3�/9"%>A>N(;61j�cdC G2»A»h·7c��+C:*?( � p�8lL2�? 2$r(.o^"%HeW?>A(!I
�S4Na2`?$E(�tGLAu ° ¢�²¤3Z*? ;&T3X"\pP".@!(;3Z4c"%1B1?(.C5&) =$:]� 2¢?CO"%4A1^(;6�¢G@{`?1?$: =>A>N4A1?a\C:*^( � p�8  ;-!(.$qCE*?$:(.(
C:4NH�(X35>A4c/0(;30L�½)*?( (|68a2(;3b4N1�CE*?( ´_$D3ZCqCE4AH�(�3Z>A4c/0(X";$:(+C:*?(+ 21^(;3bW?$:(;35(.1GC�4N1.� ¾�° 1^ 2Cl3Z*? ;&P13Z(9W,"%$O"%C:(9>A@,²DLT½)*?(�/�0 � 3PY[ 2$T¦ §w¾Eª� 473PC:*^(�/�0 �  %Yr¦ � 4A11� ¾ xKCE*?(�/�0 � Y[ 2$T¦ §©¨Nª� Y[ =$d¥$0 2
473P/J 2W?4N(;6 Y[$: 2H�C:*?(�/�0 �  ;YV¦ �� 4A11� � L

8d 2CE(XC:*,";Cq3Z =H�(F ;YPCE*?(F(;6Ga2(;3da= \¢K(9CZ&U(.(.1�C:4AHe(F35>A4c/0(;30I,&P*?(.$E(;"23T 2C:*^(.$D3q"%$E(X¢,(.C5&)(.(.1
1? G68(|3 4N1zCE*?(l3:";H�(bC:4NH�(¤3Z>A4c/0(!L�j 1GC:`^4AC:4N-!(.>A@QI2C:*?4c3P68(.W,(.1,6^3  =1<C:*^(�CE(.H�W, 2$O"%>�"23ZW,(;/JCd ;YVCE*?(
4A1GC:(9$D"2/JC:4A =1'LXj YPCE*?(+(0gi(;/0Cb4c3 4NH�H�(96847";C:(bÁ H `_/�* 3Z*? =$:C:(9$�CE*,"%1BC:*^(�684hgi(.$:(.1_/0(X¢,(.C5&)(.(.1
C:4NH�(T3Z>N47/0(|3 Á CE*?(d4N132,`?(91,/0(T473�Hs"%1?4hY[(;3ZCE(;6 ° $E 2`?a=*?>A@,²V&P4NC:*?4N1�"qC:4AHe(T3Z>A4c/0(!Lfj Y'CE*?(b(0gi(;/0Cr4c3>A =1?a2(9$F)[C:(.$EH{I8CE*?(F4N132,`?(.1_/0(q473PH\"%1?4hY[(;3ZCE(;6 Y[$E 2H� 21?(lC:4NH�(q3Z>N47/0(¤C: �CE*?(q1?(.oGC.LPjk1{"=6?684NC:4A =1
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3Z =H�({ %YlCE*?(�";$D/.3�¢,(.C5&)(9(.1­CE4AH�( 3Z>A4c/0(;3+"%$E(�/.";>A>N(;6!k,¹eCOº9·µºJ¶5¹ec?¼0¹fADC:¼DºJId$:(9W?$:(;35(.1GC:4A1^a�CE*?(
C:(91,68(.1,/J@b %Y�/0(.$ECD";4A1F-=";$:47";¢?>A(|3 ° (!LMa^LAI;&)(;";C:*?(.$J²�CE bW,(.$D354735CV ;-!(.$'C:4NH�(r&P4AC:*l*?4Aa=*FW?$E 2¢,";¢?4A>N4AC5@!L
� `,3ZCP>N4A]!(T"lpP"|@!(|3¿1^(.C.I^" � p�8 /9"%1�(.1_/0 G68(q35 2W?*?4c3ZCE47/.";C:(;6 $E(;"235 21?4N1?aXW,";C:C:(9$:1,3P"=3)>A 21^a

"23XC:*^(.@n"%$E(\H\"268(\CE {¢K( "%1¡(.o8W^>A47/J4ACqW,"%$EC  ;YqC:*^(zHe G68(.>kL �? 2$+(.o?";H�W?>N(!IS¢G@�(.oGW?>A4c/04ACE>A@
(.1,/J G684A1?a�3Z(.1_3Z 2$rY#"%4N>A`?$E(!I!&)(¤/."%1�$E(;"2/D*+C:*?(¤/0 21_/0>A`,354A =1 CE*,"%CUC:*?(q35(.1,35 2$)*_"23¿Y#";4A>N(;6�LV½)*G`,3JI
Y[ 2$+(.o^"%H�W^>A(!If4µYq&U(za=(.Ce" $E(;"2684N1?aBC:*,";C CE(.>A>c3F`,3 35 2H�(9C:*?4N1?a{`?1?(.oGW,(;/0CE(;6�Ir(!LMa^LAIVC:*^({/.";$
473q35`,6?68(.1^>A@nu.y�Y[(.(.CqC: �C:*?(+>A(JY[C� ;YP&P*?(9$:(�&U( CE*? 2`?a=*8Cl4ACq&P"=3p28LAue3Z(;/J 21,6?3l"%a= ?IVC:*^(.1�4N1
"26^684ACE4A 21�C: e/0 21_3Z476G(.$:4N1?aXC:*?(q =W?C:4N 21<CE*,"%CTC:*^(F/9"%$T*,"23T3Z`,6^68(.1?>N@�C:(.>N(.W, 2$EC:(;6�I?&U(q&P4A>A>�"%>c3Z 
/0 =1,3Z4c68(.$�CE*?(< =W?C:4N 21�C:*,";C�C:*?(B35(.1,35 2$\*,"23e3Z4AHeW?>A@�Y#";4A>N(;6�L 8d =C:(<CE*,"%C\CE*?({H� G68(.>P =1?>A@
/0 =1,3Z4c68(.$D3P 2W^C:4A =1,3dCE*,"%Cq";$:(l¢?`?4A>NCP4A1GC: +4AC9LPj Yr&)(l*,"26<1? BzD35(.1,35 2$dY#";4A>A`^$:(T|X1? G68(!I�"%1,6\*,"26
C:*^(F35(.1,35 2$T$:(;"=684A1?ae68(.W,(.1_6z 21^>A@� =1<C:*^(X/0`?$E$:(.1GC)>N G/."%CE4A =1'IKCE*?(.1\C:*^(.$:(q&) =`?>76\¢,(�1^  &m"|@
C: +(.oGW?>7";4A1�`^1?>A4N]!(.>A@+35(.1,3Z =$d$E(;"26G4A1?aQ3)(.o?/J(.W?CP¢G@ CE*?(qC:$D"Tx5(;/0C: =$:@!L

�\��� ����� �S�8�!�b�r���{�m� � � � &
jk18Y[(.$E(.1,/0(V4N1 � p�8¤3'/."%1l¢K(U`,3Z`_"%>A>N@l/."%CE(.a2 =$:4��9(;6b4A1GC: P 21^() %Y,Y[ =`?$SW, Q3:3Z4N¢?>A(UC5@8W,(;3� ;Y'À!`?(.$E4A(;3J�
�	��
 K
��Q��'RTQ �UO�� �T4A-!(.1B"�W?$E 2¢,";¢?4A>N4AC5@B684c3ZC:$E4A¢?`^C:4A =1B. ° ± §©¨Aª ²T ;-!(.$bCE*?(e/0`?$:$E(.1GCq3ZCO"%C:(QI
/0 =H�W?`?CE(bC:*^(F6G473ZCE$:4N¢?`?C:4N 21\ ;-!(.$P35 2H�( 3Z(.CP ;Yr-="%$:4c"%¢?>N(;3P"%CT¥ � 0 ¥JL

�	� �UO Q7R�� 
 Q O����-R 
�� ���XQ O������ �T4A-!(.1l";1X 2¢,35(.$:-="%CE4A =1�� §w¨Nª C:*_"%Cr/0 =H�(;3�4N1X"%Cf(.-!(.$E@bC:4NH�(
35>A47/J(P¥0I!H\";4A1GCD";4A1+"F6G473ZCE$:4N¢?`?C:4N 21� ;-!(.$�C:*?(q/J`?$:$E(.18C¿3ZCD";C:(ba=4A-!(.1+C:*^(d(.-G476G(.1,/0(T35(.(.1e3Z 
Y#";$.Lr½)*?4c3d684c3ZCE$:4A¢^`?C:4N 21

� §w¨Nª  ± §w¨Nª % �"!�#> .' ± §©¨Nª 4 � § « ª ¬9®.®.®J¬ � §©¨Aª&%
4c3P/."%>N>A(;6 CE*?( g0¹D»h· ¹*mlºJ¶ A2¶5¹q";CdCE4AH�(T¥JL

�	��
 �%$ � $�Q�& Q7R('tK
) R Q+* � RTQ
�UO,� �T4A-!(91F"T3Z(|À `?(91,/0(r %Y, =¢,3Z(9$:-="%CE4A 21_3-� § « ª ¬.®.®9®0¬ � §��^ª I%&P*_"%C4c3)C:*?(l684c3ZC:$E4A¢?`^C:4A =1\ %-!(9$)(;"=/�*\4A1GC:(9$:H�(;6G47"%CE(T3ZCO"%C:( ± §©¨Nª L
�	.0/�1 & � O � RTQ �UO�� �T4A-!(91F";1F4N1?4ACE47"%>G35CD";C:(P";1,6F";1X 2¢,35(.$:-=";C:4A =1,3V35(;À `^(.1,/0(2� § « ª ¬.®.®.®J¬ � §©¨Nª I&P*,";Cd4c3 CE*?(qH� !35CP>A4N]!(.>A@+35(;À `^(.1,/0(q %Y�3ZCD";C:(;3 " §w¾Eª ¬.®.®9®0¬ " §©¨Aª (.o8W^>7"%4N1?4A1^aXC:*?(q 2¢_3Z(.$E-2"T)CE4A 21_30Lr½)*?4c3 4c3)C:*?( � p�8 -!(9$D3Z4N 21\ %Y¿C:*?(is.0r� W?$E 2¢?>N(.H£Y[$E 2H �!(|/0C:4N 21\vGLwy8LNu2L
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O O O

(0)

(1)

(2)

(2)

(3)

(3)

(1)X X X X

O(1)

X(2)

O(2) O(3)

X(2)X(1)

X(1)X

(1)

(0) (1) X

X

(2)

(2)X

(3)

X
(3)

X X

° " ² ° ¢�²
�S4Na2`?$E(�tGLwv8� ° "!² ( 1?$: =>A>N4A1?anC:*^( � p�8�&P*^(.$:( ± "%$E(�";>A>qC:*?(B35CD";C:(�-="%$E47";¢?>A(;3 ° ¢�²e½)*?($:(|3Z`?>NC:4A1^a+/0>A4cÀ `?(TC:$E(.(

0V$:(;684c/0C:4N 21'IiH� 21?4NC: =$:4A1^a\"%1,6{W?$E 2¢,";¢?4A>N4AC5@\(;3ZCE4AH\";C:4A =1{/.";1�";>A>V¢,(e3Z =>A-!(;6<`,354A1?a�/0>N47À!`?(
C:$E(.()4N18Y[(.$E(.1,/0(!L : (P354AH�W?>N@b`?1?$E 2>N>8CE*?( � p�8­";1,6XC:*?(.1lW,(.$ZY[ =$:H 4N18Y[(.$E(.1,/0(r 21+C:*^()$:(|3Z`?>NC:4A1^a
pP".@!(;3P1?(.C.Lq�? =$b(.o^"%H�W?>N(!I?4µYU&U(F&P";18C¤C: �W,(.$5Y[ 2$:H H� 21^4AC: =$:4N1?a?I,&)(+/.";1{`?1?$E 2>A>�C:*?( � p�8
`?W{CE  CE4AH�(b¥JIi3Z(.C¤"%>N>SCE*?(F =¢,3Z(9$:-="%CE4A 21_3 � § « ª ¬.®.®9®0¬ � §w¨Nª "%1,6<CE*?(.1�`,3Z(l 2`?$b4N18Y[(.$E(.1,/0(q(.1?a=4A1?(C: X´,1,6�CE*?(qW?$: =¢,"%¢?4N>A4NCZ@e684c3ZC:$E4A¢?`^C:4A =1\ %-!(9$ ± §©¨Aª L

½)*?(bW?$E 2¢?>N(.H�&P4ACE* CE*?473U"%W?W^$: !"=/�*e473VC:*,";C)4NC�He4Aa2*GCV¢,(;/0 =H�(P-!(.$E@X4A1?(��s/04N(.18C9LS�!`?W^WK Q3Z(
C:*_"%CV&U(PH� 21?4NC: =$'C:*?(T/0 =1,684NC:4A =1X %Y�3Z =H�()W_"%C:4N(.1GCSa=4A-!(.1l4A18Y[ =$:H\";C:4A =1bY[$: 2H�-="%$:4N 2`,3r35(.1,3Z =$D3JL
½)*?(bW^$: G/0(;3E3)/.";1�$:`^1 Y[ =$)-!(.$E@X>A 21^a?I?";1,6 CE*8`,3VCE*?(b`?1?$E 2>N>A(;6 � p�8�/."%1�¢,(;/J 2H�(P-!(.$E@F>c"%$:a=(
° 4N1{ 2`?$¤(.o?";H�W?>N(!I?W,(.$:*,";W,3b&)(XH� =1?4ACE 2$TC:*?(lW,"%CE4A(.1GCq";CbC:4NH�(q4A1GC:(.$E-2";>73P %Y y�3Z(;/J 21,6?3¤"%1,6&)(�/."%1 68 �4NCd ;-!(.$T6?".@^3�²OLdjkC¤3Z(.(9H\3)&P"=3ZC:(JY[`?>f"%1,6<1^ 2CbW?$O"2/0CE47/.";>'C: �`^1?$: =>A>fC:*?( � p�8	"%1,6
W,(.$ZY[ =$:H�C:*?(qW?$E 2¢,";¢?4A>N4735C:47/P4A1GY[(.$:(.1_/0( Y[$E 2H�3E/0$D";CD/D* Y[ 2$U(.-!(.$E@X¥0Lrjk1,35C:(;"=6 &)(q&U 2`?>c6 >A4N]!(dCE 
`,35(� =`?$T$:(;35`?>ACO3�Y[$: 2H�C:4AHe(d¥P< ub4A1\ 2$O68(.$TC: +3ZW,(.(|6z`?W\C:*^(F/J 2H�W?`^CD"%CE4A =1,3P"%CPCE4AH�(b¥JL

½  l`?1,68(9$D3ZCO"%1,6+C:*?(T 21?>N4A1?(T-!(.$O3Z4A =1  ;Y'CE*?(b";>Aa= 2$:4NC:*?H�4AC�473�`_3Z(0Y[`?>^C: FCE*?4A1^]X %YfC:*^( � p�8
"23F*_"|-G4A1^a{x5`,35CX 21?(\35CD";C:(\-="%$:4c"%¢?>N(\"%1_6  =1?(� =¢,3Z(.$E-="%C:4N 21n-="%$E47"%¢^>A( ° C:*?4c3X3ZW,(;/04c"%>U/."235(\ %Y
� p�8b3q473X/.";>A>N(;6�� ·7aDa8¹ec @ ADC EHGDI{@ G a8¹O»Mº,���$@ @�º � ���T"%¢_t'&�
 ²OLB�S4Aa=`?$:(\tGLwv ° " ²l35*? ;&T3 ";1(.o^"%H�W^>A(� ;YX35`,/D* " � p�8 $E 2>A>N(;6  ;-!(.$FY[ =`?$�CE4AH�(\35>A4c/0(;30Im"%1,6 �S4Na2`?$E(�t8Lwv ° ¢�² 3Z*? ;&T3 CE*?($:(|3Z`?>NC:4A1^a+/0>A4cÀ `?(TC:$E(.(!L

jkCd4c3)(;"235@zCE �-!(.$E4µY[@+C:*,";CdCE*?(FH� =1?4ACE 2$E4A1?aXCO"23Z]\4c3 (;À!`?4N-2";>A(.1GC)CE �";1<`?W_3ZC:$E(;"%H�W,"=3:3d4N1
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Ok (t)

Bias (t+1)Bias(t) Flow (t+1)

Measurement(t+1)

Ok(t+1)
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 &WH��78@H>M �d=�+,;,/`<78 ��! O"$�&%� :,6�+78  $�4�k,/ &*-,/�+�w,Q 4�='S"J�+*< :�C.U93"J,/�=78 tFH.1�+,A\D]m�§�! ��+0<08,6�+78 
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�t�4*$0b.U9
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P��=,f>U���+@§\ �t*$02 &�!*<�=�375�4>u�=@¡ L�B��9;.M*<PN'A�+*$0G.U93.U�+*$,Ad<93"< :Pµ�+,� $�4�¨.U*G9;��93"< O�3 4�=')93�=�C"$�+,C 4q�`$��>
��7J�+`<*29B,��4� � ·n��*$08²C¶#·D�=0<0G 40b9;�#.M9Y%2.1�:93"H �²C¶O·Q>U.M*< O³3�4´BdG9;"< C�3 X')E<'A>M !>U.M*< #³;� ¸ ´D��*-0T9;"< 
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93"H :�+*<>UE5'B"$��*<P= 4,!.M*J93"< (')�=78@$��,/.U93.U�+*$,D��� � ·���*$0�²C¶O·C.M*89;"< :P��=,f>U���+@l���3.R,/ t�e�;�+7 ,675��>U>
��7J�+`<*29B,D��� � ·C��*$0�²C¶O·C93"$�49C>M 4�&%� �93"< #,6E<,693 &7~93"H�3�+`HP+"�9;"< :%� &*29!>U.M*< (³3� � ´w\ � "< L�3 )�e�=�3 �d
93"H ['B"$�4*<P+ 4,C.M*�93"< (')�=78@$��,6.M93.U�+*$,!�4�D93"H �Pµ�+,6 4,:���; [%� &�;E8,6>M�4�#\ � "< �,6E<,693 &7x9w��K� 4,���>M�+*HP
93.U78 :9;�b�; 4�+'B"5 4q `H.M>M.UF<�3.U`<7�dG�4*$0v9;"< # 4q�`<.M>U.MF<�;.M`<7 .U9B,/ L> �c.1,! &WH') &@<9;.M�=*$��>U>MEJ,/ &*$,6.M9;.M%� :9;�b9;"< 
.M*H@<`<95')�=*$0G.U93.M�=*$,8�4*$0�93��93"H �F$ &"$�&%2.M�+�J���(93"< _7J &7bFH�B��*H �\ � �¦75��K� �75��9;93 &�w,[�!�=�B,/ µd
93"H _P��+,5')�=78@$��,6.M93.U�+*$,J���3 _*H�+9578 4�=,/`<�; 40�0G.U�3 4'A93>ME�.U*��3 X��>:9;.M78 �\ � "< p�3 4�=,/�+*k.1,N93"$�49
93"H t�=*<>MEN &W2.1,/9;.M*<P�,/ &*$,6�+�w,C'&��@$�4F<>M ����?7 ��K2.M*<P#93"H.1,D,/�=�39!�4�?78 4�=,/`<�; &78 &*29?���; #��@<@H>M.1'L��93.U�+*<Z
,/@$ 4'A. 
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Using integration
From samples

��.UP+`<�; [�L�G\ © 'Dgt�4*$0G�=7x,;��78@<>U 4,��e�3�=7 93"< Ogihkj#�[78�202 &> ��*$0vjO�4`$,3,6.1��*5 4,693.U75��9; 4,o�e�=�!9;"< 
0G.R,/93�;.MF<`H93.M�=*
0G &@$ &*-0G &*$')EO�+*�93"H Q*H�+*<Ze>M.U*< 4���D² �������$9;"< !7J &7bFH�B��*H ��)�=93"< &�?%=���;.1��FH>M 4,§@<�3�202`$') 40(,/.M7J.M>1�4�
�3 X,/`<>U9B,)\ � "< �,3�478@<>U 4,��4@<@$ 4���n93�:F$ O0G�B�&�C*[�e�;�+7~�:0G.R,/9;�3.MFH`<93.U�+*�93"-��9D.1,� L.M93"H &�Y�[jO��`-,3,/.R��*
�+��')>M�µ,/ [9;�8�+*H �\:�<`<�;93"< &�;78�+�; �dG�=`<�: 4,693.U75��9; ��e�=�:93"H ��6�+.U*G9O0G.R,/93�;.MF<`H93.M�=*§d �+,:0G L@<.1')9; 40vF2E
93"H ['A�+*293�+`H�B,!�e�+���+*< V��*$059/�n�N,/9w��*$0<�4�B0_0G L%G.R��93.U�+*$,Ad<.1,!%� &�;E5')>U��,/ #9;�b9;"< �j:�4`$,3,6.1�4*_93"$�49
�C�=,� 4,693.U75��9; 40�0G.U�3 4'A93>ME8�e�;�+7 93"H 8,;��78@<>U 4,)\ � "G`$,Ad�.U9:.1,:�3 X�+,/�=*$��FH>M N93�� LWG@$ 4')9O93"$�49[�+`H�
93 X'S"<*H.1q�`< 4,Q�C.U>M> >M 4�=0 9;��P+���20p��@<@H�3�4WG.U75��9;.M�=*$,Q�4�D93"< #F$ &>U.M )�c,69B��9; �\

������
 ��� � & � � 
�( 01$�&�#�� 0
� ��� 
�( ��0��<.1!�� 01.
�'! ( 0�#%3

� "< N78��,69#@¡�=@<`<>R�����4>M9; &�3*$�493.U%� [93���+`<�(.M*G�e L�3 &*$'A ���>UP+�=�3.M9;"<7 .1,:F$�=,/ 40p�+*p@$���;93.1'A>M 
$>M9; &�B,
³ �D�Q´ ³/�� X')93.U�+*5¹2\��+´D�C.U93"5�+�n�C.M9;"<�+`<9C9;"< (�+0<02.M93.U�+*8�4�Dg����=Z^I!>R�+'BKG�n &>M>U. �4�493.U�+*§\ � "< :�; 4�+,6�+*
�! N75�&E�� ��*29[9;��`$,6 8,6.M78@<>U �D�¨�B�493"< &�#9;"$��*�g�I �D�¨.1,:9;"$��9(93"< J,/EH,/9; &7 .R,:*<�+*<Ze>M.U*< 4�4�
��*-0��C"< &*p�! �`$,6 �D� �! J0G�5*<�+9(.M78@$�µ,/ N��*2E_�3 X,/93�;.1')9;.M�=*$,t�+* 93"< �F$ &>U.M )� ,/9w��9; � �C.M9;"
 &*<�=`<P+" ,3��7J@<>M 4,?�! O'&��*8�; &@<�; 4,/ &*29D�4*GEJ0G.1,693�;.MF<`<9;.M�=*§d�*<�#75��9;93 &�Y"H��� *H�+*<Z6jO��`$,;,/.1�4*�.U9Q.R,)\

� ��')�=78@$�4�3 #�+`<�(�4>MP+�=�3.U93"<7 �C.M9;" �D�!d¡�n �P+ &*H &�B�493 40_�b9;�B���6 X')93�=�3E5��� ©+�=�893.M7J [,693 &@-,



�����������	��

�������	�	������������������������������� ��!"�#���%$ ¸=¸+¸

60 64 68 72 76
Time step

0.35

0.37

0.39

0.41

0.43

0.45

H2
 co

m
po

sit
ion

 a
t (

16
)

Truth
Our algorithm
Particle Filtering
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