
HAL Id: inria-00107635
https://inria.hal.science/inria-00107635

Submitted on 19 Oct 2006

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Using hybrid concurrent constraint programming to
model dynamic biological systems

Alexander Bockmayr, Arnaud Courtois

To cite this version:
Alexander Bockmayr, Arnaud Courtois. Using hybrid concurrent constraint programming to model
dynamic biological systems. [Intern report] A02-R-026 || bockmayr02a, 2002, 15 p. �inria-00107635�

https://inria.hal.science/inria-00107635
https://hal.archives-ouvertes.fr


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

21354�687:9<;=4$>1?�@=ACBED+7GFH>�I�7:9<;.21>J9<7LKM;.N�@OK8>QPJ@:RTSCI

U�VHWYXGZJ[]\^W`_]acb�ZCVO[]WMdfegWYVOhji$[]agkElfm�nporq
s�t dft8u$vgwLk=xzy|{$}G{�~g���"i�VH�O���OXL[]Z�y��Y�C\ry���i�VHh���kLxO[Qi�VOhCZ

���O�G�j���H�g�g�����L�g�j�L�G�L�����g���G���L���!�� G�

¡�¢f£C¤C¥�¦E§�¤g¨'© �:\r_]ZCª'\!«HWYeg�Ye�¬��­W®\"i�VOZJ¯°i$[]Zji�WYV�«OWYeg�Yeg¬$�­_]±Hi$_"i�WYª'\0i$_"i$h�±OW®ZJXLy
WYVH¬�i+\r�:\r_]ZCª'\ry��YZCXGZC���HVH�OZJ[]\r_Qi$VE�OWYVO¬+e�²p«HWYeg�Ye�¬gWYhji��³\r�:\r_]ZCª'\CtM´µ±HWY�YZ hC�O[^[]ZCV�_
¬�ZCVHe�ª'Z·¶:[]e$¸|ZChJ_]\�¶:[]e$XLW®�OZ·i¹±:�O¬gZ�i�ª'e��HV�_­e�²��Hi$_Qi¹egVº¬�ZCVHZC\»e�[�¶:[]e�_]ZCWYVO\Ck
�Ye�_]\�e�²8[]ZC\^Zji�[]h�± WY\�\r_]WY�Y�=VHZChJZC\^\]i$[^��_]e1�OVE�OZ�[]\r_Qi�VE�­±Hej¯¼_]±OZ��:W`½8ZJ[]ZCV�_�¶Hi$[^_]\"e�²
i1«HWYeg�Ye�¬gWYhji��M\r�:\r_]ZCª¾WYV�_]ZJ[Qi$hJ_¿WYV·e$[Q�OZJ[�_]e­¶=ZJ[^²5e�[]ª¾hCegª'¶O�®Z�À'«HWYeg�Ye�¬gWYhji��8²T�OVHhJy
_]WYegVO\Ct³Á�e�ª'¶H�O_Qi�_]WYegVEi$��ª'eL�:ZC�Y\�_]±Ei$_�±OZC�Y¶¼_]eÂi�VHi��`�:ÃCZgk�ZJÀ:¶H�®i�WYV-e$[�¶:[]Zj�OWYhJ_
_]±OZ�«=ZC±Hi�XLWYe�[ e$²�«HWYe��®e�¬gWYhji$��\r�:\r_]ZCª'\�¶O�ÄiC�Åi�hJ[]�HhCW®i$�³[]e��YZ+W®VÅ\r�:\r_]ZCª'\�«OW®e��`y
e�¬���tOÆ�±HZc¬�eGi$�ze�²M_]±HWY\¿¶Ei$¶=ZJ[³WY\�_]e»\^±Oe�¯Ç_]±Hi$_¿±��:«O[]W®� hCegVOhC�O[^[]ZCV�_¿hJegVH\r_^[Qi$WYVL_
¶:[]eg¬�[Qi$ª'ª'WYVH¬¹È®É�ÉJÊ"ª iC�+«=Z�i�¶O[]egª'WY\^WYVH¬·i��`_]ZJ[]VHi$_]WYXGZ»_]e·ZJÀ:WY\r_]W®VO¬�ª'eL�:ZC�YW®VO¬
i$¶H¶O[]egi�hQ±HZC\�WYV+\r�O\r_]ZJª'\p«OWYeg�Yeg¬$��tEb��:«:[]WÄ�·hCh1W®\�i'�OZChJ�Äi�[Qi$_]WYXGZ1hCe�ª'¶=eg\^W`_]WYegVEi$�
¶:[]eg¬�[Qi$ª'ª'WYVH¬+�®i�VO¬g�Ei$¬gZ�¯³W`_]±Åi�¯�ZC�Y�`y��OZJËHVHZj�Â\^ZCª i$V�_]W®hJ\Ct!o�_»i��Y�Yej¯³\'egVHZ _]e
ª'eL�:ZC�8i�VH��\^WYª»�O�®i$_]Z³_]±HZc�L�:VEi�ª'WYhC\"e�²z±L�:«:[]WÄ�'\r�:\r_]ZCª'\CkG¯³±OWYh�±·ZJÀ:±HWY«HW`_�«=e$_]±
�:W®\^h�[]ZJ_]Z�i$VE�.hCe�VL_]WYVL�He��H\­h�±Hi�VH¬�Zgtf´�Z·\^±Oe�¯Ì_]±Ei$_­b��:«:[]WÄ�.hJh·hji$Vº«=Z·�O\^Zj�
VHi$_]�O[Qi$�Y�Y�¹_]e�ª'eL�OZC�0i�Xgi�[]WYZJ_|�+e$²�«OW®e��Yeg¬gWYhji$��¶O±HZCVOegª'ZCVHi:k=\^�Oh�±�i�\c[]Zji$h�±OWYVH¬
_]±:[]ZC\^±He��Ä�:\CkHÍLWYVHZ�_]W®hJ\CkE¬gZJVHZ�WYV�_]ZJ[Qi�hJ_]WYe�V�e�[p«HWYe��®e�¬gWYhji$�f¶Ei�_]±L¯�iC�O\Ct

Î ÏHÐpÑ=Ò8Ó�Ô­Õ×ÖzÑ8Ø]ÓpÐ

ÙcÚ 4°3T7:SQP�;84�A$7O;=4�S Ú 7GÛ:4°SQ4�4$9¾7ÇP�>J4$D�4$9M;=@:K<S�Ü8>J@:ÝO>�4gS�S+R59ÞD�@:354�A$K83T7L>�ß<RÄ@O3Ä@OÝ:F:à�P Ú 4
D�@HS]P¹S�ÜM4gAjPC7:A�K<357:>·>J4�S�K83ÄP�ßz4$R598Ý°P Ú 4Â7:9898@:K<9<A�4�D�4�9HP�@:á­7°â<>CS]P+;=>C7�áãP+@Lá1P Ú 4.4$9HP�R5>J4
Ú K<D�7:9äÝO4$98@OD�4-S�4�åHK84$9MA�4¼RÄ9Ìæ:K89<4µç:è:èOè8àpé�RÄP Ú 7L9M7L35FES�4�S�Ü8K8ß<3ÄRTS Ú 4�;¾RÄ9Ìê84$ß<>�K<7:>�F
çLè:è<ë:ì�N�K8>J>J4$9HP�Ý:4�98@:D�4Oà¿P�>C7L9<SJA�>JR5Ü=P�@OD�4Â@O>¹Ü8>J@LPJ4$@:D�4ÂÜ8>J@Lí]4gAjPCS$à�é Ú @OS�4ÂÝ:@H7L31RTS+PJ@
;=4�PJ4$>JD�R5984³A$@:D�Ü8354�P�4�3ÄF�7L353�P Ú 4³Ý:4�984�S�à�î1ï­2µ@:>0Ü<>�@:P�4$R59<S!R59'7cÝ:R5Û:4�9»@O>�ÝH7L98RTS�D�àCÜ8>J@=;=K<A$4
7L9-4�6=Üz@:984�9OPJR57:3Ä35FºÝO>�@�é�R598Ý.7LD�@:K89HP @:ác;87LPJ7<ì�ðHP�@O>�R598Ý<à!D+7:RÄ9HPJ7:RÄ9<RÄ98ÝMà�7L9M;¼7OA$A$4�SJSQR598Ý
P Ú 4gSQ4×;<7�PJ7�>J4$Ü<>�4gSQ4�9OPCS¿7L35>�4g7:;=F·7 A Ú 7L35354$98ÝO4�PJ@�A�@OD�Ü8K=P�4�>pSJA�R54$9<A$4:ìO?�K=PpP Ú 41>J4�7:3=é�@O>�B
ñ é�RÄP Ú 7L9¼4$9<@:>JD�@OK<S­RÄD�Ü<7OAjP'@:9°D�4g;=RTA�R5984+7L9<;ÅÜ Ú 7L>JD+7:A$F ñ A$@:9<S�RTS]PCS­R59¼4�6=Ü835@:RÄP�R598Ý7L353fP Ú 4gSQ4 ;87LPJ7�7L9M;�R59.K89<;=4�>JSQPJ7:9<;=R598Ý Ú @�éÞP Ú 4'Û�7L>JRÄ@OK<ScA�@:D�Üz@:984�9HPJSc@Lá¿7�ß8R5@:35@:Ý:RTA$7:3
SQF=SQP�4$Dóò�R|ì 4OìpÝO4$984gS$à³î1ï­2 à�Ü8>�@:P�4�RÄ9<S¹4�PJA:ì ô+RÄ9HP�4�>J7OAjP+R59õ@:>C;=4$>�PJ@µÜM4�>Qá�@O>�DöA�@:D�Ü8354�6
ß8RÄ@O3Ä@OÝ:RTA$7:3Má�K<9<AjPJRÄ@O9<S$ì
ðEF=S]PJ4$D+S»ß8RÄ@O3Ä@OÝ:FÂRTS'7�9<4$é÷7:>�4g7�R59¼ß8RÄ@O3Ä@OÝ:FOàzé Ú R5A Ú 7LR5D�S'7LP 7�S�F=S]PJ4$D ñ 354$ÛO4$3�K89 ñ;=4$>CS]PC7L9<;8RÄ98Ý�@Lá0ß8R5@:35@:ÝOR5A�7L3<S�F=S]PJ4$D+S1ø5ë�ùLú|ìHû Ú R53Ä4×P�>C7:;=RÄP�R5@:9<7:3<ß8R5@:35@:ÝOF�4$6=7:D�RÄ984gS�S�R598Ý:354

Ý:4$9<4�S'@O> Ü8>J@LP�4�RÄ9MS R59µR5S�@:3T7�PJRÄ@O90à�S�FESQP�4�Düß<RÄ@O3Ä@OÝ:FÅS�RÄD·K83ÄPJ7L9<4$@:KMSQ35F°SQP�K<;8RÄ4gS'P Ú 4�A�@OD ñÜ83Ä4$6�R59OPJ4$>C7:A�P�R5@:9�@:á<D+7L9EF 354$ÛO4$3TS"@:á<ß8R5@:35@:ÝOR5A�7L3ERÄ98á�@:>JD�7LP�R5@:9 ñ ÝO4$98@OD�R5A�ý­ï­2 àLD+î1ï­2 àÜ8>�@:P�4�RÄ9<S�à<R59=á�@O>�D+7�PJRÄ@O9<7L3"Ü<7�P Ú é�7GF=S17:9<;Â984$P]é�@O>�B=S ñ P�@�K89<;=4�>JSQPJ7:9<; Ú @�éÌP Ú 4$F.é�@O>�BP�@:ÝO4�P Ú 4$>gà8SQ4�4�øÄë�þLú!á�@:>17�>J4�A$4$9HP�4�687LD�Ü8354:ì



ÙcÚ 4»;84$Û:4�3Ä@OÜ8D�4$9HP�@:á"A�@OD�Ü8K=PJ7LP�R5@:9<7:3fD�@=;=4�35S�@:á�ß8R5@:35@:Ý:RTA$7:3MS�F=S]PJ4$D+S�Ü8357GF=S�7·A$>�K ñA�RT7L3�>�@O3Ä4·RÄ9ÅS�F=S]PJ4$D+S­ß8RÄ@O3Ä@OÝ:F¼ø �Lú|ì!2÷9EK8D�ßz4$>»@Lá³Ü8>J@Lí]4gAjPCS×35RÄBO4·?�R5@HðEÜ8RTA�4Oà!N�4�3Ä354$>C7�PJ@:>gà
ý­?�ðE@O3ÄÛO4:à�� ñ N�4$353�à��»4�Ü<7:S�R|àGæH7L>J9<7OALà��³>J@��Â@:P���ý
	���2 àLðHP�@=A Ú ð=RÄD 7L9<;
�×R5>QPJK<7L3MN�4�3Ä387:RÄD
7�P+D�@E;84$35RÄ98ÝÇ7:9<; SQR5D�K83T7�PJRÄ9<Ý¼ß<RÄ@O3Ä@OÝ:RTA$7L3cÜ8>J@=A�4gS�S�4�S�ì ÙcÚ 4ÅðEF=S]PJ4$D+S+?�RÄ@O3Ä@OÝ:Fµû¼@:>JB ñßM4�9<A Ú øÄë���ú¿R5S'7.S�@LáãP]éc7L>J4·Ü<357LPQá�@:>JD A$K8>�>J4$9HPJ3ÄFÂßz4$R598Ýº;=4�Û:4$35@:Üz4�;°R59°@O>J;=4�>»P�@.4$9<7:ß8354
P Ú 4�;8R��f4$>J4$9HP PJ@H@O35S'P�@ºR59HP�4$>C7:A�P é�R®P Ú 4�7OA Ú @:P Ú 4�>�ì�ê8>J@:D 7.Ü8>�@OÝ:>C7LD�D�RÄ9<Ý�3T7L9<Ý:K<7:Ý:4
ÜM4�>JS�ÜM4gAjPJRÄÛO4:àp7-á�K<9<;87LD�4�9OPC7L3×åHK84gS]PJRÄ@O9õ7L>JR5S�4�S��³é Ú 7LP¹R5S¹P Ú 4ÅS�4$D+7:9OPJR5A�S+K89<;84$>J3ÄFER598Ý
P Ú 4gSQ4 ;=R��f4$>J4$9HP17LÜ8Ü8>J@O7OA Ú 4�S�7L9M;�P Ú 4'Üz@OSJSQR5ß8354�A$@:D·ß8RÄ9M7�P�R5@:9MS�ßz4�P]é�4$4�9�P Ú 4�D��
ÙcÚ 4�Ý:@O7:3"@:ápP Ú R5S Ü<7LÜz4$>�RTS»P�@.Ü8>J4�S�4$9HP Ú FEß8>JR5;¼A�@O9<A�K<>�>J4$9HP'A�@:9MS]PJ>J7:RÄ9HP­Ü<>�@OÝ:>C7LD ñD�R598Ý ø5ë:ë�ú17OS�7°Ü8>J@:D�RTSQR598Ý-7L3ÄP�4$>J9<7LP�R5Û:4¹PJ@-4�6=R5SQP�R598Ý¼D�@E;84$35RÄ98Ýµ7:9<;/S�RÄD·K83T7�P�R5@:9 7LÜ ñÜ8>�@H7:A Ú 4gScRÄ9°SQF=SQP�4$D+S×ß8RÄ@O3Ä@OÝ:FOì���������� �"!�!·RTS­7�ÛO4$>JF�Üz@�é�4�>Qá�K<3!á�>J7:D�4$é�@:>JB+á�@:>­D�@=; ñ4$35RÄ98ÝMà!7L9<7:3ÄF�#$R598Ý�7L9<;°SQR5D�K83T7�PJRÄ9<Ý Ú FEß8>JR5;°SQF=SQP�4$D+S�àfR�ì 4:ì5à!SQF=SQP�4$D+S­P Ú 7�P'4�6 Ú R5ß8RÄP�ßz@LP Ú

;=R5SJA�>J4�PJ4·7:9<;ºA�@O9HP�R59HK<@:K<S»A Ú 7L9<Ý:4:ì$	rP»RTS�7�;=4gA�3T7L>C7�PJRÄÛO4�A�@OD�Üz@OS�RÄP�R5@:9<7:3�Ü8>J@:ÝO>J7:D�D�R598Ý
357:98Ý:K<7:Ý:4.ß<7OSQ4g; @O9 P Ú 4ÅA�AÂÜ<7:>J7O;=RÄÝOD.ì³ê8>J@:D 7µA$@:D�Ü8K=PJ4$>�SJA�R54$9MA�4ÂÜz4$>CSQÜz4�A�P�R5Û:4:à�7
D�7Lí]@:>�7:;8ÛG7:9HPJ7LÝO4×@:á%���&����� �"!�!�A�@OD�ÜM7L>J4�;+PJ@�@LP Ú 4$>17LÜ<Ü8>�@H7:A Ú 4gS³RTS�P Ú 7LP�R®P1RTS�7 á�K<3Ä3
Ü8>�@OÝ:>C7LD�D�RÄ9<ÝÅ3T7L98ÝOK<7LÝO4�é�RÄP Ú 7Åé�4$353 ñ ;=4$â<984�; S�4$D+7L9HP�RTA$S�à�ß<7:S�4�;/@:9 7¼S�D+7L353c9HK<D ñßM4�>�@Lá"Ü<>�R5D�R®PJRÄÛO4�S�ìEê<>�@OD P Ú 4�ÛER54$é�Üz@:R59OP�@:á�S�FESQP�4�D+S�ß<RÄ@O3Ä@OÝ:F:àHP Ú 4�S�4�ß<7:S�R5A»A�@O9<SQP�>JK<AjPCS
D�7GF Ú 4$35Ü P�@µRT;=4$9HP�RÄá�F/BO4$F/A$@:D�Ü8K=PC7�PJRÄ@O9<7L31A$@:9<A$4$Ü=PCS�984$4g;=4�; P�@->J4$Ü8>J4�S�4$9HP¹7L9M;ÇPJ@
K89<;=4�>JSQPJ7:9<;�ß<RÄ@O3Ä@OÝ:RTA$7L3!S�F=S]PJ4$D+S�7�P�P Ú 4'D�@:354�A�K<357:>c7:9<;�A�4$3535K8357:>�3Ä4�Û:4�3�ì
ÙcÚ 4 @:>JÝO7:98R'#�7�PJRÄ@O9�@:á�P Ú RTS×ÜM7LÜz4$>×RTS×7OS�á�@O3Ä35@�é1S$ì<û°4�S]PC7L>�P×RÄ9Åð=4�AjPgìfç+ßHF�Ý:R5ÛERÄ9<Ý¹7

S Ú @O>QP�@�Û:4�>�ÛER54$é¼@Lá8D�@=;=4$35RÄ9<Ý­7LÜ<Ü8>�@H7:A Ú 4gSfá�@:>�D�@:354�A$K8357:>"7:9<; A�4�3Ä3Hß8R5@:35@:ÝOF:ì$û¼4p4�D�Ü Ú 7 ñSQR'#$4+P Ú 4¹>J@:354+@Lá Ú FEß8>�RT;-SQF=SQP�4�D�S�à�é Ú R5A Ú A�7L9µA�@�ÛO4$> ßz@LP Ú ;=R5SJA�>J4�PJ4¹7L9<;µA$@:9HP�R59EK8@:KMS
Ü Ú 4$9<@:D�4$9<7<ì�ð=4�AjPgì(�Å>J4�A�7L3535S·SQ@OD�4�@Lá1P Ú 4�ß<7:S�R5A�R5;84�7:S·K89<;84$>J3ÄFER598Ý Ú FEß8>JR5;ÇA$@:9<A$K8> ñ>�4�9OP�A$@:9<SQP�>C7LR59HP»Ü<>�@OÝ:>C7LD�D�RÄ98Ý.7L9M;°ÝORÄÛO4�S'7ÂS Ú @:>�P'RÄ9HPJ>�@=;=K<A�P�R5@:9-R59OPJ@�P Ú 4¹3T7L9<Ý:K<7:Ý:4
�&�&����� �"!&!=ì!ðE4�A�P�ìfþ�R5S×P Ú 4+A$@:>J4 @Lá³P Ú 4�Ü<7LÜz4$>gàf4�6=Ü83T7LR598RÄ9<Ý Ú @�é)���&���*� �"!�!¹A$7:9Åßz4
K<SQ4g;ÂPJ@�D�@=;=4$3�ß8R5@:35@:ÝOR5A�7L3�SQF=SQP�4$D+S»R59°7 Ú RÄÝ Ú ñ 3Ä4�Û:4$3�7L9M;º;=4�A$357:>J7LP�R5Û:4·é�7GFOìMû¼4�S Ú @�éP Ú 7LP�Û�7:>�R5@:K<S�Ü Ú 4$98@OD�4�9<7­RÄ9�ß8R5@:35@:ÝOF:àg3ÄR5B:4�P Ú >�4gS Ú @O35;<S$àGBERÄ9<4�P�RTA$S�à�Ý:4�984�RÄ9HP�4�>J7OAjPJRÄ@O9<S$àG@O>
ß8RÄ@O3Ä@OÝ:RTA$7:3!Ü<7�P Ú éc7GF=S$ì Ú 7GÛO4»P Ú 4�RÄ>19M7�P�K<>J7:3�A�@OK89HP�4$>JÜ<7:>QP�R59+���&�������"!�!=ìMðE4gAjPgì$,�SQK<D ñD�7:>�R'#$4gS�P Ú 4­;=R5SJA�KMS�S�RÄ@O9+7L9<;�Üz@:R59OPCS¿@:K8P�;=R5>�4gAjP�R5@:9MS�á�@:>�á�K8>�P Ú 4$>p>J4�S�4�7:>JA Ú ì ÙcÚ 41>�4gSQK<3®PCS
Ü8>�4gSQ4�9HP�4�;�R59�P Ú RTS�Ü<7LÜz4$>�é�4$>J4­â<>JSQP×7L9<98@:K89MA�4�;�R59°ø`çGúrà<S�4$4'7L3TSQ@�ø-,Gúrì

. /+01Ø21OÑ8ØQÐ4365 ÓcÔ4798QØ�Ð:3<;>=
=×Ò8Ó?;�Ö$@:791

2äÛ�7L>JR54�P]F�@Lá!á�@:>JD+7L35R5S�D+S Ú 7:S�ßM4�4$9¹Ü8>J@:Üz@OS�4�;¹RÄ9+P Ú 4»3ÄRÄP�4�>J7LP�K8>J41á�@O>pD�@=;=4$35RÄ9<Ý·ß8R5@:35@:Ý ñR5A�7L30S�FESQP�4�D+S�ø �<à�ù�úrì8ê8@O3Ä35@�é�R598Ý�ø A�úrà8é�4�D�7GF�;=R5SQP�R598ÝOK8R5S Ú P Ú >J4$4'ß<7OSQRTA�7LÜ8Ü<>�@H7:A Ú 4gS

B ;=RTS�A$>�4$P�4:à
B A�@O9OPJRÄ9EK8@OK<S�à
B S]PJ@=A Ú 7:SQP�RTALà
7L9<;�Û�7L>JRÄ@OK<S�A�@OD�ß8R59<7�PJRÄ@O9<S�ßM4$P]é�4�4$9�P Ú 4$D.ì
ý×RTS�A$>�4$P�4�D�@=;=4$3TSp7:>�4�ßM7:S�4�;�@:9¹;=RTSJA�>J4�P�4�Û�7:>�RT7Lß8354�Sp7L9<;�;=RTS�A$>�4$P�4×SQPJ7LP�41A Ú 7:98Ý:4gS$ìO2

A�3T7:SJSQRTA$7:304�687LD�Ü8354�7:>�4�?�@E@:354�7:9.984�P]é�@:>JB=Scá�@:>­Ý:4$9<4�>J4$Ý:K<357LP�R5@:9-øÄë�,GúrìMê<@:>×4g7:A Ú Ý:4�984:à
P Ú 4�>�4'RTS17�?�@H@O3Ä4g7L9�Û�7L>JR57:ß83Ä4�R59<;=RTA$7LP�R598Ý�é Ú 4�P Ú 4$>1@O>�98@LP�P Ú 4'Ý:4�984'RTS�4�6=Ü8>J4�SJSQ4g;¹R59Â7
Ý:R5Û:4$9�S]PC7�P�4OìH?�@E@:354�7:9�á�K89<A�P�R5@:9<Sc7L>J41P Ú 4$9�K<S�4�;�PJ@·>J4$3T7�PJ4�P Ú 4»Û�7L>JR57:ß8354�S³ßz4$35@:9<Ý:R598Ý PJ@
;=R��f4$>J4$9HPcS]PC7�P�4gS$ì�C­K<7:3ÄRÄPJ7LP�R5Û:41984$P]é�@O>�B=S×ø çD��úz7:>�4»7L9¹4$6EP�4$9MSQR5@:9+@:á"?�@H@O3Ä4g7L9+984$P]é�@O>�B=S�à



ß<7:S�4�;¼@:9-D·K83®PJRÄÛ�7:3ÄK84g;-3Ä@OÝ:RTALì ��7:A Ú Û�7L>JR57:ß8354�9<@�é Ú 7OS 7�â<98RÄP�4�;=@:D+7:RÄ9-@LácÜz@OSJSQR5ß8354
ÛG7:3ÄK<4�S�à�é Ú RTA Ú A�7L9Þßz4¼K<SQ4g;!à�á�@:>�4�687LD�Ü8354:à�P�@ >�4�Ü8>J4�S�4$9HP�;=R��f4$>J4$9HP�354$ÛO4$3TS�@:á�Ý:4�984
4�6=Ü8>J4�SJSQR5@:90ìLðE4�Û:4�>J7:3H7:K=P Ú @O>JS Ú 7GÛO4�SQPJ7:>QPJ4�;�P�@'7LÜ<Ü83ÄF·A�@:9MA�4$Ü8PJS�7L9<;�P�@E@O35S�á�>J@:D á�@O>�D+7:3
Û:4$>JRÄâMA$7LP�R5@:9'PJ@­D�@=;=4$3Eß8R5@:35@:ÝOR5A�7L3ESQF=SQP�4�D�S�àG3ÄR5B:4 ��4�PJ>�RE984$PJS�øÄë � ú=@:>"P Ú 4�� ñ A$7:35A$K835K<S�øÄë�A�úrìN�@:9HP�R59EK8@:K<S1D�@=;=4�35S Ú 7GÛO4 ßM4�4$9ºKMSQ4g;ÂRÄ9ÅD�7LP Ú 4�D+7�P�RTA$7:3"ß<RÄ@O3Ä@OÝ:F¹á�@O>»7¹Û:4$>JF�3Ä@O98Ý
P�R5D�4/ø ç�,Gúrì ÙcÚ 4$F 7L>J4Âß<7OSQ4g; @O9õ;=R��f4$>J4$9HPJR57:3×4�åHK<7LP�R5@:9<S+P Ú 7LP¹P]FEÜ8R5A�7L353ÄF D�@E;84$3×ß<RÄ@ ñA Ú 4$D�RTA$7L3�>J4�7:A�P�R5@:9<S�ì 	^9°Ü8>JRÄ9<A$RÄÜ<3Ä4Oàf7:9EF.S�F=S]PJ4$D @Lá�A Ú 4$D�RTA$7L3�>J4�7:A�P�R5@:9<S­7L9<;ÅÜ Ú F=SQRTA$7:3
A�@:9MS]PJ>J7:RÄ9HPJS�A$7:9õßM4°P�>C7L9<SQá�@:>JD�4�; R59HP�@/7 SQF=SQP�4$D)@:á 98@:9835R5984�7:>�@:>C;=R59<7L>JF ;8R��f4$>J4$9 ñP�RT7L3»4�åHK<7�PJRÄ@O9<S�à³é Ú @OS�4ºÛ�7L>JRT7Lß8354�S¹7:>�4°A�@:9MA�4$9HPJ>J7LP�R5@:9<S�@:á Ü8>�@:P�4�RÄ9<S�à�î×ï×2�@O>�@:P Ú 4�>
D�@O3Ä4gA�K8354�S�ì

	^9ºD+7L9EF�D�@=;=4�35S­@Lá¿ß8R5@:35@:ÝOR5A�7L3"S�F=S]PJ4$D+S�à8P Ú 4$>J4�4�6=RTS]P»;=R5SJA�@O9HP�R59HK<@:K<S1P�>C7L9<S�R®PJRÄ@O9<S�ì
ê8@:>c4$6=7:D�Ü83Ä4Oà=é�4�D+7GF+éc7L9HP�PJ@�D�@=;=4�3fP Ú 7LP�4�6=Ü8>J4�SJSQR5@:9�@Lá"ÝO4$984��º7:A�P�R5Û�7�P�4gS�4�6=Ü8>J4�S ñSQR5@:9°@LápÝO4$984��	�!7:ßM@�ÛO4·7�A$4$>�PJ7:RÄ9ÅP Ú >J4�S Ú @:3T;!àzÝ:4�984��ÂR59 Ú R5ß8RÄPJS»4�6=Ü8>J4�SJS�RÄ@O9º@LápÝO4$984���ì
ÙcÚ R5S13Ä4g7:;8S�PJ@�7�S�F=S]PJ4$D @:á�A$@:9<;=RÄP�R5@:9M7L30;=R��z4�>�4�9HP�RT7L3!4�åHK<7LP�R5@:9<Sc35R5B:4


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

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

� ! # ��� ��.�)*� 0

SQ4�4�ê�R5Ý<ì0ë»á�@O>17L9�RÄ353ÄKMS]PJ>J7LP�R5@:90ì

0

0.2

0.4

0.6

0.8

1

1.2

0 50 100 150 200 250 300 350 400

time

out

x
y

13254 ¨76E¨ o|V�_]ZJ[Qi$hJ_]WYegV�«=ZJ_�¯�ZCZJV·_|¯�e�¬gZJVHZC\

ÙcÚ 4­9<4$4�;¹P�@�A$7:Ü=P�K8>J4×ßz@LP Ú ;=RTSJA�>J4�P�4�7L9M;�A�@O9HP�R59HK<@:K<SpÜ Ú 4$9<@:D�4$9<7·D�@LPJRÄÛ�7�PJ4�S�P Ú 4
S]PJK<;=Fµ@Lá Ú FEß8>JRT;/;=FE9<7:D�RTA$7:3�S�F=S]PJ4$D+S�ø çLþLúrì ÙcÚ 4$R5>�>J4$354$Û�7:9<A�4�á�@:>�ß8RÄ@O3Ä@OÝ:F Ú 7OS·ßz4$4�9
ÜM@ORÄ9HP�4g; @:K=Pgà³7LD�@:98Ý¼@LP Ú 4$>CS�à¿RÄ9 ø5ë98gú×7:9<;¾øÄë$ú|à¿é Ú 4�>�4ÂS�ÜM4gA�RT7L3�4�D�Ü Ú 7:S�R5S�RTS�Ü8K=P¹@O9
P Ú 4�SQR5D�RÄ3T7L>JR®P]F¼ßz4�P]é�4$4$9 Ú FEß8>JR5;/SQF=SQP�4$D+S�4$9<A$@:K89HP�4�>�4g;¼RÄ9Ç4�98Ý:R5984�4$>JRÄ98Ý°7L9<;-ÝO4$984$P�RTA
A�R5>JA$K8R®PCSc@:>�ß8R5@:D�@O3Ä4gA�K83T7L>c984$P]é�@O>�B=S�ì
2198@:P Ú 4�>�R5D�ÜM@O>QPC7L9HP�RTS�S�K84×á�@:>�ß8RÄ@O3Ä@OÝ:F�7L>J4­SQP�@=A Ú 7OS]PJR5A�Ü Ú 4$98@OD�4$9<7<ì&�p>�@Oß<7Lß8R535R®PJRÄ4gS

@EA�A�K8>�R59.D+7L9EF�;=R��z4�>�4�9HP1é�7GF=S�ìHû¼4'D+7GF�;=RTS]PJRÄ9<Ý:K8RTS Ú ßz4�P]é�4$4�9.;8R5SJA�>J4�PJ4�7:9<;.A�@O9OPJRÄ9 ñK8@:K<S·;=RTS]PJ>�R5ß8K=PJRÄ@O9<S$ì%�³>J@:ß<7:ß8RÄ35RÄP�R54�S'D+7GF-7LÜ8Üz4�7:> 4�6=Ü835R5A$R®PJ3ÄF¼R59Ç>J7:9<;=@OD Û�7L>JR57:ß8354�S'@O>
>J7:9<;=@:D 9EK8D�ßz4$>CS @O>·R5D�Ü835R5A$R®PJ3ÄF-35RÄBO4�R59ÇBERÄ984$P�RTA¹3T7Gé1S @O>�D�@=;=4$3TS�35R5B:4¹P Ú 4�@O984�Ü<>�4 ñSQ4�9OPJ4�;.R59°ðE4gAjP�ìzþ<ì`ç=ì Ù FEÜ8RTA$7:3"S�R®PJK<7�PJRÄ@O9<S1é Ú 4�>�4'Ü<>�@Oß<7Lß8R535R®PJRÄ4gS×7L>J4'K<S�4�;ÂR59ÂD�@=;=4$35RÄ9<Ý
RÄ9<A$3ÄKM;=4D�



B ðER5D�Ü<3ÄRÄâ<4�;�>�4�Ü8>J4�S�4$9HPJ7LP�R5@:9+@Lá0Ü<>�@=A�4gS�S�4�S­ò�4Oì ÝMìHS�RÄD·K83T7�P�R598Ý�P Ú 4»Ü<7�P Ú é�7GF�A Ú @:RTA�4×@Lá
� ñ Ü Ú 7:Ý:4gScRÄ9Â7�ÜM@OÜ8K83T7�PJRÄ@O9°ø � ú�ôjì

B 	^9HP�4$ÝO>J7LP�R5@:9�@Lá¿S]PJ@EA Ú 7:SQP�RTA×98@OR5S�4�RÄ9.@O>J;=4�>�P�@+Ý:4$P�D�@O>�4�>J4�7:3ÄRTS]PJR5A»D�@=;=4$3TS�ì
B�� 7:>�ÝO4 ñ S�A�7L354
�Â@O9OPJ4�N�7L>J3Ä@�SQR5D�K<357LP�R5@:9<S�ì

� �����×Ò<Ø�Ô�ÖfÓ�Ð×Ö!Õ1Ò<Ò�7�Ð�Ñ/ÖfÓpÐ41OÑ=Ò�;¿ØQÐ�Ñ =­Ò8Ó 3³Ò ; 5 5 ØQÐ43

N�@:9<SQP�>C7LR59HP�Ü8>J@:ÝO>J7:D�D�R598Ý-S]PC7L>�P�4g;ÇR59<SQRT;=4Â35@:ÝOR5A�Ü8>J@:ÝO>J7:D�D�R598Ý°7:>�@OK89<;äë�A � ,=ì 	^9 7
A�@:9MS]PJ>J7:RÄ9HP1Ü8>J@:ÝO>J7:D�àEP Ú 4 K<S�4$>»SQÜz4�A$R®âM4�S17+9EK8D·ßM4�>×@:á¿A$@:9<SQP�>C7LR59HPJS�ì��p7:A Ú A$@:9<SQP�>C7LR59HP
;=4�â<9<4�S17�>J4$3T7�P�R5@:9�ßz4�P]é�4$4$9.Û�7L>JRT7Lß8354�S�P Ú 7�P×;=4gS�A$>�R5ßM4�P Ú 4 SQPJ7�PJ4'@Lá"P Ú 4�S�F=S]PJ4$D K<9<;=4$>
RÄ9EÛ:4gS]PJRÄÝH7�PJRÄ@O90ì ÙcÚ 4ÅA$@:9<SQP�>C7LR59HP�SQ@O3ÄÛO4$>+Ü8>J@�ÛER5;=4gS¹7L35Ý:@O>�RÄP Ú D�S�é Ú R5A Ú A$@:D�Ü8K=PJ4ÅSQ@O3ÄK ñP�R5@:9<S�àLR|ì 4OìÄàLÛ�7:3ÄK<7LP�R5@:9<S�@:áMP Ú 41Û�7L>JRT7Lß8354�S�SJ7�P�RTSQá�FHR598Ý'7L353=P Ú 41A�@O9<S]PJ>J7:RÄ9HPCS$à�@O>¿é Ú R5A Ú R59=á�4$>
984$é A�@O9<S]PJ>J7:RÄ9HPCSpá�>J@:D P Ú 4'ÝORÄÛO4$9�@:984gS$ì

	^9.A$@:9<A$K8>J>�4�9OP1A$@:9<SQP�>C7LR59HPcÜ<>�@OÝ:>C7LD�D�RÄ98Ý.ò�A�A�ô�àM;=R��z4�>�4�9HP­A�@OD�Ü<K=PJ7LP�R5@:9.Ü8>J@EA$4�SJSQ4gS
D�7GF�>�K89.A�@O9<A�K<>�>J4$9HP�35F:ì�	^9HP�4�>J7OAjPJRÄ@O9�RTScÜM@HS�S�RÄß<3Ä4�ÛER57·P Ú 4
	���
�����������
������������$ì ÙcÚ 4'S]PJ@:>J4
A�@:9HPC7LR59<S�7:3Ä3:P Ú 4�A�@:9MS]PJ>J7:RÄ9HPJS"A�K8>J>J4$9HP�35F×BE98@�é�9 7:ßM@OK=P�P Ú 4�S�F=S]PJ4$D.ìg2/Ü8>J@EA$4�SJS!D+7GF���� ���
P Ú 4 SQP�@O>�4�7�984$éÌA�@O9<S]PJ>J7:RÄ9HPgàH@O>!�"��#�P Ú 4 S]PJ@:>J4­é Ú 4$P Ú 4�>×S�@:D�4'A�@:9MS]PJ>J7:RÄ9HPcR5Sc4�9OPC7LR53Ä4g;
ßHF�P Ú 4­RÄ98á�@:>JD�7LP�R5@:9+A�K<>�>J4$9HP�35F�7GÛ�7LR53T7Lß8354:àLR59+é Ú RTA Ú A$7:S�4cá�K8>�P Ú 4�>�7OAjP�R5@:9�RTS¿PC7LB:4�9.ø ç:è�úrì
ÙcÚ 4¹@:>JR5Ý:R59<7L3pA�A+á�>C7LD�4$é�@:>JB Ú 7:S ßz4$4�9Ç4�6EPJ4$9<;=4g;µR59µÛG7:>�R5@:KMS�;=R5>�4gAjPJRÄ@O9<S$ì%	^9µP Ú 4

A�@:9HPJ4�6EP�@Lá�P Ú RTS�Ü<7:ÜM4�>�à=é�4'7L>J4­R59HP�4$>J4�SQP�4g;�RÄ9�P Ú 4�á�@O3Ä35@�é�R598Ý�4�6EP�4�9<SQR5@:9MS �

B%$ ��&('&� !�!¹ø`ç=ë�ú
B%$ ��&('&� �)'+*),�-�.0/"!�!�ø çOçGú
B ��������� �"!�!�øÄëGç=à�ë:ë:à�þLú

1 984¹D+7�í]@O>·;=R32¹A�K83ÄP]F-RÄ9/P Ú 4�@:>JRÄÝORÄ9<7:3�A�A+á�>C7LD�4$é�@:>JBÅRTS'P Ú 7�P+A$A�Ü8>�@OÝ:>C7LD+S'A$7:9
;=4�PJ4�AjPc@:9<3ÄF�P Ú 4­Ü8>J4�S�4$9MA�4×@:á�R59=á�@:>JD+7�P�R5@:9�à:98@:P�RÄPJSc7LßMSQ4�9<A�4Oì Ù @�@�ÛO4$>CA�@:D�4cP Ú R5S�Ü8>J@:ß ñ3Ä4�D�à!ø`ç=ë$úzÜ<>�@OÜM@HSQ4g;�P�@�7:;8;¹P�@·P Ú 4'A�A×Ü<7:>J7O;=R5Ý:D 7·S�4�åHK84�9<A�4­@Lá�Ü Ú 7:S�4�S�@Lá"4�6=4�A$K=P�R5@:90ì
2�P�4g7:A Ú Ü Ú 7:S�4:à�7ÅA$A�Ü8>J@:Ý:>C7LD RTS�4$6E4gA�K=PJ4�;!ì¿2�P�P Ú 4�4$9M;!à�7:ß<S�4$9<A$4�@Lá­RÄ9=á�@O>�D+7LP�R5@:9
R5S�;=4$P�4�A�P�4g;!à!7L9<;ÂKMSQ4g;ºR59ÂP Ú 4�984$6HP�Ü Ú 7OSQ4Oì ÙcÚ R5S»>J4�S�K83®PCS×R59°7�SQFE9<A Ú >�@O98@:K<S1>�4g7:AjPJRÄÛO4
Ü8>�@OÝ:>C7LD�D�RÄ9<ÝÅ3T7L98ÝOK<7LÝO4:à $ �4&('&� !�!=ì�?�K=Pgà�P Ú 4ÂåHK84gS]PJRÄ@O9 >J4$D+7LR5984g; Ú @�é P�@µ;=4�PJ4�A�P
984$ÝH7�P�R5Û:4»R59=á�@:>JD+7�P�R5@:9�R59<S]PC7L9HPJ7:984$@OK<S�3ÄFOì)5)'+*),0-�.�/"!�!�4$6HPJ4$9<;<S1A$A»ßEF�7�984$ÝH7�PJRÄÛO4�7OSQB
A�@:D·ß8R59<7�PJ@:> ��*767').�80'
9 àzé Ú RTA Ú RÄD�Üz@OS�4�S×P Ú 4�A�@O9<S]PJ>J7:RÄ9HPCS�@Lá�9 K<983Ä4gS�S1P Ú 4·>�4gS]P­@Lá
P Ú 4.SQF=SQP�4�D R5D�ÜM@HSQ4gS P Ú 4�A$@:9<SQP�>C7LR59HP:6zì � @:ÝOR5A�7L353ÄFOà0P Ú R5S�A$7:9Çßz4�S�4$4�9/7:S�7Å;=4$á�7LK83ÄP�ì
	^9OPJ>�@=;=KMA�R598Ý.Ü Ú 7:S�4�S'7OS»RÄ9 $ �4&;'&� !�!¹354�7O;8S»P�@<5�'+*),�-�.0/ $ ��&('&� !�!ºø`ç:çGúrì 1 9835Fº@:9<4
7:;8;=RÄP�R5@:9M7L3!A�@O9<S]PJ>�KMAjP�RTS�984$4g;=4�; �>=?'0@�!0'!9�à=é Ú R5A Ú S]PC7L>�PJS�7·A$@:ÜEF�@LáA9ÌR59�4g7:A Ú Ü Ú 7:S�4
7�áãP�4�>cP Ú 4 A$K8>J>�4�9OP�@O984:ì

�&�&����� �"!&!�R5S 7:9°4$6EP�4$9MSQR5@:9-@LáB5�'+*C,0-�.0/"!&!�@�Û:4$> A$@:9HP�R59EK8@:KMS×PJRÄD�4Oì"ê�RÄ>CSQP�A�@:9 ñP�R59HK<@:K<S1A$@:9<SQP�>C7LR59HP1SQF=SQP�4$D+S17:>�4'7:3Ä35@�é�4g;!à=R|ì 4OìÄàzA�@:9MS]PJ>J7:RÄ9HPJScD+7GF�RÄ9EÛ:@O3ÄÛO4»;8R��f4$>J4$9HP�RT7L3
4�åHK<7�PJRÄ@O9<S�P Ú 7�P14�6=Ü8>J4�SJS�RÄ9<R®PJR57:30Û�7L35K84�Ü8>�@Oß8354$D+S$ì<ð=4�A�@O9<;!àEP Ú 4D=?'�@�!0'�@:Üz4$>C7�PJ@:>cRTScRÄ9 ñP�4$>JÜ8>J4�PJ4�;Ç@�ÛO4$>�A�@O9OPJRÄ9EK8@OK<S·P�R5D�4:ì(	rP+RÄD�Üz@OS�4�S·P Ú 4.A$@:9<SQP�>C7LR59HPJS·@LáD9�7LP+4$Û:4�>�F->J4�7:3
P�R5D�4�RÄ9<SQPJ7:9HP­7�áãPJ4$>�P Ú 4·A$K8>�>J4$9HP1@O984:ì Ù 7Lß�ì�ë S�K8D�D�7:>�R'#$4gScP Ú 4 ß<7:S�RTA'A�@:D·ß8R59<7�PJ@:>CSc@Lá
�&�&����� �"!&!=ì
ÙcÚ 4�4�Û:@:35K=PJRÄ@O9Â@Lá�7�SQF=SQP�4$D R59 ���&���*� �"!�!�R5S­Ü8R54�A�4�é�R5S�4·A$@:9HP�R59EK8@:KMS$àzé�R®P Ú 7�SQ4 ñåOK<4$9<A$4p@Láz7L3ÄP�4$>J9<7LP�R598Ý1Üz@:R59OP¿7L9M;'RÄ9HPJ4$>JÛG7:3OÜ Ú 7:S�4�S�ì�2×3Ä3=;=RTS�A$>�4$P�4�A Ú 7L98ÝO4�S0PJ7LBO4pÜ83T7:A$4pR59

7'ÜM@ORÄ9HP�Ü Ú 7:S�4:àHé Ú 4�>�4×7·SQR5D�Ü8354E5�'+*C,0-�.0/"!&!�Ü8>J@:ÝO>J7:D RTSp4$6E4gA�K=PJ4�;!ì&	^9�7 A$@:9HP�R59EK8@:KMS



q�¬�ZCV�_]\ d![]eg¶=e�\^W`_]W®e�VH\
� � ±Heg�®�:\pVOej¯
�$  � ��������� W`² � ±Heg�®�:\pVOej¯�kO_]±OZCV � ±Heg�®�:\pVOej¯
�$  � ���
	���� W`² � ¯³W®�Y�MVHe�_p±Oeg�®�·VOe�¯�k:_]±HZJV � ±Oeg�®�O\¿VOe�¯
����
�� ����� _]±OZJ[]ZcWY\pi�V�WYVO\r_Qi�VHhJZ ��� ������� _]±Hi$_³±He��®�O\³VHej¯
����� «=e$_]± � i�VE� � ±Oeg�®��VHej¯
�����H����� � ±He��Ä�:\pi$_pZCXGZJ[^��WYVH\r_Qi$V�_pi$²5_]Z�[�VOe�¯
����
L����	�� \]i$ª'Z�i�\�� ���� "!�#%$�!��'&

(�����*) ��+ � \]i$ª'Z�i�\ )]��  � ���"�����-,.�����H���/)]�$  � ��������� +0+
�0�O�(�
	0	1) ��+ �2�G�
	���3 \]i$ª'Z�i�\ )]��  � ���"�����4,+�$  � ���
	���� +

5 ¦H¢7698 6E¨ Á�e�ª»«HWYVHi$_]e�[]\³e$²7: ���L�L��; �G�

Ü Ú 7:S�4:à"A�@:D�Ü8K8PJ7�PJRÄ@O9°Ü<>�@=A�4�4�;8S @:9835FÂP Ú >�@OK8Ý Ú P Ú 4+4$Û:@O3ÄK8P�R5@:9-@Lá�P�R5D�4:ì ÙcÚ 4�RÄ9HP�4�>�Û�7:3
Ü Ú 7:S�4:à"é Ú @OS�4�;=K<>J7LP�R5@:9µRTS�;=4$P�4$>JD�RÄ9<4�;µR59µP Ú 4�Ü8>J4$ÛER5@:K<S'Üz@:R59HP·Ü Ú 7:S�4:à�RTS 4$6=R®PJ4�;Ç7OS
SQ@E@:9°7:S×P Ú 4�S]PC7�P�KMS­@:áp7�A$@:9<;=RÄP�R5@:9M7L3�A Ú 7L98ÝO4�S�àMS�4$4�øÄëGçGú�á�@:>�7:;8;=RÄP�R5@:9M7L3�;=4�PC7LR535S�ì ÙcÚ 4
A�K8>J>�4�9HP×RÄD�Ü8354$D�4�9OPC7�PJRÄ@O9º@Lá(���&����� �"!�!�S�K8Ü8Üz@:>�PJS×P]é�@�P]FHÜz4�S­@LápA$@:9<SQP�>C7LR59HPJS�à8é Ú RTA Ú
7L>J4 Ú 7L9<;=354�;�ßEF¹R59OPJ4$>JÛ�7L3!D�4�P Ú @=;8S �

B @:>C;=R59<7L>JF¹;=R��z4�>�4�9OPJR57:3!4�åHK<7LP�R5@:9<S�à87L9<;
B ò�98@O9835RÄ984g7L>jô�7L35Ý:4$ß<>J7:R5A»A�@O9<S]PJ>J7:RÄ9HPCS$ì

2135Ý:4$ß<>J7:R5A�A�@O9<S]PJ>J7:RÄ9HPCS�7:>�4ÂS�@:35Û:4g;ÇK<S�RÄ9<Ý-7-A$@:D�ß<RÄ9<7LP�R5@:9 @Lá»RÄ9HP�4�>�Û�7:3�Ü8>�@OÜ<7LÝH7�PJRÄ@O90à
SQÜ835RÄPQP�R598ÝMà�ï×4$écP�@O9 ñ î17LÜ Ú SQ@O9µD�4$P Ú @=;!à�7L9M;¼P Ú 4ÂðER5D�Ü<3Ä4$6µ7:3ÄÝO@:>JR®P Ú D.ì ÙcÚ 4�@:>C;=RÄ9M7L>JF;=R��f4$>J4$9HPJR57:3H4gåHK<7�PJRÄ@O9<S"7:>�4�R59OPJ4$ÝO>J7LP�4�; K<SQR598Ý�7 ,�P Ú ñ @:>C;=4�>"î�K89<Ý:4 ñ=< K=P�PJ7­D�4$P Ú @=;·é�R®P Ú7:;87:Ü=P�R5Û:4'SQP�4$Ü.S�R�#�4:à8D�@=;=RÄâ<4�;�á�@:>�R59HP�4�>�Û�7L3!Û�7:>�RT7Lß8354�S»ø þLúrì

> ? Ó�Ô4798QØ�Ð:3 �­Ø]Ó 8]Ó 3pØ�Ö�;(8 1>� 1OÑ�795 1

@BADC EGFIHKJ�FMLON�PRQ
FISUTVJXWZYDT1[DT1\VY^]%L_[`S�H*S�N�FMa�S4L_bRcdN(eRFMYfQG]%T1PZb7N�FIQ0gZL_Q(NGYDb
h HiWZQ0YDcj]�]

ÙcÚ 4�Ý:@O7:3�@LápP Ú RTS'SQ4gAjP�R5@:9¼RTS»P�@ÂS Ú @�é P Ú 7LP ��������� �"!�!¹R5S�é�4$353 ñ S�K8R®PJ4�;Åá�@:>�D�@=;=4$35RÄ9<Ý7L9<;�SQR5D�K<357LP�R598Ý�;8FH9M7LD�R5A­ß8R5@:35@:ÝOR5A�7L3fSQF=SQP�4$D+S�ì ÙcÚ 4�984�6EPcPJ7:ß83Ä4�ÝORÄÛO4�S�7L9�@�ÛO4$>JÛERÄ4�éõ@Lá
7.9HK<D�ßz4$> @:á�R5D�ÜM@O>QPC7L9HP�á�4�7�PJK8>J4�S'@:á�ß8R5@:35@:ÝOR5A�7L3³S�F=S]PJ4$D+S'7L9<;°P Ú 4$R5>�A�@OK89HP�4�>�Ü<7:>QP'R59
�&�&����� �"!&!=ì

?�R5@:35@:Ý:F ���&���*� �"!�!
>�4g7:A Ú R598Ý·P Ú >J4�S Ú @:3T;8S ;=R5SJA�>J4�PJ4�4$Û:4�9HPJS
PJRÄD�4:àMA�@:9MA�4$9HPJ>J7LP�R5@:9 A$@:9HP�R59EK8@:K<ScÛ�7:>�RT7Lß8354�S

BERÄ9<4�P�RTA$S ;=R��f4$>J4$9HPJR57:3!4�åHK<7�PJRÄ@O9<S
Ý:4$9<4»R59HP�4�>J7OAjP�R5@:9 A�@O9<A�K8>J>J4$9<A$F
SQP�@=A Ú 7:SQP�RTA»ßM4 Ú 7GÛERÄ@O> >C7L9<;8@:D 9EK8D·ßM4�>JS



� � �0	��C��
�� ���C���4���������"�
	 ÙcÚ >J4�S Ú @O35;8S�A$7:9 ßz4�K<S�4�; P�@�;=4�PJ4$>JD�RÄ984�é Ú 4$9�7×Ü<>�@=A�4gS�S"S Ú @:K83T;
ßM4'SQPJ7L>�P�4g;�@O>�S]PJ@:Ü8Üz4�;!ì ÙcÚ 4$F�7:>�RTSQ4»R59�;=R��f4$>J4$9HP1SQRÄP�K<7LP�R5@:9<S�ì 1 9�P Ú 4�@:984 Ú 7:9<;!àEP Ú 4$F
D�7GF�ßM4'R59HP�>J@=;=K<A�4g;�RÄ9.P Ú 4�A�@O9HP�4�6EP1@:á�åHK<7:3ÄRÄPJ7LP�R5Û:4�>�4g7:S�@:98R598Ý�R59�@O>J;84$>cP�@�;=R5SJA�>J4�PJR�#�4
A�@:9HPJRÄ9EK8@OK<S�Ü Ú 4$9<@:D�4$9<7<ì 1 9�P Ú 4�@LP Ú 4$> Ú 7:9<;!àEP Ú 4$F�7:3Ä35@�éÞ@:9<4×PJ@�>J4�âM984'7�D�@=;=4$3!ßEF
SQÜz4�A$R®á�FER598Ýº;=R��z4�>�4�9OP ;=FE9<7:D�R5A�S�á�@:> ;=R��f4$>J4$9HP S]PC7�P�4gS$ì"2 P]FHÜ<R5A�7L3¿4�687:D�Ü<3Ä4�á�@:>�P Ú RTS'R5S
P Ú 4·D�K83ÄP�R5D�@E;84·A�@O9HP�R59HK<@:K<S×D�@=;=4�3�;84$Û:4�3Ä@OÜM4g;.RÄ9¼ðE4�A�P�ìfþ<ì �8ì ÙcÚ 4 BERÄ9M;Â@Lá³>J4�7OAjP�R5ÛER®P]F
P Ú 7LP�A$7L9 ßz4Â4�6=Ü8>J4�SJSQ4g;/R59õA$A.3T7L98ÝOK<7LÝO4�S�;=4�ÜM4�9<;8S+@O9 P Ú 4ºA�3T7:SJS�@Lá»P Ú 4º357:98Ý:KM7LÝ:4��
$ �4&('&�"!�!°7L353Ä@�é1S·á�@O>�S�FE9<A Ú >J@:98@OK<S�àA5�'+*),�-�.0/ !�!Âá�@:>+R59<SQPJ7L9HPC7L984�@:K<S�à¿7L9<; �&�&����� �
!&!�á�@:>17:S�FE9<A Ú >J@:98@OK<S�>�4g7:AjPJRÄ@O9<S�ì

� �
� ��� 	 ��
;	 �4
�� ������� ��
��
	 Ù R5D�4�7L9M; A�@O9<A�4�9OPJ>J7LP�R5@:9<S0@Lá8D�@:354�A$K83Ä4gS"7:>�4�A�@:9HPJRÄ9EK8@OK<S0Û�7L>JR ñ7Lß8354�S�R59·7 Ú FEß8>JRT;�S�FESQP�4�D.ì�	rázA�@:9MA�4$9HPJ>J7LP�R5@:9<S">�4g7:A Ú 7»A�4�>QPC7LR59 P Ú >�4gS Ú @O35;0à$P Ú R5S�PJ>�R5Ý:ÝO4$>CS
7�A Ú 7L98ÝO4»@:á�P Ú 4 SQF=SQP�4�D S]PC7�PJ4:ì

� ��
(�4��� 	4��	 ÙcÚ 4�BHR5984$P�RTA$S�@Lá�7�ß8R5@:35@:ÝOR5A�7L3zSQF=SQP�4$D R5S�>J4$Ü8>J4�S�4$9HP�4g;+ßEF+ß8R5@EA Ú 4$D�R5A�7L3f3T7Gé1S
ò�;=R��z4�>�4�9HP�RT7L3H4�åHK<7�PJRÄ@O9<SCô0;=4�ÜM4�9<;=R598Ý­@O9�A�@O9HP�R59HK<@:K<S"Û�7L>JR57:ß83Ä4gS�S�K<A Ú 7OS"A$@:9<A$4$9HP�>C7�PJRÄ@O9<S
7L9<;�>�4g7L3fPJRÄD�4:ì

� 
?� � ���0	 � � ��
��
	(	^9HPJ4$>C7:AjPJRÄ@O9<S�ßM4$P]é�4�4$9�;=R��z4�>�4�9OPp7:Ý:4�9OPCS�D�7GF�ßM4�;=R5>�4gAjP×ò�4:ì Ý<ì�D�@:354�A$K83Ä4 �
Ý:4$9<4gô�@:>×RÄ9<;8RÄ>J4�A�P�ò�4:ì Ý<ìMÝ:4�984���Ý:4$9<4:àED�@:354�A�K<3Ä4 �G4 �f4�A�P�@O>��GPJ7L>JÝ:4$PCô�ì ÙcÚ 4$F�>�4
�<4�A�P×7+A�@:9 ñA�K8>J>�4�9<A�F 7LP�P Ú 4cß8R5@:35@:ÝOR5A�7L3H3Ä4�Û:4$3|à�é Ú RTA Ú A�7L9·ßM4�4$6EÜ<>�4gS�S�4�;�9<7�PJK8>J7:3Ä35F'R59�7»A�@O9<A�K8>J>J4$9HP
Ü8>�@OÝ:>C7LD�D�RÄ9<Ý�3T7L98ÝOK<7LÝO4:ì

� � � 	������ ��� 	 �"���?� 	4� �
	?�p>�@Oß<7Lß8R535R5SQP�RTA1A Ú @OR5A$4�ßM4$P]é�4�4$9¹;=R��z4�>�4�9HPpÜ<7�P Ú é�7GF=S¿@O>pS]PJ@=A Ú 7:SQP�RTA
98@:RTSQ4»7L>J4×A�@OD�D�@O9+P�4gA Ú 98RTåHK84�S�K<S�4�;+R59¹D�@=;=4$35RÄ9<Ý�ß8R5@:35@:ÝOR5A�7L3MS�F=S]PJ4$D+S­ø �Lú|ì&�³>J@:ß<7:ß8RÄ35R ñP�R54�S³D+7GF ßz41>J4�7:3ÄR'#$4g;�ßEF�;=R5SJA�>J4�PJ4cÜ8>�@Oß<7Lß<RÄ35R®P]F�;=RTS]PJ>�R5ß8K=PJRÄ@O9<S¿@:>¿R59¹7 Ú FEß8>�RT;�é�7GF�ò�4:ì Ý<ì
P Ú 4 � 7:98Ý:4�ÛHR59 7LÜ<Ü8>�@H7:A Ú à$é Ú 4$>J4p;=R��z4�>�4�9HP�RT7L3H4�åHK<7�PJRÄ@O9<S�7:>�4�4�6EP�4�9<;=4g;'ßEF�7×98@:RTS�4¿P�4�>�DP Ú 7LP1RÄ9<;8K<A�4gS�S]PJ@EA Ú 7:SQP�RTA��MK<AjPJK<7�PJRÄ@O9<Sc@Lá�P Ú 4 SQPJ7LP�4'7Lßz@:K8P1R®PCS1;=4�PJ4$>JD�RÄ98RTSQP�RTA­Û�7:3ÄK84Gôjì

	^9ÇP Ú 4�á�@O3Ä35@�é�R598Ý°S�4�A�P�R5@:9<S�à"é�4�Ü8>�4gSQ4�9HP�7Å9HK<D�ßz4$>�@Lá×D�@=;=4�35S�@Lá�;=FE9<7LD�RTA�ß<RÄ@ ñ3Ä@OÝ:RTA$7L30S�F=S]PJ4$D+ScP Ú 7�P1é�4 Ú 7GÛ:4';=4�Û:4�3Ä@OÜM4g;�R59 ��������� �"!�!Eì ÙcÚ 4'Ý:@H7L3!RTScP�@¹S Ú @�é¾P Ú 7LP
�&�&����� �"!&!�7:3Ä35@�é1S�@:984­P�@�D�@=;=4$3!ß<RÄ@O3Ä@OÝ:RTA$7L3!S�F=S]PJ4$D+S�RÄ9.7�Û:4$>JF�9<7�PJK8>C7L307L9M;�;=4gA�3T7L> ñ7�P�R5Û:4Âéc7GF:ì 1 áãP�4$9äR®P�RTS¹Üz@OSJS�RÄß8354ÂPJ@Ç>�4�Ü8>J4�S�4$9HP¹ß8R5@:35@:Ý:RTA$7:3�Ü Ú 4�98@:D�4$9M7Ç;=R5>�4gAjP�35F/ßEF
A�@:>J>J4�S�ÜM@O9<;=R598Ý�SQPJ7LP�4�D�4�9HPJScR59+���&�������"!�!=ì

@BA
� �*N�T*]0eZL_S�N(Y^] W�FMeZL��*YDT Q T1J gZQ
T N(FIYDb������! ]%T1a g [^F#"*LON(Y^TVb
1 K8>�âM>JSQP�D�@=;=4�3H>J4$Ü<>�4gSQ4�9OPCS!P Ú 4 ñ K89MS]PC7Lß8354 ñ ß8R59<;=R598Ý»D�4�A Ú 7:98R5S�D ßM4$P]é�4�4$9�ç�BERÄ9M;8S�@LáÜ8>�@:P�4�RÄ9<Sc7:9<;�7�S�RÄ98ÝO3Ä4�ý»ï×2 SQP�>C7L9<;Åø ALú|ì ÙcÚ 4'S�FESQP�4�D R5S�A$@:D�Üz@OS�4�;¹@:á%$ � ñ Ü8>J@LP�4�RÄ9MS7L9<;'&�ï ñ Ü<>�@:P�4$R59<S�ì ÙcÚ 4$>J4�7L>J4�þ'Üz@OSJS�RÄß8354�S]PC7�PJ4�S¿7L9M; � Üz@OSJSQR5ß8354�>�4g7:AjPJRÄ@O9<S�àGS�4$4�ê�R5Ý<ì:ç=ì

�p7:A Ú >�4g7:A�P�R5@:9�RTS1A Ú 7:>J7OAjPJ4$>JR�#�4�;+ßEF�7+SQP�@OR5A Ú R5@:D�4$P�>JR5A»A�@E442¹A$RÄ4�9OP��

( +*) ( 9!+-, I.
+ I ,

(0/ ) ( 9 ( +*1 / ) ( 92+4365.
+ 563

(0/ 1 / ) ( 9

1 +*) ( 9 + ,�3.
+�3�,

1 / ) ( 9 1 + (0/ ) ( 9 + I 5.
+45 I

1 /
(0/ ) ( 9



State 0

State 2

State 1

State 3

k01

k10
k02

k20

k13

k31
k23

k32

N

M N M

DNA DNA

DNADNA

1 2 4 ¨��<¨ dfeg\^\^WY«O�®Z1\r_Qi�_]ZC\pi�VE� _^[Qi�VO\^WY_]WYe�VH\
û°4�â<>CS]P³7�A�@O9<S�R5;=4�>�7�;=RTSJA�>J4�P�4�P�R5D�4�D�@E;84$3|ì ÙcÚ 4cÜ8>�@Oß<7Lß<RÄ35R®PJRÄ4gS���� 
�� +	� � ��@LázßM4�RÄ98Ý�R59
S]PC7�P�4�
¿7�P�P�R5D�4 � +�� ;=4�ÜM4�9<;8S�@:9�P Ú 4»Ü8>J@:ß<7:ß8R53ÄRÄP�R54�S�7�P�P�R5D�4 � ì ÙcÚ 4�F¹7L>J4­A�@OD�Ü8K=P�4g;
RÄ9�P Ú 4�á�@:353Ä@�é�R598Ý�é�7GF�� 
��� � , 
�� +�� � �� I 
�� +�� � �� 3 
�� +�� � �� 5 
�� +�� � �

����� #�9 /

��� � , 
�� �� I 
�� �� 3 
�� �� 5 
�� �

�����
é�R®P Ú P Ú 4�P�>C7L9MSQRÄP�R5@:9�D+7�P�>JRÄ6

9 #�� I����������! #"$��%&���(') #" �*���) #" ��'(�) #" ,�+� ���  #" I��,� ���  #"-�,%&� ��.  #" , � .��  #"%&� �/'  #" , I0�1� '/�  #"$���+� '(.  #" � ./'  #"
, %&�*��.) #" �+��'(.) #" I��,��.2�! #"-�,��.(') #"*3 �

ï1@LPJ4�P Ú 7LP�P Ú 4�>�4+RTS�98@º;=R5>�4gAjP�P�>C7L9MSQRÄP�R5@:9¼ßM4$P]é�4�4$9°P Ú 4¹SQPJ7LP�4gS ��7:9<;�4�>�4gSQÜ0ì .+7:9<;5 ì ÙcÚ R5S»;=RTS�A$>�4$P�4�SQP�@=A Ú 7OS]PJR5A Ü8>�@=A$4�SJS×A$7:9ºßz4�4�6=Ü8>J4�SJS�4�;Â;=R5>�4gAjPJ3ÄF.R59 ��������� �"!�!Eìzû¼4
K<SQ417'A$3Ä@=ACB�á�@:>³S�FH9MA Ú >�@O98R'#�7�PJRÄ@O90ì ÙcÚ 41A$@:9<SQPJ7:9OP �+/�>J4$Ü<>�4gSQ4�9OPCS�P Ú 4cPJRÄD�41R59HP�4�>�Û�7L36� � à7 ��'�8:9!;6<�FHR54$3T;8S�P Ú 4�Ü8>J4$ÛER5@:K<S�ÛG7:3ÄK<4�@Lá'�"ì ÙcÚ 4�A$@:9<SQP�>C7LR59HPJS=� !� # �ÅÜ8>�@=;=KMA�4�SQP�4�Ü
á�K89<AjPJRÄ@O9<Scá�@O>>����à<S�4$4'ê�RÄÝMì��8ì?A@CB"�g :� ���Ç�g���%	$�����L�"	D@E?F ;
�g :���"��;G�HG ?A?-�����
�g�AI��G�µ�(���KJG��� ) ;
�����G�¼� +F ;
�g :���"�°�+LMGNL!�/LPO ?A?
�g�G�?A@CB"�g :� ���QI��g�L���$�O�(�
	R@E?
� �L�
�g�AIG���Ç�g�G���C�TS����L�
���AI����VUPL0Sµ�G�G�WS¹���L�
���AI����WUKX6S?A@�Y��H�$�L��������ZG�g�:�g��� )^�:�º�H���";L���KJ + @E?
���G���j�+[�;G��S��g�G�G�j�T\�[�]^L!��_6SUPLA[MG-S`U$G^[AL0SaU+Ob[AL0S`UKXE[AL0S?A@Wc��G���C�-�Ad";����
��@E?
�G��
L�g��	-�¼�$  )]���G���j�+[EL + �-�g�g���j�T\�[f��_6S^�

���
	��-���g�G���C�T\A\�[�]AG*?�;G��Sr�
�?A@Wc��C�Kdg�L�
�VdL�����:�$�H�����$�:���
	�@b?



�G��
L�g��	-�¼�$  )]���G���j�+[EL + �UPLA[7)0))Gb]_)^�M@j�KLMG�@�;G� + ]_)ã�-@C�+LPOP@�;g� +0+ @*dL�0�EIi)(UKL +(+�� )�� G^L+@�;G�+@*dL�
�bIi)(U-G +0+�� )���OEL+@�;g�+@^d:�
�EI7)(U+O +0+ SU$G^[7)^�M@C�+LMG�@�;g�+@^dL�
�bIi)/UKL +(+�� )0))Gb]_)�� G*LK@�;G� + ]_)ã�$@�;G�+@j� G*X +0+ @*dL�
�bIi)(U-G +0+�� )��+XMGb@�;g�+@^d:�
�EI7)(UKX +0+ SUKOE[7)ã�-@C�+LPOP@�;g�+@^dL�
�bIi)/UKL +(+�� )0))Gb]_)���OALK@�;G� + ]_)^��@�;G�+@j��OAX +0+ @*dL�
�bIi)(U+O +0+�� )��+XPOK@�;g�+@^d:�
�EI7)(UKX +0+ SUPXA[7)ã�-@C� G^XK@�;g�+@^dL�
�bIi)/U-G +(+�� )^�M@C��OEXK@�;G�K@^dL�"�EIi)�U�O +0+�� )
)!GE]_)��+XMG*@�;�� + ]_)���XPOP@�;�� +(+ @^d:�
�EI7)(UKX +0+ S
�

���
	��-�CUKL0\([AL0SaU-G-\([AL0S`U+O \�[AL0SaUKX6\�[AL0S+�
�?A@����L�bdg�L��@E?
	$�j�KdO�(�V)/UKL7,/U$GO,/U+OV,�UKX + S

0

0.2

0.4

0.6

0.8

1

0 5 10 15 20 25 30

time

out

P0
P1
P2
P3

13254 ¨��<¨ d![]eg«Hi�«HWY�YW`_]WYZC\	��
 ���
�
� � ���

ÙcÚ 4ºß<7OSQRTA.D�@E;84$3­A�7L9õßz4º4�6EPJ4$9<;=4g;õR59õÛG7:>�R5@:KMS+é�7GF=S�ì³ê8@O>¹4�687LD�Ü8354:à�é�4ÅD�7GF
7:SJSQK8D�4×P Ú 7LP�SQPJ7LP�4�ë×>J4�S�Ü0ì8ç R59<A$>�4g7:S�4�P Ú 4�Ü8>J@=;=K<A�P�R5@:9�>C7�PJ41á�@O>cS�@:D�4­@LP Ú 4$>cÜ8>J@LP�4�RÄ9MS
9 7L9<;��¹ì ÙcÚ R5S�D+7GF¹ßz4'D�@=;=4$354�;�SQR5D�Ü835F�ßEF�7:;<;=RÄ9<Ý�A$@:9<SQP�>C7LR59HPJS�@Lá�P Ú 4�á�@:>JD

����
��g��	¼�
�0�O�(�"	(	1)/U-G��bL!�!G + ���0\�[AL!�(LELALMG-S^� �G�
	��µ���0\�[AL!�(LEX0S^�6S
�0�O�(�"	(	1)/U+O��bL!���K_ + ����\�[AL!�(LELALMG*_6Sr���G�
	��µ����\�[AL!�(L�G-S^�6S

�
>�4gSQK83ÄP�R598Ý�R59�P Ú 4 ;=FE9<7:D�RTA$ScR5353ÄK<SQP�>C7�PJ4�;�ßEF�ê�RÄÝMì8þ<ì
2198@:P Ú 4�>�ÜM@HS�S�RÄß<RÄ35R®P]F�R5S�P�@+A�@O9<SQRT;=4�> � ��� �8ì ÙcÚ RTS�354�7:;<ScP�@¹7�A�@O9HP�R59HK<@:K<ScD�@=;=4$3

SQR5D�RÄ3T7L>cPJ@·P Ú 4'@:9<4�;84$Û:4�3Ä@OÜM4g;�R59�P Ú 4'9<4�6EP×SQ4gAjPJRÄ@O90ì

@BA��  a�PZ[fN(Y^a�TBcRF ]�TVb7N�Y^biPZTVPRS a�TBcRFM[
ÙcÚ 4³BERÄ9<4�P�RTA$S�@Lá871A Ú 4�D�R5A�7L3:>J4�7OAjPJRÄ@O9�;84$Üz4$9<;8S�@:9�P Ú 4pA�@O9<A�4�9HP�>C7�P�R5@:9�@:áHP Ú 4³>J4�7OAjPJ7:9HPJS�ì
2�P1Û:4$>JF¹35@�é¾7:9<;�Û:4$>JF Ú R5Ý Ú A$@:9<A$4$9HP�>C7�PJRÄ@O9<S$àHP Ú 4'98@:>JD+7L30;=R��f4$>J4$9HP�RT7L304gåHK<7�PJRÄ@O9<S�7L>J4
98@¹35@:98ÝO4$>17:A�A�K8>C7�PJ4:ì ÙcÚ 4$>J4�á�@:>J4:à=R59.P Ú 4 á�@:3535@�é�RÄ98Ý�4$6=7:D�Ü83Ä4Oà8P Ú 4�S�FESQP�4�D @:á¿;8R��f4$>J4$9 ñP�RT7L3�4gåHK<7�PJRÄ@O9<S1RTS1D�@=;=RÄâ<4�;Â7OS×S�@H@O9Â7:S�P Ú 4�A$@:9<A$4$9HP�>C7�PJRÄ@O9�ÜM7:SJSQ4gS1A�4�>QPC7LR59.P Ú >J4�S Ú @:3T;



0

0.1

0.2

0.3

0.4

0.5

0.6

0 5 10 15 20 25 30

time

out

P1
P2

A
B

13254 ¨��M¨ d![]eL�O�OhJ_]WYegV�e$² � i$VE� � �OZJ¶=ZCVE�:W®VO¬»e�V�_]±HZc¶:[]eg«Hi�«HWY�YW`_]WYZC\ ���

ÛG7:3ÄK<4�S�ì ÙcÚ RTS+P]FEÜz4Å@Lá Ú FEß8>JR5; D�@=;=4$3�A$7:9õßM4°SQ4�4$9Þ7:S�7µ>J4�â<984�D�4$9HP�@Lá�7/;=R5SJA�>J4�PJ4
åOKM7L35R®PC7�P�R5Û:4�984$P]é�@O>�Bfì
û°4�D�@E;84$3�RÄ9 ��������� �"!�!+7�Ü Ú 4�98@:D�4�98@:9º@:ápß8R5@:35K8D�RÄ9<4�SJA�4$9MA�4·á�@:>­P Ú 4�ß<7:A�P�4�>�RT7

��ìzâMSJA Ú 4$>JRcøÄë$ú|ì ÙcÚ 4�S�4�D�7:>�R5984�ß<7:A�P�4�>�RT7+4�6=RTS]P'7�P�35@�é 7L9<; Ú R5Ý Ú ;=4�9<S�R®PJRÄ4gS$ì!û Ú R5354�7LP
3Ä@�é ;=4$9<S�RÄP]FÂP Ú 4+ßM7:AjPJ4$>JR57�7LÜ<ÜM4g7L>»P�@Âßz4�98@:9 ñ 35K8D�RÄ984gS�A$4$9HP�à07.;=>C7LD+7LP�RTA·R59<A$>�4g7:S�4·R593ÄK8D�R5984�SJA�4�9<A�4+A�7L9Åßz4�@:ß<S�4$>JÛ:4g;Âé Ú 4�9ºP Ú 4�;84$9<S�R®P]FÅÜ<7:SJSQ4gS­7�Ý:R5Û:4�9ºP Ú >�4gS Ú @:3T;!ì ÙcÚ R5S
Ü Ú 4$9<@:D�4$98@O9Å;=4�ÜM4�9<;8S�@:9ºP Ú 4�A�@O9<A�4�9OPJ>J7LP�R5@:9Â@:á�7�A$4$>�PJ7:RÄ9ÅS�D+7L353"D�@O3Ä4gA�K8354:9 ��7:ß8354
P�@+;=R��zK<S�4'R59.7:9<;�@:K=P�@:á"P Ú 4 A�4�3Ä3!D�4$D·ß8>C7L984Oì
Ù @»;=4�SJA�>JRÄßz4³P Ú 4cA�@:9MA�4$9HPJ>J7LP�R5@:9'@Láz71D�@:354�A$K8357:>"S�ÜM4gA�R54�S��Âò�î1ï­2 àGÜ8>J@LP�4�RÄ9�à�Ü8>J@LPJ4$R59

A�@:D�Ü8354�6!à=@O>1SQD+7L353!D�@:354�A$K83Ä4Gôjà8é�4�K<S�4­P Ú 4'Ý:4�984$>JRTA­4gåHK<7�PJRÄ@O9

� �
� � #�����%	��

��������� " �

� 4$>J4�����RTSpP Ú 4�SQFE9HP Ú 4gSQRTS�>J7LP�4:à���
­P Ú 4»;84$Ý:>C7:;<7�P�R5@:9�>J7LP�4:à����×P Ú 4�>J4�7:A�P�R5@:9¹>C7�PJ4×é'ì >�ì P�ì
@LP Ú 4$>³D�@:354�A$K8354�S�à:7L9<;�� " P Ú 41P�>C7L9MSQÜz@:>�PJ7LP�R5@:9�>J7LP�4�é'ì >�ì P�ì:P Ú 414�9EÛHR5>J@:98D�4$9HP×ò�;=R��fK<S�RÄ@O94�PJA:ì ô�ì
û°4�â<>CS]P�Ü8>�4gSQ4�9HP�7°D�7LP Ú 4�D+7�P�RTA$7:3�D�@=;=4�3�á�@O>·@O984�ßM7:AjPJ4$>JR57ÅRÄ9/P Ú 4�Üz@:Ü8K83T7�PJRÄ@O9

øÄë$ú|ì ÙcÚ 4·;8R��f4$>J4$9HP�RT7L3�4�åHK<7LP�R5@:9<S­;=4$Üz4$9M;º@:9ºP Ú 4�A�@O9<A�4�9OPJ>J7LP�R5@:9.@LápP Ú 4·D�@O3Ä4gA�K8354 9 �Qì
û°4­K<SQ4­;=R��f4$>J4$9HPp4gåHK<7�PJRÄ@O9<Sp;=4�ÜM4�9<;=R598Ý @O9+é Ú 4�P Ú 4$>pP Ú 4»A�@:9MA�4$9HPJ>J7LP�R5@:9�@Lá 9 ��R5S�35@�é'à
D�4g;=R5K8D.àH@O> Ú R5Ý Ú ì � 4�P ���1>J4�S�Ü0ì����×;84$98@:P�41P Ú 4»RÄ9HP�4�>�9M7L3M7:9<;+4$6HPJ4$>J9<7L3zA�@O9<A�4�9OPJ>J7LP�R5@:9@Lá 9 � ì ÙcÚ 4ÅA$@:9<A$4$9HP�>C7�PJRÄ@O9<S�@Lá�P Ú 4Â@LP Ú 4$>¹D�@:354�A$K8354�S+R59EÛ:@:35Û:4g;/R59 P Ú 4ºÜ8>J@EA$4�SJS+7L>J4
;=4�SJA�>JRÄßz4�;ÅßEF�P Ú 4�Û�7L>JR57:ß83Ä4gS 
 � I 0

� 3 0
� 5 0
���
0
���
0
���
0
�� 9�jì!21353�P Ú 4�>J4$D+7LR598R598Ý�S�FED�ßz@:3TS

7L>J4�A$@:9<SQPJ7:9HPJS�ì



� � I
� � # ��� ���� I 
��3 % � I � 0 RÄá �	��� � � 9 ��
 �� 
 4��3+ 
���� ��� ��� �� ��� 
���� �� % 5 � I � 0 RÄá 9 �� ��� � � 9 ��

% � I / � I 0 RÄá 9 �� � ���
� � 3� � #�� % � 3 / � 3 0 R®á3��� ����� 9 ��

� 3 
 4��3+ 
���� '�� � � '� '�� 
 � � '� % � 3 � 0
R®á�9 �� � ���

ììì
� � �
� � #&% � � / � � +�� � / � � %�� %�� % 
 � � % � � � %�� 5 �! " / � 5 / � �
� ���
� � #&% � � / � � +�� � / � � %�� %�� % 
 � � % � � � +�#21ÝO7:RÄ9�à/P Ú 4 D+7�P Ú 4$D+7LP�RTA$7L3 ;=4gS�A$>�R5Ü=P�R5@:9 A$7L9 ßM4 ;=R5>�4gAjP�35FöP�>C7L9<S�3T7�P�4g;)RÄ9HPJ@

�&�&����� �"!&!=ì �p7OA Ú D�@O3Ä4gA�K83T7L>ÂS�ÜM4gA�R54�SÂRTS.>�4�Ü8>J4�S�4$9HP�4g;ÞßEFä7L9 R59<;=4�ÜM4�9<;=4$9HPÅ7:Ý:4$9HPgà
é Ú @OS�4�;8FH9M7LD�R5A�S�R5S¿;84�SJA�>JRÄßz4�;·ßEF 7»S�R598Ý:354 ñ Üz@OSJS�RÄß835F�A$@:9<;=RÄP�R5@:9M7L3 ñ ;=R��z4�>�4�9OPJR57:3=4�åHK<7 ñP�R5@:90ì ÙcÚ 4»R59HP�4�>J7OAjP�R5@:9�ßz4�P]é�4$4$9�P Ú 4 ;=R��f4$>J4$9HP×7:Ý:4$9HPCS�RTS1A$@:9HP�>J@:353Ä4g;¹ßEF ���&���*� �"!�!=ìF ���H�g���
;
�%$�	$�L�$�
�EI����z�f�H�G�&$?A@CB"�g :� �H�$�:�g��� �� /�g���%	$�����L�"	R@E?F ;
�g L�������:�('C�=��� L!� GÞ�G�G� F ;
�g :���"�¼���I�j� Lf�(LPO?A@CB"�g :� �H�$�:�g��� �� �I��g�L���$�O�(�
	R@E?
���L�
���AI�����)$G$Sµ�G�G�VS¹���L�
���AI����µ���$�#S¹���L�0�g�AI����Vd"�g�G��S?A@�Y��H�$�L��������ZG�g�:�g��� @E?)$G^[AL6Sµ�G�G�QS������M[EL0S4	$�L���0�EI����V)�d��g�G�i,(L + S?A@Wc����I	��G���L������	¼���";/���C�L�H���L�g�L����	 @E?
����
L����	¼�µ�$ d)*)�+�,��:��'C�=� � + )$G-\�[j��� G�@1)0)(L!��_P@G� + ]-)$G + S
�$ /)0)*)�+ �b[ �:��'C�E��� +-.�. )*)�+�,��L��'*dO���%	 +0+)$G-\�[7)T�L� G*?�� + @1)0)�XP@G� +�� )()*)�/10j�%	G�(/MG + ?7)0)���/MG(0C�I	G��/MG +�� )�)�/10j�%	��(/MG +
+0+ ]_) ��@2)$G +
+ S
�$ /)*)�+ �E[��:��'*dO�j�I	 + )$G-\�[+]Q�L� G�@!)$G-S^�

����
L����	¼�µ�$ d)*)�+�,��:��'C�=� � + )KO6\�[�]]�L��OP@2)PO6S
�$ /)*)�+ �E[��:��'C�=� � + )KO6\�[j����OP@1)0)()*)�/10j�%	G�(/PO + ?V)0)���/AO�0j�I	G�2/PO +�� )*)�/�0j�I	G��/PO +0+0+ ]-)KO + S^�

�G�G�
����
L����	¼��)�36\�[7)!]Q����+K@2)�3 +�� )|���%�j�-@1)*)�+�]-)�3 +(+�� d��g���0S^�?A@CU"�g�G�$�L���:�g�L�g��� @E?

(�����*)|�:�J�I�E[POELAL + 	$�����
�EI��G�V)�d��g�g�i,�L!�*3 + S

(�����*)|�:�J�I�E[ �PLAL + 	$�����
�EI��G�V)�d��g�g�i,�L + S?A@54g���=� ���"	G�����H��� @E?
����
L����	¼�-���$�#\�[�)K_ \ � )�60\ES^�?A@����L�bdg�L��@E?
	��j�Kd:�(�7)�d����G�i,*)$GM,*)KOV,*)AX7,*)��i,7)K_V,*)�6V,*)�+i,*)�/V,�)�37,^���g� + S
û°4 7OS�S�K8D�4»P Ú 7LP13ÄK8D�R5984�SJA�4�9<A�4�RTS�Ü8>J@:Üz@:>�P�R5@:9<7:3zP�@ ���'7:9<; ���:ì�	^9.@:>C;=4$>cPJ@�S�R5D ñK8357LP�4'7·ÜM@OÜ8K83T7�P�R5@:9�Ý:>J@�écP Ú àHé�4»Üz4$>�á�@:>JD 7L9�7L>�P�RÄâMA�RT7L3zÜz4$>�P�K8>Jß<7�PJRÄ@O9�@:á�P Ú 4»4$6EP�4$>J9<7:3

A�@:9MA�4$9HPJ>J7LP�R5@:9 ���.RÄ9 P Ú 4.PJRÄD�4.R59OPJ4$>JÛ�7L398 ( � �
0
5 � ��:rì ÙcÚ RTS�RTS+;=@:984.ßEF-P Ú 4.á�K89<AjPJRÄ@O9

8"/<;���'�8),).�P Ú 7�P�â86=4�S�7°ÛG7:>�RT7Lß<3Ä4+PJ@¼7ÅÝ:R5Û:4�9µÛG7:3ÄK<4�K89HPJRÄ3�P Ú 4�984$6EP�A Ú 7:98Ý:4�@EA�A�K8>CS�ì



ê"R5Ý<ì�,�S Ú @�é1SpP Ú 4­4�Û:@:35K=PJRÄ@O9+@Lá � I ;84$Üz4$9<;=R598Ý�@:9 ���:à=7OSpé�4$353z7OS³P Ú 4�A Ú 7L98ÝO4×R59�35K8D�R ñ984�SJA�4�9<A�41A�7LK<S�4�;�ßEF P Ú 4×ÛER5>QPJK<7L38Üz@:Ü<K8357LP�R5@:9�Ý:>J@�écP Ú R59�P Ú 41R59HP�4�>�Û�7L3 8 ( � �
0
5 � ��:rìGï×@LPJ4

P Ú 4�A Ú 7L9<Ý:4×R59+P Ú 4»;8FH9M7LD�R5A�S�@Lá � I é Ú 4�9 ���»>J4�7OA Ú 4�S³P Ú 4»3Ä@�é�4$>�@:>�K8Ü8Üz4$>�P Ú >�4gS Ú @O35;0ì

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 50 100 150 200 250 300 350 400 450 500

time

out

x1
x7

Ai_min
Ai_plus

0

0.05

0.1

0.15

0.2

0.25

0.3

0 50 100 150 200 250 300 350 400 450 500

lu
m

time

out

lum

13254 ¨ � ¨f© WYª»�H�®i�_]W®e�V�e$²!�Y�Hª'WYVHZC\^hJZCVHhCZ�W®V��­tOxfWY\^h�±OZJ[]W

@BA9@  N HigZYD]�L_[�F4"*L a gZ[DF T1J�e7HiWRQ
Y^c ]�TVbR]%PBQ0Q
FMb7N ]�TVbZS�N�Q0L Y^b7N.gZQ0TV\1Q0L a�a�Y^bZ\
ÙcÚ 4�984�6EP³4$6=7:D�Ü83Ä4�A$@:D�ß<RÄ984gS�RÄ9+7�S�RÄ98ÝO3Ä4�D�@=;=4�387L353=P Ú 4cá�4g7�PJK8>�4gS¿;=4�SJA�>JR5ßM4g;·4g7L>J3ÄR54$>�R59
ðE4�A:ì8þ<ì5ë:ì=û¼4 A�@O9<SQRT;=4�>1A�4$353�;=R��f4$>J4$9HP�RT7�PJRÄ@O9�á�@O>17�ÜM@OÜ8K83T7�P�R5@:9�@Lá�4$Ü<R5;=4�>�D�RTA�� 	 �3�>��� � �
A�4$353TS�ø 8Gú|ì��p7OA Ú A$4$353!RÄ9HPJ4$>C7:AjPCS�é�R®P Ú RÄPJSc9<4$R5Ý Ú ßM@O>JS�àER�ì 4:ì5àEP Ú 4$>J4�7:>�4�A�@O9<A�K<>�>J4$9HP�7LÝ:4�9HPJS�ì
ÙcÚ 4�A$@:9<A$4$9HP�>C7�PJRÄ@O9<S1Û�7:>�FÂA�@O9HP�R59HK<@:K<S�3ÄFOì ÙcÚ 4$FÂ7L>J4·;=4gS�A$>�R5ßz4�;ºßEFÂ;=R��z4�>�4�9HP�RT7L3�4�åHK<7 ñP�R5@:9<S�ì<ý­R5SJA�>J4�PJ4'P�>C7L9<S�RÄP�R5@:9<Sc@=A$A$K8>1é Ú 4�984$ÛO4$>1A$4$>�PJ7LR59�P Ú >J4�S Ú @O35;�Û�7L35K84�S×7L>J4»>J4�7OA Ú 4�;0ì
ê"R59<7:3Ä35F:à=P Ú 4'R598R®PJR57:3ÄR'#�7LP�R5@:9�R5S�;8R��f4$>J4$9HP�á�@:>�4g7:A Ú A�4�3Ä3³ò�S]PJ@EA Ú 7:SQP�RTA­9<@:RTSQ4Gôjì
ÙcÚ 4­A$4$3535S�7L>J4×7L>J>J7:98Ý:4g;�RÄ9�7 Ú 4�687LÝO@:9<7:383T7�PQPJR5A$4·ò�SQ4�4­ê�RÄÝMìHùO7Oô�àOS�@'P Ú 7LP�7·A�4$353zD�7GF

Ú 7GÛ:4 (
0
4
0
5 @:>���984$R5Ý Ú ßz@:>CS$ì�	^9¼4�7OA Ú A$4$353�à!é�4+A�@:9MSQRT;=4$>»P Ú 4+A�@:9MA�4$9HPJ>J7LP�R5@:9<S �	�

0
�	


@Lá�P]é�@.Ü8>J@LPJ4$R59<S'ý×4�3®PC7Â7L9<;-ï×@LPJA Ú ì ÙcÚ 4¹ï1@:PJA Ú Ü8>J@=;=K<AjPJRÄ@O9¼A�7LÜ<7OA�RÄP]F5#�
 RÄ9Ç7.A�4�3Ä3
;=4$Üz4$9<;<S�@:9ÂP Ú 4+ý×4�3®PC7�A$@:9<A$4$9HP�>C7�PJRÄ@O9º@LápRÄPJS»984�RÄÝ Ú ßM@O>JS�ò # 
 R5S Ú R5Ý Ú R®á�P Ú 4�� � � 7L>J4
Ú RÄÝ Ú ô�� #�
 # �� ��
 I �	� � 0 é�R®P Ú +���� ( 0 4 0 5 0 �����
ÙcÚ 4¹ý×4�3®PC7.Ü8>J@E;8K<AjPJRÄ@O9-A�7LÜ<7OA�RÄP]F #�� ;=4�ÜM4�9<;8S'@O9°P Ú 4¹ï1@:PJA Ú A�@O9<A�4�9HP�>C7�P�R5@:9 �	
 R59
P Ú 4 SJ7LD�4'A�4�3Ä3pò #��äR5S Ú RÄÝ Ú é Ú 4$9 �	
 RTSc3Ä@�é×ô �# � # % � 
 �
ý×4�ÜM4�9<;=R598Ý+@:9�P Ú >J4�S Ú @O35;�Û�7L35K84�S����

0
��
 à<4�7:A Ú A�4�3Ä30A�7L9.ßz4'RÄ9�á�@:K8>­;=R��f4$>J4$9HP1SQPJ7�PJ4�S��

ðHPC7�PJ4+ëD� ý­4$3ÄPJ7�7L9M;�ï×@LPCA Ú R59 Ú R5ß8RÄP�4�; � # � ��� � 7L9<; # 
 ��� 

ðHPC7�PJ4�ç�� ý­4$3ÄPJ7�4�6=Ü8>J4�SJS�4�;!à8ï×@LPJA Ú R59 Ú R5ß8R®PJ4�; � # � /�� � 7L9<; # 
 ��� 

ðHPC7�PJ4 ��� ý­4$3ÄPJ7�R59 Ú R5ß8R®PJ4�;!àzï1@:PJA Ú 4�6=Ü8>J4�SJSQ4g; � # � ��� � 7L9<; # 
 /�� 

ðHPC7�PJ4'þ � ý­4$3ÄPJ7�7L9M;�ï×@LPCA Ú 4$6EÜ<>�4gS�S�4�; � # � /�� � 7L9<; # 
 /�� 




ÙcÚ 4'Ü8>J@E;8K<AjPJRÄ@O9�@:á�ý­4$3ÄPJ7+7L9M;�ï×@LPCA Ú Ü8>J@LPJ4$R59<S�;=4�ÜM4�9<;8S�@O9�P Ú 4 S]PC7�PJ4»@:á"P Ú 4 A�4�3Ä3 �

ðHPC7�P�4+ë�� ��!� # % � � / � �
0

��!
 # % � 
 / � 

ðHPC7�P�4�ç�� � !� #�� � % � � / � �

0
� !
 # % � 
 / � 


ðHPC7�P�4 � � ��!� # % � � / � �
0

��!
 #�� 
 % � 
 / � 

ðHPC7�P�4'þ$� ��!� #�� � % � � / � �

0
��!
 #�� 
 % � 
 / � 


� 4$>J4 � �
0
� 
 7L>J4�;=4�Ý:>C7:;87LP�R5@:9°>J7LP�4�A�@:9MS]PC7L9HPJS�à�� �

0
� 
 7:>�4�Ü8>J@=;=K<AjPJRÄ@O9°>C7�PJ4+A�@:9 ñS]PC7L9HPJS�ì

i+1
j-1

i
j

i+1
j

i-1
j

i-1
j+1

i
j-1

i
j+1

(1) (2)

(3)

(4)(5)

(6)

1 2

3 4

1 2 4 ¨��<¨ i���b�ZJÀOi�¬ge�VEi$�z�®i$_^_]WYhCZ «�� © _Qi�_]ZC\pi�VH��_^[Qi�VO\^W`_]W®e�VH\

�»RÄÛO4$9 P Ú 4�;=R5D�4�9<S�RÄ@O9<S�@Lá8P Ú 4 Ú 4�687LÝO@:9<7:3:3T7�P�P�RTA�4:à�é�4�Ý:4$9<4$>C7�P�4�7LK=PJ@:D+7�PJR5A�7L353ÄF»P Ú 4pá�@O3 ñ3Ä@�é�R598Ý ���&����� �"!�!»Ü<>�@OÝ:>C7LD.ì Ù @�RÄ98RÄP�RT7L35R'#$4�P Ú 4×Û�7L>JRT7Lß8354�S�à�é�4×K<SQ4­7'>J7:9<;=@OD 9EK8D�ßz4$>
Ý:4$9<4$>C7�P�@O>�ìF ���H�g���
;
�%$ d:�g�G�j�I�g�
����	z�f�H�g�&$
�C�E��;��O��� $ : cAc�'G���j�&'J�H�g��� $?A@CB"�L�g���g���g�:����� �� �I����:���$�O���"	R@E?
���L�
���AI����Å�";�'�G!'�GO, �0�&'�G!'+GO, I0;1'�G-'�GO, I��&'+G!'�GO,4	$�G�g�
��'�G-'�GO,·�";1'EO�'�GO,Ç�G�g�?A@ ���1):�������g�G�µ $�0�H�$�:�����I	R@E?
���L�
���AI����Ç�g���g G 1'��(;i)]���L�0�g�AI����¼�"; + �

�� /)��";�,��"; + �
�����L���+[EL0S
�G�
	��¼�
�����L���+[�G-S¹�

���L�
���AI����Ç�g���g G 1'����B)]���L�0�g�AI����¼�0� + �
�� /)��0��,��0� + �
�����L���+[EL0S
�G�
	��¼�
�����L���+[�G-S¹�?A@�Y��H�$�L��������ZG�g�:�g��� )D
:�$��� 	$�������:�"	��:�G� �O���0	�� + @E?I0;1'�G-'�GN[ : cEc�'��O���(	��7))GO,(XAL + SaI��&'+G!'�GN[ : cAc�'��O�G�0	��7))GM,�XAL + S-�g�G�?A@Wc����I	��G���L������	¼���";RcG�C�L�H���L�g�L����	 @E?

����
L����	¼�
�(�&'�G!'�G [ I0;�'�G!'AO � I0;1'AO�'�G-S·�0�&'+G!'AO [Ì�G�G�
�
;1'�G!'�G [ ]^I���'�G!'�G-S �";1'+G!'AO [Ì�G�G�I(;1'�G!'�G$\ [/)]�g���g G 1'��(;i)��";1'+G!'�G + @��0; + ]Â�g�j�L�
;���'�; @NI0;1'�G!'+G-S I0;1'�G-'AO6\ [ �g�G�I��&'�G!'�G$\ [/)]�g���g G 1'����B)��0�&'+G!'�G + @���� + ]Â�g�j�L�
;���'�� @NI��&'�G!'+G-S I��&'�G-'AO6\ [ �g�G�
�� /)0)��
;1'�G!'�G ,G�"; + .�. )��0�&'+G!'�G ,G�(� +0+ 	$�G�g�
��'�G-'�GV[ G-Sµ�g�G�



�?A@����L�bdg�L��@E?
	$�j�KdO�(�V) 	$���g�0��'�G!'�GM, 	$�G�g�
��'�G-'AOV,4	$�����
��'AO�'+GO,/�G�G� + S
ÙcÚ 4·R59<;=RTA�4gS»@Lá³P Ú 4�ÛG7:>�RT7Lß<3Ä4gS­A$@:>J>�4gSQÜz@:9<;�PJ@�ê�R5Ý<ì!ù8ì ÙcÚ 4�R59OPJ>J7OA�4�3Ä35K83T7L>�A�@:9MA�4$9 ñP�>C7�P�R5@:9MS"@:ázý­4$3ÄPJ7�7L9M;·ï×@LPJA Ú 7L>J4�RÄ98RÄP�RT7L35R'#$4�;·é�RÄP Ú 7»SQP�@=A Ú 7OS]PJR5A�98@OR5S�4�@:á ��4 ���Ì7Lßz@:K8P

P Ú 4�Û�7L35K84.ë:ì0ê�R5Ý<ì�8�7Hô1R5353ÄK<SQP�>C7�PJ4�S'7�P�>C7L9<S�RÄP�R5@:9°P Ú 7LP�D�@=;=RÄâ<4�S»P Ú 4¹A�@O9<A�4�9HP�>C7�P�R5@:9Å@Lá
ý×4�3®PC7×R59·7­ßM@O>J;84$>�A�4$353E@LáM7�ë�,�6fë�,c984$P]é�@O>�BfìGê"R5Ý<ì 8Gßzô�S Ú @�é1S�P Ú 4cS]PJ4�7O;=F S]PC7�PJ4p>J4�7:A Ú 4�;
7�P³P Ú 4×4�9<;�@LáfP Ú 4­S�RÄD·K8357LP�R5@:90ìD�p7:A Ú A$4$353<RTS³4$RÄP Ú 4$>pR59�ðHPC7�PJ4­ç=àOD�7:>�BO4�;�ßEF��=àO@:>�ðHPC7�PJ4
�8à!D+7L>JB:4g;ºßEF�;-ò��$S�7:3®P ñ 7:9<; ñ ÜM4�Ü8Üz4$>�� 4 �z4gAjPCô�ì ÙcÚ K<S�àzR59µSQÜ<R®PJ4�@:á�RÄPJS'S�RÄD�Ü835RTA�RÄP]F:à!P Ú R5SÚ FEß8>JRT;�D�@=;=4$3�Ü8>�@�ÛERT;=4�S�ÛO4$>JF¹7:A$A$K8>C7�P�4'åHK<7:3ÄRÄPJ7LP�R5Û:4»>�4gSQK83ÄPJS�ì

0

0.2

0.4

0.6

0.8

1

1.2

0 2 4 6 8 10

x_
11

_3
_v

d

time

out

x_11_3_vd

13254 ¨��8¨ i �³Æ<[Qi�VH\^W`_]WYegV�W®V�i»«=e�[Q�:ZJ[phCZC�Y� «�� © _]Zji��:� \r_Qi�_]Z

@BA
	 �-FIbZF��RN(S T1J h HiWZQ
Y^cj]%]GJ T1Q4a�TBcRFM[^YDbR\ WZYDT1[DT1\VY^]%L_[�S�H*S�N(FMa�S
	^9¾7:;<;=R®PJRÄ@O9õP�@/P Ú 4-7:;8ÛG7:9HPJ7LÝO4�S�@Lá D�@=;=4$35RÄ9<Ý R59ä7Ç3T7L9<Ý:K<7:Ý:4º@:á P Ú 4-A�3T7:SJS $ �4&('&�
5)'+*),0-�.�/ !�!�ø`ç:ç�ú|àLP Ú 4�á�@O3Ä35@�é�R598Ý»á�4�7�PJK8>J4�S¿@:á*���&���*� �"!�!»S�4$4�D Ü<7:>QPJR5A$K83T7L>J3ÄF KMSQ4$á�K83<R59
P Ú 4 A$@:9HP�4$6HP�@:á�ß8R5@:35@:ÝOF:ì

ê<4�7�PJK8>J4�Sc@Lá � FEß8>JR5;.A�A 	^9OPJ4$>J4�SQPcá�@:>�ß8R5@:35@:ÝOF
N�@:9MA�K8>J>�4�9HP�7:Ý:4�9OPCS N�3Ä4g7L>�SQ4�Ü<7L>C7�PJRÄ@O9�ßz4�P]é�4$4�9.;8R��f4$>J4$9HP�Ü8>J@EA$4�SJSQ4gS

��@OSJSQR5ß8R53ÄRÄP]F+P�@�>J4�â<9<4�P Ú 4�D�@=;=4$3
ý×4gA�3T7L>C7�P�R5Û:4 1 983ÄF¹P Ú 4 A$@:9<SQP�>C7LR59HPJS Ú 7GÛO4×PJ@�ßz4 SQPJ7�PJ4�;!ì
Ü8>J@:ÝO>J7:D�D�R598Ý N�@:9HPJ>�@O3f;8@:984�R5D�Ü<3ÄRTA�RÄP�35F�ßEF ���&�������"!�!
N�@:9<SQP�>C7LR59HPJS �¿6=Ü8>J4�SJScÜM@HS�S�RÄß<3ÄF¹R59<A$@:D�Ü8354�P�4�BE98@�é�354�;=ÝO4

ý­4�â<984�P Ú 4'Ý:>C7L9EK83T7L>JRÄP]F�@:á�P Ú 4 7L9<7:3ÄF=S�R5S
ý­R��f4$>J4$9HP�RT7L3!4gåHK<7�PJRÄ@O9<S ý­4�SJA�>JR5ßM4'ß8R5@=A Ú 4$D�RTA$7:3!>�4g7:AjPJRÄ@O9<S

7L9<;�A�@O9HP�R59HK<@:K<ScÛ�7L>JRT7�P�R5@:9MS
�Â@=;=K83T7L>JRÄP]F 	]S�@:3T7�PJ4»P Ú 4 A$@:>J4­@:á�7�D�@=;=4$3|à8A�>JK<A�RT7L3fá�@O>

Ú R5Ý Ú 35F�A$@:9HP�4$6HP ñ ;84$Üz4$9<;=4�9HPcD�@=;=4�35S��8>J4$K<SJ7Lß8R535R®P]F2×S�FE9<A Ú >J@:98@OK<S�>�4g7:AjPJRÄ@O9<S 2�A�A�K8>C7�PJ4×á�@O>�>�4g7:AjPJRÄÛO4»S�F=S]PJ4$D+S



� �°Ó�Ð×Ö 8QÕ
1EØ]ÓpÐ ;¿Ð×Ô��1Õ×Ò=Ñ�@:70Ò�� 791&7 ;�Ò<Ö @

�&�&����� �"!&!�R5S×7·Ü<>�@OD�RTS�RÄ98Ý+7:3®PJ4$>J9<7�PJRÄÛO4­PJ@+4�6=RTS]PJRÄ98Ý+D�@=;=4�3ÄR598Ý¹7L9M;�S�R5D�K83T7�PJRÄ@O9�PJ@E@:3TS
RÄ9/S�F=S]PJ4$D+S ß<RÄ@O3Ä@OÝ:F:à�ßM@:P Ú á�>J@:DüP Ú 4�P Ú 4�@:>J4�PJR5A�7L3p7:9<;-P Ú 4�Ü8>C7:A�P�RTA$7L3pÜM@ORÄ9HP·@:á�ÛHR54$é'ì
�&�&����� �"!&!.RTS�7 Ú R5Ý Ú 3ÄF¼4�6=Ü8>J4�SJSQR5Û:4Oà�A�@OD�ÜM@HSQRÄP�R5@:9<7:3³Ü8>J@:ÝO>J7:D�D�R598Ý.357:98Ý:KM7LÝ:4+ßM7:S�4�;
@:9-P Ú 4�A�@O9<S]PJ>J7:RÄ9HP Ü8>J@:ÝO>J7:D�D�R598Ý.Ü<7:>J7O;=RÄÝOD.ì 	rP·7L3535@�é1S�P Ú 4�ß8RÄ@O3Ä@OÝ:RTS]P'PJ@ºD�@=;=4$3�ß8R ñ@:35@:Ý:RTA$7:3"S�F=S]PJ4$D+S»RÄ9¼7�9<7LP�K8>C7L3�7L9M;Å;=4gA�3T7L>C7�P�R5Û:4�é�7GFOàMé�RÄP Ú @OK=P Ú 7GÛERÄ9<Ý+P�@�BE98@�é P Ú 4
RÄ9HP�4�>�9M7L3TS�@:á�P Ú 4 SQF=SQP�4�D�ì8ê<@:>�P Ú 4 A�@:D�Ü8K8P�4$>1SJA�R54$9HPJR5SQP�à=RÄP�@ �f4$>CS�P Ú 4'7:;8ÛG7:9HPJ7LÝO4�S�@Lá�7
á�K83Ä3�Ü8>�@OÝ:>C7LD�D�RÄ9<Ý·3T7L98ÝOK<7LÝO4×é�RÄP Ú 7�é�4$353 ñ ;=4�âM984�;�SQ4�D+7L9HP�RTA$S�ìÙcÚ 4$>J4Â7L>J4�Û�7:>�R5@:K<S+;8RÄ>J4�A�P�R5@:9<S�PJ@ÇA�@:9HPJRÄ9EK84�P Ú R5S�>�4gSQ4g7L>CA Ú ì ÙcÚ 4Â4�687LD�Ü8354�S+Ü<>�4 ñSQ4�9OPJ4�; RÄ9 P Ú R5S¹Ü<7LÜz4$>+é�4$>J4�PJ7LBO4$9 á�>�@OD P Ú 4Â3ÄRÄP�4�>J7LP�K8>J4.RÄ9 @:>C;=4�>·PJ@-RÄ353ÄKMS]PJ>J7LP�4.P Ú 4
RÄ9HP�4�>�4gS]P³@:á*���&�������"!�!­á�@:>¿D�@=;=4$35RÄ9<Ý ß8R5@:35@:Ý:RTA$7:3=SQF=SQP�4$D+S�ì ÙcÚ 4�F·7L>J4c>�4�357LP�R5Û:4�3ÄF�S�D+7L353�ì
û°4 Ú 7GÛO4�SQPJ7:>QPJ4�;°>�4gA�4�9OPJ3ÄF°7.Ü8>�@:í]4�A�P»é�RÄP Ú P Ú 4�	^9<S]PJR®PJK=P
�¿7:SQP�4�K8>'R59 �¿7:>�RTS�RÄ9¼@:>C;=4�>
;=4$ÛO4$35@:Ü�é�RÄP Ú ���&���*� �"!�!×7»>J7LP Ú 4�>¿A�@:D�Ü8354�6 D�@=;=4�38@LáfSQ@OD�4c7:S�Üz4�AjPCS�@LáMP Ú 4�A�4�3Ä38A$F=A�354
RÄ9-D+7LD�D+7L35R57:9¼A$4$3535S�ì!û¼4 Ú @:Üz4�P Ú 7LP'P Ú RTS A$@:35357:ßM@O>J7LP�R5@:9ºé�R53Ä3p98@LP @O983ÄF Ú 4$35Ü¼P�@.Ý:4$P
7.ßM4$PQP�4�> K89<;84$>CS]PC7L9<;=R598ÝÂ@:á�P Ú 4¹ß8R5@:35@:ÝOR5A�7L3�Ü Ú 4�98@:D�4$9M78à0ß8K8P P Ú 7LP R®P·é�RÄ353p7L3TS�@�Ü<>�@ ñÛHRT;=4�7:;8;=RÄP�R5@:9M7L3�R59<S�RÄÝ Ú P­R59OPJ@+P Ú 4�3T7L98ÝOK<7LÝO4 ��������� �"!�!Eìzê8@O>×4�687:D�Ü<3Ä4Oà<RÄP»D+7GF�P�K8>J9
@:K=P�P Ú 7�P'P Ú 4�A$@:9<SQP�>C7LR59HP�S�@:35ÛERÄ9<Ý�A�7LÜ<7:ß8RÄ35RÄP�R54�S�@Lá ��������� �"!�! Ú 7GÛ:4·P�@.ßz4�4$9 Ú 7:9<A�4g;
@:>�P Ú 7LP·P Ú 4.357:98Ý:KM7LÝ:4 Ú 7:S·PJ@°ßz4.4�6EP�4�9<;=4�; R59/@:>C;=4�>·PJ@¼A�7LÜ=PJK8>J4�S�ÜM4gA�RÄâMA�ß8RÄ@O3Ä@OÝ:RTA
Ü Ú 4$9<@:D�4$9<7<ì9	^9 Ü<7L>�P�RTA�K83T7L>gà0é�4�D+7GF¼é�7:9OP�P�@°A$@:9<S�RT;=4$>�SQP�@=A Ú 7OS]PJR5A¹4�6EP�4�9<SQR5@:9MS 35RÄBO4
� �<;D�?,D���0. �+8�/*�&! !&!�øÄëgè�úrì

� 7�� 7�Ò�7�Ð×Ö�7%1

Égt�n1t¿qp�Y�O[jkpÁ�tps�ZJ�Y_QiLkpx�t³o|X�i�VOhCWYhgk¿�­t
	��Hª i$[jk���t
��WYV�_]Ãgk��­t��Otpd!i$¶H¶Ei$\Ck³b­t¿np�H«OWYVMk
i$VE���Ot © h�±L�H¬:t bp�O«:[]W®�-ª'eL�OZC�YWYVH¬Åi�VH�µ\^W®ª­�H�®i$_]WYe�V e$²»«OW®e�ª'eg�YZChC�O�®i$[+VOZJ_|¯�e�[]ÍL\Ct o|V
������������� �"!$#&%�'(!�)+*�,"'�-/.0#213#4��,"56135/�7*�,"5 #4�8,39 :����;*�*=<?>@>@A":�B�,3'C%�:�DE#21�9 �$kz¶Hi�¬gZJ\·ÉjwGF
vguLt © ¶:[]W®VO¬gZJ[jkHlM�cÁ © u$~gv�}:k<u�~�~:É�t

uLt1q1t=s�e�hQÍLª iC�:[�i�VH�¹q×t8Á�e��O[^_]e�W®\Ct+��eL�OZC�YWYVH¬�«HWYeg�Ye�¬gWYhji��0\r�:\r_]ZCª'\pWYV�±��:«O[]W®��hJegVHhJ�O[^[]ZCV�_
hJegVH\r_^[Qi$WYVL_³¶:[]eg¬$[Qi�ª'ª'WYVH¬IH�q�«H\r_^[Qi$hJ_ ��t0o|VJ<@5/�KDE5L#&M
*�,"5GNGMO�L�3!$#&%�'(!�P���,�9Q,$R3�":SD"*S�0PUT >@AV:
W�13!�1@�X%�5/13:
*;YckEu�~�~:Égt �L�G��d[Z�?A?�
(
0
��^�G�(	j��OELAL�G8�r���AJP?�U:�
	$�0�g��	A?EL�3�6�'$�O���j�g�O�g�G�0��d";g  t

v:t+�:t\��t=s"e�¯�ZJ[�i�VE�·b­tHs�eg�Yeg�:[]Wãk8Zj�OW`_]e�[]\Ct]*�,3'�- .?#21"#4��,35^139;'_,G�X%�9 �`50RI,aN�RX%�5^%�#4��bK135/�c����,�d
bEeL%�'(��b$1�9\5\%�#4f[,3�8g"!]t���orÆÇd![]ZC\^\Ck8u$~g~LÉgt

}Ot1spt=Á�i�[]�®\^e�V+i�VH�·�×t^���O¶O_Qi:tfb��:«O[]W®� hCh1i�VH�·WYV�_]ZJ[]Xgi$�8hCegVO\r_^[Qi�WYV�_]\Ct"o�V������������_� �"!$#&%�'(!�)
*�,"'�-/.0#213#4��,"5h1"5^��*�,35 #4�i,�9 :j���;*�*+T k�lgkO¶Ei�¬�ZC\
mg~nF wG{Lt © ¶:[]W®VO¬gZJ[jkHlM�cÁ © ÉCv�mg�LkfÉjw�w�mLt

{Lt1q1t"Á�eg�:[^_]egWY\Cto��eL�OaJ�®WY\]i�_]W®e�VÇ�OZ�\r�:\r_]�Cª'ZJ\�«HWYeg�Ye�¬gWqp��HZC\�ZCVÅ¶O[]eg¬$[Qi�ª'ª i�_]W®e�V°¶Hi$[ hCe�VOy
_^[Qi$WYVL_]ZJ\Ct0n�i$¶H¶=e�[^_��:Zsrut�qvHãWYV+xz[]ZCVOh�± ��kOU�VHWYX=t:b�ZCV:[]WMdfe�WYVHhji�[]agk=lzm�n�o|q×kL�g�H�`��u�~�~:É�t

�:t�b×tM�OZ_�ge�VH¬:tw��eL�:ZC�YWYVH¬+i$VE��\^WYª­�H�®i$_]WYegV�e�²¿¬�ZCVHZJ_]WYh�[]ZC¬��H�®i$_]e$[^��\r�:\r_]ZCª'\yxMi��YW`_]ZJ[Qi�_]�O[]Z
[]ZJX:WYZJ¯�t"ÆzZJh�±OVHWYhji��<npZC¶=e�[^_³npnpy�}g~gvGu�kHo���nporq1k © ZC¶:_]ZCª»«=ZJ[³u�~g~�~:t

z t�n1t{��±He�\^±-i�VH�-Á�t�Æzegª'�YWYVMtµlzi$_]Z�[Qi���WYVO±HWY«HW`_]WYegVÅ_]±O[]eg�O¬g±|rcZC�`_Qi$y���e$_]h�±°\^WY¬gVEi$�YW®VO¬Lx�q
¶OWYZChCZJ¯³WY\^Z�iV}'VHZ0±��:«O[]W®�cª'eL�OZJ��t�o|V+�s�������4��� �"!E#&%�']!�)O*�,3'�-/.0#213#4�4,35C135/�(*�,35 #4�i,�9 :L���;*�*
<0>@>@A":~B�,3'C%�:SDE#21�9 �$kH¶Hi�¬gZJ\�u$vGuyF:u$}g�:t © ¶O[]WYVH¬�ZJ[jkOlM��Á © u�~gv$}Ok=u�~g~LÉgt

m:tn��tMq1tO��W®«O\^egV�i�VH���OtMs"[]�Oh�Í=t­qõ¶O[]e�«Ei�«OWY�®WY\r_]WYh'ª'eL�OZJ�!e�²¿i ¶O[]e�Ígi�[^��e�_]WYh­¬gZCVOZ'i�VH�¹W`_]\
[]ZJ¬g�H�®i�_]W®e�VMt�o|V�s�ej¯�ZJ[�i�VH��s�e��Yeg�O[]W�È v$Ê�kEhQ±Ei$¶O_]ZJ[�uLkO¶Ei$¬gZC\³}gwVF z Égt

w:tn��t<q1t���WY«H\^e�V�i$VE�Jt³t\�­¸reg�Y\^VOZC\^\Ct(��eL�OZC�YWYVH¬�_]±HZ­i�hJ_]WYXLW`_|�+e$²�\^WYVH¬��YZ»¬gZJVHZC\Ct�o�V�s�ej¯�ZJ[
i$VE�·s�eg�Yeg�:[]W"È v$Ê�kHh�±Hi�¶O_]Z�[�ÉgkE¶Hi�¬�ZC\�É�F�}�m:t



ÉC~:t��×t ���H¶O_QiLk:n×tL�Gi$¬Gig�:ZCZC\]i$VMk=i$VE�·d!tOd!i$VEi�VO¬Gi��OZCV<t © _]e�hQ±Ei�\r_]WYhc¶:[]e�hCZC\^\^ZC\�i�\¿hJegVHhJ�O[^[]ZCV�_
hJegVH\r_^[Qi$WYVL_c¶O[]eg¬$[Qi�ª'\Ct×o|V < � #`e Yn*�� *�,35GNGM~W
�E� 5^b�� -^9q%�!K,aN+W
�i,$R3�813']'(� 5XR��;1350R3.L1GRX%�!$:
W��[W��nT k�k3:S�^135wY
5L#2,35 ��,":�*;Y�kH¶Hi�¬�ZC\�ÉGmgw]F�u�~Gu�t=qpÁ���k<Éjwgw�w:t

É�Égt��×t����H¶:_Qi:k=n1t\�Gi$¬Gi��OZCZC\]i$VMkMi�VH�+�­t © i$[Qi�\r¯�i$_jt×Á�e�ª'¶H�:_]W®VO¬�¯³W`_]±�hCe�V�_]W®VL�Oeg�H\phQ±Ei�VO¬gZgt
�/b��2%�5^bE%n,iN+bE,"'�-/.0#&%���-/�8,$R3�i13'(']� 50R�kEvg~?HrÉJy|u ��x vVFG}GwLk!Éjwgw3m:t

ÉjuLt��×t����H¶O_QiLk$n×t3�Gi$¬Gig�:ZCZC\]i$VMk��×t © i$[Qi$\r¯¿i$_jkgi�VH�]r»t@�­t�s�eg«:[]ej¯�t=d![]eg¬�[Qi$ª'ª'WYVH¬�WYV­±L�:«:[]WÄ�
hJegVH\r_^[Qi$WYVL_c�Äi$VH¬��Ei�¬�ZC\Ct1o|Vh���@���E���I�L�3!$#&%�']!nD8DQk=¶Hi�¬gZJ\1ugu$�VF:u�{LÉ�t © ¶:[]WYVH¬gZ�[jk8lM�cÁ © w�wgwLk
ÉCwgwg{Lt

ÉCv:tn��t�b��HhQÍgiLk0q×t"xfWYVHVOZJ��k!b­t[��t © i$�O[]e:k0b­t"s�eg�Ye��O[]Wãk
�:t[r�e��:�YZgk"i�VH�Åb×tj	�W`_Qi�VHe:t-Æ�±OZ
t0n�q"Æ³mõ\r�:\r_]ZCª'\�«OW®e��Yeg¬��¹¯�e�[]ÍL«=ZCVHhQ±Ox�t0VEi$«H�YWYVH¬�WYVL_]Z�[Qi�hJ_]WYegV�i�VH�+ZJÀ:h�±Hi�VH¬�Z»«=ZJ_�¯�ZCZJV
\^e$²5_�¯¿i$[]Z1_]e�eg�Y\p²Te�[�hCe�ª'¶H�O_Qi�_]WYegVEi$�z«OW®e��Yeg¬���t
W�1@b�� 	{bn�L�3'�-?,3!$� .0' ,"5JP��4,GbE,"'�-/.0#4� 5XR�k z k
u$~g~guLt

ÉJ}Ot1Æ�tgor�:ZCÍGZJ[jk��­tGÆ�±He�[]\^\^e�VMk0�:tLq×t�n�i$VHWY\^±Mkgn×t�Á�±O[]WY\r_]ª i�\Ck@�OtLs��O±H�YZJ[jk@�OtX	�t�t�VO¬Ok�n1tGs"�Hª�y
¬gi$[]VOZJ[jk/r»tOn1t^��e�eL�:�®Z�_^_jk=n×tHq¿ZC«=ZJ[]\^e��Ä�8kEi$VE��l0tEb�e�eL�<t"o|V�_]ZC¬�[Qi�_]Zj��¬�ZCVHe�ª'W®h1i$VE��¶:[]e�y
_]ZJegª'WYh³i�VHi��`�:\^ZC\�e$²zic\r�:\r_]ZCª i�_]WYhji��Y�`��¶=ZJ[^_]�:[]«=Zj�»ª'ZJ_Qi$«=eg�YWYh³VHZJ_�¯�e�[]Í=t~�/b��2%�5^bE%�k:u$wGuXx wgu�w
F wgv�}:k\��iC��u�~�~:Égt

Éj{Lt © tGq1t�	1i$�O½8ª i$VMt�
Oe %�,3�E�qR3� 5L!�,iN
,3�8�@%���tMm�ÀL²Te$[Q�­U�VHWYX=tGd![]ZC\^\CkHÉCwgw�v:t © ZJZ³i��Y\^e+�Ot�Æ�±OZCe�[jt
s"W®e��ãt8uguXxE}gv z kMÉjw��gw:t

ÉC�:t�b×t?	�WY_Qi$VHe:kHZj�:W`_]e�[jt
�;,3.05^��13#4��,35L!n,iNs!E�"!$#&%�' ���4,�9Q,$R3��t{��o|Æ/d![]ZC\^\Ck=u�~g~LÉgt
É z t�b×t0��i�_]\^�HVHe:k:q×t�rcegWãkL��t���i�¬Gi$\]i�ÍLWãk:i�VH� © t?��W`�Li$VHeOt<bp�O«:[]W®�»¶=ZJ_^[]WEVOZJ_"[]ZJ¶O[]ZC\^ZCV�_Qi�_]W®e�V

e$²<¬gZCVOZ³[]ZJ¬g�H�®i�_]e�[^�'VOZJ_|¯�e�[]Í=t;W�1�b�� 	{b��L�3'�-?,3!$� .0' ,35CP���,Gb$,3'�-/.0#4� 50R�k:{Xx vgv�mGFLv$}Gw:kEu�~�~g~Lt
Éym:t��×tL�­tLnpZj�H�L��k?��tOl�tL��ijX�[]e�XGeg�OVHWYe�_]WY\CkOi�VH�c��t:�­tOl<W®ZJ«Hª i�V<tfdfZ�_^[]W<VOZJ_�[]ZJ¶O[]ZC\^ZCV�_Qi�_]W®e�V

WYVºª'ZJ_Qi$«=eg�YWYh�¶Ei�_]±L¯�iC�O\Ct.o|V DE5 #&%�9 9 �QRX%�5 #+� �"!$#&%�'(!�Ny,3����,�9q%8b�.?9Q13�UP��4,�9Q,$R3�3:�DE���wPCT k��gk
¶Hi�¬�ZC\pvGu3mGFLv�vg�:t<q�q�qpo�d![]ZC\^\CkzÉCwgw�v:t

ÉCw:t1q1t8n�ZJ¬gZCX=k8´ t © WY�YXGZJ[]ª i$VMk<i�VH�ht¿t © ±Ei$¶HW`[]eOt»n�ZJ¶O[]ZC\^ZCV�_Qi�_]W®e�V.i$VE�¹\^W®ª­�H�®i$_]WYe�V�e�²�«HWYe�y
hQ±HZJª'W®hCi��¿¶O[]e�hJZC\^\^ZC\'�H\^WYVO¬�_]±HZ��<y�hji$�YhC�H�Y�H\»¶O[]e�hCZC\^\ i$�Y¬gZC«:[Qi:t W�1@b�� 	{bw� �"'�-?,3!$� .0'�,"5
P���,Gb$,3'�-/.0#4� 5XR�kE�0x }�{�wGF�} z ~:kzu$~g~:É�t

u$~:t��×tOq×t © i�[Qi�\r¯¿i�_jt+*�,35^b�.0�E�$%�5 #�bE,"5 !$#4�813�`5 #~-/�i,$R3�813']'(� 5XR�t"q�Á�� r�e�hJ_]e�[Qi$�;rcWY\^\^ZJ[^_Qi�_]W®e�V
q!¯¿i�[Q�O\Ct ��orÆ/d![]ZC\^\CkMÉCwgw�v:t

u�Égt��×t8q×t © i$[Qi$\r¯¿i�_jkMn1t��Gi$¬Gig�:ZCZC\]i$VMkMi�VH�¹�×tO���H¶:_Qi:t�xOeg�HVH�Hi�_]W®e�VH\ce$²"_]WYª'Zj��hJegVHhJ�O[^[]ZCV�_
hJegVH\r_^[Qi$WYVL_0¶:[]eg¬$[Qi�ª'ª'WYVH¬:t�o|VIk3#`e(� �"'�-�M��;,$R3�4b
� 5w*�,"'�-/.0#&%����^b���%�5^bE%�:��~D"*S�
T k��L: W�13���`!Qk
¶Hi�¬�ZC\ z É�FUm�~:tHoit�t[t¿kzÉCwgw�}:t

u�uLt��×t�q×t © i$[Qi$\r¯¿i�_jk�n1tV�Gi$¬Gi��OZCZC\]i$VMkgi�VH�1�×t"���H¶:_Qi:tLÆ�WYª'Zj�1�:ZJ²ãi$�H�`_!hCe�VHhC�:[^[]ZCV�_zhCe�VH\r_^[Qi$W®V�_
¶:[]eg¬$[Qi�ª'ª'WYVH¬:t��0,3.0��5/1�9S,iNs�L�3'K�E,39 ��bC*�,"'�-/.0#213#4��,"5Hk8u�u?H�{�������x } z {GFL{gu$~:k�Éjwgw��:t

u$v:tur­t8Æ�±HWYZJ½=[^��i�VE�+n1t8Æ�±He�ª i�\Ct����Ei$�®W`_Qi�_]W®XgZ»i$VEi��`�:\^WY\ce�²"¬gZJVHZ×VHZJ_�¯�e�[]ÍL\CtuW�1�b�� 	{b(�L�3'(d
-?,"!E�`.?' ,"5�P���,Gb$,3'�-/.0#4� 5XR�k=v0x z3z FXm�m:kzÉjwgw3m:t

u�}Ot1q1tCX�i�V1�:ZJ[ © h�±Hi$²Ä_fi$VE�cb­t © hQ±L�Hª i�hQ±HZ�[jt�Y
5(� 5L#4�8,G�3.Lb�#4��,35_#2,�e0�@���E���u�3�"5^1"'(��b$1�9@!$�"!E#&%�']!]t
© ¶O[]WYVH¬�ZJ[jkOlMZCh�_]�O[]Z���e$_]ZC\³WYV+Á�egV�_^[]e��fi�VH�·o�VO²Te$[]ª i$_]WYegV © hCWYZCVOhCZC\CkO�"e���tEug{�Égk=u�~g~�~:t

u�{Lt+t¿t�m­tj��egW`_jt~*�,3'�-/.0#213#4��,35/1�9L135^1�9 �"!$� !�,aN
����,GbEe %�']��b$1�9X!E�"!$#&%�'(!]tHÁ�i�ª­«O[]W®�O¬�Z�U�VOWYX8tjd0[]ZC\^\Ck
u$~g~�~:t


