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Unité de recherche INRIA Rocquencourt
Domaine de Voluceau, Rocquencourt, BP 105, 78153 LE CHESNAY Cedex (France)
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eB�_Ea�+* ,%Ya^2�oplMPW}L|RU]_Ya^ �&�&�&�*�&�������&�&�*�&�&�*�&�&�������&�*�&�&�&�*�&�&�������&�"n�
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eB�_Ea�+) H�D[��WKD;JU@BC�D;^2R �&�&�&�*�&�������&�&�*�&�&�*�&�&�������&�*�&�&�&�*�&�&�������&�"n *
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z&LNR[L&WUD.`P~_]�b�LNRU]_Yl^<]�JÆYN��RKD;^�MPJKD;\�]_^<\P]_JKRUWU]_iPMBRUD;\Q\oLNR[LNioL|JUD�L|`P`P~_]_b�LNRK]_Ya^PJ�RKY*]_C�`PWKYN�aD%\oLNR[L*L��aLN]_~�LNiB]��
~_]_R�T�LN^P\�`�D;WÂ��YaWKC�LN^Bb;Da�&H�D;`P~_]_b�L|RUD;\�\�LNR}LsC<MPJUR�i�D>`oD;WK]_Y�\B]�b�LN~_~_T�WUD ��WUD;JK@PD;\�MPJK]_^Pp�MP`�\oL|RUD>`PWUYl`oL��
p2LNRU]_Yl^�JURKW}L|RUD;pl]�D.J��5�7YaJUR�Y|��RK@PD&b;MPWUWKD;^2RSJKRUW}L|RUD;pl]_D;JSplMoLNW[LN^2RUD;D&C<MPRKMoLN~Bb;Ya^PJK]_JURUD.^Pb;T�YN��WUD;`P~_]_b�L|RUD;\
\oL|R}L
iPMPR�LNWKD�^PYaR�D[��b;]_D;^2R�����LN�;T<� YaW�L|JUT2^Pb[@PWKYa^PYlMPJ}��WUD.`P~_]�b�LNRU]_Yl^*]_J�LN^>LN~_RUD;WK^oLNRK]_�aD�JUYl~�MBRU]_Ya^*��@BD;WUD
C<MPRKMoLN~�b;Yl^PJU]_JKRUD;^Pb.T�C�L�T�i�D�WKD;~�LNO2D;\¢����R>]_J*^PD;D;\BD;\�]_^�LN`B`P~_]�b�LNRU]_Yl^PJ&JUMPb[@�L|J*Ya^®�û~_]_^PD>�o^oL|^Pb;]�LN~
RKW}LN^BJ}LNb.RU]_Ya^PJ%LN^P\<RKD;~_D;b;YaCQC<MP^P]_b�L|RU]_Ya^GJUT2JURKD;C�J���@P]_b[@<WUD;�2MP]_WKD�@P]_pa@���WUD;JK@P^PD;JKJ5Y|�WKD;`P~_]_b�LNRKD;\<\oL|R}LP�
��^<RK@P]_J�b�LNJKDa�2RU@BDSb;Yl^Pb;D;`PR%YN�P£;¤�¥.¦U§P¨P¥.¦[¦�]�J�MPJKD;\�RKY*C�D�LNJUMBWUD�RU@BD�\PD;�2]�LNRU]_Yl^9i�D;R��%D;D;^�WKD;`P~_]_b�L&b;Yl`P]_D;J
� `PWU]_C�L|WUT�b.Ya`P]_D;J<LN^P\³JUD;b.Ya^P\oL|WUT�b;Yl`P]_D;J}�.��?�@PD�C�LN]_^���Y2b;MPJ>YN�SRK@P]_J*RU@BD;JU]_J<]_J*RUY�]_C�`PWKYN�aD*\�LNR}L
��WKD;JU@B^PD;JUJ��

��^�~ìL|�;T�WKD;`P~_]_b�LNRK]_Ya^¢��WUD.`P~_]�b�LNRUD.\�\oL|R}L>C�L�T<ioD>`P~�LNb;D.\jL|RSRU@BD*^PY2\PD;J&YN��L>\P]_JURUWK]_iPMPRUD.\�JKT�JKRUD;C
]_^�\B]�¬ÚD;WKD;^2R��¡L�T2J��lRU@BD;WUD;i2TQ`PWUY2\PMPb.]�^Bp9\P]«¬ÚD;WUD.^�R�b.Ya^2�oplMPW}L|RU]_Ya^BJ���ª b;YlWUWKD;b;RU^BD;JUJ&b;WK]�RKD;WU]�L�C<MPJURÆioD
\PD �o^PD;\���YaW�D�LNb[@�b;Ya^2��paMPW[LNRU]_Yl^�RKY<D;JUR[LNiP~_]_JU@�LN^�YaWK\PD;WS]_^���@P]_b[@�WUD;`P~_]_b�L|RUD;\�\�LNR}L>C<MBJUR%ioD*WKD[��WKD[�
JK@PD;\¢�%ªS^�YliaZ[D;b;RK]��lD&YN��RK@P]_J�RU@PD.JU]_JSRKY<JU`�D;b;]«��T�b.YaWUWKD;b;RK^PD;JUJ�b;WU]_RUD.WU]�LNJ
��YaW�\P]«¬ÚD;WUD.^�R�b.Ya^2�oplMPW}L|RU]_Ya^BJ��
L|^P\�RUY�`PWKYa`�YaJUD<JKYa~_MPRK]�Yl^PJG��YaW&b;YlWUWKD;b;RU^BD;JUJ<D;^®��YaWKb;D;C�D.^�R��<?�@PD<ioL|b[°�plWUYlMP^P\�YN��RU@P]_J&RU@PD.JU]_J9]_J*LNR
RK@PD�b;WUYlJUJUWKY�L|\PJ<YN�&R��5Y�b.YaC�`B~�D.C�D;^2R}L|WUT2�Ú�%D;~_~���D;JKR}LNiB~�]_JK@PD;\�L|WUD�L|J9Y|��b;YlC�`PMBRUD;W*JKb;]_D;^Pb;Dl��^oLNCQD;~_T
\oL|R}L|ioLNJKD;J�L|^P\�\P]_JURUWK]_iPMPRUD.\�JKT2JURUD.C�J��

��^<RK@P]_J�b[@oLN`BRUD;W��P�%D�pa]_�aDSL&plD;^PD;W[LN~�YN�aD;WK�2]�D.��YN�ÚRU@P]_J%RU@PD.JU]_J���±�D%�oWKJUR%C�YlRU]_�aLNRKD5RK@PD�MPJUD&Y|�WKD[�
`P~_]_b�L|RUD;\<\oL|R}L|ioLNJKD;J¡L|^P\>]�^2RKWUY2\PMPb;DGJUD;�lD;W}L|~oD.O�]_JKRU]_^Pp*MP`�\oL|RUD�`PWKYa`oL|p�LNRK]_Ya^>JURUW[LNRKD;pa]_D;J���¼2D;b;Yl^P\¢�2�%D
]_\PD;^2RK]�� T9RK@PDS`PWKYaiP~_D;CQJ���]_RU@<RK@PD;JUD&JKYa~_MPRU]_Yl^PJ���]_RU@<WKD;JU`�D;b;RGRUY*RK@PD�L|`P`P~_]_b�LNRK]�Yl^PJ��%DSLNWKDS]_^2RUD;WKD;JURKD;\
]_^¢��?�@PD.^¢�P�%D&`PWUD;JKD;^2RSRK@PD*YaiaZ D;b;RU]_�lD;JSY|��RU@BD�RK@PD;JK]�J&LN^P\�]_RUJ�b.Ya^2RUWK]�iBMPRU]_Ya^BJ��

?�@B]�J>b[@oLN`BRUD;WQ]�J>YaWKp�L|^P]_�;D;\�LNJ>��Yl~_~�YN��J���¼2D;b.RU]_Ya^ *�pa]_�aD;J�L|^�YN�lD;WU�2]_D;�"YN��WKD;`P~_]_b�LNRKD;\�\oLNR[L��
ioL|JUD;J��9¼2D.b;RU]_Ya^�e<`BWUD;JKD;^2RUJ>RU@PD>C�YlJUR�°2^PYN��^�MP`�\oL|RUD<`PWKYa`oL|p�LNRK]_Ya^�JURKW}LNRKD;pa]_D;J*L|^P\�\B]�JKb;MPJKJ*RU@PD.]�W
C�LN]_^�`PWKYaiP~_D;CQJ��9¼®D;b;RU]_Yl^�n�`BWUD;JKD;^2RUJ>RU@PD<YliaZ[D;b;RK]��lD;J*Y|�¡RK@PD<RU@PD.JU]_J9LN^B\¢�¢¼2D;b.RU]_Ya^ )Q`PWKD;JUD;^2RKJ9]_RUJ
b;Yl^2RUWU]_iPMBRU]_Ya^PJ���¼2D;b;RK]_Ya^�f�]_^�RKWUY2\PMPb.D;JSRK@PD*RU@BD;JU]_J�YaWKp�L|^P]_��LNRK]�Yl^¢�
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©GWUp2LN^P]_��L|RU]_Ya^BJ¢RU@�LNR¢MBJUD%b;D;^2RUW[LN~_]_�;D;\>JUT2JURKD;C�J�LNWUDÆ]�^Bb;WUD�L|JU]_^Ppl~�TG�ûL|b;D;\*��]_RK@*RU@PDÆ`PWUYliP~_D;C YN�PJU@�LNWU]_^Pp
b;YlC�CQYa^S\�LNR}L&L|C�Ya^Bp�~ìL|WUplD�^2MPC<ioD.WUJ�YN�oMBJUD;WKJ���?�@PD%C�L|]�^&`PWKYaiP~_D;C ]_J¢RUY&]_^Pb;WKD�LNJKD�RU@PD�b.YaC�`BMPRU]_^Pp
`�YN�5D.W¢YN�PRK@PD�JUT2JKRUD;CQJ¢��]_RU@&RU@BD�J}L|C�D�~_D;�aD;~lYN�P\oL|R}L�L��aLN]_~�LNiB]�~_]_R�Ta�B?�@PD;WUD%LNWUDÆR��5YGioLNJK]�b�JKYa~_MPRU]_Yl^PJ���YaW
RK@P]_J�`BWUYaiB~�D.C���?�@PDÆ�oWUJKR�JUYl~�MBRU]_Ya^&]_J�RUYSMB`PpaW[LN\PD%RU@PD%b;YlC�`PMPRK]_^Pp�`oYN�%D;W�YN�oRK@PD5b.D;^2RUW}L|~_]��.D;\<JUT2JURKD;C��
i2T�MBJU]_^Ppo�Æ��YlW<]_^PJUR[LN^Pb;Dl�¡L�CQYaWKD�`�YN�5D;WÂ��MP~GC�LNb[@P]_^PDl��RU@BD;WUD;i2T�C�L|°2]�^Bp�RK@PD�b;D.^�RKW}L|~�`BWUY2b;D;JKJU]_^Pp
CQYaWUDGD[��b;]_D;^2R�� �GYN�5D.�aD;W��PL>b;W}L|JU@�YN��RU@PD&b;D;^2RKW}LN~ÚJKT2JURUD.C�b�LN^QRU@PWKD�LNRKD;^�RU@BD�D.^�RK]_WUD&YaWKp�LN^B]���LNRU]_Yl^PJ
iPMBJU]_^PD;JKJ���?�@PD<R�T2`P]_b�L|~5@B]�pl@P~_Tl�ÂL��aL|]�~�L|iP]�~_]�R�T�JKYa~_MPRU]_Yl^�MPJK]_^Pp�WUD.\PMP^P\oL|^2R<@oLNWK\P�¡L|WUD�LN^P\�JKYN��R���LNWKD
WKD;C�L|]�^BJ��aD;WKT�D.O�`�D;^PJK]_�aDa�&hPMBWURU@BD;WUCQYaWUDl�P]«��MPJUD;WKJ*LNWUD�`P~�LNb;D;\�LNR�^PY2\PD;J&WKD;C�YlRUDG��WUYlC´RK@PD*b;D.^�RKW}L|~
JKT�JKRUD;C���]_R*C�L�T�R}L|°aD�L�b;Ya^BJU]_\PD;W[LNiP~_D�L|C�YlMP^2RSYN�SRK]_C�D>RUY�JUMPiPCQ]_R�L7��MBD;WUT�L|^P\�JUD;DQ]_RUJ>WUD;JKMP~_RUJ
\PMBD�RUY�RK@PD<WUYlMP^P\�RUWK]_`PJ*YN��C�D.JUJ}L|paD;J�^PD;b;D;JKJ}L|WUT�RUY�b;YaCQC<MP^P]_b�LNRKD&ioD;R��%D;D;^³RU@PD<MBJUD;W>^PY2\PD�LN^B\
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]_J��2MP]_RUD&]_C�`�YaWKR}LN^2R5L|^P\�]_J�b�LN~_~_D;\ �2¨9	 � ��� ¥�¤�� � � � �a¤����

ª iPWU]_D[��\PD;JUb.WU]_`PRU]_Yl^�YN��RU@PD *aV=, `PWUYlRUY2b;Ya~�RU@�LNR%\PY2D;J5^BYaR%b;Ya^PJK]_\PD;W%�ûL|]�~_MPWKD;J�]_J�LNJ���Yl~_~�YN��J��Ú?�@PD
Yl`oD;W[LNRK]�Yl^�Y|�5RU@BD *lV=, `PWKYaRKY�b.Ya~���JKD;D�h�]�plMPWUD*P�Ñel�%ioD;R��%D;D;^�LQb;Y2YlWU\P]_^oL|RUYaW&LN^P\�Ya^BD*`oLNWKRU]_b;]_`oL|^�R
]_^�RK@PD*LNiPJKD;^Pb;D&Y|�Ú�ûLN]_~_MPWUD.J��2��@PD;WKD&RU@PDGb;]_WUb;~_D;J�]_^P\P]_b�L|RUDGRU@PD&JUR[LNRKD;JSLN^P\QRU@PDG\oLNJK@PD;\�~_]_^PD;J%]�^B\P]_b�LNRKD
CQD;JUJ[LNpaD.J�i�D;R��5D.D;^�RU@BD�b;Y2YaWK\P]_^oLNRKYaW�LN^B\�RK@PD�`oL|WURK]�b.]�`�LN^2RUJ���?�@PD�~�LNi�D;~_J<Ya^�RU@BD�\oLNJK@PD;\�~_]_^PD;J
JK`oD;b.]�� T�RK@PD&^oLNRKMPWUD&Y|��RU@BD*C�D;JKJ}L|paDa����^P]_RU]�LN~_~_T2�NRU@PD&b;Y2YlWU\P]_^oL|RUYaW���WK]_RUD;JSL �������
		� � ������ � WUD;b;YlWU\]_^�]�RKJ&~�Ylpo��JUD.^P\PJ<L�
 � ��
 ��� ��CQD;JUJ[LNplD9RKY7L|~_~�`�LNWURK]_b;]_`oLN^2RS^BY�\BD;J���LN^P\�D;^2RUD.WUJ>RU@PD>±�ªS��? JKR}LNRKDa�
±�@BD;^ L
`oLNWKRU]_b;]_`oL|^�R�WUD;b.D;]_�aD;J5L
 � ��
 ��� �<C�D;JKJ}L|paDa��]_R¢b[@PD;b[°2J�]«�o]_R¢b.YaMP~_\*b;YlC�CQ]�RBRU@PD%RUW[LN^PJ[LNb;RK]�Yl^¢�� �¢JKYo�2RU@BDS`oL|WURU]_b;]_`oL|^2R���WU]_RUD.J¡L&WKD�LN\BT9WKD;b;YaWK\�]�^<RK@PDS~_Ylpo�NJKD;^P\PJSL ��� � ��� � ������ � C�D;JKJ}L|paD�RUY�RU@PDb;Y2YlWU\P]_^oL|RUYaW���L|^P\<D;^2RUD.WUJ�RU@BD�H��Xª�z���JKR}LNRKD �2YaRK@PD;WK��]�JKDa�2RU@BDS`oL|WURU]_b;]_`oL|^2R���WU]_RUD.J¡L|^�LNi�YaWURÆWUD;b;YlWU\
L|^P\<JUD;^B\PJ¡L���� � ��� � ��� � � C�D.JUJ}L|paD�RKY�RK@PDSb.Y�YlWU\P]_^oL|RUYlW���� �RK@PD�\PD;b;]_JK]�Yl^<YN�ÚRU@PD�^BY�\BD�]�JÆRUY*LNi�YaWKR��]_R%b�LN^s��YaWKpaD;R�LNi�YaMPR%RU@�LNR%RUW}L|^PJ}L|b;RU]_Yl^¢�2JU]_^Pb;D*L|^�LNi�YaWKR5\BD;b;]_JU]_Ya^QJUD;WK�aD;J&LNJ�L*�lD;RUY���]�� Da�_�lMP^P]_~�LNRUD.W}LN~
L|ioYlWUR}�.��ª���RKD;W�RK@PD�b;Y2YaWK\P]_^oLNRKYaW�@oLNJÆWUD;b;D.]��lD;\�LGWKD;`P~_T*� WUYaC D.�aD;WKT<`oLNWKRU]_b;]_`oLN^2R��N]_R�\BD;b;]_\PD;J%��@PD;RK@PD;W
RKY�b.YaC�CQ]_RoYlW�RKY*LNi�YaWUR�RK@PD�RUW[LN^PJ[LNb;RK]�Yl^¢��� �D;�lD;^<Ya^BD5`oL|WURK]�b.]�`�LN^2R�@oLNJ�WUD.pa]_JURKD;WUD;\�L�^PD.p�LNRK]_�aD%�aYaRKDa�
RK@PD*b;Y2YaWK\P]_^oLNRKYaW�@oL|J�RUY�L|ioYlWUR�RU@BD*RUW[LN^PJ[LNb;RK]�Yl^�pa~_YaioL|~_~�T2�¢¼2Y<]_R���WK]�RKD;J�L|^�LNi�YaWUR�WKD;b;YlWU\¢��JUD.^P\PJ�L
��� ��� � ��� � ��� ��� C�D;JKJ}L|paD>RUY�LN~_~�`oLNWKRU]_b;]_`oL|^�RKJ&^PY2\PD;J���LN^B\�D;^2RKD;WUJ*RK@PD � ��� � � JKR}LNRKD ��YaRU@BD;WU��]_JUDl�]_R���WU]_RKD;JSL>b;YaCQC�]_R¢WKD;b;YlWU\¢��JUD.^P\PJ�L ��� ��� � ��� � ������ � C�D.JUJ}L|paDGRUY�LN~_~Ú`oL|WURK]�b.]�`�LN^2RUJ��PLN^P\QD;^2RUD;WKJ
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RK@PD � ������� � JUR}L|RUDa��?�@BD�`oLNWKRU]_b;]_`oLN^2RKJ�D.]�RK@PD;W%b;YaCQC�]_R�YaW5L|ioYlWUR�RU@PDGRUW[LN^PJ[LNb;RK]�Yl^ L|b;b;YlWU\P]_^Pp*RKY&RU@PDb;Y2YlWU\P]_^oL|RUYaW � J�]_^PJKRUWKMPb;RU]_Yl^PJ�LN^P\>JUD;^B\9ioL|b[°9LN^9L|b[°�^BYN��~�D.\PpaCQD;^2R��NLNR���@P]_b}@>`�Ya]_^2R¢RU@BD5b;Y2YlWU\P]_^oL|RUYaW
RKD;WUCQ]�^�LNRUD.J�RU@PD&RUW[LN^PJ[LNb;RK]_Ya^�i2T���WU]_RK]�^Bp � 	 � � ��� � ����� 	�� ����� ����	�WUD;b;YlWU\�]_^QRU@PD*~_Ylpo��GYaRKD�RU@PD%C�L|^P^PD;WÚ]_^&��@P]_b[@*RU@BD5b;Y2YlWU\P]_^oL|RUYaWÚWKD�LNb[@PD.J5L�pl~�YlioLN~NRKD;WUCQ]_^oLNRK]�Yl^S\PD.b;]_JU]_Ya^*WKD;p�L|WU\P]_^Pp
L>RKW}LN^BJ}LNb.RU]_Ya^¢�Æ?��5Y>WUMP~_D;JGpaYN�lD;WU^�RU@B]�J�\BD;b;]_JU]_Ya^��P��@P]_b[@¢�2RUYlpaD;RK@PD;W��L|WUD&b�L|~�~_D;\�RK@PD �� � � �� � ��� � 	��
¤�� ��¥��
Ea�%� ��D;�aD;^�Ya^PD*`�LNWURK]_b;]_`oLN^2R%�aYaRKD;JSRKY�LNi�YaWKRSRU@BD�RKW}L|^PJ}L|b;RU]_Ya^��oRK@PD&b;Y2YaWK\P]_^oLNRKYaWS@�LNJ�RUY<WKD�LNb[@�L
pa~_Yai�LN~ÚLNi�YaWUR�\BD;b;]_JU]_Ya^��

*P�%� � L|~_~a`oL|WURU]_b;]_`oL|^2RUJ��aYlRUD%RUY&b;YaCQC�]_R�RU@PD%RUW[LN^PJ[LNb;RK]�Yl^¢�NRK@PD�b;Y2YaWK\P]_^oLNRKYaW�@oLNJ�RKYSWUD�LNb[@�LGpa~_YaioL|~
b;YaCQC�]_R�\PD;b;]_JK]�Yl^¢�

ª ��D;� ]_C�`�YaWKR}L|^�R%`�Ya]_^2RUJ�L|ioYlMPRSRK@PD*aV=, `PWKYaRKY�b.Ya~�RU@oL|RSb�L|^�i�D>YaiPJKD;WU�lD;\�� WUYaC�h�]_paMPWKD *P�ÑeP�
L|WUD<LNJ�� Ya~_~_YN��J��5h�]_WUJKR�� *aV , `oD;WKC�]_RUJSL>`�LNWURK]_b;]_`oLN^2RSRKY�MP^B]�~�L|RUD;W[LN~_~_T�LNi�YaWUR&L>RUW[LN^PJ[LNb;RK]�Yl^�MP^2RU]_~�]�R
@oL|J&\PD;b;]_\PD;\�RUYQWUD;pl]_JURUD.W*RU@PD<L���WKC�L|RU]_�aDG�aYaRKDa�&¼2D;b;Yl^P\¢�ÚYl^Pb;D<L<`oL|WURU]_b;]_`oL|^2RS�aYlRUD;J&RKY�b;YlC�C�]_R5L
RKW}LN^BJ}LNb.RU]_Ya^¢�|]�R�b�LN^B^PYaR�b}@�LN^PplD�]_RUJ��aYlRUDa�Ú?�@B]�WK\¢�N��@P]_~_D�L�`oL|WURK]�b.]�`�LN^2R¢]_J¢]_^&RU@BD � � ��� � JUR[LNRUDl�N]_R¢b�L|^CQYN�aD�D;]_RU@PD.W�RUY&LNi�YaWUR�RK@PD5RKW}L|^PJ}L|b;RU]_Ya^>YaW�RUY&b;YlC�C�]_R�]_R���\PD;`�D;^P\P]_^Pp&Yl^9RK@PD5^�LNRUMBWUD%YN�oRK@PD5CQD;JUJ[LNplD
��WKYaC�RK@PD<b;Y2YaWK\P]_^oLNRKYaW��*hBYaMBWURU@��ÚRU@PD>pa~_YlioLN~�RUD.WUC�]_^oL|RU]_Ya^�\PD.b;]_JU]_Ya^�]_JSR}L|°aD;^�i2T�RU@BD9b;Y2YlWU\P]_^oL|RUYaW
L|b;b;YaWK\P]_^Pp�RUY�RU@BD9pl~�YlioLN~�b;YaCQC�]_R%WUMP~_Da�>h¢]_^oL|~_~�T2�PRK@PD>b;Y2YaWU\B]�^�LNRUYlW*LN^P\�`oLNWKRU]_b;]_`oL|^�RG^PY2\PD;J*D.^�RKD;W
b;D.WUR}L|]_^�JUR}L|RUD;J���@PD;WUDQRU@PD.T�@oL��aD>RUY���LN]_RG��YaW&CQD;JUJ[LNpaD.JS� WUYaC�Yl^PD�LN^BYaRU@BD;W��>?�Y�plMoLNW[LN^2RUD;D<RK@oLNR
RK@PD;T�b�LN^�D;O2]�R%� WUYaC¯RU@PD;JKD9JKR}L|RUD;J*LN^B\�RKD;WUCQ]_^oLNRKDa�2RU]_C�D.WUJSLNWKD&MPJUD;\�� �ÆLNb[@�`PWKY�b.D;JUJ&JUD.RUJ&]_RUJ�RU]_CQD;W
��@PD.^�]_R�D;^2RUD;WKJSLSJKR}L|RUDa�PL|^P\9]«�ÚRU@PDGD;O2`oD.b;RUD;\�CQD;JUJ[LNpaD%]_J�^PYlR�WUD;b.D;]_�aD;\QioD[� YaWUDGRU@PD�RK]_C�D;W�WUMB^PJ�YaMBR��
RK@PD*`PWKY�b.D;JUJ&RU]_CQD;YaMPRKJ5LN^B\�]_^2�aYl°aD;J%]_RUJ�RK]�CQD;YaMBR5`PWKYaRKY�b.Ya~��

�GYaRK]�b.D�RK@oLNRQb;D;WUR[LN]_^ �ûL|]�~_MPWKD;J�Y|�9RU@BD�b;Y2YlWU\P]_^oL|RUYaWQYaW�b;YlC�C<MP^P]_b�L|RU]_YN^���LN]_~_MPWUD;JQioD.R��5D;D.^ ]�R
L|^P\�RK@PD>`oLNWKRU]_b;]_`oLN^2RKJ�b�LN^�b�LNMPJKD<RU@PD*aV ,&�oD.�aD;^���]_RU@�RU@PD�L|]�\�YN�5RK@PD9b.Y�Yl`oD.W}LNRK]_�aD<RUD.WUC�]_^oL|RU]_Ya^
`PWKYaRKY�b.Ya~���RKY � � � ���QRU@PDQRUW[LN^PJ[LNb;RK]�Yl^�MP^2RU]_~�RU@BD���LN]_~_MPWUD<]_J>WUD;`oL|]_WUD;\¢��?�@PD.WUD[��YlWUDa��*lV=, ]_J9J[LN]_\�RUY
i�D�L�iP~_Y2b}°2]_^Pp�`BWUYaRKY2b;Ya~ � " �-:�.lg
�Â����^�L|\P\P]_RU]_Ya^�� *lV=, \PY2D;J<^PYaR>JUb�LN~_D�MP`³ioD.b�LNMPJKD�]�R>WUD.��MB]�WKD;J
LQWUYlMP^P\�RKWU]_`�Y|�¡CQD;JUJ[LNplD;J&ioD;R��%D;D;^³RU@PD<b.Y�YlWU\P]_^oL|RUYlW�L|^P\�D;�aD;WKT�`�LNWURK]_b;]_`oLN^2R&^PY2\PDa�<?�@BD;WUD[� YaWUDl�
`�D;W�� YaWUC�LN^Pb.D5\PD.paW}L|\PD;J5L|J�RU@PD�^2MPC<i�D;W¢Y|�o^PY2\PD;JÆ]�^Bb;WUD�L|JUD;J��5h�]_^oLN~_~_T2�'*aV ,�L�¬ÚD;b;RUJ%^PY2\PD�LNMPRKYa^PYlC<T
JK]�^Bb;D9LN~_~Ú`oL|WURK]�b.]�`�LN^2RUJ%C<MPJUR�LNplWUD;D�Ya^�RK@PD*b;YlC�CQ]�RKC9D.^�RÆYN�XL>RKW}L|^PJ}L|b;RU]_Ya^��

������� � ���� � 
 � �������� ��� � ��� ��� � 	

�&vA& $ xA&20���¶�yÚ±�@PD;^BD;�aD;W�L&RKW}LN^BJ}LNb.RU]_Ya^<MP`�\oL|RUD;J�L&WUD.`P~_]�b�L&b;Ya`2T2�aLN~_~PYlRU@PD.W¡L��aL|]�~�L|iP~_D�WKD;`P~_]_b�L&b;Yl`P]_D;J
L|WUD�MB`o\oL|RUD;\�JKT2^Pb[@PWUYl^PYaMPJK~_T��<ª�RKYaCQ]�b.]�R�T�]_J&paMoL|W}L|^�RKD;D;\³i�T *aV=,&���GYN�5D.�aD;W���L���WK]_RUD<Ya`�D;W[LNRU]_Yl^
b�L|^�R[LN°aDQ`P~�LNb;D<D.�aD;^³]��SJKYaCQD<WUD;`P~_]_b�L�b.Ya`P]_D;J<LNWKD�^PYlR9L��aLN]_~�LNiP~_Da�Q?�@PD;JKD�WUD;`P~_]_b�L�b.Ya`P]_D;J>��]_~�~ÆioD
MP`�\oL|RUD;\�~�LNRUD.W��PMBJU]_^Pp�L|^�LNJUT2^Pb[@PWKYa^PYlMPJ&C�D;b[@oL|^P]_JUC���?�@PD*]_^2�aLNWU]�L|^�R%b;Yl^P\P]_RU]_Ya^�Y|�XRK@P]_JS`PWKYaRKY�b.Ya~
]_J�RU@�LNRSLN~_~¢L��aL|]�~�L|iP~_D5WKD;`P~_]_b�L>b;Ya`B]�D.J�LNWKD&MP`2��RUYN��\oL|RUD*LN^P\�LNWKD*C<MPRUM�LN~_~_T*b;Ya^BJU]_JURKD;^2R��

� �Úw �40���¶Pt|y�±�]_RU@ ��¥���� �¡¨B¥ ��¤ 	 ��¥ � ���P��H�©
±�ª�� � "�:�.|nP�Nª�z .af2�l¼ ��glk �U�aLGWUD�L|\<Ya`�D;W}L|RU]_Ya^<C�L�T
i�D&D;O2D;b;MPRKD;\�Ya^�L|^�L|WUiP]_RUW[LNWKT<b;Ya`2T2�¢ª ��WU]_RUDGYa`�D;W}L|RU]_Ya^Q@oLNJ%RUY>i�DSD;O2D;b;MBRUD;\�Yl^�D;�lD;WUT<b.Ya`2T���?�@PD
MP^B\PD;WU~_T2]_^Pp<b;Yl^Pb;MPWKWUD;^Pb.T�b.Ya^2RUWKYa~_~_D;WSLNR%D�LNb[@�^BY�\BD�JKT2^Pb[@PWUYl^P]_�;D;J�L|b;b;D;JKJSRKY<b;Ya`P]_D;J���©G^�RK@PD&YaRK@PD;W
@oL|^P\¢�B��]�RK@������ � � �'��	 � � � �_¥ � :�z-,�� .le
�Â�PL>WKD�LN\�Ya`�D;W}L|RU]_Ya^�C�L�T>i�D�D.O�D.b;MPRUD.\�Yl^7L|^�LNWUiB]�RKW}L|WUT
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write ready

Yes

Coordinator

write
begin_commit

in log

WAIT

Any no ?

write commit
in log

COMMIT

Prepare

Participant

INITIAL

Ready
to Commit

write abort
in logVote-Abort

Vote-Commit

Unilateral
Abort

write abort

in log 

ABORT

Ack

in log
Global Abort

Ready

Global-Commit

Type
of msg ?

Abort

Commit

No

write abort

ABORT

Ack

in log write commit
in log

COMMIT
write 

in log
end_of transaction

INITIAL

?

h�]_paMPWKD-*B� e �¢?�@BD*?��5Y<V�@oL|JUD�,%YaCQC�]_R�V�WUYlRUY2b;Ya~
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b;Yl`2T���ª ��WU]_RUD�Ya`�D;W}L|RU]_Ya^�\BY�D.JS^PYlRS��WU]_RKD9LN~_~¢b.Ya`P]_D;JGYN�5RK@PD*]_RUD;C ��]_R�]_pa^PYlWUD;J&LN^2T�YliaZ[D;b;R&RK@oLNRG]�J
MP^�L��aLN]_~�LNiP~_Da��?�@PD;WKD;i2T9RK@PD%`PWUYliP~_D;C�Y|��¨9��� � � � � �2�	� ����� ¥�b;Yl`P]_D;J�]�J�]_^2RUWKY�\BMPb;D;\¢��± @PD;^<L%�ûL|]�~_D;\�b;Ya`2T
JKR}LNWKRUJG�5YlWU°2]_^Pp L|p�L|]�^��a]_R�\PY2D;JG^PYaR%WUD ��D;b;R&RU@PD&b;MBWUWUD.^�R&\oL|R}L|ioLNJKD�JKR}L|RUDa�Æ?�W[LN^PJ[LNb;RK]_Ya^PJ�JK@PYaMP~_\QioD
`PWKD;�aD.^�RKD;\���WKYaCcWKD�LN\B]�^Bp9b;Yl`P]_D;JSRK@oLNR%@oL��lD��ûL|]�~_D;\�LN^P\QWUD;b.YN�aD;WKD;\�MP^2RU]_~ÚRK@PD;JUD�b;Ya`P]_D;JSL|WUD&iPWKYaMPpl@�R
MP`®�ûRKYN��\oLNRKDa�

��������� � ��� � � ��� � � � 	��

�&vA& $ xA&20���¶�y9?�@BD�H�©�±�ª �ûLNCQ]_~�T�Y|�S`PWUYlRUY2b;Ya~_J>]_C�`P~_]_b;]_RU~«T���L��aYaWKJ*WUD�LN\�Yl`oD.W}LNRK]_Ya^PJ>i2TjL|~�~_YN��]_^Pp
RK@PD;C²RUY�`BWUY2b;D;D;\³��]_RU@�Ya^P~_T�Yl^PD<b;Ya`2T2�¢��@B]�~_D>WUD;�2MP]_WK]�^Bp���WK]_RUD<Ya`�D;W[LNRU]_Yl^PJ*RUY�ioD<b�L|WUWK]�D.\�LNR*L|~�~
RK@PD*MP`�^PY2\PD;J��%?�@P]_J�~ìL|RUD;W�b.Ya^P\P]_RK]�Yl^�L|~�JKY9CQD�LN^BJ�RU@oL|RSH�©�±�ª LN~_paYlWU]_RU@BC�J�b�L|^P^PYlR�`oD;WKC�]_R���WU]_RKD
Yl`oD;W[LNRK]�Yl^PJ<RUY�JKMPb;b;D.D;\ ��@BD;^�]_R9]_J<^PYlR<`oYlJUJK]�iB~�D�RKY�b;YlC�C<MP^B]�b�LNRUD<��]_RK@�L�^PY2\PD�i�D;b�LNMBJUD�YN��L
^PD.R��5YlWU°��ûL|]_~�MBWUDa�G?�@PD;JKD<R��5YQ\PW}L���ioL|b[°�J���]�^ �oD;O2]_iP~_D&�ûL��aYlWU]_^Pp<Y|�5WUD�L|\jL��aL|]_~ìL|iP]_~_]�R�T�LN^B\�]_^oLNiP]_~_]_R�T
RKY�RUYl~_D;W}L|RUD*b;YlC�C<MP^B]�b�LNRU]_Yl^>�ûLN]_~_MPWUD.J��Ppl]_�aD&WU]_JUD�RUY�RK@PD 7GMPYlWUMPCs�ûioL|JUD;\�`PWUYlRUY2b;Ya~_J�����^�RU@B]�J�b�LNJUDl�
MP`�\oL|RUD;J%Y2b;b;MPW�Yl^P~_T*Ya^<LGJUMPiBJUD;R%YN�ÚWUD;`B~�]_b�LGb;Yl`P]_D;J��l��@P]_b[@*� YaWUC LGJUYN��b�L|~�~_D;\>�2MPYaWKMPC�� ?�@PD�WUD;`B~�]_b�L
b;Yl`P]_D;J���@P]_b[@�LNWKD�^BYaR�]_^�RK@PDS�2MPYlWUMPCcL|WUDSMB`o\oL|RUD;\�L|JUT2^Pb[@PWUYl^PYaMBJU~_T���?�@PDG]�^2�aL|WU]�LN^2R�b;Ya^B\P]_RU]_Ya^<Y|�
RK@P]_J�b;~�LNJUJG]_J5RK@oLNRSL>��WK]�RKD&��MBYaWUMBCcYN�5L�WUD;`P~_]_b�L>b;Yl`2T�]_J�MP`2��RUY|�û\oL|RUD*LN^B\�C<MPRKMoLN~_~_T9b.Ya^PJK]�JKRUD;^2R��
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b�LN`BRUMPWKD�`BWUY2b;D;\PMBWUD;J�L|WUD�b.YaC�`B~�D.RUD;~_T�L|MPRUYl^PYaCQYaMPJGRUY�RK@PD�RKW}LN^BJ}LNb.RU]_Ya^�C�LN^oL|paD;CQD;^2R�LN^B\
\PY2D;J�^PYlR�]_C�`oL|b;R¢RK@PD�`�D;W���YlWUC�LN^Pb;D%YN�ÚRU@BD�MP^P\PD;WK~_T�]_^Pp&RKW}LN^BJ}LNb.RU]_Ya^<C�LN^oL|paD;W��Ú?�W}LN^BJ}LNb.RU]_Ya^PJ
LNWKD*`PWUY2b;D.JUJUD.\�LNJSMBJUMoL|~û��LN^P\�RK@PD*b�L|`PRUMPWKD9b.YaC�`�Ya^BD;^2R�JU]_C�`P~_T>D;O2RUW[LNb;RKJ�RK@PD*b[@oL|^PpaD;JG��WKYaC
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�ÆvA& � ��¶�v�¸[r�wot;¶P»Æy�±�@PD;^BD;�aD;W>L<`PWK]�C�LNWKT�b;Yl`�T�]�J&MP`�\oL|RUD;\¢��RU@BD9RKWU]_paplD;W&D;^Ppa]_^PD��oWKD;J9LN^B\���WK]�RKD;J
RU@PD�MP`o\�LNRUD.\�\oLNR[L>]_^�b;YlWUWUD.JU`�Ya^P\P]_^PpQ`PWUYl`oLNp2LNRK]�Yl^�R[LNiP~_D;JGJURUYlWUD;\�]�^�RK@PD&C�LNJKRUD;W�\�LNR}L|ioLNJKDa�
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Node 1: Master

Node 4: SlaveNode 3: Slave

Node 2: Master
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RK@oLNR�RK@P]_J�]�^2�lYa~_�aD;J%RU@BD*°2^PYN��~_D;\PpaDGYN��RU@PD*JKD;C�L|^2RU]_b;J%YN��RU@PD&\P]_JKRUWU]_iPMBRUD;\�LN`B`P~_]�b�LNRU]_Yl^¢�
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Y|��^PY2\PD;J���� wot.u�¶2v� � � w ��¶<LN^P\�� wot;u�¶2v � ��w ��¶� ±�@PD;^PD.�aD;WSL�^PY2\PDSJKRUYlWUD;JGYa^P~_T>`PWU]_C�L|WUT>b;Ya`B]�D.J��
]_R�]_J�i�D�WUD ��D;WUWKD;\�RKY*LNJ�LGC�LNJKRUD;W�^PY2\PDl��¼2]_CQ]�~�L|WU~_Ta�[��@PD;^BD;�aD;W�LG^PY2\PD%JURUYlWUD;J%Ya^B~�T&JKD;b;Ya^B\oLNWKT9b;Yl`P]_D;J
]_RS]_J&b�L|~�~_D;\�L<JU~�L��lD*^PY2\PDa�*h�]_^oLN~_~_T2�oL<^BY�\BD9RK@oLNRGJURUYlWUD;J�ioYlRU@�`PWU]_C�L|WUT�L|^P\�JKD;b;Yl^P\oLNWKT�b;Yl`P]_D;J&]�J
b�L|~_~�D.\�L���LNJKRUD;W[¼2~�L��aDQ^PY2\PDa��±�D�L|JUJKMPC�D<RK@oLNR*D�LNb[@�`PWK]_C�LNWKT�b;Yl`�T�YN��L���LNJKRUD;W[¼2~�L��aD<^PY2\PDQ]�J
b;YlC�`PMBRUD;\QMPJU]_^Pp>RU@PDG�aLN~_MPD;J%YN��L*JKMPiPJKD;R�YN��JUD;b;Yl^P\oL|WUT�b.Ya`P]_D;J%JURKYaWUD.\7L|R5RK@PD&J}L|C�D�^PY2\PDa��ª ^PY2\PD
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Node 1: MasterNode 3: Slave

Node 2: MasterSlave
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?�@PD ���a¨ � � �2¤����2	��a¨�`oLNW[LNCQD;RUD;WÆ\PD[�o^PD.J5RK@PD�b;YaCQ`oYl^PD;^2R�^PY2\PD;J%YN�¢LGWUD;`P~_]_b�L|RU]_Ya^<JKb}@BD;C�Da��±�DÆ��Y2b;MPJ
Yl^�RK@PWUD.D*ioLNJK]_b�b.Ya^2�oplMPW}L|RU]_Ya^BJ �
! � wot.u�¶2v�¸ $ � � w ��¶PtNy�L>WUD;`B~�]_b�L|RU]_Ya^QJUb[@PD;CQD&��]�RK@�L<¦�	�¨����¥
C�LNJKRUD;W%^PY2\PDa� �U��LN^P\���JK~�L��aD;J�Y|� �K�
� � wot.u�¶�v�¸ $ � � w �o¶�y�L�WUD;`P~_]_b�L|RU]_Ya^³JUb[@PD;CQD���]_RU@ � C�LNJKRUD;W>^PY2\PD;J�LN^P\���JK~�L��aD�^BY�\BD;J�� ��L|b[@

JU~�L��aD�^PY2\PD�]_J�L JU~�L��aD�� YaW�RK@PD ��C�L|JURKD;W�^PY2\PD.J�� h¢]_plMPWUD�eB�_E�JU@BYN��J�LN^ D;OPLNC�`B~�D�Y|��L
/ � w�t;u�¶2v&¸ /�� � w �o¶*b.Ya^2�oplMPW}L|RU]_Ya^>]_^<��@P]_b[@<^PY2\PD;J&ESLN^P\ *�LNWUDGC�L|JURUD.WUJ�RK@oLNR�JKRUYlWUD % LN^B\
! �ÚWUD;JK`oD.b;RU]_�aD.~�T2� �SY2\PD>e<JURKYaWKD;J ����LN^P\��	�N�ÚLN^P\�^BY�\BD*n�JKRUYaWKD;J ���*LN^B\����l� "5YlRU@�^PY2\PD.J�e
LN^P\�n<LNWKD*JU~�L��aD.J�YN��RK@PD&C�L|JURUD.W�^PY2\PD;J��

� wot.u�¶�v�¸ � wot.u�¶2v � ��w ��¶l¸ � ��w �o¶�y�L�WUD.`P~_]�b�LNRU]_Yl^�JKb[@PD;C�DÆ��]�RK@*RU@BWUD;D�R�T2`�D;J�YN�P^PY2\PD;J��¢C�LNJURKD;W��N��L|J��
RUD;W[¼2~�L��aD9L|^P\�JK~ìL��lDa����L|b[@���LNJKRUD;W[¼2~�L��aD*^BY�\BD���]_J�JU~�L��aD*Y|�5LN~_~¢C�LNJURKD;W�^PY2\PD;J�� �ÆLNb[@�JU~�L��lD
^PY2\PD���]_J*JU~�L��lD*��YlW*L���LNJKRUD;W[¼2~�L��aDa� �P��LN^P\�LN~_~ � � J*C�L|JURUD.W�^BY�\BD;J���h�]�plMPWUD�eB�+*�JK@PYN��J9L|^
D;OPLNCQ`P~_D9Y|��L � wot.u�¶2v�¸ � w�t;u�¶2v � � w �o¶l¸ � ��w ��¶�b;Yl^2�opaMBW}LNRK]_Ya^¢���GY�\BD�E<]_J9L�C�LNJKRUD;W&^PY2\PD
RU@oL|R�JURKYaWUD.J ! �P^PY2\PD�*>]_J�L>C�LNJKRUD;WKJU~�L��aDG^PY2\PD&RU@oL|R�JURKYaWUD.J % L|J5�%D;~_~¢LNJ	� � ���SYaRKD&RU@oL|R�RU@PD
�aLN~_MPD;J�Y|� % LNWKD*b;YlC�`PMPRKD;\�MBJU]_^Pp<RU@BD*�aLN~_MPD;J�Y|�
� � ���GY�\BD9e>]_JSL>JU~�L��aD&RU@�LNR�JURKYaWKD;J � � LN^B\
� � ��?�@PD;WKD[��YlWUDa��^PY2\PD*e>]_J5JK~�L��aD&YN��ioYlRU@�^PY2\PD�E&LN^P\�^PY2\PD�*B�

�GT2iPWU]_\�b.Ya^2�oplMPW}L|RU]_Ya^BJ5b�L|^�ioD&YaiBR}LN]_^PD.\�i2T<b;YlC<iP]_^P]_^Pp&RU@PD&RK@PWUD;D�ioLNJK]�bGb;Ya^®�opaMPW[LNRK]�Yl^PJ���hBYaW
]_^PJKR}LN^Bb;Da��L � � wot.u�¶2v�¸ $ � � w ��¶�L|^P\���LNJKRUD;WÂ�Â��L|JURKD;W}¼2~�L��lD[�Â¼®~ìL��lD<\PD;^PYlRUD;J<LQb;Ya^®�opaMPW[LNRK]�Yl^�RK@oLNR
@oL|J�RU@PD�b�LN`oL|iP]_~_]�RK]_D;J5Y|��i�YaRK@�C���LNJKRUD;WÂ�û^�¼2~�L��aD�L|^P\���LNJURKD;W��U��L|JURUD.W}¼2~�L��aD �Â¼2~�L��lD*b;Ya^®�opaMPW[LNRK]�Yl^PJ��
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`PWK]_C�LNWKT*b;Yl`�T2����^�LN\B\P]_RU]_Ya^¢�ï��YaW5L�C�LNJKRUD;WKJU~�L��aD�^BY�\BDa����]�J�L&RKW}LN^BJ}LNb.RU]_Ya^QRU@oL|R�WUD�L|\PJSLNRÆ~�D�LNJUR%Ya^BD
JKD;b;Ya^B\oLNWKT�b;Yl`�TQRUY>MP`�\oLNRKDSD;OPLNb.RU~_T<Ya^PD&`PWK]_C�LNWKT*b;Yl`�T2����LNb[@�RU]_C�DSL�RUW}L|^PJ}L|b;RU]_Yl^�]_J%b;YaCQC�]_RURKD;\¢�
L>RK]�CQD;JUR[LNCQ`���\PD;^BYaRUD.\ ,��%]_J�paD;^PD.W}LNRKD;\¢��hBYaWSLN~_~ÚRKW}LN^BJ}LNb.RU]_Ya^PJ��P�%D&MPJUD*RK@PD*JKMPiPJUb.WU]_`PRSRKY<\PD;^PYlRUD
L WUD;`P~_]_b�L b;Ya`2T�]_\PD;^2RU]«�oD;WQioD.]�^Bp�WUD�LN\�YlW���WU]_RKRUD;^ LN^P\��5��@BD;^PD;�lD;W�^PD;b.D;JUJ[LNWUT2�GRU@PD�JUMP`�D;WKJUb;WK]�`BR
\PD.^PYaRKD;J9RK@PD>RUW}L|^PJ}L|b;RU]_Yl^�JUD;WK]ìL|~�^2MPC<i�D;W�����^�RK@PD<D;OPLNCQ`P~_D�JK@PYN��^�]�^�h�]_paMPWKD eB� *B����� \PD;^PYlRUD;J9L
RKW}LN^BJ}LNb.RU]_Ya^QRU@oL|R5MP`�\oL|RUD;J ! �����
	�� �\PD.^PYaRKD;J¡L�RUW[LN^PJ[LNb;RK]_Ya^<RU@�LNR%WUD�L|\PJ5RK@PDS�aL|~_MPD;J%YN� � � RUY>��WU]_RKD
% LN^P\�� �� ��� �� ��
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ª WUD ��WUD;JK@�RUW}L|^PJ}L|b;RU]_Yl^���^BYaRUD.\ % �S��]_J%b;YaCQ`oYlJUD;\<i2T<RK@PD&JUD;WK]ìL|~oJKD;�2MPD;^Pb.D*YN����WU]_RUDGYa`�D;W}L|RU]_Ya^PJ
`�D;W�� YaWUCQD;\�i2T L|^�MP`o\�LNRUD�RUW}L|^PJ}L|b;RU]_Yl^��´MBJUD;\�RKY�MP`�\oL|RUD�� @PD;^Pb;D ��YaWKRU@ WUD[��WKD;JU@���L|R<~_D�LNJKR�Ya^BD
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Node 1: MasterNode 3: Slave
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�Æº � � º $ &�u�º�v2y¡��RÆ]�CQ`P~_D;C<D;^2RUJ � ����¦ ¨ 	 ��¨�� ��¼ �*¼9.afB� �*H .ag2�2��Yl]ìklf �U�l��@P]_b[@9]_J5LG`PWKY�b.D;\PMPWKD�MBJUD;\
RUY�D;O2RUW[LNb;R<RK@PD�b}@�LN^PplD;J9RKYjL�`PWK]�C�LNWKT�b;Ya`2T�i2T�b;Yl^�RK]_^�MBYaMPJK~�T�WKD�LN\B]�^Bp�RU@PD�b;Yl^2RUD;^2R<YN��L
~_Y�b�LN~ �S]_JURKYaWKTj� Yap�� ^PYaRKD;\����.�*±�D>\PY�^PYaR&b;Yl^PJU]_\PD;W>LN^2T�`oL|WURU]_b;MB~ìL|WSb;YlC�CQD;WUb;]�L|~¢~_Yaps�o~_D
��YaWKC�L|R9]_^�YaMPWQJURKMP\PT2� �GYN�5D.�aD;W��S�%D�J}Lï��D;~_T�L|JUJKMPC�D���JKD;D4,%@oLN`¢� k YN� � :*HSkle ���>RU@�LNR�L
~_Yap>WUD;b;YlWU\�b;Ya^2R[LN]_^PJSLN~_~ÚRK@PD*]_^2��YlWUC�L|RU]_Ya^>�%D�^BD;D;\�JKMPb[@�LNJ.����� 
 � ��� ��� � � ��� � �����
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� ���oLN^B\

YaRK@PD;W<WUD.~�D.�aLN^2R�LNRKRUWU]_iPMBRUD;J<RK@oLNR>��]_~�~%i�D�`BWUD;JKD;^2RUD;\ ]_^�RU@BD�^BD;O2R<JUD;b;RK]_Ya^¢�³±�@PD;^�RK@PD�~�Ylp
C�Yl^P]_RUYaW%��^P\PJ9LQ��WU]_RKD<Ya`�D;W}L|RU]_Ya^�Ya^ % �Ú]_R�WKD�LN\BJ*RU@PD<b.YaWUWKD;JU`�Ya^B\P]_^Pp�~_YapQWUD;b;YlWU\ ��WUYlC��
LN^P\<��WK]_RUD;J%]_R�]_^2RUY*L&JKR}L|iP~_D�JURUYlW}L|paDSb�LN~_~_D;\ �[¨
� �1�  ����RU@�LNR�]_J�MPJKD;\�i2T>RU@PDSVXWUYa`�LNp�L|RUYlW���±�D
\PY�^PYlR&\PD�LN~Æ��]�RK@�b;Ya^ �o]_b;RUJ*i�D;R��%D;D;^³RU@PD<��WK]�RKD<Ya`�D;W}L|RU]_Ya^BJ*Ya^�RU@PD �G]_JURUYlWUT��ÚYlp7L|^P\�RU@PD
WUD�L|\�Yl`oD;W[LNRK]�Yl^PJ�`�D;W���YlWUCQD;\<i2T<RU@PD&�ÚYap>��Ya^P]_RKYaW%JU]_^Pb;DGRU@P]_J%`PWUY2b;D;\BMPWUD*]_J%�5D.~�~�°2^PYN��^�LN^B\
L��aLN]_~�LNiP~_D�]_^�b.YaC�CQD;WUb.]ìL|~PJUT2JKRUD;CQJ � �7Ya]�kaf
�U�

�s¶®x|¶1&���¶2v2yS��RS]_C�`B~�D.C�D;^2RUJÆC�D;JKJ}LNplD*WUD.b;D;`PRK]�Yl^jL|RSRK@PD9JK~�L��aD&^PY2\PDa�&��D;JKJ}LNplD;J*b;YlC�]_^Pp���WUYlC´\B]�� �
��D;WKD;^2R�C�L|JURUD.WUJ�LNWKD5WKD;b;D;]_�aD.\<RU@PWKYaMPpl@ LG^PD;R��%YaWK°*]_^2RUD;WÂ�ûLNb;D�RK@oLNR�JKRUYaWKD;J�RK@PD;C�]_^<L ��¥ �[¥ � �2	��a¨
 ���l��?�@PD*WKD;b;D;]_�lD;WSWKD�LN\PJGC�D;JKJ}L|paD;J
��WUYlCcRU@PD���¥ �}¥ � �2	��l¨� ���*L|^P\�JURUYlWUD;J&RK@PD;C"]�^�`�D;^P\P]_^Pp
�2MPD;MPD;J���?�@PD*b.Ya^2RUD;^2RKJ�Y|��RU@PD;JKD9�2MPD.MPD;J�� YaWUC"RU@BD*]_^P`PMPRGRUY<RU@BD���¥ £;¤�¥;¦U§B¥�¤>�%ª JU~�L��aD&^PY2\PD
\PD;RKD;b;RUJG]_RUJ�C�L|JURKD;W�^PY2\PDG�ûL|]�~_MPWKDSMPJK]_^Pp;�2	��>¥�� � �1�o`BWUY2b;D;\PMBWUD;JG]�CQ`P~_D;C�D.^�RKD;\>]�^QRU@PD&^PD.R��5YlWU°
]_^�RKD;W���LNb;Da��ªGJ5JKY2Ya^�LNJ%LG�ûLN]_~_MPWKD5]_J�\PD.RUD;b;RKD;\�i2T9RK@PD�WUD;b.D;]_�aD;W��P]_R�JU]_pa^oL|~_J�]_R�RKY*RU@BD�H�D ��WUD;JK@PD;W��
ª�R*L�JK~�L��aD*WKD;b;YN�aD.WUT2�ÚRU@PD<WKD;b;D;]_�lD;W*MPJKD;J*RU@BD�¤�¥ �[¥ � �2	��a¨ � � ��RUY�b[@PD;b[°�YaMPR&RK@PD9~�L|JUR&WUD;b.D;]_�aD;\
C�D;JKJ}L|paDa��ª
��RUD;WK�¡L|WU\PJ��%RU@PD�WKD;b;D;]_�lD;W�JK]�pl^oLN~_J>]_RUJ<WUD.b;YN�aD;WKT�RUY�]_RUJ<C�LNJURKD;W>^PY2\PD�MPJU]_^Pp�]_RUJ
`PWUYl`oLNp2LNRKYaW��

�&vNº 0�w���wPu�º�v2y���R&]�CQ`P~_D;C�D.^�RKJ5RK@PD<`PWKYa`oL|p�LNRK]_Ya^�YN�5CQD;JUJ[LNplD;J&RU@oL|R�b�LNWUWKT�~_Yap<WKD;b;YaWK\PJ>]�JKJUMPD.\�i2T
RU@PD&�ÚYlp9��Ya^B]�RKYaW�YlW�WUD.b;D;`PRK]�Yl^�Y|�¢WUD;b;YN�lD;WUTQJU]_pa^�LN~_J�]�JKJUMPD.\�i2T9RK@PD�H
D;b;D;]_�lD;W�� "5YlRU@<R�T2`oD.J5Y|�
C�D;JKJ}L|paD;J�LNWKDS��WU]_RKRUD;^Q]�^QRU@PD �}¨
� �1�  ���l��?�@PDS`PWKYa`oL|p�L|RUYaWÆb;Ya^2RU]_^2MPYlMPJU~_T>WUD�L|\PJ�RU@PDGWUD;b.YaWU\BJ
YN��RU@PD �[¨
� �1�  � �QLN^P\�`PWKYa`oL|p�L|RUD;J&C�D.JUJ}L|paD;J�RU@PWKYaMPpl@�RU@PD<^PD.R��5YlWU°�]�^2RKD;W��ûL|b;Da�Qª C�LNJKRUD;W
^PY2\PD�]_J�LNiP~_D%RUY&\PD;RKD;b;RÆ�ûLN]_~_MPWUD.J�Y|�]_RKJ�JK~�L��aD%^PY2\PD;J�MPJK]_^Pp&RU@PD�^PD.R��5YlWU°>]�^2RKD;W��ûL|b;Da��ªGJ�JKY2Ya^�LNJ
L��ûLN]_~_MPWKDS]_JS\PD.RUD;b;RKD;\¢�ÚRK@PD&`PWUYl`oLNp2LNRKYaW�\PD�L|b;RU]_�aL|RUD;JG`PWUYl`oLNp2LNRU]_Yl^�RUYN��LNWK\PJ�RU@BD&�ûLN]_~_D;\Q^PY2\PDa�
V�WUYl`oLNp2LNRK]�Yl^�]_JSYl^P~_T�WUD�LNb;RK]��aL|RUD;\���@PD;^�RU@BD9C�LNJURKD;WSWKD;b;D;]_�lD;J*RU@BD9WKD;b;YN�aD.WUT�JK]�pl^oLN~�b;YlC�]_^Pp
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������	��l¨
� ���&RUY<WKD;JUR[LNWKRS`PWKYa`oL|p�LNRK]_Ya^¢�

�s¶ �UvN¶Pt���¶�v2y���R�]_C�`P~_D;CQD;^2RUJÚWKD[��WUD.JU@PCQD;^2R�`BWUY2b;D;\PMBWUD;J�WKD;~�LNRUD.\<RUYSWKD[��WKD;JU@QRUW}L|^PJ}L|b;RU]_Yl^9\PD.~�]_�lD;WUT2�¢��R
WUD�L|\PJ�RK@PD5b.Ya^2RUD;^2RKJ�YN�ÚRU@PD%`�D;^P\P]_^Pp&�2MPD;MPD.J��2Ya^BD���YlW¢D�L|b[@<C�LNJKRUD;W�^PY2\PDa�2LN^P\�ioLNJKD;\<Ya^>JUYlC�D
MP`�\oLNRKD�`PWUYl`oLNp2LNRU]_Yl^*JURKW}LNRKD;paT2�N]_R�YaWK\PD;WUJÆWUD[��WKD;JU@QRUW[LN^PJ[LNb;RK]�Yl^PJ�MPJK]_^Pp*L9¤��2¨P¨9	 ¨�� � ��¥ �2¥���?�@PD
WUMP^B^P]_^Pp<�2MPD;MPD&b;Yl^�R[LN]_^PJSL|~�~ÚYlWU\PD.WUD;\�WKD[��WKD;JU@�RKW}L|^PJ}L|b;RU]_Ya^BJS^PYlR�D;^2RU]_WUD;~_TQD;O2D;b;MPRKD;\¢�

3Q¶ ��& ��¶�vN¶2v2y%��R<]�CQ`P~_D;C�D.^�RKJ*C�D.JUJ}L|paDQ\PD;~_]_�aD;WKT�LNR�L�¼®~ìL��lD�YlW���LNJKRUD;W[¼2~�L��aD�^PY2\PD�RU@PWKYaMPpl@�RU@PD
JUMPiBC�]_JUJK]�Yl^�YN�&WUD[��WKD;JU@ RUW}L|^PJ}L|b;RU]_Yl^PJ���ª�CQD;JUJ[LNpaD � ]_J<\PD;~_]_�aD;WKD;\���@PD;^PD.�aD;WQRU@PD�D[¬ÚD;b;RKJ
YN�*RU@BD�WUD;~�L|RUD;\�WKD[��WKD;JU@ RUW[LN^PJ[LNb;RK]�Yl^ LNWKD�C�LN\BD��2]_JU]_iP~_D���YlW � � ��� ��� ��
�2��LNR<RU@BD�¼2~�L��aD�YaW
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YaWK\PD;WSLN^B\�JUMBiPC�]_RUJÆD�LNb[@���WU]_RUD&Yl`oD;W[LNRK]�Yl^�RKY9RK@PD � � � �� � ¤��a¨®¦%���'�2	��l¨ � �a¨9�
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~_D�LNJKR�Ya^PD&JUD.b;Ya^P\�LNWUT�b;Yl`2T��
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H
D;b�LN~_~�RU@oL|RSRU@BD��Ú¤����9�'�����2	��a¨Q`oLNW[LNCQD;RUD;WG\PD[�o^BD;J �U��@PD.^�-*RU@PD>MP`�\oLNRKD;J&RUY�L<`BWU]_C�L|WUT<b;Yl`�T�C<MPJKR
i�D*C<MP~_RU]_b�L|JUR�RKYN�¡L|WU\PJ�RK@PD*^PY2\PD.J�JURUYlWU]_^Pp<]_RUJ�JKD;b;Yl^P\oLNWKT�b;Ya`P]_D;JSL|^P\�RU@PD<¤�¥ £;¤�¥.¦Â§ �9¥�¨9��`oLNW[LNCQD;RUD;W
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�a¥�¤�	�¨���L|^P\ �a¤ �l¥�¤�	�¨���b;YlC�`�Ya^PD.^�RKJ���hBMPWURK@PD;WUCQYaWKDa��LN^³MP`o\�LNRUD�`PWKYa`oL|p�Lï�
RK]�Yl^�JURKW}L|RUD;plT�]_JQ\PD[�o^PD.\ ��@PD.^�RU@PD�`PWUYl`oLNp2LNRU]_Yl^ L|^P\�WUD[� WUD;JK@PC�D;^2R�`oL|W}LNCQD;RUD.WUJ�LNWKD�JKD;R�� ±�D
b;Yl^PJU]_\PD.W�RK@PWUD.D�MP`�\oL|RUD�`PWKYa`oL|p�L|RU]_Ya^�JURKW}L|RUD;pl]�D.J � �l¥�£;¥�¤[¤�¥���� 	�� �9¥���	 ��� ¥���RK@oLNRQ]_J<ioLNJKD;\ Yl^�RU@PD
b;YlC�CQYa^�L|`P`PWUY2LNb[@�MPJKD;\�i2T�D;O2]�JKRU]_^Pp�~�L|�;T�C�LNJKRUD;W*WKD;`P~_]_b�LNRK]_Ya^�JUb[@PD.C�D;J ����Ya]�kaf��U��L|^P\�RU@BD 	�� �
�>¥���	�����¥�� 	�� �>¥���	�����¥*L|^P\ 	�� �>¥���	�����¥�� �=��	 �¢JKRUW}L|RUD;pl]_D;J9��@B]�b[@��5D<`BWUYa`�YaJKDa�<��^�RK@P]_J�JKD;b;RK]�Yl^¢���%D
`PWKD;JUD.^�R�RU@PD;C���]_RK@�WKD;JU`�D;b;R>RUY<YlMPW�L|WUb[@P]_RUD.b;RUMPWKDa�&±�D*b;Yl^PJU]_\PD.WSYa^B~�TQRU@PD � ¤ 	 �'�l¥�¤�	�¨��>b;YaCQ`oYl^PD;^2R
Y|��RU@BD�WKD[��WKD;JU@PCQD;^2R�`oLNW[LNCQD;RUD;W��¢?�@BD;WUD[� YaWUDl�oRK@PD*LN~_paYlWU]_RU@BC�J��5DG`PWUD.JUD;^2RS@BD;WUD9L|WUD
��YaW�L�E���LNJKRUD;WÂ�
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`PWKD;JUD.^�R>RU@BD<WUD[��WKD;JU@BD;W L|~_paYaWK]_RU@PC��S±�D&��WUJUR�`PWUD;JKD;^2R9RK@PD>\PD[��D;WKWUD;\�LN^P\�]_C�CQD;\P]�L�RUD&`PWKYa`oL|p�LNRK]_Ya^
JKRUW}L|RUD;pl]_D;JSRK@oLNR�D;JKR}L|iP~_]�JK@�RU@PD*i�LNJU]_J%��YlW5YlRU@PD.WSJURKW}L|RUD;pl]�D.J��
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RK@PD;T>�5D;WKDS��WK]�RKRUD;^<LN^B\<`PWUYl`oLNp2LNRUD.J�RK@PD;C ]_^9JKD;WU]�L|~PYaWK\PD;W���?�@BD���^P`PMPR��ÚYlp&JURUYlWUD;J%~_YapGWUD;b;YlWU\PJ�LN^B\
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 1 Master - Long Transaction Ratio

deferred-immediate
immediate-immediate

immediate-wait
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2 Master - Long Transaction Ratio

deferred-immediate
immediate-immediate

immediate-wait
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4 Maters - Long Transaction Ratio

deferred-immediate
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6 Masters - Long Transaction Ratio

deferred-immediate
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8 Masters - Long Transaction Ratio

deferred-immediate
immediate-immediate

immediate-wait
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) � ���l��±�@BD;^PD;�lD;W<RU@PDQ�aLN~_MPDQYN� ��]_^Pb;WKD�LNJKD;J��%RK@PD�~_Y2b[°�]_^Pp�@PYa~_\P]_^Pp�RK]_C�D>]�^³b;Ya^ �o]_b;R9JK]_RUMoL|RU]_Ya^PJ
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JK]�pl^P]«�ob�L|^�RK~_T�LNJ%RU@PD&^2MPC<i�D;W�YN��C�L|JURUD.WUJ%]�^Bb;WUD�L|JUD;JGioD.b�LNMPJKD*RU@BD��%YaWK°2~�Y2LN\<]_J%~�YN� LN^P\QRU@PD&D[¬ÚD;b;RKJ
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RKW}LN^BJ}LNb.RU]_Ya^¢�Æ±�]_RU@ �l¥�£;¥�¤[¤�¥��	� 	�� �9¥���	���� ¥SRK@PD&\PD;plWUD;D*Y|�¢��WKD;JU@B^PD;JUJ&]_J%C<MPb[@�C�YlWUD�]_C�`�LNb;RKD;\¢�lb;YaCs�
`oL|WUD;\>RUY	�� �>¥���	���� ¥
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± ]�RK@9RK@PDS]_^Pb.WUD�L|JUDS]_^<RK@PDS^2MPC<i�D;W�YN�¢C�LNJURKD;W�^PY2\PD.J¡L|^P\������G�aLN~_MPD;J��aRK@PD�\PD;~�L�T>]_^�RKWUY2\PMPb.D;\�i2T
^PD.R��5YlWU°�b.Ya^2RUD;^2RK]�Yl^�C�L�T9]_^Pb;WKD�LNJKD&JU]_pa^P]«�ob�LN^2RU~_T<RU@BDS`PWKYa`oL|p�LNRK]_Ya^�RK]_C�D%��YlW5RK@PD&RU@PWKD;D&JURUW[LNRKD;pa]_D;J��
ªGp�LN]_^¢� 	 � �>¥���	�����¥
� �=��	 �o`�D;WÂ��YaWKC�J%~�]_°lD 	 � �>¥���	�����¥
� 	�� �9¥���	 ��� ¥¡L|^P\���@BD;^ ����� # �����B�5	 � �>¥���	�����¥
�
�=��	��ÚC�L�T<D;�aD;^�`oD;WÂ��YaWKC�ioD.RURUD.W�RK@PD;^ 	�� �9¥���	 ��� ¥�� 	�� �>¥���	���� ¥���?�@PD*WKD�LNJKYa^�]_JGRU@oL|R�RU@PD>YN�aD;WK@PD�L|\
RKY*JUMPiBC�]_R�D�LNb[@<WUD ��WUD;JK@�RKW}LN^BJ}LNb.RU]_Ya^QYa`�D;W}L|RU]_Ya^>��]_RU@ 	�� �9¥���	���� ¥�� 	 � �>¥���	�����¥�]_^Pb;WKD�LNJKD;J%\PMPDSRKY&RU@PD
^2MPC<i�D;W�YN��JUD;b.Ya^P\oL|WUT�b;Yl`P]_D;J�RUY<i�D&WUD[��WKD;JU@BD;\¢�%?�@PD;WKD[��YaWKDa��WUD[� WUD;JK@PC�D;^2R�RK]�CQDSC�L�T9]_^Pb;WKD�LNJKDa�

± ]�RK@ 	 � �>¥���	�����¥
� 	�� �9¥���	 ��� ¥��ÚRK@PD<C�D�LN^���MBD;WUT�WUD;JK`oYl^PJUD�RK]�CQD9C�L�T�i�D�JKD;WU]_YaMBJU~_T�]_CQ`oLNb;RKD;\
i2T>RU@PDG`oLNW[LN~_~_D;~_]�JKC YN�¢`PWKYa`oL|p�L|RU]_Ya^<LN^P\>WUD ��WUD;JK@PC�D.^�R���±�@PD;^ � � ��� � � �lRU@BD�b}@�LN^Pb;D.J�YN�Úb;Ya^ ��]�b.RUJ
]_^Pb;WKD�LNJKD*C<MPb[@�CQYaWKD�b;YaCQ`oLNWKD;\�RKY<RU@PD&b�L|JUD&YN��~�YN� �5YlWU°2~_Y�LN\�� 7GMPD;WKT�WKD;JU`�Ya^PJKD*RU]_CQD;J¡L|WUD&C<MPb[@
~_YN�%D;W���]_RU@ 	�� �>¥���	�����¥
� �=��	��2ioD.b�LNMPJKD&RU@PD;WKD&]�JÆ^PY*`oL|W}LN~_~_D;~_]_JUC ioD;R��%D;D;^�`PWKYa`oL|p�L|RU]_Ya^<LN^P\QWUD[� WUD;JK@2�
CQD;^2R�� �SD;WKDa�ÚRK@PD*^PD;R��%YaWK°�\PD;~�L�T�RKY�`PWKYa`oL|p�LNRKD*D�L|b}@�Ya`�D;W}L|RU]_Ya^�@�LNJSLN^�]�CQ`oYlWUR[LN^2R5WKYa~_D9L|^P\�RU@PD
@P]_pl@PD;W�]_RUJ��aL|~�MBDa�2RU@PD�@P]_pa@PD;WSL|WUD&RU@BD*�2MPD;WUTQWUD;JK`oYl^PJUD>RU]_CQD;J5]_^�b;Yl^ �o]_b;R�JU]_RKMoLNRK]�Yl^PJ�����^�L|^�T<b�LNJUDl�
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RK]�CQD;J��2��]_RK@PYaMPR�L>JU]_pl^P]«�ob�LN^2R%\PD;b;WKD�LNJKD9]_^�RU@BD�\BD;paWKD;D*YN����WKD;JU@B^PD;JUJ��
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RKD;\¢�%?�@PD*JK]�C<MB~ìL|RU]_Ya^>D;^2�2]_WUYa^BC�D;^2R%b;Ya^PJK]_JURUJGYN�5e>C�Y2\PMB~�D.J �P��L|JURUD.W�� �GD;R��%YaWU°�L|^P\�¼2~�L��aDa�PL|^P\�]�J
]_C�`B~�D.C�D;^2RUD.\*MPJU]_^Pp ��L��aL�8���z "�,�LN^B\�©SW[LNb;~_D&gP�ÑeP�Ú±�D�\BD;R}L|]�~_D;\<RK@PDSJK]_C<MP~�LNRU]_Yl^58�]_C<`P~�D;C<D.^�R[LNRK]�Yl^
JKYa~_MPRU]_Yl^PJG��YaW&D�L|b}@�CQY2\PMP~_Da�*?�@BD<`oD;WÂ��YaWKC�L|^Pb;D>C�Y2\PD;~��%D9`PWKYa`�YaJKD;\�]_JUYa~�L|RUD;J&RU@BD<C�LN]_^���LNb;RKYaWUJ
RK@oLNR�C�L�T*]_C�`oL|b;R�RU@PD&\PD;plWUD;D&Y|�¢��WKD;JU@P^BD;JUJGJUMPb[@�LNJ%MP`�\oLNRKD�RKW}L|^PJ}L|b;RU]_Ya^BJ�JU]_�;D;JSL|^P\�L|WUWU]_�aL|~PW}L|RUD;J��
^PD.R��5YlWU°�\BD;~�L�T�LN^B\��2MPD;WKT7L|WUWK]��aL|~oW[LNRKDa�

±�D�`�D;W�� YaWUCQD;\³��YaMBW�D;O2`�D;WU]_C�D.^�R[LNRK]�Yl^PJ<RU@�LNR�WKD;�aD�LN~&RU@PD�]�CQ`PWUYN�lD;C�D.^�RKJ9Y|�*RU@PD 	 � �>¥���	�����¥
MP`�\oL|RUDS`BWUYa`�LNp�L|RU]_Ya^>JURKW}L|RUD;pl]�D.J�b;YaCQ`oLNWKD;\<RUY*RK@PD �l¥�£.¥�¤[¤�¥��SJKRUW[LNRUD.paT2��?�@PDS`PWK]_^Pb;]_`P~_D�YN�¢YlMPW�D;O2`�D[�
WK]�CQD;^2R}L|RU]_Ya^Q�¡L|J�RUY<D;O2@oL|MPJURK]��lD;~_T�D;�aLN~_MoL|RUD&RU@PD�RU@PWKD;D*JURKW}L|RUD;pl]�D.JS� YaW�iPMPWKJUR�T�LN^B\�~_YN� �5YlWU°2~_Y�L|\PJ
i2T��aLNWUT2]_^Pp�RU@BD<RUW}L|^PJ}L|b;RU]_Yl^�LNWUWK]_�aLN~�W[LNRUD.J L|^P\�b[@PD.b}°�RK@PD�]_CQ`oLNb;RKJSYl^�RU@PD<\PD.paWUD.D�Y|�5� WUD;JK@P^PD;JKJ
L|^P\���MBD;WUTQWUD;JK`oYl^PJUD>RU]_C�D.J��

?�@BD�C�LN]_^<`�D;W���YlWUC�LN^Pb;D&D;�aL|~_MoLNRK]�Yl^<WUD;JKMP~_RUJ&LNWUD�JUMPCQC�LNWK]_�;D;\<]_^�?�LNiB~�D�)B� n��¢?�@BD 	 � �>¥���	�����¥
�
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hBYaW&~_YN� �5YlWU°2~_Y�L|\PJ�� 	�� �9¥���	���� ¥�� 	 � �>¥���	�����¥GJU@PYN��J&JK]�pl^P]«�ob�L|^�R&]_C�`BWUYN�aD.C<D;^2RUJ�b;YlC�`oL|WUD;\�RKY�RU@PD
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RK]�Yl^�JU]_�;D>]�^Bb;WUD�L|JUDa� 7SMBD;WUT�WKD;JU`�Ya^BJUD>RU]_C�D;J�C�L�T9i�D9Lï¬D;b.RUD;\���@PD.^�MPJU]_^Pp 	 � �>¥���	�����¥
� 	�� �9¥���	 ��� ¥
i�D;b�L|MPJUD�WKD[��WKD;JU@�RKW}L|^PJ}L|b;RU]_Ya^³D;O2D;b;MPRK]_Ya^�RU]_C�D<]_J>`PWUYl`oYlWURK]�Yl^oLN~%RUY�]_RUJ>`PWUYl`oLNp2LNRK]�Yl^�RU]_C�Dl��?�@B]�J
D[¬ÚD;b;R�C�L�T�i�D�\PW}L|C�L|RU]_b<��YlW�~_Ya^Bp�\P]_JKR}LN^Bb;D�^BD;R��5YlWU°2J�� �SYN�%D;�aD;W���RU@BD�MPJKD�YN�<L�C<MP~_RU]_�aD;WKJU]_Ya^
b;Yl^Pb;MPWKWUD;^Bb;T�b;Yl^�RKWUYl~¢`PWKYaRUY2b;Yl~¢b�L|^�D�LNJK]�~_T<JKYa~_�aD&RU@B]�J�`BWUYaiB~�D.C��

±�D%JU@BYN�5D;\<RK@oLNRÆMP`o\�LNRUDGRUW[LN^PJ[LNb;RK]�Yl^�LNi�YaWKRUJ�\PY�^PYaR�\PD;plW}L|\PDSRK@PD�\PD;plWUD;D&YN����WKD;JU@P^BD;JUJ%��YlW�RU@PD
RK@PWUD;D�JKRUW}L|RUD;pl]_D;J9i�D;b�L|MPJUD�RK@PD<RU]_C�D>JU`�D;^2R>RUY�\P]_JKb�LNWK\�RU@BD<WUD;b;D.`PRU]_Ya^³�aD;b.RUYaWKJ L|^P\ �2¨ ���QWUD ��WUD;JK@
RKW}LN^BJ}LNb.RU]_Ya^PJ&LNRSL>JK~ìL��lD&^PY2\PD9LNWKD&]�^BJU]_pa^P]«�ob�LN^2R5b.YaC�`�LNWUD.\�RKY<`PWUYl`oLNp2LNRK]�Yl^�RK]�CQDa��?�@PD;WKD[��YlWUDa���%D
C�L�T9J[L���D;~_TQJUR}L|RUD&RU@�LNR%��WKD;JU@P^BD;JUJ&]_J�^PYaRSLï¬D.b;RUD;\�]�^�b�L|JUD&YN��MP`�\oL|RUD&RUW[LN^PJ[LNb;RK]�Yl^�LNi�YaWURKJ��

?�@BD�]_^Pb;WUD�LNJUD�Y|�o^PD;R��%YaWK°*\PD;~�L�TGC�L�TSC�LN°lD 	 � �>¥���	�����¥
� 	�� �9¥���	 ��� ¥Ú]_C�`PWKYN�aD�C<MPb[@&ioD;RKRUD;WÆRU@oL|^
�l¥�£;¥�¤[¤�¥��	� 	�� �9¥���	���� ¥���i2T�L7�ûLNb.RUYaW)a��i�D;b�LNMBJUD�RK@PD�RKYaR}L|~�`PWUYl`oLNp2LNRK]�Yl^�RU]_C�D>]_^Pb;WKD�LNJKD;J���RK@PD;WKD;i2T
pl]��2]_^Pp<RK]�CQD���YlW�RU@PD>b;YlC�C�]_RKC9D;^2R%YN��JUD.�aD;W[LN~�MP`�\oLNRKD*RUW[LN^PJ[LNb;RK]�Yl^PJ��G?�@P]_J�WUD.JUMP~_R&]_J�LN~_JKY<RUWUMBD&��YaW
	�� �>¥���	���� ¥
� �=��	�����@PD.^�MB`o\oL|RUD*RKW}L|^PJ}L|b;RU]_Ya^BJSLNWUD�~�Yl^Ppo�

h�]_^oL|~�~_T2�5	 � �>¥���	�����¥
� 	�� �9¥���	 ��� ¥�JU@PYN��JGRU@PD�ioD;JKRG��WUD;JK@P^PD;JKJ&WUD;JKMP~_RUJ&]_^7L|~_~¢D;O2`�D;WU]_C�D.^�RKJ�L|^P\�]�J
RK@PDSJKRUW}L|RUD;plT<RU@oL|R�JU@BYaMP~_\�LN~_��L�T2J�i�DSMBJUD;\Qi�T<LN`B`P~_]�b�LNRU]_Yl^PJ�RU@oL|R�^PD;D;\�RKY9LNb[@PD;]_�lD�@P]_pa@<\PD;plWUD;D.J5Y|�
��WKD;JU@B^PD;JUJ��¢]�� Da�_�2��@PD;^�RU@PD>\P]«¬D.WUD;^Pb.D9i�D;R��%D;D;^�RU@PD>^2MPC<ioD.W�YN��b;YaCQC�]_RUD.\<MP`o\�LNRUD.J�`�D;WÂ��YaWKC�D;\�LNR
L>`PWK]_C�LNWKT<b;Ya`2T�LN^P\�RU@BD�^2MPC<i�D;W�Y|��b;YlC�C�]_RKD;\<MP`�\oLNRKD;JS`�D;W�� YaWUCQD;\�LNRSL>JKD;b;Ya^B\oLNWKT�b.Ya`2T�C<MPJKR
i�D*C�]_^P]_C�L|~��
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��L|^2T�\B]�JKRUWK]�iBMPRUD;\>\oL|R}LNi�LNJUD�LN`B`P~_]�b�LNRU]_Yl^PJÚWUD;`B~�]_b�L|RUD%\oLNR[L%RUYG]�CQ`PWUYN�lD�\oLNR[LSL��aLN]_~�LNiB]�~_]«R�T¡L|^P\*�2MPD;WKT
WKD;JU`�Ya^PJKD�RK]�CQD;J��>¼2D;�lD;W}L|~�D;O2]_JURU]_^Pp�MP`�\oL|RUD<`PWKYa`oL|p�LNRK]_Ya^�JKRUW}L|RUD;pl]_D;J*C�L�TQioD<MBJUD;\�RKY�WKD[��WKD;JU@�WKD[�
`P~_]_b�L|RUD;\�\oL|R}LB��¼2YlC�D*Y|�SRU@PD.C plMoLNW[LN^2RUD.D<C<MPRUMoL|~�b;Ya^PJK]_JURUD.^Pb;T�YN��WUD.`P~_]�b�LNRUD.\�\oL|R}LQiPMPR*\BY�^PYaR
`PWKYN�2]�\BD�paY2Y2\�`�D;W���YlWUC�LN^Pb;Dl�jhBMPWKRU@PD;WKC�YlWUDa��RK@PD;T�C�L�T�ioDQiP~_Y�b[°2]_^Pp�]_^�b�L|JUD�YN���ûL|]_~�MBWUD;J����¢L|�;T
WKD;`P~_]_b�LNRK]�Yl^�@oL|J9i�D;D;^ MPJUD;\�L|J L|^�LN~_RKD;WU^oL|RU]_�aDQJUYl~�MBRU]_Ya^�]_^�JKD;�aD.W}LN~�R�T2`�D;J�Y|��LN`P`B~�]_b�L|RU]_Ya^BJ*JUMPb[@
L|J*Ya^2��~_]_^PD&�o^oL|^Pb;]�LN~ÆRUW}L|^PJ}L|b;RU]_Yl^PJ9LN^B\�RKD;~_D;b;YaCQC<MP^P]_b�L|RU]_Ya^QJUT2JURKD;C�J9L|^P\�YaRU@BD;WUJ*��@BD;WUDQC<MPRUMoL|~
b;Yl^PJU]_JKRUD;^Pb.T�C�L�T>ioD&WKD;~�LNO2D;\

��^�RU@B]�J�b�LNJKDa��WUD;`B~�]_b�L|RUD;\�\�LNR}L7C�L�T�WKD;C�L|]_^�\P]«¬ÚD;WUD.^�R���YaW*b.D;WUR[LN]_^�RU]_C�D�]�^2RKD;WU�aL|~�J��¢YlW&\PMPWU]_^Pp
JK`oD;b.]���b�Yl`oD.W}LNRK]_Ya^PJ&��]_RU@PYlMPR*b;YlC�`PWKYaCQ]�JK]_^Pp9RK@PD�LN`B`P~_]�b�LNRU]_Yl^�JKD;C�L|^�RK]_b;J�� �GYN�5D.�aD;W��Ú��YlW&JUD;�lD;W}L|~
R�T2`�D;J*YN��LN`P`P~_]_b�L|RU]_Ya^PJ�D.�aD;^���]_RU@�]�CQ`PWUYN�lD;\�`oD.W���YlWUC�L|^Pb;D*MBJUD;WKJ*�¡L|^2RSRUY�@oL��lD*\oL|R}L�L|J�£;¤�¥;¦U§�LNJ
`�YaJKJU]_iP~_Da�%?�@P]_J�C�D�L|^PJ�WUD.\PMPb;]_^PpQRU@PD*\BD;�2]ìL|RU]_Ya^QioD.R��5D;D.^�RK@PD*MP`�\oLNRKD;JSb.YaC�CQ]_RURUD.\<Ya^�L>`PWK]_C�LNWKT
b;Yl`2T�LN^B\�RK@PD&MP`�\oLNRKD;JSb;YlC�CQ]�RKRUD;\<Yl^�]_RUJ�JKD;b;Yl^P\oLNWKT�b;Ya`P]_D;J��

��^>RU@B]�JÆRU@PD;JK]_J��l�5D%��Y2b;MBJUD;\QYa^<L&JU`�D;b;]�LN~B~ìL|�;T>WUD;`P~_]_b�L|RU]_Ya^>JUb;D.^oLNWK]�Y�b�LN~_~_D;\>~ìL|�;T*C�LNJURKD;W�����^<RU@B]�J
b�L|JUDa�l� YaW�D�LNb[@<WKD;`P~_]_b�LGb;Ya`2T2�NRU@PD.WUDS]_J�Ya^B~�T�Ya^PD%`PWU]_C�LNWUT&b;Yl`2T���±�D5b.Ya^Pb;D.^�RKW}L|RUD;\QYa^>RU@PD�`PWKYaiP~_D;CQJ
RK@oLNR&LN`P`�D�LNWG]_^�~�LN�;TQC�L|JURUD.W�WUD;`P~_]_b�L|RU]_Ya^�JUb[@PD.C�D;JG��]�RK@�WUD;�2MP]_WUD.C�D;^2RUJ�Y|��@P]_pa@�`oD.W���YlWUC�L|^Pb;D*LN^B\
��WKD;JU@<\�LNR}LB�Ú?�@PD;JKD�`PWUYliP~_D;C�JÚ@�L��aD%ioD;D.^9WKD;b;D;]_�2]_^Pp&]�^Bb;WUD�L|JUD;\�L|RURKD;^2RU]_Ya^*]_^*\B]�¬ÚD;WKD;^2R�\PYaC�LN]_^PJ�JUMPb[@
L|J*��^2RUD;WK^PD;R���C�YliP]_~_D�b.YaC�`BMPRU]_^Pp��o\�LNR}LQ��LNWKD;@PYaMBJU]_^Pp�L|^P\�YaRU@BD;WUJ���LN^P\�L<\PD.D;`oD.W9MP^B\PD;WUJKR}L|^P\P]_^Pp
Y|�¡@PYN� WUD;`B~�]_b�L|RU]_Ya^�RUD.b}@B^P]_��MBD;J9C�L�T�i�D<MPJUD.\�RUY�JKYa~_�aD>JUYlC�D*Yl`oD;^�`BWUYaiB~�D.C�J&]_J�CQ]_JUJU]_^Pp�� ��L|b[@
b[@oL|`PRUD;WGYN��RU@P]_J�RU@BD;JU]_JS@�LNJ�b;Yl^�RKWU]_iPMPRKD;\�RKY L|\P\PWUD.JUJ&RU@PD.JUD*`PWKYaiP~_D;CQJ��

��^�b[@oLN`BRUD;W *B�¢�%D>p�L��aD>RU@BD�LNWUb[@P]_RKD;b;RUMBW}LN~Æ��W[LNC�D.�5YlWU°�RUY�\BD[�o^PD<\P]_JKRUWU]_iPMBRUD;\�\oL|R}L|ioLNJKD;J9LN^B\
RKW}LN^BJ}LNb.RU]_Ya^PJ��<��^�LN\P\P]_RK]�Yl^¢���5D<]_\PD.^�RK]«�oD;\�RU@PD<C�LN]_^Q�ûLN]_~_MPWUD.JSRU@�LNR*C�L�T�@oL|`P`oD.^�]_^�L�\�LNR}L|ioLNJKDa�
?�@PD.^¢���5D<\BD[�o^PD;\³WUD;`B~�]_b�L|RUD;\³\oLNR[LNioL|JUD;J>LN^P\�JK@PYN�5D.\�@PYN� WUD;`P~_]_b�L|RUD;\�\oL|R}L|ioLNJKD;J*��R*]_^�L�\�LNR}L
��LNWKD;@PYaMBJUD�JKb;D;^oL|WU]_Yo� �SD;O2R����5DQ]�\BD;^2RU]«�oD;\�JK]�O�b;~�LNJKJUD;J>YN�SMB`o\oL|RUDQ`PWUYl`oLNp2LNRU]_Yl^�JKRUW}L|RUD;pl]_D;J9MBJUD;\
RKY�MP`�\oLNRKD<WUD;`P~_]_b�L|RUD;\�\oL|R}L �9¼2T2^Pb[@PWKYa^PYlMPJ*ªS~_~��¢¼2T2^Pb[@PWKYa^PYlMPJ*ª��aLN]_~�LNiP~_Da� 7GMPYlWUMPCs�ûi�LNJUD.\¢�¢�¢L|�;T
��L|JURKD;W���V�WK]�C�LNWKT 8|ioLNb[°2MP`�L|^P\���LN�;T :&WUYlMP`¢� ��L|b[@�b.~ìL|JUJ<@oL|J L|^�]_^2�aLNWK]ìL|^2R*b;Ya^B\P]_RU]_Ya^�LN^P\³]�J
JKMP]_RUD;\>��YlW¢JK`oD;b.]���b�R�T�`�D;J�Y|�LN`B`P~_]�b�LNRU]_Yl^PJ��Ú��^>LN\P\P]_RK]�Yl^¢���5D%`oL|]�\�JU`�D;b;]�LN~oL|RURKD;^2RU]_Ya^>Ya^*~�L|�;T&C�LNJKRUD;W
JKYa~_MPRU]_Yl^PJ�JU]_^Pb.DSJUD.�aD;W[LN~ÚRUD.WUC�J%LN^P\<b;Yl^Pb;D;`BRUJ�@oL��lD�ioD;D.^�MPJKD;\�]_^<RU@BDSJUMBiPJUD;�2MPD.^�R�b[@oL|`PRUD.WUJ%YN�¢RU@B]�J
RK@PD;JU]_J��<±�D9`BWUD;JKD;^2RUD;\³RU@PD<]_^P\PMBJURUWK]�LN~�JKYa~_MPRU]_Yl^PJ���YlW&\oLNR[L�WKD;`P~_]_b�LNRK]_Ya^¢����R*]_J�b.~�D�LNW&RU@oL|R&C�YaJKRSY|�
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RK@PD9L��aLN]_~�LNiB~�D�JKT2JURUD.C�JSMBJUD � � � � �N¦;¥��*b�L|`PRUMPWKD*C�D.RU@PY2\PJ�RKY<]�CQ`P~_D;C�D.^�RÆMP`o\�LNRUD�`PWUYl`oLNp2LNRU]_Yl^�LN^B\
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Unit é de recherche INRIA Rennes, Irisa, Campus universitaire de Beaulieu, 35042 RENNES Cedex
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