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ªJy¡p$yzo�¬b��u\sr£ve5��wbx;pry¡�7pr`byzo��b}ruvc#y�o�e&��}re&°Jwbe&oQp
yzo%wb�=��{�p�e5�Ë®RknuNª\µ�`be&xM{vxM{vs¨pry¡©ny¡p³m

j
}�e5s�e&y¡©ve5o%{C}�e5°Jwbe&oQp

Qi,j

¤Æ}ruvc
i
L

� y¡¤ j
yzo�¬b��u\s	£ve&�Ðu;xY{¦��}�u;cCyzo�e&�Ð}�e5°Jwbe&oQp�ÌÆµ�y¡p�`Yp�`�e�or{�c#e�o�edx��\e&}

i
Î

Qpromised
i,j

ª3p�`�edxGpr`be
µ${vy p�ÄU¬nmJÄUxbe5s�e&oro�y pqm�u;x

j
yzo�}�ed��e&{;oQe5��{�x��

j
o�ed}r©ve&o

Qi,j

ª

� y¡¤ j
yzo�xbuvpt¬b��u\s	£ve&�Ëª�¬bw\ptpr`bed}re�yzo�u;xbe�uv}tcCu;}�e��b}ruvc#y�o�e&��}�e5°;w�e&oQpro�ÌÆµ�y¡p�`Mp�`�e�o�{vcCe�o�edx��\e&}

i
Î

Qpromised
i,j

y¡xMy¡pro�}�e5°Jwbe&oQp�°Jwbe&wbevª\p�`�edx�p�`�e�u;���be&oQp
Qpromised

i,j

yzo%wb�=�b{�p�e5��µ�y¡p�`
Qi,j

ª

� e&��o�e Qi,j

y�o�edx�°Jwbe&wbe&��y¡x�p�`�e�}re&°Jwbe5oqpt°Jwbe&wbe�u�¤
j
®

_�uÏoQwbc#c�{�}ry 8devª�{Ð��}�u;cCyzo�e&� }re&°Jwbe&oQp�y�o�{Ð����{;s�e¢`buv�z�\e&}¥¤Æu;}�{G}re&°Jwbe5oqp(p�`�{�p�µ�y���� ¬7eB}�e5s�edy�©ve5�
{�¤Íp�ed}�{(}re&sdu«©ve&}�mM{�x��¦`N{vo�{���}re&{v�bm�¬7ededxB}�e5s�edy�©ve&�¦y¡x¢p�`be���}	oQp�e�À\e&sdw\p�y�uvxÂ®�knw�s	`¢}re&°Jwbe5oqp	o�e&y pr`bed}
sduv}r}�e&o��7uvx��¥p�u#��uv�;�ve&�(}re&°Jwbe&oQpro%u;}$pru#}�e5°Jwbe&oQpro�oQe&x;p��\wb}ry¡x��Cp�`be�}rede�À\e5s�w\pry¡u;x¯®

� � H$JK^ATgXc`SFMb\JKF��;f$FM`KO8Xc`����������0`BF k O��&FMO���FMF k U+WEOSX Y;X OSXcFM`]h

ijilk�m`npo�qsr
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b �� � � ��� ��� !�& �*��#�� �M\)\ �����M\

§�x#{vs�p�y�©Jy¡pqm�¸r¹��`�7·�¼ ��¿j��·�»�¸	¿r¾�p�u�pr{v£ve%{�sr`be5sr£n�7uvy�x;p!'vy¡p3c�w�oQp3µ%{�y¡p�¤Æu;}�pr`be%xbedÀnpIoqp	{�¬b��e�oqp	{�p�e;ª�p�`�edx
s&{�x�uvxb��m�}re&{vs�p ¹�º\·$1¨¼³¿�»¨½K·�»¨½Í®R_%`Jw�o&ª;µ�e�©ny¡}�p�w�{v�¡��mCoQ`by¡¤Íp�}re&sded�\pry¡u;x�o3uv¤=c#e5o�or{��;e&o�pr`�{�p$o�`buvwb�z�C¤Æuv}	s�e
{¥s	`be5sr£n�7uvy�x;p5ª�pru�pr`be�c#uvc#edxJp µ�`bedx�pr`be�}re&s�e&y¡©ve&}�{;s¨p�w�{v���¡m(p	{�£ve5o�{¥s	`be&s	£n�7uvy�x;p&®�f�uvx�o�e&°Jwbe&x;pr�¡m;ª
pr`be�}�e5s�ed�\pry�uvx�uv¤RoQwNsr`¦c#e5o�or{��;evªNc#uv}re��b}re&s�yzo�ed��m�{¥c#e&oror{��ve�y�x��\yzsd{�p�y�xb�¥p�`N{�p

N−−−→Mi,j
> N current

j

ª
pr}�y��v�;ed}	o${�xM{;s¨p�y�uvxM�\e&�7edx��\y�xb��uvx�y¡pro�£ny¡xN�Ëªb}�e5°;w�e&oQp%u;}%}red���¡m;®

:�� H � , �(Ô)I 	 Ô �d�
Qi,j

²Å¤Rpr`beC}re&s�e&y¡©ve5�¦cCe5o�or{��;e�y�o�{�}�e5°Jwbe&oQp&ª=p�`byzo�}re&°Jwbe5oqp�µ�y��¡�3¬7eC}�e&�b��{;s�e5��µ�y¡p�`Ñ{��b}ruvc#y�o�e&�¦}re&°Jwbe&oQp
Qpromised

i,j

y�xMpr`be�}�e5°Jwbe&oQp�°Jwbe&wbe�uv¤9p�`be�xbedÀJp�s	`be&s	£n�7uvy�x;ptp	{�£vedx�¬nm
j
®�� uvy�xb��p�`byzodª7µ�e�©Jy�}�p�w�{v�¡��m

�7uJoqpr�7uvxbe�pr`be�}�e5s�ed�\pry�uvx�uv¤
Qi,j

y¡xBsd{vo�e�u�¤I}re&s�u�©ved}rmvª���y�£ve
Q
y�x¢sd{;oQe�uv¤I}�e5s�u�©ved}rm¥¤Æ}�u;c

n + 1
y�x

Ç�y��vwb}ret�b®9_%`be&}�ety�oIx�u��b}ruvc#yzoQe5�C}�e5°;w�e&oqpRy¡x#pr`bet}re&°Jwbe5oqp�°;w�edwbe��\wb}ry�xb��pr`be���}	oQpIedÀ\e&s�w\pry¡u;x¯ªJoQy�x�sde
pr`be�}�e5°;w�e&oQp%yzo%}red����{;s�e&��µ�y pr`M{#�b}�u;c#y�o�e&�(}re&°Jwbe5oqp�·T�N¶ 3¥y¡x�p�`�e�sr`be5sr£n�7uvy�x;p5®

_%`�{�xb£\o3p�u��b}ruvc#yzoQe5��}re&°Jwbe5oqp	odªvp�`be�}�e&��{�p�y�©ve�uv}	�\ed}Iu�¤Ë}re&°Jwbe&oQpI}re&sded�\pry¡u;x�o3yzoI�b}re&o�ed}r©ve&��y�x¥sd{;oQe
uv¤�}�e5s�u�©ved}rmv®
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�
�

�
�

�
�

�
�

������
������

i

j

Q
Q

Cn+1 ⇑{∅}
[∅]

Cn ⇑{∅}
[∅]

Cn+1 ⇑{∅}

[Qpmd

i,j ]

Ç�y��vwb}re���L3_%`be�}re&°Jwbe&oQp
Q
y�o�}�e&�b�z{vs�e5�(¬Jm�{C�b}ruvc#yzoQe5�(}re&°Jwbe&oQp�y¡x

Cn+1
j

:�� H � : �(Ô)J & Õ
Ri,j

²Å¤�p�`be�}re&sdedy�©ve&�(c#e5o�or{��;e yzot{C}�e&�b�¡m;ª\y¡pty�o�y¡c#�7uJo�o�y¡¬��¡e�pru#�7u;oQp��7u;xbe�p�`byzo�}�e5s�ed�bp�y�uvx¯®3§ o�µ�}�y¡pQpredxMy¡x
kne5s¨p�y�u;x 7 ® 7 ªvp�`�e�}re&sded�\pry¡u;x�uv¤¯{�}red�b��mCc�{5m�sd{�w�o�e {�x({��¡p�ed}	{�pry�uvx#uv¤Ëp�`be µ�`bu;�¡e {vs�p�y�©ny pqm#oQpr{�p�etp�`N{�p
yzo�y�}r}�e&©ved}	oQy�¬b�¡e;®#_%`Jw�o&ª�{�}red���¡m¦p�`�{�p�o�`bu;wb���¢¤Æu;}rsde#{�sr`be5sr£n�7uvy�x;p�uvxBpr`be�}re&s�e&y¡©ve&}�y�o��\ed��xby¡p�y�©ved��m
{vxMu;}��b`�{vxMcCe5o�or{��;ev®�f�u;x�oQe5°JwbedxJp���mvªN{�¤Íp�ed} {�}re&s�u�©ved}rmvª\p�`�e�}re&sdedy�©ved}tc#{«m�}re&s�e&y¡©ve�{�}red�b��m�y¡p�`�{;�
{v�¡}re&{;�\mÑ}re&s�e&y¡©ve5�Ë® Ntu;�7e�¤Æwb���¡m;ªIp�`beMcCe5sr`�{vxbyzoQc uv¤t¤Æw\prwb}�e5oCedx�o�wb}re&o�pr`�{�p�{Bo�w�s	`Ï{MÉQ�\w��b�¡yzsd{�p�e5�
}red�b��m;Ê�y�o�¹T�\¼³·
	�¹�¼U½K¸r¹�¶Í¶ 3�y��vx�uv}re&�Ë®9_%`bed}re y�o$xbe&©ved}�p�`be&�¡e5o�o�uvxbe�sduvx�oQp�}	{�y�x;p=L�¿s� 1��\»�¿�¼B2n¹�¼�¾T�«º7¶ ½K¸r¹�¼Å¿	¾
»�¿qºN¶ ½K¿.1(¹�»�¿¥½K¾v¿ ��¼U½K¸r¹�¶I¼³·�¼B2n¿�·�»¨½d:v½2�7¹�¶R»�¿qºN¶ ½K¿.1�� �Ñe#µ�y��¡�9¤Æw�}Qpr`bed}��\yzo�sdw�o�o�{�¬7uvwbp�p�`byzo�xbe5s�e&oro�y pqm�uv¤
e5°;w�y¡©�{v��edx�s�e�u�¤�edÀne5s�w\pry¡u;x�o%y�x�kne5s¨pry¡u;xM�b®

|3}�u�©ny��be&��pr`�{�p��bwb�b��y�s&{�p�e5�#}�e&�b��y¡e5oI{�}re�y��\e&x;pry�s&{��bpru�pr`betu;}�y��vy�x�{v�\uvxbe5odªvp�`buJoQe�p³µ�u�c#e&s	`�{�x�y�o�c�o
{«©vuvyz�(y�x�s�u;x�oQyzoQp�edx�sdm(�\wbe�pru#uv}r�b`�{vx�cCe5o�or{��;e&o$y¡x�sd{;oQe�u�¤�}re&sdu«©ve&}�m;®

��� i����
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b ��� � � ��� �l� # �=�)!`� # \ ��� � �M\)\ � �(�M\

Ç�uv}te&{vs	`Mc#e&o�or{��;e
Mi,j

ªN{�x�{vs	£nxbu�µ��¡e5�\�vc#edxJp�c#e&oro�{v�ve��by¡�;�vmn¬�{;sr£\o
N current

j

ªbpr`be���{�p�e5oqp�s	`be&s	£JÄ
�7u;y¡xJp�xnwbc�¬7ed}$uv¤Ëp�`be }re&sdedy�©ved}

j
'Jp�`byzo��by��v�;mn¬�{vs	£ve&�#©�{���wbe�yzo��\e&xbu�pre&�(�\edxbuvp�e&�

N←−−−Mi,j

®3_%`bed}re�¤Æu;}�e;ª
µ�`be&x

N←−−−Mi,j
> N current

i

ª�{�xÒ{vs�p�y�©Jy¡pqmÐy�o�¤Æu;}rsde&�Ðp�us	`be&s	£n�7uvy�x;p�{voCy ¤�y p�`�{v�Yxbu�p#mvedp�oQe&x;pCpr`be
{v�b�b��y�s&{�p�y�©ve�c#e&o�or{��;e

Mi,j

ÌK}�e5°Jwbe&oQp%uv}%}red�b��mbÎ¨®3_%`be�o�edx��\y�xb�#{;s¨pry¡©ny¡p³m¥y�o%y�xbed©ny¡pr{�¬��¡m(oQe&}�©ny�xb�C{�}re�Ä
°Jwbe5oqp�µ�`by¡��e�oQe&x��\y�xb��pr`be�cCe5o�or{��;evª;pr`Jw�o�y p�yzo%xbu�p�y¡xMoQpr{�¬��¡e�oQpr{�p�e;®3_%`byzo�¤Æu;}rsde&��sr`be5sr£n�7u;y¡xJp%c�w�oQp
pr`bedxM¬Ne��NuJoqpr�7uvxbe5�¥p�uCpr`be�xbedÀnptoqp	{�¬b��e�oQpr{�p�e;®Rf�uvxNoQe5°;w�edx;pr�¡m;ªnp�`be�oQedxJp�c#e&oro�{v�ve yzo�{�x�y�x\Ä?pr}r{vx�oQy¡p
c#e&oror{��ve LCy¡pCµ�y����$¬7e��¡uJoqpCy¡xÏs&{vo�e¥uv¤t}re&sdu«©ve&}�m;®Ñg wb}#oQu;�¡w\pry¡u;xGy�o�pru¢��uv�¦p�`�y�oCcCe5o�or{��;e(oQuB{;o�p�u
}re&o�edx��(y p�y�x�s&{vo�e uv¤Â}re&sdu«©ve&}�m;®�_%`byzo$c#e&oror{��ve�sd{vx�¬7e���uv�;�ve&�¥y�x�©vuv�z{�pry��¡e c#e&cCu;}�m�µ�`�y¡��e pr`be�xbe�Ànp
s	`be&s	£n�7uvy�x;ptyzotxbu�ptpr{v£vedx"LR�¡u;�v�vy�xb�#uvx�{�oQpr{v¬b�¡e�oQp�u;}r{v�ve�u\s&s�wb}	o��\w�}�y�xb�#p�`�e�sr`be5sr£n�7uvy�x;p5ªN{����¡u�µ�y�xb�
u;xb�¡m�u;xbe�{;sds�e5o�o�p�u¥pr`be�oQpr{v¬b��e�oQp�uv}	{��;ev® �Ñe�µ�y��¡��xbu�pre

Mresend
i (n)

pr`be(»�¿.1d¿s�=¾ > ��¿ ��¿#· �
i
��·�»

nyU® e;®9pr`be�uv}	�\ed}re&�(��y�oQptu�¤�c#e5o�or{��;e&o�p�`�{�pt`�{«©ve�p�u#¬7e�o�e&°Jwbe&x;p�yz{�����m(o�edx;p�¤Æ}ruvc
i
y�x�sd{;oQe�u�¤�}re&sdu«©ve&}�m

¤Æ}ruvc p�`be�s	`be&s	£n�7uvy�x;p
n
®

Ç�y��vw�}�e���o�`bu«µto$p�`�e���uv�;�vy�xb�Cu�¤
Q
ÌÆx�u�p�e5� � Q �¡Î$y¡x�p�`be�s	`be&s	£n�7uvy�x;p

n
®

���
���
���
���
���

���
���
���
���
���

���
���
���
���

���
���
���
���

�����
�����
�����
�����

���
���
���
���

i

j

Q Q

Cn-1 ⇑{∅}
[∅] Cn ⇑{Q}

[∅]

Cn ⇑{∅}
[∅]

Ç�y��vw�}�e��`LI_%`be�}re&°Jwbe5oqp
Q
yzo%��uv�;�ve&�¥¤Æuv}�}re&o�edxJp�y¡x�p�`�e�s	`be5sr£n�7uvy�x;p

n
u�¤

i
®

_%`�{�xb£\oIp�u�p�`byzo��¡u;�v�vy�xb��cCe5sr`�{vxbyzoQcMªJxbu�c#e&oror{��vetyzoR��u;oQp${�¤Íp�e&}${�}�e5s�u�©ved}rm�¤Æ}ruvc {vxJmC}re&sdu«©ve&}�m
��y¡x�ev®

b � + YZ��#�\ �M$ �*��� ��� ��#�� � � &�� \ \ � � � � Y��*�M$ �a&�� � # ��\

§ oM{�x {vs�p�y�©ny pqm sd{�p	sr`�e&o�wb� pruYpr`beÑ�z{�p�e5oqp�sr`�e&s	£J�7u;y¡xJp�xnwbc�¬7ed}Muv¤�u�pr`bed}M{;s¨p�y�©ny¡p�y�e&o&ª�y¡pMc#y¡�;`;p
¬7e¢¬7ed`by�x��´¬JmÒc#uv}re�p�`�{vx´uvx�e¢sr`be5sr£n�7uvy�x;p5®²³x´p�`�y�o�s&{vo�evª%y¡p�c�w�oQp(pr{�£ve¢o�ed©ve&}r{v��s�uvxNoQe5s�w\p�y�©ve
s	`be&s	£n�7uvy�x;pro&ª �3½Í¼B2n·T�\¼R1d¿d» �&½2�=:�¹T� 3�»�¿+>s��¿.1¨¼ ��¿d¼ �R¿r¿ ��¼B2n¿.1d¿�¸A2\¿r¸ ��ºb·�½S��¼B1	®I_%`be5oQe sr`be5sr£n�7u;y¡xJproR�\y��=ed}
u;xb�¡m(y¡x�pr`bedy�}�{voroQu\sdy�{�p�e&��°Jwbedwbe5odª�o�y¡xNs�e�pr`be�{����b�¡yzsd{�p�y�©ve�oqp	{�pre��\une5o%xbu�p�s	`�{�xb�;ev®9²³xM�b}	{vs�p�yzs�evªb{vx
{;s¨p�y�©ny pqmCp�`�{�p$y�o�c#uv}retp�`�{vx¥u;xbe s	`be&s	£J�7u;y¡xJp�¬7e&`by¡xN��pr{v£ve&o�·T�=¿�¸A2\¿r¸ �rº\·�½S��¼��3½Í¼B2 1d¿ ��¿d»�¹�¶ 1�¿+>s��¿ �7¸	¿
�A� 	 �r¿�»+1¨ªn{�xN�¥o�ed©ved}	{��7�\y �=ed}redxJp$}re&o�edx��¥{vx���}re&°Jwbe5oqp$°Jwbe&wbe&o&®9Ç�uv}�edÀ\{vc#�b�¡e;ªJuvx�Ç�y��vw�}�e��bª

j
c�w�oQp

p	{�£ve�pqµ�u�s	`be&s	£n�7uvy�x;prot�\y �=ed}ry�xb�#uvx��¡m(¬Jm¥p�`be�}re&o�edxN��°Jwbe&wbe�ÌK`bed}re � Q1, Q2 �={�xN� � Q2 �¡Î¨®
�tx��\e&}9pr`bet�\e�¤K{vwb�¡pIo�ed}r©nyzs�e$�7uv��yzs�m�u�¤7u;wb}3c#u\�\ed�Uªvy?® ev®9Ç�²qÇ�g o�ed}�©ny�xb�Nª�{�x#{vs�p�y�©ny pqm�yzo3y¡x�{�oqp	{�¬b��e

oQpr{�p�e�¬7e�¤Æu;}�e�e&{;sr`�}re&°Jwbe&oQptoQe&}�©nyzs�ev®9²Åp�sd{�x�pr`Jw�o%p	{�£ve�{#sr`�e&s	£J�7u;y¡xJp�¬7e�¤Æu;}�e�e&{;sr`�}re&°Jwbe&oQptoQe&}�©nyzs�ev®

ijilk�m`npo�qsr
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i

j

k

Cn+2 ⇑{∅}
[∅]

Cn ⇑{∅}
[∅]

Cn+1 ⇑{∅}
[∅]

Q2

Q1

Cn+2 ⇑{Q2}
[∅]Cn+1 ⇑{Q1,Q2}

[∅]

Cn+2 ⇑{∅}
[Q1]

Ç�y��;wb}�e��XLI_%`be�{;s¨pry¡©ny¡p³m
j
c�w�oqptpr{�£ve�pqµ�u�sduvx�o�e&sdw\p�y�©ve�sr`be5sr£n�7u;y¡xJpro

N�u«µ�e&©ved}5ªIy p�yzoC�7uJo�o�y¡¬��¡e�p�uÑ�b}ruv�J{�c {Ñ�\y��7e&}�e&x;p¥oQe&}�©nyzs�e��7u;�¡yzs�mG{vx��Ïs�u;x�oQe5°Jwbedx;pr��m��}�e&©vedx;p�{vx
{;s¨p�y�©ny pqm�p�u(s	`be5sr£n�7uvy�x;p ¬7e�¤Æu;}�e�¿ �«¿d»A3�oQe&}�©nyzs�e;®$²Å¤R{vx¦{vs¨pry¡©ny¡p³mMo�ed}r©ve&ot{�}re&°Jwbe5oqp

Qi,j

p�`N{�p�oQ`�uvwb�z�
¤Æu;}rs�e�{¢sr`be5sr£n�7uvy�x;p5ª9¬bwbp#sd{�x�xbu�pC{vs�p�w�{v�¡��mBpr{�£ve¥pr`by�oCs	`be&s	£J�7u;y¡xJp�¬7e�¤Æu;}�e¥p�`be�o�ed}�©nyzs�e;ª�p�`�edxGp�`byzo
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⊕
p�`be�{v�b�7edxN�Muv�7e&}r{�p�u;}

{vx��
→
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TTC � INIT
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Ii = 0
LRi = 0
Ncurrent

i = 0

Nmin
i = 0

Nmax
i = 1

TTCi = TTC � INIT������������ ����	���	�	 � �!� 	
�#" � �%$ Mi,j &('*) ��� i +X L
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i

OBQ$F k
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i , N←−−−

Mi,j
)
U k b

∀m
`BO ,
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Mi,j

- b$^
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��. � �/� �10 � Mi,j & � � j +X L
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OBQ$F k
∀k
`BO ,

Hk
i
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Mi,j

- b$^ W��c^A`BF
Hk

iX L
Mi,j

Xc`
Qi,j
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∀k

`BO ,
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i
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Q
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j

OBQ$F k
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Mi,j
)F��c`SF X L

I−−−→
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OSQ$F k
���c^_W �

i
^ k OBQ$F `BF k b,^+L

Mi,j. ���2� 0 � )43 I−−−→
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� ' j '*) ��� LR−−−→
Mi,j

,�5 X �Af$JKF
6�7 -F��c`SF`BF k b

M
recovery
LRj ,Ij

OS^
iX � k ^AJKF

Mi,j

��. ���2� �10 �
M

globalState
n

∀k
`BO ,

Hk
i

^AH&F k U k b
k < n

- b$^ W��c^A`SF
Hk

i
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Ncurrent
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i − 1, Ncurrent

i )X L
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i > Ncurrent
i

OBQ$F k� Q!X � F
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i > Ncurrent
i

b$^ ������������ ����	
C

Ncurrent
i +1

iF��c`SFX L
TTCi == 0

OBQ$F k ������������ ����	
C

Ncurrent
i +1

i

� ������������ ����	 Cn
i

∀Qj,i ∈ Qrcv
i

� X L
N←−−

Qj,i
≥ n

OSQ!F k
Qi,j → Q

promised
i,jU+b$b

Mresend
i (n)

OS^
Cn

ib$F��cFEOBF
Mresend

i (n)

Ncurrent
i = n^AH&F k

Hn
i

TTCi = TTC � INIT

�#" � ) 0 � ) ��M L � J�	 Qi,jX L
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Qi,j
> Ncurrent

i

OSQ$F k
X L

stableState
OBQ$F k

Nmax
i = N−−−→
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i , N−−−→
Qi,j

+ 1)

Ç�y��vwb}re�F�L3_%`�e�s	`be&s	£n�7uvy�x;p�y�xb�#�b}ru�pru\s�u;�

Ç�y��vw�}�e 7 �#�\e&ors�}ry¡¬7e5o�pr`be�}re&s�u�©ved}rm#�b}ru�pru\s�u;�U®

��� i����



�Â¹��\¶ ¼���·�¶¡¿�»�¹��7¸	¿���·�»	�	
�� 7 F

�����;�<: L%) � � ' 	 �� � � 	��10�� 	 3 iTeU+H!H$X k � ^+L
i

Iglobal = Iglobal + 1. ���/� 0 � )43 Iglobal
� ' i '*) ��� n�!JB^.U+b$W]U+`KO

M
recovery

n,Iglobal

�#. ���/� � 	�� � � � ' Mrecovery
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(E,≺)
�q¸r¹�¶Í¶¡¿	¾ ��¿d¶¡· � ¹��´e�À\e&s�wbp�y�uvx ��� �62;½@1M¿ �J¿	¸s�\¼U½K·T�´¹�¶Í¶¡· �R1�¼B2n¿�1A3$1	¼³¿�	�¼Å·Ñ¸.2n¹��4:J¿ �	»�·
	 ¼K2\¿

:v¶¡· �r¹�¶P1¨¼Å¹�¼Å¿
S = Sini

0 |...|S
ini
n

¼Å·�¼B2n¿,:v¶¡· �r¹�¶P1¨¼Å¹�¼³¿
S′ = Sfinal

0 |...|Sfinal
n �

S
(E,≺)
−−−−−→ S′

� ¶Í¶t¼B2n¿¢¶ ½2�=¿r¹�»B¿��;¼³¿s� 1¨½K·T� 1
[e1 . . . en]

· �¢¹T�¿��n¿	¸s�\¼U½K·T�
(E,≺)

¸	·�»¨»�¿.1Åº\·T�=¾Y¼³·Y¹�¶Æ¶Iº\·$1+1¨½ ��¶¡¿B»�¿	¹�¶
¿ �n¿r¸ �\¼?½K·��¦¶¡¿	¹v¾�½2�4:	�	»�· 	 1¨¼Å¹�¼Å¿

S
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)�mC�\e��Nxby pry¡u;x#uv¤
CH

ed©ve&}�m���uv�v�;e&��c#e&oro�{v�ve%`�{vo3¬7e&edx#}re&sdedy�©ve&��y�x
CH

{vx���pr`Jw�o&ª;ed©ve&}�m���uv�v�;e&�
c#e&oror{��ve5o$sduv}r}�e5oQ�7uvx��¥p�u�{#�b}�u;cCyzo�e&�(}re&sded�\pry¡u;x"L

M ∈ L ⇒ P(rcv(M))C∗

f�uvx�o�e&°JwbedxJp���mvªnµ�e�sd{vx(s�u;x�o�y��\e&}Rp�`�{�p&ª\{;oIpr`bu;o�e cCe5o�or{��;e&oR{v}�e���uv�;�ve&�¥{�x���p�`�edy�}$}�e5s�e&�\p�y�uvx�o�y�o
�b}ruvc#yzoQe5�Ëªnp�`be&y¡}t}�e5s�e&�\p�y�uvx�o�sd{vx�¬7e�{;�b�\e&��µ�y¡pr`buvw\p�sduvx�oQp�}	{�y�x(p�uCpr`be�}re&s�u�©ved}rm�sdw\p0L

M ∈ L ⇒ rcv(M)
yzo�cCy�xby�c�{��¯y�x

E2

W��hP � H d Ø �«� Ô ���U- Ô �5� Ø[@ �=B Ô?J � Ø � Ø � Ø &
_%`be�uv¬\~qe&s�p�y�©ve�uv¤�p�`byzotoQe5s¨pry¡u;x�yzo%p�u#�b}ru�©ve p�`�e�¤Æu;�¡��u�µ�y¡x���p�`�eduv}redcM®
� B ÔnØ � Ô � W � , � ��� Ø -��=/Æ�&� Ô -7� Ô - Ø 	MR%BÒ�'	Â� /Æ���
	��G� / Ô -7� @ÅØ �¥� Ô � Ø 1 Ô � Õ �
²Å¤
C
½@1�¹(¸	·T� 1¨½@1	¼³¿ ��¼%¿s�=·T� :&2M¸ �\¼$· ��¹ � �I»+1¨¼ �¥¿��n¿	¸s�\¼U½K·T�

(E1,≺1)
�

{vx��
CH

½@1�¹(¸	·T� 1¨½@1¨¼³¿s�N¼$¸ �\¼$· �
(E1,≺1)

¶¡¹�¼Å¿d»�¼B2n¹T�¢¼B2n¿C¸ �\¼
C
�

{vx��G¹ 1d¿r¸	·T�7¾�¿ �n¿r¸ �\¼U½Æ·��
(E2,≺2)

1¨¼Å¹�»¨¼K1��	»�· 	 ¼K2\¿/1¨¼³¹�¼Å¿
C∗ ⊕ {rcv(Mk)|Mk ∈ L}

�
pr`bedx

CH
½@1�¹(¸	·T� 1	½@1¨¼³¿s�N¼%¸s�\¼%· ��¼K2\¿/1d¿r¸	·T�=¾�¿��n¿	¸s�\¼U½K·T�

(E2,≺2)
�

_%`byzo3pr`bedu;}�e&c o�wb�b�7u;o�e&o3p�`�{�pIpr`be o�e&s�u;x��CedÀ\e&s�w\pry¡u;x¥�\une&oIxbuvpRe&x�s�u;wbx;pred}�{�¤K{�wb�¡p�¬7e�¤Æu;}�et}re&{vs	`by�xb�
pr`be�s�w\p

CH
®

C � Ø¯Ø[@ � _%`byzo%pr`bedu;}�e&c�µ�y��¡�Â¬7e��b}ru«©ve&x�¬Jm�{#}re&sdwb}�}redxNs�e��b}�u\u�¤q®�Á¯edptw�o���}	oqp�y¡xJp�}ru\�\w�sde�xbu�p	{�Ä
pry¡u;x�o$¤Æu;}%p�`be��b}runuv¤³®3Ç�y�}roQp&ªbµ�e��be���xbe

C0 = Cut(C∗)
®

� Ô � �� W�� ,
C0

½@1�¹�¸r·T� 1¨½@1	¼³¿ ��¼%¸s�\¼%· �
(E1,≺1)

�
�Ñe�y¡xJp�}ru\�\w�sde�{#oQedp�u�¤3s�uvxNoQyzoqpredxJpts�w\p	o

Ck
�vu;y¡x���¤Æ}�u;c

C0
pru
CH

�\ed��xbe&�M{vo$¤Æu;�¡��u�µto L

� C0 = Cut(C∗)

� Ck+1 = Ck ⊕ e
oQw�s	`�pr`�{�p

e
y�o�c#y¡xby�c�{��¯y�x

CH\Ck

�tu�p	{�pry¡u;x���® 7 edx�o�wb}re&o0L
Ck ⊆ Ck+1 ⊆ CH

Ck
yzo�{#sduvx�o�y�oQp�e&x;ptsdw\ptu�¤

(E1,≺1)
®

§�o�e�À\e&sdw\p�y�uvx�¬7edp³µ�e&edx
C0
{�xN�
CH

y�o%��xby¡p�e;ª
Ck
�Nx�{����¡m(}re&{vs	`be5o

CH
L

∃N, CN = CH

ijilk�m`npo�qsr



�J� �C¿�¶�������¿ ��»¨½K·��I¹�»�·
	�¿d¶

_%`be�u;¬n~qe5s¨pry¡©ve�y�o%p�u�¬bwby¡�z�M{#o�e�ptu�¤
P
Ä³s�w\p	o%¬7e&�¡u;xb�vy�xb��pruCpr`be�oQe5s�uvxN�(edÀne5s�w\pry¡u;x¯®

_%`be�}re&sdwb}�}redxNs�e�`Jmn�7u�pr`be&o�y�o�Ì
RHn

Î�yzo%p�`be�¤Æu;�¡��u«µ�y�xb�AL

∃Cn
P , Cn ⊆ Cn

P

µ�y¡p�`

� C0
P

= C∗

� Cn
P
⊆ Cn+1

P

{vx��
Cn
P

yzo�{
P
Ä³s�u;x�o�y�oQp�e&x;pts�w\ptuv¤

E2 ®

RH0
y�o�©ved}ry¡��e&��¬7e&sd{vw�o�e

C0 ⊆ C∗ ⊆ C0
P

®
RHn ⇒ RHn+1

��e�p
e
¬7e pr`be�e&©vedx;p$pr`�{�p�y�o%{;�b�\e&�¥p�u

Cn
y�x�uv}	�\ed}�p�uCuv¬bpr{�y�x

Cn+1 = Cn ⊕ e
®

Ç�y�}	oqp5ª;y¡¤
e ∈ Cn

P

pr`bedx
e ∈ C∗ ⊆ C

®�²³x��bede&�¯ª;p�`byzo�sduvwb�z�#¬7e {;�b�\e&�¥{voR{�}�e5s�wb}r}�e&x�s�e�`nmJ�7uvp�`be5oQyzo0L
µ�`be&xM{vx�e&©vedxJp�yzot{v�b�\e5�(p�u

Cn
P

ªby¡pty�o%p�`be�or{�c#e�ed©ve&x;p�p�`�{�pt`�{vo%¬7e&edxM{;�b�\e&��p�u
Cn
®

²³x�p�`N{�p�sd{;oQe;ª
e
�\une5o%xbu�ptxbede5�(p�u�¬7e�{;�b�\e&��p�u

Cn
P

L

Cn+1
P

= Cn
P

hMuv}redu�©ved}0L
e ∈ C∗ ⊆ C ⊆ CH

_%`nw�oRpr`be��7u;o�y pry¡u;x¥u�¤
e
y�x
Cn

{�xN��y�x
Cn
P

yzo�xbe&sde&oro�{v}�y���m�pr`be�o�{vcCe�{vo�y�x
C
L3|3}ruv�7e&}Qpqm��b® ��edx�o�wb}re&o

Cn+1 ⊆ Cn+1
P

f ��o�evª
e /∈ Cn

P

ªnpr`bedx�}re&s�w�}�}redx�sde�yzo$�7ed}�¤Æuv}rc#e&�¥¬nm({�s&{vo�e�{vx�{���m\oQyzo�uvx(p�`be�£ny�x��(uv¤¯pr`be�ed©ve&x;p
e
®

� e = ei 6= rcv
ª\pr`bedx�|3}ruv�7e&}Qpqm��n® 9�e&x�oQwb}re&o$pr`�{�p

Cn+1
P

= Cn
P
⊕ ei

{�x��
Cn+1 ⊆ Cn+1

P

®
��u�p�e(pr`�{�pCp�`byzoCcCe5{�x�o�p�`N{�p&ªIy¡¤ {¢}�e5°Jwbe&oQp�yzoCoQe&}�©ve5�Ëª9p�`be&xGp�`�e�sduv}r}�e5oQ�7uvx��\y�xb�¦}re&s�e&�\p�y�uvx
e&©vedx;pt`�{;o�{���}�e5{v�\m�u\s&s�wb}r}re&� L

e = srv(M)⇒ rcv(M) ∈ Cn ⊆ Cn
P

� e = ei = rcv(M)
ªÂµ�e#c�wNoqp���}roQp�edx�o�wb}re�pr`�{�p

e
u\sdsdwb}ro�y�xBp�`be¥o�e&s�u;x��¢e�À\e5s�w\pry¡u;xÑ{�xN�¢yzo

c#y�xby¡c�{v�?ª\pr`by�o�µ�y����\~qw�oqpry ¤Æm(pr`be��\e���x�y pry¡u;x
Cn+1
P

= Cn
P
⊕ e

®

� e
u\s&s�wb}	o$y¡x

E2 ª\pqµ�u�sd{;oQe5o%{v}�e��7uJo�o�y�¬b�¡e L
� f y pr`bed}

send(M)
`�{;o%u\sdsdwb}r}�e5�¥y�x�pr`be�o�e&s�u;x��(edÀ\e&s�wbp�y�uvx"L

∃m, Cm+1
P

= Cm
P ⊕ send(M)

� g }
send(M) ∈ C0

P

ª
send(M) ∈ Cn

ª¯{�xN��p�`nw�o
send(M) ∈ C∗

ªË¬Jm�`nmn�7u�p�`�e&oQyzo&ª
rcv(M) /∈ C∗ ⊆ Cn

{�x��¬Jm�\e���xby¡pry¡u;xÐu�¤
L
ª
M ∈ L

L�p�`be(c#e&oro�{v�ve#`N{vo�¬Ne&edx
�¡u;�v�ve5��{�x��(pr`Jw�o�yzo�}�ed����{«mve&�(y�x�p�`be�o�e&s�u;x���e�À\e&sdw\p�y�uvx¯®

��� i����



�Â¹��\¶ ¼���·�¶¡¿�»�¹��7¸	¿���·�»	�	
�� �v�

� e
yzo3c#y�xby¡c�{v�by�x

E2\Cn
P

L
e /∈ Cn

P

y�cC���¡y�e&o
e 6∈ C∗

ª;{vx��C{;o
e ∈ CH

ª;µ�e�`�{«©ve
P(e) ∈ Cn

P

ª
{vx��(p�`nw�o

e
y�o�c#y¡xby�c�{��U®

|3}ruv�7e&}Qpqm��n® ��e&x�o�wb}�e5o L
Cn+1
P

= Cn
P ⊕ e ⊆ Cn ⊕ e = Cn+1

Ç�y�x�{����¡m;ª
CN = CH ⊆ CN

P_%`nw�o
CH

y�o�{Gsduvx�o�y�oQp�e&x;p�s�wbp�uv¤
CN
P

{�xN�Òpr`bed}re�¤Æu;}�e;ª
CH

yzo�{Ys�u;x�o�y�oQp�e&x;p�s�w\p�u�¤�pr`beBo�e&sduvx��
edÀne5s�w\pry¡u;x

(E2,≺2)
®

_Âu#¬7e��b}re&s�yzo�evª\µ�e�`N{5©ve�c#uv}redu�©ved}=L

CH = CN
P

{vx��´ed©ve&}�mÒ��uv�v�;e&� cCe5o�or{��;e¦`�{vo(¬7e&edx }re&sdedy�©ve&� ¬7e5sd{vw�oQe
M ∈ L

y�cC���¡y�e&o
rcv(M) ∈ CH

¬nm
�\ed��xby¡p�y�uvxMu�¤

CH
®

2_%`by�oI�b}runuv¤={��zoQu�©ved}ry �Ne&oI{�x#y�c#�7uv}�pr{vx;pRsduv}r}�e5s¨p�x�e&o�o9�b}ruv�7e&}Qpqm%L¯p�`betc#e5o�or{��;e�s�uv}r}re&o��7uvx��\y¡x�� p�u
{��b}ruvc#yzoQe5�¥}�e5s�ed�bp�y�uvx�s&{�xbxbuvp%¬7e�o�ed}r©ve&�Ë®�²³x�¤K{vs�p&ª\y¡p%yzo%o�w��¥s�y�edxJp$pruC�vw�{v}r{vx;predetpr`�{�pt{��b}ruvc#yzoQe5�
}re&s�e&�\p�y�uvx�µ�y��¡�Â{v�¡µ${«m\o$¬7e��N�¡��e&� L

²Å¤
P(e) ∈ C

P

{�x��
C
P

yzot{
P
Ä³s�w\ptu�¤�pr`be�e�À\e&sdw\p�y�uvx

(E,≺)
p�`be&x

e ∈ E
®

²³x��\e&e&�My¡¤�pr`by�otyzo�p�`be�sd{;oQe;ª\p�`be&x�µ�e�`N{5©ve
(e = rcv(M), e′ = serve(M)) ∈ Σ

{vx���xbe5s�e&oro�{v}�y���m
eu\s&s�wb}	o$¬7e�¤Æu;}�e

e′
¬7e&sd{vw�o�e�uv¤�p�`be�c#y�xby¡c�{v�¯}�e&°Jwby�}redc#edxJp&®

� � �t�d����+d��� �¢�$��� ���t� �! #"���"0����� �I�9+ ��� ���(.-����+�'�� �����

_%`byzo��N{�}�p�`by��v`��¡y��v`Jpro�pr`be¥�b}�u;�7ed}�p�y�e&o�u�¤�§�k\|0{vx��|3}�uJ§%s�p�y�©ve¥{�w\pr`buv}ry 8dy�xb��p�u��7e&}Q¤Æu;}�c p�`�e�`nm;Ä
�7uvp�`be&o�yzo$p�`�{�p�{�}re��\uvx�e�y¡x�p�`�y�o�µ�u;}�£=®

% �`-j/ J 	 &Æ�\�0/ -MR %ÈÔ �5�5��R Ô � Ç�y¡}	oQp�u�¤�{����Uª�§ k\|�{vx�� |3}ru;§�s¨p�y�©veB{vw\p�`bu;}�y 8de�pruYc�{�xby��bwb�z{�preB{
c#e&oror{��ve�pr`�{�p�`�{;o�¬7ede&xÑ}�e5s�edy�©ve&�¢¬bw\p�xbu�p�o�ed}r©ve&�¦¬7e5sd{�wNoQe#o�w�s	`Bc#e&oro�{v�ve�`�{;o�xbuMe �=e&s¨p�uvx¢pr`be
{v�b�b��y�s&{�p�y�©ve�oqp	{�pre�u�¤�pr`be�{vs¨pry¡©ny¡pqmv®

d Ø -7� Ô -=� Ø[@ C � Ø �4/Æ� Ô Ù �(Ô � Ô)J �=/ Ø -�� kne&s�u;x��\��mvªR§�k\|�e�À\e5s�w\pry¡u;xYy�oCuvxb��mÐs	`�{�}	{vs�p�ed}ry 8de&�¬nm
pr`be(u;}r�bed}�u�¤t}�e5°Jwbe&oQp�o�edx��\e&}ro&®¦²ÅpCy�o�pr`bedxÏo�w��¥s�y�edx;p�p�uBo�e�p�p�`�{�p

P(e)
yzo�p�`�e(yz�\edxJp�y¡��ed}Cu�¤�pr`be

o�edx��\e&}�u�¤
e
� �!�Å®

_%`by�o%�b}ruv�7e&}Qpqm�y�o�{Csduvx�o�e&°JwbedxNs�e uv¤Âpr`be�Ç�²qÇ�guv}	�\ed}ry�xb��u�¤�c#e&oro�{v�ve y�xM§ k\| {�x���|3}ru;§�s¨p�y�©vev®
²³x�{�xJm�sd{vo�evªbÇ�²qÇ�g0u;}r�\e&}�y�xb�Cc�w�oqpt¬7e�c�{�y�x;p	{�y�xbe&��¬nm¥p�`be��b}ru�pru\s�u;�?®

ijilk�m`npo�qsr



�v� �C¿�¶�������¿ ��»¨½K·��I¹�»�·
	�¿d¶

d Ø -Â�&�d����/ - Ô Ù J &Æ��� Ô � Ô -7� ØA@ d B Ô � � JIØ / -7�&� � oQy�xb�M�v{«©�{¥y�cC���¡y�e&o p�`�{�p pr`b}re&{v��o {v}�e�x�uvxBoQedÄ
}ry�{v�¡y 8&{v¬b��eC{�x��Ñsd{�x�xbu�p�¬7e#y�x;pred}r}�wb�\pre&�Ñ{�p�{�xnmMpry¡c#ev®�_%`by�o�yzo�p�`be#}re&{;oQu;x¦µ�`nm¦�b}ru�p�ubs�uv�9s&{�xbx�u�p
{v�¡µ${«m\o%}�e5s�u�©ved}$pr`be�{v�b�b��y�s&{�p�y�u;x�¤Æ}�u;c�{#sduvx�o�yzoqpredx;p�oQpr{�p�ev®%f�u;x�oQyzoQp�edxJptedxbu;wb�v`MoQpr{�p�e5o%`N{5©ve�¬7ededx
y�x;pr}�u\�bw�s�e&��p�u¥sd{v}r{;s¨p�e&}�y 8de�}�e5s�u�©ved}rm��¡y�xbe&otsd}�e5{�pre&��¬Jm¥pr`be���}�uvp�u\sduv�U®IhMuv}redu�©ved}&ªny¡p�s&{�x�¬7e�wNoQe�¤Æw��
pru�oqp	{�}�p%¤Æ}�u;c�{Cxbu;xMs�uvxNoQyzoqpredxJptoQpr{�pre�¤Æuv}�uvp�`be&}�}�e5{vo�uvx�o�ÌÆev® �N®3o�c�{����¡e&}%y�x;p�e&}�xN{��¯oQpr{�p�evª�®�®¡® Î¨®

> � /Æ�&� Ô -Â� ÔYØ[@ � d Ø -Â�=/Æ�&� Ô -=� ��Ô)I 	 Ô �&� ��Ô � Ô)J �=/ Ø - K?/Æ�&� Ø � Õ ²Åp�y�o�xbuvp�xbe5s�e5o�or{�}rmMp�u�oQp�u;�
{vx��¦o�ed}ryz{���yh8&e�{¥p�`b}re&{;�Mpru�oqpruv}re�ÌÆ��{v}Qp�uv¤rÎtp�`be#oQpr{�pre�u�¤�{¥�7e&x��\y�xb��}re&°Jwbe5oqp�°;w�edwbev®�²³xN�\ede&�¯ª7pr`be
�7edxN�\y¡x��C}�e5°;w�e&oQp%°Jwbedwbe�yzo$xbu�p��by¡}re&s�p���m�c#{vxby��bwb�z{�p�e5�(¬Jm#pr`be�{v�b�b��y�s&{�pry¡u;x¯ªJp�`JwNo$c�{�x�y¡�bw���{�p�y�uvx(uv¤
pr`be�}�e5°Jwbe&oQp%°Jwbedwbe�sd{vx(¬7e y�x;pred}r}�w��\p�e5�Ë®Rf�uvxNoQe5°;w�edx;pr�¡m;ª;pr`be�`byzoQp�uv}rm�s���u;o�wb}re&oRu;x�{vs¨pry�©Jy¡p�y�e&o$c�{�£ve
{#sduvx�o�y�oQp�e&x;ptsdw\ptu�¤�pr`be�e�À\e&sdw\p�y�uvx¯®

��Ô J &S/ Ô � § o�oQ`�u«µ�xMy�x � �!�UªN}red�b��m�c#e&oro�{v�ve&o�s&{�x�u\sdsdwb}�{�p {�xnm(p�y�c#evª�pr`Jw�o {v�b�by¡xb��p�`�edc�p�u�pr`be
�b}ru�pru\s�u;�9�\u\e&o�x�u�p�}	{�yzoQe#{vxJm�p�e5sr`�xby�s&{��I�by �¥s�wb�¡pqm¢e�Àbsded�\p�pr`�{�p�y¡xbÄ?pr}r{vx�oQy¡p�}red���¡m¦c#e&oror{��ve5o c�w�oQp
¬7e��¡u;�v�;e&�Ë®

hMuv}redu�©ved}&ªËpr`be¥�b}�uvp�u\sduv�3c�w�oQp��;w�{�}	{�xJp�edeCp�`�{�p�µ�`�y¡��e#pr`be�}re&°Jwbe5oqp�}�e5s�e&�\p�y�uvx`by�oQp�u;}�m¢yzo�xbu�p
sd�¡uJoQe5�ËªNpr`be�}red�b��mMc#e&oro�{v�ve&o�c�w�oqp�`�{«©ve�pr`beCor{�c#eCs�uvxJp�edxJp#ÌK¬bw\p�pr`bedm¦sd{vx¦u\s&s�wb} y�xB{�xnmMuv}	�\ed}¨Î¨®
_%`byzo�s�u;x��\y¡p�y�uvx�yzo�{��\y�}�e5s¨p9s�u;x�oQe5°Jwbedx�sdeIuv¤\p�`�e$_%`bedu;}�e&cÈ�n® 7 ¬7e&sd{vw�o�eIy¡p�e&x�o�wb}�e5o¯p�`�{�p�p�`be$y¡xJp�ed}rx�{v�
oQpr{�p�eIuv¤b{vs�p�y�©Jy¡p�y�e&oÂµ�y¡���;¬7eIp�`be�or{�c#eIy�x�pr`beI��}	oqp�{vx���o�e&sduvx���e�À\e&sdw\p�y�uvx¥ÌKwbx;pry¡�;pr`beR`byzoqpruv}rm�s���u;o�wb}�e«Î¨®

d�� 	��&� & & Õ 3 ��Ù Ô � Ô Ù %�Ô �5�5��R Ô � ²³x¦|3}�uJ§%s�p�y�©vevªN{#}�e&x��\e 8dÄU©vu;w�o%�b`�{;oQe�c�{�£ve�s�u;c#c�wbxbyzsd{�pry¡u;x�o
o�mnx�sr`�}�u;xbuvw�o&®"N�u«µ$ed©ved}5ª5}�e5°Jwbe&oQp�oQe&x��\y�xb��{�}reR{vo�mJxNsr`b}ruvx�uvw�oË{;oËp�`�edm�`N{5©veR{t�bed�z{5mve5��s�uvxNoQe5°;w�edx�s�e
u;x(pr`be�y�x;p�e&}�xN{��¯oQpr{�p�e�uv¤�p�`be�{;s¨p�y�©ny¡p³m;®9²³x�� 7 �$�Åªbo�w�s	`�e�À\e5s�w\pry¡u;x�o�{�}re�sd{v�¡��e&�¸	¹T�=1d¹�¶Æ¶ 3�·�»�¾;¿�»�¿	¾�®

§�o o�`bu�µ�x�y�x#� 7 �$�Åª=sd{�w�or{�����m�uv}	�\ed}re&��edÀ\e&s�wbp�y�uvx¦{v}�e���{v}Qpry�sdwb�z{�} sd{vo�e&otuv¤I{;oQmnx�s	`b}�u;xbuvw�o�u;xbe&o&®
_%`be%s�u;}�}re&s�p�xbe5o�oÂu�¤bpr`be$�b}ru�p�ubs�uv�;yzo�oQpry¡���n©�{v�¡yz��¤Æuv}9{ sd{vw�or{����¡m�uv}	�\ed}re&��s�u;c#c�wbxbyzsd{�pry¡u;x�p�y�cCy�xb�N®�²³x\Ä
�\e&e&�ËªvoQw�s	`�£ny¡x���u�¤Ns�uvc#c�wbxbyzsd{�p�y�uvx�o�y�cC���¡m�{v���\y pry¡u;x�{��J}red�z{�p�y�uvxNo¯¬7edp³µ$ededx�ed©vedxJpro�y�x�pr`be$s&{�w�or{���y pqm
}red�z{�pry¡u;x"L

send(M) ≺i e⇒ rcv(M) ≺ e
§ o�pr`be%��}roQp3e�À\e5s�w\p�y�u;x�©ve&}�y¡��e&o�p�`byzo3}red�z{�p�y�uvxC{vx���p�`beto�e&s�u;x���u;xbe%yzo3s�u;x�oqpr}r{vy¡x�e&��p�u�¬7e�e&°Jwby�©�{���edxJp
wbxJp�y��

CH
ªvpr`be�o�e&s�u;x��Ce�À\e&sdw\p�y�uvx�µ�y¡����¬7e�sd{�wNo�{v�¡��m�s�uv}r}�e5s¨p5®Â²³x#p�`�e�¤Æw\p�wb}revªJµ�etµ�uvwb�z�C��y�£ve%pru��b}ru�©ve

pr`�{�p�pr`beC�\e���xby¡p�y�u;x¦u�¤3p�`beCs�w\p
CH

yzo�xbe5s�e&oror{�}rm¥p�u(c�{�y�x;p	{�y�x¦s&{�w�or{�����m�uv}	�\ed}re&�Msduvc#c�wbxbyzsd{�p�y�uvx
pry¡c#y�xb��y¡x�p�`be�o�e&sduvx���e�À\e&sdw\p�y�uvx¯®

_%`by�oto�e&s¨pry¡u;x�~qw�oqpry �Ne&o%pr`be�µ${5m¥p�`be�edÀJpredx��be&�Ms�w\ptyzo%¬bw�y¡�¡p0LIc�{�xby��bwb�z{�pry¡x��Cp�`be�}re&°Jwbe5oqpt°Jwbedwbe
uv¤9{#s�uvx�o�yzoqpredx;ptedxbu;wb�v`Ms�w\p5®

��� i����



�Â¹��\¶ ¼���·�¶¡¿�»�¹��7¸	¿���·�»	�	
�� �;�

� ���������t���$��'

� 7 ��ÁI®&§��¡©nyzoQy;{�xN���#®&h¦{�} 8dwb���¡uN®�h�e&oro�{v�ve9�¡u;�v�;y¡xb�AL=|�e&o�o�y�c#y�oQp�yzs�ª5u;�\p�y�c#yzoqpry�svª«sd{vw�o�{v�?ª5{�xN��uv�bp�y�c#{v�?®

=· �	¼ �R¹�»�¿ ���=:�½2�=¿r¿d»¨½2�4:vª7���NÌU�vÎsL 7 � F�� 7 ��Fbª 7 FGF 9b®

� �$��Á¯u;}�e&x�8du�§t��©Jyzo�y?ª f ® ��® f �¡xbu 8&{v`Jmvª¯kn}ry�}r{vc �t{vu�ªËk\mve&�¢§�cCy�} N�w�or{�y�x¯ªË{vx��¢§�or{�xb£�{ � e�hMed�U®
§tx�{�xN{���mno�yzoIu�¤Âs�u;cCc�w�xby�s&{�pry¡u;x�y�x��\w�sde&�(sr`�e&s	£J�7u;y¡xJp�y�xb��®Ë²³xD
 3
	 º\·�1	½2� 	�·�� �Â¹��\¶ ¼B70��·�¶¡¿d»�¹T��¼
�I·
	 ºA�\¼U½2�4:vªb��{v�ve&ot���n���\��� Fbª 7 FGF Fb®

� ����k\{�}	{,)$u;w�sr`�edx�{�£=®�|Iy�s	£n�¡y�xb��p�`�}�e5{v�bo3oQpr{�p�e�y¡xCpr`be9~Q{«©�{�o�mnoQp�e&cM®�²³x ��2J½Í»�¾ ���\»�·	º\¿	¹T����¿.1d¿r¹�»�¸A2

=¿�	C½2�7¹�»�·��O��¾ �«¹��7¸r¿.1�½2����½@1¨¼?»¨½ �s�\¼³¿r¾ 
�3$1	¼³¿�	G1 � ���	
���� 
	� 
�
 ��ª 7 FGFGF�®

� �&��§�®�)�u;w\p�e&y¡����ed}5ª7Ç$®Âf${��b�7ed����u�ª=_�®%Nte&}r{vwb�¡p&ª�C® ��}	{5µ�e08dy�£=ªN|�®ËÁ¯e&c�{�}ry¡xby�ed}5ª7{�xN�¦Ç$®Ëh�{v�vxby�e�p�p�ev®
§È¤K{�wb�¡p p�u;�¡e&}r{vx;p c#�by�¤Æuv}�©vuv�z{�p�y���e�xbub�\e&o�¬�{;oQe5��uvx�p�`be��7e5o�o�y�cCyzoQp�yzs�oQe&x��\e&} ¬�{vo�e&��c#e&oro�{v�ve
��uv�v�;y¡x���®�²³xD� �����=5 � � � 5p�N¼Å¿d»p�7¹�¼?½K·��7¹�¶ �3·��0��¿d»�¿s�=¸r¿#·T�D
[�«º\¿d»�¸r· 	�º[�\¼?½2�=:�ªN�v�v�v��®

� �$� ��® )$}ry�{�p�yzs�u�ªn§�®�f�y�w �7u;��e�pQpry?ªb{vx���ÁI®bkny�c#uvx�s�y�xbyU®�§V�by�oQp�}ry¡¬�w\p�e5���\uvc#y�xbu�ÄÅe �=e&s¨p$¤Æ}�e&e }re&sdu«©ve&}�m
{����vu;}�y¡p�`�c�®�²³x�5 � � �V5s��¼³¿d»p�7¹�¼U½K·T�=¹�¶%
�3
	�ºb·$1¨½2� 	 ·T����¿d¶ ½K¹ �¨½Í¶ ½Æ¼B3 � ��½@1	¼U»¨½ �s�\¼Å¿	¾ 
=· �	¼ �R¹�»�¿��$¹T�=¾
�C¹�¼Å¹ ��¹�1d¿A1¨ª���{��;e&o��v�J���\� 7 �nª 7 F 9���®

� ��� ��®Rf${�}ruvc#ed�Uª��0®����z{�w�o�ed}5ª3{�xN�Ï�b®��I{5m\oroQy�ed}rev®_�u«µ%{�}	�bo�o�e&{vc#�¡e5o�oCs�uvc#�bw\pry�xb�Ñ{�xN�GcCedpr{�Ä
s�u;cC��w\p�y�xb��y¡x(~Q{«©�{b®�²³x���edu �7}redmBf ®ËÇbu«ÀËª=e5�\y pruv}5ª �I·��7¸ �\»¨»�¿s�=¸.3 �%»Q¹;¸�¼U½K¸r¿�¹��7¾ � �dº\¿d»¨½K¿s�=¸r¿dª
©vuv��wbc#e 7 ��ªn�N{��ve5o 7 �v�;��� 7 �v� 7 ® �´y��¡e&m

&
knuvx�o&ªbÁ¯pr�Ë®�ª �tu�©vedc�¬7e&} 7 FGF 9b®

� �!� � edxbyzo3f${�}ruvc#ed�Uª«Á¯wN�\u«©nyzs�Nte&xb}�y�u�ª�{vx�� )$ed}rx�{v}r��kned}r�7e�p�p�e;®J§�o�mnx�s	`b}�u;xbuvw�o�{�x����be�p�e&}�c#y�xbyzoqpry�s
uv¬\~qe&s�pro&®G²³x �$»�·&¸	¿r¿	¾�½2�=:�1¢· ��¼K2\¿�����1¨¼	� ��� 
 3
	 º\·�1	½2� 	 ·T���$»¨½2�7¸d½ ºN¶¡¿.1¦· � �%»�·<:�»�¹ 	 	C½2�4:

 ¹��4:G��¹_:J¿A1¨®N§tf%h |3}re&orodª��v�v�v��®

� 9���_�® � eded�N{�£¦f�`�{�xN�\}r{¥{�x��¢k=®7_�uvw�ed��® �txb}red��yz{�¬b��e�¤K{�y���wb}�e��\e�pre&s¨pruv}	o�¤Æuv} }�e&�¡yz{�¬��¡e��\yzoqpr}�y�¬bw\pre&�
o�mnoQp�e&c�od®��b·T�\»p�=¹�¶�· ��¼K2\¿	� ����ªb�J��Ì?�;ÎpL �v�;���n���J�nª 7 FGFv��®

� F����#®Âh®�f�`�{vx��\m¢{�x��ÑÁI®¯Á�{�c#�7uv}�p&®"��yzoQp�}ry¡¬bwbp�e&�oQx�{v��o�`bu�p	o L � e�pred}rc#y¡xby�xb�M�;�¡u;¬�{��3oqp	{�pre&o�uv¤
�\yzoqpr}�y�¬bw\pre&�MoQm\oQp�e&c#o&®9²³x_� ��� �\»�¹�� 1d¹v¸d¼?½K·�� 1�·T� �3· 	�º[�\¼Å¿d» 
�3$1	¼³¿ 	 1¨ª\��{v�ve5o%�v���b���\ª 7 F 9;�\®

� 7 �&�/)�®9f�`�{v}�}ruvxbÄ )$uvoQp&ª�Ç$®9h�{�p�p�ed}rx¯ª9{vx����C®�_�ed�U®¦knmnx�s	`b}ruvxbu;w�odª�{;oQmnx�s	`b}ruvxbu;w�odª�{�x��Ðs&{�w�or{����¡m
uv}	�\ed}re&��s�u;c#c�wbxbyzsd{�pry¡u;x�o&ª 7 FGFJ�\®

� 7G7 �/)$ed}rx�{v�\edpQpre�f�`�{v}�}ruvx\ÄE)�u;oQp&ª7f${�}ruv��e�� ed���7uv}�p�edÄ���{v�¡��e�p5ªN{�xN�ON�wb�vw�e&o�ÇN{�w�s�u;xbxby�ed}5®%Á¯u\s&{��Â{vx��
p�e&c#�Nu;}r{v�Ë��}�e5�\y�s&{�pre&o%y�x¦�\y�oQp�}ry�¬bw\p�e5��oQm\oQp�edc�o&®R²³x�§�f%h |I}�e5o�o&ªbe&�by pruv}5ª[� ��� �\»�¹T� 1d¹;¸�¼U½K·T� 1
·T�O�%»�·<:�»�¹ 	 	C½2�4: 
 ¹��4:G��¹_:J¿.1�¹T�7¾ 
�3$1	¼³¿�	G1¨ª\��{v�ve5o 7 �J� � 7 �TFb®

� 7 ����f�`b}ry�oQp�yz{�x � ed��¬�v® f${vw�or{���u;}r�bed}ry¡xb�Gu�¤�{vo�mJxNsr`b}ruvx�uvw�o�}re&°Jwbe5oqp�o�ed}r©Jyzs�e5od®È²³x �C¿³ºb¿s�=¾v¹ ��¶¡¿

 3$1¨¼³¿ 	 1�¹T�=¾"!�¿�¼ �R·�»��!1 7a
N¼ ��¾v¿ ��¼ �Â·�»p� 	CªN���v�v��®

� 7 �&� f ��c#unu�p	{�8d¬7e&�¡�z{�`�� {�¬by�� f ��xbuG85{�`Jm;ª���{5©nyz��)�®b�vuv`�x�oQu;x¯ªn{vx�� �´y��¡��m$#7µ${vedxb�7u\ed�U®�_%`be�|�e&}Q¤Æu;}QÄ
c�{�x�sde#uv¤�f�uvx�o�y�oQp�e&x;pCf�`be5sr£n�7u;y¡xJp�y�xb��®¥²³x �$»�·&¸r¿	¿r¾�½2�=:�1�· ��¼B2n¿$����¼B2�5 � � � 
�3
	�ºb·$1¨½2� 	 ·T�
��¿d¶ ½K¹ ��¶¡¿ ��½@1¨¼U»¨½ �p�\¼³¿r¾ 
 3$1¨¼Å¿�	 1	ª`Ntu;w�oqpruvx¯ªb_�edÀ\{;odª 7 F F;�\®

ijilk�m`npo�qsr



�;� �C¿�¶�������¿ ��»¨½K·��I¹�»�·
	�¿d¶

� 7 � ��h® f ��xbu 8&{�`nmvª7ÁR®7§t��©ny�o�yUª���® h® �{�xb��ª7{vx�� ��® ) ®Ë��u;`bx�o�uvx¯®�§ oQwb}r©vedm�uv¤3}�u;���¡¬�{;sr£JÄÅ}�e&s�u«©ved}�m
�b}ru�pru\s�uv�zo�y�xÏc#e5o�or{��;e���{voroQy�xb�oQm\oQp�e&c#o&®Ò_�e&s	`bxbyzsd{��t��ed�7u;}Qp�f%h ��ÄQf%kJÄ�Fv��Ä 7 9 7 ª�k\sr`�unuv�%uv¤
f�uvc#�bw\pred} k\s�y�edx�sdevª7f${�}rxbed�;y¡e�hMe&�¡��uvx ��xby�©ved}	oQy¡p³m;ªb|3y¡pQp	oQ¬�wb}��;`¯ª�|=§�ª � kb§�ª�u\s¨p 7 FGF;�b®

� 7 ����_�uvc#u«m;{ f xbuv£nyz�\u�ª(N�y¡}ru;{v£Jy�Nty��;{v£JyUª3{vx��Yh�{v£vu�pru¢_�{�£nyh85{5µ%{b®Bkny��vx�y �Ns&{�x;pCc#e&oro�{v�ve¥�b}re&sde�Ä
�\edxNs�e�y¡xMuv¬\~qe&s�pQÄÅ¬�{vo�e&��oQm\oQp�edc�o&®9²³x�5 �M�%� ��
7ª\��{v�ve&ot��9v���\��F 7 ª 7 FGFG9�®

� 7 �&���b® h® N�d�z{�}rm;ª$§�®$hMuJoqpre�¤K{vuvwbyUª$��® N�® )�® �tedp 8de&}&ª�{�x��´h®��t{«mnx�{��U® f�u;c#c�wbxbyzsd{�pry¡u;x\ÄÅ¬�{vo�e&�
�b}red©vedxJp�y�uvx�u�¤bwNoQe&�¡e5o�o�s	`be&s	£n�7uvy�x;p	oÂy¡x��\yzoQp�}ry¡¬bwbp�e&��s�u;c#�bw\pr{�p�y�uvx�o&®v²³x$���«¼B2\5 � � � 
 3
	 º\·�1	½2� 	
·T�$��¿d¶ ½K¹ �¨¶¡¿ ��½@1¨¼?»¨½ �s�\¼³¿r¾ 
�3$1	¼³¿�	G1¨ª\��{v�ve5o 7 9;��� 7 Fv�bª 7 FGFn�n®

� 7 �$���b® h®�N�d�z{�}rm;ª�§jhMuJoqpre�¤K{�u;wbyUª�{�xN�Òh®R�t{«mnx�{��U®´f�u;cCc�w�xby�s&{�pry¡u;x\ÄUy�x��\w�sde&�Ò�\e�pred}rcCy�x�{�p�y�uvx
u�¤�s�uvxNoQyzoqpredxJpo�x�{���o�`buvpro&® 5 � � � �\»�¹T� 1�¹;¸�¼U½K·T� 1 ·T� ��¹�»Q¹�¶Í¶¡¿d¶(¹T�7¾ ��½@1¨¼?»�½ �s�\¼³¿r¾ 
 3$1¨¼Å¿�	 1¨ª
7 �NÌ FJÎpL 9v�;���)9J�v�Jª 7 F FGFb®

� 7 9&��hMyzsr£ �vuv}	�b{vx {�x�� h�{��zs�u;�¡c §�pr£ny¡x�o�uvxÂ®0g }�p�`bu;�vuvxN{��%�7e&}ro�yzoqpredx�sde�¤Æu;}�~Q{«©�{ÑÄC{c#yz�nÄUp�ed}rc
}red�7uv}�p&®�²³x_� ¾ ��¹T�7¸	¿.1�½2�?�t¿�»+1¨½@1¨¼Å¿ ��¼�����d¿	¸�¼�
 3$1¨¼³¿ 	 1

�
�$»�·&¸	¿r¿	¾�½2�=:�1#· � ��� 
�7���¹T�=¾ �����	��� 7

��ª���{��;e&o%�;�;���n�;���\®bhMuv}r�;{vx���{vw\¤Æc#{vxbx¯ª 7 FGF 9b®
� 7 F&��ÁI®$ÁÂ{�c#�7u;}Qp5®V_%y¡c#e;ªts���u\sr£\o&ª%{vx��Òp�`be¢uv}	�\ed}ry�xb�u�¤�ed©ve&x;p	o¥y¡x {Ð�\yzoQp�}ry¡¬bwbp�e&� oQm\oQp�e&c�®V²³x

�I·
	 	��X�N½K¸r¹�¼?½K·�� 1�· ��¼K2\¿	� ����ªb©vuv��wbc#e�� 7 ªn�N{��ve5o��;��9��b���v�\ªb��wb��m 7 FJ��9b®
� ���&��Ntu;xb� �R{�ÁÂedu;xb��{�x�� � y¡©nm;{�£�{�xJpR§t�;}r{«µ${v�?® ��o�y�xb��c#e5o�or{��;e�o�edc�{�xJp�yzsdo3p�u�}re&�\w�sde�}ruv����¬�{vs	£�y¡x

uv�\pry�cCyzoQp�yzs9c#e&oror{��ve9��uv�;�vy�xb�$}re&sdu«©ve&}�m�o�s	`bedc#e5od®�²³x 5s��¼³¿�»p�=¹�¼U½K·T�7¹�¶ �I·T�0��¿d»�¿ �7¸r¿t·�� ��½@1¨¼?»¨½ �s�\¼³¿r¾
�I·
	 ºA�\¼U½2�4: 
 3$1¨¼³¿ 	 1¨ª\��{v�ve&ot�v�J� �\������ª 7 FGF��N®

� � 7 ����®�h�{�x�y¡©�{�xbx�{vxÈ{�x�� h®�kny�xb�v`�{v�?® § ��u�µ%ÄUu�©ved}r`be&{v�V}re&sdu«©ve&}�m p�e5sr`bx�y�°JwbeÏw�o�y¡x�� °Jw�{vo�y Ä
o�mJxNsr`b}ruvxbu;w�o%sr`be5sr£n�7u;y¡xJp�y�xb��®9²³x_�$»�·&¸	¿r¿	¾�½2�=:�1C· ��¼B2n¿ �
�«¼B2 5
��� � 
Nªb��{v�ve&o 7 �v��� 7 �J�nª 7 F Fv��®

� �v������®�h¦{�xby�©�{vxbx�{�x�{�xN��h®Nkny�xb�v`�{v�?®�� w�{;oQy¡ÄÅo�mnx�s	`b}�uvxbuvw�o$s	`be&s	£n�7uvy�x;p�y�xb�ALIhMu\�\e&��o&ªbsr`�{v}r{;s¨pred}�Ä
y 8&{�pry¡u;x¯ª�{vx��Ms��z{voroQy¡�Ns&{�p�y�u;x¯®I²³x?5 � � �l�\»�¹T� 1�¹;¸�¼U½K·T� 1�·��?��¹�»�¹�¶Í¶¡¿d¶3¹T�=¾ ��½@1¨¼?»¨½ �s�\¼Å¿	¾ 
 3$1¨¼Å¿�	 1¨ª
©vuv��wbc#e 7 ��ªn�N{��ve5ot���;����� 7 �bª 7 FGF Fb®

� ���&��Çb}ry�e&�\e&c#{vxbx(h�{�p�p�ed}rx¯® ��y�}�p�w�{v�bp�y�c#e {�x��#�;�¡u;¬�{���oQpr{�p�e5o3uv¤¯�\yzoqpr}�y�¬bw\pre&�¥oQm\oQp�edc�o&®7²³x(hÐ®nf�uJoqÄ
x�{�}	��e�p5®«{��U®¡ª�e&�\y¡p�u;}&ªG�t¹�»�¹�¶Æ¶¡¿�¶N¹��7¾���½@1¨¼U»¨½ �p�\¼³¿r¾*� ¶ :J·�»¨½Í¼B2 	 1

�
ºN»�·&¸	¿r¿	¾�½S�4:&1t· ��¼B2n¿05p��¼³¿d»p�7¹�¼U½K·T�=¹�¶

C·�»��!1+2n·¨º�·�����¹�»�¹�¶Í¶¡¿d¶ � �7¾ ��½@1¨¼?»¨½ �s�\¼³¿r¾*� ¶ :J·�»¨½Í¼B2 	 1¨ª���{v�ve&o�� 7 ���\�v���b® f ��o�ed©ny�ed}9k\sdy¡e&x�s�e$|3wb¬bÄ
��y�o�`bed}	og) ® ��®�ª 7 FG9GF�®

� ��� ���b®Rk=®R|3�z{�xb£=ª%h® )$e&s	£=ª	�C® ��y�xb�JoQ��edm;ªR{�xN� �#®IÁ¯yU®ÒÁ¯y�¬=sr£n�\p=LM_�}	{�x�o���{v}�edxJp#sr`�e&s	£J�7u;y¡xJp�y�xb�
wbx��\e&} ��xby¡À=®3²³x�P1d¿ ��½ � �½ �N¼Å¿d».��¿r¸.2 �N½K¸r¹�¶ �I·T�0��¿d»�¿ �7¸	¿�ªN��{��ve5o�� 7 ���b�v���bªb�v{vxJw�{v}�m 7 FGF;�b®

� �v���/)%{���£n}�yzoQ`�x�{��t{vcC£nwbc�{v}%{�xN� �3uv��£ved}tkJp�}rwbc#�7edxÂ®9|�uv}�pr{�¬��¡e�sr`�e&s	£J�7u;y¡xJp�y�xb��¤Æuv}%`�e�p�e&}�u;�ve&xbuvw�o
{�}	sr`�y pre&s¨prwb}re&o&®�²³xD��¹T�\¶ ¼S70��·�¶¡¿d»�¹T�N¼(��¹�»�¹�¶Í¶¡¿d¶9¹T�=¾ ��½@1¨¼?»¨½ �s�\¼Å¿	¾ 
�3$1	¼³¿ 	 1¨ª\��{v�ve&o������)F;�\ª 7 FGF 9b®

� ���&���b® f ®3��wby 8�Ä ��{�}	s�yz{bªRh® g�®���y����¡y ~qyz{�x¯ª���® f ®9ÇN{�¬b}revªR{�xN�Ïk=®Rf�`�y¡¬�{�®Ïg �\p�y�c#y 8de&�Yuv¬\~qe&s�p�oqp	{�pre
sr`�e&s	£J�7u;y¡xJp�y�xb��w�o�y¡xb�¥s�u;c#�by¡��e�ÄUp�y�c#e�}re.-�e&s�p�y�uvx¯®R²³x C·�»��!1+2n·¨ºG·���� 	 ��¿	¾v¾v¿	¾ �Â¹��\¶ ¼B70��·�¶¡¿d»�¹T��¼

 3$1¨¼³¿ 	 1 � ���	�"
�� 
�� �«ªN��{v�ve5o$�;���J� 9bª 7 F FG9b®

��� i����



�Â¹��\¶ ¼���·�¶¡¿�»�¹��7¸	¿���·�»	�	
�� �J�

� �;�$����®���®3k\s	`b�¡yzs	`;p�y�xb�Ñ{�x��GÇ�®R)�®9k\sr`�xbedyz�\ed}5®¢Ç�{vy¡�¡ÄÅoQp�u;���}�u\sde&oroQu;}ro L�{vxG{����b}�uJ{vs	`Ñp�uB�\e&o�y¡�;x\Ä
y�xb�B¤K{vwb�¡pQÄUp�uv��ed}	{�xJp�s�u;c#�bw\p�y�xb�Ðo�mnoQp�e&c�od®Ò²³x � � �g�\»�¹T� 1d¹v¸d¼?½K·�� 1¦·�� �3· 	 ºA�\¼Å¿d» 
 3$1¨¼Å¿�	 1¨ª
©vuv��wbc#e 7 ªb��{��;e&o��;�v���\����9bª 7 F 9v�b®

� ��9&����® f ®\kJp�}ruvc {vx��¥kË®��Iedc#y�xbyU®�g �\pry¡c#yzoqpryzst}�e5s�u�©ved}rm�y�x(�\yzoqpr}�y�¬bw\pre&�¥o�m\oqpredc�od®Ë²³x.� ��� �\»�¹T� 1A7
¹v¸d¼U½Æ·�� 1�·T� �I·
	 ºA�\¼³¿d» 
 3$1¨¼Å¿�	 1	ªb©vuv��wbc#e��bª\�N{��ve5o����v���b�����bª 7 FG9J�\®

� ��F&� � y¡ÄqhMy¡x �Ñ{vxb��{�x�� �0® ��edxJptÇbwNsr`�o&®IÁÂ{�8&m¥s	`be5sr£n�7uvy�x;pry¡x��#sdunuv}	�\y�x�{�pry¡u;x�¤Æu;}�¬7uvwbx��by¡xb�#}ruv���¡Ä
¬�{vs	£¥�b}ruv�N{��;{�pry�uvx¯®�²³xZ
 3
	 º\·�1¨½ � 	j·��$��¿d¶ ½K¹ ��¶¡¿ ��½ 1¨¼U»¨½ �p�\¼³¿	¾ 
 3$1¨¼Å¿�	 1	ªb��{��;e&ot��9��X9;�\ª 7 FGFv��®

ijilk�m`npo�qsr



Unité de recherche INRIA Sophia Antipolis
2004, route des Lucioles - BP 93 - 06902 Sophia Antipolis Cedex (France)

Unité de recherche INRIA Futurs : Parc Club Orsay Université - ZAC des Vignes
4, rue Jacques Monod - 91893 ORSAY Cedex (France)

Unité de recherche INRIA Lorraine : LORIA, Technopôle de Nancy-Brabois - Campus scientifique
615, rue du Jardin Botanique - BP 101 - 54602 Villers-lès-Nancy Cedex (France)

Unité de recherche INRIA Rennes : IRISA, Campus universitaire de Beaulieu - 35042 Rennes Cedex (France)
Unité de recherche INRIA Rhône-Alpes : 655, avenue de l’Europe - 38334 Montbonnot Saint-Ismier (France)

Unité de recherche INRIA Rocquencourt : Domaine de Voluceau - Rocquencourt - BP 105 - 78153 Le Chesnay Cedex (France)

Éditeur
INRIA - Domaine de Voluceau - Rocquencourt, BP 105 - 78153 Le Chesnay Cedex (France)���������	�
�������� ������� ��� ���

ISSN 0249-6399


