
HAL Id: inria-00074117
https://inria.hal.science/inria-00074117

Submitted on 24 May 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.

Consistent Checkpointing in Message Passing
Distributed Systems

Roberto Baldoni, Jean-Michel Hélary, Achour Mostefaoui, Michel Raynal

To cite this version:
Roberto Baldoni, Jean-Michel Hélary, Achour Mostefaoui, Michel Raynal. Consistent Checkpointing
in Message Passing Distributed Systems. [Research Report] RR-2564, INRIA. 1995. �inria-00074117�

https://inria.hal.science/inria-00074117
https://hal.archives-ouvertes.fr


IS
S

N
 0

24
9-

63
99

appor t  


de  r ech er ch e 


INSTITUT NATIONAL DE RECHERCHE EN INFORMATIQUE ET EN AUTOMATIQUE

Consistent Checkpointing in Message Passing
Distributed Systems

Roberto Baldoni, Jean Michel Helary

Achour Mostefaoui , Michel Raynal

N˚ 2564
Juin 1995

PROGRAMME 1





���������	��

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

*��	+-,�

��.0/�1���

�#23�54

6�798
:<;>=	7@?�ACBED�79F!GIHJHLK'MN:CAOF'PQGER�S!:<BUTV:WBEAO;	X�HJH
YZR�S!7N[\;�PQ7^]_=	:L`aAO79[!G�H_H<K
PQGbRcS\:<BU6VA<XdF
AOB�HJH

e!fhgIiLfaj�kVk�l#monqprfashtCuwvxl	syvxzCfhlJ{�|9j�f}j�~w~b�lJ~wlJ{	�<�9jc{xlJ{��<l��<gL�C���lJl_{	�CfC�lJ{xl>j�z<��lJvr{x�<{xv	�lJk�lJ{���u�{hvxfhu��Oz��lJ{
e!fxg	�ylJvx{rp �<|

�rj�|C|NgIfhv��<l�fxl	shtClJf}shtCl����W�I�L����n��IzCuw��m	�L�I��nq�I��|9j�iLlJ{

�����_�>���9 ��L¡dp¢iI~wgL�9j�~dshtCl	sh£<|NgIuw�<v�g�¤Uj���u�{hvxfhu��OzCvxl	�¥s}gIkV|CzCvajcvxuwgI��uw{�j�j${hlJv�g�¤
~wgCsJj�~dshtCl	sh£<|NgIuw�<vx{
¦ ~�gCsJjc~!{xvajcvxlJ{}§J�!gL�Cl#|NlJf#|Cfhg�sylJ{x{>¨�©rlJvxlJfhk�uw�Cuw�Ci�s}gL�C{xuw{hvxlJ�<v#iL~�gL�9j�~!shtCl	sh£<|9gLu��<vh{ uw{#j��-uwk�|NgIfhvaj��<v
|CfhgI�C~wlJkQ¤ªgIfdkZj��<���<uw{xvhfxuw�CzCvhl	�#jc|C|C~wu«sJj�vhu�gL�C{ ¦ lL¨ iN¨^¤Ej�zC~wvE¬EvxgL~wlJfajc�9s}lI���<uw{xvhfxuw�CzCvhl	�#�<l_�CzCiIiLuw�Ci9�>|CfhgI|<¬
lJfhvxuwlJ{��<lJvxl>s}vxuwgI���ClJv}sJ§J¨�­�tCuw{�|9j�|NlJf�¤®gCs}zC{hlJ{�gL��{hz9sht¯�<lJvhlJfxkVu��Nj�vxuwgL�C{	¨�p'|Ofxl	s}l>�<lJ�9s}l�fhlJ~«j�vhu�gL��gL�
shtCl	sh£<|NgIuw�<v�uw�<vxlJfh°Ij�~w{ ¦ {hz9sht±uw�<vxlJfh°Ij�~w{�j�fhl�{xlJvh{�g�¤�lJ°Il_�Wvh{�|OfxgC�<z9s}l>���<�¯|OfxgCs}lJ{h{xlJ{V�9lJvE²�lJlJ�³vE²Ug
{hz9sJs}lJ{h{xuw°Il�~�gCsJjc~9shtCl	sh£<|9gLuw�Wvh{a§�uw{
uw�WvhfxgC�<z9syl	��jc�9��j��9jc~w�W´_l	�^¨!µEv
uw{
{htCg�²���vxt9jcvUj�~wgCsJj�~NsxtOl	sh£W|NgIuw�<v
uw{#zC{hlJ~wlJ{x{ ¦ uE¨ lL¨Zu�v$sJj��C�OgIv#|9jcfxvhu¶syu�|Nj�vxl�uw�±jc�W��s}gL�C{xuw{xvhlJ�<v�iL~wgI�9jc~UshtCl	sh£<|9gLu��<v}§#u¸·¹{hgIkVl�|9jcvxvhlJfx�
gCsJs}zOfx{�uw��vxtCuw{�|Cfxl>s}l	�<lJ�Ns}l#fxl_~¶jcvxuwgI��¨d­�tCl_��j���jL�Cj�|Ovxuw°Il�shtCl	sh£<|NgIuw�<vxuw�Ci�j�~wiIgLfxuwvxtCk¢uw{�uw�WvhfxgC�<z9syl	�^¨
­�tCuw{�j�~wiIgLfxuwvxtCk-�Wjc{x{hzCk�uw�Ci�|CfhgCs}lJ{x{hlJ{#v}j�£Il$~wgCsJj�~!sxtOl	sh£W|NgIuw�<vx{�uw�9�<l_|9lJ�N�<lJ�<vx~w�<�9fhl	ºLzCuwfxlJ{�vhtClJk»vxg
v}j�£Il ¦ jc{r¤®lJ²¼j�{�|NgI{h{xuw�C~wl	§�jI�C��u�vhuwgI�9jc~dsxtOl	sh£W|NgIuw�<vx{�u��¥gIfa��lJf�vxt9jcv �OgI�Cl#gc¤U~wgCsJj�~
shtCl	sh£<|9gLuw�Wvh{��9l
zC{hlJ~wlJ{x{>¨#µEvru�{r�9j�{hl	�¥gI��vhtCl�|OfxlJ°LlJ�<vxuwgI�-g�¤
vxtOl�|CfhlJ°<uwgIzC{h~��ZkVlJ�<vxuwgI�Cl>��|Nj�vxvhlJfx��¨�µE��{xgLk�l#{hlJ�C{xlL�
vhtCuw{�jc~wiIgIfhuwvxtCk»s}gIk��Ou��OlJ{ jL�<°Ij��<vajciIlJ{�gc¤U�9gLvxt�s}g<gIf}�<uw�9j�vhl	�¯jc�9�¥zC�9s}g<gIf}�<uw�9j�vhl	�-sxtOl	sh£W|NgIuw�<vxuw�Ci
jc~�iLgIfhu�vhtCk�{�²�u�vhtCgIzOvUuw�CtCl_fxuwvxuw�Ci�vhtClJuwf��<faj>²��NjIsh£<{	¨
½V¾<¿^ÀxÁ#ÂN�IÃ!��¡�Ä�gL�C{xuw{xvhlJ�<v�Å�~�gL�9j�~NÄ�tCl	sh£<|9gLu��<vh{	�CÆZlJ{h{ajciIl Ä�gLk�k�zC�Ou¶s_j�vxuwg���Ç��W{hvxlJkV{	�Lp �Cjc|Cvxuw°Ll
Ä�tCl>sx£<|NgIuw�<vxuw�CiN�CÄ�j�zC{}j�~wuwvE�W�<È�jc|C|9l_�Cl	�L¬E�9ly¤®gIfhlÉ�olJ~«j�vxuwgL�d¨
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����¾¢¡ ©�j��O{�zC�Cl�l}���l	syzCvxuwgI� fC�lJ|9jcfxvhu�lL�UzO� |9gLuw�Wv���l¯s}gI�<vhf��gI~wlZiI~wgL�9j�~�lJ{hvZzC�@lJ�C{xl_k��C~wl
�<l$|NgIuw�<vx{ ��lÉs}gL�<vxf��gL~wl�~wgCsJj�z�� ¦ �lJvajcvx{�~wgCsJj�z<�9§_�CzC�-|9j�fr|CfxgCs}l_{x{xzO{�|9jcfxvhu¶syu�|Nj��<vÉ�j�~�� l}���l	syzCvxuwgI��¨��dj
���l_vxlJfhk�uw�9j�vhuwgI����� zC��|9gLuw�Wv$�<l�s}gL�<vxf��gL~wl�iI~wgI�9jc~Us}gLt��lJfxl_�Wv�l_{xv$zC��|CfxgL�C~b�lJk�l$uwk�|NgIfhvaj��<v#�Cjc�C{��<l
�CgLk��Cfxl_z<� �<gLk�jcu��OlJ{ÉsygI�9s}l_fx���lJ{¥|9j�f�~wlJ{Zj�|C|C~wu«sJjcvxuwgI�C{$fC�l_|9j�fhvxuwlJ{ ¦ fC�lJ{xuw{xv}j��9syl±j�z<� �U�l}¤bjcu�~w~«j��Ns}lJ{	�
kVu�{hl�j�z-|NgIuw�<v�fC�l_|9j�fhvxuwlI�d���l_vxl	s}vhuwgI�±�<l$|CfxgL|Cfxu>�lJvC�lJ{	� lJvas�¨â§_¨dÄ�lJv�jcfxvxu«s}~wl#l_{xv�s}gL�C{ajLs}fC�l¯�jV~«j�s_j�|CvhzCfxl
�<l�vxlJ~w{�lJ�C{hlJk��C~wlJ{�s}gLt��lJfhlJ�<vx{	¨
�o�Cl�fxlJ~«jcvxuwgI�Z�<l�|CfC�l	sN�l	�<lJ�9syl�{hzCf�~wlJ{�uw�WvhlJfx°Ijc~w~�l_{UlJ{hv�uw�<vxfhg���zCuwvxl ¦ zC�Zuw�WvhlJfx°Ijc~w~�lrlJ{xv�~�� lJ�C{hlJk��C~wl

�<l_{��lJ°^�lJ�OlJk�lJ�<vh{U|CfhgC�<zCuwvx{�|9j�f�zC��|CfxgCs}l_{x{xzO{�lJ�<vxfxl#�<l_z<�É|NgIuw�<vx{��<l s}gL�<vxf��gL~wl�~�gCsJjcz<��s}gI�C{C�l	s}zCvhu¸¤®{a§_¨
�r�Zk�gL�Wvhfxl�ºLz�� zC��|NgIuw�<v���l s}gL�Wvhf��gL~�lr~wg�s_j�~^lJ{hvUuw�<zCvxuw~wl ¦ s�� lJ{xv ¬_�jô¬ ��u�fhl��Cl�|NlJzCv�jc|C|9j�fhvxlJ�Ou�f#�j$j�z9s}zO�
|NgIuw�<v��<l�s}gL�<vxf��gL~wl�iI~wgI�9jc~Us}gLt��lJfxl_�Wv}§#{huUl_v#{xlJzO~�l_k�lJ�<v#{huUzC�±sylJfxv}j�uw��k�gLvxu¸¤�j�|O|9j�f}j���wv#�Cj��C{$s}lJvxvhl
fhlJ~«j�vxuwgL�d¨

e�zCuw{ zO� jc~�iLgIfhu�vhtCk�l#jL�Cj�|Cv}j�vhuà¤��<l�sJj�~«s}zO~U�<l$|9gLu��<v#�<l�s}gL�<vxf��gL~wl�lJ{hv�s}gL�C{xvhfxzCuwv	¨�ÇCjIsht9jc�Wv$ºIzOl
�<l_{�|NgIuw�<vx{��<l�s}gL�Wvhf��gL~�lV~wg�s_j�z<��|9l_zC°IlJ�<v �lJvxfhl�|Cfhuw{�uw�9���l_|9lJ�N�Cj�kVk�lJ�<v�|Nj�f$~�l_{#|CfxgCs}l_{x{xzO{	�UsylJz<�<¬
s}u�|NlJzC°Il_�Wv!�lJvhfxlV¤®gIf}sN�lJ{��jZ|CfhlJ�9�<fhl��<lJ{$|NgIuw�<vx{��<lZs}gI�<vhf��gI~wl�{hzC|C|C~>�lJkVlJ�<vaj�uwfhlJ{�j#"N�±�<l�kZj�uw�<vxlJ�Cuwf
uw�<°Ij�fhu¶jc�<vxl�~«j-|CfhgI|Cfhu	�l_vC�l�{xzOu�°Ijc�<vxl%$'&�(*)�(,+.-0/213+,465879):/�+,4�;�</�=>7	=?/#):&�=@+BA 7DC:4E13+*(84�1F=?7 ¦ ~wl�|Cfhu��Ns}uw|9l
s}gL�C{xuw{hvxl �j¼�lJ°<u�vhlJf�~�� gCsJs}zCfhfxlJ�Ns}l ��z k�gLvxu¸¤�{xzC{ ¬bkVlJ�<vxuwgI�O���l	§J¨
©rl�|O~�zO{	�
~wlZ�CgLk��CfxlZ�<l�|NgIuw�<vx{��<l
s}gL�<vxf��gL~wl�~�gCsJjcz<�$¤®gIf}s9�lJ{
lJ{hv�jczC{x{huC¤Ej�uw�C~wl�ºLzCl�|NgI{h{xuw�C~wlI¨,G!�,"9�¯�j�sht9jLºIzOl�|9gLu��<vU��l�s}gI�<vxf��gI~wl�~wgCsJj�~Cl_{xv
jc{x{xgCs}u>�lI���<�<�9jck�u«ºLzClJkVlJ�<v	�hzC��°Il	s}vhlJzCf!~wgCsJj�~<�U�l:"9�Cuw{h{aj��<v�zC�#|NgIuw�<vd�<lUs}gL�Wvhf��gL~�l!iL~�gL�9j�~IsygIt��lJfhlJ�<v	¨HG��
s}l�{hlJ�C{>�Is}lJvUjc~wiIgIfhuwvxtCkVl\s}gLk��Cuw�Cl!~�l_{�j>°Ijc�<vaj�iLlJ{\��lJ{
j�~wiIgLfxuwvxtCkVlJ{ds}g<gIf}�<gI�O���lJ{!lJv
�CgL�<¬xs}g<gIfa��gI�C���l_{	�
{}j��C{rlJ��j>°IgIuwf�~wlJ{�uw�9s}gI�<°��lJ�CuwlJ�<vh{	¨
IQÂN�ô�_Àa 2JK�¾Z¡�e�gLu��<vh{U�<l�s}gL�Wvhf��gL~�l�sygIt��lJfhlJ�<vx{>�<p�~wiIgLfxuwvxtCkVlUjI�Oj�|Cv}j�vxu¸¤a��Ä�jczC{ajc~�uwvC�lI�IÄ�gIkVk�zC�CuwsJj�vhu�gL�
|9jcf�k�lJ{h{ajciIlJ{>�9e!fC�l	sN�l	�<l_�9s}l�sJjczC{ajc~�lL¨
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­�tClZ�CgLvxuwgI��gc¤�s}gL�C{xuw{hvxlJ�<v�iI~wgL�9j�~UshtCl>sx£<|NgIuw�<v ¦ jc~�{hg�fxly¤®lJfxfhl	�@vhg jc{És}gL�C{xuw{hvxlJ�<v�iL~wgI�9jc~
{xv}j�vxl>§$u�{
¤®zO�9�Cj�kVlJ�<vajc~Ivxg�kZj��<��uwk�|NgIfxv}j��<vdj�fhl	j�{�g�¤ �<uw{hvxfxuw�CzOvxl	��{x�<{xvhlJk�{!{hz9shtÉjc{\|Nj�fajc~w~�l_~�jc�9�#�<uw{hvxfxuw�CzOvxl	�
�<l_�CzCiIiLuw�Ci ¦�F ��G � F mImHG®§J�<�<uw{xvhfxuw�CzCvhl	�Zs}gIkV|CzCvhu��Oi ¦�F m�Gx� F ��Gx� F -�G®§_�L¤bj�zC~wv ¬bvhgI~wlJfajc�9s}l ¦�F �IGx� F m���Gx� F mJ�"Gx� F m>��G �
F m�-�G®§_�I�<lJvhl	s}vxuwgL��g�¤^{xv}j��C~wl�|CfhgI|NlJfxvhuwlJ{ ¦�F ��G � F �"G®§_��lJvasc¨Ip =>/�):&2=�)��*7:)��:-0/213+,4Nu�{�j�~wgCsJjc~C{xv}j�vxl�gc¤ |OfxgCs}lJ{h{
jc�9�ZjJ��=?/K
 &2= )L�07:)L� -*/�13+04 ¦ gLf�iI~wgI�9jc~9{hvajcvxl	§ou�{�j${xl_v�g�¤!~wg�s_j�~dshtCl	sh£<|9gLuw�Wvh{	�OgI�Clr¤®fhgIk�l	jLsht�|OfxgCs}lJ{h{
s}gL�C{xvhuwvxzCvhu��Oi vhtCl��<uw{xvhfxuw�CzCvhl	��s}gLk�|CzCv}j�vhu�gL�d¨Jp@iL~�gL�9j�~<shtCl	sh£<|9gLu��<v
uw{
s}gL�C{xuw{xvhlJ�<v
u¸¤a�_¤®gIf
jc~�~<uwvx{!~wgCsJj�~
shtCl	sh£<|NgIuw�<vx{	�N�Cg�gL�ClJ�*&:-H-*7�+,CM
:7ON�/�;:7 ¦PF ��G®§�j��OgIvxtOlJf	�Oub¨ lI¨OvxtCl_fxl�j�fxl��Cg�k�lJ{h{ajciIlJ{ ¦ gIf�{hl	ºLzClJ�9syl�gc¤
kVlJ{x{}j�iIl_{a§�{xlJ�<v�j>¤®vhlJf�j�~�gCsJjc~9shtCl	sh£<|9gLuw�Wv�j��N�$fxl	s}l_u�°Ll	�V�9ly¤®gIfhl j��OgIvxtOlJfUgL�ClI¨LµE�<¤®gLfxk�jc~w~��<�Jj�iI~wgI�9jc~
shtCl	sh£<|NgIuw�<v�u�{�s}gL�C{xuw{xvhlJ�<v�u¸¤\vxtOl s}gLk�|CzCv}j�vhu�gL��k�uwiIt<v!t9j>°Ll�|9jc{x{xl>��vhtCfxgLzCiItVuwv	¨�>CgLfxk�jc~wu�´>j�vxuwgL�C{dgc¤
vhtCl#�CgLvxuwgI�Vg�¤�sygI�C{hu�{hvxlJ�<vriI~wgI�9jc~dshtCl	sh£<|9gLu��<vh{�sJj��Z�Nl�¤®gIzO�9��uw� F ��G � F 1�G
j��9� F m>��Gx¨

Æ¥j��<� jc~wiIgIfhuwvxtCkV{ tNj>°Il��NlJlJ�@|CfhgI|NgI{hl	�³vxg¯�<l_vxlJfhk�uw�Cl�sygI�C{hu�{hvxlJ�<v�iL~�gL�9j�~�shtCl	sh£<|9gLuw�Wvh{	¨RQ�j>¬
{hu¶s_j�~w~w��l	jIsht |CfhgCs}lJ{x{'S8T�uw{�j�{x{hgCs}u«j�vxl>�±²�uwvht j�sygI�<vxfhgI~w~wlJfVUXW�T#vht9j�v�{hlJ~wl	s}vh{�{hgIkVl�~wgCsJj�~�{hvaj�vhlJ{
gc¤)SYT�jc{��NlJuw�Ci�~wgCsJjc~UshtCl	sh£<|9gLu��<vh{	¨�­�tClJ{xl�shtCl	sh£<|NgIuw�<vxuw�Ci¯jc~�iLgIfhu�vhtCk�{�s_j��±�Nl��<uw°<u«�<l	�-uw�<vxgZvE²Ug
s}~«jc{x{xl_{�jLsJs}gIf}�<uw�Ci#vhg#vxtCl�²�j>�#~wgCsJj�~NsxtOl	sh£W|NgIuw�<vx{�j�fhl��<lJvhlJfxkVu��Ol	�$vxg�sygI�C{hvxuwvxzCvhl s}gL�C{xuw{hvxlJ�<v�iI~wgI�9jc~
shtCl	sh£<|NgIuw�<vx{	¨
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� µE��vhtCl�s}~«j�{x{�g�¤ ):/#/�; 5213+�&�4 7:5�j�~wiIgLfxuwvxtOk�{	�J��lJvxlJfhk�uw�9jcvxuwgI��g�¤N~�gCsJjc~CsxtOl	sh£W|NgIuw�<vx{��W�$s}gI�<vxfhgI~w~wlJfx{
uw{U{h�W�NsxtOfxgI�Ou�´_l	�Zuw��{xz9sht�j�²�j>��vht9j�v�vxtCl�fhlJ{xzC~wvhu��Oi�iL~�gL�9j�~^shtCl	sh£<|9gLuw�Wv�uw{UiLz9j�f}j��<vxl_l	�Vvxg$�9l
s}gI�O{xuw{xvhlJ�<v ¦PF �IG � F ��G®§J¨

� µE��vxtOl�s}~«j�{h{�g�¤@(,+�):/#/�; 5213+�&�4 7:5#jc~wiIgIfhuwvxtCkV{	��l	jLsht¯s}gI�<vhfxgI~w~wlJf�U�W�T��<lJvxl_fxk�uw�Cl_{	�C²�tOlJ�ClJ°LlJf�u�v
²�jc�<vx{	� ~�gCsJjc~
sxtOl	sh£W|NgIuw�<vx{$g�¤�|CfxgCs}lJ{h{<S8Tx¨^­�tClJ���^²�tClJ�±jZs}gL�C{xuw{xvhlJ�<v�iL~wgI�9jc~\shtCl	sh£<|9gLuw�Wv�u�{
fxl	ºLzCuwfhl	�^�<uwv!t9j�{
vhg#�Nl s}gL�C{xvhfxz9s}vhl	��¤®fxgLk¼vhtCl j>°Ijcu�~«jc�C~wl
{xlJv�g�¤^~wgCsJj�~9shtCl>sx£<|NgIuw�<vx{>¨<­�tCuw{
vajc{x£
uw{ jIshtCuwlJ°Ll	�Z�<��jc��jI�C�<uwvhu�gL�9j�~^|OfxgIvhgCs}gI~E�Cvht9j�v�sJj��¥�9l�sylJ�<vxfajc~wu�´_l	�Zu¸¤
~�gCsJjc~\shtCl	sh£<|NgIuw�<vx{ jcfxl
{xlJ�<vrvxg�j$iL~wgI�9jc~^k�j��Nj�iIl_f	�LgIf ��u�{hvxfhu��OzCvxl	� uà¤!l	jIsht¯sygI�<vxfhgI~w~wlJf�£LlJlJ|C{ru�vh{�~wgCsJj�~dshtCl>sx£<|NgIuw�<vx{>¨
­�tCl�|NlJfhu�gC�<u«sVsxtOl	sh£W|NgIuw�<vxuw�Ci-j�~wiIgLfxuwvxtCk j��9�³��zC{h{xlJ~w~�� {�j�~wiLgIfxuwvhtCk ¦�F m_�"G®§#j�fhl�²�lJ~w~à¬E£<�Cg�²��
l}�9j�kV|C~wlJ{Ugc¤\{hz9sht¯j�s}~«j�{h{	¨

pr~wiIgIfhuwvxtCkV{�g�¤�vhtCl�"9fh{xv�s}~«j�{x{$iIzNj�fajc�<vxlJlI� &�-�; 1 /2; 1«�^vht9j�v$j�~w~
vxtOl�~wgCsJj�~UshtCl>sx£<|NgIuw�<vx{�²�uw~w~!�9l
(8C�7 N�(K= ¦ uE¨ lL¨Cj��<��~wgCsJj�~dshtCl>sx£<|NgIuw�<v�vajc£IlJ���<��j�s}gL�<vxfxgL~w~�l_f�²�u�~w~N�9l�k�lJk��NlJf
gc¤�j$s}gL�C{xuw{xvhlJ�<v�iI~wgI�9jc~
shtCl	sh£<|NgIuw�<va§J¨ ­�tCuw{�uw{�gL�Cvajcu��Ol	�Z�<��j�s}g<gI|NlJf}j�vxuwgL�¯�NlJvE²�lJlJ��s}gI�<vxfhgI~w~wlJfx{#$N²�tClJ�-vxtClJ�¥vaj�£Ll�shtCl	sh£L¬
|NgIuw�<vx{�vxtClJ��{h�W�NsxtOfxgI�Ou�´_l
vxtCl_u�f!jIs}vhuwgI�C{��J{xzNsxt�j�s}g<gI|NlJf}j�vxuwgL� uw�<°IgL~w°IlJ{djL�C�<uwvxuwgI�Nj�~Is}gL�WvhfxgL~Ik�l_{x{ajciIlJ{
jc�9�¯��lJ~«j>�W{>¨^p�~wiLgIfxuwvhtCk�{rg�¤UvhtCl�{xl	sygI�9�³s}~«j�{x{#j>°LgIu«�ZvxtOu�{�{x�<�9shtCfxgL�Cuw´	j�vhuwgI�-�CzCv	� ²�tClJ�±jZs}gI�O{xuw{E¬
vhlJ�<v#iI~wgI�Nj�~
shtCl	sh£<|9gLu��<v�uw{�fxl	ºLzCuwfxl>�^�duwvrt9j�{#vhgZ�9l$�CzCuw~wv��W�¥|Cuwl	s}uw�CiZvxgLiIlJvhtClJf#~wgCsJj�~
shtCl	sh£<|NgIuw�<vx{
|CfhlJ°<uwgIzC{h~��¥vaj�£LlJ�d¨^µª¤�{xgIkVl#~wgCsJj�~
shtCl	sh£<|9gLuw�Wvh{#t9j>°Ll#�CgIv��NlJlJ��v}j�£Il_� ¦ gIf�l	ºLzCuw°Ij�~wlJ�<vx~w�Zk�l_{x{ajciIlJ{
t9j>°Ll��OgIv��9l_lJ��~wgIiIiLl	�C§ovxtClJfhl�uw{ �Og�s}lJfhvajcu��<vE�-vxt9jcv jZs}gL�C{xuw{xvhlJ�<v#iI~wgL�9j�~!sxtOl	sh£W|NgIuw�<v#sJj��-�Nl�jIsh¬
vhz9j�~w~w���CzCuw~wv�� u��¥¤bjLs}v	�^{hgIkVl�~wgCsJj�~�sxtOl	sh£W|NgIuw�<vx{$k�j>�V�9l	(8C�7�=?7DC:C uw�-vxtCl�{hlJ�C{hl�vht9j�v�vhtClJ�±sJjc�C�CgIv
�NlJ~wgI�CiZvhg�j��<��s}gL�C{xuw{xvhlJ�<v�iI~wgI�9jc~\shtCl	sh£<|NgIuw�<v ¦ uw��vxtCl�s}gL�Wvhl}�Cv�g�¤
¤bjczC~wvE¬EvxgL~�l_faj��<v�{h�W{hvxlJkV{	�N�9jc{xl	�
gL���NjIsh£<²�jcfa�Vfxl	syg�°IlJfh�W�OvxtCuw{��<f}j>²��9jIsh£�uw{�sJj�~w~wl	�95H/ � 1F+�/E7��@7:):4 ¦PF m���G®§h§J¨
µE��vxtCuw{d|Nj�|NlJf!²Ul�j�fhlUuw�<vxlJfhlJ{xvhl	�$uw���<lJvhlJfxkVuw�Cuw�Ci�s}gI�O{xuw{xvhlJ�<v
iI~wgI�Nj�~IshtCl	sh£<|9gLuw�Wvh{
g�¤9�<uw{hvxfxuw�CzOvxl	�

s}gLk�|CzOvaj�vhuwgI�C{��W��zC{xuw�Ci�j�� &H5H&D-*4�1���7�k�lJvhtCgC�^¨>µE��{hz9sht�j���jc|C|Cfxg<jIshtd�IsygI�<vxfhgI~w~wlJfx{!k�j>�rvajc£Il�gIf!�CgIv
~wgCsJj�~�sxtOl	sh£W|NgIuw�<vx{$uw� jc�±j�fh�Cuwvxfajcfx��²�j>���<�-zC{xuw�Ci�j���zO�9s}g<gIf}�<uw�9j�vhl	��shtCl	sh£<|9gLu��<vhu��Oi¯j�~wiIgLfxuwvxtOk
¦ u��¥¤bjLs}v	�^uw�¯jVfhl	j�~
zO{xlI�^vhtClJ{hl�j�~wiLgIfxuwvhtCk�{��<l_|9lJ�N�-gI�-vxtCl�j�uwk»g�¤�vxtOlÉshtCl	sh£<|NgIuw�<vxuw�Ci�$ fxl	s}g�°LlJfx�<�
�<l_vxl	s}vhuwgI��gc¤�|OfxgI|NlJfhvxuwlJ{	�NlJv}sJ§J¨NµE��s}gL�C{xl	ºLzCl_�9s}lI�djLsJs}gLfa�<uw�Ci�vhg�sJj�zC{}j�~!�<lJ|NlJ�9�<lJ�Ns}lJ{#gL��vxtOlJ{xl$zC�<¬
s}g<gLfa�<uw�9jcvxl	�@~wgCsJjc~�sxtOl	sh£W|NgIuw�<vx{>�
{hgIk�lVg�¤#vxtOlJk s_j��@�9l¥zC{xlJ~wlJ{h{	¨�­�tCl¯jL�Cj�|Ovxuw°IlZsxtOl	sh£W|NgIuw�<vxuw�Ci
jc~�iLgIfhu�vhtCk ¤®gIf}s}lJ{�vhtClJ��s}gI�<vhfxgI~w~wlJfh{�vxg$vaj�£Ll ¦ j�{�¤®lJ²¢j�{�|NgI{x{huw�C~wl	§�jI�C��u�vhuwgI�9jc~9~wgCsJj�~^shtCl	sh£<|9gLuw�Wvh{�uw�
gLfa�<lJfrvxt9jcv�jc~w~^vxtCl�~wgCsJj�~^shtCl	sh£<|9gLu��<vh{��Nl zO{xl}¤®zO~b¨<­�tOl�jL�Cj�|Ovxuw°Ilrk�lJvhtCgC��|CfhlJ{xlJ�<vhl	��uw�VvxtCuw{�|9j�|NlJf
uw{��9j�{hl	��gL��j#�Cl>s}lJ{x{}j�fh��j��N��{xz���s}uwlJ�<v�s}gL�9�<uwvxuwgL�Ésht9jcfajIsyvxlJfhu�´_u��Oi�zC{xl}¤ªzC~9~wgCsJjc~ shtCl	sh£<|NgIuw�<vx{	¨<­�tOu�{
s}gL�9�<uwvxuwgL�¯uw{�l}�C|Cfxl_{x{xl>��uw�¯vhlJfxkV{�g�¤�jV|Cfhl	s}l	�<l_�9s}lZfxlJ~«jcvxuwgI���<l:"9�Ol	�-gI��)��*7:)��:-0/213+,4'13+,4 7�;���&2= C ¦ j
shtCl	sh£<|NgIuw�<v�uw�<vxlJfh°Ij�~�uw{#vxtClV{xlJv$g�¤ jc~w~
lJ°Il_�Wvh{�uw{h{xzCl	� �<� j¥|CfxgCs}l_{x{��NlJvE²Ul_lJ�±vE²�g�{xzNsJs}lJ{h{xuw°Il�~wgc¬
sJjc~
sxtOl	sh£W|NgIuw�<vx{}§ $^vhtCl$g�s_s}zCfxfhlJ�9s}l�gc¤�j�{h|9l>s}u " s#|Nj�vxvhlJfx�-uw�<vxg�vhtCuw{�fhlJ~«j�vxuwgL��uw�9��u¶s_j�vxl_{ ²�tOlJvxtCl_f�j
~wgCsJj�~
shtCl	sh£<|NgIuw�<v�uw{�zC{hlJ~wlJ{x{�gIf��OgIv	¨Op���jI�Cjc|Cvxuw°Ll���u�{hvxfhu��OzCvxl	�-shtCl	sh£<|9gLuw�Wvhuw�Ci�jc~�iLgIfhu�vhtCk�uw{�vhtClJ�
�<l_{xuwiI�Cl>�¥¤®fxgLk�vxtOu�{��Cl>s}lJ{x{}j�fh�±j��9�¥{xz���syu�l_�Wv$s}gI�9��u�vhuwgI�
�Nuwv�lJ�C{xzOfxlJ{$vxt9jcv	�^vhtCl�|9jcvxvxl_fx��k�l_�Wvhuwg�¬
�Cl>�±j��Ng�°Il$²�uw~w~\�OlJ°IlJf$gCsJs}zCf$uw�¯{h|Cuwvxl�gc¤ojcfx�Cuwvxf}j�fhu�~w��v}j�£LlJ�±shtCl	sh£<|9gLu��<vh{��<��vhtCl�zC�9s}g<gLfa�<uw�9jcvxl	�
jc~�iLgIfhu�vhtCk¯¨
pr��uwk�|NgIfxv}j��<v�|9gLuw�Wv�g�¤�vxtClZj�~wiIgLfxuwvxtCk ~wu�l_{#uw��vxtCl�¤bjIs}v�vxt9jcv�uwv�jc{x{xgCs}u«jcvxlJ{>�!gI�<¬EvxtCly¬��9��j��N�

²�uwvxtOgIzCv#�<lJ~«j>�<�C²�uwvxt¥l	jIsht�~wgCsJj�~
shtCl	sh£<|9gLuw�Wv ¦ vaj�£LlJ�-�W�ZvhtCl�zC�9s}g<gLfa�<uw�9jcvxl	�¥gIf��<�ZvxtCl�jI�Cjc|Cvxuw°Ll
shtCl	sh£<|NgIuw�<vxuw�Ci�j�~wiLgIfxuwvhtCk�§
j$°Ll	s}vhgIf�gc¤
~�gCsJjc~dshtCl	sh£<|9gLu��<vr�WzOk��9lJfh{Uvht9j�v��<l:"9�Ol�j�s}gI�O{xuw{xvhlJ�<v�iI~wgc¬
�9jc~dshtCl	sh£<|9gLu��<v�vhg�²�tCu«sxtZvhtCl�~�gCsJjc~dshtCl	sh£<|9gLu��<v��NlJ~wgI�CiL{	¨<µE�ZvxtNj�v�{xlJ�C{hlI�NvxtCl#jL�Cj�|Cvhuw°Il#j�~wiIgLfxuwvxtOk
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|Cfhg�°<u¶��lJ{ZvxtCl�{}j�kVl jL�<°Ij��<v}j�iIl�jc{�vxtOgI{xl-�NlJ~wgI�CiLu��Oi�vxg±vhtCl�s}~«j�{x{Vg�¤�s}g<gIf}�<uw�9j�vhl	�Qj�~wiIgLfxuwvxtCkV{	¨
Èog�²UlJ°LlJf	�NvhtCuw{ j�~wiLgIfxuwvhtCk��ClJuwvhtClJf�zC{xl_{�jL�C�<uwvxuwgL�9j�~ds}gL�<vxfxgL~dkVlJ{x{}j�iIl_{��CgLf jI�O�<{�{h�W�NsxtOfxgI�Ou�´>j�vxuwgL�
vhg�vxtOl#zC�9�<l_fx~w�<u��Oi�s}gLk�|CzCv}j�vhu�gL�d¨LµEv�gI�O~��Vfxl	ºLzCuwfhlJ{�k�lJ{h{aj�iLlJ{�gc¤
vxtCl�sygIk�|OzCvajcvxuwgI�Vvxg�|Ou�iLiI�<�9jLsx£
s}gL�<vxfxgL~!u���¤®gIfhk�j�vhuwgI�d¨LµE�Zvxt9jcv�{xl_�C{xlI� u�vr|Cfxg�°<u«�<lJ{rvxtCl${ajck�l#jI��°Ij��<vajciIlJ{�jc{�zC�9sygWgLfa�<uw�9jcvxl	�¥j�~wiIgc¬
fhu�vhtCk�{>��²�tCuw~wlUl_�C{xzCfhuw�Ci��Og ~wgCsJjc~9shtCl	sh£<|9gLu��<v�uw{
zC{xl_~�l_{x{	¨<­�t<zC{>�IvhtCl�|CfhgI|NgI{xl>��j�~wiLgIfxuwvhtCk¼s}gIkV|C~wuwlJ{
l}�9jLs}vx~w�-²�u�vht�vxtOl�|CfxgL|9lJfhvE� sht9jcfajLs}vxlJfhuw´Juw�Ci�zC{hl}¤®zC~UshtCl>sx£<|NgIuw�<vx{>¨d­!g�gLzCf#£<�Cg�²�~wl	�<iLlI�NvxtCuw{�uw{�vxtCl
"9fh{xv��<uw{xvxfhuw�CzCvxl>��shtCl	sh£<|9gLu��<vhu��OiÉjc~�iLgIfhu�vhtCk�jLsxtOu�l_°Wuw�Ci$vxtOu�{�iLgWjc~b¨

­�tOl�|9j�|NlJf
uw{
�<uw°<u¶��l	�$uw�Wvhg�vE²�g�k�j�uw�#|Nj�fxvh{	¨�>�u�fh{xv>�IÇ<l	s}vhuwgI���ruw�WvhfxgC�<z9sylJ{�jo¤®gLfxkZj�~�¤ªfaj�kVlJ²�gIfx£
vhg�{xvxzN�<�¹s}gL�C{xuw{hvxlJ�9sy�¹gc¤ iL~�gL�9j�~�shtCl	sh£<|9gLuw�Wvh{�$�j-|Cfxl	syl	�<lJ�9syl�fxlJ~«j�vhuwgI�±gL�¹shtCl	sh£<|NgIuw�<v�u��<vhlJfx°Ijc~�{
uw{��<l:"9�Cl>�¹jc�9��vhtCl��Ol	s}lJ{h{aj�fh� j��9� {xz���s}uwlJ�<v�s}gI�N�<uwvxuwgI�±sht9jcfajIsyvxlJfhu�´_u��Oi�zC{xlJ~wlJ{h{�shtCl	sh£<|9gLu��<vh{�u�{
{hvaj�vhl	�¢j��N�@|Cfxg�°Ll	�^¨�­�tOlJ�d��Ç<l	s}vhuwgI� �±|OfxlJ{hlJ�<vx{�vhtCl jL�Cj�|Ovxuw°Il¯shtCl>sx£<|NgIuw�<vxuw�Ci j�~wiLgIfxuwvhtCk vht9j�v
fhl	ºLzCuwfxlJ{�|CfhgCs}lJ{x{hlJ{�vhg�v}j�£Ll�jI�C�<uwvhu�gL�9j�~NsxtOl	sh£W|NgIuw�<vx{�j��N��j�{h{xgCs}u«j�vhlJ{	�<²�uwvht�l	jIsht�~wgCsJjc~ shtCl	sh£<|NgIuw�<v	�
j#sygI�C{hu�{hvxlJ�<v�iI~wgI�Nj�~CshtCl	sh£<|9gLu��<v�vxg#²�tOu¶sht$uwv
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Unité de recherche INRIA Lorraine, Technopôle de Nancy-Brabois, Campus scientifique,
615 rue du Jardin Botanique, BP 101, 54600 VILLERS LÈS NANCY
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