
HAL Id: inria-00071857
https://inria.hal.science/inria-00071857

Submitted on 23 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.

Analysis and Improvments of the Memory Usage of a
Multifrontal Solver

Abdou Guermouche, Jean-Yves L’Excellent, Gil Utard

To cite this version:
Abdou Guermouche, Jean-Yves L’Excellent, Gil Utard. Analysis and Improvments of the Memory
Usage of a Multifrontal Solver. [Research Report] RR-4729, LIP RR-2003-08, INRIA, LIP. 2003.
�inria-00071857�

https://inria.hal.science/inria-00071857
https://hal.archives-ouvertes.fr


IS
S

N
 0

24
9-

63
99

   
   

 IS
R

N
 IN

R
IA

/R
R

--
47

29
--

F
R

+
E

N
G

ap por t  
de  r ech er ch e 

INSTITUT NATIONAL DE RECHERCHE EN INFORMATIQUE ET EN AUTOMATIQUE

Analysis and Improvments of the Memory
Usage of a Multifrontal Solver

Abdou Guermouche, Jean-Yves L’Excellent, Gil Utard

No 4729

February 2003
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655, avenue de l’Europe, 38330 MONTBONNOT ST MARTIN (France)
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v�}Ov1|�n2mov�¤Z¦§|1j wh��¦§��nJ�2|Ãv��Q«§¬�n2��>8w 	��5�?�4�4@A�����0����� �lnJnJ�dnJ�q|���v1|��Q��n�|1jln �l�,w`«,ª·wQ�2|��Q��vÃ�`ª |1jln
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wQ�2|1¦§¬�n�mon2mo�Q�1}°�xw`�²��nq«¯w`�1��n�¾8w`�l� ¦®vhv��Qmon2|1¦§monJv�«¯w`�1��n2��|1j,w`�¹|1jln{v1|�w`|1¦®�qmon2mo�Q�1}�>�ª±�Q�
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¦§mA�,wQ�2|��Q�/|1jlnAwQ�2|1¦§¬�n�mon2mo�Q�1}�v�¦JIxn��F¶��|1jln mhyd«§|1¦¸ªÿ���Q�»|�w`«�mon2|1jl�L�Í¾3|1jlnAwQ�2|1¦§¬�n mon2mo�Q�1}
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mqw`|1�1¦®�JnJv4w`�l����nJ�Q���dn2�1¦§�d��vÅ

i^jln6wQ�2|1¦§¬�n/mon2mo�Q�1}Äv1¦JIxn6w`«®v��@�dn2��n2�l�dv��Q�¨|1jln�¤Ãwx}©|1jln°wQv�v�n2m��d«§}©|1��nJn�¦®v{|1��wJ¬�n2��v�nJ�
��yd�1¦§�d��|1jlnZª·wQ�2|��Q�1¦JIÅw`|1¦®�Q� �d���L�JnJv�vxMF¶�o|1jd¦®v¿�,w`�3n2�¿¤Ãn���n2¬O¦®v1¦§|�|1jln´w`«§���Q�1¦§|1jdm �`ª�� ¦§yON§px�
P�|��
�dn2|�n2�1mA¦§�ln�w`���Q�d|1¦§mqw`«N|1��nJn
|1��wx¬�n2��v�w`« ª±�Q�Z|1jln7mhyd«§|1¦¸ªÿ���Q�»|�w`«8v��Q«§¬�n2�RQ-STQVU$Wd

FU�¼ÁOnJ�2|1¦®�Q�©��¾�¤¿n{��¦§¬�n v��Qmon{��n2�ln2��w`«§¦§|1¦®nJvo�J�Q�l�Jn2�1�d¦§�d�°��¦§��nJ�2| mon2|1jl�L�dvÅ¾�w`�l�@v1jl�x¤ jl�Å¤
v��,w`��v�n mqw`|1�1¦¸z½��nJ�Q���dn2�1¦§�d�¹|�nJ��jd�d¦®ºLylnJvo¦§��³lyln2�l�JnG|1jln�v1|�w`|1¦®� mon2mo�Q�1} �bª·wQ�2|��Q�qv1¦JIxn��FXFU�
ÁOnJ�2|1¦®�Q�Ä��¾(¤¿n���nJ�xw`«§«�v��Qmon ��n2�ln2��w`«�monJ��j,w`�d¦®v1movq�`ª
|1jln mhyd«§|1¦¸ªÿ���Q�»|�w`«´mon2|1jl�L�¼w`�l�¼¦§|�v
wQ�2|1¦§¬�nGmon2mo�Q�1}½ylv�w`��n�¤Zjd¦®��jÄ�dn2�3n2�l�©�`ª
|1jln#wQv�v�n2mh�d«§}½|1��nJn�YF¶�ÄÁOnJ�2|1¦®�Q�Ä�°¤ÃnGv1|1yl��}
|1jlno¦§mA�,wQ�2|��`ª^��nJ�Q���dn2�1¦§�d�G|�nJ��jd�d¦®ºLylnJv��Q�°|1jlnov1j,w`�3no�`ª^|1jlnqwQv�v�n2m��d«§}�|1��nJn�ZF¶�@ÁOnJ�2|1¦®�Q�
��¤¿n{v1|1yl��}°|1jln�n2¬��Q«§yd|1¦®�Q�@�`ª�|1jln wQ�2|1¦§¬�n�mon2mo�Q�1}¹¦§�*Q-STQ$UVWd8ÁOnJ�2|1¦®�Q�X[��d��nJv�n2�L|�vAv��Qmon
¬�w`�1¦¯w`�»|�v�w`�l�6¦§mA�d���x¬�n2mon2�L|�vA�`ªÃ|1jln�w`«§���Q�1¦§|1jdm �»} �Í¦§yYN§px�\P�|���mo�O��¦¸ªa}�|1jlnA|1��wx¬�n2��v�w`«¿�`ª
|1jln^m�yd«§|1¦¸ªa���Q�L|�w`«3wQv�v�n2mh�d«§}�|1��nJnZ¦§�o�Qyd���J�Q�L|�nFzO|x £ nZv1jl�Å¤¼jl�x¤Äw´��nJ��yl�2|1¦®�Q���`ª�|1jln4wQ�2|1¦§¬�n
mon2mo�Q�1}�v1¦JIxn7�xw`�G��n7�Q�d|�w`¦§�lnJ�Í

];] ò=^�_D`�aHb
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¤Zjln2��nlZ ¦®v �J�nm=��� �4���4���-,�1V�3��� �a¦·în� g FHG :=o ªÿ�Q�lprqts9u)v!qw@ �8w`�l�x[ ¦®v 1 �?�L�'� �4��� ���-,�1-�J���
�a¦·în� kQFHGe:yo ª±�Q�p�q)v_utszq{@ �F�i^jln�@ W�| @ n2�»|1�1¦®nJv��`ª�Z©w`�l�`[ w`��n7v��Q«§yd|1¦®�Q���`ª}@ W
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g G�G : p �a¦§���d��wQ�2|1¦®�Jn�¾ g G�G
¦®vZ�l�Q|4v1|��Q��nJ� �k FHG :yE FHGl���y�i� Fd��J�i� J g F � k � G ª±�Q�rprq)v_qtsg FHG : J����� CBE FhG�� � �i� GO��J�i� J g F � k � G I ªÿ�Q�!s9u)v!q{@
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FU�GwQ�d��¦§|1¦®�Q�#Â´� ��¾l¦§|Z¦®v���j,w`��wQ�2|�n2�1¦JIxnJ�#�»} |1jln
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�dn2�d|1j²�`ªZ|1jlno«®nxwJ¬�nJv �F{�g¦§��yd��n [ ¦§«§«§ylv1|1��w`|�nJv�|1jlnqv1|1�1yl�2|1yd��w`«Ã��¦�
3n2��n2�l�Jnq��n2|U¤¿nJn2�@Â4� � �îv
w`�l�G~�´s �4µ¶Â´�#� �îv^|1��nJnJvx
FU�°wQ�d��¦§|1¦®�Q� ¾N|1jln ��«®�Q�,w`«¿n 
3nJ�2|h�`ªÃ|1jlnA�,wQv1¦®�A�Q�d|1¦§mA¦JIÅw`|1¦®�Q� ylv�nJ�/�»}2QTS-QVUVW��dnJv��2�1¦§�3nJ�¹w`|
|1jln���n2��¦§�d�d¦§�d�h�`ª3|1jd¦®v�v�nJ�2|1¦®�Q�o¦®v�|1j,w`|(¦§|(�dyd|�v(|1jlnZ�d¦§����nJv1|�v1yd�d|1��nJn �a�l�Q�1mqw`«§«§}�¾»|1jlnZ�d¦§����nJv�|
�l�O�dn
���O�Q|�vZ|1jln7�d¦§����nJv1|�v�yd�d|1��nJn��Zw`|Z|1jln7«®nFªÿ|�µ·mo��v1|��3��v1¦§|1¦®�Q� 
i^jln2��nFª±�Q��n�¾dw`�l�Aª±�Q�Ãw`«§«�|1jln���nJ�Q���dn2�1¦§�d��vx¾O|1jln�ª±wQ�2|��Q�1¦JIÅw`|1¦®�Q� v1jl�Qyd«®�{v1|�w`�1|�¤Z¦§|1j{|1jln��d¦§����nJv�|
v�yd�d|1��nJn�¼�l�Q�qÂ´�#� w`�l�¼~ ´s � ¾(�Q�l�Jn�|1jln��dnJn2�3nJv1|ov1yd�d|1��nJn�¦®vA|1��nxw`|�nJ�Í¾Z�Q�d«§}²v�mqw`«§«®n2�
v�yd�d|1��nJnJv�v1|1¦§«§«<�lnJnJ��|��A�3n7�d���O�JnJv�v�nJ�Í¾l��nJºLyd¦§�1¦§�d�q«®nJv�v�mon2mo�Q�1}� FU�G�Q�d����v�¦§|1¦®�Q� ¾dª±�Q��Â4� � ¾
wDªÿ|�n2� |1��nxw`|1¦§�d�4|1jln �l��v1| �l�O�dn�¾`v1yd�d|1��nJnJvN|1j,w`|8w`��n��l�Q| ª·w`�Íªÿ���Qm!|1jln �l��v1|g�Q�ln�¦§��|�n2�1movg�`ªlv1¦JIxn
v�|1¦§«§«O�lnJnJ� |��´�3nÃ�d���L�JnJv�v�nJ�Ígi^jd¦®v8¤Z¦§«§«l�xw`ylv�n^w`�A¦§�l�2��nxwQv�nZ�`ª�|1jln^v1|�wQ�K<�mon2mo�Q�1}���nJ�xw`ylv�n^�`ª
|1jln v1|��Q��w`��n ��yln�|��{|1jln �J�Q�1��nJv1���Q�l��¦§�d�GwQ�d��¦§|1¦®�Q�,w`«(�J�Q�L|1�1¦§�dyd|1¦®�Q�¹�d«®�O�K<�v´¦§�»¬��Q«§¬�nJ�Í�i^jd¦®v
nFz��d«¯w`¦§�lv{¤Zj»}Ä~�´s �*w`�l� Â´�#� ��n2j,wx¬�n���n2|1|�n2�{¦§� |�n2�1mov��`ªhv�|�wQ�K< v�¦JIxnG|1j,w`�¨Â4� � ¾

];] ò=^�_D`�aHb
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w`«§|1jl�Qyd��j¥w`«§«�|1jd��nJnGj,wJ¬�n��dnJn2�©|1��nJnJvx £ nG¤Z¦§«§«4��¦®v��2ylv�vomo�Q��n�|1jlnG¦§mA�,wQ�2|{�`ª7|1jlnG|1��nJn
|1��wx¬�n2��v�w`«N�Q��|1jlnhv1|�wQ�K<{mon2mo�Q�1}�v1¦JIxn
¦§��ÁOnJ�2|1¦®�Q�2[�

� 
 � �Y #"��
i<�°v1ydmAmqw`�1¦JIxn�|1jd¦®v{ÁOnJ�2|1¦®�Q� ¾¿¤Ãn�j,wJ¬�nGv�nJn2�½|1j,w`|qv1¦§�l�Jn ��nJ�Q���dn2�1¦§�d� |�nJ��jd�d¦®ºLylnJvoj,wJ¬�n�w
v�|1���Q�d�6¦§mA�,wQ�2|o�Q�½|1jln�v1j,w`��n �`ª´|1jln�wQv�v�n2mh�d«§}²|1��nJn�¾(|1jln2} j,wJ¬�nGw`«®v��/w/v�|1���Q�d�6¦§mA�,wQ�2|
�Q�½|1jln�mon2mo�Q�1}²ylvãw`��n�¦§�½|1jln ª·wQ�2|��Q�1¦JIÅw`|1¦®�Q� ©i^jln��g¦§��yd��n#��v1ydmAmqw`�1¦®nJvq|1jln�mon2mo�Q�1}
ylvãw`��n4wQ�J�J�Q����¦§�d� |��h|1jln´�Q���dn2�1¦§�d��|�nJ��jd�d¦®ºLylnJvx £ n�j,wx¬�n
v�nJn2�q|1j,w`|^~�´s � w`�l��Â´���°w`��n
|1jln´��nJ�Q���dn2�1¦§�d��v�|1j,w`|Zylv�n´|1jln7v1mqw`«§«®nJv1|Zv1|�wQ�K< v1¦JIxn �a�3nxw
<{w`�l��wJ¬�n2��w`��n��Fî�l���Qm |1jln´ª·wQ�2|��Q��v
�3�Q¦§�»|4�`ª8¬O¦®n2¤�¾�ª±�Q��¤Zjd¦®��j#|1jln
ª±�Q«§«®�x¤Z¦§�d�{j,wQvZ��nJn2�#�Q�lv�n2�1¬�nJ��¤Ãnh�Q�lv�n2�1¬�nJ��|1j,w`|�ªÿ�Q��v�mqw`«§«
mqw`|1�1¦®�JnJvÅ¾Qª±wQ�2|��Q��vg¤Z¦§|1jA~�´s �Äw`�l� Â´�#��w`��nÃv�mqw`«§«®n2�g|1j,w`� ¤Z¦§|1jqÁ���´i�� : w`�l� ���(i F1Á�¾
¤Zjd¦§«®n7ªÿ�Q�Z«¯w`�1��n7mqw`|1�1¦®�JnJvÅ¾l����i F�Á�¾�Á���´i�� : w`�l��~ ´s � ��¦§¬�n7|1jln�v1mqw`«§«®nJv�|^ª±wQ�2|��Q��vx

���������
	��������������� �����������
������� ���
	�������!�������"$#&%('�) * *),+.-/%0+21 * *�.-0354 6 6�/"87 9 9�/"$4 *&* *(*
�g¦§��yd��n��V> �¿j,w`��wQ�2|�n2�1¦®v�|1¦®�Jvo�`ª�|1jln v1|�wQ�K<¹mon2mo�Q�1}°ª±�Q� ��¦�
Ín2��n2�»| ��nJ�Q���dn2�1¦§�d�6|�nJ��jd�d¦®º»ylnJvx
i^jlnhv1}Lm����Q« ��: �
monxw`�lv4w��d¦§����n2��¬Qw`«§yln�¾d|1jlnhv1}Lm����Q« �·µ �
monxw`�lv4w�«®�Å¤¿n2�4¬Qw`«§yln�

; < �h ��ã�����{ ,�3���  ��������8��	������Z�3���8� "J�Z� ���(���Z���*0�	���-��

FU�6|1jln �d��n2¬O¦®�Qylv�v�nJ�2|1¦®�Q� ¾ ¤ÃnAmonxwQv1yd��nJ�6|1jlnq��}L�,w`mA¦®� mon2mo�Q�1}/ylv�w`��nowQ�J�J�Q����¦§�d�#|�� |1jln
��nJ�Q���dn2�1¦§�d�7|�nJ��jd�d¦®º»yln� 
Ãyd|�wQvg�l�Q|1¦®�JnJ� |1jlnZ��}O�,w`mA¦®�^mon2mo�Q�1}hylv�w`��n�w`«®v��
�dn2�3n2�l�dv��Q� |1jln
|1��nJn |1��wx¬�n2��v�w`«·Ai^jlnAv1¦§mA�d«®nov�|1��w`|�n2��}��`ª=QTSTQ$UVW ªÿ�Q�
|1��nJn |1��wJ¬�n2��vãw`«�mqwJ}��l�Q|7�3nA�Q�d|1¦§mqw`«
¦§�¨|�n2�1mov �`ª wQ�2|1¦§¬�n�mon2mo�Q�1} ylv�w`��n� FU� |1jd¦®v�v�nJ�2|1¦®�Q�¨¤Ãn��dn2�1¦§¬�n6w`�!w`«§���Q�1¦§|1jdm ¤Zjd¦®��j
�dn2|�n2�1mA¦§�lnJvgª±�Q��w���¦§¬�n2�owQv�v�n2m��d«§}h|1��nJn¿¤Zj,w`|8¦®v<|1jlnÃ�Q�d|1¦§mqw`«d|1��nJn¿|1��wJ¬�n2��v�w`«�ª±�Q�<mA¦§�d¦§mA¦JIJ¦§�d�
|1jln7��}O�,w`mA¦®��mon2mo�Q�1} ylv�w`��n�
£ n��l��v1|8�dn �l�ln^v��QmonÃ�l�Q|�w`|1¦®�Q�lv8¤Zjd¦®��j ¤Z¦§«§«���n¿ylv�nJ�hªÿ�Q�g|1jln¿�dnJv��2�1¦§�d|1¦®�Q�o�`ª,|1jlnÃw`«§���Q�1¦§|1jdm�
�Nn2|!vN�3n4w7�l�L�dn�¦§�o|1jln�|1��nJn´w`�l�>= <@?�ACB v g�D�E�F = C v I |1jln��»ydm���n2�^�`ª ��jd¦§«®����n2� �`ª#vã �¿jd¦§«®����n2�
�`ªlv7w`��no�l�Q|�nJ�HGOF�N Go¤Zjln2��n s#¬�w`�1¦®nJvh�3n2|¶¤ÃnJn2�Äp{w`�l�I= <@?�ACB v g�D�E�F = C v I  £ nq�l�Q|�n Ai< FZ|1jln
mon2mo�Q�1}���nJº»yd¦§��n2mon2�L|Z|�� v1|��Q��n´|1jln´�J�Q�L|1�1¦§�dyd|1¦®�Q���d«®�O�K<q�`ªN|1jln4ªÿ���Q�»|�w`«Ímqw`|1�1¦¸zAv���g¦§�,w`«§«§}�¾
¤Ãn7ylv�n
|1jln7�l�Q|�w`|1¦®�Q�KJ ELA�M�NOE FNª±�Q�Z|1jln�v1|��Q��w`��nh�`ªg|1jln
ª·wQ�2|��Q��v��`ª8|1jln
ªÿ���Q�»|�w`« mqw`|1�1¦¸z`v �±wQv
v�jl�x¤Z��¦§���g¦§��yd��n � �F

ñ�� ]NñB�
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factor

cb

�g¦§��yd��n � >ÃÁL|1�1yl�2|1yd��nh�`ª(w�ªa���Q�L|�w`« mqw`|1�1¦¸z3

FU� N§px�\P¶¾ �Í¦§y��d���Q����v�nJv´w`�6w`«§���Q�1¦§|1jdm�|1j,w`| �l�l�dv4|1jlnh�3nJv1|4|1��wJ¬�n2��v�w`«8�`ª(|1jlnh|1��nJn�¦§�G|�n2�1mov
�`ª¿��nxw
<�v1|�wQ�K<�v1¦JIxn�ªÿ�Q�
|1jlnA�J�O�dn/Q������ �±wJ¬�w`¦§«¯w`�d«®nA¦§�/|1jln(:´w`�1¤Ãn2«§«¿ÁLyd�d���Qyd|1¦§�ln �Í¦§�d��w`�1} �F

ZwQv�nJ���Q�qjd¦®v�¤¿�Q�.<3¾L¤Ãn��d��nJv�n2�L|¿jln2��n
w
¬�w`�1¦¯w`�»|Ã¤Zjd¦®��j ¦®v(mo�Q��n´w`�d�d���Q�d�1¦¯w`|�n´|���|1jln�v��Q«§¬�n2�
Q-STQ$UVWd 4�lnqv1�3nJ�2¦��,�2¦§|¶}°�`ª �Í¦§y �îv w`«§���Q�1¦§|1jdm ¦®vh|1j,w`|h¦§| wQv�v1ydmonJv�|1j,w`|�|1jlnqv1�,wQ�Jnoªÿ�Q�h|1jln
ªÿ���Q�»|�w`«gmqw`|1�1¦¸z#�`ª¿wo�l�L�dn���n2ylv�nJv4|1jln�v1�,wQ�Jn��`ª(|1jln��J�Q�L|1�1¦§�dyd|1¦®�Q�6�d«®�L�H<��J�QmA¦§�d�qªÿ���Qm�¦§|�v
«¯wQv�|´��jd¦§«®�Í¾���nJv�yd«§|1¦§�d�{¦§�6wqmon2mo�Q�1}��»w`¦§���`ª¿|1jln�v1¦JIxn��`ª(|1jd¦®v´«¯wQv1|
�J�Q�»|1�1¦§�dyd|1¦®�Q�6�d«®�O�K<3�FU�
|1jln��xwQv�n��`ª QTS-QVU$Wo|1jd¦®v
�Q�d|1¦§mA¦JIÅw`|1¦®�Q�°�xw`�d�l�Q|
�3nh¦§mA�d«®n2mon2�L|�nJ�6v1¦§mA�d«§}�¦§�6wq��¦®v1|1�1¦§�dyd|�nJ�
mon2mo�Q�1}½�,w`��w`«§«®n2«
�J�Q�»|�nFz�|x¥i^j»ylvÅ¾^|1jln#w`�d�d«§¦®�xw`|1¦®�Q�¥�`ª �Í¦§y �îv{w`«§���Q�1¦§|1jdm �Q�©|1jlnCQTS-QVUVW
mon2mo�Q�1}½mqw`�,w`��n2mon2�L|�v���jln2mon��d�OnJvo�l�Q|{w`«§¤^wJ}�v{��¦§¬�nG|1jlnG��nJv1|q|1��wJ¬�n2��v�w`«· F¶�l�dnJnJ�Í¾^¦¸ª
¤Ãnq�J�Q�lv1¦®�dn2�h|1jlno|1��nJnA��¦§¬�n2� ¦§�¹�g¦§��yd��n���¾<|1jlno�Q���dn2�h��¦§¬�n2� �»} �Í¦§y �îv w`«§���Q�1¦§|1jdm ¦®v �   µ ¡ µ
Ì µ � ��¤Zjd¦®��j¼��¦§¬�nJv{w���nxw
<@�`ª´|1jlnGv1|�wQ�K<@�`ª px� ������:�p,:
��: �±��:
� � �F¾��Q�d|�w`¦§�lnJ�½¤Zjln2� �
¦®v�wQv�v�n2mh�d«®nJ�¹w`�l�°��nFª±�Q��n |1jlnA�J�Q�»|1�1¦§�dyd|1¦®�Q� �d«®�L�H<Ov��`ª ¡ w`�l� Ì w`��nA��n2«®nxwQv�nJ�Í(:´�x¤¿n2¬�n2�x¾
ylv�¦§�d��|1jln
�Q���dn2� � Ì µ ¡ µ � µ   �F¾dwh��nxw
<q�`ªÃp�p�¦®v^�Q�d|�w`¦§�lnJ� �±w`«®v���¤Zjln2� � ¦®vZwQv�v�n2mh�d«®nJ� �F�i^jd¦®v
nFz��d«¯w`¦§�lv8¤Zj»}�¤¿n^�xw`�d�l�Q|�w`�d�d«§} � ¦§y �îv(w`«§���Q�1¦§|1jdm+¦§���Qyd�(�xwQv�n� � �Q|�nZw`«®v���|1j,w`|�� ¦§y �îv8¦§�d¦§|1¦¯w`«
w`«§���Q�1¦§|1jdm ¤ÃwQv¿w`�d�d«§¦®nJ�o|���n2«§¦§mA¦§�,w`|1¦®�Q�q|1��nJnJv�¤Zjln2��n��Q�d«§}��Q�lnZ�d¦§¬��Q|�¦®v�n2«§¦§mA¦§�,w`|�nJ��w`|�nxwQ��j
�l�O�dn� FU�{�Qyd�Z�xwQv�n´¤¿n´¤Ã�Q�.<{�Q��w`mqw`«§�»w`mqw`|�nJ�GwQv�v�n2m��d«§}q|1��nJnJvx��g¦§�,w`«§«§}�¾�¤Ãn�w`��n4�l�Q|Z�Q�d«§}
¦§�L|�n2��nJv1|�nJ��¦§���dnJ�2��nxwQv1¦§�d�o|1jln´�3nxw
<��`ªg|1jln7v1|�wQ�K<��dyd|Z¤¿n
¤¿�Qyd«®�#w`«®v���«§¦J<�n
|����dnJ�2��nxwQv�n
|1jln
wx¬�n2��w`��n
v1|�wQ�K<{v1¦JIxn�¤Zjln2� |1jd¦®v^�d�OnJv��l�Q|^�3n2�1|1yd�1��|1jln´�3nxw
<�MFU�l�dnJnJ�Í¾L|1jln´mA¦§�d¦§mA¦JIÅw`|1¦®�Q���`ª
|1jln4wJ¬�n2��w`��n�¦®v(jln2«§��ªayd«l¦§�o�xwQv�n��`ª�«§¦§mA¦§|�nJ�qmon2mo�Q�1}ow`�l�A¦§�Amhyd«§|1¦¸µ·ylv�n2�Ãn2�»¬O¦§���Q�dmon2�»|x¿i^jd¦®v
¦®v ¦§«§«§ylv�|1��w`|�nJ�¼¦§�¼�g¦§��yd��n°px��¤Zjln2��n�|1jln�v1j,wQ�dnJ�©�2yd�1¬�n�¾¿�J�Q�1��nJv1�3�Q�l��¦§�d�¹|��/|1jln mA¦§�d¦§mqw`«
v�|�wQ�K<Gmon2mo�Q�1}/wJ¬�n2��w`��n�¾N¦®v4�3n2|1|�n2�7v1¦§�l�Jn�|1jlnAv1|�wQ�K<#¦®v´mo�Q��nA�`ªa|�n2�/yd�l�dn2�
|1jlnA�J�Q��n�«§¦§mA¦§|x
� �Q|�n´|1j,w`|Z�»} wJ¬�n2��w`��n�¾d¤Ãn
monxw`��|1jln
wx¬�n2��w`��n��`ª8w`«§«Ív1yl�J�JnJv�v1¦§¬�n
v1¦JIxnJv^|�w
<�n2���»}�|1jln´v�|�wQ�K<
mon2mo�Q�1}�¾�wQvZ|1jd¦®v��J�Q�1��nJv1�3�Q�l�dvZ|��A��nxwQ�#w`�l��¤Z�1¦§|�nhwQ�J�JnJv�v�nJvÅ

];] ò=^�_D`�aHb
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Factor=3
CB= 0

Factor=8
CB=2

Factor=3
CB=2a b

Factor=1
CB=1

c

Factor=3
CB=5

d

�g¦§��yd��nh�$> �8zlw`mA�d«®nh�`ª8|1jln�w`�d�d«§¦®�xw`|1¦®�Q�#�`ª �Í¦§y �îv´w`«§���Q�1¦§|1jdm�

Core limit

Time

St
ac

k 
m

em
or

y 
si

ze

�g¦§��yd��nopx�$>¿ÁL|�wQ�K< mon2mo�Q�1}�n2¬��Q«§yd|1¦®�Q� 
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�Nn2|�� F �3nA|1jlnqw`mo�Qyd�L|��`ª�v1|�wQ�H</mon2mo�Q�1}6�lnJ�JnJv�v�w`�1}/|����d���O�JnJv�v��l�O�dnxv� F·ªlv4¦®v�w «®nxwDª
|1jln2���+F^¦®v�nJºLy,w`«(|�� G M NOE�F F : J ELA�M�N@E F | Ai< F^��nxw`«(«®�O�xw`|1¦®�Q�lvxo�,�Q��w �,w`��n2�»|��l�L�dn]v�¾ ¤Ãn
m�ylv1|¿v�|��Q��n�¦§�qmon2mo�Q�1}{w`«§«��J�Q�»|1�1¦§�dyd|1¦®�Q� �d«®�O�K<�v¿�`ªÍ|1jln4��jd¦§«®����n2� �a¦¸ªNw`�»} ��w`�l�q|1jln��2yd�1��n2�»|
ªÿ���Q�»|�w`«Nmqw`|1�1¦¸z7Bd|1jLylv�|1jlnhwQv�v�n2mh�d«§} v1|�n2����nJºLyd¦§��nJv�w v1|��Q��w`��n�>
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�Q�d|1¦§mqw`« �F
�g¦§�,w`«§«§}�¾ igw`�d«®n�pÅ��v1jl�x¤�v
|1jln ¦§mA�,wQ�2|��`ª�|1jlnow`«§���Q�1¦§|1jdm �Q�/|1jlnowx¬�n2��w`��nAv1|�wQ�K<�v1¦JIxn�hÂ4«¸µ
|1jl�Qyd��j#|1jln�wx¬�n2��w`��n�v1|�wQ�H<�¦®v�ylv1y,w`«§«§} ��nJ��yl�JnJ�#�»}��Qyd�4v�¦§mA�d«®n�jln2yd�1¦®v1|1¦®��¾�|1jln2��n�w`��n�v��Qmon
�xwQv�nJv(¤Zjln2��n´�dnJ�2��nxwQv1¦§�d�h|1jln���nxw
<A¦§mA�d«§¦®nJv¿¦§�l�2��nxwQv1¦§�d�h|1jln´wJ¬�n2��w`��n
v1|�wQ�H<ov1¦JIxnZ¤Zjln2�qylv�¦§�d�
�Qyd��v�¦§mA�d«®n7jln2yd�1¦®v1|1¦®��

���d� ���Y�! �-/.j1���.��!&t. " &6&�. "  54&	"%$' #3�1 � .��!&t. 1�.  �3 �Y& �Y1 " �
£ nÃ�l�Å¤@ªÿ�O�2ylv��Q� |1jln¿|��Q|�w`«dmon2mo�Q�1}��igw`�d«®n7p � ��¦§¬�nJv(v��QmonÃ��nJv1yd«§|�v(w`�3�Qyd|�|1jln¿�3n2���Jn2�»|�w`��n
�`ª��dnJ�2��nxwQv�n/�`ªh|1jln�mon2mo�Q�1}Ä�O�J�2yd�,w`|1¦®�Q�!wDªa|�n2��w`�d�d«§}O¦§�d�@Â4«§���Q�1¦§|1jdm �� Â´v{�J�Qyd«®�Ä�3n
nFz��3nJ�2|�nJ�Í¾ ¤¿nq�xw`�¹v�nJnA|1j,w`|�|1jln�w`«§���Q�1¦§|1jdm �d�OnJv7�l�Q|h�dnJ�2��nxwQv�nA|1jlno|��Q|�w`«(mon2mo�Q�1}/��nxw
<
ª±�Q�^|�nJv1|Z�d���Q�d«®n2mov�¤Zjln2��n�|1jln7v1|�wQ�K<{mon2mo�Q�1} ¦®v^|��L�Av1mqw`«§« �J�QmA�,w`��nJ�G|�� |1jln´ª±wQ�2|��Q��vÅ 4�
|1jlnq�Q|1jln2�hj,w`�l�Í¾<¦¸ªÃ|1jlnov�|�wQ�K</¦®v�|1jlnAmqwD�1�Q���,w`�1|h�`ªZ|1jlnAmon2mo�Q�1}�¾<¤¿n��xw`�¹v�nJnA|1j,w`|h|1jln
�dnJ�2��nxwQv�n{�xw`�@�3n{«¯w`�1��n�¾�wQvAv1jl�x¤Z�²ª±�Q�AnFzdw`mA�d«®n{¤Z¦§|1j X
À´~(iNÂ
�/w`�l�@���(i F1Á¹¤Zjln2��n ¦§|
��nxwQ��jlnJv4����æ���{
:´�x¤Ãn2¬�n2�x¾N�l�Q|�n |1j,w`|�ªÿ�Q��v1yl��j6�d���Q�d«®n2mov�¤Zjln2��nA|1jlnAv�|�wQ�K</¦®v
«¯w`�1��n�¾NÂ4«§���Q�1¦§|1jdm�p ¤¿�Qyd«®�
w`«®v��{�dnJ�2��nxwQv�n |1jln��3nxw
<#�`ªÃ|��Q|�w`«�mon2mo�Q�1}��i^jLylvx¾3ª±�Q�
mo��v1|7�xwQv�nJvx¾ÍÂ4«§���Q�1¦§|1jdm �{�xw`�d�l�Q|
��¦§¬�n jLyd��nA�»w`¦§�lv7¦§�°�J�QmA�,w`�1¦®v��Q� |���Â�«§���Q�1¦§|1jdm p� �Ã�QmA�,w`�1¦§�d�#|1jln |��Q|�w`«�mon2mo�Q�1}/��nxw
<
�Q�d|�w`¦§�lnJ�¹¤Z¦§|1j¹�3�Q|1j w`«§���Q�1¦§|1jdmovx¾<¤¿n��Q�lv�n2�1¬�nJ�°|1j,w`|�|1jlno�»w`¦§� ��ylnA|���Â4«§���Q�1¦§|1jdm*����¦®�
�l�Q|�nFzd�JnJnJ�G���{
:´�x¤Ãn2¬�n2�x¾dÂ�«§���Q�1¦§|1jdm �h��¦§¬�nJvÃ|1jln4�Q�d|1¦§mqw`«3|��Q|�w`«�mon2mo�Q�1}q�3nxw
<A¦§� w`«§«3�xwQv�nJvZw`�l�q¦®v¿¤¿�Q�1|1j
ylv�¦§�d�A¦¸ªg|1jd¦®v�¦®vZ�Q����nJ�2|1¦§¬�n�

ñ�� ]NñB�
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i<�/v1ydmAmqw`�1¦JIxn�¾�¤Ãn{j,wJ¬�n �d���Q�3��v�nJ�½w`�½w`«§���Q�1¦§|1jdm�|1j,w`|��d���Å¬L¦®�dnJv |1jln��Q�d|1¦§mqw`«Z�3nxw
<¹�`ª
|1jln v1|�wQ�H< w`�l�²¦§�@mo��v1|��xwQv�nJv ��nJ��yl�JnJv |1jln{wx¬�n2��w`��n�v1|�wQ�K< v1¦JIxn� ��¬�n2�@¤Zjln2�½|1jln�v�|�wQ�K<
w`�l�q|1jln�ª·wQ�2|��Q��v^w`��n��`ª |1jln�vãw`mon4�Q���dn2�x¾L|1jln4v�nJ�J�Q�l��w`«§���Q�1¦§|1jdm |1j,w`|¿�Q�d|�w`¦§�lvÃ|1jln´�Q�d|1¦§mqw`«
�3nxw
<o�`ªN|��Q|�w`«�mon2mo�Q�1}�¾d�d�LnJv¿�l�Q|^�d���x¬O¦®�dn
v���ylv�nFªÿyd«��»w`¦§�lvÃ�J�QmA�,w`��nJ�{|���Â�«§���Q�1¦§|1jdm p� FU�
ª·wQ�2|x¾»�Qyd���l��v1|�w`«§���Q�1¦§|1jdm.¤Z¦§«§«,��nZ�`ªÍ�d�1¦§mqw`�1} ¦§�»|�n2��nJv1|�ªÿ�Q�Ãw`�q�Qyd|�µ¶�`ªbµ¶�J�Q��n�¦§mA�d«®n2mon2�»|�w`|1¦®�Q�
�`ª7m�yd«§|1¦¸ªa���Q�L|�w`«
v��Q«§¬�n2��vo¤Zjln2��n�|1jln�ª±wQ�2|��Q��v w`��n��dyd|{�Q� ��¦®v.<½��yd�1¦§�d�¹|1jln�ª±wQ�2|��Q�1¦JIÅw`|1¦®�Q�
�d���O�JnJv�vx
£ n �l�,w`«§«§}o��n2�3�Q�1|¿¦§�{i<w`�d«®n px�7|1jln´�Q�d|1¦§mqw`«��3nxw
<ov1|�wQ�H<�¾OmonxwQv1yd��nJ� wDªa|�n2�¿|1jln´w`�d�d«§¦®�xw`|1¦®�Q�
�`ª8Â�«§���Q�1¦§|1jdm p
¤Zjd¦®��jGmA¦§�d¦§mA¦JIxnJv�|1jln7v1|�wQ�K<3 £ n��xw`��v�nJn
|1j,w`|Z|1jln���n2j,wx¬L¦®�Qyd��¦®vZv�¦§mA¦§«¯w`�
|��°|1jln��Q�ln��Q�lv�n2�1¬�nJ�©¦§�©i<w`�d«®n px�$>�|1jln���nJ�Q���dn2�1¦§�d� |�nJ��jd�d¦®ºLylnJvq|1j,w`|���n2�ln2��w`|�n#w/¤Ãn2«§«¸µ
�,w`«¯w`�l�JnJ��¤Z¦®�dn�|1��nJnh«§¦J<�n ���(i F1Á�w`�l�°Á���´i�� : j,wJ¬�nAwq«¯w`�1��n2�4�3nxw
<G�`ª(|1jln�v1|�wQ�K<G|1j,w`�
|1jln��Q|1jln2��vx�F¶�/wQ�d��¦§|1¦®�Q� ¾�|1jln�¤¿n2«§«8�,w`«¯w`�l�JnJ�/�dnJn2��|1��nJnJv4�`ª�Â´� �+��¦§¬�nh|1jln�«¯w`�1��nJv1|´��nxw
<
�`ªÍ|1jln4v1|�wQ�K< ¦§�{w7«®�Q|¿�`ª �xwQv�nJv ����nJ�xw`ylv�n4Â4� �Ä|1��nJnJv�j,wx¬�n�¬�n2�1}A«¯w`�1��n�ªa���Q�L|�w`«,mqw`|1�1¦®�JnJvZw`|
|1jln
|��Q�#�`ª<|1jln7|1��nJn�(�g¦§�,w`«§«§}�¾d¬�n2�1} �dnJn2��yd�L�,w`«¯w`�l�JnJ��|1��nJnJvZ«§¦J<�n7|1jln7�Q�lnJv���¦§¬�n2���»} Â4���
w`�l�G~�´s � w`��n7|1jln
mo��v1|4n 
3nJ�2|1¦§¬�n7¦§��|�n2�1mov4�`ªg|1jlnhv1¦JIxn7�`ªg|1jlnhv1|�wQ�K<3

� � ��� �<��0�	,����� ����� "J0h �0������ �Z���

FU�¹|1jd¦®v��,w`�3n2��¤Ãn�j,wx¬�nq�d��nJv�n2�»|�nJ�½w`�²nFz��3n2�1¦§mon2�»|�w`«Zv1|1yl��}°�`ª�|1jlnqmon2mo�Q�1}¹ylv�w`��n��`ª´w
m�yd«§|1¦¸ªa���Q�L|�w`«�v��Q«§¬�n2�x i^jd¦®v{mon2mo�Q�1}©ylv�w`��n/�xw`�Ä��n���¦§¬O¦®�dnJ� ¦§�L|��²|¶¤¿�@�,w`�1|�v >¹w¹v�|�w`|1¦®�
�Q�ln�¤Zjd¦®��j¹�J�Q�1��nJv1�3�Q�l�dv
|���|1jln�ª·wQ�2|��Q�7v1¦JIxn�¾Nw`�l�6w{��}L�,w`mA¦®�A�Q�ln ¤Zjd¦®��j°�J�Q�1��nJv1�3�Q�l�dv7|��
|1jln�wQ�2|1¦§¬�n�¤¿�Q�.<O¦§�d�{v1�,wQ�Jn �a|1jlnhv�|�wQ�K< �Z�lnJnJ�dnJ�#|��q�3n2��ª±�Q�1m |1jln��J�QmA�dyd|�w`|1¦®�Q�  �´}O�,w`mA¦®�
mon2mo�Q�1}¹ylv�w`��no¦®v��dn2|�n2�1mA¦§�lnJ�²�»}6|1jln wQv�v�n2mh�d«§}¹|1��nJno¤Zjd¦®��j@¦§|�v�n2«¸ª��dn2�3n2�l�dv��Q� |1jlnq��nFµ
�Q���dn2�1¦§�d�{|�nJ��jd�d¦®ºLylnAw`�d�d«§¦®nJ�Í�s�nJ�Q���dn2�1¦§�d�{|�nJ��jd�d¦®ºLylnJv´j,wJ¬�n wov1¦§���d¦��,�xw`�L|
¦§mA�,wQ�2|´�Q�#|1jln
mon2mo�Q�1}Gylv�w`��n�>^�»}�|1jln w`mo�Qyd�»|7�`ª �l«§«¸µ·¦§��ª±�Q��|1jln�v1|�w`|1¦®�hmon2mo�Q�1}�¾Íw`�l���Q�#|1jln�v1j,w`�3nh�`ª
|1jln�wQv�v�n2mh�d«§} |1��nJn
ª±�Q�Z|1jln���}O�,w`mA¦®�7mon2mo�Q�1}�
£ jln2��nxwQv8|1jln2��n�w`��n�w4«®�Q|��`ª�v1|1yl��¦®nJv��Q�A|1jlnÃ¦§mA�,wQ�2|(�`ª���nJ�Q���dn2�1¦§�d���Q� �l«§«¸µ·¦§� ¾»|��
�Qyd� <L�l�Å¤Z«¸µ
nJ����n�|1jd¦®v4¦®v�|1jln �l��v1|�¤Ã�Q�.<�¤Zjd¦®��j6v1|1yl��¦®nJv´|1jlnh«§¦§�L<Ov4��n2|U¤¿nJn2�/|1jln���nJ�Q���dn2�1¦§�d�{|�nJ��jd�d¦®º»yln
w`�l�°|1jlnqv1|�wQ�H</n2¬��Q«§yd|1¦®�Q�@�`ª^mhyd«§|1¦¸ªÿ���Q�»|�w`«Zv��Q«§¬�n2��vx £ nA�3n2�»w`�°�»}°v1|1yl��}O¦§�d��|1jlnq¦§mA�,wQ�2|
�`ª���nJ�Q���dn2�1¦§�d�{|�nJ��jd�d¦®ºLylnJv4�Q�/wQv�v�n2m��d«§}{|1��nJnJvÅ £ n�j,wJ¬�n��Q�lv�n2�1¬�nJ��|1j,w`|4��nJ�Q���dn2�1¦§�d�q|�nJ��j�µ
�d¦®ºLylnJv{«§¦J<�n#���(i F1ÁÄw`�l�¨Á���´i�� : ��¦§¬�nG«¯w`�1��n�¤Ãn2«§«¸µ·�,w`«¯w`�l�JnJ�¥|1��nJnJv{¤Zjd¦§«®n#��nJ�Q���dn2�1¦§�d�
|�nJ��jd�d¦®º»ylnJv{«§¦J<�n#Â4���+w`�l�©~�´s � �a��nJv1� ¥Â´� � ����¦§¬�nG¬�n2�1}¼�dnJn2�©yd�L�,w`«¯w`�l�JnJ� �a��nJv�� 
�,w`«¯w`�l�JnJ� �7|1��nJnJv�¤Z¦§|1j w�«¯w`�1��nA�»ydm���n2���`ªÃ�l�O�dnJvxoÂ�ªa|�n2�h|1j,w`|�¤¿nAylv�nJ�6|1jlnJv�nA��nJv1yd«§|�vh|��
nFz��d«¯w`¦§�©|1jlnGmon2mo�Q�1}½��n2j,wx¬L¦®�Qyd�{�`ª�|1jln�v��Q«§¬�n2��¤Z¦§|1j nxwQ��jÄ��nJ�Q���dn2�1¦§�d�²|�nJ��jd�d¦®ºLyln� £ n
j,wx¬�n�v�nJn2�@|1j,w`|A|1jln��dnJn2�¼yd�L�,w`«¯w`�l�JnJ�¼|1��nJnJvow`��n �3n2|1|�n2�A|1j,w`�¼|1jln «¯w`�1��n ¤¿n2«§«¸µ·�,w`«¯w`�l�JnJ�
�Q�lnJv7ªÿ�Q��|1jln mon2mo�Q�1}°�O�J�2yd�,w`|1¦®�Q�  £ no��n2mA¦§�l�6|1j,w`|�¦§�¹�Qyd�hv�|1yl��}�¾ |1jlnov1|�w`�1|1¦§�d�G���Q¦§�L|

];] ò=^�_D`�aHb
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¦®v
|1jln�w`mqw`«§�»w`mqw`|�nJ� wQv�v�n2m��d«§}#|1��nJn�¾N¦®n�¾Í|1jln |1��nJnqwDªÿ|�n2�7|1jlnAv1}Omh�3�Q«§¦®��ª±wQ�2|��Q�1¦JIÅw`|1¦®�Q� j,wQv
�3nJn2� ��n2��ª±�Q�1monJ�Í �¿«®nxw`�1«§}{����v1|�µ·|1��nxw`|1¦§�d�A|1jln´|1��nJn´¤Z¦§|1j��l�O�dn´v��d«§¦§|1|1¦§�d� �Q��w`mqw`«§�»w`mqw`|1¦®�Q�
|�nJ��jd�d¦®º»ylnJv(¤¿�Qyd«®�qw`«®v��´j,wx¬�n�w`� ¦§mA�,wQ�2|��Q� |1jln^mon2mo�Q�1}� �ÿ�l�Q�(nFzdw`mA�d«®n�Á���´i�� : ¤Zjd¦®��j
�d���Å¬L¦®�dnJv^w`mqw`«§�»w`mqw`|�nJ��|1��nJnJv(¤Z¦§|1j�whv1mqw`«§«l�»ydm���n2�Ã�`ªÍ«¯w`�1��n��l�O�dnJv��2«®nxw`�1«§} j,wQv¿w7v�mqw`«§«®n2�
v�|�wQ�K<{|1��w\9q�� �
£ n�j,wJ¬�n
w`«®v���v1jl�Å¤Z��|1j,w`|¿|1jln�v1|�wQ�H<Amon2mo�Q�1}qn2¬��Q«§yd|1¦®�Q�{�l�Q|¿�Q�d«§}o�dn2�3n2�l�dv¿�Q��|1jln�v1j,w`�3n
�`ª¿|1jln�|1��nJn��dyd|�w`«®v��{�Q�/|1jln�|1��nJn�|1��wx¬�n2��v�w`«(��yd�1¦§�d� |1jlnhª·wQ�2|��Q�1¦JIÅw`|1¦®�Q�  £ n��d���Q�3��v�nJ�/w`�
w`«§���Q�1¦§|1jdm |�� �l�l��|1jln
�3nJv1|Z|1��nJn7|1��wJ¬�n2��vãw`« �a¦§��|�n2�1mov��`ª8mon2mo�Q�1}��L�J�2yd�,w`|1¦®�Q� �^¦§� QTS-QVUVWl
ÂZ�2|1y,w`«§«§}q¤¿n´j,wJ¬�n
�dnJv1¦§���lnJ�{|¶¤Ã�Aw`«§���Q�1¦§|1jdmovÃªÿ�Q�ÃmA¦§�d¦§mA¦JIJ¦§�d�Amon2mo�Q�1}��O�J�2yd�,w`|1¦®�Q���`ª |1jln
v��Q«§¬�n2��ª±�Q�����Q|1jG|1jln�¦§��µ¶�J�Q��n �a|��Q|�w`«gmon2mo�Q�1}�mA¦§�d¦§mA¦JIÅw`|1¦®�Q� �4w`�l��|1jlnh�Qyd|�µ¶�`ªaµ¶�J�Q��n �±wQ�2|1¦§¬�n
mon2mo�Q�1}½mA¦§�d¦§mA¦JIÅw`|1¦®�Q� ���xwQv�nJvÅ £ nG�Q�d|�w`¦§�lnJ�Ä���L�O�½��nJv1yd«§|�v�¤Z¦§|1jÄ|1jln#w`«§���Q�1¦§|1jdm |1j,w`|
mA¦§�d¦§mA¦JIxnJv´|1jln�wQ�2|1¦§¬�nhmon2mo�Q�1}� £ ¦§|1j�|1jlnh�Q|1jln2�
�Q�ln�|1jln��»w`¦§�lv
w`��n�v1mqw`«§«®n2� �a¤Ãn��d�q�l�Q|
��n2| w`�»}°�»w`¦§� ª±�Q�h|1jlnomqw`|1�1¦®�JnJv�¤Zjln2��n wQ�2|1¦§¬�nqmon2mo�Q�1}¹¦®vh|��O�Gv1mqw`«§« �F#i^jln{w`«§���Q�1¦§|1jdmov
�d���Q�3��v�nJ��w`��nhwx¬Qw`¦§«¯w`�d«®nh¦§����n2«®nxwQv�n7�lÝ�A�`ª8|1jln7v��`ªÿ|¶¤^w`��n��,wQ�K<�w`��n Q-STQVU$Wd
£ nAw`��n��l�x¤ ¦§�L|�n2��nJv1|�nJ�/¦§�°v1|1yl��}O¦§�d� |1jln�mon2mo�Q�1}#��n2j,wx¬L¦®�Qyd�
ª±�Q�
|1jln��,w`��w`«§«®n2«(�xwQv�nAw`�l�
�dnJv�¦§���¹w`�°�Qyd|�µ¶�`ªbµ¶�J�Q��nov���jln2monA|���¤Z�1¦§|�n |1jlnAª±wQ�2|��Q��v��Q�°��¦®vK<��FU��|1jln «¯w`|1|�n2���xwQv�n�¾Í|�nJ��j�µ
�d¦®ºLylnJv�|��#�Q�d|1¦§mA¦JIxn{|1jln{v1¦JIxn{�`ª�|1jln{v�|�wQ�K<°¤Z¦§«§«Ã��n{nFz�|1��n2mon2«§}°ylv�nFªÿyd«·¾(w`�l� v1�3nJ�2¦¯w`«^�xw`��n
v�jl�Qyd«®����n
|�w
<�n2�G|��An�9q�2¦®n2�»|1«§}��,w`«¯w`�l�Jn7|1jln7mon2mo�Q�1}���}O�,w`mA¦®�xw`«§«§}�

�=� �7��� �!������-��(�����4 �	

£ n�w`��nA����w`|�nFªayd«¿|���~8w`|1�1¦®�K<¹Â4monJv1|��x}�ª±�Q��jd¦®vh�J�QmAmon2�L|�v��Q�²w`� nxw`�1«§¦®n2�h¬�n2��v�¦®�Q�¹�`ªZ|1jd¦®v
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Unit é de recherche INRIA Rennes, Irisa, Campus universitaire de Beaulieu, 35042 RENNES Cedex
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