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network topology

programming model

communication bandwidth/latency

network communication protocol
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 �o��öÜøS÷{þ�ìÁôH�j÷cöË÷có�î�ðàìÁí
þpð	ñ2ðYî�ñ2ðYþ)�)÷F��ðY÷Çò�ìÜöÁÿ
öÁøQ÷{þ�ðYþ ��ïÕøpî	ð�íÕí;�QìÜòQðYí?ø{ó�ð&ø{ï�ô�ø{ï2ð�ø��@ìÜñ2í���÷{ïÉñ2ì¾ñ2ìÜøQó�í?ñÕøn÷AöÁì
���SñÕöÁÿ öÁøQ÷{þ�ðYþ
��ïÕøpî�ðYí2í*

�#øQ÷QþEìËí;ô�ðY÷QíÉõ�ïÕð�þ�÷QíÔñ���ð�ôJìÁó�ìÁô�õ�ô ��� � ø%��÷5íÉìÁô�õ�öË÷[ñ2ø{ï 
 í �j÷cïÕñÕìÜñÕìÁø{ó�í;÷Qí;ïÕð��jøQïÉñ2ðYþ&ìÁó�ñ#��ð�íÕó�÷%��A
íp��ø{ñ2í�ñ:÷ 1Qð�ó �Óø{ï>8v� �Iî	ø{ô���õ�ñ2÷[ñ2ìÜøQó�
 E í ��� �,
 í5ô5÷Çÿ ô�ø[òQð>�ÓøQïÉñ#� ÷có�þ �j÷{î31 6Sõ�ìËî31�öÜÿiþpõ�ðÈñ2ø
íp�/ðYî�õ�öÁ÷cñÕìÁò{ðJî	ø{ô���õ�ñ2÷[ñ2ìÜøQó�í��ÓøQöÜöÁø[ý)ðYþ���ÿ4ïÕøQöÜö
��÷Qî31�í���ô�ð�÷cóAò[÷{öÜõ�ð�íBñ:÷ 1Qð�óÈø[ò{ðYï@÷EóSõ�ôH�/ð�ï�ø%�6íÕó�÷%��A
íp��ø{ñ2í ��ï2ø[ò�ìÁþ�ð�÷Jô�ø{ï2ðDïÕð�÷cöÁìÁíÉñÕìËî�ìÜô5÷%�QðDø%��öÁøQ÷Qþ�þ�ìÁíÉñÕï2ì!��õpñÕìÁø{ó�

û�ìÜójî	ð;��÷cïÕñÕìÜñÕìÁø{ó�í���÷ÇòQð�ñ���ð�ìÁï�ø[ý;ó ��� �,
 í��$ô�ì!�Qï2÷cñÕìÁó��'ñ#��ð�ô ìËí�ïÕðYöÁ÷cñÕìÁò{ð�öÁÿÈíeñ2ï2÷{ì!���Sñp�Óø{ï2ýÔ÷cï:þ)
 ��ø[ý A
ð�ò{ðYï��[÷Qí/��÷{ïÉñ2ì¾ñ2ìÜøQó�í�ô�÷ÇÿDøQó�öÜÿ��/ðÔôJø[òQðYþ�÷Qí�÷�ý���ø{öÁð��Çñ#��ð�ìÁï^ó�õ�ôH�/ð�ï�ô�õ�íÉñ(�jð)ô�õ�î,�?öÁ÷{ï��Qð�ï7ñ���÷{ó�ñ���ð
óSõ�ôH�/ð�ïBø��(��ïÕøpî	ð�íÕíÕø{ï:í)ìÜóÈøQï2þ�ð�ïÔñÕø �jð�÷���öÁðDñÕø7��÷{öÁ÷{ó�î	ðDöÁøQ÷Qþ�ð*��÷{î�ñ2öÜÿ�
ÔûpìÜó�î�ð�ñ���ð�î	øQôJô?õ�ó�ìËî�÷cñÕìÁø{ó
íeñ2ïÕõ�î	ñÕõ�ï2ð�ìËí�+��pðYþ&ñ2ø'÷:�{ï2ðY÷cñ;ð���ñÕðYó�þ���ÿ&íÉñ2÷cñÕìËî�÷cöÁöÁÿ�î	öÁõ�íÉñÕðYïÕìÁó��5ð�öÁð�ô�ðYóQñ:íBìÁóSñÕø7��÷{ïÉñ2ì¾ñ2ìÜøQó�í���÷:�{ø�øpþ
íeñ:÷[ñÕìËîv��÷cïÕñÕìÜñÕìÁø{ó�ìÜó����/ø{öÁìÁî�ÿ'ìËí;ïÕð<6Sõ�ìÜï2ðYþ�


9	
 �7ø î�ø{ô��jðYó�í2÷[ñÕð �Óø{ïEöÁøQ÷Qþ>ìÜô3��÷cöË÷cójî	ð��;÷ íÕð	ñ�ø%��ð�öÁð�ô�ð�óSñ:íEìËíEíÕð�öÁðYî	ñÕðYþ �Óï2ø{ô ñ���ð ��÷cïÕñÕìÜñÕìÁø{ó�ø���÷
��ðY÷Çò�ìÁöÜÿ&öÜøS÷{þpð�þàíÕìÜô?õ�öÁ÷cñÕøQï@÷cójþÈìÁí@ô�ø[ò{ð�þ4ìÜóSñÕøEñ���÷cñ�ø��
÷'öÁì!���SñÕöÁÿ&öÁøQ÷QþpðYþàø{ó�ð�
��#øS÷{þÈìËí@ôJð�÷{íÕõ�ï2ðYþ
�Sÿ�ø���íÕð�ï2ò�ìÜó��D��� �,
 í^öÜì 1{ð;ìÁó �{ü�
 = øQô;�j÷cï2ðYþ�ñÕø �{ü��{ðYöÜðYôJðYóSñpA¯ý;ìÁíÕðÔïÕð*A0��÷{ïÉñ2ì¾ñ2ìÜøQó�ìÁó���÷cöÁöÜø[ýBí�ò{ðYïÕÿ +�ó�ð�A
�{ï:÷cìÁó�ðYþAïÕð�þpìÁíÉñÕï2ì
��õpñÕìÁø{ónø��Ôî�ø{ô���õpñ:÷[ñÕìÁø{ój÷cö�öÁøQ÷{þ�
 = ø{ô�ô�õ�ó�ìÁîY÷[ñÕìÁø{óÛï2ð�öË÷[ñÕìÁø{ójí��jð�ñeý6ðYð�ó ��ï2ø�î�ðYí2íÉð�í
î�÷có��/ð�ïÕð�÷cï2ï2÷{ó��{ð�þ��ÓïÕðYð�öÁÿ7�/ðYî�÷{õ�íÕð@ñ#��ð�ï2ð�÷cï2ðDó�ø�ïÕð�íeñ2ïÕìËî�ñ2ìÜøQó�í;þpõ�ð�ñÕø'íÉñ2÷cñÕìËîv��÷cïÕñÕìÜñÕìÁø{ó�ìÁó��~

�Bø[ý)ð�ò{ðYï��$ô�ì
�{ï:÷[ñ2ìÜó��4ðYöÜðYôJðYóSñ2í�ìËí�ó�ø{ñ�÷{í�íÉñÕï:÷cì
���Sñ��Óø{ï2ý)÷{ï2þà÷QíDô�ì!�Qï2÷cñÕìÁó�����÷cïÕñÕìÜñÕìÁø{ójíDý���ìÁî,� ��÷ÇòQð
ñ���ðYìÜï?ø[ý;ó ��� �,
 í�
 ��íÕõ�÷cöÁöÁÿ���ñ���ð&íÉøQõ�ï:î	ð:��÷{ïÉñ2ì¾ñ2ìÜøQó3
 í3��� ��� G ����� ��ìÁí�öÜø[ý)ð�ï�ñ���÷{ónñ���ð&þpðYíÉñÕìÁó�÷[ñ2ìÜøQó��÷cïÕñÕìÜñÕìÁø{ó3
 íc��� ����G���� ��	 
 � ��ð�ï2ð��ÓøQïÕð���ñ���ð�íÉìÁô�õ�öÁ÷cñÕø{ïf��ïÕøpî�ðYí2íÉìÁó���ñ���ð�þpðYíÉñÕìÁó�÷cñÕìÁø{ó���÷{ïÉñ2ì¾ñ2ìÜøQó���4
��� ��	 �ô�õ�íÉñw�jðYïp�ÓøQïÕô ÷@ô�øpþpì!+�ðYþ3�ÓøQïÕôÙø%�fïÕøQöÜö
��÷{î31Dñ2ø8G ����� ìÜó�øQï2þpðYï^ñÕø�íÕìÜô?õ�öË÷[ñÕðÔõ�ó�A0��ï2øpî	ð�íÕíÕðYþ?ð�òQð�óSñ2íC�ÓøQïñ���ð�VÉó�ðYý�W�íÉì
�{ój÷cöËí*
Ôù � ��ìËí)ïÕøQöÜö
��÷Qî31?þpø�ðYí6ó�ø{ñ6ï2ð�6Sõ�ìÁïÕðBöÁøpî�÷{öjðYò{ð�óSñ:í�ñÕø3�jð�õ�ó�þ�ø{ó�ð�
 ü �Bó Ao��ï2øpî	ðYí2íÕðYþ
ð�ò{ðYóSñ2ív�Óø{ï�íÕì
�{ó�÷{öÁí�ñ#��÷[ñ�ô�ì
�{ï:÷[ñÕð�ìÁóSñÕø&ñ���ð'þ�ðYíÉñÕìÁó�÷[ñ2ìÜøQó �j÷cïÕñÕìÜñÕìÁø{ó ��÷Çò{ð?ñÕø��/ð'íÕð�óSñD�ÓïÕøQô 4 ����� ñ2ø

� �
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the number of element

evaluations in a partition
is reduced with respect

to sequential simulation

1

Time Warp with lazy cancellation
min-cut partitioning, circuit: c6288

partitions
2 4 6 8 10 12 14 16

maximum

minimum

Speedup

Parameter s:
number of simulation time

units between application of
successive input vectors

to primary inputs

I�ì
�{õ�ï2ð  � �ÔìÁôJðD�n÷cï#� � ð*���/ð�ï2ìÁôJðYóSñ2÷cö$ï2ðYíÕõ�öÜñ2í

4 ��� ��	 
 E öÁíÕø	�Sï2ø{öÁö!��÷Qî31?÷cñ;4 ��� ��	 ô5÷Çÿ?ï2ð�6Sõ�ìÁï2ðÔñ���ð�íÉì
�{ó�÷{ö	��ìËíÉñÕø{ï2ÿ3�Óø{ï A ��� G � G ����� Djñ2ø �jð�ñÕï:÷có�íp�Óð�ï2ï2ðYþñÕø�4 ��� ��	 

�¹ó4ñ���ð�î	õ�ï2ï2ð�óSñBò{ðYï2íÕìÜøQó�ø��^ñ���ð�ñÕðYíÉñ��/ðYþ��jô�ð	ñ#��øpþ 9:��÷Qí��jðYð�óÈìÁô���öÜðYô�ð�óSñÕð�þ)
 = ø{ô���÷{ïÕìËíÉøQó�ø���ôJð�ñ�� A

øpþ�í ��÷cójþ 9Jý;ìÁöÜö��/ð�÷có&ìÁóQñ2ð�ï2ðYíÉñÕìÁó����jøQìÜóSñ��ÓøQïB÷%����öÁìËî�÷[ñ2ìÜøQó�íÔø%�^÷có�þ&ð*�Sñ2ð�ó�íÕìÁø{ó�í)ñ2øJøQõ�ïÔñÕð�íeñ#�jð�þ)


� ����� #Bå�ê2- #�ãJä%� �	� #0��è&��ä��
� ��ð�ñÕð�íeñ#�jð�þ ��÷Qí;�jðYð�óiìÜô���öÁð�ô�ð�óSñ2ðYþl��÷{íÕðYþ
øQó ñ#��ð���÷cï:÷cöÁöÜðYöh��ïÕø��{ï:÷cô�ô�ìÜó��AöÜì
��ï:÷cï2ÿ ����� A ��Do
 �;õ�ó A
ñÕìÁô�ð�ô�ðY÷QíÉõ�ï2ð�ô�ðYóQñ:í;ý)ð�ï2ðD�jðYïp�ÓøQïÕô�ðYþ&øQó�ñ#��ð � ��� 	���
�÷{ó�þ � ���
	���������ëT�-���0
 í�
;��÷%�/
 � íÕõ�ô�ô�÷{ïÕì
��ð�íÔñ���ð
î	øQô�ô�õ�ó�ìËî�÷cñÕìÁø{ó��jðYïp�ÓøQïÕô5÷{ó�î	ð�ø%�^ø{õ�ï;ìÁô���öÁð�ô�ð�óSñ2÷cñÕìÁø{ó���öË÷[ñp�ÓøQïÕô�


I�õ�ó�î�ñ2ìÜøQóàþpðYî�ø{ô��jøSíÉìÜñÕìÁø{óÈþpìËþ4ó�ø{ñ�÷{î,��ìÁð�òQðDíÕì
�{ó�ì!+jî�÷{óSñ�íp�/ð�ð�þpõ��Èø{ó4ñ#��ðYíÕð�íÕÿ�íÉñÕðYô5í*
 � ��ð�ô5÷]�pìÁô�õ�ô
�/øQí2íÉì
��öÁðÔí��/ð�ðYþ�õ���ìÁíw�/ð	ñeý)ð�ðYó�ñ#��ï2ð�ðB÷cójþ �ÓøQõ�ï�
 ��÷cï:÷cöÁöÁð�öÁì!��÷[ñÕìÁø{ó�ø[ò{ð�ï#��ð�÷{þ�ý;ìÜñ���øQõpñ
î	øQô�ô�õ�ó�ìËî�÷cñÕìÁø{ó�î	øSíeñ:í
��÷Qí��/ð�ðYó�ô�ðY÷QíÉõ�ïÕð�þJñÕø;�jð�ó�ðY÷{ïÕöÁÿ ] ��
 
 ��ì!����î	øQô�ô�õ�ó�ìËî�÷cñÕìÁø{ó'öË÷[ñ2ð�ó�î�ÿ�ô�÷ 1{ð�í6íÕð�ó�þ�ìÜó���í���ø{ïÕñ6ô�ðYí2í2÷%�{ð�íð���ñ2ïÕðYôJðYöÜÿ&î	øSíeñ2öÜÿ�
 ��ø[ý6ðYò{ð�ï<� ��÷Qî31SìÁó���ô5÷có�ÿEìÜñÕðYô5íBìÁóQñ2ø'ø{ó�ð�ôJð�íÕí2÷%�QðDïÕð�þpõ�î	ð�í���ì
�jðYöÜìÁó�ð?ð	�'î	ìÁð�ó�î�ÿ�
 I�øQï
ô�øQíÉñ;ø%��ñ���ðD�/ð�ó�î,��ô�÷{ï21�î	ìÁï2î�õ�ì¾ñ:í*��íÕìÁô�õ�öË÷[ñ2ìÜøQó�ï2õ�ó�í;î�ø{ô���öÁð	ñÕðYöÜÿ&íÉð<6Sõ�ð�óSñÕìË÷cöÁöÁÿ5ì5��ìÜñÕð�ô5í;÷{ïÕð�î	øQôH��ìÁó�ð�þ'ñ2ø
�Óø{ï2ô ôJð�íÕí2÷%�QðYí�ñ#��÷[ñ�÷cï2ð5öÜøQó��Èð�ó�øQõ����nñ2øA÷{î,��ìÜðYò{ð'÷có ÷Qî�î�ð*�pñ:÷%��öÁð5ð�BfðYî	ñÕìÁò{ð7��÷{ó�þpý;ìËþ�ñ��/
 ù ��øA÷{î,��ìÁð�òQð
ô�ø{ï2ð�ñ���÷{ó  ��
 ø���ñ#��ð�ô5÷]�pìÜô?õ�ô ��÷{ó�þpý;ìËþ�ñ��/��ô�ðYí2íÕ÷��{ð�í
ô?õ�íeñc�/ð�öÁø{ó��Qð�ï)ñ���÷{óÈ÷%�/ø{õpñ"� 1A�)ÿQñ2ð�
´ü
�;õ�ó�A`ñ2ìÜô�ð
ô�ð�÷{íÕõ�ïÕðYô�ð�óSñ2í7ý;ì¾ñ#��ñ���ð
ñ#��ïÕðYð���÷{ï2÷{öÜöÁð�öSíÉìÁô�õ�öÁ÷cñÕø{ï:ífñ#��÷[ñ�÷cï2ð9��÷QíÉð�þ�ø{ó�ô�øpþpð�ö���÷{ïÉñ2ì¾ñ2ìÜøQó�ìÁó��

��÷ÇòQðDí���ø[ý;óÈ÷:6Sõ�ìÜñÕð�íÕõ�ï#��ïÕìËíÕìÜó��5ï2ðYíÕõ�öÜñ � ��÷{ïÕìË÷[ñ2ìÜøQó�íÔìÁóàíp�/ð�ð�þpõ���í@÷{î,��ìÁð�òQðYþ>�Óø{ï�íÕìÁô�õ�öË÷[ñ2ìÜøQó�íÔø%��þpì!B/ðYïÕðYóSñ
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Deadlock recovery, natural partitioning

I�ì!�Qõ�ï2ð C � ë�ð�÷{þpöÁøpî31 �;ðYî�ø[ò{ðYïÕÿ � ð�� �jðYïÕìÁô�ð�óSñ2÷{ö$ïÕð�íÉõ�ö¾ñ:í

� ���
	���
cù ����� ü � ���
	��������{ù ����� ü
öË÷[ñ2ð�ó�î�ÿ ùÓñÕìÁô�ðÙó�ðYðYþpð�þÞñÕø!ñÕï:÷có�íp�Óð�ï¬÷ � Ao��ÿQñ2ðô�ð�íÕí2÷%�Qð�ü

� 
 C ] ô5í � 
 �?ô5í

ô5÷%��ìÁô�õ�ô ��÷có�þ�ý;ìÁþ�ñ#�
ù�÷{î,��ìÜðYò{ðYþ7�Óø{ïÔô5÷]�pìÁô�õ�ô
öÁð�ó	�cñ��&ô�ðYí2íÕ÷��{ð�A 9'� 1A�0D ü

� 
 9 ] � �6ÿSñ2ð��[íÕðYî ��
 �*C � �6ÿSñ2ð��[íÕðYî

��÷���öÜð � � = ø{ô�ô�õ�ó�ìÁîY÷[ñÕìÁø{ó��/ð�ï��Óø{ï2ô�÷{ó�î	ð�ø%��ñ���ð�ìÜô���öÁð�ô�ð�óSñ:÷[ñÕìÁø{ó���öË÷[ñ��Óø{ï2ô

î	ìÁï:î	õ�ìÜñ2í�õ�íÕìÜó��@ñ���ð)í2÷cô�ð��j÷cï:÷cöÁöÜðYöÜì
�Y÷cñÕìÁø{ó�ô�ð	ñ#��øpþ ��÷ÇòQð9�jðYð�óJíeñ2ïÕøQó��{ðYï#ñ��j÷có�ò[÷{ïÕìË÷[ñ2ìÜøQó�í��/ð	ñeý)ð�ðYó?þpì!B/ðYïÕðYóSñ
��÷{ï2÷{öÜöÁð�öÁì!��÷[ñ2ìÜøQóàíeñ2ï2÷cñÕð*�QìÜð�í*
v�¹óß÷Qþ�þpìÜñÕìÁø{ó��#í��/ð�ðYþ�õ��Aø�� ñÕð�óÛþpø�ðYí�ó�ø{ñ�þpð��jðYó�þAöÁìÁó�ðY÷{ïÕöÁÿ4ø{óÈñ#��ð�óSõ�ôH�/ð�ï�ø%�
ó�øpþpð�í*
�I�ì
�	
  ÷{ó�þ C�þpìÁí���öË÷ÇÿEíÕø{ô�ð�íÕ÷{ô���öÜð�ï2ðYíÕõ�öÜñ2í@�ÓøQï�5 7 Y�!$#E÷cójþ 5 7�Y�R �$Y 0 � �Qï2ðYí��/ðYî�ñ2ìÜòQð�öÁÿ�
 E ö¾ñ#��ø{õ����
ñ���ðYíÕðBð���÷cô���öÁðYí�ôJì
���Sñ6íÕõ����{ðYíÉñ �ÔìÁôJðf�Û÷{ï��JñÕøH�jð�íÕõ��/ð�ï2ìÜøQï�ñÕøDñ#��ð@î�ø{ó�íÕð�ï2ò[÷[ñ2ìÜòQðÔ÷�����ï2øQ÷Qî,���[ó�ø{ó�ðBø%�fñ���ð
ñ���ïÕðYð�ôJð�ñ���øpþ�í#ñ���÷cñ/��÷ÇòQðC�/ð�ðYó�ìÜô���öÁð�ô�ðYóQñ2ðYþ�îY÷có��/ð
î	öÁðY÷{ïÕöÁÿ���÷Çò{øQïÕð�þ�ì!��÷cöÁöcø{õ�ï#ïÕõ�ó A`ñ2ìÜô�ð�í$ô�ðY÷{íÕõ�ï2ð�ô�ð�óSñ:í
÷cï2ð�ñ2÷ 1{ð�ó&ìÁóQñ2ø5÷{î�î�ø{õ�óSñ<

� ��ð�ï2ðY÷QíÉøQó��Óø{ïBñ#��ìËí@íÕø{ô�ð�ý��j÷[ñ@íÉñÕï:÷có��Qð�ï2ðYíÕõ�ö¾ñ@ìÁíBñ���÷cñ@öÁøQ÷{þ��j÷{íc�/ð�ðYóAþpìËíeñ2ïÕì
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