
Appears in Proceedings of SOSP’95

���������
	��
�

�������������������� �"!#�$��%'&(��� �������$� �)!#�$�*�+��,-&(.'/0���21#3#4�5�&(�
,�&����6��!�78!�9:9;�<���=�2�=��!�� ����>@?A�CBD&������E9;&F�=� �:�=�G%H�'IJ�6%K&��
�L%M!-.M/��N&6�O�P!-�L�Q�R�L�H.M,:��.M�Q&6�H.M!'7S76&T.M��!'��UEB<�H�VIW!-��9X4
��!#����� 9KU-!#.'9R%'!#��%'� 9R��!#/�����!#5�7(� �#>Y?W���F%'� .C&(.'���$��9H�����
!+.K�#IZ�H!
/-�[�D!L5'7\�[9�!L�D!+���D���H�V�D�H�Q�#]_^a`cb'd<eDf<g�f<hCiLj$k�fSeDj=l
m `nf�]o��%'!#�M��!#.�5��p,q&(� Ir� 9�!#�s!G%'!#��%'� 9���!#/q�t��!#5�7(�p!#��/q4
�+�#.@�u�Y9NI2&c�u%O���H5q5-7c�q�=vq&\.@/;>�w��K�#��&cB�&c��!L7c7cx=UH&\�"!������q�=&c!��u�Y�
��!#����&c.'/[&(.'B������+!#�F&(��.CB����"��� ,q� �Q!#7���!#/q� �zy�f�{ k'{}|q��&(~���� � .'�
Ir&(��%2!*�a&(.'/q7(�E,-&(������!#7q��!#/r!#.'9+�K�#�#������&(.@�F� �Q>�w
&(���K7(!#�F&(��.
���Y���H7c�u�SI2&c�u%����Y,-�Y�<!�7MI2�q�Qv-7c�q!�9H����%���I��u%@!��"��7\�K�����Y�T�Y9
��!#/q�r�F!#5q7(� �������r7(� �a�*��� ������xW��%'!#.R!#7(��� ��.'!#��&(,-�V�*Ir&(��%'4
�����'!#9H,q� ����� 7(xt!#BFB�� ���F&(.'/p��!#/q�z�F!#5q7(�z!#����� ���P��&(���q>

w
&c.@�=�2�K%@xq��&c�=!�7M!�9H9H�T�Y�������K!����2�K���2&c�S!�7c���W&c.@�=�T�Y!���4
&(.'/qU-�����+�������V�)!#�$��%'&(�F� ���F�E!#�$������&(.'/�.'� I���� ��%'.'&(�q�K� �a]
���H��%�!���dQbqi�fQgQi�jTk@fQdQ|H^a���Si�`(fQeufQludQb mVm `n�=^<�=�(� k@|H!�.@9Ni�j=gQeu�(j�`(l
d<b m m `(�V^a�V�(�#k�]_�u�A&\.��=�Q�#!L���[�u%��[�C�#�C�-�<x��C!L�H�H�#9o5-xA!
���Q!#.@��7(!���&(��.A7c����vq!#��&(9H�G5��KB�Bu� �Eyu�H�K�H�<>
w
&c.'���G��%@� ���r���Y��%'4
.'&(�q�K�V�s!#�$�t��������7(� ��� 7(x�&(.@� B\B�� ���F&(,-�tIr&(��%'�����M��!#/��t��!#5�7(�
�a�K�������Q��U
Ir��.'� ~L�K7(����vG!#�K� ~L�F� .'9K&c.'/G����.',-�V.@�F&(��.'!#7'!#.'9
��7(�K�a��� �T� 9��K!#/��E��!#5�7(� �"�F�p�a�K�������Q���F%'� ��>�wL&(�+��7(!#��&(��.0�T� 4
���H7c�u�t��%@�-I��=7\�K���u�#���#9��K!L/-�0�u!L5q7\�Y�t���H�K�H�q�<�8�+�#9H&\�H�C4
�a&(�#� 9[������� �Q��!#/��z!#.'9��a��5q5�7(����vp�K�K�K�P� ����� ��&(!#7(7(xpIr� 7(7$>

��� �����$���������F�F���

� .K��7\�-.K/'46���D!
.�9:&\.K/O�V�-�W�H���D���S�D�a�#.K9�&\�r�D%K!L�����Q�-4
/���!��R�=�8�R�L���@��x��;�=!�/��W9;�@�;5@7��L�0�L!�� %_x��L!��r�'�r�TI[�
 }¡ � .'.'¢#£#¤a>L�H%'� ���T� �F&c��!#7(7cx�U���%'� �$� B����$� U��axq���F� �+����%'!��¥�����K4
�:�@���s�;!�/@�L9¦,�&u���T�:!�7����L�R�'��x  (§ �L.H.H¨�£�¤��V%H�@�:7�9¦&�.H4
�#����!q�Y����%:��&D�[,�&D�=�$�¥!q7s!q.;9©�M%:xH�Y&D�#!q7�!q9¥9¥�����Y�C� &D�q���
7(&(.'� !#�Q7(x�� !#��%Wxq�V!#�<>#ª�.W�K��!#����&(���VU'%@��IG� ,q� �FU'�������K!#�F&(5q&(7(&(4

�ux�&\�������Y�pBD�q�Q�=�[!L9�9����#���p���H!L�=�#�t�D�R/'���qI«9�&\���=�-.��u&\.K�H4
������7cx�UK� �����Y��&(!#7c7(x�Bu���E,-&(�Q���K!#7;!�9K9H���Y���a�Y�#>
�H%@�r&c.@9K�K������x
&\�p�V�H�a�Q�#.��D7\x���.�9:�#�Q/'�-&\.�/����H�V%N!+9:&\���V�-.��D&\.K�H&F�ux�I0&\�D%
�����a�¥���$����� �a�����z!#�$��%'&(��� �������$� ������,-&(.'/CBu�T���Z¬##4P���+1#3#4
5q&c�X,-&c�Q���K!�7;!�9H9H��� �����Y�SyuIG%@&c7(�2�+�����Y4��+�q9H� ���u7(x�&c.@�����Y!#��4
&(.@/W��%@�G��&(�#�G��BX�K%@xq�a&c��!#7;!#9H9K�T� ����� ���a>
®*7(7;��%@&(.@/q�*5q� &c.'/
� �q��!#7(UL&(.@���$� !#�a&(.'/r!#9K9K�$� �a�"�a��!#���E�a&(�#�s!#9K,q� �Q�a� 7(xr!#B\Bu� �����
��!L/@���D!
5'7F��!
.K9��6�a!
.��=7\!
�D&F�-.�7F�-�'v'!
��&\9:�+5'��BDB6����y6�:�:���
�����a�����M�K�V�QB������+!#.'���q>��K%'&c�X��!#��� �M� ~L��7(���$� �X��%'�E� B\B�� ���@��B
1#3#4�5�&(�H!#9K9K�$�V���a� �8��.0��!#/q�s��!#5�7(� ��>�®*.[j�h#h#gTf�d�d¥&(�8!S,q&(�Q�F�K4
!#7�!#9K9H�T� �����K.'7(� �a�zIG�S� ~L��7(&(��&(��7(x[&(9K� .'��&(B�x�&(�:!#�z!t��%'xq�a&c4
��!#7�!#9K9K�$� �a��>

®�i�j<kHfre$j m `Ffr�V�T�@�a�L�0�T��!�.��V7�!��T&��@.�UX�:�a�@�T�L�Y�T&��@.�UX!��T4
�F�Q&(5��K�F��!#.'9W�a��!#�F���)&(.'Bu���Q��!#��&(��.�B����Xy�,-&(������!#7(��!#9K9K�$� �a��� �
 }¡ ����vq¢#¬#U�¯)%'!#.@°#°#U��H� ,-x�°�#U�w
&(7c%'¢#¬#UK�K� � °�¢#¤<>
�K%@�r&(.@B����Q4
�R!��T&u�@._B$�@�G�L!�� %±�:!�/���&u�0�Y!�7u7u�L9¦!�i�j<kHfre$j m `Ffrf���e$g�²
y�³��H´K�<>Y�H%'���K�K�A��&(�a�E%'!#.'9H7(� �8!#����� �a��� �z��%'����!#/q����!#5�7(�
��.A!0�H�H���+&(���S���C7c��!�9���%@�G!#�K���$���K�Q&(!����G³K�K´N&(.@���W��%@�
�K�K�X>L®�.R&(9K� !#7:��!#/��r�F!#5q7(�pIr����7(9OB�!#��&(7(&(�F!#���p!2B�!#�a�¥�H�K�
�+&c����%@!�.@9H7c� �uUH�K���27c&c�u��7c�2,-&c�<���K!�7M�q�s�K%@x-��&c��!�7M�+�Y�+�q�QxVU
!#.'9WµK� ~L&(5�7(x0������������������� ��!#��&(.'/0��x����F� ����&(.+��!#/q�*��!#5�7(�
�+�q9H&\BF&c�=!��u&c�q.���>�w
�Y�=�u&c�q.0��$�Y,'&c�#IG���=��.�,'�Y.@�u&c�q.@!L7M�K!L/q�
�u!L5-7\�#��]_7\&\.��#!L�uU:BD�-�<I2!L�Q9�4D�C!L�H�H�#9�U:!L.�9o%�!L��%��#9�]_!L.�9
9H&\���=�H�����Y���u%��2�=%@!L7c7\�Y.@/-�Y���qB8�#~L�u�#.@9H&\.@/A���q.�,'�Y.@�u&\��.�!�7
�K!�/-�0�u!�5-7c�Y���u�R���H�K�H�q�Q�81�3�4D5-&c�"!L9H9H���Y�������K!��=�Y�L>�ªD�"�Y~
4
�K7\!�&\.@�tIG%�xR5-�q�u%O7\&c.��Y!L��!�.�9�%�!���%@�#9��K!L/-�2�u!L5q7\�Y�t!��T�
,�&6!q5H76�OBQ�K��1q3-4Q5H&6��!-9P9¥�����Y�Y���YU�!-.;9¶IC%;x·BQ�K�=IC!-��9P4
��!#����� 9+��!#/q�s�F!#5q7(� �"!#�$�s���$��5�!#5q7(xr&c������!#���F&c��!#7-!#�"� !#��%
�H�H���+&c�������Y�-�K&c�Q� ��!�5-���H�"���Y,'�Y.��C�Y�+�q�QxR�Q�YBu�Y�Q� .����Y�L>
A!#.@x0���$����� �a�����Q��.@��I¸�a�����K���Q���H�K����&(����%'!#.@9K7(&(.'/[&(.
�a��B���Ir!#�$� U�f�{ k'{}U�Aªu³�w  º¹ !#.'� ¢##¤uU�®*7(��%'!   w
&(�F� ¢#¬#¤�U�»*7(�F�Q!#wL4
³�®*¼¥¯  º½ �K.'/�¢#¾#¤a>��K%'&(�"��!#v�� �"��!#/��E��!#5�7(�E9K� �a&(/q.2!#.2����4
�#�<!L�D&\.K/���x'���D�#�¿&\�����H�[!L.K9o&\.N�D%�&\�p�H!L�H�#�SI0�[�#~
��7\�-�T�
!#7(�F� �Q.'!#���z����� �Q!#�F&(.@/t��x����F� �À9K!#��!s�a���������F���$� �PBu���M�a�����Q&(.'/
��!#/��z��!#5�7(� �X!#.'9[�a� �Q,q&(��&(.'/p�K�K�[��&c�a�a� ��>

w��#�V�D&\�q.+¬+&\.��D�Q�q9:�H�V�#�t�D%��[�V�#.��D�a!L7P�V�q.K�u�a&\5-���D&\�q.N�-B
�F%@&(�"��!#��� �VÁ��F%@�E^<`nb�d�e�f�g$f$h*i#j6k'f¥e�j m `nfV>�ªu��&(�"!*.'� IÂ��!#/q�E��!#4
5-7F�[9�!L�D!C���D�<���V�u���Q�[�D%�!
�)�=!
.�5'�[,@&\�#I0�#9�!L�p!+%K!L��%K�#9
��!#/��t�F!#5�7c��!#��/q��� .'���V9AIr&(��%Cd�b m=m `n��^Q���n�Vk'U-!r�a&(����7c��5����
��BDBT��� �6&�,��C�6�L�V%H.H&F���:�C�:���L9±&�.o%H!
�a9;I[!
�<�C� !�� %K�L�G!�.H9
�H�H�K�   �H&c�K��1�°#UHÃ�����9H°�¬�U ¡ &c7c7(°�3�UK�L!#7c7c¢�3#¤a> ¡ !���%@� 9N�K!#/-�
�F!#5q7(� �X!#�a������&(!#�F�E!���!#/pIG&(�F%2� ,-� ��xr³��K´">�¯87(�K�a��� �$�V9���!#/q�

A New Page Table for 64-bit Address Spaces
Madhusudhan Talluri✼✝, Mark D. Hill✼, Yousef A. Khalidi✝

✼Computer Sciences Department ✝Sun Microsystems Laboratories
  University of Wisconsin   2550 Garcia Ave., MTV-29
  Madison, WI 53706, USA   Mountain View, CA 94043, USA
  {talluri, markhill}@cs.wisc.edu   {madhu,yak}@eng.sun.com

This work was primarily supported by a National Science Founda-
tion Presidential Young Investigator Award (MIPS-8957278) and a
Sun Microsystems External Research Grant. The experiments were
performed on equipment donated by Sun Microsystems.



Appears in Proceedings of SOSP’95

��!#5q7(� �*!��a������&(!#���G!0�a&c.'/q7c�r��!#/�B����E!�.A!#7(&c/q.'� 9�/q�$���K�O��B
����.'��� ������&c,q�G��!�/q� �*yuf�{ k'{}|K��&(~L��� � .A3 ¹ �O�K!#/q� ����UK��!#7c7(� 9�!
i�jTk@f m `(��^a�
>�¯)7c�K�����Y��� 9N�K!�/q�2��!�5q7c�Y�S!����G�YB�Bu� ���u&c,-�2IG%@�Y.
�a��!#��&(!#7-7(����!#7(&(��xr�+!#v�� �"&(�K7(&(vq� 7(xr��%'!#������.'��� ������&(,-�E��!#/q� �
!L�Q��&\.N�V�-.��D�#�W�H�-�a!L.K�#�-���p�H���'>-Ä'�-�S�D%���!L�����H�W�H�D&F�q.K�
/q&(,-� .A&(.AwL� ����&(��.G¬�U�Bu���E� ~L!#�+��7c� U�!0��7c�����F�Y�T� 9���!�/��G��!#4
5q7(�GIG&c��%AÅ�10��!�/q� �S�K� �s��!�/q�G5q7(����v��K��� �*7c� ���S�+� �+���Qx
�D%K!L.N!C%K!L��%���9��H!
/'�[�D!
5-7F��&\B���&F~W�-���C�-�Q����!L/'�#�r!L�Q�
��������7(!#��� 9X>=´K~���� �Q&(��� .'��!#7'�$� �a��7(���8yuÄ�&(/q���$�z¢#�H�a%@��IÆ�F%'!#�
��7(�K�a��� �T� 9O��!#/q�r��!#5�7(� ���K�a�r7(� �a�*��� ������xW�F%@!#.R�F%@�r5�� �a�
� �@.H,K�L.H�6&��@.H!�7)�;!�/@�W�T!�5@7��L�=]·7u&�.H�L!��p�:!�/��W�T!�5@7��L�2B$�'�
9:��.K�=�+!
9:9;�Q���=�r�=��!
� ���r!�.K9_%H!
��%K��9±��!
/@�+�6!
5'7F���GBT�-�
�a��!#�Q�a�z!#9K9K�$� �a�X�a��!#��� �#>

¡ !��$9HIG!#���G9H�Y��&c/q.@� �<�*!��$�2&(.@����� !���&c.@/���%@�G�YBFBu�Y����&c,-�Y4
.K�L���G�'BE�;�:�;�GB6�'�p1
3
4T5'&��z�=x@���6�����G�:��&�.K/N�6���V%H.K&��@�:���
���K��%�!��Sd�b-i#fQgQi#jTk@fQd   �
!�7c7c¢#�¤"!#.@9NdQb mVm `(��^<���(� k  º¹ !�.@� ¢��U
��!
7\7\¢
3L¤�>q�:%��������D�#�V%�.K&\�'���#�p!
�Q�[,@�#�axO�#BuBD�#�V�D&\,@��!L�)&F�C4
�K���q,'&c.@/R���H���K�Y�<Bu�q�<�+!L.@�=�YUH���Y9H�K�=&c.�/R�u%@�2.��K�C5q�Y���qB
�H�H���+&c�����Y�S5qx�¾�£#Ç����W¢�¢�ÇGUH!�.'9N�K�$��,-&c9H&c.@/�!#.�!�,-�Y�Q4
!�/��W��~q�L� �;�6&��@.��T&����W�V�:�L�L9;�:�±�@Bs�:�;�6�N�£�ÇÈBT�@�p�T%H�
I2�q�<v-7c�q!L9H��I2�0�H���   �
!�7\7c¢L¾�¤�> ¡ �qI2�Y,'�#��U�IG&\�u%��q�K�8���K�H4
�H�q�<�8&\.O�u%��0�H!L/-�0�u!L5-7c�[�u�R���u�q���0���H�=%�³H��´H�t�q�*&\.O�u%��
�K�K�O%'!#.'9K7(� �z�F�+����!#,-�V�Q�a�p������%R��!#/��p��!#5�7(� ��U@�F%@� �a�p�K�K�
�D�#�V%K.K&\�@���#�r!L�Q���V�-�W��7\���D�#7FxO&\.K�#BuB6���=�6&\,@�@>-³�!L/'���D!
5'7\���
��%'!#�K�a�K�������Q�K����.',-� .'��&(��.'!#7'��&(.'/�7c�V4u��!#/�� 4u�a&(�#���K�K�K�8!#7(���
��!#.������t������� �Q��!#/��p��������5�5q7(����v+��� ��%'.'&(�q�K� �s�F�����V9K�K���
��!#/q�S�F!#5q7(�S�a&(�#�S5qx[!#.+���T9K� �8��B:��!#/q.'&(����9K�SyuÄ�&(/q���$�zÅ#£#�
!#.'9[/q� �'5q� �F��� �;��!#��%'�z��� �QB����Q��!#.'���q>

w
� ����&(��.'�*30!#.@9�¾2�K�$� ��� .@�P��%'�G��� ����.@9�����.@���Q&(5q����&(��.
�qB8��%�&c���K!��H�Y�YÁ��Y~
�u�Y.@9�&c.@/R�H!�/-�2�u!�5-7c�Y���u�����H�K�K�q�<�"���K4
���Y�Q��!�/q�r!�.'9����K5q5�7c����vW³K�H´K��>
?W�G����/q/q�Y���P�$�Y��7c&(��!#��&c.'/
³K��´H�S!��"�Y!���%O5q!����2��&c���2!���![IG!�xR�u�W�Y~
���Y.�9N!�.@xR���q.@4
,-�V.@�F&(��.'!#7-��!#/q�s�F!#5q7(�s�F�r�a�K�������Q����%'�s.'� IÉ³��K´+Bu���Q��!#���
Ir&(��%'�����P!#BFB�� ����&(.'/W�K�K����&(�a�*��� .'!#7(��x�>L?C�r!#7c�a�C���$� �a� .'�
!L7F�D�#�a.�!L�D�����q7F�H�D&F�-.��p�D%K!L�)%K!L,@�[���-�W�[9:�<!
I25'!L�Vv'�p5'�H�
!#�$�z�K�a!#5�7(�E&(.2�a��� ��&(Ê��8��&(����!#�F&c��.'��>�w
� ����&(��.G¾s��%'� .2�a%@��IG�
%��qI��=7c�H���u�Y���Y9��H!�/-�0�u!�5-7\�Y��!L���2&\9H�#!�7¥BD�q�����H�K�H�q�<�u&c.�/
�+�Y9H&c�H�Ë���H�K�Y�Q�K!�/-�Y�S�q�����K5-5q7c�q��v-��UH!�����%@�YxR���Y���K7c�"&c.
���W!L7\7\�#�*�H!L/'�[�D!L5-7\�#��U:I0%�&\7\�[�<�Y�D!L&\.�&\.K/AB6!L���)�����o�W&\���
%'!#.'9K7c&(.'/t��&(���z!#.@9[µ�� ~L&(5�&(7c&(�Fx
>

w
�V���F&(��.G1�/q&(,q� �X���$� 7(&(�+&(.'!#��xr��� ��Bu���Q��!#.'���z.'�K��5�� �Q�
�a&(�+��7(!#��&(.'/C�F� .�¬##4�5q&(�MIG���Qv�7c��!#9K��>�?C�p�a%@��I���%'!#�¥��7(�K�a4
�D�#�Q�Y9��H!L/'�[�D!L5-7\�#�p�����[7\�#���p�C�#�C�-�ax��u%K!L.�!L.Kx��q�D%��#�
��!#/q�z��!#5�7(�E!#.'9�!#�$�EB�!#�a��� �M���t!#����� �a�XIG%'� .2����&(.'/p������� �Q4
��!#/q�z���M����5�5q7(����vp³��H´K�#>�¯87(�����F� �$� 9���!#/��E��!#5�7(� �aULB����M� ~L4
!��+�K7c� UH�K���2¾�£�ÇÌ�qB"��%@�2�+� �C���QxR���Y�q�H&(���Y9N5qx�%@!���%@�Y9
��!#/q�p�F!#5�7c�V��B����������zIr����vq7(��!#9H�sy�Äq&(/q���$�zÅ#£#�<>�?W�p�a&(���K4
7(!#���S��� ,q� �Q!#7K�K�K�R!#.'9R��!#/q���F!#5q7(�����$/�!#.'&(�#!#��&(��.'�z���0��!#7(4
� �;7�!��6�W�T%H�W�L�=�T&���!��T�L9·�:!�/��W�6!�5�7��W!�� �Y�L�=�2�T&�����>��M%H�
!#����� .'9K&(~G&(.'��7(��9K� �zB����Q����7(!#��B����8� �a��&(��!#��&(.'/��F%@�S.'�K��4
5q�Y���qB"�=!��=%@�2�+&\�����Y�S9��K�<&c.@/R�H���N�+&\����%@!�.@9�7c&c.@/R!�.�9
��!#/q�z�F!#5�7c����&(�#�zB����;9K&(BFB�� �$� .'�@��!#/��z��!#5�7(� �#>

wL� ���F&(��.G¨*&(.'��7(��9K� �"!*9K&c�a���K�a�a&c��.0��.0�a�����s����!#9K� ��B\Bu�aU
� ~���� .'�a&c��.'��U
!#.'9C���K�F&(�+&(�#!#�F&(��.'�8���r�F%'����!#/����F!#5q7(�s���T/q!#4
.'&(�#!��F&(��.'�*9K� �����Q&(5q� 9O&(.A�F%@�r��!#��� �<>Lw
� ����&(��.G°2�$� &(��� �Q!#�F� �
���K�;����.'���Q&(5�����&(��.'�#>

Í�Î �Y���Y��Ï�������ÏM�F�*Ð8����Ñ��Y���F������ÒYÓ�Ô�ÒYÕ��8Ö�ÒY×�ÓF�YÏMØ$����ÙYÚYÛ�×��F�
Ü������$�YÏ�ÏMÝ�Þ�ÒY���YÏ

�;%H&��G�V��� �T&F�@.o�<�L,�&���I[�2� �@�����'.H7�x@4T�:�=�L9±�:!�/@�W�6!�4
5@7��L�V]·7�&�.H�L!��6UPBT�@��I�!��<9;4T�R!��:�:�L9;UP!�.H9·%�!��=%H�L9;]·!�.H9
9K&(���������a� �*� ~L��� .@9K&(.@/W�F%@� �ß���C�a�K�������Q�P1#3#4u5�&c�Py�,-&(�Q����!#7c�
!L9:9��Q�#�������L>-®�9:�#�D!L&F7\�#9�9������V�a&\���D&\�-.N�=!
.N5-��BD�-��.�9�&F.
¡ ����vG!#.'9 ¡ !#xq�  }¡ �K��vq¢#¬#¤<>=Ä����P!#7(7'��!#/q�s��!#5�7(��9K� �a&(/q.'��U
1�3
4$5@&��E!�9;9:�a���V�2��!����:&�.H/�&F.HB$�'����!��T&F�@.�I[&�7�7)�Q�L���:&��<�
� &c/q%'�X5�xq���Y�*yu��.@7c� ���*��%@xq��&(��!�7;!#9K9H�T� ����� �*!��$�r��� �����Q&(����� 9
�F��7c�V���s�F%'!#.�!#5������M¬#1G5�&(���a�<>�Ä�&(/q���$�zÅG&(7(7(���a���Q!#�F� �s� ~�!#�+4
��7(�S��!#���K&(.'/[&(.'B������+!#�F&(��.+��%'!#�:����.'�F!#&c.'����.'�S,-!#7(&(9�5�&(��U
!G#°#4�5�&c�M³K³�à�y�3#£#4u5�&(�¥��%'xq�a&(��!#7:!#9K9K�T� ���sIr&c�F%�3 ¹ ����!#/q4
� �a��U@Å#r5�&(���E��B¥�a��B��FIG!#�T�p!#.'9A%'!#�$9KIr!#�$�t!#���F�Q&(5��K�F� ��U'!#.'9
�$�V��� ��,-� �"³�® § 5q&(�F�8B����PB��������$�s�����q>�?W�s�����s7(&(�F��7(� 4�� .'9H&(!#.
.@���u!���&c�q.�����.@�K�+5-� ����%@�25q&c�u��UH������%��G7c�Y!����"��&c/-.@&cBF&c��!�.@�
5�&(�@&(�P5q&(�'£'>

Figure 1: Example PTE format for 64-bit address spaces
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Figure 2: Linear Page Table (4KB page size)
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Figure 3: Forward-mapped page table
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Figure 4: Hashed Page Table
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Figure 5: Format of Clustered PTE (subblock factor 4)
and a Clustered Page Table
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Figure 6: Superpage and Partial-subblock mapping
format
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1. We only recently proposed partial-subblock TLBs and we are not
aware of commercial processors that implement them today.
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Figure 7: Clustered PTE variations
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2. We save the reserved TLB entries across context switches.

Workload
total time
(user time)
 in seconds

#user
TLB

misses
(000s)

% user
time in

TLB miss
handling

Memory
for

Hashed
page table

coral 177 (172) 85974 50% 119KB
nasa7 387 (385) 152357 40% 21KB

compress 104   (82) 21347 26% 8KB
fftpde 55   (53) 11280 21% 88KB
wave5 110 (107) 14511 14% 86KB
mp3d 36   (36) 4050 11% 29KB
spice 620 (617) 41922 7% 22KB
pthor 48   (35) 2580 7% 92KB

ML 950 (919) 38423 4% 194KB
gcc 159 (133) 2440 2% 34KB

kernel space N/A N/A N/A 186KB
Table 1: Workload characteristics
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Figure 9: Page table size for single-page-size page tables.
Normalized to hashed page table size.

3. Gcc andcompress had multiple processes,e.g., make, sh,
script, many of which were small and had sparse address spaces.
For other workloads we measure page table usage of only the main
program.
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Figure 10: Hashed and clustered page table sizes for
4KB base pages and 64KB superpages/ partial-

subblocking with subblock factor 16.
Normalized to hashed page table size.
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Figure 11: Average number of cache lines accessed per TLB miss (64-entry fully-associative TLBs)
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Figure 11a: Single-page-size TLB Figure 11b: 4KB/64KB Superpage TLB

Figure 11c: Partial-subblock TLB (subblock factor 16) Figure 11d: Complete-subblock TLB (subblock factor 16)
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4. Exceptcompress with runs two processes in parallel.Gcc is mul-
tiprogrammed also but runs multiple processes sequentially.
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Appendix: Formulae
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Page Table Type Term Definition/Explanation

All Nactive(P)
Number of virtual address regions of size P base pages that have one or more
valid mappings in the page table

Linear (all variations)
r TLB miss ratio for accesses to translations to the first-level linear page table

m Average number of cache lines accessed per TLB miss to first-level linear page table

Multi-level Linear/
Forward-Mapped

nlevels Number of levels in page table tree

pbi Number of base pages mapped by a node at level i of the page table tree

Forward-Mapped ni Number of PTEs or PTPs in a node at level i of the page table tree

Hashed α Load factor on hash table =ØeÙNÚªÛ�Ü Ý�Þàß k�á�â"ã�Ê6À ËNÌ °uÂ9Á
Clustered (all variations)

α Load factor on hash table =ØeÙNÚªÛ�Ü Ý�Þàß Á�á�â�ã�ÊUÀ ËNÌ °uÂ9Á
s Subblock factor

Clustered with Superpage/
Partial-subblock

fss
Fraction of page blocks (Nactive(s)) that use superpage or partial-subblock clus-
tered PTEs

Page Table Type
Average number of
cache lines accessed

per TLB miss
Page Table Size (in bytes) Notes

Multi-level Linear 1 + r * m

Linear with Hashed 1 + r * m
A hash table (24 byte PTEs) stores trans-
lations to the first-level linear page table

Forward-mapped nlevels

Hashed 1 + α/2 Each PTE is 24 bytes

Clustered 1 + α/2

Clustered with Superpage /
Partial-subblock

1 + α/2

Table 2: Formulae

4KB Nactive pbi( )×
i 1 nlevel s,=

∑ pbi 2
9i

=

4KB 24+( ) Nactive 512( )×

ni 8× Nactive pbi( )×
i 1 nlevel s,=

∑
pbi 2

nj

j 1=

i

∑
=

24 Nactive 1( )×

8s 16+( ) Nactive s( )×

24 Nactive s( ) fss××( ) +

8s 16+( ) Nactive s( ) 1 fss–( )××( )


