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Figure 1:  P owerPC segmented ad dress translation. Processes gen-
erate 32-bit effective addresses that are mapped onto a 52-bit address
space via sixteen segment registers, using the top four bits of the effective
address as an index. It is this extended virtual address that is mapped by
the TLB and page table. The segments provide address space protection
and can be used for shared memory.
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4 Software-mana ged address
translation
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Global Virtual Space

Figure 2: Vir tual ad dress aliasing in a segmented ar chitecture . The
figure shows three processes sharing two segments. None of the pro-
cesses use the same virtual address for the same physical data, and two
of the processes go so far as to map a segment at multiple locations within
their address spaces. Nonetheless, these aliases will not result in any syn-
onym problems in a virtual cache, since there is a one-to-one correspon-
dence between pages in the global virtual space and pages in physical
memory.
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Figure 3: The MIPS 32-bit hierar chical pa ge table. MIPS hardware
provides support for a 2MB linear virtual page table that maps the 2GB
user address space by constructing a virtual address from a faulting virtual
address that indexes the mapping PTE in the user page table. This 2MB
page table can easily be mapped by a 2KB user root page table.

A 4-byte PTE,
which maps 4KB

A 4KB PTE Page: 1024
PTEs, maps 4MB

4 B

4 KB

A 4MB virtual
region

4 MB

Maps

Maps

Unmapped Physical Memory

Mapped Virtual Memory

...

...

...
User address space: 2GB

User page table: 2MB

User root page table: 2KB



<

�P����q���#�E�������Â��E�b�E�º����q�3�p�����p�����p�L�U�5�E�����k�#�1���#����q�
±>=@?�ACB��ED F�FD�@¢l�T�A���%�����Â���j���P���8�A�D£AÌ��[�^������;�A���A���%�x�%�o�
�	�5�o���T�G�����p�	�3�E�	�B�c�U���[�p�B�3�c�M���p�R�c�#�=�T����®��B���9�T�&�:�	�:���j�	�U�����
��"���4)���L$q"�'	'	���(
�
(�@�����x���[�����R�5�����j�B�3���L���T���T�����T�b�	�b�����p��"���4)���T$
'�"���"A£
¤�5�����	�5�	�G�@�o��	�:�����}�������@�:�	���&�}�Z�M�^�&�&�:�A�;�p�P�Z�O�&�5�P£

¤�p�H���c�;����O�D�E�p�@��}�9����p�O�&� �5�	�;�Z�9�;� �@�3�8� ���&���E���}�D�3�A���
���T�	�G�l�����#�B�[�B�����#�R«5§j���	�����L�G�@�����l�Ó§�µ	°	².¬x���#�3�&�x�B�q�^�	���
�3±��b���Y�G�L�&�L�(�	�#�x�T�#�	�#�#���L�b���l�3���x�B�F�=�#�(©#�G���	���B�l���	£�«5���;�#�
�:�A�:�3�T�.�p�A�&�!�c�9�Ð� �c���.���A������Òl�F�����!���p�����!�8�A�:�p�������c���E�5�A�c�
�Z�5���:���:�Z�	���R�L�&��O���:��:�Z�@���}���&�5�x�o�A�G�O�&���R�;�	¡p�o���G���3�x�5�
���5�3���L�G�k���(�����;�B�����)�l�Y�	�#���B�%£�¤5�&���;�T���l���F�l�l�G�L�(�9�����)�l�Y�)�1���&���
�E�p�!�}�c�p�O� �5� �3�A���o�q�A�(�!�p���8�������A�;�q�E�9�b�������c�8�c���p�o���c�;���o�A�
�x�L�^�l�(� �)���.�G�l�����=�����T®��x�������#�L�=�������&�U�x�)�G�����#���&�U�)�l�=�L�G�
�c�	�����p�9�������c�;�E�o�A�3�:�@�8�p� �3�c�	�;�A���8�3�l£L�Z�����9�Z�E�q�A��� �(�	���9�O�����
�����������^�B�G�G�L�G�A���&�R�l�p�L�(�	���)���[�;�#�G���L�Ó�)�b���%�L�R�����B�x�p�B�L�x�L�&�
�=�&�	�O�T�#�T�k�9�)�(���3���)®����l®��3�&�#�G�)�����#�x���3�p�)���Y�B�������l�P�G�L�	£�Ì��l�l�
�K�l���5���T�(�8�9���l�������9�.�}�Z���Á� �:�l�9�T�5���9�5�Z�º�%�9���5�x�	�9�	�k�
ª ´A§	¯	²D¬HG55�����j�T�B�c�x�B�p�	���B�#�M�#�5� ¤5«5¬ �c�U�3���	�:���c���A��¥¾µ	°	¨G£ ã �#����p�!�:�A�:�p�!���BÆA�����q�j�A���!�:�9�p���c�o�T�;�B�p�&�l�F�!�����	�8�^���p�!���A� �
���l�&���)�3�;�B�l� ª �G�L�.�O��� 0 ��� ������� "��#����;�T�����B�l�Y���l��3�T�O�	�)�B�;;£

4.1 Handling the CACHEMISS exceptionÏH�q� ±I=C?JAIB8�KDLF�F1�T¢@���T�3���B�l�p�@�����R�x�c�G�U���	���5�B�T�K�B�#�	�5�U���p�
�5�A��� �	�3���p�j���A�B�B�c���F�	�o�5���T���U�#�M�9�T�p�	�B�o�#�5�	�p�#�����T�*�������T�	�U£
¤o�p�!�#�5�����A���c�p�q���&�������»� �5���5�E�p�T�����E�9���!�9�!�A�9�c�!���F�B�9�A�}�
�k�#���k� �k�L������p��F�#�k�1�;�@�L�H�l��h���E�l���F�E�b��������F���l����
���	�9�9�T� �F�B���M� �o�B�����T���T�p�5�	�5�o���T�G�A£:�E�5�x�5���3�	�c���[�9�j�	�9�B�j���
�;�	���	�;�A�5�L�Y���A�����G� �3���G�Z���P�����x���D��5���:���T�P�����T���L�P�L�5�A�����
�3�����	�����T�5Ò@���[�	�9�l�B�x�:���3���B���[�!���	�����T®��x�B�G�U�L¢@���T�3���B�l���@�����
�A�&�A���#®��º�Z���=�k�&�k�K�%�l�Y���K�����l¢��#�A�K�(�x�K���%�k���K������Z�A�&�
�P�����;�	�8�:�A�P£	¤��5�A�8�Y���P� ���Y�L�P�L�5�A�P�����A����;���p�����A���%�5�P�1�
�������&�L�	�l�B�L®��3�&�#�G�)�����#���3�5���L�G�K���������^�B�;�G�L�*���&�D�������&�D�����3�G�L�
���H�L¢A���L�p���B�l�&�	�����M���&�����R�p�l�(���)�l�=�l�������D�#�B�(�O�3���l�G�p�	���D�����
�#���3�B���L�����)�H�x���3�p�L�q�l�&��� �3�&�#�G�)�����P�x�L�^�l�(�@£
ÌÔ�p�L�M�!�9�B�����3�	�&�	�5�5���T���b�x�B���G�T�b�����R���	�:���L�P�����R�E���B�B�B�p�

��P�Z�@�&�&�5�L���O�&�P��A��&����:��������O�P�8�A���O���Z�3�Y�8�P�L�3���P���P�
�)���3�L¢ �3�T���B�9�L�^�����l�Ó�O�������	�)�B�)�&�[���5�3���L�G�*�	�&�^�����#�#�L�x�[�B���
���p�j���A�B�c�B�p�F�	�o�5�����G��Ä)���&�B�����5�	�����	�9�P�#���p�T���F�B���j���p�j�#���B�9�c�p�	�
�Z�3���A�@���M�O�O�o�3�&�k�&���@���O���Z�^���	�%�	���	�5�8�����E�R�&�q����@�Z�5£�Ì��
�o�����c�p�!�H���F�9®E�5�	�;�5�c�9�	�o�l�c�^�q�p�c�:�^���p�!�9�5�T�;�	�E�c�p�F���&�������
���c�����o���3���:�c���B�����H�&�c�����5�A�����A�F�A�p�}�����5�#�o�5���#�E�T�:�E�B�9�^�9�c�������
�	�5�3�c�F���[���p�j�c���:�#� �B�p�F�5�A���	�P���p�T�M�c�#�	�o�U���p�j�o�	��� �F�c���M�
�p���#�;�B�����l���5�3���L�G�	£G¤3���.�B�&���l�x�)�&�Y�3�	�����B�K�B�&�G�L�(���L�M�)�����H�����
�8�A�8�3���.�q�O�E�x�E�3� ���5���8�O���c���Â�E�A�M�A�3���o�(�9�E���8�E�c�9� �c�3�E�9�;�}�A®
���c�#�K£8¤o�p�c�����:�p��� �j�(��¡&�5�B�(�������F�F�3�;�B���B�c���9���}�B�p���E���5�:���c�#�p�
�E�M�&� �@�����Â�E�M�E�3�H�O�p�:�E�;�o�8�E�O�9� ���	��@�(�8�3�O�E�	�8�E�o��� ª �Z¼l�� ä Ã
¼4MNB�?+D/O*P&¹.¤P�!á·�����q«'Q�=CRTS!�U=CM����3�L�3�)�����L�q�)� ã �)�H¿�£

#�ê��qð�ó@ù2�cñ % õpø¾îGð:ú	î�üEìTì�÷·þcìTü&õ�òPö�ïD÷Hð:óAð���î�÷HîGó@í � ó@õ�í)üEòPö�í � ì�óAõ
�î�ê �	ê�í)ï@î"�Pì���î�üV��W��Bñ %YX[Z \�]�^ ð�ó ÿ7X[_V\�]4^4� ó@õ�í)üZòPö�í � ì�óAõ�`B÷Hì�ú	îíBìbalþcü�ìT÷�õ�ûPî�ö � ð�øTûPòlüZûPì�õ�îkü�î�� � õ�í)î�üVc��RìTòlø ÿ ð�ø¾ømì�� � ÷HûPø¾îG÷Hî�ó��íBð�í � ì�ó@õpì�þ�ý&ì�íBïDþcòPó@ö(í � ìTó@õ�ê

¼TM�B�?�D OdP5¹R¤&�Yá����o�:�%�;���L�%�j�%�5�Y�T�P�T�5�Y�%�x���o�:�A���1�%���%����
�c�3�8�#�}�c�3�M�o�A�E���A������5���8�c���O���9���E������c� ���3� �8�A�8�p���#�E�A�&�&���
�=�B���M�!�G�3�L�:�B�O�B�.�)�	�#�T��£������b�#�3�L�������x���	�U���=�[�3�	�(���	Ã������R�9�B�(®
���3���9����� ª ¹.¤l�!áj3���l�^�T�b�����l�Ó�����������B�B�)���[�9�)�(���p�	�#�	�3�5���T�G�GÒ
�Z�3�H�o���9�Z�	�8�Z�O�&� �&���E���8�&�}���Z�(�&�Ö�Z�3���}�@�o�o�O�3�^�¤×�£�¤�3�
�9�9�E�E�9� �p�A�O��9����3� ¹D¤#�HáÞ�c�o�	�p�E�c���c���.���9�O�#�8©q�q�c�E�3�c�x�E�p�
�L�P�L�5�A���Z�5�Y�%�&���5�P���1���R�%�5�Y�Z�P�1£	ÛM���Z�Y�Z�5�P�1�Z�5�Y¹R¤��Yáâ���
���l�G�p�@�R���o�l���%�o�F�3�����%�k�l�����l�3�=�o�k�Â�p�@��Ò3���o�=�o�l�G�k�^�l�G�
�:�5�&������5�&�1�@�:�:����Y"L���=�&�3�	�G���P�����	�%�M�	�A���p���G�%��@�o�P�5�
�3���9�G�B�:�	�9�	�5�5���T�G���T�b�9�T�#�#���x�����j���	���p�R�B�B���j�l�O�E�G�T��£:¤5���B�U�B�
�L�G�G�L�&���B���P�O�H���)�B�l�y�D�G�l�����=�����L®��5�LÈ3�&�T�F�3���#���G�)Æ	�#£
¤3���.�l�3�L�(�����M�l���R«�Q�=>ReS!�U=>MU�B�K�R�3�&�#�G�)�����l�l�k�#�B�(�O�3���

���5�3���L�G�	£G¤5�&���3�	�O�3�à�)�5�L�&���BÈ3�L�M�#�Y�����D�l�p�T���	�&�^�)�*�B�l���3�T�
�E���#�»�E���!�:�	�:�p�!�#�*� �T� �9���F�	�p�}���p�T� ª ���T®Eo�c�p���T�������}�B�p���
�E�p� �8�A�8�p� �@�o�E�3� �:�@�:�3� �9�O�9�:©M�o���E�	���}�c�3�����&�q�E�3� �5�;�����c®
���k�8�����@¢#�@�T�����@��¼�M�Bf?�DgOdP¹j¤��YáY�3�l�o�����P�3�p�@�h�^���%���%�o�
�8��A�T���Z���@�º�3�����%��l��%�P�K£A¤��o��!�P�Â�����A���P�%���o� �8�p�8�%�A�Ù�T�P�
���(�	�p�G�B�	���j�5�	���!�����	�5�x�B���G�T�U�����j���	�:���T�P�B�#�	�x�c�3���(�l�Õ� �T�x®
�l��� ª �l�K�L�9�T�q�	���l�����T�1�B�l���	���B�l�q�B�q�����R���	�����L��@�	���x�p�B�	���R�B�
�O�x�@�3�M�8�@�8�p�H�&�O�9�8©&�9�E�A���&���Â�q�O�E� �A�3�M���@�O�o�&£TÌ��3�	�x�Z�p�
�l�(�)�#�)�����l�������L���M�B�K���L�G�����(���L�3�	�B���K�3�	�����B�K�B�=���&�D�������&�D�������&�
�8�9�;�����8��O�O�3���9�q�c�Z�x�Z�p�H�8�9�;�;���8��E�@�k£TÛq�9�E� �Z�p�H�9�o���;�@�E�O�9�3�
�����F�l�D�3�L�(���l�(�x�L�M�l�3���P�p�l���5�L�k���l�k�p�T�����l�(�^�	�&���D���L�	�;�l���G�
�	�b�B�l���=�	�b�����R���	�[�	�(���B�9�T�b�	�p�����R���	�����9³@�b�9�L���#�%�R�����R�5�	���
�A�;���c���T�@£8ÛF�9�E�!�A�c���F�E�p�A�o�q�c���p�9�5�o�3�A���o�F�A�(�!���5�5�5�9���E�l�E�p�
���=�l®E�3�����3�B�l�	�x� �3�G�3���l�3�#�j�B�����T�(�(�3�3���T� �#�=�	���l�����T�1���=�#®
�p�	�(�9�)�l���b£

Line Off.Failing Virtual Address Virtual Tag

Prot. BitsSPECIFYVTAG operand Virtual Tag

Page OffsetFailing Virtual Address Virtual Page Number

0Virtual Page Number1’s

Virtual address for PTE

LOAD

 Page Frame Number
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Figure 4: SPECIFYVTAG and LOAD&MAP. The top figure illustrates
SPECIFYVTAG, the bottom figure illustrates LOAD&MAP. The LOAD&MAP
example resembles a MIPS-style page table lookup; the PUMA global
page table is very similar to the MIPS organization. However, while the
user-level page table in MIPS is located at PTEBase, a variable stored
in a hardware register, the PUMA global page table is located at a
known offset at the top of the global address space, thus the 1’s in the
most significant bits of the virtual address for the PTE.
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5 The PUMA memor y mana gement
architecture
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Figure 5: The PUMA ad dress translation mec hanism. The processor
uses PowerPC-style segmentation to translate a user 32-bit effective
address into an extended 44-bit virtual address, used to reference both
caches in the virtual hierarchy. However, unlike the 801 and PowerPC,
more than 4 bits are used to index the segment cache; the top 10 bits indi-
cate a segment identifier, dividing the 4GB user address space into 1024
4MB virtual segments.
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Figure 6: The disjunct pa ge table or ganization. There is a single linear page table at the top of the 44-bit address space that maps the entire address space.
The 4KB PTE pages (segment page tables) of the user page table are taken directly from this global page table. Therefore, though it may seem that there is a
separate user page table for every process, each page table is simply mapped onto the global space; the only per-process allocation is for the user root page
table. Though it is drawn as an array of contiguous pages, the user page table is really a disjunct set of 4KB pages in the global space.
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Figure 7: The PUMA pa ge fault algorithm. Step 1 is the result of a user-level L2 cache miss; the operating system builds a virtual address for a PTE in the
global page table. If this PTE is not found in the L1 or L2 cache a root PTE is loaded, shown in step 2. One special requirement is a register holding the initial
faulting address. Another required hardware structure, the per-process context register, points to the process control block of the active process.
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Figure 8: The location of shared libraries in pr ocess ad dress
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Address space pr otection and lar ge address
spaces.
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Shared memor y.
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Fine-grained pr otection.
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Sparse address spaces.
¼P�3�	�(���D�	�5�5���T�G�K���3�	���

�G�3�3�3�#�(���B�*�B�	���9�T�B�Y�R�3�	�#�D���	�#�B�D�B���G�3�9£GÊ=�	���5�F�	���D�:�	�
�L�B�����T�k�#�T���l�5�&�#�������D�=�	�Y�l�p���p�.�#�3�T���	���B���Y�G�9�G���T�
�	���M�	�B�B�#�å�	���Y���9�3�D�#���3�	�9�.���	�#�B�D�#���#�	���cÆ	�	���B�#���	�#���B�
���	�=�B���p�B�#�B���G�3�3�5�l���&�E�l�k�G�3�	���G�D�	�5�5���T�G�*�G�3�	���T�*�#�
�5�LÈ5���B���Y�R�3�	�9�D���	�9�B�D�l���9�	���BÆ	�	���B�#�=�����	���B�K���#�
���T���T�G���	�(�B�B�Y�G�5�B���	�9�B�9£G¬5���T�B�B� �B���	���B���Y�����	���G�B�	���B�#�
���	���5�F�	���L�	�#���D�����T�T�K�����D�#�3�T�(�	���B���Y�G�9�G���T�Ð�������p�l�#�G�
�����D�x�#�G���	�3�3���#�3�(�B�	���D�G���(�3�����3���9£

Figure 9: T wo pr ocesses sharing a librar y. The code segment is
shared between the two processes but the data segments are private. The
data segments are located at the same virtual address in both processes,
so the code can use the same virtual address to reference the appropriate
data. The segmentation mechanism provides the ability to use different
aliases for different physical data.

Process A Process B
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Superpa ges.
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Direct memor y access.
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Table 1: Qualitative comparison of cac he-access/ad dress-translation mec hanisms

Event

Frequenc y of
Occurrence

Actions P erformed b y Hardware and Operating System
per Occurrence of Event

I-side D-side TLB +
Vir tual cac he

Software-Mgd Ad dr
Translation

L1 hit,
TLB hit

96.7% 95.8% L1 access
(w/ TLB access in parallel)

L1 access

L1 hit,
TLB miss

0.01% 0.06% L1 access
+ page table access
+ TLB reload

L1 access

L1 miss, L2 hit,
TLB hit

3.2% 3.9% L1 access
+ L2 access

L1 access
+ L2 access

L1 miss, L2 hit,
TLB miss

0.03% 0.09% L1 access
+ page table access
+ TLB reload
+ L2 access

L1 access
+ L2 access

L1 miss, L2 miss,
TLB hit

0.008% 0.12% L1 access
+ L2 access
+ memory access

L1 access
+ L2 access
+ page table access
+ memory access

L1 miss, L2 miss,
TLB miss

0.0001% 0.0009% L1 access
+ page table access
+ TLB reload
+ L2 access
+ memory access

L1 access
+ L2 access
+ page table access
+ memory access
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Table 2: TLB o verhead of se veral operating systems

System Overhead
(% run-time)

Overhead
(CPI)

Ultrix 2.03% 0.042

OSF/1 5.81% 0.101

Mach3 8.21% 0.162

Mach3+AFSin 7.77% 0.220

Mach3+AFSout 8.88% 0.281

Table 3: Overhead of software-mana ged address translation

Workload Overhead
(CPI)

m88ksim 0.003

li 0.003

go 0.004

compress95 0.009

perl 0.019

ijpeg 0.052

vortex 0.060

gcc 0.097

Weighted
Average: 0.033

Table 4: Breakdo wn of GCC o verhead

Event Frequenc y
(per instr .)

Penalty per
Occurrence

Overhead
(CPI)

L2 D-Cache
Ld/St miss

0.000697 10 cycles 0.006970

L2 I-Cache
I-fetch miss

0.004756 10 cycles 0.047560

Miss handler
L1 D-miss

0.000596 20 cycles 0.011920

Miss handler
L2 D-miss

0.000032 90 cycles 0.002880

Miss handler
Load UPTE

0.000053 90 cycles 0.004770

Miss handler
L1 I-miss

0.000985 20 cycles 0.019700

Miss handler
L2 I-miss

0.000035 90 cycles 0.003150

Total CPI: 0.096950
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Table 5: Page protection modification frequencies in Mac h3

Workload Page Protection
Modifications

Modifications
per Million
Instructions

compress 3635 2.8

jpeg_play 12083 3.4

IOzone 3904 5.1

mab 27314 15.7

mpeg_play 26129 19.0

gcc 35063 22.3

ousterhout 15361 23.8

Weighted
Average: 11.3
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Figure 10: The eff ect of cac he siz e and linesiz e on software-mana ged address translation. The figure shows two benchmarks—gcc and vortex. All
caches are split. L1 cache size is varied from 1K to 128KB per side (2KB to 256KB total), and L2 cache size is varied from 512KB to 1024KB per side (1MB to
2MB total). Linesizes are varied from 16 bytes to 128 bytes; the L2 linesize is never less than the L1 linesize. In each simulation, the I-caches and D-caches have
identical configurations. We apologize for using different y-axis scales; however, they better show the effects of linesize for a given cache size.

(b) VORTEX, 1MB split L2 cac he(a) GCC, 1MB split L2 cac he

(c) GCC, 2MB split L2 cac he (d) VORTEX, 2MB split L2 cac he
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Figure 11: Comparison of pa ge table space requirements. The x-
axis represents the degree of sharing in a system, as the number of pages
that are shared (s/(p + s)). The y-axis represents the overhead of the page
table, as the size of the page table divided by the total size of the data
pages. Khalidi and Talluri’s research shows that in an average system, 5%
of the pages are shared. Therefore, we would expect a disjunct page table
to require slightly less than half the space needed by a more traditional
page table.
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