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1. Also known as Translation Buffer (TB), Directory LookAside Table (DLAT), Address Translation Cache (ATC) or
Memory Management Unit (MMU)



2

24�E.e����.|	"�h�,
�.|����5���.e����n;�>]�^`��!"��24v���f
¯g�x. u � �`�q�<	���2B�
.s� �@.��8
x.�� �>�j�
.s�@�g�@�>��2B.�5h���>��.s���+�`�6�j]>^��+!��+2Bvi	��g�8�`	��x2Y�
.s� �@.��8
x.��>���:.

��	"��.�f�¡o������!�	"���6�,
�.�������.���	"��./w�n,����.e� ��56��!"./w:�>������!"./���>]�^��E.e��24
Cf�]>���d�+.�������.���	"��./��w�
�� u ./0+./��w�	"��D
24�E.e����.b��
�����	"24��!j56./56���#����������.��>��.b�,��	"�x��./�#����!jn,�#����5�.e�x�����,	"����µQ¡7.e���*¶�·:¸x��./24������.��,
�.b������.b��	"��.
	~��!~� �#�:.s�7�q
�� � u 
�� ���q
�.r�>�#�+�:�[� 5���.�.s����f+��
�	~!~.r�q
�.r�45h� !~!~.��4���4�>�>�>�+�F�8.��t�>� �:.r�4	~� .���
�� 0�.r	~��D
24�E.e����./�i56����./�F�,!��6n8�d��5Å':$�¼������,./��	"� © (7Ê $4$�¬�¶�»�·=�,��»�¥�^i	"� ( !"��
���w�0+	"�#�,����!j�����i��
��+�F	�24��!>56./56D
�:�F�1�4	~�m.���
��m0x.�	���2e�
.�� �B.��¨�:�1�:�#�j.��F�b�:n�5A� ����	~�±�j��.�w;V/È c%È w;n±�#�:5Ëº Ém·m¥G^¨�q��ºmÉ �{^�f:� u ��n±�m2Y�±�+�F�
�
.s�@�8�[	�2B���8
x.��>���+.��@	�� .�2B
x��	~2B.+f � 	��[�@�8wj5�	�2B�E�����
��2B.s�@�@�+�#�g� �E.��>.s�@	��:�x.s���8�<�+.����@.s��	��1��0����[	�.s�8�`�+n
2B��5h���>�8.s�o�@�+�@�8.s5h�|nq�E�+5£!����
�:.sD85h.s5��+�#�i�@.s�#0�.s�[�|�8�`�@5���!~!�Dq5�.s5h���[�`!�� ���8�+����f ( !~���d�+.���� �+.��@	�� .
u 	~!~!%�#.��@�q�F	~2B�}�q
�.r�>�#�+2Y.s�4�4�+�7�q�`!~� �#�:.�Dq5A.s5h�+�F�i5A� 2B
�	~��.s� f+�j�z�q�[���>� �:	~����	~�y�45h� !~!~D±5h.s5h�:�[��5h� D
24
�	"��./�on8�E��5´����.���n3!"���E��./�G������./�o5���v�./�o�,
�.=!"���d�+.������+./�o�������,�,�#��24�,	"0+.�fm�8�x24�d./����	"���A�,
�.�������.���	"��.
n8�d��5�É�¥�^<�,�rº�É�¥�^�w+n8����.e� ��5���!"./w+��������!�.e�-�,
�. u ���#v�	"������.e����	"��.|n8��������56.|���E�����#��56��µJ� ��!"!"&�¼�¸+�����
24���r	"��24�d./����.�������	"���jfB�m./24�����>wm�,
�.������+.���	"��.�	"���������E24
�	"�,./2@�,���
��!:n8./���,���E.��,
�����24
�������./������!����>���#	"���
5��@�~�����8�#���x�@	"�8	����x�|	"�����d��24.s�����������E24
x	��,.s24�8���E./w��@��24
����7nq�d��5 © (7Ê µS]>./0:�+»�¼�¸j�,� ( !"��
x�iµJ�m	��8./&�Ì:¸j���
n8�d��5Í�m� ( )%� © »�µJ�m� ( )*&:$�¸��,���m� ( )*� © &�µJ�m� ( )*&�É:¸,fY¯7�r�,
�.����,
�./�%
������>wm24��24
�.�!�	"��.���	"��.�	"�����r	"5�D
��!"./56./���,���,	"���������#��56./�,./��56���E.|.e����	"!"��24
������+.e�3f

�>]�^A56	"���}��.e����!"�,��	"�}��!"����	"��24�E.e���F	"�x������.7�,��56�������d./����������f � 	"�
���,w��������E��24./�F�����#�}��./24��56.7n,���F�,D
./�-�d./!"���,	"0+.b�,��56��	"�<5�./56���
�h��2424./�F��./�=µJ �./����&�·:¸Jwx�����+.b�,����!".b�,�
��0+./�#����!"kt�,
�.b56��	"�`24��56�����x.e���%��n
�j]j^�5h	��4�g��.��x� !��8�:k��+.s2B�+5h.s�g�
.s!�� �8	~0:.�!��i�@!�� u .s�[f��z.s2Y�����>wj�>� �+.��q���:!�.��@	~��.r
x� �g�+.s.��1	~�x2B�
.s� �@	����
�j��.��q�<!�� �
�+.s�o���j�j�E.s�4�|�4����2Y.s�g������!�� �
�+.s�oa�K
c�V=HSKBW/N"V�V#L;HSI ¾ \S�>�j�>_��@	~��.swjVeÈ cCÈ wjnq���>�o�+�:�8.s�g�8�`.s	��:
x�
�����,./��f/�>
�	"�-	"��24�d./����./�-2@��24
�.7����!"!"���,	����������<�E./����24./�-�,
�.|!"	"v�./!"	"
������<��n;24��56��!"./�,	"����������.|�,����!".|�,�
��D
0�.s�#�4��! u 	~�8
x	~�1�8
�.��}�>�Î2B� 2B
x.s��f��j
x	~�E�jwj5�� �x�i���
��2B.��@�@���[�g�@�>���>���[���j]j^�5h	��@�g
x� �x�j!�	~�x�i	��1�@�+nq�8D
u ���
./wjVeÈ cCÈ w>Ï9�zD[$�µS�z5�	��8»�¶�¸Sw ( �1¡7¼�&�·�·�·�µS¢q��
x�x»�¶�¸Sw>�1�q�>�yµS¥-���x.s&�¼�¸Sw ( !���
x��µS�z	��8.s&�Ì�¸Jwj�7!��8�[���z� ( )9�
µS¤��>�x�:& 'x¸Swj� ( ¶ $4·�·1µ ( �@�>�[& Ìx¸Swj�q
�����	~��2B�>�[��
�	��:
�.s�7��0�.��E
�.s� ���q
x� �y
����
� u ���#.��@�q� �8.r5h��2Y
�	���.s� f (
��56��!�!�n�	"0:.�24�+24!".=��0+./�E
�./���y�,�h���#��	��`�,
x.����d��24./����������	"��./!�	"��.=��.en8���d.=�,�
������	"�x�A�,�h�F��n8� u ���d.=
����7���
���������
�,����	"�,�624�����C��n*� u ./���,�6	"�����,�
��24�,	"���x�G	��A��n8�����ED u ���6������./�#�F24��!"���}���d��24./�������
f���./56���#�6�������,./5
�j.s�@	~�+��.s�[�g� �
.�� �>�j�
.��@�@	����i�8
x.r	���2B�#.s���@	~�x�i�j]j^�5h	~�@�g��.��x� !��q� u 	~�8
y5��+�#.r!�.s0�.s!~�g	��y�8
�.����j�j�#.s�@�
�?�@�z�>�B!8�z�?	,���¨
>	,. ���z��2/
>�������;�B	8�>���<�Y. 2/���>�;Dd!,. 0�. !�M�R8ZmH�Ð�K/IFV6Â:Ã�Ä;w9VsÈ c9ÈÑw%� u �;];^Òµ� ���2/vx&zÌ>¸"w%�C�+^
µJ¤:������&�É:¸Jw+�m��]>^�µJ^���!"��&�É:¸8f

������
x.e��	"��!"����v������C	"��24�E.e����	"������]>^i�E.e��24
A�,
��d������
A����.���n*0+���
	�����!".���!���24v6��	"��.��������F������!"��24v�D
	"���A�8.e24
x��	"�+��./�7�,�h56���15����d.������>�d./���o������24.���.e����]>^y��!"��24v�fm�1�A�,
�./��	"�o�������d./���F./�7�,
�.=�,�d./���y�,��D
u ���F�l
>	8��
>.m���C]C^l5<	8�Y�r��.m�>��!,�d	,.m���x���;�[���;�x�Y	8�>���;�z��.<�?���x!8.A�C. �Y	8���>�r�?
j�z�����#.<�x. �d�?.m���?
j�z�
24����0:./���,	����x��!;�����+.=�,����!"./�7���G���E��������	"�x�A5����>	"n�	�24���8	"���x�7�,�h2B����0:./�x�,	"������!C������.=�8����!�./�7�,�h�����������#�
�,
�.���. u ��]�^y���E2@
x	"�,.e24�,���d./� u 	"�,
������%	���24�d./����	"���h�>]�^15�	"������./����!"�,� f �95���v�.�n8�����G�F	�����	"ª�24�����%24����D
�,�#	"�����,	"�����-	"�h�,
�.|���E./���-��n;��]>^<���x�<������.|�,����!".|��./��	"���Cf

Ó ��.s0:��!���� �8.�� u �A�j]>^����
2B
x	~�8./2B�8�>�E.s�g	���2B��5h5�.s�
2B	���!C�>�@.��8���>� �<�8
x� �3
x��0�.���!����
�+.s���j]>^��
.s��2B

�8
x������	��x�+!�.sD8�����+.sD8�@	���.��>]>^>�|��n�.s�+��	�0:��!�.s�x�32B
x	"�{���E.s�r���x�{��2B2B./�@�|�,	�5�.sk¨M
X:a�V#I#a�Kdc�VFÔ�\S�}
x�����,.s�%Ì�_
�����`�[R4�oa�NOVYHJV
�,M
X+WYWYNSR4�[T��>]�^���\J��
������,.e�*É�_[f

Ó �j���E��������.��|��. u ��]�^h���d24
�	"�,./24�,���E./kta�K4IYHQPOK4NO�,M
X+WYWYNSR4�[v��>]�^�kt�,
����>	"�}56���E.�./n�n,./24�,	"0+.o���>�d./����2@	����
�,
�.g�x��56��./�}��n*��]�^i5�	"�F��./�G�,
����A��	"����!�.eD8�����+.eD8��	"��./w:56./��	���56D8��	"��.g������.e�#�����+.ew������i24��56��!"./�,./D8�F����D
��!"��24v���]>^��-��n;24��56�����
����!".|	�56��!"./56./���,���,	"���h24��56��!"./� 	"�,��\Q�}
������,./�C'�_[f

Ó ��	"�>./�x�8	"n8�<�8
�.�����./�#���,	��x�<���+���,.s5´����!"	�24	�./�|���x�{5�./24
x���x	���5��7�#.s�+��	"�
./�{�,�A�����������#�3������./�#������.
�����������#�,	"��!"D8��������!"��24v=��]>^���f � ���#�,
�./��wm�>
���0+.�	"5���!"./56./���,./�6����5�.�����!"	"24	"./��������56./24
�����	��F5���	"���m��D

2. I use the term first suggested by Mogul [Mogu93].
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Table 1-1: Definition of terms

Term Definition
Address An address is virtual unless explicitly identified as a physical address

Aligned
A region of contiguous memory of size B is aligned if it starts at a virtual or
physical address that is a multiple of B

Page
A page is a contiguous region of address space, virtual or physical, that is power-
of-two aligned,e.g., 4KB

Base page
Base page size is the smallest page size supported in a system,e.g., 4KB. A base
page is a page of that size

Page block
A page block is a contiguous region of address space, virtual or physical, that is
aligned to a power-of-two multiple of the base page size,e.g., 64KB

Subblock factor Subblock factor is the number of base pages in a page block

Superpage
A superpage is a page block where all the base pages have superpage compatible
mappings (see below)

VPN (PPN)
VPN (PPN) is the virtual (physical) page number—the virtual (physical) address
divided by the base page size

VPBN (PPBN)
VPBN (PPBN) is the virtual (physical) page block number—the virtual (physi-
cal) address divided by the page block size

Virtual (Physical)
block offset

Virtual (Physical) block offset is the virtual (physical) page number mod sub-
block factor (mod is the modulus operator)

Mapping
A mapping stores the translation and protection information for one base page,
superpage, or page block

TLB block
A TLB block consists of one or more valid bits and a VPN or VPBN (and pro-
cess ID) as tag and one or more mappings as data. Also known as a TLB entry

Subblock-
A subblock- prefix identifies a property of a base page within a TLB-block or
page block,e.g., a subblock-valid bit refers to the valid bit corresponding to a
base page within a TLB block that maps multiple base pages

Page table entry
A page table entry (PTE) consists of one or more mappings, and optionally, a
VPN or VPBN (and process ID) as tag

Page block aligned
A base page mapping is page block aligned if the virtual and physical block off-
sets are equal,i.e., VPN(p) mod s = PPN(p) mod s, where mod is the modulus
operator and s is the subblock factor



4

( 2B�+�x0�.s���8	~������!~wj���o�@	~�x�:!~.sDq�>���:.sDq�@	~��.swj�j]j^��+!~��2Yv`�@�q���E.s�g���q�[�����@!�� �8	~���ynq�+���6n�	~�m.s�jDq�@	~��.�W/KBM#V
a�Kdc:V3���F	"���r�,
�.70+	"�#�,����!x������.7����5���.e�o\ © ��¦�_������<0+��!"	"�<��	"��\ © _�n8���3���,���������<��
�����	"24��!x������.7����5�D
��./�o\J����¦=_;�����<�����+.|���,�,�
	"�����,.e��\ ( �>��)%_;���-�����,�:fs���r�,
�./��	"�-./� ��!"���d./�-�,
��E./. u ���+�-���r	"��24�d./����.|��]>^
�E.s��2B
��+�<��!�!�� u 	��x�<�r��	��x�+!�.��>]>^{�+!���2Bv<�8�A5����y5���!��8	"��!�.��+���@.������+.s��f � 	��+���d.�$�DF$|	�!"!����@�,�[���,.s�7�8
x.
�>]�^���!"��24v=n8���
5����,��n8���%�,
�.���	"n�n8./�d./������]>^����d24
�	"�,./24�,���E./� u 	"�,
r!"./�����,
r��n>�,
�.���	"��ª�.e!"�>��	"�r��	"�,��fB�>��	"��D
24�������,
�.o��./�,��	"!"����n�.e��24
6ª�./!"�A	"�6�,
�.o�������d�����
	"����.724
������,./�#�|\J��
������,./�#�}Ì�D8'�_[fe�>
�.oª��
���j�������E����24
6��!"D
!,� u ��. �z2e
¨�;]C^Á�x!,��2/v��?�y5<�z�Á�<0��z��	,�z�x!,.h�Y	,�z.��ÒÖY���z�x.x×Yw�PEÈÑV�ÈÀ�%�Y����. �@���z�x. �mf��+�{�x.��>. n±	,�Gnd�F��5
�@�>��.s�[�����:.s�@w>
�� u .s0�.s�,wj�
.s�:��	~�
.s�|�@	~�+�x	~n,	�2B����������.s�[� �8	��x�i�@�+�@�8.s5£2B
����x�:.s��f��j
x.��@.s2B�+�x��� �����#��� 2B

����./�}�x��	"0+.o��������!���24v�	"����w�24��56��!"./�,./D8�F������!"��24v�	"���+w u 
�./�d.7./��24
��>]�^A��!"��24v�5������}��./0+./�
��!�������.7������D
./��������	"��24!"����./��	"���>	"0+	"�>����!�56������	"������n8����������.|������./��f/��
�.|�,
�	"�E�<�������E����24
�w+�����
�,	"��!"D,��������!���24v�	"����w
56��������./0+./�#��!�������.�������./�o��./�G��]>^1��!"��24vA�����%	"�x2@!�����./�o	"�`./��24
i��]�^y��!"��24vA����!"�h	�����	"0+	"�>����!;�F����D
��!"��24vr0:��!"	"�<��	"�,��f/^>���,
�0+���#	"./�,	".e�-��n;��������!"��24v�	"�x�r�d./�+��	"�E.7��	"56��!"./������./�#���,	"���r�������,./5Ø24
�������./�-�,
����
������./�#������./��f

Figure 1-1: Comparison of TLB blocks of different TLB architectures

Properly placed

Base pages x and y are properly placed if they are placed in the same virtual and
physical page blocks,i.e., VPBN(x) = VPBN(y) and PPBN(x) = PPBN(y), and
are both page block aligned,i.e., VPN(x) mod s = PPN(x) mod s and VPN(y)
mod s = PPN(y) mod s, where s is the subblock factor (see page56)

Compatible
Two (or more) mappings are compatible to share a TLB block (or PTE) if their
virtual addresses fall within the same virtual page block,i.e., VPBN(p1) =
VPBN(p2), and satisfy a compatibility constraint that depends on the TLB type

Superpage
compatible

Mappings for a virtual page block are superpage compatible if they all are valid,
all have the same attributes, and all are properly placed with respect to each other

TLB reach
The maximum amount of address space that a TLB can map,i.e., the number of
TLB blocks times the maximum page block size for each TLB block

Bit ordering
I use little-endian notation for numbering bits within a word,i.e., bit0 is in the
least significant bit

Table 1-1: Definition of terms

Term Definition

VPBN PPN0 ATTR0
PPN1 ATTR1

PPN3 ATTR3

V1

V3

V2

V0

PPN2 ATTR2

BV

VPN PPN ATTRVSingle-page-size (4KB)

Complete-subblock

Tag Data

VPN VSuperpage TLB MASK

VPBN PPN ATTR
Partial-subblock

V3V2V1V0 SB

PPN ATTR SZ

 (subblock factor 4)

(subblock factor 4)

64 1

64 2 14KB/16KB

36 9

136 9

62 1

1 36 9

62 4 36 9 1
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a. some => two or more valid, properly placed base page mappings with the same attributes

Table 1-2: Summary of when base pages within a page block can share a single TLB block

valid
mappings

properly
placed in
physical
memory

same
attributes

Operating
system page
promotion

Superpage
TLB block

Partial-
subblock

TLB block

Complete-
subblock

TLB block

all all all YES X X X

all all all NO X X

somea N/A X X

1 or more N/A N/A N/A X
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3. The access times estimates in this thesis for superpage and subblock TLBs are pessimistic and real implementations
can be expected to be faster.
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4. Section5.5 includes a comparison with more alternate TLBs and chip areas.

Table 1-3: Key TLB performance results—normalized execution time speedup relative to using 64-
block fully-associative single-page-size (4KB) TLB

64-block
Single-page-size

(4KB) TLB

62-block
Superpage

(4KB/32KB) TLB

57-block partial-
subblock TLB

(subblock factor 16)

35-block complete-
subblock TLB

(subblock factor 4)

1.00 1.18 1.21 1.04
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	"����!".���!"��24v��F	���.�µJ¡o������&�¼:¸Jwm��������!���24v�	"���AµJ]�	����,º�»�wm^>./!"!?¶�É�wz��������»�Ì�wz =	"!"!"»�É:¸Jwz�����
��������!"��24vA���E./n8./�,24
�	"����µQ�m5�	"�#¶�»���w� =	"!"!"»:¶�¸8fm�m����./�#������.=��]>^��o	"5���!"./56./���%��0+���#	"����!".=��!"��24vA�F	���.���./D
��	"��� u 	"�8
`�8
�.�����!"	"24�A�>./24	"��	"�����7��� u 
�./�i�,�h����.�������./�
������./�756���>.����A�,
x.�����./�
���8	"���A�������,./51f (
��������!"��2Bv�D824��2B
�.=��������24	����,./� u 	"�,
�./��24
i���>���
./���7�,���<��./0+./�#��!;�>���,����������!"��24v��7�,
x���9./��24
i
x��0+.=�,
x./	"�
� u �`0+��!"	"�1��	"�,�o�����,
����%�,
�./�A2@���`��.�!"������./�1	�����./��./����./���,!"� f ( 24��56��!"./�,./D,��������!"��24vh�>]�^1����.e�o�,
�.
����56.��,./24
���	"�+��./��������������!"��24v�D82@��24
�.e��fB�>
�.������#�,	"��!"D8�F������!"��24v��>./�F	"�+�������,	�56	"��./���o��������!"��24v=��./��	"���
����	"��������./24	"ª�2�v���� u !"./����.g�����������,
x.|�F�,�
��2@�,���d.|�����<24���x��./���;��n;�,
�.|�����,�b�������d./�`	"���b��]�^3f

( v�.s�A5����,	�0+���,	"���in8���G5��A�8
�./��	"� u ���7�,
x.=	"���8�
���>��24�,	����i��n3������./�#�����+.=�����������#�9	"��56���x�A5�	"D
2Y�
�+�>�
�+2Y.��@�4�+�o��]j^j�4wjV/È c*È w��y�±�>��µS¥G� ��.s& ¼x¸Owj�g!~�8�F� �z� ( )9�ÍµO¤x�>���:& 'x¸Ow ( !~�>
��1µO^j� ���x& 'x¸Ow��>� u .s�[�j�
µJ�z	"!�
x&�Ì:¸Sw� =��Dq� ( )%�q�z�åµJ =���x�,&�'�¸8f�����5�5�./�E2B	"��!C����./�#���,	��x�<���+���8./5��|����5³� u ���E.���n8w>
�� u .s0:./�,w��>�
���+���@�>�>�>�+�[���:.��x.��[� !%�>�4.��+n}�@�j��.��[�>� �:.r5h���>�>	~���:��f+�y���������>.��[� �q	����i�4�:�@�q.s5h��	~��2B!~�>�j.r�4��.�2Y	�� !
56./24
�����	"��56�7���h����.�!����d��.�������./�
�����+./�on,���G���������+.e����!�.�56./56���#�h���x�1�>.e0:	"24.e��fm�t
�	�!".�����56.�
���0:.
�4�j���:.��B�q.��¨�j�4.��bn±�:�|�4�j�>.��F�>�m�:.��hµO��
�.���&m¼ w;�{�:�:�j&mÌx¸Ow;�-�:.�!�	~.�0�.�5A�1�q
�.��4	~��\"� ���t5A�1�>��.�0�	��+�j�
u ���#v+_3	��7�8
�.�n�	"�#�@�9�8�h�@�,���>�<�,
x.=	�������.s�7	���0:��!"0:./�{	��i�+��	"!��>	"�x�<������./�#�����+./�|�>]>^��|���x�{�����������#�8	"�x�
�,
�./51fm���A�E./����!"�,�7�F
x� u �,
����9������./�#������.=��]�^>�o���
.=!"���E��./!"�A	"��./n�n8.e24�,	"0:.������y� u ���F�,.=��n9
����E� u ���E.
�E.e�������d24./�-	"n;����.e�#���,	"������������./56�G�����<������.|�,����!"./�-���r�����������������#���,
�./51f

5. By multiprogramming, I mean execution of multiple concurrently active processes.
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¯|��./�
���,	"���A�������,./5´�F���������#�%n8���G������./�
������./�o	"��0+��!"0+./�o	"56��!".e5�.e�x�,	"���A�F��56.�56./24
�����	��F5���\J��./D
�@2B�[	��+.s��	��1�z.s2B�8	�����º�f ¼ _8wjVeÈ cCÈ w>0:� �#	�� �+!�.sDq��	~��.�5h.s5����[�`��!�!~��2B���8	��+��µS¥-�����8º�» ��¸Sw>���x���r�>���+.sDq�@	���.����@D
��	"����56./���>����!"	"24�<\Q�>.e��24�#	"��.e�h	"�r�m./24�,	"����º:fé$@_#fY)%��56./�9VBH�K4N±ÈzµJ)*��56./&�':¸����,�����=�,
�.�����.���n>24��56��./�,	"�,	"0+.
�m!~���:�F	��q
�5A��n±�:�|�j� ��.�D±�4	��m.��m�4�B	~����5A.������ 5A�:���15A�j!~�±	��>!�.6�4�j�j.����>�m��.��B	�� .�� f:�-�j�B. u �+��v:	�����D±�4.��
������./�<�����+./D,��	"��.|������	"����5�.e�x��\Q�>./�F24�#	"��./�<	"�h�m.e24�,	"���=º:fQ$�_;	"�h56� u ���
v�µQ�m��!"!"&�¼�w+�m��!"!"&�É��:¸8f

�j
x�
.�.��@�8�:!�.��g��n��>� �+.��q���:!�.s�g� �E.��>�+���>!~����ê4k�!�	~�x.�����\SVeÈ c*È w © (|Ê µS]j.s0��:»�¼x¸S_qwjnq�+� u ���
�>D±5�� ���>.s�
\"V�È c9ÈÀw%��� ( )���µ���� ( )�&�$z¸"_?w%�z�>�Á
>�z�B
>.��}¬:	,��0�. ���?.��Ò\OV�È c9ÈÀw%��� u .����;��µ"���z�x&zÉ�¸�w*�d^;� �+�x�B�?. 5�¬:Ìz»
µ"�?^;�p¶B»�¸"_@fx���m�>�yn?�:� u �z�[�;D?5A�z�j��.������m�x.��±�m�x!�.�	�5<�j!,.�5A. ���±�z�±	������=�m�>���x���m�[�;.��Á�j�z��.��±�z��!�.��
µJ]�	"./��&�':¸x�����������
�C24./�
�,��	"�A������./�#������.���	"��./�G���C�,
�./	"�}	"���,./�#56./��	"���,.�������./��f� =���F
x.e�i������.g�,����!�.e�����d.
��.s	"�x�A	���2B�d./����	����+!"�<����./�{�,�A�����������#�3�������#��.=º�É�D8�+	"�3���>�>�?./����µJ =�����>º�»�w ( ���#��»�$�w��>
x��v+»�º�w�)%����./&�¼�w
 =��24v�&�Ì�w�������&�É:¸������%������.��F���������#�%������./�
������.�56������	�������f ������.��,����!".�56��������./56./���%��!"�+���
	"�,
x56�
	"�<�=5���!"�,	"D8�,
��d./���>.e�156��!��,	"���d��2@./������������./�
���,	"���h�F�+�F�,./5ßµJ^���!"��&�¼�wx¥�
���!"&�É:¸���!"���6��n�n,./24�*�������,./5Å��./�
D
n8���
5�����24./w+
�� u .e0:.e�,w+�,
�./�r./� ./24���,.|	"��n8�E.e�+��.e�x��!��r24��56�����d./�`�,���>]�^`56	"���F./��f

( ������./�%�,	"�,!"./�yÖ�Â�I
K4U�V
R�ZOZFM%POLAÙ/X�a�a�R4IBHJPOL/c`Â4Ð�R}ë>Kdc:V-ÙsPSÚ4V
MYì����=� ��!"!����
	:VYH�K4NqfzµJ� ��!"!"&�¼:¸�ª��
�����������E./�F��D
./���,
�.�24�����,�������h��./��./ª��,����n>����	"����!"���E��.�������.���	"��./��fY�o��	"����!"���E��./�9������.o�F	���.e�}	"��24�d./����./���,
�. u ���#v�D
	"���6��./�C�F	"��.g�����C�E./����2@./���,
�.g�x��56��./�}��n*�>]�^i56	"����./�sf���
�.�������./���F������./���,�G�,
�.���	"56��!��,����./����������.
��n;� u �r������.|��	"��./� u 	"�,
h��������.e�#���,	"�����������,.e5������+.eD8��	"��.|������	"����5�.e�x������!"	"24���,�r��./24	"��.|�,
�.g�������E��D
���[	����,.������+.��@	���.�nq����./0:.s�[�<0:	��[�8����!*���>�>�E./�@��f��q�3��!��@�A�@
x� u �|
x� u �8�<���>	�!��{nq��!�!��:D8���@���+24	����8	�0:.����x�
��.s�,D8��������24	����,	�0+.��>]>^��|�,�A�����������#�3� u �h�����+.=��	���.s��fz�7��	��x�<�#./����!��,�|n8�E��5³�,�#��24.sD8�>�#	"0:./����	�5���!"���,	������
�,
�.g������./����
�� u �-�,
x�������F	������ u �r������.|��	"��./�G2@�����E.e�>��24.|�,
x.|����56��./����n;�>]�^`56	��F��./� u 	"�,
h����!"���
��56��!"!>	"�x24�d./����.�	"�A�,
�. u ���
v+	"���6��./�C��	"��.�f���
x�����,./�CÌ���	"0+./�����A���������,./�����d./��./���,���,	"���A��n*�,
�	"��56���,.eD
�#	"��!�����	"�����d./����!��,�-n8�d��5�!"���E��./� u ���#v�!"��������w+�b�d./��!�����./�#���,	"�����������,.e5�	"5���!"./56./���,���,	"����w:��24
�	��A���d./�
56���>.e!�w������<���h��2424./�F�-�,	"5�.|56����./!?f

( �>� �>.s�7�8	~�8!~.s�«Ö�Ù�X:I#a KYM#M[P"L�cÁH ½ V=Â�Ã:Ä�a V#IJZ@RYI#�gKBL:�FVoR�Z�Ù�X:a V#I[a�K
c�V[MoÐ-P?H ½ Ã:V[M#M�í}a V#I[KmHOP"L�cÁÙ ¾ M/HSV[�
ÙsX+a�a�R4IeH8ì7�+�<�m��!�!����#	C�����{ =	�!�!}µS�m��!�!�&�É��:¸j����5�56���#	���./�|�,
x.=�x. u �>]�^{���E2B
�	��,.s24�,���
./�7�8
����95��<�,
x./�@	"�
�>�
.s�@.s���8��f��±���>�E�+���+�@.s�g�>���[�q	�� !�Dq�4���:�+!~��2Bvi�j]j^>�4wj2B��5h�>���E.s�g�q
x.��j]j^���.s�[n±���[5h����2B.��+n��@�>��.��[��� �+.�w
24��56��!".e�,./D8��������!"��24v�wm�����������
�,	"��!"D,��������!���24v���]>^���w ���x�6�,
�.�����./�#���,	"�����������,./5Î�����������
���E./����	"�d./�6n8���
�q
x.��@.r�j]j^j� f���
�� �>�8.��[��Ì Dq'6�j.��@2Y�[	~�:.�	~�y�j.��8� 	~!%�q
�.���. u �j]j^�� �F2B
�	~�q.s2Y�8�j�
.��@w�
�� u �q�`�:�>	~!��t�@�>2Y

�>]�^���w+
�� u �,�r
�������!".|�>]�^`56	"����./�Fw+�����`	"��24!"����.|��./�,��	"!"./�`��./�
n8���#56����24.|���,���>	"./�sf

�>
�	"���,
�./��	"��	"��24!"���>./��� u ����	"����	"ª�24�����>24
�������./��n8�d��5Í�,
�.�������0+.�������.e�9�,
�������n�n8�F./��./��24
����,
�./�9�,�
!"./��0+.���
x.g24����24!"���F	"�����G���x2@
x������./�9f � 	"�
���,w:	"�A����	"���6�,
�.���]�^i��	"56��!"���,	"�����Gn8���}�,
x	"�G�,
�./�F	��Fw:�*����24��0+D
./�d./�i�������6�,
����C��0+./�E.e���,	"5����,.e�i�,
�.�����5���./�}��nC��]>^i56	"���F./��n,�����F����./�
������.g�>]�^����E./�����#��./�i	"�A�,
�.
������.s�
fz�m./2B���x��w�	"����./��	����x	"�x�A�����#�,	���!"D8�������+!"��2BvA�>]>^��7	��i��
x�����,./�9'������{������.=�,����!".s�7n8�����,
�.s5´	"�
��
x�����,./�-¶�w��3n8�������{����	"56��!".=./� �,./�x�F	����i�,�A�����#�,	"��!"D8��������!"��24vA�>]�^>��w����E./!������>	"���+w��,
����9�E./����!"�,�7	"�i�
��	"5���!"./��
����d� u ���E.�	�56��!�./56./���8���,	"����w���56��!�!"./����]>^y56	����o��./����!��,�An8���G56�����A�����+.��,����!"./��w������{��	"��D
��	"n�	"24�����,!"�A�E./����24./�o�,
�.=����56��./�G��n9�>]�^y5�	"����.e��fz��
x.���./�9./n�n8./24�9��n3�,
�./��.�� u �h24
�������./�7	"�o�,
x���9�,
�.
2B�+�x2Y!��>�@	~�����g�+n��8
�.���� ��.��o�
.s5h��	~�1�q
x.��4��5h.sk¨�>���[�q	�� !�Dq�4���:�+!~��2Bvi�j]j^>��	���2B�>�onq. u .����j]j^�5�	~�@�@.s�
�,
����i������./�#�����+.=��]>^��7���x�y�E./�+��	"�E.=!"./���7����./�
���,	"���<�������,./5´�����������#�#f � ���G�,
x. u ���
v+!"�������7����./�y	"�
�,
�.=������./�,w�������./�#�����+.=��]>^��7	"�x24���Gn8. u ./����]>^y5�	"����./�7�,
����i�����#�,	"��!"D8�����+��!"��2BvA�>]�^>� u 	��,
������9���[./D
!"�����>	"���r������56���E.|�>]�^`56	"���F./�-�,
����h�����#�,	"��!"D8�F������!"��24v���]�^>� u 	"�,
����E./!"������	����jf

( ������./�-�,	"�,!"./��Ö�î�PSIYHJX�K4N>ï�V
�7R4I ¾ Ù/X�a�a�R@IYHBZ�R4I�ï�X�N±HJPSa�NOV�ë�Kdc�VgÙ/POÚ@V
MYì����h¥�
���!"	"�>	jVYH�K4NqfxµJ¥�
���!"&�Ì��j¸
./� ��!"��	"�����,
�.�	"56�����
�,����24.���n*����./�#���,	"���6�������,./5°�����������
�Cn8�����F����./�
������.���]>^��������i!"	"���,���,
�.�	"���F��.e�

6. For lack of a standard page table terminology in literature, I use the same terminology as Huck and Hays [Huck93]
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�8
����3�x.s./�{�8�A�+.����>�>�
./���@./��	"�1����.s�#���8	"�x�<�@�+���8./5£	"5���!�.s5�./�x�8���8	����������>.s��	��+���8�A�����������#�3�@����./�#D
�����+.g��]>^���f���
������,./�Cº�	"��./���,	"ª�./�G�,
�.g56./24
����x	"�F5��G�����i����!"	"24	�.e���,
����;��././�i�,�r��.�	"56��!"./56./���,./�i	"�
���1����.s�[���8	��x�`���:���8.s5£�8�<���>�������[�����>��.s�#�>���+.����o�����#�8	�� !�D8�@�>�+��!~��2Bv`�>]>^j��f��¨
x	�!�.����@���:�+.s�����@��5�.
��� �+.sDq��	~��.�� ���@	~�+�x5�.s���3�>��!�	�2B	~./�g���x��� !��+�+�#	��8
�5��gn8�+���8
x.�0:���[	��+���g5�.s2B
x���x	~�@5��@w>�8
x	~�|���±.s��5�.s�#	~�8�
n8���#�,
�./������./�
���,	"�����������,.e5��E.e��./���E24
Cf

( ������./����	��,!".e�tÖ�ðÁñ7V
ÐÝë�Kdc:VoÂ�K4WYNOV�Z�R4Ioò�ó��8WYP±H+ð�U�U�IdV
M
MoÙ/a�K4�[V
MYì-���r� ��!�!"���#	�VYH+K4N±È�µJ�m��!"!"&�':¸:�d./0:	". u �
�8
�.�����	��8���+	"!�	��,�<��n�24���x0:./�x�,	����x��!C������.��8���+!�./��k¨!�	"�x.s���,w�nq��� u ���E�>D85�������.s�{���x�{
x����
x./�>k¨n8����º�É�D8��	��
���>�>�
.s���|�@����2B.s�|���x�������>./�[�����+.�5������>	��x�+��f��j
x.�������.s���8
x./�1���
�������@.s�|�r�x. u �����:.��8����!�.sw>2B!����@D
�,./�d./�A������.o�,����!"./w��,
����j.e� �,./������
�����
�./�A�����+.o�,����!"./������	"�����,
�.7�F��5�.o��������!"��24v�	"�����,./24
���	"�+��./���,
����
�,
x	"�|�,
�.s��	"�7����.s�7�,�A56��v�.��>]�^>�75����d.=.sn�n8./24�8	"0:.�fz��!������,./�E./�{�����+.=�,����!�./�724���i
x��0:.=�rn8�����8./����2B24./���
�,	�56.sw���2B24�����<!�./���75�./56���#�@w����x�y���d.�56���E.=./n�n�	�24	".s���9���9���8���#	����<������./�#������.����x�y�����
�8	"��!"D8�@���+��!���2Bv
���>���7�,
x����24���x0+./�x�,	"������!;�����+.=�,����!�./��fz��
x�����8./��¶|	"�7����./� �������>./�y0:./�#��	"���i��n3�,
�	��7������./�
fz�m��!"���#	"�
¼:f '�wm�o24��5656./�E2@	���!+����.e�#���,	"���=�������,./56wm	"56��!"./5�.e���,��24!"�����,./�d./�������+.��,����!"./������./� ��!"��	���.e�����=¥�
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Figure 1-2: Structure of a single-page-size (4KB) TLB block
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Figure 1-4: Structure of a fully-associative TLB.
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Figure 1-5:  Structure of a set-associative TLB

7. TLBs often use a hash function that includes bits from the PID or VPN Tag. Logic not shown in Figure1-5 combines
these bits with the VPN Index bits before being input to the decoder.
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8. Alternatively, the modified bit can be updated in the TLB, postponing the page table update till the next TLB replace-
ment and leaves the page table in a stale state. The operating system often consults page table modified bits to flush
dirty pages to disk and must instead use TLB probes to get the correct state.
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Areafac = PLA + RAM + CAM = 130 + 0.6 * (#blocks + 6) * ((#data bits + #status bits) + 6) + 0.6 *
(√2 * #blocks + 6) * (√2 * #tag bits + 6)

Areasac = PLA + Data-RAM + Tag-RAM = 130 + 0.6 * (#sets + 6) * ((#data bits * associativity) +
6) + 0.6 * (#sets + 12) * (((#tag bits +#status bits -lg2(#sets)) * associativity) + 6)

Figure 2-1: Fully-associative TLB area model assumptions

Figure 2-2: Set-associative TLB area model assumptions
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1. The original model assumes tag valid bits to occupy a smaller area than CAM cells—(√
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 times
a RAM cell. I assume valid bits to have the same area as a CAM cell as I use CAM cells in partial-subblock TLBs
(Section5.1.2). In practice, valid bits are smaller and my model overestimates the area.
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Table 2-1: Workload characteristics (40MHz SuperSPARC processor)

Workload total time
(seconds)

user time
(seconds)

#user TLB
misses for

SuperSPARC
TLB

(thousands)

% user time in
TLB miss
handling

#(user+kernel)
cache misses
SuperSPARC

Ecache
(thousands)

Peak Memory
Usage (MB)

coral 177 172 85974 50% 71053 19.9

nasa7 387 385 152357 40% 64213 3.5

compress 99 77 21347 28% 21567 1.4

fftpde 55 53 11280 21% 14472 14.7

wave5 110 107 14510 14% 4583 14.3

mp3d 37 36 4050 11% 5457 4.8

spice 620 617 41923 7% 81949 3.6

pthor 48 35 2580 7% 6957 15.4

ML 945 917 38423 4% 314137 32.0

gcc 118 105 2440 2% 9980 5.6
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------------------------------------------------

Time i T,( ) Tideal i( ) TLBmisses i T,( ) TLBmisspenal ty×( )+=

Tideal i( ) RunTime i SPARCstation,( ) TLBmisses i SuperSPARCTLB,( ) TLBmisspenal ty×( )–=

WTime baseTLB( )
WTime newTLB( )
-------------------------------------------------

WTIME T( ) W i( ) Time i T,( )×
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∑=

Weight i( )
Tideal j( )

j workloads=
∑
Tideal i( )

------------------------------------------------------- W i( ) Weight i( )
Weight j( )
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∑
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24

��!"./�,./D8�F������!"��24v=�>]�^ u 	"�,
��F������!"��24v=n8��24�,���9É:f4���s�z!O.e�3�8¼sD,Ìs�������8¼sD,Ìs2�	O� ( �x�x.e�:��	O�����[
:� u 	O�:��	O0�	O���x�s!
��.e�:2�
:56�s�Ev��F�x.e.Y�����x�sfe��2@�z�:�F	O��.e�3��]�^A5�	O�F�}�x.e�:�s!O��	O.e�}�zn�Ìs·sw�És·sw��s�:�A's·g2@��2@!O.e�/f ( !O�s�E��.e�3��]�^A5�	O�F�
�x.e�:�s!O���|5��sv�.Y�*��
:.��[�x.e.e���x��5��z�E.��[	O���:	On,	O2@�s�:�+n,�z����
:.e�[. u �z�
v�!O�z�s���sf

�+	O�:2@!O����.�.Y�:���x��
����s�~�-	O����
:.���
:.Y�F	O�Cn,�z�j�E.e�s��.e�E�C���o�
.Y2@�s!O2@�x!O�s��.�.e��.Y2@���~	O�z�b��	O5�.�n��z�j�s�:� u �z�
v�!O�z�s�
���}�>]�^i24����n8	"�����
���,	"��� u 	"�,
A��	"n8n8.e�#./���;�>]�^i56	"���G��./����!����6��������56���,	"�����G���F	�����n8���#56��!"��.g��./��24�
	"��./�
.e�s�E!O	O.e�9	"����
:	O���F.e2@�~	O���;fY���s!O2@�x!O�s��	O�:����
:.�.e��.e2�����	O�z����	O5�.on����9� u �z�
v�!O�z�s�h�
.Y���x	O�
.Y�|ÂzPJUsVEK@N�µQP»¶>�s�:��ÂmÃ�Ä��
ï1P"M#M#V#M«µSPO�%Â�Ã+ÄT¶FfxÂ�POU V#KBNrµSP¼¶92B���`�+.b2B� !�2B��!~���8.s�1�+�h�#.s�j��	��x�h�8
�.b2B��!�2Y��!����q	����x�o	��`�>� �+!�.�¼ D8¼xf �j���+!�.s��	~�
( �>�>.s���j	~��¢3�4
�� u Â+Ã:ÄjïyP"M[M[V[M«µOP��9Â�Ã:ÄT¶�nq�+��� !~!C�q
�.=�j]j^{2Y�+��nq	~���>�[� �q	~�+���7���j.��@2Y�F	~�:.=	~�i�q
�.=�q
�.��@	~� f
���s��!O.�¼sD�É-�[
:� u �*�~
�.�.en�n,.e2��+�zn+0��s�
��	O�:�|��
:.���]�^�5�	O�F�C�x.e�:�s!O���7n,�
�z5ÒÌs·-���7's·�2@��2@!O.e�C�z�b��	O��.Y�s!m�s�:����
:.
u .Y	O��
:�~�sf

�:���[.}�G�:�z�E5��s!O	O�s.e���[�x.e.e���x� u 	O��
 u .e	O��
:���*��
:�s�+���E.e�s�+�s!O!m��.e� u �z�
v�!O�z�s��� u 	O��
b.e�����s!m	O5��x�z�
�~�s�:2@.�f
)C.e�s��.e�
�32@�s��2@
:�z�z�F.G��	On�n,.Y�
.e�:� u .e	O��
:����n��z�%��
:. u �z�
v�!O�z�s����	On���
:.���.e�[	O�
.e� u �z�Ev�!O�z�s�656	O�7	O����	On,n�.e�
.Y�:�
n,�E�z5 5��g�s�[�F�x5��x��	O�z�:�sf

( !,!%5<���;]�^t�B	,5A��!,�m�?	����������B.��6���B.����;�:D?];)��Í��.���!��z2e.�5<.��>���z!��x�:��	,�±
>5AkÝ�|��D?¡�� u �>D?���?�m2ev
\���¯�¡b�+_-�;�x!,	82/�Ýµ~¡�.m0�	8&�¼�¸�kl�?
j�����e��5`.62s�x5<5`. �@2/	8��!3�;����2s. �Y�Y�x�@�=�z!8�Y�1�;�Y. w*V�È c9È wC�b!8�?�@���+� ( )��
µJ¤:������&�É:¸8f/����24
6�>]�^A��!"��24vr	"��24!"���>.e������.7./� �,�
����	��,w��,
�.7X�M
V
Ug��	"�j�,
����j	"����.e�j���6��]�^<
�	"�,��fe�>
�.7��!"����D

Table 2-2: Parameters used to calculate normalized speedup

Workload

RunTime for
SuperSPARC

(seconds)

#TLB misses
SuperSPARC

TLB
(thousands)

TLB miss
penalty
(cycles)

1cycle = 25ns

 TLB miss
handling time

(seconds)

Tideal(i)
(seconds) Weight (W(i))

Maximum
Speedup

relative to
SuperSPARC

TLB

(a) (b) (c)
 (d) (e) (f) (g)

(b) * (c) * 25 (a) - (d) function(e) (a)/(e)

coral 177 85974 40 85.97 91.03 0.088 1.94

nasa7 387 152357 40 152.36 234.64 0.034 1.65

compress 99 21347 40 21.35 77.65 0.103 1.27

fftpde 55 11280 40 11.28 43.72 0.183 1.26

wave5 110 14510 40 14.51 95.49 0.084 1.15

mp3d 37 4050 40 4.05 32.95 0.242 1.12

spice 620 41923 40 41.92 578.08 0.014 1.07

pthor 48 2580 40 2.80 45.42 0.176 1.06

ML 945 38423 40 38.42 906.58 0.009 1.04

gcc 118 2440 40 2.44 115.56 0.069 1.02

Table 2-3: Sensitivity to TLB miss penalty—execution time speedup for alternate fully-associative
TLBs relative to 64-block fully-associative single-page-size (4KB) TLB

TLB miss
penalty

128-block single-
page-size (4KB)

TLB

123-block
superpage

(4KB/32KB) TLB

114-block partial-
subblock TLB

(subblock factor 16)

72-block complete-
subblock TLB

(subblock factor 4)

30 1.045 1.132 1.161 1.072

40 1.061 1.185 1.227 1.098

50 1.078 1.242 1.301 1.125
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2. A few TLB blocks are often reserved for special operating system code that needs to execute without incurring TLB
misses. I assume that the replacement algorithm skips these special blocks.

Table 2-4: Effect of TLB miss penalty on Tideal and Weights

Workload
Tideal (seconds) Weight (W(i))

30 40 50 30 40 50

coral 112.52 91.03 69.53 0.075 0.088 0.107

nasa7 272.73 234.64 196.55 0.031 0.034 0.038

compress 82.99 77.65 72.32 0.101 0.103 0.103

fftpde 46.54 43.72 40.90 0.181 0.183 0.183

wave5 99.12 95.49 91.86 0.085 0.084 0.081

mp3d 33.96 32.95 31.94 0.248 0.242 0.234

spice 588.56 578.08 567.60 0.014 0.014 0.013

pthor 46.06 45.42 44.77 0.183 0.176 0.167

ML 916.18 906.58 896.97 0.009 0.009 0.008

gcc 116.17 115.56 114.95 0.073 0.069 0.065

Table 2-5: Sensitivity to TLB replacement policy—execution time speedups relative to 64-block
fully-associative single-page-size (4KB) TLB using Go-down-stack (GODS) replacement policy

GODS Clock Random FIFO

1.00 1.00 0.98 0.98
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Figure 3-1: Superpage TLB block
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1. On today’s large physical memory machines. increased memory demand may not be a concern, but initialization
overhead—zeroing or doing I/Os—for the extra memory used can increase execution time.
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Figure 3-2: Virtual Addr ess to Physical Address mappings in a superpage system
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Figure 3-3: Structure of a superpage TLB
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Figure 3-4: A fully-associative superpage TLB
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Figure 3-5: Mapping a 64KB address space with 4KB and 32KB superpage mappings
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Table 3-1: Execution time speedups for fully-associative superpage TLBs relative to single-page-size
(4KB) TLBs with same number of blocks

#blocks
Superpage TLB with superpage size

8KB 16KB 32KB 64KB

Average Speedup

64 1.09 1.15 1.18 1.21

128 1.07 1.11 1.13 1.17

256 1.05 1.06 1.07 1.08

Relative Chip area 64-256 1.02 1.03 1.04 1.05

Relative Access time 64-256 1.00 1.00 1.00 1.00

  Superpage 0

  Superpage 1

0x0000

0xffff

 Superpage 0

Base page 0

Base page 7
. . .

Base page 0

Base page 7
. . .

(a) (b) (c)

Base page 0

Base page 7
. . .
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Table 3-2: Execution time speedups for 256-block 4-way set-associative superpage TLBs relative to
single-page-size (4KB) TLBs

Indexing scheme
superpage size (using superpages)superpage size (using base pages only)

8KB 16KB 32KB 64KB 8KB 16KB 32KB 64KB

Average
Speedup

base-page-index 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
superpage-index 1.06 1.09 1.10 1.07 1.01 1.02 0.87 0.81

exact-index 1.06 1.10 1.11 1.14 1.00 1.00 1.00 1.00

Relative Chip area
Relative Access time

1.02 1.03 1.04 1.05
1.00 1.01 1.01 1.01
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3. TLB access time is also an important criterion in choosing a TLB design. However, the assumptions in my timing
model prevent access time comparison of fully-associative TLBs with set-associative TLBs (Section2.3).

Table 3-3: Execution time speedups for superpage TLBs relative to set-associative single-page-size
(4KB) TLBs of comparable chip area

Area
(rbe)

4KB Single-page-size TLB 4KB/32KB Superpage TLB 4KB/64KB Superpage TLB

#blocks Speedup #blocks
Speedup

using
superpages

Speedup
using base

pages
#blocks

Speedup
using

superpages

Speedup
using base

pages

19160

162 fully-
associative

1.02
156 fully-
associative

1.12 1.02
154 fully-
associative

1.14 1.02

256 set-
associative

1.00
256 set-

associative
1.10 0.87

256 set-
associative

1.07 0.81

35412

304 fully-
associative

1.00
293 fully-
associative

1.07 1.00
290 fully-
associative

1.07 1.00

512 set-
associative

1.00
512 set-

associative
1.06 0.84

512 set-
associative

1.01 0.77
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1. Subblocking [Hill84] has also been called sectoring [Lipt68] and address/transfer blocks [Good83].

2. This chapter concentrates on subblock TLBs as an alternative to medium-sized superpages. AppendixE illustrates
how subblock TLBs support large superpages.
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Figure 4-1: Structure of a complete-subblock TLB block
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Figure 4-2: Virtual Addr ess to Physical Address Mappings in a Complete-subblock System
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Figure 4-3: Structure of a complete-subblock TLB
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Figure 4-4: Structure of a fully-associative complete-subblock TLB
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Figure 4-5: Structure of a set-associative complete-subblock TLB
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Table 4-1: Execution time speedups for complete-subblock TLBs relative to single-page-size (4KB)
TLBs with same number of blocks

TLB Type #blocks
Subblock factor

2 4 8 16

Fully-Associative
64 1.04 1.09 1.16 1.17

128 1.05 1.10 1.11 1.15

4-way Set-Associative 256 1.05 1.08 1.10 1.14

Table 4-2: Chip Area and Access Time for complete-subblock relative to single-page-size TLBs with
same number of blocks

TLB
Chip Area Access Time

2 4 8 16 2 4 8 16

(64-256) block
Fully-Associative

1.24 1.71 2.67 4.59 1.02 1.06 1.11 1.20

256-block 4-way
Set-Associative

1.38 2.14 3.66 6.71 1.00 1.01 1.04 1.12
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Figure 4-6: Subblock miss example for VPN 101010 (Complete-subblock TLB subblock factor 2)
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VPBN PPN0 ATTR0 PPN1 ATTR1✕✕✕

VPBN PPN0 ATTR0 PPN1 ATTR1✕✕✕

a) Block miss

VPBN PPN0 ATTR0 PPN1 ATTR1✕✕✕

10101 10010 ATTR0 11111 ATTR1✔✔✔

b) Subblock miss

VPBN PPN0 ATTR0 PPN1 ATTR1✕✕✕

10101 10010 ATTR0 PPN1 ATTR1✕✔✔

VPBN PPN0 ATTR0 PPN1 ATTR1✕✕✕

10101 PPN0 ATTR0 11111 ATTR1✔✕✔

10101
PPN0 ATTR0

PPN1 ATTR1✕

✕

✔

10101
10010 ATTR0

11111 ATTR1✔

✔

✔

c) Mapping placed in new TLB block on a subblock miss

VPBN PPN0 ATTR0 PPN1 ATTR1✕✕✕

10101 PPN0 ATTR0 11111 ATTR1✔✕✔
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3. Having two blocks with the same tag will cause electrical problems in most implementations and is undesirable.
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4. TLB miss penalty should include the effects of cache and TLB misses within the miss handler.
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5. Since a TLB cannot have fractional number of blocks or fractional subblock factor, the TLB size chosen has an area
closest to the budget.

Table 4-3: Effect of preloading in complete-subblock TLBs

TLB Type #blocks

subblock factor 2 subblock factor 4 subblock factor 8 subblock factor 16

Speedup
critical
miss

penalty
Speedup

critical
miss

penalty
Speedup

critical
miss

penalty
Speedup

critical
miss

penalty

Fully-Asso-
ciative

64 1.05 1.33 1.06 1.65 1.02 1.41 1.04 2.05

128 1.02 1.26 1.01 1.20 1.02 1.36 1.02 2.85

4-way Set-
Associative

256 1.01 1.08 1.01 1.21 1.01 1.39 1.00 4.03

512 1.00 1.09 1.01 1.16 1.00 2.32 1.00 1.45
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uperpage TLBs
and complete-subblock TLBs with preloading have the same TLB miss penalty as a single-page-
size or a complete-subblock TLB without preloading.
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the superpage TLB performance degenerates to that of a fully-associative single-page-size TLB
with

ø1��i��~�
 TLB blocks.
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Table 4-4: Access time for fully-associative TLBs relative to single-page-size (4KB) TLB of equal
area

Area
(rbe)

Single-page-
size TLB

Superpage TLB
(32KB)

Complete-subblock TLB (subblock factor)

2 4 8 16

#blocks
Access
Time

#blocks
Access
Time

#blocks
Access
Time

#blocks
Access
Time

#blocks
Access
Time

#blocks
Access
Time

7984 64 1.00 62 1.00 51 1.01 35 1.03 20 1.06 9 1.13

15298 128 1.00 123 1.00 102 1.00 72 1.01 44 1.04 23 1.10

29928 256 1.00 247 1.00 206 0.99 147 0.99 92 1.00 51 1.05

59186 512 1.00 494 0.99 413 0.96 297 0.92 188 0.90 107 0.93

Table 4-5: Execution time speedups relative to single-page-size (4KB) TLBs of equal area

Area
(rbe)

Superpage TLB
(4KB/32KB)

Complete-subblock TLB
(NO preloading)

Complete-subblock TLB
(with preloading)

Using
superpag

es

Using
base
pages

2 4 8 16 2 4 8 16

7984 1.18 1.00 1.03 1.04 1.01 0.81 1.08 1.12 1.13 0.98

15298 1.13 1.00 1.02 1.04 1.05 1.03 1.06 1.09 1.10 1.12

29928 1.07 1.00 1.02 1.03 1.01 1.00 1.04 1.05 1.03 1.04

59186 1.03 1.00 1.00 1.00 1.00 0.99 1.01 1.01 1.01 1.01
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6. An n-block complete-subblock TLB of subblock factors storesn*s data bits (the subblock valid bits) more than a
n*s-block single-page-size TLB.

Table 4-6: Execution time speedups for complete-subblock TLBs relative to single-page-size (4KB)
TLBs with same TLB reach

TLB type
Single Page Size

(4KB)

Complete-Subblock
(subblock factor)

Complete-Subblock with preloading
(subblock factor)

2 4 8 16 2 4 8 16

#blocks N N/2 N/4 N/8 N/16 N/2 N/4 N/8 N/16

Fully-Asso-
ciative

256 1.00 0.96 0.94 0.92 0.88 0.98 0.99 1.00 1.00

512 1.00 0.99 0.96 0.95 0.92 0.99 0.97 0.97 0.98

4-way Set-
Associative

256 1.00 0.98 0.96 0.93 0.87 1.00 1.01 1.00 0.97

512 1.00 0.99 0.98 0.96 0.94 0.99 0.99 0.99 1.00

Table 4-7: Chip Area and Access Time for complete-subblock TLBs relative to single-page-size
TLBs with same TLB reach

TLB type
Single Page Size

Chip Area Access Time

2 4 8 16 2 4 8 16

#blocks N N/2 N/4 N/8 N/16 N/2 N/4 N/8 N/16

Fully-Associative
256 1.00 0.63 0.46 0.39 0.39 0.94 0.91 0.92 0.96

512 1.00 0.63 0.44 0.36 0.34 0.86 0.81 0.80 0.83

4-way Set-Asso-
ciative

256 1.00 0.79 0.73 0.81 1.05 0.99 0.99 1.00 1.08

512 1.00 0.76 0.66 0.67 0.79 0.94 0.93 0.96 1.01



53

')*���#�����.9��ÒÏÒ���;)��{A')*ÀÒ�#%')4�')*�F!&(0��}��E�;)&(')�<;)���� "#G "E�&(�<E<&K����#~ ".1.ª�¬��E<��0À2�')Ò���#GÒ���&(�|� ¶ ² +-��.>*� "&(��Ò
')*!¸�����&(') "*|´ 6¡»�6 º�¥�&(0�').J����*:3��` "��&(')��')O���Ò�BNE�#~&(0���#%5%6

8" A.�E¾�!�A��#9'¦O���¥��H�$ ��A��;¦��&i��M�.�E¾3 3 ;¦ ���¯¿8o?¾@ü2¬'¦&i0�.�E¾3 3 ;¦ ��$¯�B��¤��&i  #e�e'�.`�A �#%�|��BNB����$&i'�4��|&i0���*
3�E�');XÒ�'X*�F:�}.1'X*�F�;)��MN����F���MN.1')O��I8�?�@�2�')&N0!��&(')�:��.e��.e����*�{�8�?�@�3�;) ���¯�.�6 ¶ �U "�:�<;)�
&(��MN.1E�3�3�;X "��¯:8�?�@
0���.G��BN��.9&(��#��������$.1.G&(')����¥� �����E��<')��.G;)�$.1.G��#�����¥ ��*�Ò¿ "B¦BN��#~.G�� "���<��&(')&(')4 �`8�?�@¿�<��#%BN "#~����*����"6�¼�E�#~&(0���#¦¥
�� "����;)�$&(��MN.1E<3�3�;) "��¯�8�?�@�.�2�')&(0}�<#��$;) ���Ò�')*�F�0���4 ���� "�:�<��#%��3�;)��8�?�@¬�<��#%B( �#~����*�����&( `&(0��/��E<��0};)��#�F�M
��#¦¥�.1;) "2���#¦¥�.9')*�F�;)��M(����F���MN.9')O��G8�?�@�.1æà�L2}'X*�M(2�')*|.1')&(E<��&(') �*¨6

�
	��
	�8!qC���,�-��������.�"�#�/</n����*�2!r�"�	lz�#
����) �7�
=��t3%5�6-"
§ *���0����<&(��#¨¹�¥ § �<#� "�< �.9��ÒP����Ò�')E<�:M(.1')O���ÒP.9E��<��#~����F���.K��.K "*��J2���{I&( I')*���#�����.1�J8�?�@H#�������0�')B�&(0��

 "�<��#%��&(')*�FP.1{�.1&(���å����*!Ò� H�<#� "�<��#��<��F���MN.9')O��`��.9.1')F�*�����*�&®&( HE<.1��.1E<�<��#%�<��F����������<')*�F�.�6��� "����;)�$&(�
.1E<3�3�;) "��¯�'X*�F}').D�ª3�#~E<&(�GBN "#����G2���{} "B�')*���#��$��.9')*�F}8�?�@�#�������0¬2}')&(0� "E<&<Ò����<��*�Ò�')*�F} "*¬��*�{} "�<��#~��&¦'X*�F
.1{�.1&(�$�Ó.1E<�<�� "#~&%6U¼� "#�&(0��e.1�����e*�E���3���#� "B�8�?�@:3�;) "��¯�.1¥¤�ª�� "�:�<;)��&(�$MN.1E<3�3�;) "��¯�8�?�@�¥¤2�')&(0¬.1E<3�3�;) "��¯
BN����&( "#��~¥ ��*�ÒÀ�}.9E��<��#~�<��F���8�?�@�¥ .1E��<�< "#%&(')*�F���.1')*�F�;X��.1E<�<��#%�<��F���.1')O��I "B¨�{��3���.1���<��F���.1')O���¥ 0���4��
&(0��>.1�����>8�?�@A#��$����0¨6�8�0��ª�� ����<;)��&(��M(.1E�3�3";X "��¯¬8�?�@A#�� Á E�')#���./.9'XF�*�')=�����*�&(;){¬;)��#�F���#C��#�������*�Ò�.9;X "2��$#
��������.1.K&(')���J3�E<&�0���.K3���&¦&(��#¨8�?�@P�<��#~BN "#%����*�����6�8�0��J��#��$�L��*�ÒP�������$.1.K&(')�:�J��#�F�E�����*�&(.K��#��J.9'X��');)��#¨&( 
&(0� ".1�e')*H¸¤����&(') "*|´ 6Î»�6 º�¥¤3�������E�.9�L�ª.1E��<��#~�<��F��e8�?�@: "����E<��')�$.�*�����#~;){�� Á E<��; ��#��$�>��*�Ò:0���.�.1')��');)��#�����M
����.9.C&(')���G&( ��ª.1')*�F�;)��MN�<��F���MN.1')O��G8�?�@�2�')&(0¬&(0��G.1�����e*�E<��3���#� "B�3�;) "��¯�.L+-8���3�;)�G¹�M%»�5%6�8¤��3�;)�J´�M�bª.1E<��M
�!��#7'�O��
.>&i0�����#~���¬��*�Òä���U���
.�.>&N'��!���� ��!����#7'�.� �*<.>B� �#e.�E¾���
#7����F ����*�Òä�U ��!��;��
&i��Mi.�E�3�3 ;� ��U¯�8¾?¾@¾.
2P'(&�0ü&�0��P.������P8®?®@Ú#9������0D6 8®0��P.���&ÉMÉ��.�.U ���'(��&É'(4<�P.UEo�o��#1�o��F��P8¨?®@®.�Eo.��P&É0��P.UEo�o��#1�o��F��P'(*�Ò®���
+-¸¤�$��&(') �*�¹ 6 º 6 º�576

8�0��J��Ò�4 ��*�&(��F���.K �B��� "���<;X�$&(��MN.1E<3�3�;) "��¯�8�?�@�.K �4���#¨.9E��<��#~����F��J8�?�@�.K��#���Q
P�Ù�Ö(ÖNÙ?|
N<ORP!×�Ù?|~Õ�K�|�}~L?�R��Ù�Q9�� "���<;X�$&(��MN.1E<3�3�;) "��¯`8�?�@�.¨����*}Ò���;)')4���#o3��$&(&(��#o�<��#~BN "#%����*�����&(0���*�&(0��

��;)#�����Ò�{:.1'XF�*�')B(')�U��*�&(;X{�'X����#� �4 ��Ò�8�?�@�����#%BN "#%�:��*����� "B�.�E<����#%����F��I8�?�@�.�6�8���3�;X�G´�MN³��� "�:����#���.L&(0��
�U ��:��;X��&N�
MN.�E�3�3�;X ��U¯!��*�Ò,.1E�����#7����F���8�?�@,����#7BN �#7�:��*��U��6��� "�!��;)�
&N��Mi.1E�3�3�;X ��U¯:8¾?�@�.L2|')&N0� �E�&���#~�
M
;) "��Ò�')*�F��<��#~BN "#%�Ó2� "#~.1�L&(0���*H.9E��<��#~�<��F��e8�?�@�.�6�8�0���{� "BN&(��*¬0���4��e�: "#��e8�?�@:��').1.1��.C&(0���*HBN "#��>.1E<M
�<��#%�<��F��`8�?�@D6 ¶ .1E<���$#%�<��F��`8�?�@�;) "��Ò�.J��;);<&¦0��>�������<')*�F�.JB( "#����<��F��>3�;) "��¯H')*:�I.1')*�F�;)�`8�?�@���'X.9.1¥
��*�Ò��}�U "�:��;)��&N��MN.1E�3�3�;) ���¯:8�?�@�&N��¯���.e�:E�;)&('X��;)�I8�?�@���'X.1.1��.L&( �Ò� �.1 ¾6���#~�
;) ���Ò�')*�F:��Ò�Ò�#���.1.1��.L&(0�').
.10� "#%&(�� ���')*�F¾6 ¶ �� "���<;)��&(��MN.9E�3�3�;) "��¯}8�?�@�2�')&(0¬�<#���;) "��Ò�')*�F}��;)2���{�.D')*���E�#~.CBN��2��$#�8�?�@���').1.1��.D&(0���*
�I.1E��<��#~�<��F��`8�?�@�2�')&(0!&(0��`.9�����`8�?�@�#�������0�¥�*�E<�:3��$#� "B®3�;X "��¯�.1¥���*�Ò���.1.1 "��')��&(')4 ')&({À+ ¶ �<�<��*�Ò�')�wvN5%6
Þ� "2��$4 �$#(¥ .9'X*�����&(0���.9E��<��#~����F���8�?�@�.G#��$Ò�E<����8�?�@À��').1.G0���*�Ò�;)')*�FP&(')����.1')F�*�'X=<����*�&(;){���;)#�����Ò�{�¥ &(0��
')*���#��$�:��*�&(��;"3���*���=<&� �B��� ����<;)��&(��M(.1E�3�3";X "��¯�')*�F�').K.9�:��;);"BN "#¨&(0���.9�J2� "#%¯�;) "��Ò�.�6 § *�2� "#~¯�;) "��Ò�.K2�0���#��
.1E<�<��#%�<��F���.G����*�*� "&®3��IE<.1��ÒÀB( "#/��;);� "B¨&(0��I��Ò�Ò�#���.9.e.9�������$¥��U­ �®­ £ Ò�E���&( PÒ�')B¦BN��#���*�����')*A��&(&(#%')3�E<&(��.G "#
;X�
*<F�&N0¿ �BK.��
F��:�
*<&N.�¥<�U ��!��;X�
&N�
Mi.�E�3�3�;X ��U¯!8¾?¾@�.ª�U��*À.1&i'X;X;o.�0<��#��}�|.�'�*�F�;��}8�?¾@,3�;� ��U¯!Bi �#J�!E�;�&N'X��;X�
3���.1�J�<��F���.K2�')&(0�')*|�e����F��J3�;) ���¯¾6

� K�K�×�Ùj|�L�Ö����R�~�y����ÖNÙj}��y��×�×RK$|~Ö������������<&¨'X*A&(0��I8�?�@À��'X.1.e0���*�Ò�;)��#(¥��}�� "�:�<;)��&N��MN.9E�3�3�;X "��¯:8�?�@

Table 4-8: Chip Area and Access Time for complete-subblock TLBs relative to superpage TLBs

Superpage TLB Type
Chip Area

subblock factor:superpage size
Access time

subblock factor:superpage size

2:8KB 4:16KB 8:32KB 16:64KB 2:8KB 4:16KB 8:32KB 16:64KB

(64-256_ block
Fully-associative

1.22 1.67 2.58 4.39 1.02 1.06 1.11 1.20

256-block 4-way
Set-associative

1.38 2.14 3.67 6.71 1.00 1.00 1.03 1.10
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Table 4-9: Execution time speedups for complete-subblock TLBs relative to superpage TLBs

TLB Type #blocks
subblock factor: superpage size

With preloading
subblock factor: superpage size

2:8KB 4:16KB 8:32KB 16:64KB 2:8KB 4:16KB 8:32KB 16:64KB

Fully-
Associative

64 0.96 0.95 0.98 0.97 1.00 1.00 1.00 1.00

128 0.98 0.99 0.98 0.98 1.00 1.00 1.00 1.00

4-way Set-
associative

256 1.00 0.99 1.00 1.07 1.00 1.00 1.01 1.07
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Figure 5-1: Format of a partial-subblock TLB block
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1. This chapter concentrates on partial-subblock TLBs as an alternative to medium-sized superpages. AppendixH adds
support for large superpages.
2. Variations of partial-subblock TLBs that replicate other fields of the mapping are discussed in Section5.7.
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Figure 5-2: Virtual Addr ess to Physical Address Mappings in a Partial-Subblock System
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Partial-subblock TLB storing mappings for above
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3. If a program attempts to execute an instruction on page
Y
 to read data from page

[
, processor implementations may

require that the TLB hold mappings to both pages. If the mappings are incompatible, they use different partial-sub-
block TLB blocks with the same tag. If the TLB disallows this, the program will livelock. All workloads in my simu-
lations did livelock. Separate instruction and data TLBs would avoid livelock in this example.
4. Operating system software or TLB hardware must guarantee that two TLB blocks cannot have the same VPN.
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Figure 5-3: TLB blocks for different TLB architectures
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Figure 5-4: Structure of a partial-subblock TLB
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Figure 5-5: Fully-associative Partial-subblock TLB
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Figure 5-6: Set-associative Partial-Subblock TLB
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5. The modified bit is special because it is an attribute that is updated by the TLB miss handler. Other attributes are set
by the operating system but not updated by the TLB miss handler. The referenced bit is also updated by the TLB miss
handler but can be emulated using the valid bits.
6. My simulations run with sufficient memory and run to completion without paging. There will a greater difference
in TLB performance when short of memory.
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Table 5-1: Execution time speedup with partial-subblock TLBs relative to single-page-size (4KB)
TLBs with same number of blocks

TLB Type #blocks
subblock factor

2 4 8 16

fully-associative
64 1.04 1.09 1.16 1.17

128 1.05 1.10 1.11 1.15

4-way set-associative 256 1.05 1.08 1.10 1.12
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7. Robert Yung, Sun Microsystems Laboratories, first suggested preloading in partial-subblock TLBs to me.

Table 5-2: Chip Area and Access Time for partial-subblock TLBs r elative to single-page-size TLBs
with same number of blocks

TLB
Fully-associative (subblock factor) 4-way set-associative (subblock factor)

2 4 8 16 2 4 8 16

Relative Chip Area 1.01 1.02 1.05 1.12 1.01 1.02 1.05 1.11

Relative Access Time 1.00 0.99 1.00 1.01 1.00 1.00 1.00 1.03



65

����*H3��e')����;)������*�&(�$Ò:3�{���')&(0���#�#��$��Ò�')*�F� "E<&�&(0��L4���;)')Ò:3�')&(.1¥¤.1�$&(&(')*�F}&(0��e3�')&���*�Ò:2}#%')&(')*�F�&(0����Ó3�����¯
 "#¨3"{I��#� "4 ')Ò�')*�FI�� "*�&¦#� ";"&( �2�#~')&(�J')*�Ò�')4�')Ò�E���;"3�')&(.�')*�&(0��J4���;)'XÒH3�')&�� ¶ ²å "#®� ¶ ²·6�©>*��e3�;) "��¯I��').1.1¥
8�?�@P#����<;)����������*�&� "����E<#%.K��*�ÒH&(0��J*���2z�����<�<')*�F� "4���#%2�#~')&(��.K&(0��G4�')��&(')�ù8�?�@P3�;) "��¯¾6

º 	�Á
	�8!3�576·�B� "�";D%����X����E�
=!#�"�� �
=���)W�
�����%X�� �
=
��#��
;X ���Ò¾'X*�F!'X*�4  �;�4 �
.L��#~�
Bi�
&(�U0<'X*�F!'X*�&N :&N0���8¾?�@,��;X;o&N0��}�:������'X*�F�.L2|'X&N0�'�*��|����F���3�;X ��U¯!&N0���&

2�'X;X;¾ ����UE���{:&(0���.1���:�I8�?�@�3�;X "�U¯:��.L&(0��I�:������')*�F:Bi "#J&(0���BN��E�;X&('X*�F!4 ')#%&NE���;¾��Ò�Ò�#~��.�.�6���#���;X ���Ò�'X*�F
0���.K&(2} ���Ò�4���*�&(��F���.� �4���#®*���')4��J8�?�@H��').1.�0���*�Ò�;)')*�F�æà#���Ò�E<����.�&(0��J*�E<��3���#® "B�8�?�@¬�:').1.9��.�.1')F�*�')=<M
����*�&(;){}��*�Ò�Ò� "��.C*� "&�#�� Á E�')#��e��*�{}0���#�Ò�2���#��e.9E��<�< "#%&�BN "#�.1E<3�3�;) ���¯��:').9.C��0��$��¯�')*�F¾6���#���;) "��Ò�')*�F}����*
')*���#��$��.9�e8�?�@���').1.D���$*���;)&({�¥�3�E�&���0����<&(��#/�CÒ���.1��#~')3���.D0� "2 ����F��e&(��3�;)�$.C����*¬.1E<�<�� "#~&<�<#���;) "��Ò�'X*�F}')*
�<��#%&(')��;)MN.1E<3�3�;) "��¯�8�?�@�.K2�')&(0� �E<&�')*���#�����.1')*�F�&(0��G8�?�@P�:').9.D�<��*���;)&({�6

��#���;) "��Ò�')*�FI�����<;) "')&(.K.1�<��&('X��;";) "����;)')&({�3�{I�<#���BN�$&(��0�')*�FI�������<')*�F�.K&( I3"��.9�J�<��F���.K2}'X&¦0�')*�&(0��J.1�����
�<��F��J3�;) "��¯}��.K&(0��GBN��E<;)&('X*�F�4�')#%&(E<��;���Ò�Ò�#���.1.�6 § B<&(0��G�<#� "F�#~���ù#���BN��#���*�����.K&(0��G*���')F�0�3" �#~')*�F}�<��F���.D3��$M
BN "#��L&(0��ª8�?�@!3�;) "��¯|').�#����<;)������Ò�¥�')&�2�'););�0�')&�')*P&(0��L8�?�@D6�¸¤')*����ª.9E�3�3�;) "��¯|8�?�@�.1¥�3� "&(0P�� "�:�<;)��&(�$M¾��*�Ò
�<��#%&(')��;)MN¥�E�.1�>BN��2���#C&(��F�.J��*�Ò¿Ò����<��*�Ò� "*!.9�<��&(')��;<;) "����;)')&({P&( ¬��������*�Ò�8�?�@�#��$����0�¥�')&o').J "*�;){P*���&(E<#%��;
&N0���&���#��
;X ���Ò�'X*�FA0��
;X��.ª#��
Ò�E��U��&i0���*<E��!3���#G �BK8�?¾@,�:'�.1.��
.�6 ¶ ����#%&N'X��;XMi.�E�3�3�;X ��U¯!8�?¾@,��#��
Bi��&N��0��
.
 "*�;){}&(0��J�:���<�<')*�F�.K&(0���&���#��J��#� "���$#%;){��<;X�����$Ò�2}'X&(0|#���.1�<����&�&( I&(0��J�����<�<')*�F� �B�&(0��GBN��E<;)&(')*�F}4�')#%&¦E���;
��Ò�Ò�#��
.1.�6�8�0�'X.eF�E���#%��*�&(���
.e&N0���&¨��.1'X*�F�;X��8�?�@�3�;) ��U¯:').L#�����;X���U��Ò���.e��;);¾&N0����<#~ "����#%;X{:��;)�����
Ò�������M
�<')*�F�.K.10���#��J�L.9'X*�F�;)�J8�?�@P3�;) "��¯o6

8���3�;X����MN¹`.10� "2�.�&(0��L*� �#~����;X')O���Ò!�����$��E�&(') "*P&(')���ª.1�<����Ò�E<�!Ò�E<�ª&( ��<#~�$;) ���Ò�')*�F|#���;)��&(')4��ª&( �����#~M
&(')��;)MN.1E<3�3�;) "��¯|8�?�@�.C2�')&(0� �E<&��<#���;) "��Ò�')*�Fo6U��#��$;) ���Ò�')*�F|').C4 �$#%{���B¦BN�$��&(')4 �e��&�#���Ò�E���')*�F�&(0��L*�E<�:3��$#K "B
8�?�@��:').1.1��.eBN �#/&(0��I.1�:��;X;)��#/8�?�@�.�6�8�0��I;X��#�F���#�8�?�@�.e')*��UE<#/BN��2��
#�8�?�@À�:').1.���.eÒ�E��I&( ��<#���;X "��Ò�'X*�F
+ ¶ ���<��*�Ò�')�wv(5�3�E�&<Ò� �*� "&<.1�$�e��*�{}��������E�&(') "*¬&('X���e.9���$��Ò�E<�P��.D&(0��e3"��.9�e�<��#~&(')��;)MN.1E<3�3�;) "��¯�8�?�@�2���.
��3�;)�G&¦ I�����¬�: ".1&� "B<&(0��J2� "#%¯�')*�F�.1�$&%6

§ ��.1.1E<���/&(0���& &(0��/8�?�@¬�:').9.��<��*���;X&¦{I2�')&(0}�<#���;) "��Ò�')*�F�')*}����#~&(')��;)M(.1E�3"3�;) ���¯�8�?�@�.�').�&(0���.1���:����.
')*:�I.1')*�F�;)��MN�<��F���MN.1')O��>8�?�@D6�8�0��>î7�~Ô��-ÔÍî7����ðªÔ��~�D����ò����i�dcI')*:8¤��3�;)����MN¹I.10� "2�./&(0��`3�#��$��¯�M(��4���*:�< "'X*�&¾BN "#
&(0��/8�?�@¬�:').9.����$*���;)&({�2�0���#��/&(0��/#���Ò�E<��&(') "*�')*}&(0��/*�E���3���#® "B�8�?�@H��').1.1��.�').� "B�BN.1�$&�3"{I&(0��/')*���#��$��.1�
')*P8�?�@:�:').9.��<��*���;)&({�6�8�0���#���BN "#��$¥�BN "#K��#���;) "��Ò�')*�F|&( }3��LE�.1�$BNE�;)¥�&(0��L8�?�@!��').1.��<��*���;)&({|��E�.1&�3��L;)��.1.
&(0���*,+-��#%')&(')����;���').1.��<��*���;)&({f�D "#~')F�')*���;�8�?�@A��'X.9./�<��*���;)&({�576 ¶ .�&(0��ª��#%')&(')����;���').1.��<��*���;)&({¬').�.1����;);Xæ
;)��.1.�&(0���*�»�6 ´`BN "#D.1E<3�3�;) "��¯¬BN����&( "#Dº` "#D´`BN "#D.1E<3�3�;) "��¯¬BN����&( "#L»1Ç�æà&(0��ª8�?�@A��').1.�0���*�Ò�;X�$#D��E�.1&�')��M
�<;)������*�&��<#��$;) ���Ò�')*�F���B¦=<��')��*�&(;){�¥�2}0�')��0 § Ò�'X.9��E�.9.D*�����&%6

º 	�Á
	�Á!3�576·�B� "�";D%����X�����)?&(��)«�7)¿�
������X�� �A=��E�!������)����E����.�"$#%/0/1����*�243�576
¶ *���'X4 ��8�?�@,�:').�.L0���*�Ò�;X��#J��#���;X ���Ò�.L3�{!BN�
&(�U0�'X*�F!��;);o&(0���3���.�������F����:������'X*�F�.LBi "#J&N0����<��F��

Table 5-3: Effect of preloading in partial-subblock TLBs

TLB Type #blocks

subblock factor 2 subblock factor 4 subblock factor 8 subblock factor 16

Speedup
critical
miss

penalty
Speedup

critical
miss

penalty
Speedup

critical
miss

penalty
Speedup

critical
miss

penalty

Fully-asso-
ciative

64 1.05 1.33 1.06 1.65 1.02 1.41 1.04 2.05

128 1.02 1.25 1.01 1.20 1.02 1.36 1.02 2.79

256 1.01 1.16 1.01 1.38 1.01 2.00 1.00 3.76

4-way Set-
Associative

256 1.01 1.08 1.01 1.21 1.01 1.38 1.00 1.19

512 1.00 1.09 1.01 1.17 1.00 1.81 1.00 1.06
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Figure 5-7: Storing partial-subblock PTEs in a linear page table
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8. When preloading mappings, it is important to ensure that the TLB does not end up with multiple identical mappings.
Blindly preloading on every TLB miss can result in such duplicates if some pages were mapped after a previous pre-
load. AppendixD explores solutions.
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Table 5-4: Execution time speedups for partial-subblock TLBs (with preloading) relative to similar
single-page-size (4KB) TLBs

TLB Type
with OS support (subblock factor) without OS support (subblock factor)

2 4 8 16 2 4 8 16

64-block Fully-Associative 1.09 1.15 1.18 1.21 1.00 1.00 1.00 1.00

256-block 4-way Set-Assoc 1.06 1.09 1.11 1.12 1.01 1.02 0.87 0.80
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9. Since a TLB cannot have fractional number of blocks or fractional subblock factor, the TLB size has an area closest
to the budget.

Table 5-5: Number of blocks in alternate fully-associative TLBs of equal area

Area
(rbe)

Single-
page-size

Superpage
(32KB)

Partial-subblock Complete-subblock

2 4 8 16 2 4 8 16

7984 64 62 64 63 61 57 51 35 20 9

15298 128 123 127 126 122 114 102 72 44 23

29928 256 247 255 252 244 228 206 147 92 51

59186 512 494 509 504 489 456 413 297 188 107

Table 5-6: Access time for alternate fully-associative TLBs of equal area

Area
(rbe)

Single-
page-size

Superpage
(32KB)

Partial-subblock Complete-subblock

2 4 8 16 2 4 8 16

7984 1.00 1.00 1.00 0.99 0.99 1.00 1.01 1.03 1.06 1.13

15298 1.00 1.00 1.00 0.99 0.99 1.00 1.00 1.01 1.04 1.10

29928 1.00 1.00 1.00 0.99 0.99 0.99 0.99 0.99 1.00 1.05

59186 1.00 0.99 1.00 0.99 0.98 0.97 0.96 0.92 0.90 0.93
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Table 5-7: Execution time speedups relative to single-page-size (4KB) TLBs of equal area

Area
(rbe)

Single-
page-size

Superpage
(32KB)

Partial-subblock Complete-subblock

2 4 8 16 2 4 8 16

7984 1.00 1.18 1.04 1.09 1.15 1.17 1.03 1.04 1.01 0.81

15298 1.00 1.13 1.05 1.10 1.11 1.15 1.02 1.04 1.05 1.03

29928 1.00 1.07 1.04 1.05 1.06 1.08 1.02 1.03 1.01 1.00

59186 1.00 1.03 1.01 1.01 1.03 1.03 1.00 1.00 1.00 0.99

Table 5-8: Execution time speedups using preloading in subblock TLBs relative to single-page-size
(4KB) TLB of equal area

Area
(rbe)

Single-
page-size

Superpage
(32KB)

Partial-subblock Complete-subblock

2 4 8 16 2 4 8 16

7984 1.00 1.18 1.09 1.15 1.18 1.21 1.08 1.12 1.13 0.98

15298 1.00 1.13 1.07 1.11 1.13 1.17 1.06 1.09 1.10 1.12

29928 1.00 1.07 1.05 1.06 1.07 1.08 1.04 1.05 1.03 1.04

59186 1.00 1.03 1.01 1.02 1.03 1.03 1.01 1.01 1.01 1.01
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Table 5-9: Execution time speedups using base pages relative to single-page-size (4KB) TLBs of
equal area (without preloading)

Area
(rbe)

Single-
page-size

Superpage
(32KB)

Partial-subblock TLB Complete-subblock TLB

2 4 8 16 2 4 8 16

7984 1.00 1.00 1.00 1.00 0.99 0.98 1.02 1.04 1.01 0.81

15298 1.00 1.00 1.00 1.00 1.00 0.99 1.02 1.04 1.05 1.03

29928 1.00 1.00 1.00 1.00 1.00 1.00 1.02 1.03 1.01 1.00

59186 1.00 1.00 1.00 1.00 1.00 0.99 1.00 1.00 1.00 0.99

Table 5-10: Chip Area and Access Time for partial-subblock and single-page-size TLBs with same
TLB r each

TLB type
Single Page Size

Relative Chip Area Relative Access Time

2 4 8 16 2 4 8 16

#blocks N N/2 N/4 N/8 N/16 N/2 N/4 N/8 N/16

Fully-associative
256 1.00 0.51 0.27 0.15 0.09 0.91 0.85 0.82 0.80

512 1.00 0.51 0.26 0.14 0.08 0.83 0.76 0.72 0.70

4-way set-associative
256 1.00 0.58 0.36 0.26 0.22 0.98 0.98 0.97 0.99

512 1.00 0.55 0.32 0.20 0.15 0.94 0.92 0.92 0.93
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Table 5-11: Execution time speedups for partial-subblock TLBs relative to single-page-size (4KB)
TLBs with same TLB reach

TLB type
Single Page Size

(4KB)

Partial-subblock with preloading
(subblock factor)

2 4 8 16

#blocks (N) N/2 N/4 N/ 8 N/16

Fully-Associative
256 0.98 0.99 0.99 0.97

512 0.99 0.97 0.97 0.98

4-way Set-Associative
256 1.00 1.00 0.98 0.88

512 0.99 0.99 0.98 0.95
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Table 5-12: Chip Area and Access Time for partial-subblock TLBs r elative to superpage-TLBs

Superpage TLB Type
Chip Area

subblock factor:superpage size
Access Time

subblock factor:superpage size

2:8KB 4:16KB 8:32KB 16:64KB 2:8KB 4:16KB 8:32KB 16:64KB

Fully-associative 0.99 0.99 1.01 1.07 0.99 0.99 0.99 1.01

4-way Set-associative 0.99 0.99 1.01 1.06 0.99 0.99 1.00 1.02

Table 5-13: Execution time speedups for partial-subblock TLBs relative to superpage TLBs

TLB Type #blocks
Without subblock preloading

subblock factor:superpage size
With subblock preloading

subblock factor:superpage size

2:8KB 4:16KB 8:32KB 16:64KB 2:8KB 4:16KB 8:32KB 16:64KB

Fully-associa-
tive

64 0.96 0.95 0.98 0.96 1.00 1.00 1.00 1.00

128 0.98 0.99 0.98 0.98 1.00 1.00 1.00 1.00

4-way Set-
associative

256 0.99 0.99 1.00 1.04 1.00 1.00 1.01 1.05
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10. This is an artifact of Foxtrot’s virtual address allocation strategy for partial-subblock systems (Section6.3.1)
11. Foxtrot allocates contiguous aligned physical pages foreach object but the two chunks of memory are not aligned
to each other.

Table 5-14: Chip Area and Access Time for partial-subblock TLBs r elative to complete-subblock
TLBs

TLB Type
Chip Area Access Time

2 4 8 16 2 4 8 16

Fully-associative 0.81 0.59 0.39 0.24 0.97 0.94 0.90 0.84

4-way set-associative 0.73 0.48 0.29 0.17 1.00 0.99 0.97 0.92

Table 5-15: Execution time speedups for partial-subblock TLBs relative to complete-subblock TLBs
with same subblock factor, number of blocks and associativity

TLB type #blocks
with preloading subblock factor

2 4 8 16

fully-associative
64 1.00 1.00 1.00 1.00

128 1.00 1.00 1.00 1.00

4-way set-associative 256 1.00 1.00 1.00 0.98
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12. Encoding was first suggested to me by Russell Kao, DEC WRL.
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13. This is important for a subblock factor of 2, where storing one additional low order bit of the PPN, eliminates the
need for the SB attribute and the multiplexor, but adds a column multiplexor to select the subblock.
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a. Static page-size assignment requires at least one of the two mechanisms—multiple page-size framework
or careful physical memory allocation.

Table 6-1: Operating system mechanisms for superpage and partial-subblock TLBs

TLB Type
Page-size

Assignment
 Policy

OS Mechanisms

Variable
Size

Freelist
Gather

Page
Promotion/
Demotion

Monitor
Reference
Patterns

Multiple
page-size

framework

Careful
Physical
Memory

Allocation

Partial-subblock áHâWã ä�åmæ?çaè¥ä�åmé optional áHâWã áHâWã áHâWã äoåmæ?çaè¥ä�åmé
Superpage êWë�ìyë è¥í ä�åmæ?çaè¥ä�åmé áHâWã áHâWã áHâWã optionala optionala

Dynamic ä�åmæ?çaè¥ä�åmé äoåmæ?çaè¥ä�åmé äoåmæ?çaè¥ä�åmé ä�åmæ?çaè¥ä�åmé optional äoåmæ?çaè¥ä�åmé



79

&(')����;<')*� �*�;){H��BN��2 .1')&(E<��&(') �*�./��./')&oÒ� "��./*� "&¾�<#� "4 ')Ò��>�I2���{H&( |#����� "4���#CBN#� "�ÿ2�#� "*�FHÒ�����').1') "*�./ "#
E<.1�`.1����;);X�$#��<��F��`.1')O���.J2}0��$*!������ "#%{H').J.1����#�����6

¶ Ò�{�*����:')�`�<��F���MN.9')O�����.1.1')F�*��:�$*�&��� ";)')��{!��;);) �2}.ª&(0��}�<��F��}.1')O��}B( �#J�|4�')#%&(E<��;o��Ò�Ò�#���.9.ª#��$F�') "*
&N ��U0���*�F��¬'X*�#~�
.1�� �*�.��|&N ��U0���*�F��
.`'�*�#~��Bi�
#��
*��U�¬����&N&N�
#%*�.� �#L��4 ��'�;X��3�;X�|��0<{�.�'X�U��;¨�!���! �#%{¤6"8¾0�'X.1¥
0� �2��
4 ��#(¥�#�� Á E�'X#���.`��Ò�Ò�'X&('X �*���;¨ "���
#%��&N')*�F�.�{�.1&N��� �:���U0���*�'X.1�:.�æÚ����F��|��#� "�: �&N'X �*���*�Òü����F��|Ò��
M
�! �&N'� �*Ï�!���U0<��*<'�.��!.I&N ¿��0<��*<F �¬&i0<�H����F �H.�'�O���¥¾��F ��&i0<�
#>�:����0���*<'�.�� &N ¿�� �;�;X����&�3���.��H����F �
.I&i 
&(0���')#K�<#� "���$#K�<;)������¥���*�Ò:�>�:�$��0���*�').1�Ó&( }�� ";);)����&��<#� �F�#~���Ó#���BN��#���*����L�<��&(&(��#~*�.C&( }0��$;)�:����¯��L�<��F��$M
.1')O��`��.1.1')F�*�����*�&®�< ";)')��{PÒ�����').9'X "*�.�6

¶ � ���dF��~�� ��<��#~��&(') "*H�� "4 �$.�3���.9�L�<��F���.C&( !ç1�<#� "���$#$è��<0�{�.1')����; �<��F���.C.1 }&(0���&<�>.1E<�<��#%�<��F��e�:���<M
��'�*<F� �#`���¾��#7&i'���;�M�.�E�3 3 ;� ���¯��A������'�*<F�����*ä3 �HE¾.���ÒC6 8¾0<'�.�#%� Á E�'�#%��.I;� ���¯ '¦*<FÀ�¾��F ��.I'�*ä�!���! �#9{�¥
�� "Ò�')BN{�')*�F¬�<��F��ª&(��3";X�$.���*�Ò!���$#%BN "#~�:')*�F¬8�?�@A.10� " "&(Ò� "2�*�.�&(0���&���Ò�Ò�.�.1')F�*�'X=<����*�&¾ "4���#�0�����ÒA&( �&(0��
����&(E<��;��� "�<{H�� ".1&(.
6 § *�.9&(����Ò�¥ § �<#� "�< ".1�>�I�<0�{�.1')����;��:�$�: "#~{H��;);) "����&('X "*���;)F� "#~')&(0��:¥������ �D���~�~�~��î����-ÔÍï�ò�£
&i0���&�����#~�
B�E�;�;X{���;X;� �����&i��.Pç���#~ ����
#
èI��0�{ .�'��U��;�����F �
.I'�*Ï&i0��HB('�#7.�&���;X�����H��*<Òà��4� �'�Ò¾.I&N0<�H�� ���{ '�*<F®6
����F��>#���.1�$#%4���&(') �*�2} �#~¯�./3�{¬#��$.1��#~4 ')*�F¬���<0�{�.9'X����;��<��F��>3�;) "��¯¬BN "#D.1�<����')=��G3���.1�ª4�'X#~&(E���;��<��F���./��*�Ò
0� ";)Ò�')*�FH&(0��`3���.9���<0�{�.1')����;<����F���.J��&o&(0��`��*�Ò¿ "B®&(0��`BN#����$;X').9&%6
ßà0��$*!&(0��`�<#� "F�#%���ÿ#���BN�$#���*�����.J&(0��$.1�
4�'X#%&(E<��;®�<��F���.1¥<&N0��� "�<��#%��&N')*�F�.9{�.1&(���Ð2�'X;);®��;X;) "����&(���<#É��4�'X "E�.9;X{A#���.1��#%4���Òä�<#� "�<��#%;){��<;)������ÒÏ�<��F���.�6
Þ| �2|�
4��
#N¥�'XB�#~�
.��
#74 �
ÒÜ����F �
.`#%�
���U0,&N0<�|0<�
��Òü �BC&i0��¬Bi#~�
�
;X'�.�&C2|'X&N0< �E�&C&N0��¬��#~ �F�#7���ý#~�
Bi�
#~��*<�U'X*<F
&(0�����¥¤&(0���{���#��e#�����;);) "����&(��ÒK6��<��F��L#��$.1��#~4 ��&(') "*H����¯���.��ª¢��~���-óN�ÎøÍø1ï�����&( }�<#� "�<��#%;){��<;)�����e��0�{�.1')����; �<��F�M
��.C2�')&(0H;) "2á "4���#�0�����ÒK6�8�0�').�').�.9E�B¦=<��')��*�&�BN "#��>�<��#%&(')��;)MN.1E<3�3�;) "��¯�.1{�.1&(���Ó��*�Ò:#��$Ò�E<����.ª+-��;)')��')*���&(�$.15
F���&N0���#e�U ".1&N.>2�0��
*ÀÒ�����'XÒ�')*�FA3���&(2��
��*À3���.1�|�<��F���.`��*�ÒÏ�H.1')*�F�;)��.�E<����#%����F���.1'XO���6aËª��&N0���#e �����#%��M
&(') "*�.�����*P3��LE<.1��Ò:&( }�� "#%#�����&���*�{�')�:�<#� "�<��#K�<;)����������*�&� "#K&( }��E�F�����*�&��<��F��L#��$.1��#%4���&(') "*HBN "#K�� "#��
�<��F��`.9'XO��$.�6

8�0��}#���.9&K "BK&(0�'X.ª��0����<&(��#GÒ�'X.9��E�.9.1��.ª����F���M(.1')O�����.1.9')F�*�����*�&K�< ";)')��')��.ª��*�ÒÏ&(0���Ò�')BNBN��#���*�&K������0���M
*�').1�:.ª')*ÀÒ���&(��');É6�¸¤�$�U&(') "*|Ç 6¡»ªÒ�').1��E�.9.1��.>��;)&(��#%*���&(���<��F��$MN.1')O��}��.1.1')F�*�����*�&K�< �;)')��')��.�6¤¸¤����&('X "*�Ç 6 º¬Ò�').1M
�$Eo.U.U��.}'(�A�o;¦���A��*�&��¤&�'¦ �*Ü  BG&�0���Ò®'¦B�BÉ��#7��*�&J�����$0��¤*�'¦.U�A.Uæ BÉ#7����;¦'¦.U&J���¤*���F�������*�&�¥�F��¤&É0���#�¥��¾��F��
�<#� "�� "&('X "*«@�Ò����� "&(') "*�¥��<��F���#���.1�$#%4���&(') �*�¥<�� "*�')&( �#~')*�F�¥<��*�ÒÏ��0���*�F��$.>#~� Á E�')#��$ÒÏ&( !�� "4 �}��*À "�<��#%M
��&N'X*�F¿.1{ .1&N��� &N A�H�:E�;)&N'X��;X�
MN����F��
MN.�'XO��|BN#%���:�
2| �#%¯o6"¸¤�
�U&N') �*�Ç�6 ¹HÒ�'X.1�UE�.�.���.`'X*�&N��#7���U&N'X �*�.`3��
&N2��
�
*
&(0���*���2å�� ";X')�U')�
.>��*�Òä�:���U0���*�').1�:.>2|')&N0�����'X.1&N')*�F� "����#%��&('X*�FA.�{�.�&(��� �� �;)'X��'X��.`��*�Òä���
��0���*�'X.1�:.�6
��0�����&¦��#/�JÒ�').1��E<.1.1�$./�<��F��>&(��3�;)��.�&(0���&¾����*�.1&( "#��ª��*�ÒA.1��#~4�')���>8�?�@���').1.9��./BN "#C.9E��<��#~�<��F��>��*�ÒA����#~M
&(')��;)MN.1E<3�3�;) "��¯P�����<��')*�F�.�6

¶ ����� �~óN��ÔïÞ��/���~�~Ô ��ò�ðª�~òo����ï��ÍÔ�îEc�����¯���.L��&(#%��Ò��� "B¦B�3��$&(2�����*�&(0����� ".1&(.L��*�Ò�3���*���=�&(.e �B�E�.1')*�F:.1E<M
�<��#%�<��F���./'X*�Ò�����')Ò�')*�FH&(0��`�<��F��`.1')O��`&( ¬E<.1�>BN "#��$����0:4 ')#~&(E���;<��Ò�Ò�#��$.1.�6�8�0��`�<#~')�:��#~{H3���*���=�&¾ �BoE�.9M
'X*�F¿.1E�����#7����F��
.`'X.`�P#~��Ò¾E��U&N'X �*�'X*,&N0��|*�E��:3��
#L �BC8�?¾@ä�!'X.1.��
.H+-��0�����&N�
#K¹�596"8�0��|�U �.�&N.` �BCE�.1'X*�F
.1E����
#%����F���.`'X*��U;XE�Ò�����5D �4 ��#~0�����Òä'X*��� �*�'X&( �#%'X*�F�&(0���#~�
BN��#��
*����|����&N&(�
#%*� �BD&N0��|2� �#%¯�;X ���Ò�¥�3�5C')*�M
��#�����.���ÒÏ'X*�&(��#%*���;®BN#%��F��:��*�&(��&(') �*�¥<Ô�­ ��­ ¥<;X��#�F���#e2� �#%¯�'X*�FA.1�
&K.1')O�����*�Òä')*���#É����.1��Òä�<��F���')*�')&('X��;X')O���&('X "*
�U �.�&N.P°Í8���;X;�³�º�µÍ¥���5�����F��¬��#� ��: �&N'X �*,�U �.�&N.P+Í¸��
��&N'X �*HÇ�6 º�6 ¹�5i¥���*�ÒÜÒ�5�'�*��U#~�
��.��¬'X*,8¾?¾@ü�!'X.�.����
*���;X&N{
+-��0����<&N��#J�1576�����F��
MN.1')O�����.�.1')F�*��:��*�&K����*�3�����'X&(0���#e.1&(��&('X�� �#GÒ�{�*�����'X����*�Òä&(0�').`.1����&N') �*ÀÒ���.1�U#%')3��
.
&i2¬ À��;���.�.���.� �B�Òo{ *<���A'����� �;¦'���'���.�æ·2¬ �#9¯ '�*�F�.���&�&i0<#%�
.�0<  ;�Ò °�8��¤;�;�³�º�¥®8���;¦;�³�´���µ¨��*<Òà��  �!����&i'�&�'�4��
°-�� "�:�$³j� µ(6

¶ ���¡���-Ô�îD����� �~ó(�~ÔïÞ������~��Ôí� ò�ð>�~ò¾�"��ï���ÔÍîEc>�:��¯���.�&¦0��eÒ��$��'X.9') �*H "*����L��*�Ò:=�����.C&(0��L�<��F��e.1')O��L "4 �$#K&(0��
;)')BN�I "B�&(0��I�������<')*�F¾6�Âª��4�'X���I����F���.e��*�ÒÀ*� "*�MN�<��F�����3�;)�I������ �#~{:����*AE<.1�I�}.1&(��&(')�ª�� ";)')��{� "B�E�.1')*�F
&(0��>;)��#�F���.1&¾.1E<���$#%�<��F��>.9'XO��>&(0���&¾�:���<./&(0��> �3¿G�����&C+

e.g.
¥"¯���#~*���;<&¦����&(¥�BN#~���:�>3�E<B¦BN��#~.1¥�Ò���&(��3���.1�>3�E�B¦B(M

��#~.1576�©>�<��#%��&(')*�F:.9{�.9&(����.e�� �E<;)Ò���;).1 PE�.9�I.1')����;)�I0���E<#%').1&(')��.eB( �#�.1&(��&(')�ª����F���MN.9')O��I��.9.1')F�*�����*�&¨�< ";X')M



80

��')��./3���.1��Ò� "*:&¦0��>&({��<�` "Bo "3�G�����&o��*�Ò���4���');)��3�;)�`BN#��$�`������ "#%{�6�¼� "#��$�����:�<;)��¥��I.9&(��&(')�e�< ";)'X��{H�� "E�;)Ò
��.1.1')F�*:3���.1�`�<��F���.JB( �#C.1&(����¯P�<��F���.J��*�Ò¿����Ò�')E���MN.9'XO��$Ò¿.1E<�<��#%�<��F���.JBN "#�0������A����F���.�6

¶ �?c�ò���ð>Ô�îL����� �%óN�~ÔïÞ��G���%�~Ôí� ò�ð>�~ò¾����ï���Ô�îEc¬').>�: "#���B¦;X����')3�;X����;X;) �2�')*�FA&(0����<��F���.1'XO���BN "#e�H4�')#%&NE<��;
��Ò�Ò¾#��
.�.`#~�
F�'X �*,&N ��U0���*�F��¬��*�Òü'X.`E�.���BiE�;�'X*,&N2| �.1'X&NE���&N'X �*�.�6"¼�'�#%.�&N¥�2|0��
*�&N0<�| ����
#7��&N'X*�F¿.�{�.�&N���
Ò� "��.ª*� "&K¯�*� "2Ê��*� "E�F�0¿��3� "E�&�&(0��}�� ".1&(.ª��*�ÒÏ��0���#~����&(��#%').1&¦'X��.L �BK�������$.1.1��.ª&¦ !��*¿ "3�G�����&�&( :�:��¯��}�
.1&(��&(')�GÒ�����').1') "*�¥"��Ò�{�*����:')�J�� ";)')��{¬��;);) �2}./')&¾&( |F�E���.9./���<��F��ª.1')O��>��*�ÒA�: "Ò�')BN{¬&(0��>�<��F��>.1')O��>��B(&(��#
�� "*�')&( "#~')*�F�&(0����<#� "����.1.GBN "#��}2�0�');)��6�¸¤�$�� "*�Ò�¥ E�.9'X*�F�.9E��<��#~����F���.G')*���#�����.9��.e')*�&(��#~*���;���*�ÒÀ����&(��#%*���;
BN#%��F����
*�&N��&N') �*���*�Òä2�'X;);¨'X*��U#�����.�������F�'X*�F�&N#%��B¦B¦'X��'XBD&N0��|.1{�.1&(�
�Ð'X.>.�0� �#%&K �BD��0�{�.1')�U��;¨�:���: �#%{�æÚ�
Ò¾{ *<���!'��}�� �;�'���{À��;�;� �2|.I&i0<�H �����#7��&i'X*<F�.�{ .�&i�
� &i ¿��Ò¾����&�����F ��Mi.�'XO��H��.�.�'�F *<�!��*<&�&i ¿��0<��*<F �
.I'�*
.1E<��0!.9{�.9&(���å�<��#~������&¦��#%.�6

¶ i/ï��%ñ�Ô�ò
�¿�%���D�dF����~��F�ïU���¬��ï���Ô�îEcH��#� "�: "&N��.>����F���3�;X "�U¯�.`2�0���*�&(0���2� �#%¯�'X*�FA.1�
&K�� �*�&N��'X*�.>�: �#��
3���.1�>����F���./ �Bo�I�<��F��`3";X "��¯H&(0���*:�I�<#���Ò���&(��#~�:')*���Ò�&(0�#���.10� ";)Ò�¥�&(0��`����ï�ð>ï��-Ô�ï�òÀ�dF����~��F�ï��Í��+-��­ �¨­ ¥��$'XF�0�&
´�ÆJ@Ï3���.1���<��F���.>2�'X&(0�')*À�HÇ�´�ÆJ@Ï����F���3�;) ���¯�576 § &KÒ����� �&(��.>.1E��<��#%����F���.>&( !3���.1���<��F��
.ª �#e.1����;);)�
#
.1E<�<��#%�<��F���./2�0���*�&(0��>2� "#%¯�')*�FH.1��&¾�� "*�&(��')*�./BN��2���#D3���.1�>�<��F���./B(#� "�ÿ&(0��>�<��F��`3";X "��¯¬&(0���*:��*� "&(0�M
�
#L��#��
Ò��
&N��#7�:'X*��
Òä&N0�#~��.�0� �;XÒ�¥�&N0��|���%ð`ï¤�-Ô)ïUòÜ�ßF����%��F�ïU�)�À+Í�$­ �¨­ ¥�B¦'X4��|´�ÆJ@ä3���.��|����F��
.`2|'X&N0�'X*��PÇ�´�ÆJ@
����F �¬3�;� ���¯�596��K ��!�
#ª�$�®�U�É­��U0<��#7���U&i�
#7'XO��¬.�E��U0Ï�� �;X'��U'��
.���. ¶ ¸ ¶ � +Í��.�Mi.� � �*<Mi��.�Mi�� �.�.�'�3�;��
5��� �;�'X�U'��
.
°-�� "�:�$³j� µ(6�¼� "��&(#� "&o')���<;)������*�&(./�I2� "#~¯�')*�F�MN.1�$&o&(0�#��$.10� ";XÒA�< �;)')��{¬��*�ÒA�:��¯���./�< ";)')��{HÒ�����').1') "*�./3���M
&(2����$*!&(2� ¬�<��F��`.9'XO��$.I°-8¤��;);)³�´�� µN6

¸¤E<�<��#%�<��F���8�?�@�.G��*�ÒÀ�<��F���&(��3�;)��.GÒ� H*� "&®F���&(0���#�#���B(��#��$*����`')*�B( "#%����&(') �*!��&®3���.1�`����F���F�#~��*�E<M
;)��#%')&({ABN "#e.1E<���$#%�<��F��������<��')*�F�.1æà&N0���#É��').> "*�;){A�¬.1')*�F�;)��#���BN�$#���*�����ÒÏ��&(&(#%')3�E�&(��3�')&K�<��#G.1E<����#~����F��
��8��K6�8�0�E<.1¥���;);¾3���.9�I����F���.e "B��}.1E��<��#~�<��F��I��#��I'X*A&(0��I2� "#%¯�')*�F:.1�$&� "#/*� "*��I��#��$¥�Ô�­ �U­ ¥�')B�&(0��I�� "#%#���M
.1�< "*�Ò�')*�FP.1E<���$#%�<��F���').G')*A&(0���2} �#~¯�')*�FP.1�$&¨2}������*�*� "&®Ò���&(��#~��'X*���&¦0���&®���<��#%&(')��E<;)��#�3���.1���<��F���').
*� �&D'X*�&N0��|2| �#%¯�'X*�F�.���&76 ¶ ����F��|#��
��;X�����
�:�
*�&C�� �;X')�U{¿����*,��0� � �.��|&( ���'X&N0��
#e#~����;X���U�|.1E�����#7����F���.
&(0���&K��#���*� "&D')*�&N0��|2� �#%¯�'X*�F�.1��&D "#eÒ��
�� �&(�|&(0����Ï6�������;X���U')*�F�&(0���.�E��<�
#%�<��F���'X.>�: "#�����&(&N#%���U&('X4 �
&(0���*!Ò����� "&(')*�FP')&(¥���.J')&o').J*� "&o')*!E<.1�`��*�{�2���{�6

8�0��}��#� "�� "&('X "*À&(0�#���.10� ";)ÒÏ'X.ª��*À'X���< "#%&(��*�&�����#~������&(��#G')*À2� �#~¯�')*�FA.1��&�&N0�#���.10� ";XÒÏ�< ";X')��')��.�6 ¶
0<'�F�0ä&i0<#%�
.�0� �;�ÒàE¾.���.�.�E��¾�
#9���¤F ��.I;¦��.�.� �B�&i��*<¥®#~��Ò¾E¾��'�*<F�&i0<�P*<E¾�!3 ��#>  B����¤F �P��#~  �! �&i'�  *<.I�¤*<Ò
�:�
�: �#7{¿E�.���F��
¥�'X*<�UE�#%.�;X�
.1.�'X*�&N�
#%*���;¨Bi#7��F��:�
*�&N��&N'X �*,3�E�&C'X*��UE�#%.`�! �#%�|8¾?�@ü�:'X.�.��
.`&N0���*,2|'X&N0��
;) "2���#C&(0�#���.10� ";)ÒD6 ¶ &(0�#���.10� ";)Ò� "Boâ�ãù��;X2}��{�./E<.1��./.1E<�<��#%�<��F���./��*�Ò��I&(0�#���.10� ";)Ò� "B�»1â�â�ãùE�.9��./.1E<M
���
#7����F �
.` �*<;X{¿Bi �#LBiE�;X;X{¿�� ���E�;X��&N�
Òü����F��¬3�;X ��U¯�.�6�¼� �E�#LBi���U&N �#%.�Ò��
&N�
#7�:'X*��¬&N0��¬&N0�#��
.�0� �;XÒDQ�����F��
��#~ ��: �&N'X �*��U �.�&N¥����¤���
�U&N��Òü��#~ �F�#%��� #~��Bi�
#��
*��U�|����&N&N��#7*�¥����: �E�*�&C �BCBN#~�
�|��0�{�.�'X�U��;¨�:�
�: �#7{U¥���*�Ò
�<��F���BN��E�;)&K;)��&(��*���{¤6 § BD&(0��}��#� "F�#%���Ð').>����������&(��ÒÏ&( A#���BN��#���*��U�}�: ".1&K "#e��;X;® "BD&(0����<��F���3�;) ���¯�¥�&(0��
&(0�#��$.10� ";XÒ,.10� "E<;XÒ,3��}â�ã|æàÔi­ ��­ ¥<E�.9�}.1E��<��#~�<��F��$.ª��;X2}��{�.1æà��.ª')&�').ª�� "#��}��B�=���')��*�&�&( :��;X;) "����&(�}�|.1E<M
�<��#%�<��F��L.1&(��&(')����;);){|&(0���*P��;);) "����&(')*�F�3���.1�L�<��F��$.���*�Ò!;)��&(��#���#� "�� "&(')*�F�&(0����,6�¼� "��&(#� "&�E<.1�$.��>&(0�#��$.10�M
 ";)ÒA "B(��â�ã BN "#¯��Õ���=�;)��.1¥��m��ã BN "#¯��Õ���=�;)��.���*�Òü»1â�â�ã BN "#D0�������.
6�8�0��>��Ò�4���*�&(��F��ª �B¾��2� "#~¯�')*�F�MN.1�$&
&(0�#���.10� �;)ÒÏ�� ";)'X��{A').>&(0���&K')&K').>��0������,&( !�: "*�')&( "#e&(0���2� �#~¯�')*�F�.1��&(¥���­ �¨­ £�����')*�&(��')*�'X*�FA�� �E<*�&(��#%.ª �*
�<��F��`B(��E�;)&(.1¥�3�E<&o����*!E<*�*�������.1.9��#%');){P�<#� "�� "&(�`����F��`3�;) "��¯�.J&(0���&oÒ� H*� "&o')*���E�#�����*�{P8�?�@¿��').1.1��.
6

¶ �� "�:�<��&(')&(')4��e��;XF� "#%')&(0��Ó����¯���.CÒ��$��').1') "*�.C&(0���&�#���.1E<;)&�')*H�<��#~BN "#%����*����e2�')&(0�')*H�>�� "*�.1&(��*�&�B(����M
&N �#e �BC��*, ���&('X�:��;¨�� �;X'X�U{���*�Òü�U "�!����&N'X&N')4 �|��;XF� �#7'X&(0��:.`0���4 �|3����
*�E�.1�
Òä'X*� �&N0��
#e�U �*�&N���¤&N.1¥®�$­ �¨­ £
°-Æ/��#%;�bjb�¥�ÆJ��#%;X³ »�¥�¸¤;X���?bj��¥����� �³�´�µN6��� "�:��#ª��������­�#~������*�&(;X{A��#� ��< �.1��Òä�Hî7ï�ð>�����-Ô��ÍÔïî��G�������~óN�~Ô�Þ��G���%�~Ôí��ò�ó
ð>�~ò¾����ï���Ô�îEc`&(0���&¾������ "E�*�&(.�BN "#D&(0��>�� ".1&� �B¾8�?�@A��').1.1�$./��*�ÒA�����<&(E�#���./#���BN�$#���*����ª�<��&(&¦��#%*�.�3�{¬E��<Ò���&(M
'(*¾Fü�� �E®*�&É��#�.¬B� �#}��4<��#�{ü3��".��!�®��F<�!�"*�Ò .�E®�o��#��o�"F��A �*Ú8¨?¨@ ��'N.�.���.�°X�� ��¿��³a��µ�6�8¨0��A�o �;('(��{
�<#� "�� "&(��./�<��F��$./2�0���*�8�?�@���').1./�� ".1&(./�$��������ÒA��&(0�#���.90� ";)ÒA3���.1��ÒA �*��<��F��>��#� "�: "&(') "*��� ".1&(.�6�8�0��
��Ò�4 ��*�&N��F���').>&(0���&(¥�3�{������U "E�*�&N')*�F�BN "#e&(0���2� "#%¯�;) ���ÒDìí.>8�?�@Ï�:').1.>����&N&(��#%*�.1¥��� �������&('X&(')4 ���< �;)'X��')��.
����*¿����¯����|3���&(&(�$#G�<��F���MN.1')O�����.9.1')F�*�����*�&(¥� "BN&(��*¿0���4��};)��.9.ª')*�&(��#~*���;¾BN#%��F�����*�&(��&(') �*�¥���*�Ò,E�.1��;)��.1.
�<0�{�.9')����;o������ "#%{:&(0���*¿2� "#~¯�')*�F�MN.9��&�&(0�#���.90� �;)Ò��< �;)')��')��.
6�8�0���Ò�').1��Ò�4 ��*�&(��F��� "B��� "�:�<��&(')&(')4����< ";)'XM



81

��')��.�').�&(0��L')*���#�����.1�ª')*P8�?�@!��').1.��<��*���;)&({�¥"��­ �®­ ¥"B(#� "�«¹�â�&( A»1¹�â`��{���;)��.1¥���*�Ò!������ "#%{| "4 �$#�0�����Ò!��*�Ò
������0����< ";);)E�&(') "*!Ò�E��`&( H&(0�������&(#%���� "E<*�&(��#%.1¥��U­ �®­ ¥�¹ 6¡»1º?���� "E�*�&(�$#%.J���$#�3���.1�`�<��F��H°-�� "����³?� µN6
@�{�E<.1M
')*�FA.1E<�<��#%�<��F���.1¥<&(0���.9���� �.9&(.ª��#��} �B�BN.1��&�3�{A&¦0��}Ò�����#�����.1�}')*À&(0��}*�E���3���#G "BK8�?�@Ï��').1.9��.ª��*�ÒÏ�<#� "M
F�#1�¤�A.}.U0�  2 �A*���&/Òo���$#%���¤.U��'¦*Ü���"���$Eo&�'¦  *Ü&�'¦�A��6��o�¤F���Ò®����  &�'¦  *�.�  �$�$E¾#N¥¨'(BJ�¤&J�¤;¦;¦¥¨2H0���*Ü&�0��
.1E<�<��#%�<��F��`').G.9��;)����&(��Ò�BN "#��<��F��`#����<;)����������*�&%6

¶ *�{A�<��F���MN.9'XO��}��.1.1')F�*�����*�&K�< ";)')��{A��E�.1&�.1E<���< "#~&K�<��F��}Ò����� �&¦'X "*¿BN "#GE�.1�$#e���<�<;)')����&(') �*�.ª&(0���&
�U0���*�F�����&(&N#%'X3�E�&N��.`BN �#e3���.1������F���.`2�'X&(0�'X*��H.1E�����#%����F���6"Âª'X.1&N#%'X3�E�&N��Òü.10���#7�
Òä�:���: �#%{��:���U0�')*��
.
&(0���&®E<.1���<��F���MN;)��4���;��<#� "&(�$��&(') �*�.J "#�F���#%3���F����� �;);)����&(') "*!.9{�.9&(����.1¥ B( "#����������<;)��¥�BN#�� Á E��$*�&¦;X{P��0���*�F��
��&(&(#%')3�E<&(��.���&�3���.9�L�<��F��LF�#~��*�E<;)��#%')&({�6 § &�').�E<*�;)')¯��$;X{�&(0���&� "�<��#%��&(')*�F�.1{�.1&(����.�2}'X;); ��0� " ".1�L.9E��<��#~����F�M
��.�BN "#K.9E���0H���<��;)')����&(') "*�.1¥�E<*�;X�$.1.�&(0��L�����<;)')����&(') "*�.���#��L��2���#��L "B�&(0��LE�.1�L "B�.1E<�<��#%�<��F���.�3�{|&¦0��L "�<M
�
#%��&N'X*�F¿.1{�.�&N��� ��*�Òä��ÒlG¦E�.�&D&(0��
'X#L��&(&N#%'X3�E�&N�|�U0���*�F��|#É� Á E��
.1&N.�6�����#%&N'X��;)Mi.1E�3�3�;X ��U¯�.�{�.1&N�
�:.`��#É�|;X�
.1.
��B(BN����&(��Òä3�{A.1E���0���0���*�F���.>��.>&(0���#���.1&K �BK&N0���E�*���B¦BN����&(�
ÒÏ3���.1���<��F���.>2�'X&(0�'X*À&(0����<��F���3�;X "�U¯A����*
�� "*�&(')*�E��`&( ¬.10���#��`�I.1')*�F�;)�`8�?�@�3�;) "��¯o6

8�0��} ��<��#%��&(')*�FA.1{�.1&(���Ð��;).1 !��0���*�F��$.>��&(&(#%')3�E�&(��.ªBN "#e3���.1�}����F���.>&(0���&K��#7�}�<��#~&K "BD.1E<�<��#%�<��F���.1¥
��­ �®­ ¥�&N A')�:��;X���:��*�&±�� ���{�MN �*�MN2�#7')&N�� �#L����'X*�&N��')*��: �Ò�'XB¦')�
Òä3�'X&N.�6 ¶ ����F���Mi.1'XO�����.1.�')F�*��:��*�&D�< �;X'X��{
�
�"*·�
0¾ � �.����¤'N&É0¾�¤#�&É Ü����&���*¾Ò &É0¾���"&�&�#�'N3<E®&����
0��"*¾F<��B� �#�&É0¾��B�E®;N;/.$E®�®�¤#��®�"F<�� �#�Ò¨���¿ �&���'N&�6
¸����U&('X �*¬Ç�6 ¹�6 ¹H'X;X;XE�.1&N#%��&N��.`&(0�'X.`3�{¿���¤��;)��'X*�'X*�F�Ò�'XB�Bi��#��
*�&K2|��{�.`��*� ����
#%��&('X*�F�.�{�.1&N��� �� �E�;XÒä0���*�Ò�;X�
�� "�<{�M( "*�M(2�#%')&(��.J&( ¬�I.1E��<��#~�<��F��"6
©`&(0���#���&(&(#~')3�E�&(�`��0���*�F���.J')*�4  ";)4��`.1')��');X��#C&(#%��Ò��� "B¦BN.�6

@¾�
.�'�Ò¾�
.�'��!��;��
�!�
*<&N'�*<FÀ�PÒ¾�
B���E�;�&C����F���Mi.�'�O��H��.�.�'XF *<�:��*�&��� �;�'��U{�¥¾��*Ï ����
#7��&N'�*<F¿.�{�.�&N�
�ý��;�.� 
�$  Eo;¦Ò·���"�¾ �#9&J.� ��A���A���$0��¤*�'(.���.}&� ,E¾.U��#��¾#%  F�#1�¤�A.$ê�¥¨�$  ���¾'¦;¦��#9.�  #�#7Eo*�MÉ&�'¦�A��;¦'(3�#9�¤#1'¦��.�¥¨�
­ ��­ ¥
&(0�#� "E�F�0À&(0��-�>È § �ð}~L�ØR������Ù�.1{�.1&(�$� ����;);É6�8�0�'X.ª��;X;) "2�.>')���<;X�$�:��*�&(��&(') �*À "BK��E�.1&( "�ÐE�.1�$#%MNÒ���B¦')*���Ò
�<��F��$MN.1')O��>��.1.1')F�*�����*�&¾�� ";)')��')��./&(0���&¾�����<;) "')&¾��#� �F�#~���:.
ì�¯�*� "2�;)��Ò�F��> "Bo&(0���')#C��������.9./����&(&(�$#%*¨6�¸¤ "���
 �����#7��&N'X*�F�.1{�.�&(�
�:.`0���4 �|.1'X�:'X;X��#7;X{����¤�� �#%&N��Òä�:�
��0���*�'X.1�:.`.1E��U0���.`����F��|#�����;X���U���:��*�&L°ßÜ� "E�*pb�³�¥
Þ���#~&(³�º µ-¥�.1��0���Ò�E<;)'X*�FÀ° ¶ *�Ò���³�º µ-¥���*�Ò¿������0��`�� "0���#���*����H°-���$'X*�³�´ µN6

§ *P.9E�������#%{�¥� "�<��#%��&(')*�F|.9{�.9&(����.�0���4��L�`��0� "')���L "B��`4���#%')��&({� "B¾�<��F���MN��.1.9')F�*�����*�&��< �;)')��')��.���*�Ò
Ò�'XB(BN�
#��
*�&D2� �#7¯�;X ���Ò�.`�:��{���#~��Bi��#LÒ�'XB(BN�
#��
*�&D�� �;X'X��'X�
.�6"8�0��|¯��
{�&N � �����#7��&N'X*�F�.�{�.�&(�
� Ò��
.�'XF�*�'X.`&N 
'XÒ��
*�&N')Bi{A��*�Òä')�:��;)�
���
*�&D&(0����:���U0���*�').1�:.>&N0���&D����*À.�E��<�� �#%&K�:��*�{���;)&N��#%*���&N���� �;)'X��'X��.�6"8�0��|*��
��&
.1����&('X "*:')Ò��$*�&('X=<��.J&(0��`3���.1')�e�:�$��0���*�').9�:.J*����$Ò��$Ò¿&( H.9E��<�< "#%&o.1E<�<��#%�<��F���.�6

¸¤E�����#%�<��F�����*�Òä�<��#%&(')��;)Mi.1E�3�3�;X "�U¯A8�?�@ä.1E��<�� "#%&D#�� Á E�')#��
.> "*��� �#e�� �#��� "BC.1')�P*���2ÿ �����#%��&N')*�F
.�{�.�&i��� �A����0���*�'�.��A.�¥®3���.�'�Òo��.��¾�¤F �P&���3�;��P.�E¾�¾��  #9&`+�8��¤3 ;¦�>Ç¤M1»�5Éæ·4���#9'¦��3 ;¦�P.�'¦O���ÒàB�#7������0�{ .U'����¤;
������ "#%{�����*���F�������*�&K+¡¸¤����&(') "*|Ç 6 º 6¡»15N¥¤�>F���&(0��$#K������0���*�').1�Ð+-¸¤�$��&(') �*�Ç 6 º 6 º�5N¥��<��F��L�<#� ��� "&(') "*«@�Ò���M
�� "&(') �*P������0���*�'X.9�:.`+¡¸¤����&(') "*|Ç 6 º 6 ¹�5N¥"��������0���*�').1�«&( |�� "*�'X&( "#D#���BN��#���*����ª�<��&(&(��#%*�.`+-¸¤�$��&(') �*�Ç 6 º 6 ´�5(¥
����#��$BNE�;���0�{�.1')����;������� "#%{¬��;);) "����&(') "*,+-¸¤����&('X "*�Ç�6 º 6 ��5¾��*�ÒAÒ���&(��.1&(#�E���&(E<#��>��*�ÒA')*�&(��#%B(�����ª��0���*�F��$./&( 
.1E<�<�� "#~&®�I��E�;)&(')�<;)��MN�<��F���MN.9'XO��`B(#%������2� "#%¯À+-¸¤����&(') "*|Ç 6 º 6 Ç�576

×
	�8
	��Cñ�)W���
��� "��¯�������
=����B�����
8�0��}�: ".1&K')���< �#~&(��*�&K������0���*�').1�Ð#~� Á E�')#���ÒÏ&( !.1E<�<�� "#%&�.1E��<��#%�<��F��$.>��*�Òä�<��#%&(')��;)MN.1E�3�3�;) "��¯�'X*�F

').J4���#%')��3�;)��MN.9'XO��$Ò¿�<0�{�.9')����;������� "#%{H��;);) �����&(') "*¨6
²� ".1&o "�<��#%��&(')*�FP.9{�.9&(����.J&(#��$��&o��;);<�<0�{�.1')����;<������M
 �#7{¿��.`'�*�&N�
#���0���*<F��
��3�;��
¥�� Á E���;XMi.�'�O��
Òü�U0<E�*<¯�.P+Í����F��
.� �#ªBi#%���:�
.�5���*�ÒÜE�.��¬��*,E�*� �#ÉÒ¾�
#��
ÒÜ;X'X.�&C �B
BN#����I�<��F���.e��.e&¦0���BN#��$��;)').1&%6 ¶ .1E<���$#%�<��F���#�� Á E�')#��$.e��;);) "����&('X*�F��}�<0�{�.1')����;��<��F��I3";X "��¯,+-��;)')F�*���ÒÀ��*�Ò

1. The operating system would most likely treat user page-size assignment decisions as advisory and make a best-effort
as it is often unacceptable in a multi-user system to allow user programs to control memory allocation.
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2. Alternatively the mappings can be marked read-only and removed after the copy is completed.
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3. I did not complete it as it was easier to implement the mechanisms within a single-page-size framework.
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4. “Localized” changes is a relative term. In implementing Foxtrot, I had to modify about 100 source files in Solaris
2.1 and rewrote all of the physical page layer and large parts of the virtual memory system. I chose to emulate the
superpage TLBs and did not modify the page tables (hat layer). In retrospect, it is possible to restrict the changes to
the physical page layer by accepting a slightly inefficient implementation.
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Figure 7-1: Linear Page Table Organizations and PTE format
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Figure 7-2: Forward Mapped Page Tables
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Figure 7-3: Hashed Page Tables and PTE format

1. In the absence of aliases, hashed page tables use memory proportional to the number of physical pages.
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Figure 7-4: An Inverted Page Table

F
ï�ø��ßi/�U����ô�õ�ö��I+Í��­ �¨­ £�.�2|8�?�@C°-Þ|E���¯ ³�¹�µÍ¥�8�¸�@ °ßÜ�E�*�F�³�´�µÍ¥�¸�8¾?�@D°Í@���;X��³�´�µÍ¥��� �2G��#7����ìí.ª����F	�}&N��3�;!�
°-²���{�³�´ µ-5���;)'���')*���&��G�>0���.10
�$Ò:�<��F��e&(��3�;���ìí.¯��Ù?��Ö��< �')*�&���#~.C3�{}�<#���MN��;);) "����&(')*�F�B���2Ý��8���.D���$#�3�E<��¯	�$&%6
¼�')F�E<#��I�1M��`.90� �2}.��>.1 "BN&(2���#��L8�?�@!2�')&(0H��.1.1 "��')��&(')4 ')&({|&¦2� �6$8�0
��{|��#��L.1 "MN*��4����Ò�¥"3��$����E�.��L&(0
��{|����*
3���4�'.�
2���ÒÏ��.H���4�! �#7{ M�##�
.�'�ÒI��*�&D;.�
4
��;�Mi&i2¬ !8¾?o@¾.>2|'�&i0À �4
��#7Bi;� �2ÿ0<��*<Ò¾;.��ÒÏ'�*C�A��*<{�2¬��{�.�¥���­ ��­ ¥
0���.10�MN#���0���.10!.1��0
������.�° ¶ F���#�b?b�¥�8�0���¯�b�Ç�µ  �#�.���&®#����<;)����������*�&�°-²���{�³�´ µN6�ßà0�');���.1 "BN&(2���#���8�?�@�.G����*
3��>&(0
�>*���&(')4	�>�<��F	�>&(��3�;��>.1&(#�E���&(E<#��$¥���­ �®­ £��<��F��>&(��3�;���./BN "#C&(0
�>�� "28��#~����¥�&(0
��{H��#��H�� "#��>�< ��<E<;)��#%æ
��*�Ò���B�B�����&(')4	�L��;).1 "æà��.��`������0
�L "B�#��$����*�&(;){|E<.���Ò:&(#%��*�.1;)��&(') "*�.�6�8�0
��{G����{�#���.1')Ò��L3���&(28���$*P&(0
�L8�?�@
��*�Ò¿�I*���&('X4	�`�<��F���&¦��3�;��`&( ¬#���Ò�E<���`��4	��#~��F	�`�������$.1.J&('�����B( "#���.9;X "2ù*���&(')4	�`����F��`&(��3�;���¥���­ �®­ ¥���BN "#~M
2���#�Ò�M������<����Ò�����F��e&(��3�;��}°¡Þ�E<��¯�³�¹�¥�@���;)��³�´�¥hÜ E�*�F�³?� µN6U8�0
�:����&��$*�.9') �*�. § Ò���4	��;) "�PBN "#�0���.10
��Ò��<��F��
&(��3�;���¥�Ò���.1��#%')3���Ò:*
����&(¥���#��L���<�<;)')����3�;!�e&( �')*�4	��#%&��$Ò!�<��F��L&(��3";!�$.���*�Ò!.1 "BN&(2}��#��L8�?�@�.���;).1 "¥¤��. § .10� "2
')*|¸��$��&(') �*A��6 ´ 6¡��6

Physical Page

OffsetVPN
Virtual Addr ess

hash bucket
headers

�

Hash Base

ÝUL��±Ý Descriptors



96

Figure 7-5: A Software TLB
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Figure 7-6: Format of Base Clustered PTE (subblock factor 4) and Hash Table
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Figure 7-7: Superpage and Partial-subblock PTE format (mapping portion)
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Figure 7-8: Storing superpage mapping for (VA3-VA0) in a hashed page table
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Figure 7-9: Forward Mapped Page Table with Superpage mappings (64KB and 256KB PTEs)
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Figure 7-10: Storing partial-subblock and superpage PTEs in a clustered page table
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Figure 7-11: Generalized clustered page table (Example)
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Figure 7-12: Two-Level clustered page table
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Figure 7-13: Base Clustered Software TLB variations
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Figure 7-14: Combined Hashed Page Table and Synonym Table
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2. An alternative approach is to allocate memory for alias descriptors and PTEs such that the address of one can be
determined from the other. This can increase internal fragmentation in linear page tables, or restrict dynamic allocation
of PTEs or have a worse cache performance than the combined approach.
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Figure 7-15: Base PTE formats with alias pointers
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Figure 7-16: Synonym table with mixed base and superpage PTEs
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3. The alias pointers are not interspersed with the mappings. This allows more efficient preloading of mappings into a
subblock TLB,e.g., all four mappings are less likely to be in a single cache line if the alias pointers were interspersed.
This also allows the TLB miss handler to be independent of the alias pointers.
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Figure 7-17: Superpage PTE formats with alias pointers
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Figure 7-18: Synonym table with fixed size superpage or partial-subblock mappings
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VPBN_tag

ATTR

�Xq���e
SZ PPN      SV PADk�p � k�l�n��Xq���eW�

k�p � k�l�n��Xq���eWÞ
k�p � k�l�n��Xq���eWë
k�p � k�l�n��Xq���eWì

�X�XcXq�`CcXk���qEíbpW�Xl1eWq�`Cq�µ�tX½U¾
ATTRSZ PPN      SV PADk�p � k�l�n��Xq���ed�
ATTRSZ PPN      SV PADk�p � k�l�n��Xq���edÞ
ATTRSZ PPN      SV PADk�p � k�l�n��Xq���edë
ATTRSZ PPN      SV PADk�p � k�l�n��Xq���edì

ö q�cXp � �1k�eWq�µ��X�XcXq�`CcXk���qîtX½U¾

VPN_tag

ATTR

�Xq���e
SZ PPN      SV PADk�p � k�l1n��Xq���eW�

�X�XcXq�`CcXk���q � k�l1iXq�µ�tX½U¾

k�p � k�l1n��Xq���eWÞ
k�p � k�l1n��Xq���eWë
k�p � k�l1n��Xq���eWì

8K 8K 8K

4K4K

4K
2

3
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Figure 7-19: Synonym table with mixed base and superpage mappings
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Figure 7-20: Synonym tables with sorted alias lists
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4. This idea comes from Bill Shannon at Sun Microsystems.
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Figure 7-21: Synonym Table example with superpage and partial-subblock PTEs
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Table 7-1: Average Number of cache lines accessed (single page size TLB)

Workload Linear
Forward-
mapped

Hashed Clustered

coral 1.06 7.00 1.02 1.01

nasa7 1.16 7.00 1.01 1.00

compress 1.30 7.00 1.41 1.00

fftpde 1.00 7.00 1.03 1.03

wave5 1.01 7.00 1.00 1.00

mp3d 1.05 7.00 1.01 1.00

spice 1.50 7.00 1.00 1.01

pthor 1.03 7.00 1.05 1.00

ML 1.18 7.00 1.20 1.01

gcc 1.36 7.00 1.00 1.00

Table 7-2: Average Number of cache lines accessed (4KB/64KB superpage TLB)

Workload Linear
Forward-
mapped

Hashed Clustered

coral 1.10 7.00 2.28 1.03

nasa7 1.59 7.00 1.67 1.02

compress 1.43 7.00 1.59 1.22

fftpde 1.02 7.00 2.28 1.05

wave5 1.03 7.00 1.44 1.03

mp3d 1.26 7.00 1.80 1.02

spice 1.63 7.00 1.74 1.05

pthor 1.09 7.00 2.34 1.02

ML 1.35 7.00 1.98 1.04

gcc 1.83 7.00 1.36 1.01
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Table 7-3: Average Number of cache lines accessed (partial-subblock TLB subblock factor 16)

Workload Linear
Forward-
mapped

Hashed Clustered

coral 1.10 7.00 2.16 1.03

nasa7 1.37 7.00 2.22 1.05

compress 1.02 7.00 3.05 1.07

fftpde 1.02 7.00 2.17 1.06

wave5 1.03 7.00 2.20 1.02

mp3d 1.33 7.00 2.10 1.02

spice 4.11 7.00 2.17 1.14

pthor 1.11 7.00 2.30 1.01

ML 1.47 7.00 1.86 1.03

gcc 1.38 7.00 2.20 1.01

Table 7-4: Average Number of cache lines accessed (complete-subblock TLB subblock factor 16)

Workload Linear
Forward-
mapped

Hashed Clustered

coral 1.10 7.00 16.82 1.02

nasa7 1.25 7.00 32.06 1.04

compress 1.08 7.00 48.38 1.01

fftpde 1.01 7.00 17.71 1.05

wave5 1.01 7.00 21.91 1.02

mp3d 1.30 7.00 18.11 1.02

spice 1.50 7.00 36.12 1.23

pthor 1.10 7.00 17.50 1.00

ML 1.42 7.00 19.08 1.02

gcc 1.00 7.00 27.81 1.00
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Table 7-5: Average Number of cache lines accessed for different 64-block fully-associative TLBs with
variations of clustered page tables (assuming 64-byte cache lines)

Workload
single-page-size TLB

superpage
TLB

partial-
subblock

TLB

complete-subblock TLB

Base superpage PSB Base superpage PSB

coral 1.63 1.01 1.01 1.04 1.04 3.02 1.05 1.04

nasa7 1.62 1.02 1.04 1.41 1.31 3.05 2.85 1.60

compress 2.17 1.65 1.65 1.83 1.37 3.05 2.91 1.86

fftpde 1.67 1.09 1.06 1.07 1.08 3.05 1.08 1.08

wave5 1.62 1.01 1.00 1.44 1.11 3.01 2.39 1.19

mp3d 1.63 1.01 1.01 1.31 1.14 3.02 1.72 1.10

spice 1.61 1.01 1.01 1.22 1.53 3.08 2.96 1.57

pthor 1.65 1.06 1.03 1.12 1.07 3.00 1.12 1.02

ML 1.65 1.10 1.09 1.29 1.28 3.02 1.16 1.10

gcc 1.67 1.17 1.15 1.58 1.33 3.00 2.83 1.62
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5. These workloads have a sparse address space as they had multiple active processes, many of which were small. The
other workloads measure page table usage of a single program with a large heap.

Table 7-6: Memory used by different page tables for 4KB base pages

Workload
Hashed Page
Table Size

Linear
Forward-
mapped

Hashed
Clustered
(subblock
factor 16)6-level 1-level

coral 119KB 1.02 0.54 0.64 1.00 0.40

nasa7 21KB 4.27 1.53 2.04 1.00 0.44

compress 8KB 27.63 7.65 12.70 1.00 0.81

fftpde 88KB 1.29 0.64 0.74 1.00 0.39

wave5 86KB 1.32 0.65 0.75 1.00 0.40

mp3d 29KB 3.07 1.10 1.55 1.00 0.42

spice 22KB 4.28 1.66 2.03 1.00 0.47

pthor 92KB 1.23 0.61 0.74 1.00 0.39

ML 194KB 0.54 0.38 0.45 1.00 0.38

gcc 34KB 26.62 8.17 11.82 1.00 0.84

kernel space 186KB 0.65 0.56 0.51 1.00 0.48
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Table 7-7: Memory used by hashed and clustered page tables for 4KB base pages and 64KB
superpages or partial subblocking with subblock factor 16

Workload
Hashed Clustered (subblock factor 16)

Base superpage Base superpage PSB

coral 1.00 0.12 0.40 0.10 0.08

nasa7 1.00 0.20 0.44 0.17 0.12

compress 1.00 0.63 0.81 0.65 0.32

fftpde 1.00 0.10 0.39 0.09 0.07

wave5 1.00 0.11 0.40 0.10 0.08

mp3d 1.00 0.16 0.42 0.13 0.09

spice 1.00 0.27 0.47 0.22 0.13

pthor 1.00 0.10 0.39 0.09 0.07

ML 1.00 0.12 0.38 0.09 0.07

gcc 1.00 0.71 0.84 0.71 0.40

kernel space 1.00 0.39 0.48 0.27 0.27
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Table 8-1: Simplified comparison of the different TLB types

TLB Type Area
Access
Time

Effective
TLB
reach

#TLB
misses

TLB miss
penalty

OS
support

Set-
Assoc
TLBs

Single Page Size (õ blocks) 1 1 5 5 1 1 YES

Single Page Size
(õ  * R  blocks)

5 5 1 1 1 1 YES

Complete-subblock
 (õ  blocks, subblock factorR ) 4 4 2

4
2 if pre-
loading

1
5 if pre-
loading

1 YES

Partial-subblock
(õ  blocks, subblock factorR ) 3 3 3 2 1 4 NO

Superpage
(õ  blocks,R  * base page size)

2 2 4 3 1 5 NO

Table 8-2: Key TLB performance results—normalized execution time speedup relative to using 64-
block fully-associative single-page-size (4KB) TLB

64-block
Single-page-size

(4KB) TLB

62-block
Superpage

(4KB/32KB) TLB

57-block partial-
subblock TLB

(subblock factor 16)

35-block complete-
subblock TLB

(subblock factor 4)

1.00 1.18 1.21 1.04
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Table 8-3: Key Results

TLB Type
Additional OS

support

TLB performance
with fixed chip

area

Single-page-size None Worst

Complete-subblock None Medium

Partial-subblock Best-effort Best

Superpage Invasive Good
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Figure A-1: fully-associative TLB memory cells.
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Figure A-2: Valid bit implementation alternatives (fully-associative TLB)
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Figure A-3: Don’t-care XNOR-CAM cell
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Figure B-1: Fully-associative Valid bit tag comparator array

Figure B-2: A fully-associative complete-subblock TLB with valid bit tag compares

1. A Decoded offset, by definition, has only one bit set. The circuit behaves as follows in other situations: If a decoded
offset has no bits set, the valid bits do nothing and the tag match is the result of the XOR. If a decoded offset has more
than one bit set, the match succeeds only if ALL the corresponding valid bits are set.
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Figure B-3: Set-associative tag comparator with valid bits in the tag

Figure B-4: Structure of a set-associative complete-subblock TLB with valid bits in the tag
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2. The block offset bits may be predecoded in the preceding CPU pipeline stage by combining a decoder with pipeline
latches or logic as suggested to me by Robert Yung, Sun Microsystems Laboratories.
3. This is not true for caches where the data RAM is often on the critical path [Wilt93]. Subblock-cache typically store
the subblock valid bits along with the tag.

Table B-5: Reduction in access time for complete-subblock TLBs with block valid bits compared to
implementation with subblock-valid bit tag comparators

TLB
subblock factor

2 4 8 16

64-block fully-associative 0.2% 0.7% 1.6% 3.3%

128-block fully-associative 0.2% 0.6% 1.5% 3.1%

256-block fully-associative 0.1% 0.6% 1.4% 2.9%

512-block fully-associative 0.1% 0.5% 1.2% 2.5%

128-block 4-way set-associative 0.2% 0.9% 2.3% 4.5%

256-block 4-way set-associative 0.2% 0.9% 2.3% 4.4%
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Figure B-6: A fully-associative complete-subblock TLB with separate valid bit RAM
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Figure C-1: Column Multiplexor use in complete-subblock TLBs

Figure C-2: Interleaved Layout of Data RAM

Table C-3: Reduction in access time for complete-subblock TLBs with column multiplexors

TLB
subblock factor

2 4 8 16

64-block fully-associative 0.1% 0.6% 1.5% 3.0%

128-block fully-associative 0.2% 0.7% 1.5% 3.0%

256-block fully-associative 0.2% 0.7% 1.5% 3.0%

512-block fully-associative 0.2% 0.6% 1.3% 2.7%

128-block 4-way set-associative 2.6% 8.0% 15.8% 26.5%

256-block 4-way set-associative 2.6% 7.9% 15.5% 26.2%

RAM word+valid bits

wordline
driver

RAM word+valid bits

wordline
driver

TLB Data Out (PPN, Attr)

sense amps

output buffers

D
ec

od
er

CMUX CMUX

B
lo

ck
 O

ffs
et

bitlines

PPN0 (36 bits)V0 PPN1 (36 bits)V1 PPN2 (36 bits)V2 PPN3 (36 bits)V3
Non-Interleaved storage

V0V1V2V3 PPN0-0PPN1-0PPN2-0PPN3-0
Interleaved storage

PPN0-35PPN1-35PPN2-35PPN3-35
. . .



132

ó�����7���9��,�-�Ïù	�6�87�É�7��������	� �!����9��Q�	� Aô
��!���!�6�C7�%��	���Q7DJ��Q�;���87	�C����9����	�

Ò�£X�V���4���8���4�	�8���H¨�¤��"��¥�������¨��"��¨C¢���¢�¤�¥#ª5¯8����¨C¢��4�����!¨
�	�H£�¤�¥:�����4�	�8����¤� �¡5�&¥��8��¥�����¤��4�����
��¨���¤��V����������¤� �¡]«�°�±����V�����	����ç	����¨
�"¥���£���¥���¨� ��8��¤5���
�8���&���8���&���8 '�4�������H��«�°�±)¢������4�+Ò�£X���
�8«�°�±
¢������W���4¨
������¥�������¨
����ªE��¥�����¤��&���W�4�������
�B¢��4������¨����W��¤V���
�Z���4���Z����¤� 0¡	�	���, ��4¨���¤��4� ¢��������������Z �¤����!���
¤�£,�6¢��4������¨��V��¨����
�Z«�°�±"�/«������W ��4�������W������ ���¥#�� ��4����¥�¤�������¢��W��¨�¢�¤����1«�°�± ��¢����!��¢���¨��3�&����¤�¨
�4�
ß ���	��¥��³ä\¬$Ì�������������¥#�4�����2���
���4�'ú����4����¬#Ì����
¤�¯8�2���
�L«�°�±����!¤� �¡T�&£�����¥��H«�°�±�¢������2��¤T���4���MV�V�Ì���¯8�
��¨

���4�	��V=V&·�¯G�4�Z¨
¤��"��¥����0��¨
�X�!¨C����ª��0�� '�4�Y¢���¢�¤�¥#ª+�+«����8«�°�±p¢����0�H���4¨�������¥L��¥��/��¤��&���Z�4�!�Y�����8¢��4��¬
����¨
�	�2��¤T���4�	���2��¨V���
�L���4���L����¤� �¡8��²
 �������£�¤�¥"���4���MV�V4·��M°��4����¥�¯8�
��¨V���
�:��¥�¤���¥#�4¢>¥���£���¥���¨
 ��������4���
V�V4·4����«�°�±)¢������\¤� � ���¥��4��±�����¨
����ª���¥�����¤��&����¨
�5�4���1¢��4������¨
�	�\��¤����
�T���4�	�T����¤� �¡pÍµ���&���¬V�V4·G�!�\¨
¤�¯
��¨5¢���¢�¤�¥#ª�Ñ?¯T�!����¥����������Y��¨5���
�B«�°�±C�
�4©���¨
����¯8¤V �¤��������@¤�£?���
�B¢��&������¨
���:£�¤�¥N���4�	���jV�V�V4�ÖV=V�Ì@�&¨
�
V�V4º�Íøú����4����¬�·4Ñ$�

Figure D-1: Preloading on subblock miss
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4. It is not sufficient for hardware to demap the TLB block when the TLB miss occurs, if the software can preload
mappings that are not from the same page block [Bala94].
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Figure E-1: Superpage mapping in complete-subblock TLB (superpage size = page block size)
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Figure E-2: Superpage mapping in complete-subblock TLB (superpage size < page block size)
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Figure E-3: Superpage mapping in complete-subblock TLB (superpage size > page block size)
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Figure F-1: Complete-subblock Superpage TLB example
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Figure F-2: A fully-associative complete-subblock superpage TLB
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6. Supporting large superpages in partial-subblock TLB varies the page block size for each TLB block but it requires
ALL subblock valid bits to be set.
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if (unaligned(mapping)) return(FAIL);

for i = 1 to n {            /*n is number of blocks in the TLB set */

      if ((Block[i].tag == mapping.VPBN) && (Block[i].SB == mapping.SB) &&

           (Block[i].Attr == mapping.Attr) && (Block[i].PPBN == mapping.PPBN))

                   return (OK);

} r eturn(FAIL);
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Figure H-1: Superpage mapping in partial-subblock TLB (superpage size = page block size)
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Figure H-2: Superpage mapping in partial-subblock TLB (superpage size < page block size)
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Z,[	W1\¢]�^}_X`�`�\	c�dfehgXi�jX^1�{g�xocvrsc��X[	�z[	dfW1Z,[¢c�lt^kdfW1lm`�no`�c�Y�Y'c�xon+�¤�,Y�c�r·^�_Xpan<Y�pXW1q�n%gXi�jX^k[	ltZ,cvpXW1Y�Z�[	W1\	]
^}_w`�`�\�c{d�e�gaiXj|[	r�pw\�n+r�n+l�ZzW�Zz[�c{l�^���¥�[	Y�^}Zz�bZzu�nk¸±Vwja�¹[�lªZzu�nkZzW�q�[�^Nr�W1�ank_wp|c{���Xc{l�º»Zz]zd�W�Y'n�`�[�Zz^N^DZzc�Y�]
[�l�qUZzu�n¡¼/����°�³an+\��a��W�^8[�l%^}_wpan�Y�pwW�q�n¡gXiaja^��fgautnN\	c{xU]zc{Y'�an+YM��Z«W1q�`�[�Zz^8W�Y�n¡[�r~pw\�n+r�n+l�Zzn+��W�^8�ac{l�º Zz]
d�W�Y'n�`�[	Z«^NZzcH^D_apwpwc{Y�Z�^}_wpwn+Y�pwW�q�nk^}[���n+^N_wpwZzcH¬ x ½ pwW�q�n�`�\�c�d�eH^}[���n��<��n+d�c{l��X��[�Z�W1�a�a^NW�pwW�q�nk^D[��1n�W1Zz]ZzY�[�`�_wZzn�Zzu�W1ZXd�c{l�ZzY'c{\�^!Wkr�_a\�Zz[�pw\�n+��c{YS_a^Dn+�ª[�l�pwu���^D[�d�W�\tW��X�aY�n+^}^!q�n�l�n+Y�W�Zz[�c{l�Zzco^Dn+\�n+d�ZXZzutn�\�c{x¾c{Y��Xn�Y
`�[¢Z,^kc���VXVXj��¿��Y�c�r·n<[	Z�utn<Y�Z,uwn%�b[¢Y�Z�_aW�\�W��X��Y'n�^�^kc�Y�Z,utn%VXVX�yY�n<W1�¤��Y'c�r·Z�utn%g�iXj8���oc�Z,n%Z�utW�Z8Z,utn
r�_a\�Zz[�pw\�n+��c{Y±_a^Dn+�/Zzc�^}n+\�n�d�Z�Zzu�n�`�\�c{d�e�],c{�«�z^}n+Z�`{[	Zz^¡`�W�^}n+�/c{lvZ«utn���j/`�[�Z�Y�n+r�W�[�lt^¡_wltd�utW�l�q�n+���1�Uc{x
Z�uwn�^�_�pXn�Y>pXW�q�n�rsW�p�pX[¢lwq/dÀW�l­`bn�^�Z�c�Y�n���[¢l­Z,uan�pXW�YDZ�[¢W�\¢]Á^�_X`b`b\¢c�dÀe/g�iÂj�`b�/dfcbpX�b[¢lwq/Z�uwnH¸©V�j��%�
pwW�q�n�^}[���n+�
VaVw��W�l��s��ZzZzY�³an+\��a^��,Y�c{r Zzu�nF^}_wpwn+Y�pwW�q�nFr~W�pwpw[�l�q��
^Dn+ZzZz[�l�qoZzu�nF��j~`�[�ZXW�l��sW�\�\bZzu�nF^}_a`{]
`�\�c{d�eH��W�\�[��|`�[�Zz^��¦¥�[�q�_aY�nN§�],Ã��>�

7. Set-associative partial-subblock TLBs cannot store large superpage mappings due to the difficulty in choosing the
set index for these mappings—as in superpage TLBs (Section3.2.2).

10010XX ✔

Superpage TLB block (superpage size = 4 base pages)

Partial-subblock TLB block (subblock factor 4)

16K

10010 111000 ATTR✔✔✔✔ 1

1110XX ATTR 1

100101X ✔
Superpage TLB blocks

8K

10010 101000 ATTR✔✔✕✕ 1

11010 101000 ATTR✕✔✕✕ 0

11010 101001 ATTR✔✕✕✕ 0

Partial-subblock TLB blocks

110101X ✔8K
10100X ATTR 1
10100X ATTR 1
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Figure H-3: superpage mapping in partial-subblock TLB (superpage size > page block size)

Ä,��WUpaW�q�n�ZzW1`{\	n�^}Zzc{Y'n�^�pwW�Y�Zz[�W�\�],^D_a`�`�\�c{d�esVwgX�a^}�tZzu�n+l|^}_wpwpac{Y�ZM�,c{Y©r�n+�a[	_wr�],^}[���n�^}_apwn+Y�pwW�q�n�^�[�^
_wltl�n�d�n+^}^}W�Y�����WkpwW1Y�Zz[�W�\�],^}_w`�`�\�c{d�e�pwW�q�n�ZzW�`�\�n�[�^©Wk^}_apwn+Y�^}n+Z�c{�ÂW�^}_wpwn+Y�pwW�q�n�pwW�q�n�ZzW1`{\	n%�¦x�[	Z«u~d�c{Y�]
Y'n�d�ZÂpwu���^}[�d�W�\tr~n�r~c{Y���W�\�\�c{d�W1Z«[	c{l��>��VaY'n�\	c{W��a[�l�q�[�l�Zzutn�pwW�Y�Z«[	W�\�],^D_a`�`�\�c{d�e%gXiajv[�^±Wk^}_wpan�Y�[�c{Y8xUW���Zzc
\	c{W1�X[�ltqv^}_apan+Y�paW�q�nUr~W1pwpa[	l�q�^��{g
W�`�\�n¡§U],®�^}utc{xo^�Z,u�nopwn<Y'dfn+ltZ�Y'n<�a_adfZz[	c�lh[	l/ZzutnUlt_ar�`�n+Y¡c��SgXiXj
r�[�^}^}n+^��,c{YNW%´�®�],`�\�c{d�eª�z_a\�\���],W�^}^}c{d�[�W�Zz[���nUpwW�Y�Zz[	W�\�]z^}_a`�`{\	c{d�eªgaiaj�Zzu�Y�c{_aq�uh_w^}n�c{�SZzx�cs�a[	�«�zn+Y'n+l�ZMn+l�]
u�W�l�d�n+r�n+l�Zz^NZzc�Zzu�nkgaiajhr�[�^}^©u�W1l��a\�n+Y��<gXu�n�³aY�^DZ�_a^Dn+^NpwY'n�\	c{W��a[�l�qÂ�<gXu�n�^}n+d�c{l��|�Xc{n+^©l�c�ZÂ_a^}n�paY�n+]
\¢c�W���[	lwqh`�_XZ�_X^�n<^k^�_Xpan�Y>paW�qbn%rsW1pXpX[¢ltqb^kx%utn<Y�n<n<��n<Y�pac�^�^�[¢`�\¢n���VXY'n�\	c�W��X[¢lwq|[¢^krsc�Y�n%n<�z�Án<dfZ�[	��n�W1Z
Y�n<��_Xdf[¢ltqhg�iXj¤rs[	^�^�n<^kZ,uwW1l�^�_Xpan�Y�pXW�q�n<^fÅ���g�utn%g�i�j¤r~[¢^�^kpXn<lwW1\¢Z,�hW1lw�²pXW1qbn%Z�W1`�\¢n%rsn<rsc�Y>�hY'n�]
��_a[�Y'n+r~n+l�Zz^��,c�YNpaY�n+\	c{W1�a[	l�qvW�l��­^}_apwn+Y�paW�q�n+^�W�Y�nUY'c{_aq�u�\��vd�c�r�paW�Y�W�`�\�n��
gXu�_a^}�a[�Z�[	^�pwY�n+�,n+Y�W�`�\	nUZzc
_w^}n�pwY'n�\�c�W��a[�l�q%W1l��ª^}Zzc{Y�[�ltq%pwW�Y�Zz[�W�\�],^D_a`�`�\�c{d�e%VwgX�a^±[�l�Zzu�n�pwW�q�n�ZzW�`�\�n�[�l�^}Zzn+W��ªc{�Â^D_apwpwc{Y�Zz[�l�q%r~n�]
�X[	_Xr~],^�[	�1n<�­^�_apan<Y>paW1q�n<^��{g�ut[	^�[	^�[	r~pac�Y>Z,W1ltZS^�[	ltd�n%r~W1lt�vrs[	d�Y�c�paY'c�dfn<^}^�c�Y>^�^}_Xpapac�Y�Z8^}_Xpan<Y�paW1q�n<^
W�l��ªc{pwn+Y�W�Zz[�ltqo^}��^}Z«n+r~^�W�Y'n�`�n+[�l�qor�c{�X[�³wn+�ªZzcU^D_apwpwc{Y�ZX^}_wpwn+Y�pwW�q�n�r�W�papw[�l�q�^![�lHZzu�n�pwW�q�nFZzW1`{\	n�^��

Ä,lh^}_wr�r~W�Y����wpaW�Y�Zz[�W1\�]z^}_a`{`�\	c{d�esgXiajX^�xU[�ZzuhpwY'n�\	c{W��a[�l�qªW�Y'n�^}\�[�q�u�Zz\��ª`�n�ZzZzn+YNZzu�W�lhr�n+�a[	_wr�],^}[���n
^}_apwn+Y�paW�q�nUr�W1pwpa[�l�q�^��
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\�W�Y'q�n+Y�^D_apwn+Y�paW�q�n�^}[���n+^��

8. Foxtrot did NOT do page promotion in this experiment—the page table only considers fully-populated page blocks
for superpages. If the operating system used page promotions, superpages would be used more often.

Table H-4: Reduction in number of TLB misses in a 64-block fully-associative partial-subblock TLB
with pr eloading or with superpage mappings

Workload
subblock factor 2 subblock factor 4 subblock factor 8 subblock factor 16

preloading superpagespreloading superpagespreloading superpagespreloading superpages

coral 16.61% 16.60% 30.38% 30.10% 37.57% 36.77% 49.15% 47.47%

nasa7 42.33% 42.30% 69.96% 69.84% 81.81% 25.16% 69.98% 54.77%

compress 41.42% 37.96% 37.27% 35.44% 27.90% 16.91% 26.33% 9.45%

fftpde 0.35% 0.34% 0.53% 0.51% 0.64% 0.62% 49.24% 49.19%

wave5 43.44% 43.45% 65.52% 65.15% 76.02% 74.68% 79.42% 76.66%

mp3d 23.69% 22.30% 59.56% 59.52% 66.38% 65.62% 88.84% 86.50%

spice 30.78% 30.78% 64.42% 64.19% 83.90% 81.95% 87.07% 69.66%

pthor 25.16% 25.15% 47.30% 46.82% 64.54% 62.69% 76.05% 74.77%

ML 24.17% 23.78% 46.40% 42.82% 62.43% 60.91% 76.74% 73.18%

gcc 27.12% 27.20% 54.54% 50.92% 51.14% 37.44% 42.30% 15.96%

Superpage TLB block (superpage size = 64 base pages)

Partial-subblock TLB block (subblock factor 4)

11XXXX 10XXXXXX ATTR✔✔✔✔ 1

11XXXXXX ✔256K

1256K

10XXXXXX ATTR 1
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gXu�[�^8W�pwpwn+l��a[���[	l�d�\�_w�an+^8n+��n�d�_aZz[�c{l%Zz[�r~nN^}pwn+n+�a_apw^8�,c{Y�W�\	\�Zzu�n¡xUc{Y�e�\�c{W��a^��fÄ,Zw[�l�d�\�_a�an+^8�aW�ZzW��,c{Y
n+W�d�usc���Zzu�nkZzW�`�\�n+^N[�lªZzu�nkr�W�[�lªZzn+�1Z�xUu�n+Y�nkc{l�\���Zzu�nkxUn+[�q�utZ«n+�hW���n+Y�W�q�nkW�d�Y'c{^}^NW�\�\XZzu�nkxUc{Y�e�\�c{W��a^
xUW�^¡pwY'n+^Dn+l�Zzn+���1gXu�n�`�n+u�W��b[�c{Y±c{��[�lt�a[���[��X_wW�\�xUc{Y�e�\�c{W��a^F[�^¡^}u�c{xUlªu�n+Y'n{��g�W�`�\�n+^¡[�lvZzu�[�^¡W�papwn+l��a[��
W1Y'nUlt_ar�`�n+Y'n+�­Z,cª^}u�c�xÌZ,utn+[�YFd�c�Y�Y'n+^}pac�l��Xn+ltd�noZzcªZzW1`�\	n+^�[�l/Z,u�no`�c��a�vc��SZ,u�noZzutn+^}[	^��
g�W1`�\	n+^�Ä

2-3a
through

Ä
2-3c, for example, correspond toTable2-3 in Chapter2.

Table I2-3a:  Sensitivity to TLB miss penalty—execution time speedup for alternate fully-associative
TLBs relative to 64-block fully-associative single-page-size (4KB) TLB (TLB miss penalty = 30

cycles)

Workload 128-block single-page-
size (4KB) TLB

123-block superpage
(4KB/32KB) TLB

114-block partial-
subblock TLB

(subblock factor 16)

72-block complete-
subblock TLB

(subblock factor 4)
coral 1.105 1.368 1.461 1.111
nasa7 1.008 1.419 1.419 1.115

compress 1.184 1.193 1.193 1.193
fftpde 1.000 1.001 1.182 1.000
wave5 1.042 1.110 1.110 1.109
mp3d 1.035 1.089 1.090 1.085
spice 1.044 1.053 1.053 1.052
pthor 1.006 1.034 1.039 1.006
ML 1.015 1.030 1.031 1.017
gcc 1.013 1.016 1.016 1.015

Wt. Avg. 1.045 1.132 1.161 1.072

Table I2-3b:  Sensitivity to TLB miss penalty—execution time speedup for alternate fully-associative
TLBs relative to 64-block fully-associative single-page-size (4KB) TLB (TLB miss penalty = 40

cycles)

Workload 128-block single-page-
size (4KB) TLB

123-block superpage
(4KB/32KB) TLB

114-block partial-
subblock TLB

(subblock factor 16)

72-block complete-
subblock TLB

(subblock factor 4)
coral 1.145 1.559 1.726 1.153
nasa7 1.011 1.649 1.649 1.160

compress 1.262 1.275 1.275 1.274
fftpde 1.000 1.002 1.258 1.000
wave5 1.056 1.152 1.152 1.151
mp3d 1.047 1.123 1.123 1.117
spice 1.059 1.073 1.073 1.071
pthor 1.008 1.045 1.052 1.008
ML 1.021 1.040 1.042 1.022
gcc 1.017 1.021 1.021 1.020

Wt. Avg. 1.061 1.185 1.227 1.098
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Table I2-3c: Sensitivity to TLB miss penalty—execution time speedup for alternate fully-associative
TLBs relative to 64-block fully-associative single-page-size (4KB) TLB (TLB miss penalty = 50

cycles)

Workload 128-block single-page-
size (4KB) TLB

123-block superpage
(4KB/32KB) TLB

114-block partial-
subblock TLB

(subblock factor 16)

72-block complete-
subblock TLB

(subblock factor 4)
coral 1.188 1.812 2.110 1.200
nasa7 1.013 1.969 1.969 1.208

compress 1.350 1.368 1.368 1.368
fftpde 1.000 1.002 1.344 1.000
wave5 1.071 1.197 1.197 1.197
mp3d 1.059 1.158 1.158 1.150
spice 1.075 1.092 1.092 1.090
pthor 1.010 1.057 1.066 1.011
ML 1.026 1.051 1.053 1.028
gcc 1.022 1.026 1.026 1.026

Wt. Avg. 1.078 1.242 1.301 1.125

Table I2-5:  Sensitivity to TLB replacement policy—execution time speedups relative to 64-block
fully-associative single-page-size (4KB) TLB using Go-down-stack (GODS) replacement policy

Workload Clock Random FIFO
coral 0.993 0.957 0.941
nasa7 1.001 0.987 0.984

compress 0.992 0.950 0.955
fftpde 1.000 1.022 0.987
wave5 0.999 1.024 1.005
mp3d 1.000 0.977 0.979
spice 0.991 0.949 0.963
pthor 0.999 0.992 0.993
ML 0.998 0.985 0.989
gcc 0.998 0.986 0.988

Wt. Avg. 0.997 0.981 0.975

Table I3-1a: Execution time speedups for fully-associative superpage TLBs relative to single-page-
size (4KB) TLBs with same number of blocks (64- and 128-blocks)

Workload
64-block (superpage size) 128-block (superpage size)

8KB 16KB 32KB 64KB 8KB 16KB 32KB 64KB
coral 1.150 1.295 1.430 1.564 1.171 1.254 1.369 1.533
nasa7 1.207 1.441 1.645 1.649 1.266 1.632 1.632 1.632

compress 1.263 1.274 1.274 1.271 1.010 1.010 1.010 1.010
fftpde 1.001 1.001 1.001 1.117 1.001 1.001 1.001 1.258
wave5 1.087 1.152 1.152 1.152 1.090 1.090 1.090 1.090
mp3d 1.035 1.100 1.122 1.123 1.066 1.072 1.073 1.073
spice 1.053 1.071 1.072 1.072 1.012 1.013 1.013 1.013
pthor 1.016 1.029 1.039 1.044 1.015 1.027 1.038 1.044
ML 1.017 1.028 1.035 1.039 1.010 1.016 1.019 1.021
gcc 1.015 1.020 1.021 1.021 1.003 1.004 1.004 1.004

Wt. Avg. 1.090 1.148 1.183 1.212 1.072 1.114 1.127 1.172
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Table I3-1b: Execution time speedups for fully-associative superpage TLBs relative to single-page-
size (4KB) TLBs with same number of blocks (256-blocks)

Workload
256-block (superpage size)

8KB 16KB 32KB 64KB
coral 1.065 1.134 1.259 1.384
nasa7 1.366 1.366 1.366 1.366

compress 1.000 1.000 1.000 1.000
fftpde 1.001 1.002 1.002 1.002
wave5 1.000 1.000 1.000 1.000
mp3d 1.004 1.005 1.005 1.005
spice 1.001 1.001 1.001 1.001
pthor 1.016 1.030 1.040 1.041
ML 1.007 1.011 1.012 1.013
gcc 1.000 1.000 1.000 1.000

Wt. Avg. 1.047 1.057 1.071 1.082

Table I3-2a: Execution time speedups for 256-block 4-way set-associative superpage TLBs relative to
single-page-size (4KB) TLBs (superpage index)

Workload
with OS support base pages only

8KB 16KB 32KB 64KB 8KB 16KB 32KB 64KB
coral 1.069 1.147 1.274 1.358 0.975 0.904 0.699 0.687
nasa7 1.498 1.503 1.498 1.478 1.159 1.181 0.879 0.850

compress 1.000 1.000 0.981 0.812 0.999 0.992 0.682 0.540
fftpde 1.000 1.192 1.214 1.434 1.000 1.190 1.210 1.431
wave5 1.000 1.000 1.000 0.996 0.995 0.959 0.744 0.672
mp3d 1.009 1.010 1.010 1.010 0.998 0.996 0.934 0.896
spice 1.003 1.003 1.003 1.003 0.992 0.975 0.876 0.794
pthor 1.016 1.022 1.029 0.863 0.999 0.988 0.982 0.823
ML 1.008 1.012 1.010 1.007 0.998 0.992 0.972 0.953
gcc 1.001 1.000 0.934 0.853 0.999 0.993 0.947 0.818

Wt. Avg. 1.058 1.092 1.098 1.070 1.013 1.018 0.871 0.809

Table I3-2b: Execution time speedups for 256-block 4-way set-associative superpage TLBs relative
to single-page-size (4KB) TLBs (exact index)

Workload
with OS support

8KB 16KB 32KB 64KB
coral 1.069 1.145 1.279 1.408
nasa7 1.497 1.503 1.503 1.503

compress 1.000 1.000 1.000 1.000
fftpde 1.011 1.214 1.243 1.442
wave5 1.000 1.000 1.000 1.000
mp3d 1.009 1.010 1.010 1.010
spice 1.003 1.003 1.003 1.003
pthor 1.016 1.031 1.038 1.040
ML 1.008 1.012 1.014 1.014
gcc 1.001 1.001 1.001 1.001

Wt. Avg. 1.060 1.095 1.113 1.143
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Table I3-3a: Execution time speedups for superpage TLBs relative to set-associative single-page-size
(4KB) TLBs of comparable chip area (256-block 4-way set-associative)

Workload

Single
Page Size

TLB
4KB/32KB Superpage TLB 4KB/64KB Superpage TLB

162-block
fully-

associative

156-block fully-
associative

256-block set-
associative

154-block fully-
associative

256-block set-
associative

with OS no OS with OS no OS with OS no OS with OS no OS
coral 0.929 1.185 0.923 1.274 0.699 1.330 0.921 1.358 0.687
nasa7 0.978 1.503 0.966 1.498 0.879 1.503 0.961 1.478 0.850

compress 0.997 1.000 0.996 0.981 0.682 1.000 0.996 0.812 0.540
fftpde 1.439 1.442 1.439 1.214 1.210 1.442 1.439 1.434 1.431
wave5 0.990 1.000 0.990 1.000 0.744 1.000 0.990 0.996 0.672
mp3d 0.963 1.010 0.960 1.010 0.934 1.010 0.958 1.010 0.896
spice 0.996 1.003 0.996 1.003 0.876 1.003 0.995 1.003 0.794
pthor 0.994 1.031 0.994 1.029 0.982 1.039 0.993 0.863 0.823
ML 0.997 1.013 0.996 1.010 0.972 1.014 0.996 1.007 0.953
gcc 0.998 1.001 0.998 0.934 0.947 1.001 0.998 0.853 0.818

Wt. Avg. 1.020 1.120 1.017 1.098 0.871 1.136 1.016 1.070 0.809

Table I3-3b: Execution time speedups for superpage TLBs relative to set-associative single-page-size
(4KB) TLBs of comparable chip area (512-block 4-way set-associative)

Workload

Single
Page Size

TLB
4KB/32KB Superpage TLB 4KB/64KB Superpage TLB

304-block
fully-

associative

293-block fully-
associative

512-block set-
associative

290-block fully-
associative

512-block set-
associative

with OS no OS with OS no OS with OS no OS with OS no OS
coral 0.932 1.167 0.927 1.248 0.663 1.264 0.925 1.223 0.652
nasa7 0.755 1.003 0.748 1.000 0.593 1.003 0.753 0.986 0.567

compress 1.000 1.000 1.000 0.981 0.682 1.000 1.000 0.812 0.541
fftpde 1.435 1.438 1.435 1.437 1.431 1.438 1.435 1.435 1.431
wave5 1.000 1.000 1.000 1.000 0.751 1.000 1.000 0.996 0.674
mp3d 0.999 1.002 0.999 1.002 0.928 1.002 0.999 1.002 0.898
spice 0.999 1.000 0.999 1.000 0.876 1.000 0.999 1.000 0.792
pthor 0.984 1.020 0.983 1.014 0.976 1.020 0.983 0.848 0.811
ML 0.997 1.008 0.997 1.006 0.974 1.009 0.997 1.000 0.953
gcc 1.000 1.000 1.000 0.934 0.886 1.000 1.000 0.852 0.774

Wt. Avg. 1.000 1.065 0.998 1.061 0.836 1.074 0.998 1.006 0.765
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Table I4-1a: Execution time speedups for complete-subblock TLBs relative to single-page-size (4KB)
TLBs with same number of blocks (64-block fully-associative)

Workload
(NO preloading) subblock factor  (with preloading) subblock factor

2 4 8 16 2 4 8 16
coral 1.064 1.134 1.245 1.334 1.151 1.299 1.439 1.578
nasa7 1.009 1.115 1.648 1.649 1.207 1.442 1.649 1.649

compress 1.257 1.274 1.274 1.274 1.265 1.275 1.275 1.275
fftpde 1.000 1.000 1.000 1.003 1.001 1.001 1.002 1.114
wave5 1.043 1.151 1.151 1.152 1.088 1.152 1.152 1.152
mp3d 1.015 1.083 1.121 1.122 1.038 1.107 1.122 1.123
spice 1.047 1.068 1.072 1.073 1.054 1.071 1.072 1.073
pthor 1.003 1.007 1.011 1.018 1.017 1.031 1.041 1.048
ML 1.011 1.019 1.027 1.034 1.018 1.031 1.038 1.041
gcc 1.014 1.020 1.021 1.021 1.016 1.021 1.021 1.021

Wt. Avg. 1.044 1.089 1.157 1.170 1.091 1.150 1.185 1.214

Table I4-1b: Execution time speedups for complete-subblock TLBs relative to single-page-size (4KB)
TLBs with same number of blocks (128-block fully-associative)

Workload
(NO preloading) subblock factor  (with preloading) subblock factor

2 4 8 16 2 4 8 16
coral 1.135 1.174 1.224 1.335 1.172 1.257 1.377 1.547
nasa7 1.100 1.631 1.632 1.632 1.267 1.632 1.632 1.632

compress 1.010 1.010 1.010 1.010 1.010 1.010 1.010 1.010
fftpde 1.000 1.000 1.000 1.257 1.001 1.001 1.002 1.258
wave5 1.090 1.090 1.090 1.090 1.090 1.090 1.090 1.090
mp3d 1.064 1.071 1.072 1.073 1.067 1.072 1.073 1.073
spice 1.011 1.012 1.013 1.013 1.012 1.013 1.013 1.013
pthor 1.003 1.008 1.020 1.039 1.015 1.028 1.039 1.047
ML 1.005 1.010 1.015 1.019 1.011 1.017 1.020 1.021
gcc 1.003 1.004 1.004 1.004 1.003 1.004 1.004 1.004

Wt. Avg. 1.048 1.101 1.109 1.152 1.073 1.114 1.129 1.173

Table I4-1c: Execution time speedups for complete-subblock TLBs relative to single-page-size (4KB)
TLBs with same number of blocks (256-block 4-way set-associative)

Workload
(NO preloading) subblock factor  (with preloading) subblock factor

2 4 8 16 2 4 8 16
coral 1.036 1.078 1.170 1.385 1.070 1.150 1.287 1.418
nasa7 1.494 1.503 1.503 1.503 1.499 1.503 1.503 1.503

compress 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
fftpde 1.000 1.191 1.214 1.443 1.000 1.192 1.215 1.443
wave5 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.001
mp3d 1.008 1.009 1.010 1.010 1.009 1.010 1.010 1.010
spice 1.002 1.003 1.003 1.003 1.003 1.003 1.003 1.003
pthor 1.008 1.024 1.035 1.040 1.017 1.032 1.039 1.040
ML 1.004 1.009 1.013 1.014 1.008 1.013 1.014 1.015
gcc 1.001 1.001 1.001 1.001 1.001 1.001 1.001 1.001

Wt. Avg. 1.052 1.084 1.099 1.141 1.058 1.094 1.111 1.143
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Table I4-3a: Effect of preloading in complete-subblock TLBs (64-block fully-associative)

Workload

subblock factor 2 subblock factor 4 subblock factor 8 subblock factor 16

Speedup
critical
miss

penalty
Speedup

critical
miss

penalty
Speedup

critical
miss

penalty
Speedup

critical
miss

penalty
coral 1.082 1.20 1.145 1.43 1.156 1.61 1.183 1.96
nasa7 1.197 1.72 1.294 3.33 1.001 6.67 1.000 1.82

compress 1.006 1.75 1.000 1.79 1.000 1.75 1.000 1.89
fftpde 1.001 1.00 1.001 1.01 1.002 1.01 1.111 1.96
wave5 1.043 1.79 1.000 2.94 1.000 4.17 1.000 5.00
mp3d 1.023 1.30 1.022 2.63 1.002 3.23 1.001 10.00
spice 1.008 1.45 1.003 2.86 1.001 6.67 1.000 1.85
pthor 1.013 1.35 1.024 1.96 1.029 2.86 1.029 4.55
ML 1.007 1.32 1.011 2.08 1.011 3.45 1.007 6.67
gcc 1.002 1.43 1.001 2.27 1.000 1.69 1.000 1.75

Wt. Avg. 1.045 1.333 1.056 1.649 1.024 1.409 1.038 2.047

Table I4-3b: Effect of preloading in complete-subblock TLBs (128-block fully-associative)

Workload

subblock factor 2 subblock factor 4 subblock factor 8 subblock factor 16

Speedup
critical
miss

penalty
Speedup

critical
miss

penalty
Speedup

critical
miss

penalty
Speedup

critical
miss

penalty
coral 1.033 1.11 1.071 1.28 1.125 1.67 1.159 2.78
nasa7 1.152 1.67 1.000 3.23 1.000 1.43 1.000 1.56

compress 1.000 1.43 1.000 1.61 1.000 1.72 1.000 1.79
fftpde 1.001 1.00 1.001 1.01 1.002 1.01 1.001 7.69
wave5 1.000 1.79 1.000 2.86 1.000 3.85 1.000 4.55
mp3d 1.003 1.54 1.001 2.56 1.001 5.56 1.000 1.08
spice 1.001 1.89 1.000 3.57 1.000 1.47 1.000 1.56
pthor 1.012 1.39 1.020 2.04 1.019 3.03 1.007 4.55
ML 1.005 1.52 1.006 2.44 1.005 5.00 1.002 10.00
gcc 1.000 1.49 1.000 1.52 1.000 1.67 1.000 1.72

Wt. Avg. 1.024 1.255 1.012 1.200 1.017 1.363 1.018 2.852

Table I4-3c: Effect of preloading in complete-subblock TLBs (256-block 4-way set-associative)

Workload

subblock factor 2 subblock factor 4 subblock factor 8 subblock factor 16

Speedup
critical
miss

penalty
Speedup

critical
miss

penalty
Speedup

critical
miss

penalty
Speedup

critical
miss

penalty
coral 1.033 1.14 1.067 1.35 1.100 2.00 1.024 4.17
nasa7 1.003 1.96 1.000 1.37 1.000 1.47 1.000 1.52

compress 1.000 1.39 1.000 1.67 1.000 1.82 1.000 1.85
fftpde 1.000 1.00 1.001 1.01 1.001 1.01 1.000 1.06
wave5 1.000 1.75 1.000 2.78 1.000 3.70 1.000 1.27
mp3d 1.001 1.67 1.000 3.33 1.000 1.12 1.000 1.20
spice 1.000 1.85 1.000 2.70 1.000 1.47 1.000 1.54
pthor 1.009 1.39 1.008 2.00 1.004 3.45 1.000 1.92
ML 1.004 1.67 1.004 3.03 1.002 5.56 1.000 7.14
gcc 1.000 1.33 1.000 1.52 1.000 1.67 1.000 1.72

Wt. Avg. 1.006 1.076 1.009 1.211 1.011 1.393 1.002 4.026
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Table I4-3d: Effect of preloading in complete-subblock TLBs (512-block 4-way set-associative)

Workload

subblock factor 2 subblock factor 4 subblock factor 8 subblock factor 16

Speedup
critical
miss

penalty
Speedup

critical
miss

penalty
Speedup

critical
miss

penalty
Speedup

critical
miss

penalty
coral 1.025 1.16 1.040 1.43 1.012 2.38 1.000 1.15
nasa7 1.000 1.14 1.000 1.37 1.000 1.43 1.000 1.52

compress 1.000 1.37 1.000 1.61 1.000 1.75 1.000 1.82
fftpde 1.001 1.00 1.000 1.00 1.000 1.04 1.000 1.05
wave5 1.000 1.72 1.000 2.63 1.000 1.19 1.000 1.18
mp3d 1.000 1.85 1.000 1.06 1.000 1.09 1.000 1.11
spice 1.000 1.56 1.000 1.37 1.000 1.47 1.000 1.54
pthor 1.002 1.37 1.001 2.27 1.000 1.54 1.000 1.12
ML 1.002 1.82 1.001 3.33 1.000 4.35 1.000 1.27
gcc 1.000 1.28 1.000 1.49 1.000 1.64 1.000 1.72

Wt. Avg. 1.003 1.090 1.005 1.164 1.001 2.321 1.000 1.446

Table I4-5a: Execution time speedups relative to single-page-size (4KB) TLBs of equal area (64-
block single-page-size TLB)

Workload
Superpage TLB

(32KB)
Complete-subblock TLB

(NO preloading)
Complete-subblock TLB

(with preloading)
OS NO OS 2 4 8 16 2 4 8 16

coral 1.422 0.993 1.032 1.025 0.959 0.874 1.123 1.227 1.283 1.217
nasa7 1.639 0.999 1.005 1.040 1.053 0.915 1.205 1.405 1.518 1.285

compress 1.274 0.984 1.183 1.255 1.243 0.850 1.217 1.268 1.267 1.126
fftpde 1.001 1.000 1.000 1.000 1.000 1.000 1.001 1.001 1.002 1.112
wave5 1.152 1.000 1.011 1.055 1.073 0.843 1.066 1.121 1.135 1.005
mp3d 1.122 0.999 0.999 0.991 0.977 0.907 1.020 1.030 1.024 0.950
spice 1.072 0.991 1.022 1.014 0.899 0.471 1.035 1.038 0.964 0.580
pthor 1.039 1.000 1.001 0.999 0.975 0.823 1.014 1.025 1.009 0.879
ML 1.034 0.998 1.001 0.995 0.968 0.819 1.010 1.011 0.997 0.880
gcc 1.020 0.998 1.006 1.009 0.978 0.807 1.010 1.015 1.010 0.939

Wt. Avg. 1.182 0.996 1.025 1.036 1.008 0.813 1.076 1.120 1.125 0.984

Table I4-5b: Execution time speedups relative to single-page-size (4KB) TLBs of equal area (128-
block single-page-size TLB)

Workload
Superpage TLB

(32KB)
Complete-subblock TLB

(NO preloading)
Complete-subblock TLB

(with preloading)
OS NO OS 2 4 8 16 2 4 8 16

coral 1.361 0.988 1.013 1.007 0.983 0.913 1.078 1.146 1.205 1.222
nasa7 1.632 0.999 1.075 1.148 1.315 1.314 1.250 1.449 1.582 1.606

compress 1.010 0.999 1.010 1.010 1.010 1.004 1.010 1.010 1.010 1.010
fftpde 1.002 1.000 1.000 1.000 1.000 1.000 1.001 1.001 1.002 1.113
wave5 1.090 0.987 1.086 1.090 1.090 1.087 1.087 1.090 1.090 1.089
mp3d 1.073 0.997 1.024 1.067 1.069 1.042 1.041 1.070 1.071 1.067
spice 1.013 0.998 1.008 1.011 1.011 1.011 1.010 1.012 1.013 1.013
pthor 1.037 1.000 1.001 1.001 0.999 0.992 1.013 1.024 1.030 1.031
ML 1.019 0.999 1.002 1.002 0.998 0.980 1.008 1.012 1.011 1.003
gcc 1.004 1.000 1.002 1.003 1.003 1.000 1.003 1.004 1.004 1.004

Wt. Avg. 1.127 0.996 1.023 1.036 1.048 1.030 1.056 1.087 1.104 1.120
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Table I4-5c: Execution time speedups relative to single-page-size (4KB) TLBs of equal area (256-
block single-page-size TLB)

Workload
Superpage TLB

(32KB)
Complete-subblock TLB

(NO preloading)
Complete-subblock TLB

(with preloading)
OS NO OS 2 4 8 16 2 4 8 16

coral 1.252 0.994 1.003 0.987 0.965 0.921 1.033 1.056 1.090 1.102
nasa7 1.366 0.997 1.192 1.366 1.366 1.366 1.273 1.366 1.366 1.366

compress 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
fftpde 1.002 1.000 1.000 1.000 0.797 0.804 1.001 1.002 0.798 0.891
wave5 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
mp3d 1.005 0.998 1.003 1.003 1.003 1.003 1.004 1.004 1.005 1.005
spice 1.001 1.000 1.001 1.001 1.001 1.001 1.001 1.001 1.001 1.001
pthor 1.040 0.999 1.002 1.003 1.002 0.997 1.013 1.022 1.027 1.031
ML 1.012 1.000 1.002 1.003 1.003 1.001 1.006 1.009 1.011 1.011
gcc 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Wt. Avg. 1.070 0.999 1.022 1.034 1.007 1.000 1.035 1.046 1.026 1.041

Table I4-5d: Execution time speedups relative to single-page-size (4KB) TLBs of equal area (512-
block single-page-size TLB)

Workload
Superpage TLB

(32KB)
Complete-subblock TLB

(NO preloading)
Complete-subblock TLB

(with preloading)
OS NO OS 2 4 8 16 2 4 8 16

coral 1.231 0.994 0.996 0.977 0.962 0.939 1.023 1.036 1.074 1.103
nasa7 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

compress 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
fftpde 1.003 1.000 1.000 1.000 1.001 1.001 1.001 1.002 1.002 1.002
wave5 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
mp3d 1.002 1.000 1.000 1.002 1.002 1.002 1.001 1.002 1.002 1.002
spice 1.001 1.000 1.001 1.001 1.001 1.001 1.001 1.001 1.001 1.001
pthor 1.021 0.998 1.010 1.014 1.007 1.000 1.013 1.018 1.016 1.016
ML 1.008 1.000 1.002 1.004 1.005 1.005 1.005 1.007 1.007 1.008
gcc 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Wt. Avg. 1.027 0.999 1.001 0.999 0.997 0.993 1.005 1.007 1.011 1.014

Table I4-6a: Execution time speedups for complete-subblock TLBs relative to single-page-size (4KB)
TLBs with same TLB reach (256-block fully-associative)

Workload
Complete-subblock

N blocks: s subblock factor
Complete-subblock with preloading

N blocks: s subblock factor
128:2 64:4 32:8 16:16 128:2 64:4 32:8 16:16

coral 0.938 0.818 0.761 0.693 0.968 0.937 0.967 0.972
nasa7 0.921 0.923 0.934 0.929 1.061 1.194 1.277 1.318

compress 1.000 1.000 0.990 0.984 1.000 1.000 0.998 0.998
fftpde 0.797 0.797 0.797 0.797 0.797 0.798 0.798 0.887
wave5 1.000 1.000 0.999 0.967 1.000 1.000 1.000 0.978
mp3d 0.996 0.970 0.915 0.876 0.999 0.991 0.973 0.944
spice 1.000 0.997 0.990 0.832 1.001 1.000 0.997 0.914
pthor 0.995 0.992 0.987 0.957 1.008 1.015 1.019 0.997
ML 0.997 0.990 0.976 0.939 1.002 1.002 0.994 0.972
gcc 1.000 0.999 0.998 0.988 1.000 1.000 1.000 0.996

Wt. Avg. 0.958 0.937 0.920 0.878 0.981 0.989 0.998 0.995
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Table I4-6b: Execution time speedups for complete-subblock TLBs relative to single-page-size (4KB)
TLBs with same TLB reach (512-block fully-associative)

Workload
Complete-subblock

N blocks: s subblock factor
Complete-subblock with preloading

N blocks: s subblock factor
256:2 128:4 64:8 32:16 256:2 128:4 64:8 32:16

coral 0.921 0.864 0.800 0.710 0.949 0.925 0.925 0.927
nasa7 1.000 1.000 0.999 0.958 1.000 1.000 1.000 0.997

compress 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
fftpde 1.000 0.797 0.797 0.797 1.001 0.798 0.798 0.887
wave5 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
mp3d 1.000 1.000 0.999 0.999 1.001 1.001 1.001 1.001
spice 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
pthor 0.988 0.981 0.977 0.973 0.997 1.001 1.005 1.008
ML 0.999 0.997 0.993 0.984 1.003 1.004 1.004 1.000
gcc 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Wt. Avg. 0.988 0.956 0.945 0.923 0.994 0.967 0.968 0.979

Table I4-6c: Execution time speedups for complete-subblock TLBs relative to single-page-size (4KB)
TLBs with same TLB reach (256-block 4-way set-associative)

Workload
Complete-subblock

N blocks: s subblock factor
Complete-subblock with preloading

N blocks: s subblock factor
128:2 64:4 32:8 16:16 128:2 64:4 32:8 16:16

coral 0.920 0.837 0.766 0.699 0.965 0.958 0.975 0.965
nasa7 0.946 0.937 0.930 0.922 1.049 1.127 1.175 1.198

compress 1.000 0.998 0.992 0.982 1.000 1.000 0.998 0.998
fftpde 0.994 0.982 0.960 0.920 0.994 0.983 0.964 0.996
wave5 1.000 0.999 0.997 0.881 1.000 1.000 0.999 0.932
mp3d 0.991 0.969 0.931 0.882 0.997 0.989 0.973 0.939
spice 0.993 0.976 0.927 0.724 0.995 0.983 0.951 0.809
pthor 0.994 0.989 0.968 0.918 1.006 1.012 1.003 0.966
ML 0.995 0.984 0.962 0.903 1.001 0.998 0.983 0.945
gcc 0.999 0.996 0.988 0.966 1.000 0.999 0.994 0.982

Wt. Avg. 0.979 0.958 0.930 0.866 1.001 1.005 1.003 0.974

Table I4-6d: Execution time speedups for complete-subblock TLBs relative to single-page-size (4KB)
TLBs with same TLB reach (512-block 4-way set-associative)

Workload
Complete-subblock

N blocks: s subblock factor
Complete-subblock with preloading

N blocks: s subblock factor
256:2 128:4 64:8 32:16 256:2 128:4 64:8 32:16

coral 0.922 0.852 0.779 0.703 0.952 0.930 0.935 0.936
nasa7 0.997 0.992 0.981 0.961 1.000 1.000 1.000 1.000

compress 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
fftpde 0.997 0.991 0.979 0.960 0.997 0.991 0.982 1.050
wave5 1.000 1.000 1.000 0.994 1.000 1.000 1.000 0.997
mp3d 1.000 0.999 0.997 0.987 1.001 1.001 1.000 0.997
spice 1.000 1.000 1.000 0.992 1.000 1.000 1.000 0.997
pthor 0.989 0.981 0.973 0.961 0.997 1.000 1.002 0.999
ML 0.998 0.996 0.990 0.976 1.002 1.003 1.002 0.995
gcc 1.000 1.000 0.999 0.998 1.000 1.000 1.000 1.000

Wt. Avg. 0.988 0.976 0.960 0.936 0.994 0.991 0.990 0.997
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Table I4-9a: Execution time speedups for complete-subblock TLBs relative to superpage TLBs (64-
block fully-associative)

Workload
subblock factor:superpage size

With preloading
subblock factor:superpage size

2:8KB 4:16KB 8:32KB 16:64KB 2:8KB 4:16KB 8:32KB 16:64KB
coral 0.925 0.876 0.870 0.853 1.001 1.003 1.006 1.009
nasa7 0.836 0.774 1.002 1.000 1.000 1.001 1.002 1.000

compress 0.995 1.001 1.000 1.003 1.001 1.001 1.000 1.003
fftpde 0.999 0.999 0.999 0.897 1.000 1.000 1.001 0.997
wave5 0.959 1.000 1.000 1.000 1.000 1.000 1.000 1.000
mp3d 0.981 0.985 0.999 0.999 1.003 1.007 1.000 1.000
spice 0.994 0.998 0.999 1.000 1.001 1.000 1.000 1.000
pthor 0.988 0.978 0.973 0.975 1.001 1.002 1.002 1.003
ML 0.994 0.991 0.992 0.995 1.002 1.003 1.002 1.002
gcc 0.999 1.000 1.000 1.000 1.001 1.001 1.000 1.000

Wt. Avg. 0.958 0.948 0.978 0.965 1.001 1.002 1.002 1.002

Table I4-9b: Execution time speedups for complete-subblock TLBs relative to superpage TLBs (128-
block fully-associative)

Workload
subblock factor:superpage size

With preloading
subblock factor:superpage size

2:8KB 4:16KB 8:32KB 16:64KB 2:8KB 4:16KB 8:32KB 16:64KB
coral 0.969 0.936 0.894 0.871 1.001 1.003 1.006 1.010
nasa7 0.869 1.000 1.000 1.000 1.001 1.000 1.000 1.000

compress 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
fftpde 0.999 0.999 0.999 0.999 1.000 1.000 1.001 1.000
wave5 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
mp3d 0.998 0.999 0.999 1.000 1.001 1.000 1.000 1.000
spice 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000
pthor 0.988 0.981 0.983 0.995 1.001 1.001 1.001 1.003
ML 0.995 0.994 0.996 0.998 1.001 1.001 1.001 1.000
gcc 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Wt. Avg. 0.977 0.989 0.984 0.983 1.000 1.001 1.001 1.001

Table I4-9c: Execution time speedups for complete-subblock TLBs relative to superpage TLBs (256-
block 4-way set-associative)

Workload
subblock factor:superpage size

With preloading
subblock factor:superpage size

2:8KB 4:16KB 8:32KB 16:64KB 2:8KB 4:16KB 8:32KB 16:64KB
coral 0.969 0.940 0.918 1.020 1.001 1.003 1.010 1.044
nasa7 0.997 1.000 1.003 1.017 1.000 1.000 1.003 1.017

compress 1.000 1.000 1.019 1.231 1.000 1.000 1.020 1.231
fftpde 1.000 0.999 1.000 1.006 1.000 1.000 1.001 1.006
wave5 1.000 1.000 1.000 1.004 1.000 1.000 1.000 1.004
mp3d 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000
spice 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
pthor 0.992 1.002 1.006 1.204 1.001 1.010 1.010 1.204
ML 0.996 0.997 1.002 1.008 1.000 1.001 1.004 1.008
gcc 1.000 1.000 1.071 1.174 1.000 1.000 1.071 1.174

Wt. Avg. 0.995 0.992 1.000 1.066 1.000 1.001 1.012 1.069
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Table I5-1a: Execution time speedup with partial-subblock TLBs relative to single-page-size (4KB)
TLBs with same number of blocks (64-block fully-associative)

Workload
Partial-subblock
subblock factor

Partial-subblock with preloading
subblock factor

2 4 8 16 2 4 8 16
coral 1.064 1.132 1.239 1.324 1.150 1.297 1.435 1.570
nasa7 1.009 1.114 1.647 1.649 1.207 1.442 1.649 1.649

compress 1.256 1.273 1.274 1.274 1.264 1.274 1.275 1.275
fftpde 1.000 1.000 1.000 1.008 1.001 1.001 1.001 1.117
wave5 1.042 1.151 1.151 1.152 1.087 1.152 1.152 1.152
mp3d 1.012 1.068 1.120 1.121 1.036 1.100 1.122 1.123
spice 1.047 1.068 1.072 1.072 1.054 1.071 1.072 1.073
pthor 1.003 1.007 1.010 1.015 1.016 1.030 1.040 1.046
ML 1.010 1.018 1.024 1.031 1.017 1.029 1.036 1.040
gcc 1.013 1.019 1.021 1.021 1.015 1.020 1.021 1.021

Wt. Avg. 1.044 1.087 1.156 1.169 1.090 1.149 1.184 1.214

Table I5-1b: Execution time speedup with partial-subblock TLBs relative to single-page-size (4KB)
TLBs with same number of blocks (128-block fully-associative)

Workload
Partial-subblock
subblock factor

Partial-subblock with preloading
subblock factor

2 4 8 16 2 4 8 16
coral 1.134 1.172 1.221 1.327 1.171 1.255 1.373 1.539
nasa7 1.100 1.631 1.632 1.632 1.266 1.632 1.632 1.632

compress 1.010 1.010 1.010 1.010 1.010 1.010 1.010 1.010
fftpde 1.000 1.000 1.000 1.257 1.001 1.001 1.001 1.258
wave5 1.090 1.090 1.090 1.090 1.090 1.090 1.090 1.090
mp3d 1.062 1.071 1.072 1.073 1.066 1.072 1.073 1.073
spice 1.011 1.012 1.013 1.013 1.012 1.013 1.013 1.013
pthor 1.003 1.007 1.019 1.030 1.015 1.027 1.038 1.045
ML 1.005 1.009 1.014 1.017 1.010 1.016 1.020 1.021
gcc 1.003 1.004 1.004 1.004 1.003 1.004 1.004 1.004

Wt. Avg. 1.047 1.101 1.109 1.150 1.072 1.114 1.128 1.172

Table I5-1c: Execution time speedup with partial-subblock TLBs relative to single-page-size (4KB)
TLBs with same number of blocks (256-block 4-way set-associative)

Workload
Partial-subblock
subblock factor

Partial-subblock with preloading
subblock factor

2 4 8 16 2 4 8 16
coral 1.036 1.077 1.166 1.366 1.070 1.148 1.282 1.408
nasa7 1.494 1.503 1.503 1.503 1.498 1.503 1.503 1.503

compress 1.000 1.000 1.000 0.964 1.000 1.000 1.000 0.964
fftpde 1.000 1.191 1.214 1.441 1.000 1.192 1.214 1.441
wave5 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
mp3d 1.008 1.009 1.010 1.009 1.009 1.010 1.010 1.010
spice 1.002 1.003 1.003 1.003 1.003 1.003 1.003 1.003
pthor 1.007 1.022 1.032 0.904 1.016 1.031 1.037 0.908
ML 1.004 1.008 1.009 1.007 1.008 1.012 1.011 1.009
gcc 1.001 1.001 0.998 0.985 1.001 1.001 0.999 0.987

Wt. Avg. 1.052 1.083 1.097 1.115 1.058 1.093 1.110 1.120
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Table I5-3a: Effect of preloading in partial-subblock TLBs (64-block fully-associative)

Workload

subblock factor 2 subblock factor 4 subblock factor 8 subblock factor 16

Speedup
critical
miss

penalty
Speedup

critical
miss

penalty
Speedup

critical
miss

penalty
Speedup

critical
miss

penalty
coral 1.081 1.20 1.145 1.43 1.158 1.61 1.186 1.96
nasa7 1.197 1.72 1.293 3.33 1.001 5.56 1.000 3.33

compress 1.006 1.69 1.000 1.59 1.000 1.39 1.000 1.35
fftpde 1.001 1.00 1.001 1.01 1.001 1.01 1.109 1.96
wave5 1.043 1.75 1.000 2.94 1.000 4.17 1.000 4.76
mp3d 1.024 1.32 1.030 2.50 1.002 2.94 1.001 9.09
spice 1.008 1.45 1.003 2.78 1.001 6.25 1.000 7.69
pthor 1.013 1.33 1.023 1.89 1.029 2.86 1.031 4.17
ML 1.008 1.32 1.011 1.85 1.011 2.63 1.009 4.35
gcc 1.002 1.37 1.001 2.22 1.000 2.04 1.000 1.72

Wt. Avg. 1.045 1.332 1.057 1.649 1.024 1.409 1.038 2.045

Table I5-3b: Effect of preloading in partial-subblock TLBs (128-block fully-associative)

Workload

subblock factor 2 subblock factor 4 subblock factor 8 subblock factor 16

Speedup
critical
miss

penalty
Speedup

critical
miss

penalty
Speedup

critical
miss

penalty
Speedup

critical
miss

penalty
coral 1.033 1.10 1.071 1.27 1.124 1.64 1.159 2.70
nasa7 1.151 1.67 1.000 3.12 1.000 1.23 1.000 1.41

compress 1.000 1.23 1.000 1.23 1.000 1.27 1.000 1.27
fftpde 1.001 1.00 1.001 1.01 1.001 1.01 1.001 6.67
wave5 1.000 1.75 1.000 2.78 1.000 3.85 1.000 4.35
mp3d 1.004 1.56 1.001 2.50 1.001 5.56 1.000 1.15
spice 1.001 1.89 1.000 3.45 1.000 1.64 1.000 1.43
pthor 1.012 1.37 1.020 1.96 1.019 2.94 1.014 4.55
ML 1.005 1.49 1.007 2.50 1.006 4.35 1.003 6.67
gcc 1.000 1.45 1.000 1.43 1.000 1.56 1.000 1.56

Wt. Avg. 1.024 1.254 1.012 1.200 1.017 1.360 1.019 2.79

Table I5-3c: Effect of preloading in partial-subblock TLBs (256-block fully-associative)

Workload

subblock factor 2 subblock factor 4 subblock factor 8 subblock factor 16

Speedup
critical
miss

penalty
Speedup

critical
miss

penalty
Speedup

critical
miss

penalty
Speedup

critical
miss

penalty
coral 1.030 1.12 1.062 1.33 1.097 1.96 1.032 3.85
nasa7 1.000 1.64 1.000 1.25 1.000 1.35 1.000 1.41

compress 1.000 1.23 1.000 1.19 1.000 1.22 1.000 1.23
fftpde 1.001 1.85 1.002 3.45 1.001 4.76 1.000 1.01
wave5 1.000 1.69 1.000 2.70 1.000 3.57 1.000 1.25
mp3d 1.001 1.69 1.001 3.33 1.000 1.05 1.000 1.14
spice 1.000 1.92 1.000 1.30 1.000 1.37 1.000 1.45
pthor 1.009 1.39 1.010 2.00 1.001 3.03 1.000 2.38
ML 1.004 1.69 1.004 3.03 1.002 5.00 1.001 7.14
gcc 1.000 1.22 1.000 1.39 1.000 1.56 1.000 1.56

Wt. Avg. 1.005 1.155 1.009 1.377 1.011 1.995 1.003 3.756
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Table I5-3d: Effect of preloading in partial-subblock TLBs (256-block 4-way set-associative)

Workload

subblock factor 2 subblock factor 4 subblock factor 8 subblock factor 16

Speedup
critical
miss

penalty
Speedup

critical
miss

penalty
Speedup

critical
miss

penalty
Speedup

critical
miss

penalty
coral 1.033 1.14 1.066 1.33 1.099 1.96 1.031 3.23
nasa7 1.003 1.92 1.000 2.13 1.000 1.75 1.000 1.04

compress 1.000 1.14 1.000 1.30 1.000 1.33 1.000 1.00
fftpde 1.000 1.00 1.001 1.01 1.000 1.00 1.000 1.05
wave5 1.000 1.72 1.000 2.70 1.000 3.57 1.000 1.56
mp3d 1.001 1.67 1.001 2.86 1.000 2.33 1.001 3.12
spice 1.000 1.85 1.000 2.63 1.000 1.22 1.000 1.30
pthor 1.009 1.37 1.009 1.92 1.005 2.86 1.005 1.04
ML 1.004 1.59 1.004 2.50 1.002 1.56 1.002 1.27
gcc 1.000 1.23 1.000 1.41 1.001 1.28 1.002 1.15

Wt. Avg. 1.006 1.076 1.009 1.209 1.012 1.383 1.004 1.190

Table I5-3e: Effect of preloading in partial-subblock TLBs (512-block 4-way set-associative)

Workload

subblock factor 2 subblock factor 4 subblock factor 8 subblock factor 16

Speedup
critical
miss

penalty
Speedup

critical
miss

penalty
Speedup

critical
miss

penalty
Speedup

critical
miss

penalty
coral 1.025 1.15 1.040 1.43 1.014 2.13 1.004 2.33
nasa7 1.000 1.18 1.000 1.30 1.000 1.32 1.000 1.04

compress 1.000 1.16 1.000 1.23 1.000 1.35 1.004 1.11
fftpde 1.001 1.00 1.000 1.00 1.000 1.03 1.000 1.06
wave5 1.000 1.72 1.000 2.56 1.000 1.61 1.000 1.25
mp3d 1.000 1.85 1.000 1.52 1.000 1.11 1.000 1.15
spice 1.000 1.59 1.000 1.30 1.000 1.35 1.000 1.28
pthor 1.002 1.33 1.002 2.08 1.001 2.63 1.004 1.03
ML 1.002 1.69 1.001 2.63 1.000 1.23 1.000 1.01
gcc 1.000 1.22 1.000 1.41 1.000 1.02 1.000 1.00

Wt. Avg. 1.003 1.088 1.005 1.165 1.002 1.809 1.001 1.059

Table I5-4a: Execution time speedups for partial-subblock TLBs (with preloading) relative to
similar single-page-size (4KB) TLBs (64-block fully-associative)

Workload
Partial-subblock subblock factor

With OS support
Partial-subblock subblock factor

Without OS support
2 4 8 16 2 4 8 16

coral 1.150 1.297 1.435 1.570 1.000 1.000 1.000 1.000
nasa7 1.207 1.442 1.649 1.649 1.001 1.002 1.000 1.000

compress 1.264 1.274 1.275 1.275 0.999 0.999 1.000 0.999
fftpde 1.001 1.001 1.001 1.117 1.000 1.000 1.000 1.000
wave5 1.087 1.152 1.152 1.152 1.000 1.000 1.000 1.000
mp3d 1.036 1.100 1.122 1.123 1.001 1.001 1.000 1.000
spice 1.054 1.071 1.072 1.073 1.000 1.000 1.000 1.000
pthor 1.016 1.030 1.040 1.046 1.000 1.000 1.000 1.000
ML 1.017 1.029 1.036 1.040 1.000 1.000 1.000 1.000
gcc 1.015 1.020 1.021 1.021 1.000 1.000 1.000 1.000

Wt. Avg. 1.090 1.149 1.184 1.214 1.000 1.000 1.000 1.000
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Table I5-4b: Execution time speedups for partial-subblock TLBs (with preloading) relative to
similar single-page-size (4KB) TLBs (256-block 4-way set-associative)

Workload
Partial-subblock subblock factor

With OS support
Partial-subblock subblock factor

Without OS support
2 4 8 16 2 4 8 16

coral 1.070 1.148 1.282 1.408 0.975 0.906 0.710 0.688
nasa7 1.498 1.503 1.503 1.503 1.162 1.186 0.880 0.850

compress 1.000 1.000 1.000 0.964 1.000 0.993 0.683 0.542
fftpde 1.000 1.192 1.214 1.441 1.000 1.190 1.210 1.431
wave5 1.000 1.000 1.000 1.000 0.994 0.959 0.744 0.673
mp3d 1.009 1.010 1.010 1.010 0.998 0.996 0.935 0.896
spice 1.003 1.003 1.003 1.003 0.992 0.975 0.876 0.794
pthor 1.016 1.031 1.037 0.908 0.999 0.988 0.982 0.823
ML 1.008 1.012 1.011 1.009 0.998 0.991 0.972 0.954
gcc 1.001 1.001 0.999 0.987 0.999 0.993 0.886 0.774

Wt. Avg. 1.058 1.093 1.110 1.120 1.013 1.019 0.868 0.806

Table I5-7a: Execution time speedups relative to single-page-size (4KB) TLBs of equal area (64-
block single-page-size TLB)

Workload
Superpage

(32KB)
Partial-subblock Complete-subblock

2 4 8 16 2 4 8 16
coral 1.422 1.064 1.130 1.211 1.296 1.032 1.025 0.959 0.874
nasa7 1.639 1.009 1.109 1.554 1.649 1.005 1.040 1.053 0.915

compress 1.274 1.256 1.273 1.274 1.274 1.183 1.255 1.243 0.850
fftpde 1.001 1.000 1.000 1.000 1.009 1.000 1.000 1.000 1.000
wave5 1.152 1.042 1.151 1.151 1.152 1.011 1.055 1.073 0.843
mp3d 1.122 1.012 1.062 1.120 1.121 0.999 0.991 0.977 0.907
spice 1.072 1.047 1.068 1.072 1.072 1.022 1.014 0.899 0.471
pthor 1.039 1.003 1.006 1.009 1.012 1.001 0.999 0.975 0.823
ML 1.034 1.010 1.017 1.023 1.028 1.001 0.995 0.968 0.819
gcc 1.020 1.013 1.019 1.020 1.021 1.006 1.009 0.978 0.807

Wt. Avg. 1.182 1.044 1.085 1.145 1.165 1.025 1.036 1.008 0.813

Table I5-7b: Execution time speedups relative to single-page-size (4KB) TLBs of equal area (128-
block single-page-size TLB)

Workload
Superpage

(32KB)
Partial-subblock Complete-subblock

2 4 8 16 2 4 8 16
coral 1.361 1.133 1.170 1.213 1.288 1.013 1.007 0.983 0.913
nasa7 1.632 1.098 1.631 1.632 1.632 1.075 1.148 1.315 1.314

compress 1.010 1.010 1.010 1.010 1.010 1.010 1.010 1.010 1.004
fftpde 1.002 1.000 1.000 1.000 1.256 1.000 1.000 1.000 1.000
wave5 1.090 1.090 1.090 1.090 1.090 1.086 1.090 1.090 1.087
mp3d 1.073 1.061 1.071 1.072 1.073 1.024 1.067 1.069 1.042
spice 1.013 1.011 1.012 1.013 1.013 1.008 1.011 1.011 1.011
pthor 1.037 1.003 1.007 1.017 1.027 1.001 1.001 0.999 0.992
ML 1.019 1.005 1.009 1.014 1.017 1.002 1.002 0.998 0.980
gcc 1.004 1.003 1.004 1.004 1.004 1.002 1.003 1.003 1.000

Wt. Avg. 1.127 1.047 1.100 1.107 1.145 1.023 1.036 1.048 1.030



155

Table I5-7c: Execution time speedups relative to single-page-size (4KB) TLBs of equal area (256-
block single-page-size TLB)

Workload
Superpage

(32KB)
Partial-subblock Complete-subblock

2 4 8 16 2 4 8 16
coral 1.252 1.034 1.065 1.139 1.308 1.003 0.987 0.965 0.921
nasa7 1.366 1.366 1.366 1.366 1.366 1.192 1.366 1.366 1.366

compress 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
fftpde 1.002 1.000 1.000 1.001 1.002 1.000 1.000 0.797 0.804
wave5 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
mp3d 1.005 1.003 1.004 1.005 1.005 1.003 1.003 1.003 1.003
spice 1.001 1.001 1.001 1.001 1.001 1.001 1.001 1.001 1.001
pthor 1.040 1.007 1.019 1.040 1.040 1.002 1.003 1.002 0.997
ML 1.012 1.004 1.007 1.010 1.011 1.002 1.003 1.003 1.001
gcc 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Wt. Avg. 1.070 1.041 1.047 1.058 1.075 1.022 1.034 1.007 1.000

Table I5-7d: Execution time speedups relative to single-page-size (4KB) TLBs of equal area (512-
block single-page-size TLB)

Workload
Superpage

(32KB)
Partial-subblock Complete-subblock

2 4 8 16 2 4 8 16
coral 1.231 1.035 1.087 1.210 1.249 0.996 0.977 0.962 0.939
nasa7 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

compress 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
fftpde 1.003 1.000 1.002 1.002 1.003 1.000 1.000 1.001 1.001
wave5 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
mp3d 1.002 1.001 1.002 1.002 1.002 1.000 1.002 1.002 1.002
spice 1.001 1.001 1.001 1.001 1.001 1.001 1.001 1.001 1.001
pthor 1.021 1.018 1.020 1.021 1.021 1.010 1.014 1.007 1.000
ML 1.008 1.003 1.006 1.008 1.008 1.002 1.004 1.005 1.005
gcc 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Wt. Avg. 1.027 1.006 1.013 1.025 1.028 1.001 0.999 0.997 0.993

Table I5-8a: Execution time speedups using preloading in subblock TLBs relative to single-page-size
(4KB) TLB of equal area (64-block single-page-size TLB)

Workload
Superpage

(32KB)
Partial-subblock Complete-subblock

2 4 8 16 2 4 8 16
coral 1.422 1.150 1.295 1.423 1.543 1.123 1.227 1.283 1.217
nasa7 1.639 1.207 1.439 1.639 1.649 1.205 1.405 1.518 1.285

compress 1.274 1.264 1.274 1.275 1.275 1.217 1.268 1.267 1.126
fftpde 1.001 1.001 1.001 1.001 1.118 1.001 1.001 1.002 1.112
wave5 1.152 1.087 1.152 1.152 1.152 1.066 1.121 1.135 1.005
mp3d 1.122 1.036 1.097 1.122 1.123 1.020 1.030 1.024 0.950
spice 1.072 1.054 1.071 1.072 1.072 1.035 1.038 0.964 0.580
pthor 1.039 1.016 1.030 1.039 1.046 1.014 1.025 1.009 0.879
ML 1.034 1.017 1.029 1.035 1.039 1.010 1.011 0.997 0.880
gcc 1.020 1.015 1.020 1.021 1.021 1.010 1.015 1.010 0.939

Wt. Avg. 1.182 1.090 1.148 1.182 1.211 1.076 1.120 1.125 0.984
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Table I5-8b: Execution time speedups using preloading in subblock TLBs relative to single-page-size
(4KB) TLB of equal area (128-block single-page-size TLB)

Workload
Superpage

(32KB)
Partial-subblock Complete-subblock

2 4 8 16 2 4 8 16
coral 1.361 1.170 1.253 1.364 1.508 1.078 1.146 1.205 1.222
nasa7 1.632 1.266 1.632 1.632 1.632 1.250 1.449 1.582 1.606

compress 1.010 1.010 1.010 1.010 1.010 1.010 1.010 1.010 1.010
fftpde 1.002 1.001 1.001 1.001 1.258 1.001 1.001 1.002 1.113
wave5 1.090 1.090 1.090 1.090 1.090 1.087 1.090 1.090 1.089
mp3d 1.073 1.065 1.072 1.073 1.073 1.041 1.070 1.071 1.067
spice 1.013 1.012 1.013 1.013 1.013 1.010 1.012 1.013 1.013
pthor 1.037 1.015 1.027 1.038 1.044 1.013 1.024 1.030 1.031
ML 1.019 1.010 1.016 1.019 1.021 1.008 1.012 1.011 1.003
gcc 1.004 1.003 1.004 1.004 1.004 1.003 1.004 1.004 1.004

Wt. Avg. 1.127 1.072 1.114 1.127 1.169 1.056 1.087 1.104 1.120

Table I5-8c: Execution time speedups using preloading in subblock TLBs relative to single-page-size
(4KB) TLB of equal area (256-block single-page-size TLB)

Workload
Superpage

(32KB)
Partial-subblock Complete-subblock

2 4 8 16 2 4 8 16
coral 1.252 1.064 1.133 1.254 1.375 1.033 1.056 1.090 1.102
nasa7 1.366 1.366 1.366 1.366 1.366 1.273 1.366 1.366 1.366

compress 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
fftpde 1.002 1.001 1.002 1.002 1.003 1.001 1.002 0.798 0.891
wave5 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
mp3d 1.005 1.004 1.005 1.005 1.005 1.004 1.004 1.005 1.005
spice 1.001 1.001 1.001 1.001 1.001 1.001 1.001 1.001 1.001
pthor 1.040 1.016 1.030 1.040 1.041 1.013 1.022 1.027 1.031
ML 1.012 1.007 1.011 1.012 1.013 1.006 1.009 1.011 1.011
gcc 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Wt. Avg. 1.070 1.046 1.057 1.070 1.081 1.035 1.046 1.026 1.041

Table I5-8d: Execution time speedups using preloading in subblock TLBs relative to single-page-size
(4KB) TLB of equal area (512-block single-page-size TLB)

Workload
Superpage

(32KB)
Partial-subblock Complete-subblock

2 4 8 16 2 4 8 16
coral 1.231 1.060 1.131 1.231 1.249 1.023 1.036 1.074 1.103
nasa7 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

compress 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
fftpde 1.003 1.001 1.002 1.003 1.003 1.001 1.002 1.002 1.002
wave5 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
mp3d 1.002 1.001 1.002 1.002 1.002 1.001 1.002 1.002 1.002
spice 1.001 1.001 1.001 1.001 1.001 1.001 1.001 1.001 1.001
pthor 1.021 1.019 1.021 1.021 1.021 1.013 1.018 1.016 1.016
ML 1.008 1.005 1.007 1.008 1.008 1.005 1.007 1.007 1.008
gcc 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Wt. Avg. 1.027 1.010 1.018 1.027 1.028 1.005 1.007 1.011 1.014
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Table I5-9a: Execution time speedups using base pages relative to single-page-size (4KB) TLBs of
equal area (without preloading) (64-block single-page-size TLB)

Workload
Superpage

(32KB)
Partial-subblock Complete-subblock

2 4 8 16 2 4 8 16
coral 0.993 0.999 0.997 0.990 0.984 1.032 1.025 0.959 0.874
nasa7 0.999 1.001 1.001 0.998 0.941 1.005 1.040 1.053 0.915

compress 0.984 1.000 0.992 0.976 0.946 1.183 1.255 1.243 0.850
fftpde 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
wave5 1.000 1.000 1.000 0.999 0.997 1.011 1.055 1.073 0.843
mp3d 0.999 1.000 0.999 0.998 0.995 0.999 0.991 0.977 0.907
spice 0.991 0.997 0.994 0.988 0.973 1.022 1.014 0.899 0.471
pthor 1.000 1.000 1.000 0.999 0.999 1.001 0.999 0.975 0.823
ML 0.998 1.000 1.000 0.997 0.993 1.001 0.995 0.968 0.819
gcc 0.998 1.000 0.999 0.997 0.994 1.006 1.009 0.978 0.807

Wt. Avg. 0.996 1.000 0.998 0.994 0.980 1.025 1.036 1.008 0.813

Table I5-9b: Execution time speedups using base pages relative to single-page-size (4KB) TLBs of
equal area (without preloading) (128-block single-page-size TLB)

Workload
Superpage

(32KB)
Partial-subblock Complete-subblock

2 4 8 16 2 4 8 16
coral 0.988 0.997 0.995 0.988 0.981 1.013 1.007 0.983 0.913
nasa7 0.999 1.000 1.000 0.999 0.997 1.075 1.148 1.315 1.314

compress 0.999 1.000 0.999 0.999 0.997 1.010 1.010 1.010 1.004
fftpde 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
wave5 0.987 0.996 0.993 0.985 0.981 1.086 1.090 1.090 1.087
mp3d 0.997 0.999 0.999 0.996 0.990 1.024 1.067 1.069 1.042
spice 0.998 0.999 0.999 0.998 0.995 1.008 1.011 1.011 1.011
pthor 1.000 1.000 1.000 1.000 0.999 1.001 1.001 0.999 0.992
ML 0.999 1.000 0.999 0.999 0.998 1.002 1.002 0.998 0.980
gcc 1.000 1.000 1.000 1.000 0.999 1.002 1.003 1.003 1.000

Wt. Avg. 0.996 0.999 0.998 0.996 0.993 1.023 1.036 1.048 1.030

Table I5-9c: Execution time speedups using base pages relative to single-page-size (4KB) TLBs of
equal area (without preloading) (256-block single-page-size TLB)

Workload
Superpage

(32KB)
Partial-subblock Complete-subblock

2 4 8 16 2 4 8 16
coral 0.994 0.999 0.998 0.991 0.981 1.003 0.987 0.965 0.921
nasa7 0.997 0.999 0.998 0.994 0.986 1.192 1.366 1.366 1.366

compress 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
fftpde 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.797 0.804
wave5 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
mp3d 0.998 1.000 0.999 0.998 0.993 1.003 1.003 1.003 1.003
spice 1.000 1.000 1.000 1.000 0.999 1.001 1.001 1.001 1.001
pthor 0.999 1.000 1.000 0.999 0.998 1.002 1.003 1.002 0.997
ML 1.000 1.000 1.000 1.000 0.999 1.002 1.003 1.003 1.001
gcc 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Wt. Avg. 0.999 1.000 0.999 0.998 0.995 1.022 1.034 1.007 1.000
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Table I5-9d: Execution time speedups using base pages relative to single-page-size (4KB) TLBs of
equal area (without preloading) (512-block single-page-size TLB)

Workload
Superpage

(32KB)
Partial-subblock Complete-subblock

2 4 8 16 2 4 8 16
coral 0.994 0.999 0.997 0.992 0.980 0.996 0.977 0.962 0.939
nasa7 1.000 1.000 1.000 0.998 0.938 1.000 1.000 1.000 1.000

compress 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
fftpde 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.001 1.001
wave5 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
mp3d 1.000 1.000 1.000 1.000 1.000 1.000 1.002 1.002 1.002
spice 1.000 1.000 1.000 1.000 1.000 1.001 1.001 1.001 1.001
pthor 0.998 1.000 0.999 0.997 0.994 1.010 1.014 1.007 1.000
ML 1.000 1.000 1.000 1.000 0.999 1.002 1.004 1.005 1.005
gcc 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Wt. Avg. 0.999 1.000 1.000 0.999 0.990 1.001 0.999 0.997 0.993

Table I5-11a: Execution time speedups for partial-subblock TLBs relative to single-page-size (4KB)
TLBs with same TLB reach (256-block fully-associative)

Workload
Partial-subblock

N blocks: s subblock factor
Partial-subblock with preloading

N blocks: s subblock factor
128:2 64:4 32:8 16:16 128:2 64:4 32:8 16:16

coral 0.937 0.817 0.759 0.689 0.968 0.936 0.963 0.962
nasa7 0.921 0.923 0.929 0.918 1.060 1.194 1.274 1.312

compress 1.000 0.999 0.985 0.966 1.000 1.000 0.997 0.992
fftpde 0.797 0.797 0.797 0.797 0.797 0.798 0.798 0.886
wave5 1.000 1.000 0.997 0.965 1.000 1.000 0.999 0.977
mp3d 0.995 0.955 0.899 0.864 0.998 0.984 0.960 0.912
spice 1.000 0.997 0.988 0.797 1.001 1.000 0.996 0.889
pthor 0.995 0.991 0.984 0.874 1.007 1.014 1.016 0.948
ML 0.996 0.989 0.967 0.915 1.002 1.000 0.985 0.950
gcc 1.000 0.998 0.989 0.893 1.000 1.000 0.995 0.921

Wt. Avg. 0.957 0.935 0.915 0.853 0.980 0.988 0.994 0.972

Table I5-11b: Execution time speedups for partial-subblock TLBs relative to single-page-size (4KB)
TLBs with same TLB reach (512-block fully-associative)

Workload
Partial-subblock

N blocks: s subblock factor
Partial-subblock with preloading

N blocks: s subblock factor
256:2 128:4 64:8 32:16 256:2 128:4 64:8 32:16

coral 0.921 0.863 0.796 0.706 0.948 0.924 0.922 0.923
nasa7 1.000 0.999 0.999 0.957 1.000 1.000 1.000 0.997

compress 1.000 1.000 1.000 0.998 1.000 1.000 1.000 0.999
fftpde 1.000 0.797 0.797 0.797 1.001 0.798 0.798 0.887
wave5 1.000 1.000 1.000 0.999 1.000 1.000 1.000 1.000
mp3d 1.000 1.000 0.999 0.998 1.001 1.001 1.001 1.000
spice 1.000 1.000 1.000 0.999 1.000 1.000 1.000 1.000
pthor 0.988 0.981 0.976 0.969 0.997 1.000 1.005 1.006
ML 0.999 0.996 0.991 0.973 1.003 1.003 1.001 0.991
gcc 1.000 1.000 1.000 0.992 1.000 1.000 1.000 0.996

Wt. Avg. 0.988 0.955 0.944 0.920 0.994 0.967 0.967 0.977
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Table I5-11c: Execution time speedups for partial-subblock TLBs relative to single-page-size (4KB)
TLBs with same TLB reach (256-block 4-way set-associative)

Workload
Partial-subblock

N blocks: s subblock factor
Partial-subblock with preloading

N blocks: s subblock factor
128:2 64:4 32:8 16:16 128:2 64:4 32:8 16:16

coral 0.920 0.835 0.763 0.698 0.964 0.955 0.970 0.961
nasa7 0.946 0.936 0.929 0.843 1.048 1.126 1.173 1.094

compress 0.999 0.997 0.987 0.936 1.000 0.999 0.996 0.948
fftpde 0.993 0.982 0.923 0.886 0.994 0.983 0.924 0.950
wave5 1.000 0.998 0.994 0.882 1.000 0.999 0.997 0.922
mp3d 0.989 0.960 0.917 0.777 0.994 0.981 0.960 0.807
spice 0.992 0.976 0.868 0.714 0.995 0.983 0.900 0.726
pthor 0.994 0.980 0.869 0.637 1.005 1.004 0.903 0.668
ML 0.994 0.980 0.944 0.860 1.000 0.991 0.966 0.894
gcc 0.998 0.968 0.916 0.808 0.999 0.973 0.930 0.867

Wt. Avg. 0.978 0.954 0.901 0.794 1.000 1.000 0.972 0.880

Table I5-11d: Execution time speedups for partial-subblock TLBs relative to single-page-size (4KB)
TLBs with same TLB reach (512-block 4-way set-associative)

Workload
Partial-subblock

N blocks: s subblock factor
Partial-subblock with preloading

N blocks: s subblock factor
256:2 128:4 64:8 32:16 256:2 128:4 64:8 32:16

coral 0.922 0.851 0.777 0.701 0.952 0.928 0.931 0.927
nasa7 0.997 0.991 0.980 0.957 1.000 1.000 1.000 0.999

compress 1.000 1.000 0.997 0.942 1.000 1.000 0.999 0.955
fftpde 0.997 0.991 0.941 0.923 0.997 0.991 0.942 1.001
wave5 1.000 1.000 0.999 0.992 1.000 1.000 1.000 0.995
mp3d 1.000 0.994 0.988 0.935 1.001 0.998 0.996 0.955
spice 1.000 1.000 0.997 0.928 1.000 1.000 0.999 0.951
pthor 0.988 0.978 0.968 0.767 0.997 0.997 0.997 0.802
ML 0.998 0.994 0.979 0.946 1.002 1.001 0.993 0.968
gcc 1.000 1.000 0.989 0.951 1.000 1.000 0.993 0.961

Wt. Avg. 0.988 0.974 0.950 0.889 0.994 0.989 0.981 0.949

Table I5-13a: Execution time speedups for partial-subblock TLBs relative to superpage TLBs (64-
block fully-associative)

Workload
subblock factor:superpage size

With preloading
subblock factor:superpage size

2:8KB 4:16KB 8:32KB 16:64KB 2:8KB 4:16KB 8:32KB 16:64KB
coral 0.925 0.874 0.867 0.846 1.000 1.001 1.003 1.004
nasa7 0.836 0.773 1.001 1.000 1.000 1.000 1.002 1.000

compress 0.994 1.000 1.000 1.003 1.001 1.000 1.000 1.003
fftpde 0.999 0.999 0.999 0.902 1.000 1.000 1.000 1.000
wave5 0.959 1.000 1.000 1.000 1.000 1.000 1.000 1.000
mp3d 0.978 0.971 0.998 0.999 1.001 1.000 1.000 1.000
spice 0.994 0.998 0.999 1.000 1.001 1.000 1.000 1.000
pthor 0.987 0.978 0.972 0.972 1.000 1.000 1.001 1.002
ML 0.993 0.990 0.989 0.992 1.001 1.001 1.000 1.001
gcc 0.998 0.999 1.000 1.000 1.000 1.000 1.000 1.000

Wt. Avg. 0.958 0.946 0.977 0.964 1.000 1.000 1.001 1.001
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Table I5-13b: Execution time speedups for partial-subblock TLBs relative to superpage TLBs (128-
block fully-associative)

Workload
subblock factor:superpage size

With preloading
subblock factor:superpage size

2:8KB 4:16KB 8:32KB 16:64KB 2:8KB 4:16KB 8:32KB 16:64KB
coral 0.969 0.935 0.892 0.866 1.000 1.001 1.003 1.004
nasa7 0.868 1.000 1.000 1.000 1.000 1.000 1.000 1.000

compress 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
fftpde 0.999 0.999 0.999 0.999 1.000 1.000 1.000 1.000
wave5 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
mp3d 0.996 0.999 0.999 1.000 1.000 1.000 1.000 1.000
spice 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000
pthor 0.988 0.981 0.982 0.987 1.000 1.000 1.000 1.001
ML 0.995 0.993 0.995 0.997 1.000 1.000 1.000 1.000
gcc 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Wt. Avg. 0.976 0.988 0.983 0.982 1.000 1.000 1.000 1.001

Table I5-13c: Execution time speedups for partial-subblock TLBs relative to superpage TLBs (256-
block 4-way set-associative)

Workload
subblock factor:superpage size

With preloading
subblock factor:superpage size

2:8KB 4:16KB 8:32KB 16:64KB 2:8KB 4:16KB 8:32KB 16:64KB
coral 0.969 0.939 0.915 1.006 1.000 1.001 1.006 1.037
nasa7 0.997 1.000 1.003 1.017 1.000 1.000 1.003 1.017

compress 1.000 1.000 1.019 1.187 1.000 1.000 1.019 1.186
fftpde 1.000 0.999 1.000 1.005 1.000 1.000 1.000 1.005
wave5 1.000 1.000 1.000 1.004 1.000 1.000 1.000 1.004
mp3d 0.999 0.999 1.000 0.999 1.000 1.000 1.000 1.000
spice 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
pthor 0.991 1.000 1.003 1.046 1.000 1.009 1.008 1.052
ML 0.996 0.996 0.999 1.000 1.000 1.000 1.001 1.002
gcc 1.000 1.000 1.068 1.155 1.000 1.000 1.069 1.158

Wt. Avg. 0.994 0.992 0.999 1.043 1.000 1.001 1.010 1.047

Table I5-15a: Execution time speedups for partial-subblock TLBs relative to complete-subblock
TLBs with same subblock factor, number of blocks and associativity (64-block fully-associative)

Workload
subblock factor With preloading subblock factor

2 4 8 16 2 4 8 16
coral 1.000 0.998 0.996 0.992 0.999 0.999 0.997 0.995
nasa7 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

compress 0.999 0.999 1.000 1.000 0.999 0.999 1.000 1.000
fftpde 1.000 1.000 1.000 1.005 1.000 1.000 1.000 1.002
wave5 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
mp3d 0.997 0.985 1.000 1.000 0.998 0.993 1.000 1.000
spice 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
pthor 0.999 0.999 0.999 0.997 0.999 0.999 0.999 0.999
ML 0.999 0.998 0.998 0.997 0.999 0.998 0.998 0.999
gcc 0.999 0.999 1.000 1.000 0.999 1.000 1.000 1.000

Wt. Avg. 0.999 0.998 0.999 0.999 0.999 0.999 0.999 0.999
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Table I5-15b: Execution time speedups for partial-subblock TLBs relative to complete-subblock
TLBs with same subblock factor, number of blocks and associativity (128-block fully-associative)

Workload
subblock factor With preloading subblock factor

2 4 8 16 2 4 8 16
coral 0.999 0.999 0.998 0.994 0.999 0.998 0.997 0.994
nasa7 1.000 1.000 1.000 1.000 0.999 1.000 1.000 1.000

compress 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
fftpde 1.000 1.000 1.000 1.000 1.000 1.000 0.999 1.000
wave5 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
mp3d 0.998 1.000 1.000 1.000 0.999 1.000 1.000 1.000
spice 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
pthor 1.000 0.999 0.999 0.992 0.999 0.999 0.999 0.998
ML 0.999 0.999 0.999 0.999 0.999 1.000 1.000 1.000
gcc 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Wt. Avg. 1.000 1.000 0.999 0.998 1.000 1.000 0.999 0.999

Table I5-15c: Execution time speedups for partial-subblock TLBs relative to complete-subblock
TLBs with same subblock factor, number of blocks and associativity (256-block 4-way set-

associative)

Workload
subblock factor With preloading subblock factor

2 4 8 16 2 4 8 16
coral 1.000 0.999 0.997 0.986 1.000 0.998 0.996 0.994
nasa7 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

compress 1.000 1.000 1.000 0.964 1.000 1.000 1.000 0.964
fftpde 1.000 1.000 1.000 0.999 1.000 1.000 0.999 0.999
wave5 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
mp3d 1.000 1.000 1.000 0.999 1.000 1.000 1.000 1.000
spice 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
pthor 1.000 0.998 0.997 0.869 0.999 0.999 0.999 0.873
ML 1.000 0.999 0.997 0.993 1.000 0.999 0.997 0.994
gcc 1.000 1.000 0.998 0.984 1.000 1.000 0.998 0.986

Wt. Avg. 1.000 1.000 0.999 0.978 1.000 1.000 0.999 0.979
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Table J-1: Fully-associative single-page-size (4KB) TLBs

Workload
Number of fully-associative TLB blocks

64 128 162 256 304 512

coral 85975 63525 48969 36666 33085 22712

nasa7 152357 148312 126002 85896 77234 18

compress 21348 818 250 29 28 27

fftpde 11281 11280 117 110 108 107

wave5 14511 8652 1053 46 45 37

mp3d 4050 2396 1599 160 88 55

spice 41923 7442 3789 818 664 323

pthor 2581 2217 2117 1862 1692 961

ML 38424 19303 16119 11610 10240 7334

gcc 2441 449 304 60 43 34

Table J-2: Set-associative (4-way) single-page-size (4KB) TLBs

Workload
Number of 4-way set-associative TLB blocks

128 256 512

coral 59431 38980 24648

nasa7 212513 118016 695

compress 842 41 28

fftpde 19739 19348 19156

wave5 6179 48 38

mp3d 2401 331 56

spice 16241 1663 238

pthor 2284 1830 930

ML 24565 13259 7829

gcc 1012 101 37
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Table J-3: 64-block fully-associative single-page-size (4KB) TLBs (varying replacement policy)

Workload
Replacement policy

GODS Clock Random FIFO

coral 85975 87267 93883 97137

nasa7 152357 151797 157625 158655

compress 21348 22157 26608 25967

fftpde 11281 11279 10117 11998

wave5 14511 14629 11978 13969

mp3d 4050 4059 4908 4846

spice 41923 47624 75532 65518

pthor 2581 2617 2993 2898

ML 38424 39915 52502 49408

gcc 2441 2688 4167 3859

Table J-4: Fully-associative superpage TLBs (superpage sizes 8KB and 16KB)

Workload
#blocks in Superpage TLB (4KB/8KB) #blocks in Superpage TLB (4KB/16KB)

64 128 256 64 128 256

coral 62829 40942 28911 45652 32244 21606

nasa7 85957 67749 43 33965 65 3

compress 709 25 22 76 25 24

fftpde 11241 11237 59 11221 11215 30

wave5 5687 27 21 17 14 12

mp3d 2814 221 34 696 26 9

spice 10504 560 181 1021 107 3

pthor 1834 1532 1106 1213 960 478

ML 22816 10023 4985 12534 4499 1797

gcc 649 70 29 147 28 25

Table J-5: Fully-associative superpage TLBs (superpage size 32KB)

Workload
#blocks in Superpage TLB (4KB/32KB)

62 64 123 128 156 247 256 293 494

coral 33434 32762 22505 21889 18718 10947 10361 8123 1397

nasa7 1457 601 4 4 3 3 3 3 3

compress 64 50 25 25 24 24 24 23 22

fftpde 11207 11206 11187 11197 17 11 10 7 5

wave5 11 11 9 9 9 9 9 8 6

mp3d 32 29 8 7 4 2 2 2 2

spice 103 98 5 5 3 3 3 3 3

pthor 801 790 508 481 403 20 18 14 7

ML 6941 6130 1734 1658 1196 578 516 413 105

gcc 75 62 25 25 24 23 23 23 23
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Table J-6: Fully-associative superpage TLBs (superpage size 64KB)

Workload
#blocks in Superpage TLB (4KB/64KB)

64 128 154 256 290

coral 22119 9811 6744 1252 490

nasa7 22 3 3 3 3

compress 264 25 25 24 24

fftpde 5502 9 6 6 5

wave5 8 8 7 7 6

mp3d 8 2 2 2 2

spice 28 3 3 3 3

pthor 554 221 50 7 7

ML 2827 599 435 177 109

gcc 53 25 24 23 23

Table J-7: 256-block 4-way set-associative superpage TLBs

Workload
Superpage size in exact-index TLB Superpage size in superpage-index TLB

8KB 16KB 32KB 64KB 8KB 16KB 32KB 64KB

coral 30555 22514 10620 1279 30542 22344 10999 4712

nasa7 964 3 3 3 739 13 756 3997

compress 25 25 24 25 24 26 1527 17982

fftpde 18677 8242 7004 12 19342 9188 8232 251

wave5 24 12 9 7 23 13 50 415

mp3d 38 7 2 2 44 11 7 15

spice 147 17 3 3 165 16 36 123

pthor 1080 416 94 15 1081 810 512 9303

ML 5879 2116 626 199 5935 2412 3750 7092

gcc 40 26 24 24 32 55 8215 20110

Table J-8: Fully-associative superpage TLBs (superpage sizes 32KB and 64KB) using base pages

Workload
#blocks in Superpage TLB (4KB/32KB)

using base pages only

#blocks in Superpage
TLB (4KB/64KB)

using base pages only

62 123 156 247 293 494 154 290

coral 87200 65336 49851 37417 33801 23423 50141 34023

nasa7 152755 148807 130573 86991 80092 22 132180 78026

compress 22960 878 343 29 29 27 363 28

fftpde 11280 11268 116 113 108 107 119 108

wave5 14555 10044 1055 47 45 37 1056 45

mp3d 4105 2522 1733 211 93 56 1778 94

spice 47734 8595 4164 882 687 330 4357 687

pthor 2597 2237 2134 1890 1729 1066 2139 1737

ML 40222 20184 16904 11912 10629 7607 17129 10831

gcc 2636 483 327 67 46 34 335 47
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Table J-9: 4-way Set-associative superpage TLBs with superpage index (superpage sizes 32KB and
64KB) using base pages only

Workload
256-block set-associative Superpage TLB

using base pages only

512-block set-associative
Superpage TLB

using base pages only

8KB 16KB 32KB 64KB 32KB 64KB

coral 42299 52751 95075 98138 83438 86404

nasa7 69508 63955 166338 180153 162444 180155

compress 146 647 36221 66226 36245 65895

fftpde 19379 9295 8388 359 228 218

wave5 538 4088 33005 46577 31638 46187

mp3d 414 454 2675 4190 2630 3803

spice 6422 16441 83467 152467 82312 152458

pthor 1892 2419 2709 11959 2082 11737

ML 15356 21096 40136 59033 31804 53043

gcc 184 942 6517 25868 14941 33855

Table J-10: Fully-associative complete-subblock TLBs (subblock factor 2) - no preloading

Workload
#blocks in complete-subblock TLB (subblock factor 2)

51 64 102 128 206 256 413

coral 80450 75252 61506 45151 36343 32400 23145

nasa7 150306 148932 121493 113464 34296 18 4

compress 6072 1100 48 30 27 27 25

fftpde 11279 11279 11280 11278 111 109 103

wave5 13324 10013 412 46 40 37 33

mp3d 4068 3517 1565 282 71 58 40

spice 28796 14328 2880 1000 456 323 4

pthor 2553 2419 2182 2077 1754 1520 521

ML 37452 28114 17776 14368 9903 8377 5572

gcc 1738 785 237 88 36 34 34

Table J-11: Fully-associative complete-subblock TLBs (subblock factor 2) - with preloading

Workload
#blocks in complete-subblock TLB (subblock factor 2)

51 64 102 128 206 256 413

coral 66524 62715 52379 40847 32597 28834 20155

nasa7 86637 85870 71825 67591 17242 12 3

compress 3666 623 33 21 20 19 18

fftpde 11240 11239 11240 11237 61 59 55

wave5 7709 5653 308 26 23 21 19

mp3d 3328 2704 1012 183 45 34 21

spice 20723 9915 1713 530 241 172 3

pthor 1906 1789 1590 1505 1261 1088 369

ML 28904 21278 11906 9539 6040 4779 3104

gcc 1316 553 156 59 28 27 26
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Table J-12: Fully-associative complete-subblock TLBs (subblock factor 4) - no preloading

Workload
#blocks in complete-subblock TLB (subblock factor 4)

35 64 72 128 147 297

coral 81637 65055 62427 40627 38306 25424

nasa7 137416 112547 99065 121 15 3

compress 1226 36 32 28 27 25

fftpde 11280 11279 11279 11274 111 95

wave5 8754 47 47 38 37 31

mp3d 4382 1205 183 63 56 3

spice 33337 2423 947 323 287 3

pthor 2620 2239 2183 1842 1710 337

ML 43003 20429 17891 9773 8728 3853

gcc 1336 125 77 35 34 34

Table J-13: Fully-associative complete-subblock TLBs (subblock factor 4) - with preloading

Workload
#blocks in complete-subblock TLB (subblock factor 4)

35 64 72 128 147 297

coral 53269 45247 43790 31893 29907 18769

nasa7 40876 33766 29579 38 6 3

compress 396 20 19 17 17 16

fftpde 11222 11219 11220 11214 35 28

wave5 2659 16 16 13 13 12

mp3d 2961 462 99 25 20 2

spice 19334 860 275 91 79 3

pthor 1427 1145 1110 908 840 158

ML 27766 9902 8257 3997 3126 1214

gcc 679 56 38 23 23 23

Table J-14: Fully-associative complete-subblock TLBs (subblock factor 8) - no preloading

Workload
#blocks in complete-subblock TLB (subblock factor 8)

20 32 44 64 92 128 188

coral 93477 76671 66249 51195 41272 35245 27260

nasa7 132846 108599 56674 216 10 3 3

compress 2002 812 38 29 27 27 26

fftpde 11282 11279 11280 11276 11264 11258 80

wave5 7061 139 46 39 35 31 30

mp3d 4933 3248 113 74 51 26 2

spice 111680 6715 870 396 58 3 3

pthor 3813 2504 2256 2053 1783 1273 652

ML 70097 34052 21579 13624 8570 5731 3184

gcc 5125 329 69 36 34 34 34
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Table J-15: Fully-associative complete-subblock TLBs (subblock factor 8) - with preloading

Workload
#blocks in complete-subblock TLB (subblock factor 8)

20 32 44 64 92 128 188

coral 46897 41064 37284 31983 26161 21175 14900

nasa7 20281 16461 7367 34 4 3 2

compress 495 153 18 17 16 16 15

fftpde 11194 11188 11188 11184 11177 11173 14

wave5 1389 63 11 10 9 8 8

mp3d 3167 1086 61 24 10 5 2

spice 65097 2432 144 61 11 3 2

pthor 2153 968 818 710 598 423 213

ML 41532 17132 9273 3965 1965 1128 562

gcc 1241 104 29 22 21 21 20

Table J-16: Fully-associative complete-subblock TLBs (subblock factor 16) - no preloading

Workload
#blocks in complete-subblock TLB (subblock factor 16)

9 16 23 32 51 64 107 128

coral 111589 93184 78236 69193 47665 41637 30153 24706

nasa7 188088 110246 56837 10408 11 4 3 3

compress 38772 1296 534 35 29 28 27 26

fftpde 11287 11280 11278 11278 10821 11131 72 52

wave5 35009 3268 332 42 34 32 29 28

mp3d 7865 4853 991 91 50 39 2 2

spice 738567 117707 1327 563 63 4 3 3

pthor 12910 3984 2599 2265 1979 1738 937 445

ML 246857 71705 37760 22605 10598 7103 3081 2353

gcc 30591 1492 428 40 35 34 34 34

Table J-17: Fully-associative complete-subblock TLBs (subblock factor 16) - with preloading

Workload
#blocks in complete-subblock TLB (subblock factor 16)

9 16 23 32 51 64 107 128

coral 54348 40381 35397 31626 24829 21159 12104 8854

nasa7 66542 8637 3763 678 3 2 2 2

compress 10238 183 73 17 16 15 14 15

fftpde 5727 5710 5709 5704 5472 5629 9 7

wave5 13932 2157 140 8 7 7 7 6

mp3d 6001 2113 171 31 7 4 2 2

spice 491353 55210 167 48 21 2 2 2

pthor 9188 2005 769 574 458 390 208 97

ML 167066 38062 16398 7622 1892 1042 342 226

gcc 10106 561 41 21 20 20 19 20
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Table J-18: 4-way set-associative complete-subblock TLBs (subblock factor 2)

Workload
without preloading with preloading

128 256 512 128 256 512

coral 50232 34427 19946 43729 30453 17247

nasa7 138182 1368 3 101631 693 3

compress 74 28 26 32 21 19

fftpde 19760 19370 8608 19729 19337 8573

wave5 66 39 32 42 23 19

mp3d 638 62 23 419 37 12

spice 6041 283 11 4664 152 7

pthor 2100 1458 367 1533 1052 269

ML 17586 9222 4478 12535 5572 2475

gcc 197 38 34 136 29 27

Table J-19: 4-way set-associative complete-subblock TLBs (subblock factor 4)

Workload
without preloading with preloading

64 128 256 512 64 128 256 512

coral 64365 44670 29555 13590 44683 33354 21984 9520

nasa7 141920 2664 3 3 78394 678 3 3

compress 167 30 27 25 70 18 16 16

fftpde 20507 19757 9239 8062 20461 19710 9184 8050

wave5 140 44 32 28 74 16 12 11

mp3d 1383 84 23 2 706 35 7 2

spice 15924 361 18 3 11735 108 7 3

pthor 2370 1824 744 94 1259 925 368 42

ML 27816 11767 5101 1527 15268 4733 1696 466

gcc 571 40 34 34 165 25 23 23

Table J-20: 4-way set-associative complete-subblock TLBs (subblock factor 8) - no preloading

Workload
#blocks in complete-subblock TLB (subblock factor 8)

32 64 128 256 512

coral 78790 57433 37893 20058 1941

nasa7 144691 5176 4 3 3

compress 651 32 28 26 25

fftpde 21976 20506 10421 8232 5

wave5 347 65 33 28 6

mp3d 2780 147 26 2 2

spice 47427 477 28 3 3

pthor 3381 2197 1254 247 9

ML 49542 16829 6424 1872 181

gcc 1453 120 35 34 34
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Table J-21: 4-way set-associative complete-subblock TLBs (subblock factor 8) - with preloading

Workload
#blocks in complete-subblock TLB (subblock factor 8)

32 64 128 256 512

coral 42302 32641 21906 9990 819

nasa7 65575 659 3 2 2

compress 171 22 15 14 14

fftpde 21702 20331 10261 8190 4

wave5 181 21 9 8 5

mp3d 1243 47 5 2 2

spice 31677 88 6 2 2

pthor 1708 840 427 72 6

ML 29013 6416 1490 339 41

gcc 775 23 21 21 21

Table J-22: 4-way set-associative complete-subblock TLBs (subblock factor 16) - no preloading

Workload
#blocks in complete-subblock TLB (subblock factor 16)

16 32 64 128 256 512

coral 95012 73534 49184 25367 2875 7

nasa7 147647 10361 4 3 3 3

compress 1441 59 29 27 25 25

fftpde 24820 21770 11367 8550 5 5

wave5 12930 638 36 28 6 6

mp3d 4771 498 31 2 2 2

spice 222483 4812 101 3 3 3

pthor 6061 2797 1706 465 11 6

ML 111782 30352 8960 2373 252 19

gcc 4187 232 62 34 34 34

Table J-23: 4-way set-associative complete-subblock TLBs (subblock factor 16) - with preloading

Workload
#blocks in complete-subblock TLB (subblock factor 16)

16 32 128 256 512

coral 43729 32581 9228 682 6

nasa7 59724 666 2 2 2

compress 203 24 14 14 14

fftpde 19585 16192 8475 4 4

wave5 7003 367 7 5 5

mp3d 2502 148 2 2 2

spice 138139 1919 2 2 2

pthor 3484 994 89 6 5

ML 67032 12683 275 36 15

gcc 2265 24 20 20 20
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Table J-24: Fully-associative partial-subblock TLBs (subblock factor 2) - no preloading

Workload
#blocks in partial-subblock TLB (subblock factor 2)

64 127 128 255 256 509

coral 75333 45389 45232 32527 32447 18846

nasa7 148958 114110 113542 71 66 3

compress 1148 32 31 28 27 25

fftpde 11279 11260 11277 109 109 101

wave5 10057 47 47 37 36 31

mp3d 3620 381 345 58 58 27

spice 14336 1041 1003 346 338 3

pthor 2449 2096 2092 1538 1531 126

ML 29427 14909 15008 8395 8383 4480

gcc 889 102 99 35 35 34

Table J-25: Fully-associative partial-subblock TLBs (subblock factor 2) - with preloading

Workload
#blocks in partial-subblock TLB (subblock factor 2)

64 127 128 255 256 509

coral 62822 41088 40942 28983 28910 16277

nasa7 85910 67886 67749 39 40 3

compress 673 27 25 23 22 22

fftpde 11240 11221 11237 59 59 54

wave5 5688 27 27 22 22 18

mp3d 2763 241 220 34 34 15

spice 9924 557 533 180 177 3

pthor 1833 1533 1532 1108 1105 89

ML 22314 9844 10006 4962 4949 2462

gcc 648 71 69 29 29 28

Table J-26: Fully-associative partial-subblock TLBs (subblock factor 4) - no preloading

Workload
#blocks in partial-subblock TLB (subblock factor 4)

63 64 126 128 252 256 504

coral 65552 65287 41105 40810 28833 28503 13597

nasa7 114361 112620 162 156 4 3 3

compress 111 90 29 29 27 27 25

fftpde 11280 11279 11276 11274 102 100 35

wave5 48 48 38 38 32 31 29

mp3d 1878 1714 66 65 28 27 2

spice 2712 2467 367 344 3 3 3

pthor 2281 2271 1898 1882 971 955 38

ML 22708 21850 11057 10709 5340 5199 1734

gcc 248 236 37 37 34 34 34
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Table J-27: Fully-associative partial-subblock TLBs (subblock factor 4) - with preloading

Workload
#blocks in partial-subblock TLB (subblock factor 4)

63 64 126 128 252 256 504

coral 45661 45455 32344 32101 21677 21468 9554

nasa7 34344 33827 53 50 3 3 3

compress 68 56 23 23 23 23 21

fftpde 11221 11220 11216 11214 30 30 12

wave5 17 17 14 14 12 12 11

mp3d 775 694 27 26 9 8 2

spice 1010 878 104 101 3 3 3

pthor 1205 1197 960 951 482 474 17

ML 12220 11713 4470 4315 1759 1702 569

gcc 112 107 26 26 25 25 25

Table J-28: Fully-associative partial-subblock TLBs (subblock factor 8) - no preloading

Workload
#blocks in partial-subblock TLB (subblock factor 8)

32 61 64 122 128 244 256 489

coral 77163 55157 51814 36422 35552 21105 19804 2938

nasa7 110512 14460 304 7 3 3 3 3

compress 1191 34 32 28 28 27 26 25

fftpde 11280 11279 11276 11266 11265 54 45 7

wave5 296 40 40 33 32 28 28 7

mp3d 3870 84 79 38 29 2 2 2

spice 7959 540 448 7 4 3 3 3

pthor 2639 2131 2103 1443 1340 55 49 12

ML 42640 17351 15904 6929 6611 2627 2367 485

gcc 1348 73 61 35 35 34 34 34

Table J-29: Fully-associative partial-subblock TLBs (subblock factor 8) - with preloading

Workload
#blocks in partial-subblock TLB (subblock factor 8)

32 61 64 122 128 244 256 489

coral 41546 33345 32346 22267 21540 10834 10031 1326

nasa7 17055 1436 56 3 3 3 2 2

compress 305 24 23 22 22 22 22 21

fftpde 11208 11207 11204 11198 11197 11 10 5

wave5 173 10 10 9 9 8 8 6

mp3d 1549 31 27 6 5 2 2 2

spice 3055 87 73 3 3 3 3 3

pthor 1105 776 746 490 456 18 16 7

ML 25264 6754 5975 1681 1520 530 468 99

gcc 665 35 30 23 22 22 22 22
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Table J-30: Fully-associative partial-subblock TLBs (subblock factor 16) - no preloading

Workload
#blocks in partial-subblock TLB (subblock factor 16)

16 32 57 64 114 128 228 256 456

coral 94424 70067 45581 42647 28983 25434 6630 3987 7

nasa7 114520 10549 15 9 3 3 3 3 3

compress 2775 160 31 30 27 27 27 26 25

fftpde 11281 11279 10776 10864 69 46 18 5 5

wave5 3503 89 35 33 29 28 21 7 6

mp3d 5359 108 51 46 3 2 2 2 2

spice 148595 662 80 18 3 3 3 3 3

pthor 8646 2420 2000 1879 960 812 20 15 7

ML 97375 32979 12293 10196 4199 3497 1188 882 117

gcc 13895 917 64 46 34 34 34 34 34

Table J-31: Fully-associative partial-subblock TLBs (subblock factor 16) - with preloading

Workload
#blocks in partial-subblock TLB (subblock factor 16)

16 32 57 64 114 128 228 256 456

coral 41776 32260 23650 21687 11495 9407 1815 1030 6

nasa7 9602 708 4 3 2 2 2 2 2

compress 671 120 22 22 22 22 21 21 20

fftpde 5731 5724 5465 5515 9 8 5 5 4

wave5 2308 35 7 7 7 7 6 6 5

mp3d 3349 49 7 6 2 2 2 2 2

spice 73293 66 8 3 3 2 2 2 2

pthor 4448 697 494 450 220 183 7 7 6

ML 60194 15522 3201 2372 629 524 194 120 24

gcc 9942 536 34 27 22 22 22 22 22

Table J-32: 4-way set-associative partial-subblock TLBs (subblock factor 2)

Workload
without preloading with preloading

128 256 512 128 256 512

coral 50363 34493 20002 43879 30494 17327

nasa7 138202 1426 4 101755 738 3

compress 89 30 27 68 26 23

fftpde 19766 19372 8610 19735 19340 8575

wave5 88 39 32 62 23 19

mp3d 704 72 23 531 44 13

spice 6069 294 12 4682 160 8

pthor 2123 1479 386 1579 1080 291

ML 18655 9562 4505 13363 5982 2641

gcc 333 39 34 256 31 28
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Table J-33: 4-way set-associative partial-subblock TLBs (subblock factor 4)

Workload
without preloading with preloading

64 128 256 512 64 128 256 512

coral 64672 44870 29698 13761 45046 33577 22181 9697

nasa7 141992 2835 25 4 78502 763 12 3

compress 289 42 30 28 148 31 23 23

fftpde 20520 19764 9241 8064 20473 19717 9187 8051

wave5 199 50 33 28 120 21 13 11

mp3d 1701 255 29 5 985 138 11 3

spice 15975 386 20 3 11768 121 8 3

pthor 2787 1979 812 161 1649 1068 419 78

ML 32511 13614 5933 2036 21883 6883 2388 774

gcc 3871 86 36 34 3361 53 26 25

Table J-34: 4-way set-associative partial-subblock TLBs (subblock factor 8) - no preloading

Workload
#blocks in partial-subblock TLB (subblock factor 8)

32 64 128 256 512

coral 79408 57915 38801 20436 2411

nasa7 145137 5525 56 5 3

compress 1065 228 148 32 33

fftpde 24612 23115 12743 8245 48

wave5 600 94 35 29 9

mp3d 3351 462 48 10 2

spice 89489 2247 56 4 3

pthor 8937 2474 1351 368 65

ML 67709 27004 10297 4991 2253

gcc 10739 1272 325 309 313

Table J-35: 4-way set-associative partial-subblock TLBs (subblock factor 8) - with preloading

Workload
#blocks in partial-subblock TLB (subblock factor 8)

32 64 128 256 512

coral 43016 33179 22404 10384 1141

nasa7 65938 770 15 3 3

compress 389 92 91 24 25

fftpde 24554 23057 12673 8228 46

wave5 346 34 10 8 6

mp3d 1733 198 13 5 2

spice 65747 1003 13 3 3

pthor 6910 1089 505 130 25

ML 45703 14228 5356 3208 1823

gcc 8855 833 307 240 307
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Table J-36: 4-way set-associative partial-subblock TLBs (subblock factor 16) - no preloading

Workload
#blocks in partial-subblock TLB (subblock factor 16)

16 32 64 128 256 512

coral 95154 73894 50608 26164 4167 596

nasa7 183738 11146 109 52 22 22

compress 5333 4775 3127 3113 2943 3100

fftpde 27451 24409 13925 8575 49 5

wave5 12868 801 90 32 10 7

mp3d 9868 2372 238 92 26 6

spice 234301 44963 134 15 5 5

pthor 28786 15016 10006 7790 6869 6773

ML 163489 60306 22242 11592 6951 6186

gcc 27639 6010 3366 2983 1874 2992

Table J-37: 4-way set-associative partial-subblock TLBs (subblock factor 16) - with preloading

Workload
#blocks in partial-subblock TLB (subblock factor 16)

16 32 64 128 256 512

coral 44323 33785 22539 9908 1283 257

nasa7 87826 899 32 26 21 21

compress 4304 3721 2950 2939 2946 2783

fftpde 22636 19070 12965 8549 46 5

wave5 8117 525 34 9 7 6

mp3d 8289 1602 105 40 8 5

spice 220069 30277 28 9 4 4

pthor 25326 12391 8390 7101 6607 6556

ML 122028 37577 12966 8887 5487 6142

gcc 17776 4724 3365 3009 1633 2982

Table J-38: Partial-subblock TLBs with preloading and no OS support

Workload
64-block fully-associative 256-block 4-way set-associative

2 4 8 16 2 4 8 16

coral 85987 85987 85987 85955 42300 52440 92215 98035

nasa7 152043 151558 152377 152379 68763 62763 165964 180172

compress 21403 21401 21382 21406 71 603 36038 65789

fftpde 11282 11282 11282 11282 19379 9295 8389 359

wave5 14491 14513 14531 14469 619 4158 33007 46559

mp3d 4035 4035 4051 4051 414 454 2651 4189

spice 41936 41894 41960 41941 6434 16406 83435 152477

pthor 2581 2581 2577 2580 1893 2420 2709 11962

ML 38337 38767 38494 38110 15338 21422 40055 58018

gcc 2441 2439 2440 2440 184 936 14911 33791
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Table J-39: Fully-associative partial-subblock TLBs without preloading and no OS support
(subblock factors 2 and 4)

Workload
#blocks in partial-subblock TLB

 subblock factor 2
#blocks in partial-subblock TLB

 subblock factor 4

64 127 255 509 63 126 252 504

coral 86095 63997 36747 22834 86575 64366 36933 23016

nasa7 152155 148193 86257 18 152094 148201 86701 18

compress 21347 853 29 27 22171 877 29 27

fftpde 11281 11281 111 107 11280 11275 111 107

wave5 14511 9029 47 37 14536 9423 47 37

mp3d 4050 2423 165 55 4078 2448 179 55

spice 43589 7772 830 321 45696 7981 833 334

pthor 2581 2222 1866 981 2588 2227 1874 1013

ML 38531 19425 11548 7418 38884 19777 11741 7496

gcc 2443 452 61 34 2536 456 63 34

Table J-40: Fully-associative partial-subblock TLBs without preloading and no OS support
(subblock factors 8 and 16)

Workload
#blocks in partial-subblock TLB

 subblock factor 8
#blocks in partial-subblock TLB

 subblock factor 16

61 122 244 489 57 114 228 456

coral 87753 65462 37830 23631 88757 66501 39157 25003

nasa7 153111 148734 87764 435 176535 149646 90532 15576

compress 23754 916 29 27 26953 1066 30 27

fftpde 11281 11278 114 107 11280 11279 118 107

wave5 14576 10216 47 37 14793 10711 47 38

mp3d 4133 2546 233 57 4242 2742 393 59

spice 49629 8627 880 337 59453 10372 1194 369

pthor 2606 2240 1899 1088 2647 2272 1943 1260

ML 40810 20113 12047 7574 44629 21625 12939 7928

gcc 2750 489 70 34 3187 552 85 35
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