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High Accuracy of Register Cache with
Ordering of Physical Register Number

Ryotaro Kobayashi,† Daisuke Horibe† and Toshio Shimada†

The hierarchical register file has the potential to improve the access time of the register

file that is one of the factors to limit the improvement of the clock frequency in recent high-

end microprocessor. As for this mechanism, it has the register cache that operates with a

faster clock rate, and the miss rate has a great influence on the processor performance. In
this paper, we focus on the allocation order of physical register number, and propose Modulo

Sorting Buffer to improve the hit rate of register cache without increase of design complexity,

improving performance.
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S ü_8 ò <�>UT üC���3i0k ÿ . � � üM~ �4� O E A ÐÑ�ô¡õ�î�ï ü�M N�f	1 1 � è�lp,	* h�l¢ô U . /I � l�ð�ñ¡ô]õdX��;i0k 5@è Ña��7d8 9�é�ê �Fõ �7��Hð :4O E AHi0k 5 ��D)lYõ�8 ò <4>UT üUV$W-� ÿ
. � c"e��2g	h �4�C/j� k¢ü¢ý Ï õ � 7��Yð :PO E Ai@k 5Cè Ñ �\7d8 9�é ê ��FXG)l�� � ýZ·Fü U��C/
��� lÚô]õZÙ_>Lõdg�h	c	e�èUY�G�ü T .Rÿ � Ó õ�ZüLõ I è�[X\ U �%� �xû�· /
4.1 ]�^�_X`baUc*dg�h�c	e��'e)� 5 ïRð]ñ òWó¢è � � 0

3
ü61 ��/�3
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�
4 �*��� 1=�������
	�������U���� (MSB)

Ú¡ë�í î0Úmõ
MRF

õ
RC
õ�cZ�"¼ ½ òjA�õaB; E ò :8 ò <Z> �2� T /���� ì ��J�ô@g	h�c	e)l"  �C/ g�hc�eéô

MSB � Modulo Sorting Buffer � !�� Gpk� 8 ò <�> l�e	�3iCk �p/
MSB

ôLõ < B E : B�8 Aè��4� Ï ü]õ�E�� è Ña��7�8 92é	ê è���Ñ����! �"��#%$'&)(+*-,�.0/2143657$980:<;>=�?�@BADC�EGF�HJI�<KMLDNPORQ A�C�EGF43S,ST+/'#�UWV9(2*X?J@4ADC�EFDH%I ��YJZ\[']�"
4.2 MSB^X_ Q

MSB `Xa /cb�d�e9fDg�h0*�iJjlk�m+n ]�"�o* Q
MSB `9a /4b�d�e�f�p �9qWr\[s]JtJu `9v+w �x [�"9y%z * Ql{0|�}%~ #�E\*X�J� [s]Wt�u `Xv%w �x [9"

4.2.1 �0�����\���D�+�
MSB � Q RC � UM&�,��c�<�s��� ` FIFO

� Q\� `
FIFO

;>=�?%@4A�C�EsF�HJI ` Y%ZM���G�2�0� j ` ;� x [X�J�G�J�'�9�W� gJh��D� ]X"��
FIFO � Q ?�@A�ClEGF<HJI �

RC � U>&9,�� �9 �¡9t�¢J£0¤ FIFOHJI¥��¦c§0¨S© ]2�\ * Q ?�@4A�ClEGF<HJI �Dª�«\[]9"%¬ v Q�Y%Zs+® UWF � FIFO
H%I �DªJ«G[s]9"o * Q

MSB `D¯�°�±�² � x [�"�³ #W$0&R(%*�?l@¥AC�E\F ¤9´�µ �D� ] � Q9¶ ` ?�@¥A�C�E\F�HWI ¤ MSB*�·%¸-�X� ]�"
MSB � Q ?J@PADC�E'F�H%I � RC �U�&�,R� �9 M¡9tD¢J£ *��J� [0]

FIFO
* Q+¶ ` ?�@A�ClEsFDHJI �D¹-º�»%¼W"y2z * Q

MSB
¤ ?J@PADCWE'FDH%I ��Y%Z0[s] ±2²� x [�" A�ClEsF�3<,<T2/½#JUJV�(2* Q

MSB � Y+Z%® UWF `D¾ [ FIFO `D¿\À ;�= Q ?�@¥ADC9EGF<H�I��ÁGÂ2Ã § Q½Ä � ��ÅJÆ * Y%Z2[G]X"2¶ §<k QlY�ZG® UWF `XÇ ��® UlÈ½,�É\U>& [s]X"+tJÊ § Q�Y%Z0%®UlF ¤9y%z ` FIFO
HJI ��ª�« §<k2j ]�Ë%Ì � Q 0

*,
Í>$M& [G]�"Î
4
* QJÏ

2 Ð b ÑW`  BO<Ò k ��Ó�Ô\[0] MSB
� x[�"JÕ½Ö ` t%uWQsÏ 2

* x § t ` ������×2Ø\VJÙWÚ Q
MRF

Q
RC
� x [9"WÏ *�ÛWjWk Q

MSB � Q 6
i ` ?W@

Ü
5 Ý�Þ9ßáà�âRã�ä�å�æ�ç�èêé MSB

A�C�E'F<HJI
4, 7, 9, 12 ë 14

�<ªJ« §�k%j ]9"
FIFO

0 ` ª+«s[s] ?%@PA�C�EsF�H+I 4
�

12 � Q RC � U&l,��
4
�W -¡Wt�¢2£s¤%Q

FIFO
H%I

0
�S¦¥§'¨�©]�"lìîí �9ïs*M§�k Q

RC � U>&9,)� �� >¡ltX¢%£G¤
FIFO

HJI!��¦c§G¨S© ]�"�Y�Zs%® UlF � 0
��ª�« §k+j ]�"ÄJÄD�lQ

i0
;>=%A�C9E0F-3�,
TJ/s#WUlV ��ð�ñ0[0]� [G]9"�Y%ZG+® UlF `XÇ ¤ 0

© ` ��Q FIFO 0 `�¿À ;7= Q ?%@BA�ClEsFDH%I 12
�DY+Z\[']�"�Ä �0* �O

i0
* � ?%@PAXClE½FDH+I 12

¤W �ODÒ k7=<� Q �� [½]
RC � U7&�, � 0

��© ]�" ^ t�Q+Y2Zs\® UF `XÇG� ® UlÈ½,<É\U�&��D�%k 1
*�© ]�"+¶ ` z � �ï½*M§Dk Q

i1 ë i3
* Qs¶ �0ò�� Q ?%@óADC�E½F�H2I

9, 14, 7
¤� óO�Ò k>=<�%k+j ºDQ �%� [s]

RC � U>&, � Qs¶ �Gòl� Q 1, 2, 3
�D© ]9"+ô\õ ` �s *M§�k Q

MSB � Q\ö C2÷JØ�3�ø9/4&<��� t ?J@BA�ClE'F�H2I�DY+Z\[G]9"
4.2.2 �G�ó�S�\�9�9ùGúJû9ü
MSB

� � Q ?%@BA�ClEsF�H%I � RC � U>&l,�� � G¡�t�¢l£+¤9Q�¶ ` ?�@cA�C�E2F
HlI �
ªl«+[2] FIFOH�Ic��¦î§\¨�© ]�" § t�¤\¡ k Q
RC � UM&�,�� � nrc� [G] � Q ?%@BADClEsF�H%I `�ý�þ log2(nrc) ÿ $M&�

FIFO
H+I � ¦¥§Dj "¶\Ä���Q
MSB

* � Q ?W@cA<C9E0F
H�I `  ��DQ ý�þ
log2(nrc) ÿ $M& ��� j t ÿ $�&�� ` Âs���	�\[½]GÄ��� [0]�"�¶ §
k Q A<C9E\Fs3ê,ST�/G#�U�V�(J* � Q
�� ��� t ÿ $½&��!� QWYJZ0+® UlF ` ª�«\['] FIFOHJI �
��2[G]+Ä � �WQ ?�@BA�C�EGF<H%I �����+[s]Ä �+� [']9"+ô\õ ` �' *�§�k Q MSB `�a /4bDdWef�p �9q�r0[s]�"Î

5
* Q a /4b�dWeJfXp �9q�r § t MSB

� x [�"
ÿ $'& �� ` ÕsÖ ` t�u�Q\Ï�� ` ��� ��� k 2 � � �� �2[G]�"2Ï

5 ` MSB � Q0Ï 4 ` MSB
*X�J�î§Dkj ]X"

RC � U�&�,�� ¤ 4
© ` �lQ�� FIFO � Q ?J@A�C�EGF�H�I `  ���Q ý9þ 2 ÿ $'& ��� j t ÿ $'&����ª�«\[s]X"�Y%Z0%® UlF � 00

��ª�« §�k%j ] ` �WQA�C9EGF-3�,
T%/'#WUlV�(+* � Q FIFO 00 `�¿2À ;-=Á0Â+Ã § t
11
� QXYJZ\+® UlF ` 00

� ÿ $s& �� §k Q ?J@4A�ClEsFDH%I
1100

��ÁGÂ\Ãl[9"
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�
1 �������

� â
	��� 8 ������  8 �������à����Dßáà 128 �������
ROB 256 �������
LSQ 64 �������
RC ���� �!�"$#�� 2 %'&)(*"
MRF int, fp + 256 ,-'.�/�0 	�� iALU 8, iMULT/DIV 2, fpALU 4,

fpMULT/DIV/SQRT 2���21�34	65�7 8�9):�;$	2�6<=&�#2��5 1 %)&)(*"> Þ$?�1�34	65�7 32KB, 2 àRâ6&@: 32B A�&��@: 4 B�ÞC�D:���� �!�"$#�� 6 %'&'(*"
2 E21�34	65�7 2MB, 4 à�â�&@: 64B A�&��=:���� �!�"$#�� 36 %'&)(*"�F� ã�G�	�� 8K ������� SSIT, 4K ������� LFSTH�I6J � -�K BTB 2048 ���L���M: 4 à�â�&4:

gshare 6 N�	��MO�P 8K �����6� PHT :H'I�J �Q���� $!�"$#�� 6 %)&)(*"
4.2.3 RTSVUFWYXCZ\[0ú^]`_
MSB

� � QJ� FIFO
;-=)aJH½*�?J@BADClEsF�H%Ib ÁGÂ2Ã §<k+jî¨ Ä � �lQ+ö C2÷WØ43�ø9/¥&
��� t ?@4ADC�EGF<HJI b YJZ §<k+j ]�" §<;�§ Ql{0|9}%~ #E ¤VcFd\[G] � Q2¶ � ô\e ` Å%Æ\¤ 8JÙ0$^f%÷J��� ]` �WQ0¶ `^g`h *WÛ%j�k Q ?�@4A�CWEGF<H+I ¤Jö C2÷Ø 3�øl/¥&��9�+k\j+©+jjilk½*%© ]9"0¶ ` `m2Q RCõ%�jn+ÌG¤jc\d §�k-§ ^  $oqpsr0¤ut\]�"Ä `Fv^w b ´`x+[G]Wt�u9Q�{0|�}+~ #�E ¤Cy½Ö § t(+* Q9YJZG%® UlF `XÇ b Q9}%~ #�E>§ tX{G| ` A�CE\F\3á,�T�/\#lU9V�( `DÇ ^ �jz'º�{%['Ä �W� [\]�"WÄ�\* �'O�Q

RC
õ ` n%Ì ` cFd b�|`} �sº�] ��~ �\]X"

5. � �
5.1 �������
SimpleScarar Tool Set2) ` E+/^�+E\�+Ù½36×�Ø�Í'$�F� f0#�÷\A</%F�* QQ�^�s� A<C�E0F03 8+: ®Q� ���s�� g b'� ÂW»V���Q�s� b �G¡�tX"�ÅlÆ Í0$2&�* � MIPS

R100007)
b��q� § t

SimpleScarar/PISA
b � j t�"�½U2�F�%/+Ès3 ×WØJVlÙ�Ú � Q SPECint2000 ` bzip2

Q
gcc
Q

gzip
Q

mcf
Q

paser
Q

perl
Q

votex
Q

vpr ` 8 � b� � § tl"
gcc
� � 1G

Å%Æ%Q'¶ ` ì\� � 2G
Å+Æ E� $X×+�L� tXz%Q

100M
ÅJÆ b Ó+� § t9"Q 

1
* x [~l¡\¢l£ b � j t�"

5.2 �s�¥¤`¦F§ô ý * x [+öl¨s� *9�c§Dk �`� b�© ¡Wtjª
• DM

ö`¨j�
:
1 ® ADÈ7&�3«�M$�× vs¬½` RC

b �
j ]�ö`¨s�\�qt2]Cª

• MSB
ö`¨s� Ð �\�l w+Ñ :

1 ® A�È¯®G3=�Y°�×
v\¬'` RC

b � j Q
MSB

* �J¡ k�?J@PADCWEsFH%I ` ö C2÷%Ø�3�ø9/±® b�©±² ö`¨F�\�ut\]Qª
• MSB-r

öF¨j� Ð �F�F wJÑ :
1 ® ADÈY®93³�´°�×

v\¬'` RC
b � j Q

MSB
* �J¡ k�?J@PADCWEsFHJI ` ö C\÷WØ¥3�ø�/±® b�© j Q�{G|�}+~¶µ E%(* Y%ZG+® U�F ` z�º�{ § b�©·² öl¨s�\�qt2]Cª

Ü
6 RC ;)	2�¹¸»º¼�2�����¾½ 32 ¿

• LRU
ö`¨`�

: LRU vl¬M` RC
b � j ]löÀ¨`��qt+]Qª� ` öÀ¨s� *�Û\j+k íDQ�¹îº�»2Â2 ,LfJ/>�%§�k QÅ�Æ ` d h7§ t Ç b � k RC

* ¹�ºX»�¼
All Cache v¬ b � j ]Cª

5.3 WÂÁ�ÃÅÄÎ
6
* Q

RC � UÆ®�,�� b QjÇ @4A�ClEsF<�!���½�
32
�W§ t � º ` �0öF¨j� ` RC È °¥®�É b x [jª�Ï `ÊFË � RC È °Ì®*É b x § QCÍ Ë � ��U��F�2/2È�Û �Î �>U^�l�\/GÈ�Ï\Ð Ð avg. Ñ b x [Vª 4 � � � *%© ¡k%j ]�Ñ V�Ù%8 � QVÒ ;>=$as* DM

öF¨s�%Q
MSB

ö¨s�+Q
MSB-r

ö`¨V�+Q
LRU

ö`¨F�\�qt2]QªÏ
6
�GO�Q

LRU
öF¨j� � Q DM

öF¨j� *��c§ Q È °®*É ¤ ÏFÐ
10.9%

2® UÓ®*ÔGj ª §<;M§ Q'Ä ` ö\¨s�� � Q RC
¹7º�»%Â (\* � yîí
y\Õ+¹>º9» ^ �%k+j+©j � UY®�, b�Ö [s×`Ø0¤ut7O�Q RC ÙÀÚ (2* � �`ÛlÜÝ bL©±² ×`ØG¤ut\]Qª^ tWQ

MSB
öq¨`� � DM

öq¨`� *FÞ0nsk Q�yqß
9.6%

J® U¥® Q �'U2�s��/%È�ÏVÐ �
5.7%

J® UT® È °®6É ¤qà%õ §Dk\j ]GÄ � ¤�{ ; ]jªJ¬ v Q MSB-r
ö¨s� � Q MSB

ö`¨F�>�½O È °Ó®áÉ ¤ Ôsj ¤WQ½¶ `Câ�jã _ ; 1%
+® UY®áä`å �ut+]CªMÄ �7= �'ORQ ?%@A�C�E½FDH2I b ö C2÷%Øó3�øl/·® [½]0Ä ��* �%¡ k Q

È °Ì®*É ¤làJõW[G]2Ä � ¤�{ ; ]^ª\¨ /\F��2E2*Læ ¯b2ç � k+j%©�j ` �lQ f+È�Í%E%(`èjé `^ê\ë\ì'� ©Jj�<j �\]Qª §<;>§ QlYJZ0%® UWF ` zMº2{ §�* �W]�ím �^î j ª'Ä � � Ql{G|9}+~¯µ E2* �W¡ kG8%Ù´°^f+÷�X� ]XÅ%Æ � ¤jï ¨ Q
RC ``ð � �-� `�� UÆ®�, ¤sñí *%© ¡ k-§ ^ ² tJu �2~ � =
� ]Cªo * Q

RC � UY®W,)� b 8, 16, 32, 64
�'æÀò7�Q�t � º ` RC È °Ì®áÉ b Î 7

* x [Cª2Ï ` Ê\Ë � RCÈ °Ì®=É ` �MUL�\�+/2È�ÏFÐ b x § QjÍ Ë � RC � U®�,�� b x [jª
4 � � � *J© ¡ k+j ]^Ñ V�Ù+8 � Q`Ò;-='as*

DM
ö\¨F�%Q

MSB
ö`¨s�+Q

MSB-r
ö`¨s�%Q

LRU
ö`¨F�\�Àt\]QªÏ

7
�GORQ

MSB
öF¨j� ` RC È °´®=É � Q RC � U®�,)� ¤jó'�0] *WiJ�2k Q

DM
öl¨s� *��c§ Q

2.0%,
4.2%, 5.7%, 4.1%

'® U±®W� ó ç §�ksjó¨ ª%¬ v Q
MSB-r

öF¨Q�+� � Q 2.1%
Q

4.5%
Q

6.3%
Q

5.0%
+® U
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Ü
7 RC �������¾½�� RC ;)	��³¸������

®D� ó ç §�k�j7¨ ª%Ä ��= �GO�Q
MSB

öF¨j� �
MSB-

r
öl¨s� `^âM� Q RC � UY®l,)� ¤Vós�s] ð �Dð ¨ Ä� ¤ ã ; ]�¤lQ'¶ `Qâ½� 1%

ä`å �ut-ORQFß7º j-� �j � ©%j ª ^ t�Q
MSB

öÀ¨\�%Q
MSB-r

öÀ¨s�	� * Q
DM

öF¨C� *�� [0] È °q®=É ` àWõW¤�yFß �<© ] `�� Q
RC � U¶®�,�� ¤ 32 ` Ë\Ì0�´t2]GÄ � ¤W{ ; ]Cª�Ä` @�
 � Q RC � UÆ®W,�� ¤ 32

b� �G] � Q ADCWEF!3�,
T+/ µ UlV�(+*X?�@4ADClEGF<H%I ¤ Ù\Ul19Ú\*Y+Z �X�%k í�Q
RC
õJ� ` n%Ì0¤Vc\d §��P¨
© ]0Ä �* t2] ��~ � =<� ]Cª

5.4 ������������ÀÄ��� � � Q �l�À w * �W] RC È °T®6É ` àJõ+¤�Q
IPC Ð ×JØlÍÓ° � rup Ñ *�� �\]Lí\m *�i%j�k �`� b©·² ª
Î

8
* Q

RC � U¶®l,)� b 8, 16, 32, 64
�'æuò>�� t � º ` r¥pqà+õ É b x [Cª'Ï ` Ê`Ë � DM
öÀ¨� *�� [G]�rupuà�õ É b �MUL�\�2/2È�Ï\Ð � x § QjÍË � RC � UÆ®9,�� b x [Qª 2 � � � *�© ¡ k+j ]�ÑVWÙ�8 � QCÒ ;�=�as* MSB

öF¨s��Q
MSB-r

öF¨j�+�t\]QªÏ
8
;î= Q

MSB
öl¨\� �

MSB-r
öl¨F� �Àð�� �¬ ` rupÀà�õ É �Àt%]2Ä � ¤l{ ; ]^ª �\� vF¬ * �l]rupuà�õ É � RC � UÓ®9,�� ¤ 32 ` � º�y\ß ��© ORQ

MSB
öF¨j�+�

3.8%
Q

MSB-r
öF¨j�+�

4.0% ` rÀplàõ b � h!§<k+j ]Qªô\õ ` � ² * Q RC È ° ®6É ` àJõ � Q ×%ØlÍ ° �r´p ` à%õ *"!�#î§Dk+j ]0Ä � ¤�{ ; ¡ltjª
6. $ % &
� Ç('0� � Q`�j�F� A�ClEGF43 8G: ®Q� b�)	* § t×JØ�ÍÓ° � *lÛ+j�k Q A�C�EsF¥3�,
T%/ µ UlV9( ` ?@¥A�C9E\F  'Ò a\*+-, [\]+Ä � �9Q 1 ® ADÈÆ®�3 �q°× v\¬½` RC ` ¨ /\F^�0E b æ ¯ [½]\Ä ��©î¨ Q RCÈ °´®=É b àWõ ��� ]  w b �F�î§ tQª �s�\ w � � Qö C%÷lØ73êø�/ ®�3 5Y°�8\:J�/.10 � g b�)1* § Q

RCé ` ® U ¨ È�E ¤ Ù2dJU�b�Ø ÿ UX* x ^ ]2� ² *X?�@A�ClEsFDHJI `  PO�Ò k bL©±² ª�À� ` lm2Q RC � UY®l,�� ¤ 32 ` � ºXQ 1 ® A

Ü
8 �������¾½��32 .54�6 ¸ �7���

È¯®03@� °�× vF¬½` RC
*9�c§<k Q

RC È ° ®áÉ b yß
9.9%

%® U ® Q ÏsÐ
6.3%

%® UÓ® àWõ��Gºl]2Ä �¤l{ ; ¡ltCª ^ t9Q
RC È °T®áÉ ` àJõ * �'ORQWylß

6.1%
Q Ï\Ð

4.0%
r´p2¤ÀàJõJ[s]0Ä � ¤W{ ; ¡Wtjª

8(9 �	:1;s` ¬=< � Q�'1<1>(?	@1>1? :1;1A1B1CD	E�F :1; Ð C Ñ1G`w H+I 15500036
QH'1<�>	?�@

21I�J
COE

×%Ø2VJÙlÚ `�K�L * �½O © ¡ltjª
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