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Speculative Multi-Path Execution Mechanism for
Superscalar Architecture

Yuichiro Ajima, Tomohiro Nakamura, Kenji Kise, Hidenori Tsuji, Hidehiko Tanaka
University of Tokyo, Graduate School of Engineering

We propose a speculative multi-path execution mechanism for superscalar architecture.
Branch miss-predictions cause serious penalties for a superscalar processor with deep
pipeline and multiple instruction issue system. Speculative multi-path execution re-
duces the branch miss penalty and improve processor performance. Our evaluation
results show that our mechanism improves processor performance by 3% to 10%.
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.5gþ0êñ$G^½ó�4-�/B^½
gþ5�ÛJ��$GQ���Gæ^½gþ
5�y 3�Û4�ø$G1å�'5^½ó
�46^½ýP��S"/�)Gvþ��G
�1��EH/�GæD,/å»éËÜ��
4S�/ñHG^½ó�5¸4B^½ýP�
üçU�ü5I¹��G�1�ýH!HGæ
��0å^½ýP�Ú.")^½ó�5Ô4
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�6<=�#0�,)æ'gå cc1, sc 06Ú
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dIG{���G�1�^�Gæ

3.4 �w£� �¨���¡

à¶éÅÏÇÑ¯6¶ÕßäËJig$G
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R 1: ¿×ÜâéÊZy

�ø

CPU SPARC Version8

OS SunOS4.1.4

É�ÓãºßØ compress,espresso,cc1,sc

Ü�ó�� 10,000,000ó�

^½�� 512entry

full associative
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^½ýP5±�J��$G1åÁéÐÁ·ß
4 static tree heuristic 4DG]�ÐÁÜ�J
 '"){�åZ�ù	6��åî�Bs3
�B5�¡"/�G�1�ýH!HGæî=
06å�5D�3Áö5r!3]�ÐÁÜ�
05ó�Ñ´ÇÆ5�X�4-�/ë;Gæ
rÁö3]�ÐÁÜ�J�3,/�G{�
4ÓãÃÇ½%Y4eÒ!HGó�5�ù	
4-�/å�| 3~\JÕ$ (� 6�)æù
(5#ñ6� 31�#0�Gæ�5�06å
à�ù	5^½¨À�J 6åZ�ù	5^½
¨À�6 21"/�Gæ^½ýP4¹$G�
Û�E/5^½ó�0�#13�$G1å�
65D�4Z�ù	5�!JB,1B in-order
ÁÈéÊ4o�Y^0��3GD�4�ù$
G{�5ý����0�Gæ^½ýP�ü5
gþ4^½�±�"){�åó�Ñ´ÇÆ6
� 64Õ$D�4��$Gæ±�")^½ó
��E5Z�ù	5Ü�{76òý0�G)
A�p!HGæ in-orderÁÈéÊ4 2Lø4
o�^½ó��E�)3Z�ù	JÃ�"å
à�ù	å®Z�ù	5?�0ó�Ñ´ÇÆ
J�3�æ

4 LTOLIQeU_aOL

chjfZkE

îv06à¶éÅÏÇÑ¯JWé2$G�
14DFåÁéÐÁ·ßçÓãÃÇ½4]�
ÐÁÜ�À�J '$GâhJ� $Gæ

4.1 �������

� 74� $G°é¸È¹ÆÛ5ÚÉáJÕ
$æç�5ÁéÐÁ·ß4�5$GÀ�6à
¶éÅÏÇÑ¯5Wé2åà¾Ôé¿Þäç
ÁÈé¿Þä:5µäÊà�pÀ,5�5å
ÁÊ°ÏÇÑ¯5Wé20�Gæà�ù	1
Z�ù	6<1K25ÏðJjü"/�F»
î 3��4dÿ6Q�3�æ
à¶éÅÏÇÑ¯6®�ù	4R$Gó�
5-Ç{7J°+0�GD�4¯�$Gæà
¾Ôé¿ÞäçÁÈé¿Þä6åòý43,
)^½ÐÁ4º>HGó�5µäÊàJ�p
0�GD�4¯�!HGæ>)åÁÊ°ÏÇ
Ñ¯Bòý43,)^½ÐÁ5ÁÊ°J�p
0�GD�å�ù	4Z."/Wé2!H
GæÔ=!�å®�5À�5x�3��1�

������������
������������

������������
��������������

��	
���

���

��	
���

����

����

����

����

addr data

� 7: ]�ÐÁÜ�56,3ÁéÐéÁ·ßç

°é¸È¹ÆÛ5�N

����

���� ����

� 8: Wé2")à¶éÅÏÇÑ¯

¬k�:%�$Gâj4-�/ë;Gæ

4.2 ��������£�£?

à¶éÅÏÇÑ¯6ó�5-Ç{7J»é
Ë5joJe,)µäÊà4°+$GæyÇ
{76õ�B5�Ej4âÀÁÄÑ¯²á
4KEHG)AåâÀÁÄÑ¯²á46±�
")~\ (in-orderÁÈéÊ)�°+!Håà
¶éÅÏÇÑ¯46��5~\ (°é¸È¹
ÆÛçÁÈéÊ)�°+!HGæ�5à¶éÅ
ÏÇÑ¯4DFåÁéÐÁ·ßçÓãÃÇ½
6 out-of-order5Ü�4��/å(#58m
0�Í"/�¬k�J�3��1�0�Gæ
� $GÀ�06à¶éÅÏÇÑ¯J�ù
	5�*��#"å�ù	 14Z.")à
¶éÅÏÇÑ¯JÉ�$G (� 8)æ^½ýP
Ú.�±�"){�à�ù	�%�$G)
AåE/5à¶éÅÏÇÑ¯6à�ù	1"
/BZ�ù	1"/BÉ�0�å3��-9
]4]�½²¹áQ�1"3�B5�Q�
0�GæñÜ 3ÜJgh1"/6åÎéË
³´° 4]�5à¶éÅÏÇÑ¯J�#$
Gghå�� 45?#�5µäÊàs¸J
��ÎéË³´° 46jü5µäÊàs¸
J��"åÎéË³´° 4µäÊàs¸5
ÝLJ�3��10µäÊàJ�3�gh�
�GæZ�ù	06É�$GµäÊà��s
3�)AåøÞ5gh6ÎéË³´°�5¥
�Eü�0�Gæ
>)å�ù	�òý13,){�å'5�
ù	4º>HGó��®Ü�ÝÍÇÊ5à¾



Ôé¿ÞäçÁÈé¿Þä5µäÊà4È,
/�G{���Gæ�5)Aåòý2!H)
à¶éÅÏÇÑ¯6à¾Ôé¿ÞäçÁÈé
¿Þä4�ù	�òý43,)�1J��$
Gæ�H4D,/òý43G�1�4ô")
ó�JÜ�$G�14DG�,�1JN�
Gæ>)åÁÊ°ÏÇÑ¯4Z"/B��5
��J�3�æ

4.3 �����£��nA

4.3.1 à¾Ôé¿ÞäçÁÈé¿Þä

à¾Ôé¿ÞäçÁÈé¿Þä6®Ü�Ý
ÍÇÊ4<�EH/�FåÜ�$;�ó�1
'5¶ÕßäË>)6¶ÕßäË5Äºå'
"/-Ç{7Jn�	@à¶éÅÏÇÑ¯5
ÄºJµäÊà4°+$GæµäÊà4°+
!H)ó�6¶ÕßäË�T�å-ÇÏð
4s��0�)EÜ�!Hå{76à¶éÅ
ÏÇÑ¯4KEHGæ
]�ÐÁÜ�06å^½ó�5{74D,
/"�5�ù	*��òý43Gæ�5Óå
òý43,)�ù	4º>HGó�*�J
à¾Ôé¿ÞäçÁÈé¿Þä5µäÊà�
E�p$GQ���Gæ� $G°é¸È¹
ÆÛ5à¾Ôé¿ÞäçÁÈé¿Þä06å
à¶éÅÏÇÑ¯�Eòý25��Jä�1
G1å>%�p$;�ó�J}ê$Gæ�H
6òý2J��")à¶éÅÏÇÑ¯4-Ç
{7JKGó�0�Gæ}ê!H)ó�6à
¾Ôé¿ÞäçÁÈé¿Þä5µäÊà�E
QC�4�p!HGæ

4.3.2 ÁÊ°ÝÍÇÊ

¸ÛÇ¿Ü4°+!HGÉéÄJ in-order
ÁÈéÊ4e-)AåÁÊ°ó�6ÁÊ°Ý
ÍÇÊ%5ÁÊ°ÏÇÑ¯4eÒ!HGæe
Ò!H)ÁÊ°ó�6å in-orderÜ��ew
!HG>0ÙÚà:5ê�J�3I3�æà
¶éÅÏÇÑ¯�¶ÕßäËigJ�3�5
1��4åÁÊ°ÏÇÑ¯BÁÊ°ó�J�
�,")ãéËó�4Z"/ÉéÄ5ê�J
�3�æ�5ÁÊ°ÝÍÇÊB�ù	4Z.
"/Wé2"å�ù	b4ÁÊ°ó�5e
Òå��,"J�3,)ãéËó�:5Éé
ÄigJ�3�æ

4.3.3 �¬k�

à¶éÅÏÇÑ¯J¯�"/��G)Aå
(#5ó�0k�J��$G�1�0�Gæ
rY 46å��$Gó�!�5µäÊàJ
à¶éÅÏÇÑ¯�E�p"åó�Ñ´ÇÆ
J�Í$Gæ��$Gó�>05k��´�
$G>0[+å´�øà¶éÅÏÇÑ¯òý
25��J®ÝÍÇÊ4�3,)ø4�¬k
�:%�$Gæ

4.4 �®¡�����¤£¦D£¬�

IF ID OF EX WB
IF ID OF EX WB

IF ID OF EX WB
IF ID OF EX

Branch

IF ID OF
IF ID

IF

IF ID OF EX WB

Miss

Penalty

IF ID OF EX WB

IF ID OF EX WB Hit

IF ID OF EX WB
IF ID OF EX WB

IF ID OF EX WB

IF ID OF
IF ID

IF

IF ID OF EX

Stream0
Stream1

Clock
1 2 3 4 5 6 7 8 9 10 11 12 13 14

� 9: ]�ÐÁÜ�05Ð²Óß²ä��

��0å]�ÐÁÜ�J '")ÓãÃÇ
½�ÕÌáÈ±J�ï$G�ËJå� 21
��5Ð²Óß²ä��5ÚÉá0� 94Õ
$æ�5�06å]�ÐÁÜ�5Z�ù�6
1åZ�ù	0Ü�0�G^½ÐÁ6 14�ó
!H/�Gæó��ù	��Ó4 2-U�$
G)Aå!106 Steam0 0¹ãÇ¹ n 4
Ñ´ÇÆ!H)ó�Jó� n(0)å Stream10
¹ãÇ¹ n 4Ñ´ÇÆ!H)ó�Jó� n(1)
1R$æ� 21��åó� 1(0)6^½ýP�
�ü$G^½ó�åó� 4(0)6^½ýP�Ú
.$G^½ó�0�Gæ
� 906å¹ãÇ¹ 20^½ó�5^½?�
gÑ´ÇÆ!HGæó� 2(0)6^½ýP0
Õ!H)^½?5ó�0åó� 2(1)6B�'
g5^½?5ó�0�Gæó� 1(0)6^½ý
P�ü0�G�E Stream0 5��6� 25�
1��0åÕÌáÈ±6�#3�æ Stream1
06ó� 1(0)5^½gþ�4ô$G¹ãÇ¹
50åòý43,)ó� 2ê 5(1)��p!H
Gæ'gåó� 4(0)06^½ýP�Ú."å
à�ù	6 Stream14%Gæ��0 Stream0
4��/ó� 5ê 8(0)�òý43G56�
21��0�Gæ"�" Stream1 06å^½
ó� 1(0)�E5^½ÐÁ�òý0�G�1�
^�,)¹ãÇ¹ 55Ô5¹ãÇ¹ 6�Eå
^½ó� 4(0)�E5^½ÐÁ5Ü�J6#A
/�Gæ�5)Aåüý3ó� 6ê 8(1)�¹
ãÇ¹ 10ê 120´�$Gæ�5{�åÕÌ
áÈ±6 Stream0 5ó� 4(0)�´�"/�
E Stream1 5ó� 6(1)�´�$G>05 1
½²¹á5?4ï,)�1�^�Gæ
��0å� 9J�1"/å]�ÐÁÜ��
®ÝÍÇÊ4þ�GW9J�Å$Gæ��0
6åó� 4(0)5^½?�]�Ü�!H/�G
¹ãÇ¹ 6ê 84�ø$Gæ>%²äÁÊß
¹ ¿Þ äç Ñ´Ç Æ 4 � ø

$G1åÑ´ÇÆ!H)56ó� 6ê 8(0),6
ê 8(1)5 6ó�0å�'ÐÁÜ�5 3ó�5
2/13,/�GæÔ4É»éË4�ø$G
1å�'ÐÁÜ�5ó� 5ê 7(0)45�åó
� 6ê 7(1)�M5"/ú 1.7/5W9M0�



Gæ¶ÕßäËÑ´ÇÆJ�3,)å$3I
+ ID ÁÈéÀ�E OF :%,)ó�6ó
� 4ê 6(0),6(1)0�F�'ÐÁÜ�5ú 1.3
/13,/�GæÜ�å´�4¹"/6�'
ÐÁÜ�1dIE3��1�^�Gæ�HD
FåZ�ù	���{�Z�ù	6Ôè4ò
ý2!H/�)4Ã�!HG)AåÜ�å´
�325��Ð²Óß²äÁÈéÀ4�GÝ
ÍÇÊ:5W96M² ��3E3��1�
^�Gæ�5�06 3ó���4^½ó��
��H))A®ÝÍÇÊ:5W95��Fg
5&��m�4ñH)�åÜ�5^½ó�5
T§6`n 5ó�4 1-0�G50Z�ù	
5^½¨À� 05{�0B��Ð²Óß²ä
ÁÈéÀ5ÝÍÇÊ4WsW9���Gæ

5 ^F

� ")À�4DG�,þzJS4$G)
AåÁéÐÁ·ßçÓãÃÇ½5¿×Üâé
Ä4]�ÐÁÜ�À,JÜJ"åÓãºßØ
Ü�5¿×Üâé¿ÞäJ�3,)æ

5.1 ¥@��

¿×ÜâéÄ5<��JR 24Õ$æ 5Á
ÈéÀ5Ð²Óß²äJP�å OF ÁÈé
À�E WB ÁÈéÀ>06 out-of-order4
Ü�!HGæà¶éÅÏÇÑ¯6�ù	ï4
32µäÊà0åó�6�ù	ï4 4ó��
ÓÉ»éË!HGæ^½��µäÊà6 512
ô�#"å^½gþ5~\�6 2bit0�Gæ
ó�ÙÚà5°¹ÃÁÓ¸6 1½²¹á÷�
1"åÉéÄÙÚà46¸ÛÇ¿Ü1°¹Ã
ÁÓ¸J<�")æ°¹ÃÁÓ¸5<��
6åR5H�µk4DGæ¿×ÜéÊZy6
R 14Õ")�F0å¿×ÜâéÄ6åÁ·
ßçÓãÃÇ½5¿×ÜâéÄ0ê�")Ê
âéÁÉéÄJÔéÁ4q�!HGæ
ÜJ")]�ÐÁÜ�5°á¼àÂØ46

static tree heuristic J��/�Gæ�5°
á¼àÂØ06åB,1B in-orderÁÈéÊ
4o�Z�ù	06åZ�ù	5^½¨À�
6Z�ù� -143Gå$3I+Z�ù�4�
"�^½ÐÁJÜ�$GD�4�ù!HGæ
1000ðó�5Ü�½²¹á��E IPC Jy
Ç"åà�ù	5^½¨À�1Z�ù	5�
Jd�/�,5d2JS4")æ

5.2 �C

� 104 compress 05 IPC 5d2JÕ$æ
0Ù4à�ù	5^½¨À�åèÙ IPC J

áFåZ�ù� 14;HAºßÑ0Õ"/
�GæZ�ù� 06�'ÐÁÜ�4�"�æ
��4å� 116 espressoå� 126 gccå�
136 sc 05{70�Gæ

5.3 ¬�

� 10ê 13DFå25<�0BZ�ù� 10
6�'ÐÁÜ�DF IPC 0 0.03ê 0.1å³

R 2: ¿×Üâé¿ÞäÐßÙÄ

ÁËµ¹±Ä»É

¿ªÁÇªÌ IF/ID/OF/EX/WB

OFÎWB: out-of-order

ÑÓÊªºÌ² Ö´ºÍ³ 1±ª¯É
È¬Í·¾¹À¨ 32«Ì¼È
´Í¿´ÇÛ 4ÑÓÜÝ»°Í½
àÙÒÔ 512«Ì¼È

full associative

´¼©¾¹À¨ 8«Ì¼È

ÑÓÃÄÈ

©¯µ´ÝØ 1±ª¯É

»Í¶ÃÄÈ

1Þ®Å¹²Æ 16KB,256bit/line

4way,LRU,2ÂÍ¼
2Þ®Å¹²Æ 256K,256bit/line

4way,LRU

3±ª¯É /©¯µ´
ÃªÌÃÄÈ 25±ª¯É /©¯µ´

(áÚ×â)

CPU±ª¯É 333MHz

Õß¾´±ª¯É 66MHz

2Þ®Å¹²Æ ¬Ì¸¹Á 9nsÐÏ
ÃªÌÃÄÈ 5-1-1-1 ©¯µ´
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� 10: {7: compress
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� 11: {7: espresso
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� 12: {7: gcc
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� 13: {7: sc

�0 3%ê 10% �§�,þz"/�G�1
�±)0�Gæ��4Z�ù� 206 10%ê
15%åZ�ù� 306 15%ê 25%�§�,
�þz"/�Gæ� 50^½×Á5�ø5^
½ýP�ü����,) gcc, sc 06åZ�
ù� 2,3 05�,þz���3,/�G�1
�^�Gæ
�ù�5M511B4Z�ù	05^½¨
À��M�G)AåÜJ4Q�3ÎéË³´
°�6M_$GæZ�ù	5^½¨À��z
�G1å��Ð²Óß²äÁÈéÀ5ÝÍÇ
Ê:5W9B�ù�/4oV�æ
Z�ù� 15ÜJ06M² r!3ÎéË
³´°�0 3%ê 10%5�,þzJÜñ"/
�G54Z"åZ�ù� 2,3 06O|4_�
3ÎéË³´°�J��/ 10%ê 25% �§

5�,þz0�Gæ�H6å'6 46¨'
")ÎéË³´°4Z"/æ^3�,þzJ
!/�G16ò�3�æ

6 idZGãRlä

S406Ñ´ÇÆÛåÉ»éÅå®Ü�Ý
ÍÇÊ:5W96��"3�,)�åÜ�5
ÎéË³´°06"�5ÝÍÇÊ4W9�å
�$G{õ���EHGæ�H4Z"/åà
�ù	1Z�ù	5Ïð��5¸4û?§
J<�G325ZkJ}�$GQ���Gæ
>)Z�ù� 106Z�ù	5ó�6´�$
G³��r!�3G1��EHG)Aå®Ý
ÍÇÊ4Z$GW95��Fg�ç�1dI
G1ýP!HGæ
ø6�HE5ý7å$3
I+®ÝÍÇÊ:5W9J�� 4S4$G

Q���Gæ
à¶éÅÏÇÑ¯6¶ÕßäËigJå�
 4�3�)Aå_Áö2�&"�æ"�
"å_~ [4]6]�ÐÁ5¨À Ü�J_Áö
2$G�14D,/DF��ó�âÔá5a
���!EHG�1JÕ"/�Få¨ÀÜ�
5_Áö2�Q�1!H/�Gæ�5)Aå
_Áö3]�ÐÁ5¨À Ü�0�¬ª[J
Üñ$G)A5�)3�¬ª[À�5Üñ�
:a13,/�Gæ
>)å� 5 0Õ")D�4åñ�� !H
/�G^½ýP6]�ÐÁ5Ü�JC�4"
)B5063�æZ�ù� 1å$3I+Z�
ù	06^½¨ÀJ�3I3�ÜJ4��/
6Q�063��å'6 46]�ÐÁÜ�
05�,J#Ø")^½ýP�eAEHGæ
]�ÐÁÜ�J#Ø")^½ýPghB
ø
5:a1"/h�EHGæ

7 \X]

î�f06å�y �ÛDFÁéÐÁ·ßç
ÓãÃÇ½46 static tree heuristic 4DGZ
�ù	5^½¨À�5r!�]�ÐÁÜ�g
×�¡"/�G1�Å")æ>)å]�ÐÁ
Ü�JÁéÐÁ·ßç°é¸È¹ÆÛ5z4
Üñ$Ggh5� J�3,)æ!E4å�
 ")°é¸È¹ÆÛ5�,4¹"ÁéÐÁ
·ßçÓãÃÇ½5¿×ÜâéÄJ��/S
4J�3,)æ{�1"/åZ�ù� 15]
�ÐÁÜ�J�3��10 3ê 10% 5�,þ
zJ!EHG�1�^�,)æ
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