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Evaluation of Clustered Superscalar Processor with
Direct Dependence Matrix-Based Scheduling Scheme
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It is predictedthat theBypasslogic in a superscalar processorwill restrict clock speedin thefuture, and
to this problem, clusteringprocessoris studied. And the logic called wakeup will be critical too, so we
have proposedDirect Dependence Matrix Based Scheduling Scheme which decreasesdelay of wakeup.
Thestructures,called Centralized, Decentralized,andVirtual Decentralizedcanbeconsideredasclustered
processorwith out scheme.On the otherhand,to the wakeup problem,dependence-basedarchitecture is
proposed, andclustering this architecureis studiedtoo. This paperreportsthe resultof comparisonIPC of
Centralized,Decentralized,Virtual Decentralized,andclustereddependence-basedarchitecture.
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� � �(éFÈ � y(�P  �

n+ÉSí6Á�ò®w Ç?Ø ��ô
¬�` %FÙjÚ � s ±�²a���]`¥�
2.3.2 Z;[�¬ }j~6� t
R10000

�[¦�§�� � wç: � å	�8è s 1
� t `¥z]a � w

INT
�M�

INT
w

INT
�M�

LS
�

2
íX� t `¥� à 3

� � w
Û n#Ü ù u<� � s «³äá�ÞÝ � b�`¥�;«*�$� � n#* � À¨³w «¥ä	n

L-1
w6ß � n

L-2 Z;[ � �Aà �
L-1
uwv(i?a �

select
� ò ó ß(­

1
é � v � å Ä �

Ö�÷ q0r
s®t ` s w L-2
� zwa��Ì: � å	�(è7��ò ó ß­!½ � ��z � ¥ h � �³� ¨*­ç�!�H� à

1 (L-2)
� wF:

� åS�,è s 2
�<Á�ò$� t uá`_� �,à � � w L-2

� �
1.5é � v � w;bS� ó �*w

L-1
�

3 â �{ã�Ùáä ��ù ­/ô � w
L-2 s vS·zåSy/æ � ���]`C±�²9> �1å v7­{æ$���

3. ç�èMþEé;êìë�ûSüç��
�í�îðï9ñðòEó
EU ô v h a��+õ÷ö(ø1ù6ú3û�ü�ý3ø1ùþv h aF�(ÿwý� `���ë h������
	 ��� a9ä�
��?b�`��?ö����á`����� b�`

2 �Aô���� Ip

ö
Ic  "! ô v h a��Uý�#%$'&)(*,+.-�/ ý;ø#ù�0�1325476 	�8 �:9  �<;>=�?�@ +�A ù

Ip ôCB3D�E3F ä Ic

ø�G ôCH�ô�I 8KJML �3NKO�PRQ,�ö  ��6TSMù Ip

ö
Ic

ø
back-to-back

ý B5D 2KQ��3ö  �U6 ?5@ � J�V 9�W ÿ<�:X�Y W�Z\[ 6T]�2�ýUø1ù"^3_
1 I 87J.L ô�`�a�b�c�d"e�f (clusterdelay)

Z�g 2UQ��
B3h ý Ip

ö
Ic  ji:k�l V<m ô J:nMo,p5qrLs� �j9\tý.uRvrw =Cx v +�-�/ ý3ø1ù

1 I 8yJML ô�z5{ L�o,p
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window 0
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g
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g
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�
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(c) �����
�
�
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EU
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EU

Cluster 1

Cluster 0

EU

EU

EU
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Cluster 1
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EU

EU

EU
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4 ���������\�T�'�\���������

 "��� 2�Q��?öJý ? Q��7G ô\��� �6ù EU
Z

NC  �ôJ�V 9�W ý.¡5#�2�Q�ö ù 	,8 ��9 ô\¢5£�¤ ø 1¥ NC ¦§ ý x �Eý.¨�©«ª�ù�G ô\¬�­ Z�®5¯ ý.¨�©�2�Q��?ö  �«6�Q
5)° 8)
�

3.1 `5a<b�c�±:²�³r´�µ\¶�·\¸�¹�º�»�¼R½�º\·r¾5¿J5V 9�W õ i:kTÀ�Á I ø+ù ���«Â p���� ÂrÃ�Ä�Å ü?MÆ�Ç ý3Èy$ ù ® 6jÉ�Ê�ËrÌ ö�Í5Î�Ì Ã 2 � ýM¡5Ï32Q,�Aö  �R6�QT�:Ð 4(a)(b)
ý�G *jÑ"*�Ò�ÓyÔ\Õ,Ò ¡

Ö Õ Ãr×5Ø�Ù ZrÚ 2�� ÓjÔrÕ �wø�Û �:Ã k<Ü�Á J ö =w Æ�Ç ª * Q ����Â p���� Â Z ù"¡ Ö Õ �wø�Ý J�V 9W ý
1 Þ 1

ý Þ5ß 2UQ�à�á Ã�I�â�Â p���� Â ý.¡ Ö õ2�Q�� Ó�Ô\Õ �wø ��� ø�Û �:Ã�Â p���� Ârã (�2�4�w
Ã J5V 9�W ý Þ = w � D ª * Q Ã ý Þ = w{ùC¡ Ö Õ �ø ��� ø�Ý I�â�Â p���� Ârã ( 1 Þ 1

ý Þ�ß 2�Q J�V9,W ý Þ = w Ã5ä � D ª * Q��ÓjÔrÕ öå¡ Ö Õ �wø+ù ���:Ã J�V 9�W�æ Ã #%$'&%$
Ã W 8>ç\� l\ Cè ? Qé� Ó�ÔrÕ �wø ���:Ã #ê$�&%$ ø
select ë5ì Y�í�� D7î * Q  ù�¡ Ö Õ �Eø+ù�ïð( ã�Ãñ\ò Y n 9 o�p�J 9 ýMó,ô @ w{ù

dispatch ë�ì Y3í\�
Döõå÷ g  ��Q�� IPC

ø�G Ã�ø § ýM� � 2�Q 5),6)
�

G Ã���� �Uù Â p��K� Â Z ¡ Ö õ�2yQ��Uöå� Wakeup

k<Ü3Á J Ãr¬�­ Z�ù�ú 2�Q3�?ö  �U6�Qé�R� * ý � @wáø H�û �5ü5ý�2UQ��
3.2

Í�Î3Ì�þrÿ������ ·��	��

���� � 2UQ
2 ��Ã���� Ip

ö
Ic  "! Ã J5V 9�W ýM#%$&ö( *7+\-3/ ý3øMù J3V 9,W ÿ ¬�­7Ã +3A ù Ip

ö
Icø

back-to-back
ý B�D 2�Q3�?ö  �U6 ?5@ � = +  vw{ù

Ic

ý Þ 2�Q wakeup � select � 1 I 8yJ.L � B�D 2Q ÷ g  ? É ? Q�� Ù 1 (L-2)
ø1ù���� õ�� G Ã -�/Z�� = w @ Q�ö �Tä ? 2«�9ö � �U6�Qé��� Ù �wø+ù JV 9�W ÿ ¬�­�Ã +�A Ic

ø
Ip Ã\H7Ã�I 8jJML (D)

ý6ø
B�D �U6MS{ù�G ÃrH�Ã�I 8jJ.L (E)

ý B�D ª * Qé� =+  v�w{ù�� Ù�Ã È õ ý Ic Ã wakeup � select
ý / î��w

2 I 87J.L Z ã O\w � ù�� + ? z�{ L,o�p Z ��� Q

�9ö(ø ?5@ �
J�V 9jW õ iyk�À«Á I,Ã� 7� � Ã�!#" ø{ù�¡ Ö ÕýjÈ�$%$30þý'&êÉ ��¡ Ö Õ �!øMù	� �yÃ J3V 9jW ý# $�&ö( * Q ��� ø(� �yÃ3I7â�Â p��R� Â ý*),+Rª* w @ Q�� = +  vrw�-#� �:Ã5I,â�Â p��U� Â*. � Ã

wakeup � select / 1 I 87J�L ��- ! Ã�I:â,Â p��U� Âý � Q
wakeup � select / 2 I 8jJ.L � B�D 2�Q5È õ ý

k<Ü3Á J Z�0 A(1 È @ ��¡ Ö Õ32 D(4��5Ø Z�0 ä / î� Q -5/ ý / - L-1 D(45/ Ý I,â�Â p��K� Â ýT¡ Ö = -J5V 9�W ÿ Ã wakeup / L-2
� D76 1 È @ �

3.3 8�9 Í�Î3Ì: ý = + È õ ý�- wakeup � select
Z / î�� w 1 I 8J.L � D)õå÷ g  �,Q Ã#/ � �,Ã J�V 9�W ýT#ê$'& (*:+ ��� ÿ]ý�;K( * Qé��� Ã J�V 9�W=< i,kTÀ�Á I�Ã!(" Z Ó�Ô\Õ7> ß 1 = +.-�/ Ã'8?9 Í5Î3Ì 2A@�B �5Ø> � @ w�ý,4�Q��

Ù 4 (c)
> -DC�E�¡ Ö Õ Ã�×�Ø3Ù ZMÚ 2���C�E�¡ Ö Õ

/ - Ä�Å,F > / ÓjÔrÕ Ã\�?G ���jQé��2 ? î ��- Â pHJI Â�/ Û �:Ã k<Ü3Á J � Æ�Ç ª * - ����/ Gj� ã (2�4�w Ã J�V 9�W > Þ = w � D ª * Q��G Ã t �?- Â p H�I ÂrÃ�K HML n Z J5V 9�W(N 2D>O�P ¡5# = -<Ý O(P N 2*>
L-1 D?4 Z 1�Q32UQé��2 ?

î �=-?� � O�P . >=R ã *:+ 2 �3Ãr���S/ 1 I 8�JML�
wakeup � select

�«6�Q  - è ? Q O?P . >�R ã *�+
2 ��Ã\���,T�Ã wakeup � select

> / 2 I 87JML Z�g 2Q��
dispatch U > / -�Ý O(P > Þ = w ��� Z &s$ ¡�OQ ÷ g  �:Q  -«� *S> / ¡ Ö Õ32 � ��V L
W7n í mZ 1 @ Q3� 2  �«6�Q��

Select U > / - � D�X�Y ? �3� Z Ý J�V 9�W > #s$&RQ ÷ g  �:Qé�(C(E5¡ Ö Õ / - Ä�Å,F > / Ó�Ô\Õ Ã��G ���ð$Z- ��Ã O(P Ãr���[� 2�4�w Ã J5V 9�W > �
� � D 2UQ3� 2  ��6�Qé� = ã = -��:Q O(P Ãr���5/G *S> Þ5ß 2�Q J�V 9�W >]\?^ F > #%$'&RQ 2 È @ ���_ õ � J�V 9�W >]` 6  ��Q -5/J> / - ! Ã O�P Ã��� Z � D 2UQ�� 2  ��6�Q��

3.4 a b�5��� / Ó�ÔrÕ ��¡ Ö Õ -�C(E5¡ Ö Õ Z=c?d = -:G
Ã�!�" Z x 2MA Q��

wakeup e�f¡ Ö Õ -DC�E�¡ Ö Õ � / L-1
Z ¡ Ö 2KQ�� 2  ��6e-

wakeup ¬�­ >Df = w Ó�Ô�Õ Èy$g$�0����:Q 2ih 6 Q��
dispatch j,·C¸�¹?kmlen[l¡ Ö Õ -�C(E5¡ Ö Õ � D õ dispatch U�Ã #ê$ &%$ /ï>( ã5Ã ñrò Y n 9 o�p5J 9 > ó�ô @ w D)õ  -C� �f�o Z*p > ��� Z #ê$�&RQ3� 2  �q ^����:Q���� * /� � f�o7> �:Q ��� Z ��6�Q�r�O�� � J�V 93W > � D2�Qes ä �?-U� * Z D�î ?5@ Ó�ÔrÕ Èy$ J�V 9�W T<¬

­:Ã �5��t § Z=u
v Qxw�1  �:Q�� + r = � ��y�z Ãø § > È"v�w /�{ >.Ó�ÔrÕ Èy$ � J�V 9�W T"¬�­  �t
� = IPC  �| < 2�Q X(Y�!  �jQ��} >

ILP  '~ É à�á Ã J5V 9�W � B5D 2KQ ÷ g  ?
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@ -�/ -�2 ? î �]�,w?� � J�V 9�W > #ê$'& *�1D� @È õ ? -5/�> / - dispatch U,Ã #%$�&%$ /�� g ? &%$¡UO Z D vrw =Cx5@ { > IPC
> |���� Z'�	� 2��`3a�b�c���·"¸�¹(k[l�n�l�·����ÓyÔCÕ � / select ë�ì Y�í"��# $�& $ Z Döõ +�A -J�V 9�W Ã ` 6 Z*�?� = w ��� Z � D 2�Q3� 2  X�Y�,��Q�� x + C�E�¡ Ö Õ � � -x�(� F > / select ë\ì Yí\� B�D J�V 9�W�Z=�?� 2�Q +�A�Ó�ÔrÕ�2 �D� > - `@ w @ Q J�V 9,W > � D 2�Q�� 2  X?Y �j�jQ��= ã = ¡ Ö Õ � / - dispatch ë�ì Y�í\��#ê$�& $ Z

D)õ +�A - B�D�U�Ã J�V 9�W Ã 0�1���� Z���� = w�#$'&>Q�� 2  �� 6 ?5@ � = +  v�w�-�� Ã J�V 9,W /` @ w @ Q > � f î (TS�- Þ�ß 2«Q J�V 9�W  busy��� � �,Q +�A�> �5�  �� D � 6 ?5@ 2 @ õ ���  ���7$ õ Q��
4. �5�7�[�
�? ¢¡M£�¤�¥�¦�§�¨,©�ª 8)

«�¬ � / - H ¬ � Ó,ÔMÕM­ ¡ Ö ÕM­ C�E<¡ Ö Õ�2¯®�°m­c?dKZ D õ%±(² ( Ã*³�´ = + � ¤?µ 9 >�¶�· = + ���
� D�¸ Æ ÃD¹ g > � @ w�ý�4�Qé��� Ã'¸ Æ / J5V 9�W<

dependence-based architecture
> Þ = J�V 9:W T�¬

­:Ã �?� Z=º�ú 2UQ#� 2 Z · F 2 = w?»�¼½-�¾�¿ Â pH7I Â=.5Ã ¾?¿ ã
À ? Q�X�Y W ë k Y l V ë (DFG) Ã� ¤�µ 9�Z]Á
Â = -�� ¤�µ 9�t Ã ¾�¿ Z � � J5V 9�W> � D 2�Q�� 2 Z \(^ 2�Q�� 2 � - J�V 9�W T<¬�­:Ã
��� Z�º�ú 2UQ,� 2 Z · F 2 = w @ QxÃ

DFG ·�Ä?Å
( 1 ) DFG

>DÆ ; 2«Q.Ý /,ÇJÈ Y I >�É @ w�-yG ÃÈ Y I >�Ê Q K ÁCÜ ÃUõ �=- B�D ��Ë U�Ì�Í ��å¬ @ È Y I ãSÀMÃ�K Á�Ü Z]Î = � Z�ù�Ï 2KQÐÃ� *�> È7¼
DFG /DÑ 2 ? QeÃ

( 2 ) Ñ Z�Ò ? ¼ Ã ?5@�Ó ¡ µ 9 > ¡ y = -<Ý Ó ¡ µ9 >=Ô x * Q È Y I Z
FIFO

¾�¿ Â p H�I Â >)?+�2�QeÃ Ó ¡ µ 9 T�Ã\E /�Õ?Ö / -�×�Ø �7Z1?Q =ÐÙ?Úð= -�� ¤�µ 9�Z ��Û ã�ÀeÜ Û x �?ÝQ +5A,> 0�1�2UQxÃ
( 3 ) Â p HJI Â*.�Ã �?¾�¿ Ô - B5D ��Ë U�Ì	Í � �

¬ @ ¾?¿ Z � ¤(µ 9 Ã ��Û 2 = w�×(Ø Ù(Ú 2KQÞÃ
dispatch ß?à�á�â?ã5·�ä�åt Ù

DFG
Z B�æ 2�Q +�A�> - dispatch

ª*ç�Qx¾#¿
> Þ = -�G ÃrB�D ��Ë U�Ì 2 -�è�Y 9 ­êé z V H�I Z
� Ç 2UQx¾�¿ Z*ë A Q ÷ g Í#ì Q�Ã� Ã�í A	> Ý[î Ü 9�W > Þ3ß 2RQ K H�L n Z  Éo Y â L Z 1�Q = -�G Ã î Ü 9�W�Z*�(ï 2�Q ^ D ¾�¿æ Ã�ð 8 H W 2 -�G Ã ¾?¿ Ã�B5D ��Ë U�Ì Zòñ  2KQÞÃ

dispatch
ª]çKQÞ¾?¿ > Þ = w7� Ã o Y â L Z=ó(ô = -è�Y 9 ­½é z V HJI Í�õ õÞU�Ì 2 -m�Þç Z � Ç 2UQe¾¿ æ Ã�ð 8 H W�Z=ö Q�Ã�è�Y 9 Í à5á Æ ; 2�Q�÷?ø >

/�B�D �#Ë U�Ì
Í � ��¬ @ ¾�¿ Z]ù B Ã� Ã È õ > = w ö À ç í=ú Æ p Ã ¾�¿ Ã�û(ü > -?ý

þ ¾�¿ Z=ÿ Ê 2KQ�Ã û(ü,Í ` @ w @5? ODç 1 µ 9 Í ¡� 2�Q,� 2 ZrÚ = w�»�¼Z-#ý þ ¾�¿ Z ` Ã FIFO Ã ^� > ÿ Ê = µ 9 T�ÃrE ø Õ?Ö Z]ñ  2�Q�ÃM� Ã È õ >= w�-
DFG Í�� Ç ª�çUQeÃx í ö À ç í èrY 9 ­êé z V HJI Í�õ õAU�Ì > -�ýþ ¾�¿ Ã î 83o H�� Z�� 6 Q�� 2 � - B�D ��Ë U�Ì 22�Q�Ã�ý þ ¾�¿ Í î Ü 9�W�Z��(ï 2UQÞ÷?ø > / - t Ùo Y â L Ã�Þ�ß î Ü 9,W Ã�K H�L n >	� 6�

��Ãx í�B�D ��Ë U�Ì�Í - æ ;�Ù?Ú>= w @ Q�� ¤�µ 9 Ã��Û Ã ¾�¿ 2 c?d = w ¬ @ ÷?ø > / ý þ ¾�¿ Z � ¤�µ9 Ã ��Û 2 = w Ù�Ú 2�QeÃ

issue ß?à�á�â?ã5·�ä�å� Ã�ë<ì Y�í � / � ¤�µ 9 Ã ^ � Ã ¾�¿ Z=ë A -M�Ã ¾�¿ Z \�^ = w�ý þ ¾�¿ Ã è�Y 9�Z � Ç 2KQ�¾�¿ 2� � J5V 9,W > � D 2�QeÃ� ¤�µ 9 Ã ^ � / -�� ¤�µ 9 Ã ��Û Z=ë A -:GS� ã
À DFG

Z Ý v\w Ü Û Z*ë A QeÃ��#Û / t Ù Ã È õ >ñ  ª=ç�w?»3¼½-,G�� ã�ÀÞµ 9 T�ÃrE ø Õ�Ö Z 1 @ w
DFG

Z Ý ¼ ^ � Z�ë A QeÃ
5. � �«?¬ � / - SimpleScalar� Y L À�Á L (ver.2.0)11)

>
Þ = w�- 3

¬ � ý�4 í J�V 9�W=< i�kTÀUÁ I�Ã Ý �5Ø> D(43��Ø Z	� 1 = í�� X L 2 - 4
¬ � ý�4 í�±?² À³?´ = í<Ã � ¤�µ 9 >=¶7· = í ¾(¿ � D(¸ Æ Z B�� = -

SPEC � H���� Y J Z 1 @ w IPC Ã ®(° Z D v í Ã
5.1 ���
���� !#" �$�� ó�% � X L / - INT

-
LS
-

FP
¾?¿ Ã G'ç Ñ ç > I�â

Â p H�I Â Z  vrw�» ¼Z-KG Ã � D ¯ 2 Â p HJI Â ­I 8 í / -�G�ç Ñ ç(- 2
-

16 � ì QxÃ(��& Ã � D ¯ /
2 ' 3 ( 6 � ì Q Í - ë<ì Á � ¯ / 4 � ì QeÃ�¾�¿*) X�YW ¡$+

1 H - �-, -�.?ø 2 H0/�1 Á � ò Ã32#4 - V65H ­ I 5 í'-�î 53o H�� / -�G'ç Ñ ç 32KB
-

64B
-

2
I 5yJ.L - �
, 8MB

-
64B
-

8 I 57J�L � ì QeÃ 2 H
/$1 Á � ò ­ ç87 U > / -'��9 Ã;: Y I > 32 I 57JTL -
ü�<=: Y I > / 6 I 57J�L ) : Y I Z�g?> QòÃ�¡ ��@A > / Ò�B�C ¤ 12

- K H[L n á 4K Ã gshare
Z�DFE

í Ã3� Ã�� X L Z ' 1
2Þ@,B Ã3�xç > � 6 w�- ë5ì Á� ¯ - �$G ¯ - Â p HJI Â ­ I 5 í 2 EU

á Z
2 H >I;JLK í�� X L Z ®?° K í Ã3��ç Z ' 2

2Ð@#B Ã
`�a5b5cr±� Ã�� X L > Þ K - J�V67 W á NC ( 2 Ã J�V�7 W<KZ3M K í Ã INT

-
LS
-

FP
¾�¿ Ã G�ç Ñ ç Ã EU

Z
2
É Ã J�V�7 W - 0

2
1
> ¡$N > QeÃ�Ý J�VO7 W .�Ã

INT
-

LSEU T�Ã6P 5 µ 7 /�Q � E ø 2 K - J�V�7 W
T<¬3­5/ 1 I 5yJ.L 2 K í Ã
¸�¹�·�kmlen[l¡ Ö Õ -(C?E�¡ Ö ÕJ> »:O�Qx-

dispatch U:Ã ¾�¿ ÃN ¼SR ¼ / -OT u Ã V L
W7n í m > ó�ô É
Ui¾�¿ Â p
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5 IPC: v 1
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6 IPC: v 2

HJI���� > ú Æ p����?� ¾�¿ Í Æ�� >0� ÷?ø0���	���ç ��� � ��¡#¢0£�� ��N ¼¤R � Ã ú Æ K �$E ¾�¿��L¥K;¦ ��è�§ 7©¨ é�ª
« ¢0£ Í3¬ ��­ D�®�¯°���?±�²³E� ¾�¿´�*��µ$¶?·¸�?¹ « 7?º
0
��N¼»¤R �¾½¿¸À*Á �6Â?Ã �

select Ä;Å*Æ$Ç
Å NÈ»SRÉ»¾�	�0Ê´»Ë E Æ³Ç¸Ì Í ¹ « 7-º 0 Å EU
��µ$¶-·´��ÎÉ»ÐÏ � �Ñ$Ò ��Ó�Ô
Õ´Ö�×#Ø ��Ù;Ú ¦ 7),8)½Û�Ü�Ý�Þ Á �3Â;Ã �

select Ä³Å�Æ�Ç?Å Îß»àÏÈ»Ðá
���â ��ã�ä Å*Æ$Ç �	å�æ#ç � ¹ «�è º ��é¸ê	µ�¶$ë�ì´íî-ï ½ð�ñ Í	Å3ò�ó¸Å select Ä;Å*Æ$Ç
Å ÎÈ»SÏÉ»¾�	��ô�õö è Å ¶�÷ ��øFù ² � 4 ú á�û³ü;ý?Ê?þ	��ÿ Å�� ª-«¢ £ í����³ç � ¹ «Oè º � ç ��½
���	� ¹ Ô �
select
�� ý6ô#õ ö è Å ¶³÷�
�� Å�Æ#Ç ��øLù ² �*� FIFO�?¹ «�è º Å µ�¶$ë�ì í î-ï ½

5.2 ��������
5
���

6
�$ÿ ����� ���

1
���

2
í �#§ è � ç ��!

" Ô Å IPC Å$#�% &�' í�(�ç ½�)�* ��Ù�+ ! " Ô ��åç �
IPC Å Î�, í-(=ù ² ê �¾½ 4 . á�/´� �?±�² ê �021 «�3 ��4 Ì Í ¿
À*Á ��5 Ü�Ý$Þ Á � Ý�Þ Á � ð�ñ

Í*Å6ò�ó á Å IPC
í�(=ù ² ê ��½

�
1
á � Û�Ü#Ý#Þ Á � ð$ñ Í�ÅOò�ó � ¿´À�Á � Ý³ÞÁ Å ë �3é ê IPC
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