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MotivationMotivation

n o \�^�Z pjYqi bj]Rd b�rts�bjr�\�]
l u�v$wyx!z<{ |$}A~Cwy� { � { w�~$�&�$v&�&{ }$|1w&x$|!�y� � ~${ |!�
l �����$v$�1x$�$�$x!��v$��w�x$|$�&�&z<�!� { x$|

– �c�����y�I� � ( �&� �y�y�&�:� �
�!� �!�
�&�y� ��� for current technology)
Ø Charging/ ��� � �y�
�!� �&� �
�:�����y����� � �y� �
Ø ���
�y� �y�&� � �y��� �y�&��� � �!� � �
Ø ��� �y���&� � � �!�
�&  � �j� �
�:� ¡R� � �y��� �
�I��� � � ¢y� � �

– �$� ��� � � ( £ � ��� ���y�
� � �I�!� �&����� � ���&    ��¡R� � �j���:�y    �y�&¤ �y�
� �y� �:��� ¥���� )
Ø ¦����&§ ���y������� � �&� � (   �y�y§
� �
�:�$� ���y�y�j�&� ��� � �!�
��� � � �y� � )
Ø �c� �
� � �j�&��� � �!� � � ( �y�y��� �!�R� � ��  ���j�y�j���
�!� �y� NMOS)

l ¨Kx$� ©I� xA�$x<~!�$� v!w&ª$|$x$� x$}$�I« « «c~$�!�$� { w&~!� { x$|C� v&¬&v$�
– ��ª${ �I�:x$� ©:� x$w��$�&v!�Cx$|A� ª$v<~!� wyª${ � v&w&� �&� v<�!~$� �

Ø ­����&� ���R� �
���&�����y�I� �R����¡j�y�y���&�������:�
� � �!�j®y��� ���!�
�y� � �R� �
�:� ¡j� � �y�y� � �
activity
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MotivationMotivation

n ¯ Z °$\	b�i�_ ±�\
bjsj\�] `�Y�gj^
l ²I³@´�µ µ$¶$´�µ ·�¸�¹<´�º ¸@µ ´�º »�¸�µ ¼C·�¹$¸�½ (¾ ¿�´�¾�À Á ¾�Á Â
´ byte)

– Ã$ÃCÃ$ÃCÃ$ÃAÃRÄ hex

– Å�Å@Å�Å@Å�Å@Å�Æ hex

l Ç�´�º »�¸	¶!´�µ ·�¸�¹<³@´�¼�¿�´�¶$¸	È�¼$¾ ¸�¹�ÉÊÁ ¾ ¿�Á Â	¾ ¿�´�¾�´�º ¸KË ·�¹$¾�´
¹$Á »�Â
¸�Ì&¾ ¸�Â�¹!Á Í�ÂÍ�À�¾ ¿�¸	Î�º ¸�¶$Á Í�·�¹<Í�Â�¸ÊÏ
– Ã$ÃCÐ$Å@Ã$ÃCÃRÄ hex

– ÃRÄjÃ$ÃCÃ$ÃAÃ$Ã hex

l Ñ$·�¹$¾�¾ ¿�¸	¹&Á »�Â�Á À Á Ò!´�Â�¾�È�¼$¾ ¸�¹<Â�¸�¸�½	¾ Í	È�¸KÒ$Í�³@Î�·�¾ ¸�½
´�Â�½
¹$¾ Í�º ¸�½ÊÓ
¾ ¿�¸º ¸�¹$¾�´�º ¸ redundant
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n ÔlÕ ÖK×1Õ Ø�Õ Ù:Ú�×jÙ�Û)Ù�ÜAÝ�ÞAß Û�à:à�Õ Ü1×
– ácÌ!¾ ¸�Â�¹$Á Í�Â bits
– âc´�¹$Á Ò pipeline

n ã@Ü�ä�Û@ß�à�Ú:å�Õ ×�ÖAà
– æcç)Á Â�Ò!º ¸�³@¸�Â�¾
– Fetch
– è�¸�»�Á ¹$¾ ¸�ºjÀ Á µ ¸
– é!·�Â�Ò!¾ Á Í�Â�´�µ units
– Memory
– Writeback

n êAÜ�ä�Þ1Ü�ä�Û�ß�Þ1Õ Þ�Û<ë Õ ×�Û:à
n Conclusions

ìîí/ï�ðòñôó�õ�ï�ö�÷�øìîí/ï�ðòñôó�õ�ï�ö�÷�ø
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ù ö�ú�÷�ö�û@ö�ü/í�÷�ü/øþý ÿ ����� ø����/ö�ÿ�÷ù ö�ú�÷�ö�û@ö�ü/í�÷�ü/øþý ÿ ����� ø����/ö�ÿ�÷

Byte 0Byte 3 Byte 2 Byte 1

Byte 0Byte 3 Byte 2 Byte 1

	�
 ��
�� � � � 
�� ��� �

� x$|$¬yv$|$� { x$|$~$��~$�$�$� x$~!wyª

� { }$|${ � { wy~$|!w&vAw&x&z<�$� v!���&{ x$|A~$�$�$� x$~!w&ª

��� ��� � ! " ��� #�� $�� %�� "
Byte 0Byte2

Example &�'�()'*',+�-.'�'.'�/ VVVV 101 0 -- +1- -- 01/32�(�4 2�5)617 895.:�7 4<;�2�=9:�>�4 2�? Byte '@7 6BA1C D3A�>�6.E�8�F@;�G�4 2�HI6�8J5)8I617 K952*(�4 215�6�7 895L5)2*2�H12*H UU PP CC

�<� �����
�
���� �����
�
�
ù ö�ú�÷�ö�û@ö�ü/í#÷�ü/ø ý ÿ ����� øM���/ö�ÿ�÷ù ö�ú�÷�ö�û@ö�ü/í#÷�ü/ø ý ÿ ����� øM���/ö�ÿ�÷

n ¯ Z °$\	b�i�_ ±�\	bjsj\�] `�Y�gj^
– ¢
�!  �
�y�R� �y��� /¡R� � � � �!�:� � � �j� �
�Ê� ���!� � � �&�!�&� �Ê�:�y�:�y� � (Avg N Mediabench)

l OÊ¬yv$� ~$� �
– P1Q)N R)S��������,TI®y� � � Q U�N V)S7�
�����JQ P:®&� � �
– Q R�N V)S��������,W*X:®!� � � Q W�N P)S7�
�����,Y�WI®&� � �

100

99.2

97.9

96.4

94.6

87.2

74.6

61.0

Acc

Z)[\Z Z Z Z�Z)[Z Z�Z)[9Z Z�Z)[Z)[\Z Z Z)[\Z)[Z)[\Z)[9Z Z�Z)[Z Z�Z)[9Z)[\Z)[Z)[\Z)[9Z)[\Z)[Z Z�Z Z Z)[\Z ZZ Z�Z Z Z Z�Z)[]�� ^�_a`�b �
(hex)

0.8sees

1.3eses

1.5sess

1.8sses

7.4esss

12.6ssss

13.6eess

61.0eees ced�f�g
^)b h�� i

Cases
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j í��/ö�ü

Pipeline
j í��/ö�ü

Pipeline

n k1Õ å�Û)à.l
Ú�ÖCÛ�ÞAÕ ÞjÛ�ë Õ ×�Û
– Å�v$� w&ª�m�ÆRv!wyx$�$v�n9oRv$~$�1m<p�q�v!w&�!� { x$|�m�rCv&z<x$� �)m Writeback

n ã@Õ ÞjÛ<ë Õ ×�Û)ÛBs.l
Û@×�tAÛ.tTä/Õ l<u'ÛBs.l
Û�×jà�Õ Ü1×wvCÕ l
à
–
� { }$|${ � { w&~$|!wyvCwyx!z<�$� v!���&{ x$|C{ |<~$� ��� ª$vC��� ~$}$v!�1x!�$� ª$vC�${ �$v$� { |$v

x*y z { |1} ~ � �

Instruction
Cache ALU Data

Cache
Register

File

exten. exten exten extenG G

G x*y z { |
fill

Writeback
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�tÿw� ø � ù í�� ö�÷ ú��

(i)
�tÿw� ø � ù í�� ö�÷ ú��

(i)

n ã�� increment
–
� x$z<�$�$� v Ä��$��� v<~&��~A� { z<v

– Typicallym�wy~$� � �I�$x$v$�Ê|$x!�c�$� x$�$~$}$~!� vJ�$v$� �:v$v$|L�$��� v$�
l �:Ò$¾ Á ¶!Á ¾ ¼C¹$´�¶!Á Â�»�¹��\�ÊÏ �\� ´�¶!¸�º ´�»�¸

x�y z { |
fill

Instruction
Cache ALU Data

Cache
Register

File

exten. exten exten extenG G
G x�y z { |

fill

Writeback
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(ii)
�tÿw� ø � ù í�� ö�÷ ú��

(ii)

n Fetch
–
� x$z<�$� v!�y�Ê{ |!�&� � �!wy� { x$|$� (� � x&z��A� x�� bytes)
Ø ­��y�:�
¢���¤ � �y  �y�����
�c�
�
���Ê�!� �����&�:�y� ���
��¤ ��� � � � �!�������y�y�
Ø ���y�:�y� ��� � immediates � ���
�!�y�Ê�
�
�c�
�
�I�y    � ���I� �y�����I� �y�
�&� ¢����

– rAx$�&�$�$��v$�<{ |!��� � �$w�� { x$|!�Ê��{ � �y�&�&vL� bytes
Ø Q�®&� �!��� � � �:���!�$� � � � � � � � � �!��� �:�&� � � � � �$��� ���R�y�:�&�
�

compressed/ �y� ���y�:�&� �y� � �y�Ê� ��� � � � � � � �!�
�
l �:Ò$¾ Á ¶!Á ¾ ¼<¹$´�¶!Á Â�»�¹����IÏ �\� ´�¶&¸�º ´�»�¸

x�y z { |
fill

Instruction
Cache ALU Data

Cache
Register

File

exten. exten exten extenG G
G x�y z { |

fill

Writeback
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(iii)
�tÿw� ø � ù í�� ö�÷ ú��

(iii)

n �1Û:ÖFÕ à.l
Û@ß:Ø�Õ ë ÛM� read)
– �R�&vA�&{ }$|${ � { w&~!|$wyv1w&x$zA�$� v$�y�y{ x$|A��ª$v$|C� v$~$�${ |$} /writing
– ��v$v$�Cv�qy� v$|$�&{ x$|J�${ � �L� ���

l �:Ò$¾ Á ¶!Á ¾ ¼C¹$´�¶!Á Â�»�¹��\�ÊÏ �\� ´�¶!¸�º ´�»�¸

x�y z { |
fill

Instruction
Cache ALU Data

Cache
Register

File

exten. exten exten extenG G
G x�y z { |

fill

Writeback
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(iv)
� ÿ�� ø � ù í�� ö�÷.ú��

(iv)

n ALU
– �&�$���$w&x&z<�$�!� vJ� significant  bytes
– ¡Êv$|$v$� ~$� v<v�q�� v$|$�y{ x$|��${ � �Ê� x$��� ª$vA� v!�y�$� �

l �:Ò$¾ Á ¶!Á ¾ ¼<¹$´�¶!Á Â�»�¹�� �IÏ �\� ´�¶&¸�º ´�»�¸

x�y z { |
fill

Instruction
Cache ALU Data

Cache
Register

File

exten. exten exten extenG G
G x�y z { |

fill

Writeback
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(v)
�tÿw� ø � ù í���ö�÷ ú��

(v)

n ¢qÛ�Ý ÜAß £ (D-cache data)
– �y�$�y�$�yv$|!� /receive “significant  bytes
– ��v$v$�Cv�qy� v$|$�&{ x$|J�${ � �A{ |1� ª$vCwy~!w&ª$v

l �:Ò$¾ Á ¶!Á ¾ ¼C¹$´�¶!Á Â�»�¹��\¤ÊÏ �)� ´�¶!¸�º ´�»�¸

x�y z { |
fill

Instruction
Cache ALU Data

Cache
Register

File

exten. exten exten extenG G
G x�y z { |

fill

Writeback
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(vi)
� ÿ�� ø � ù í�� ö�÷.ú��

(vi)

n �1Û:ÖFÕ àBl
Û@ß:Ø�Õ ë ÛM� write)
– �&�$���$�:� { � vA�&{ }!|${ � { w&~$|!�<�$��� v$�
– �R�$�$~$� vAv�qy� v$|!�&{ x$| bits

l �:Ò$¾ Á ¶!Á ¾ ¼<¹$´�¶!Á Â�»�¹�� �IÏ �)� ´�¶&¸�º ´�»�¸

x�y z { |
fill

Instruction
Cache ALU Data

Cache
Register

File

exten. exten exten extenG G
G x�y z { |

fill

Writeback
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�<� �����
�
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�
�
� ÿ�� ø � ù í�� ö�÷.ú��

(vii)
� ÿ�� ø � ù í�� ö�÷.ú��

(vii)

n ¥1Ú.l
Ú�ÞjÚBl9u�ë Ú.l
Ù¦ujÛ�à
– ��v$v$�A� � x!��{ |$}C�y{ }$|!{ � { w&~$|!�<�$��� v$�
– ��v$v$�Cv�qy� v$|$�&{ x$| bits

l �:Ò$¾ Á ¶!Á ¾ ¼C¹$´�¶!Á Â�»�¹��\�ÊÏ �\� ´�¶!¸�º ´�»�¸

x�y z { |
fill

Instruction
Cache ALU Data

Cache
Register

File

exten. exten exten extenG G
G x�y z { |

fill

Writeback
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(viii)
�tÿw� ø � ù í�� ö�÷ ú��

(viii)

n Summary ÞCÜ�ä'Û@ß:à:Ú�å@Õ ×�ÖCà

x�y z { |
fill

Instruction
Cache ALU Data

Cache
Register

File

exten. exten exten extenG G
G x�y z { |

fill

Writeback

Datapath
Width § ¨ incr Fetch ©1ª�« ¬1­*® ALU D-cache

data
©�ª�¯,« ° ± ¬ Latches

²@³ ° ± ´ 73.3% 18.2% 46.5% 33.2% 30.1% 42.1% 42.2%µ�¶I³ ° ± ´ 46.7% 18.2% 35.9% 22.1% 23.4% 30.3 34.9%
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�<� �����
�
���� �����
�
�
·�ÿ¸�¹�tÿw� ø � � ö � ø/ï�ö�÷�ø��·�ÿ¸�¹�tÿw� ø � � ö � ø/ï�ö�÷�ø��

n Serial
l ºIÁ Â�Á ³@´�µc´�Ò!¾ Á ¶$Á ¾ ¼

n Ô@Û�Ý�Õ�ÞjÚ�ß Ú�ë ë Û@ë
l »j¿�º Í�·�»�¿�Î�·�¾�È�´�µ ´�Â�Ò!¸�½

n Fully-parallel
l ç1Í�³@Î�µ ¸�Ì<Ò$Í�Â�¾ º Í�µ
l �:»�»�º ¸�¹!¹$Á ¶$¸
Í�Î�¸�º ´�Â�½	»�´�¾ Á Â�»

n ÔlÕ Ý Õ ë Ú@ß:Ú�Ù.l�Õ å@Õ l�£7Ù@ÜL¼1×al
à�½9tFÕ Ø
Ø
Û@ß Û�×al	Þ�Û@ß Ø�ÜCßyÝlÚ�×jÙ�Û
levels

UU PP CC

�<� �����
�
��<� �����
�
�
·�ÿ¸�¹� ÿ�� ø � �tö � ø/ï�ö�÷�ø��·�ÿ¸�¹� ÿ�� ø � �tö � ø/ï�ö�÷�ø��

n Byte-à�Û@ßyÕ Ú�ëIÕ Ý�Þ1ë Û�ÝlÛ�×al
ÚBl�Õ ÜA×
I-Cache

tags

exten.

ALU Data
Cache

Register
File

exten extenG

WritebackPC
ADD

I-Cache
2/3

I-Cache
0

I-Cache
1

DI-Cache
tags

¾�¿ À
compare

¾�¿ À
compare

exten.
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�<� �����
�
���� �����
�
�
·�ÿ¸�¹�tÿw� ø � � ö � ø/ï�ö�÷�ø��·�ÿ¸�¹�tÿw� ø � � ö � ø/ï�ö�÷�ø��

n Á@£Bl�Û)à�Û@Ý Õ - Þ�Ú@ß Ú@ë ë Û�ë:Õ Ý ÞAë Û�ÝlÛ�×al
ÚBlcÕ Ü1×
I-Cache

tags

exten.

Data
Cache

exten

PC
ADD

I-Cache
2/3

I-Cache
0

I-Cache
1

DI-Cache
tags

¾�¿ À
compare

¾�¿ À
compare

ALU
0

Register
File

0

exten Gexten.

ALU
1-3

Register
File
1-3

exten
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�<� �����
�
��<� �����
�
�
·�ÿ¸�¹� ÿ�� ø � �tö � ø/ï�ö�÷�ø��·�ÿ¸�¹� ÿ�� ø � �tö � ø/ï�ö�÷�ø��

n Á@£Bl�Û#Þ�Ú@ß Ú@ë ë Û�ë�à�ÂcÛ�ä�ÛBt Õ ÝTÞCë Û@Ý Û@×�l
Ú.lcÕ Ü1×

I-Cache
tags

Data
Cache

0

PC
ADD

I-Cache
2/3

I-Cache
0

I-Cache
1

DI-Cache
tags

1

¾�¿ À
compare

¾�¿ À
compare

ALU
0

Register
File

0

ALU
2

Register
File

2

ALU
1

Register
File

1

ALU
3

Register
File

3

Data
Cache

1

Data
Cache

2

Data
Cache

3

DI-Cache
tags

0

ALU
1

Register
File

1
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�<� �����
�
���� �����
�
�
·�ÿ¸�¹�tÿw� ø � � ö � ø/ï�ö�÷�ø��·�ÿ¸�¹�tÿw� ø � � ö � ø/ï�ö�÷�ø��

n Byte- ÞjÚ�ß Ú�ë ë Û@ë�Ù<ÜAÝ�ÞAß Û:à�à:ÛBt Õ ÝTÞ1ë Û�ÝlÛ�×�l
ÚBl�Õ Ü1×

I-Cache
tags

exten.

Datax�y z { |
0

exten extenG

Ã�Ä Å�ÆRegisterÇ ~ � | Æ

Writeback

PC
ADD

I-Cache
2/3

I-Cache
0

I-Cache
1

DI-Cache
tags

¾�¿ À
compare

¾�¿ À
compare

exten.

Ã�Ä Å�ÈRegisterÇ ~ � | È
Ã*Ä Å�ÉRegisterÇ ~ � | É
Ã*Ä Å�ÊRegisterÇ ~ � | Ê

Datax�y z { |
1

Datax�y z { |
2

Datax�y z { |
3
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�<� �����
�
��<� �����
�
�
·�ÿ¸�¹� ÿ�� ø � �tö � ø/ï�ö�÷�ø��·�ÿ¸�¹� ÿ�� ø � �tö � ø/ï�ö�÷�ø��

n Á@£Bl�Û7ä�Õ tCÛ�ÞAÕ ÞjÛ�ë Õ ×�Û:à�Þ�Û@ß Ø�ÜCßyÝlÚ�×jÙ�Û

0,00

0,50

1,00

1,50

2,00

2,50

3,00

CPI

Ë<Ì�Í�Î ÏaÐ�Ñ1Ò Ó)Ô*Ð)Õ)Ö�×�Ø

Ù�ÚaÔ�Ò Û�Ô)Ó�Ü�Ð)Ý Ò Õ�Ð
Byte-parallel
skewed
Byte-parallel
compressedÞ�ß�Û Ð�Ü�Ð)à.Ò á â*Ó�ã Ó�Ý Ý Ð�Ý
Þ�ß�Û Ð�Ü�Ð�ã Ò Ó�Ý

6%2.5%

23.6%

79%
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�<� �����
�
���� �����
�
�
·�ÿ¸�¹�tÿw� ø � � ö � ø/ï�ö�÷�ø��·�ÿ¸�¹�tÿw� ø � � ö � ø/ï�ö�÷�ø��

n Halfword ä�Õ tCÛ�Þ1Õ ÞjÛ<ë Õ ×�Û:à#Þ�Û@ß ØcÜAß&ÝlÚ�×�Ù:Û

0,00

0,50

1,00

1,50

2,00

2,50

3,00

CPI

ä<å�æJç è�é�ê�ë ì)í�é)î�ï�ð�ñ

ò�óaí1ë ô�í*ì�õ é�ö ë î)é
÷1ì�ö ø ù ú�û ê.ü*ì)û ì�ö ö é�ö
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