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Component Power (Watts)

CPU+2Mbytes memory 3.65

Screen backlight 1.43

LCD 0.32

Hard drive motor 1.10

Maths coprocessor 0.65

Floppy drive 0.50

Keyboard 0.49

Interfaces 0.07

Total 8.21
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Program Percentage of Instructions % of branches
that are branches forward

Compiled Renderer 10.9% 77.7%

ls -lg 19.9% 67.8%

sort 18.4% 66.1%

gcc 19.3% 75.3%
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Forward Branch Offset (percentage of forward branches)

Program 1 2 3 4 5 6 7 ��	
Compiled Renderer 2.3% 2.2% 11.9% 7.6% 4.7% 4.4% 5.1% 61.8%

ls -lg 3.6% 1.9% 2.9% 6.1% 3.9% 9.7% 8.8% 63.1%

sort 2.3% 0.7% 2.9% 8.3% 4.2% 21% 1.6% 59.0%

gcc 2.8% 0.7% 3.3% 5.1% 4.9% 6.0% 5.8% 71.4%

Average 2.8% 1.4% 5.3% 6.8% 4.4% 10.3% 5.3% 63.8%

����� ��� � 	 � �
/&� �%� �� ! �
�%� � � + � � � ��� � �� � $�"�"� �

C�E�#%�P7�G,�*1���G6Bs��E����O�V�$E�1��w����G6Bs1e�� +1FG6Gu!�����7*�F���%1*H�� ��?��@R�� ����kWk������O1���9e=���1���7�E��2�P7*����G%9e=��

��G$#6 0#6��1��,�*9 =�B ��#6��H�G,�072����9�#6�6#,����1�GW��\�#6!�!�#6��H
�
1���9 1�� ��5�1F "#6��1F�6#%��� ��kP�f�� �072�� "!�#6G,�*90/O� �

� a 7*��9�� � J�J��u�	E������:�6E�1��c�$E�#%�:#%����k��,��� �6E��P721*�f�
�
��#$�6E _�����B k��*�n��k:�$E�#%���$B�!��P��ku#6�����6����7��$#%���

=���#$��H'H���������1F�%�*9��

CD1�=�G,� J��	�n1�G,�F� 9��F +�������6��1��,�*� �6E��bk����*)����F��7�B ��ks=���1���7�E #$���	�$����7��6#,�����F�"/e�������2�F��B 1���9

�:1��$�%�����f��� � J�x����	�,1��%�W�6E�1F�<=��F�%���*���v�V#6�8] 1F��9 �V#$� .'#6�����6����7��$#%��������?�x���?�.�� �j1F����=���1���7FE��*� �

�:1*H��W.��

��� ������� � � � � ��
 
�� ����
��
����� �
����� ����
��
��
�� ������




�$E�#%�V#%�V=������ �����u=����$E =�B �6E�� 1�=���_��(k�#%H������*�P1F��90=�B ���2�	��G$�%�PH�#6_��F� G%1F�%���
�
#6� 7FE�1�!��%�F��]

�
k����

a�&�K 7*��9��*�

C�E��ea�&�K 1F��7�E�#6�,�*7��6����� ���F�2� 1�!�!��F��9�#65 
 �'1�G$G%����� 1�G6Gw#6�����6����7��$#%�����P�%� =�� 7*����9�#6�$#%����1�G ���

_�1���#,�����V7*�� "=�#$��1��6#,��������k��$E��Zk����������%1F��9�1���9 � �
�
Y
�

v1���9 � ��7*����9�#6�$#%��� 7*��9��2�F� CDE�#%�V1�G$G%�����

 0��7�E H����*1F�%���+k�G%��5�#$=�#6G6#$�6B�#6���$E�� �FG6#6 0#6��1��$#%��� ��k k�������1���9 =���1���7FE��*�
�
��#6��7*�v1�� 1���=�#6�$��1���B

���� 0=�������k<#6�����6����7��$#%�����j7*1��'=��w�	\�#$!�!��*9�� �:������5�1� 0!�G%� �

��� � � ������

�
� ���
����� 
������ ����!�����	���	����� �	������ ����

�
� ���
����� 
 ����� ����!�����	���	����� �	������ ����

�
���
�
����� � ��� ����� ����!�����	���	����� �	������ ����

�
�
�
�
�
�������	�����	��	 ����!�����	���	����� �	������ ��

� 

�

C�E�������#,��1��$��1*9��P��klkuE������V=����%���*�F�e�6E��V���� "=��F�W��k:#$���	�$����7��6#,��������E�#,7�E 1����P��\�#6!�!��*9 1���9��$E��

k�������1���9o=���1���7FE 9�#%���%1���7*�2� 
�����9�#6�$#%����1�G$G6B ��\�#6!�!�#6��Ho#$���	�$����7��6#,�����q���6#$G6G �f�2)���#6���*��1�G$ +�����

7*�� 0!�G%���,� ��5��*7����$#%���
�
��#$�6E !����F��#6=�G$B�����G$B �6E�� �Z��#6�,�	� =�1*7�\ !�#6!���G$#6��� ���%1*H��8�%� �6E��8���*H�#,�	�,���

=�1���\"=���#6��H"�	��!�!����2�F�f�*9��2^��"�%���� ����kD�6E���!����O���V7*�������� +�*9
�
_�����B G6#$�6�6G,�jE�12� =��*��� �f1�_��29

�
1���9

#$k'�6E�� k������O1F��9 =���1���7�Eq7*1��s=�� �F5��*7����,�*9 �Z#6�$E G6#$�6�6G,� 72���	�w�6E�#,� �O����G,9 =�� !�����k�����1�=�G,�*� �:���

a�&�K 72��9��
�
�F5��*7����$#%��� ��kP �����e�6E�1�� k������8�	\�#$!�!��*9 #6�����6����7��$#%�����(=��27*�� +�2�(#6���Fklk�#,7�#%�F���W#6�

=����$E'!�����k����� +1���72�W1���9�!��������%�

A���1���7FE !����29�#%7��$#%���8#%� 1Wk��*1��6�����W!�����_�#,9��*9'=�B  1���B8!�����7*�*�f�f�����u�%�81�G$G%���b�$E�� 9�#6���*7F�6#%��� ��kO1

=���1���7FE �,�g=�� !����29�#%7��,�*9
�
1���9g#$�����6����7��6#,�����ok���G6G,����#$��H �6E�� !����*9�#%7F�%�*9 �%1F��H��F���%� =��

��!��*7���G,1��6#$_���G6B ��5��*7����,�*9 �����$#6Gr�$E��O72�������27��m=X��1F��7�E+�����,7*�� +�Z#%����_�1�G$��1��%�29�� A���1���7�E"!����29�#%7��$#%���

#,�WH������F��1�G6G$B ����G$B ���*7*�*�f�f1���B #6� 1�!�#6!��FG6#6���29P!�����7*�*�f�F���,�X^�ku�$E���k����%7FE ��9��*7*��9�� ���F5��*7����,�'�	�,1*H��*�

��kP1��+#6�����6����7��$#%���[9��"��������_�����G%1�!+�6E����f�0��kP1������6E��F���$E��09��*7�#,�	#,��� �,� =���1F��7�E[7*1��[1�k	k��*7����$E��

1*9�9����2�F�Z��k
�6E��j���F5�� #6�����6����7��$#%��� �%�w=��jk��F�%7�E��29 ��#$�6E������ #6���,��������!��6#,��� ���Z���,1�G6G$#6��H � k�#%H������ J��	� ���

C�E�#%�c#%�c�6E��W721*�F�uk����< +1���B8��#6 0!�G%�WR�� =�#$�4 "#,7�����!�����7*�*�f�f�����F�

�:1*H��W.�?

��� ������� � � � � ��
 
�� ����
��
����� �
����� ����
��
��
�� ������




Decode BranchFetch Branch Execute Branch

Fetch Branch
Target

Decode Branch
Target

Execute Branch
Target

Time

Branch Instruction

Branch Target Instruction
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IF RD ALU MEM WB

I-Memory
Reg
File

Operation D-Memory
Write
Back

MIPS-X pipeline
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IF RD ALU MEM WB
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CPU Cycle
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Time
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Delay Slot 2
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Branch Address

Address Tag Prediction Bits Target Address

N-line assocative store
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Per address BHT

m-bit shift registers
m-bits selects one
of 2  entries per set

m

Low order n bits of Branch Address
n

Selects between 2  Pattern History Sets

Low order m bits of Branch Address
p

Selects between 2  Branch History Registers
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Prediction Number of
Bench mark (Abbreviation) Accuracy Branches Taken Branch Density Instructions

ASim (ring counter) BM1 89.4% 66.5% 24.0% 970k

D’stone (10000 loops) BM2 85.7% 67.0% 19.9% 3.55M

C compiler (small) BM3 84.4% 64.8% 24.9% 192k

C compiler (large) BM4 88.6% 66.2% 26.2% 9.53M

espresso BM5 85.1% 66.6% 19.4% 3.48M

3d Renderer BM6 91.9% 81.6% 11.0% 7.08M

Vi clone BM7 97.3% 78.5% 18.0% 3.85M

Average 88.9% 70.2% 20.5% 28.7M (total)
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Benchmark BM1 BM2 BM3 BM4 BM5 BM6 BM7 Average

LDM 83 8.6 100 6.0 71 9.8 81 32 74 5.7 100 3.0 92 3.9 86 10

LDR 97 1.0

B, BL 90 82 87 66 86 81 90 80 86 92 92 91 98 91 90 83

Data op 88 7.8 78 26 83 9.2 75 6.5 82 2.1 87 5.7 94 4.6 84 8.8

SWI 99 0.2 60 0.1 97 0.1 100 0.9 89 0.2
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Benchmark BM1 BM2 BM3 BM4 BM5 BM6 BM7

Percent of All Branches 67.2 45.9 62.0 56.9 84.6 77.5 79.7

Percent of Branches Taken 63.5 48.7 63.5 64.9 63.1 90.6 79.1

Prediction Accuracy 87.9 81.2 81.9 86.1 84.6 92.5 97.3

Taken Branches Correct 89.5 80.6 82.2 88.8 87.6 95.9 98.2

Not Taken Branches Correct 85.2 81.8 81.4 81.1 79.6 60.4 93.9

CPI 1.36 1.56 1.54 1.42 1.46 1.23 1.08

Direction F B F B F B F B F B F B F B

Percent of Branch Type 70.4 29.6 58.3 41.7 65.7 34.3 69.7 30.3 63.7 36.3 8.3 91.7 62.2 37.8

Percent Taken 58.8 74.8 44.0 55.3 57.2 75.7 60.3 75.6 57.7 72.6 23.9 96.6 69.1 95.6

Prediction Accuracy 92.9 76.1 89.1 70.2 83.1 79.7 88.4 80.7 90.9 73.6 77.5 93.9 97.3 97.3

Taken branches correct 92.7 83.4 87.5 73.0 79.9 85.5 89.7 87.2 91.7 81.7 52.9 96.8 97.9 98.5

Not taken branches correct 93.1 54.3 90.4 66.7 87.2 61.7 86.5 60.7 89.6 52.2 85.2 9.8 96.0 69.8

CPI 1.21 1.72 1.33 1.89 1.51 1.61 1.35 1.58 1.27 1.79 1.68 1.18 1.08 1.08
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Benchmark BM1 BM2 BM3 BM4 BM5 BM6 BM7

Percent of Branches 15.0 22.1 18.9 22.7 7.4 13.8 10.9

Percent of Branches Taken 74.3 97.5 60.7 60.4 82.1 41.3 66.5

Prediction Accuracy 96.6 99.8 89.7 99.0 97.4 88.5 99.4

Taken branches correct 95.4 99.8 83.7 98.3 96.9 86.0 99.1

Not taken branches correct 99.9 99.8 98.9 100.0 99.9 90.2 100.0

CPI 1.14 1.01 1.31 1.03 1.08 1.35 1.02
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PCHL

MAR

LSM

To PC-pipe and Memory

INC
BTC

MUX
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Arbiter / MUX
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Program Condition code Prediction Accuracy Proportion Taken Number of Branches

68000 compiler CC 89.1% 12.6% 6724

HI 74.4% 90.5% 46258

ASim CC 56.4% 62.7% 1997

HI 69.0% 57.0% 6159
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Prediction Accuracy

Benchmark Branch Branch & Link

ASim (ring counter) 51.2% 62.6%

D’stone (10000 loops) 55.7% 6.7%

C compiler (small) 54.1% 55.1%

C compiler (large) 50.6% 52.8%

espresso 53.3% 37.4%

3d Renderer 94.9% 35.9%

Vi clone 55.3% 49.8%

Average 59.3% 42.9%
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‘Branch’ type

BTC size All types All except data ops All except SWIs only Bxx, BLxx

16 entries 62.2% 58.9% 62.2% 65.6%

32 entries 75.3% 71.8% 74.9% 68.6%
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Benchmark Branch Density Percent Cacheable Percent Hits Percent Inserts Saved Fetches

ASim 24.0% 82.2% 41.2% 16.0% 1.03

D’stone 19.9% 68.0% 12.7% 34.3% 0.20

‘small’ C 24.9% 80.9% 25.6% 28.6% 0.56

‘large’ C 26.2% 79.6% 31.3% 23.0% 0.72

espresso 19.4% 92.0% 53.2% 16.0% 1.01

3d renderer 11.0% 91.3% 90.1% 0.1% 1.85

Vi clone 18.0% 90.6% 61.5% 12.4% 1.6

Average 20% 84% 45% 19% 1.0
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Eb = 240 * 2.1 + 7 + 10(1 - 0.67) + 4.5 = 519nJ
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Benchmark Number of Total Energy Cost Total Energy
Instructions of BTB Saved

ASim 970K 1mJ 58mJ

‘small’ C 129K 0.1mJ 6.5mJ

‘large’ C 9.53M 5mJ 430mJ

espresso 3.48M 2mJ 170mJ

3d renderer 7.08M 3mJ 350mJ

vi clone 3.85M 2mJ 270mJ
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R14FIQ

R13FIQ

R12FIQ

R11FIQ

R10FIQ

R9FIQ

R8FIQ

R14IRQ

R13IRQR13SVC

R14SVC

R14FIQ

R13FIQ

R12FIQ

R11FIQ

R10FIQ

R9FIQ

R8FIQ

R14 (link register)

R0

R1

R2

R3

R4

R5

R6

R7

R8

R9

R10

R11

R12

R13

R15 (PC and PSR)
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22531 30 29 28 27 26 1 0

Processor Mode
00 = User Mode
01 = FIQ Mode
10 = IRQ Mode
11 = Supervisor Mode

Program Counter
(Word Aligned)

FIQ Disable
0 = Enable
1 = Disable

IRQ Disable
0 = Enable
1 = Disable

Overflow

Carry/Not Borrow/Rotate Extend

Zero

Negative/signed Less Than

N Z C V I F M1 M0PROGRAM COUNTER (PC)
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FIQ

FIQ

FIQ

FIQ

R10FIQ

R9FIQ

R8FIQ

R14FIQ

R13FIQ

R12FIQ

R11FIQ

R10FIQ

R9FIQ

R8FIQ

R14IRQR14SVCR14ABTR14UNDR14 (link register)

R0

R2

R3

R4

R5

R6

R7

R8

R9

R10

IRQSVC R13R13ABTR13UND
R13

R11

R12

R13

R14

R11

R13

R12

R1

FIQSPSRIRQSPSRSVCSPSRABTSPSRUND
SPSR

CPSR

R15 (PC)
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