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465�79XIU Q HMF 5 A 5�BDX�FE>3��GK>RL;7

adpcm codec
@ BDGEFE5�H Q LM[ ( � � 1 >RG\zk��. X�L�S95�B\>CB�X�L;7 �;5�FDGK5�S�GKL � � 1 >RG @�A zk��.
X�L�S95�B�HM79S ��>CX�5��;5�FDBKH + xy79BD>CS95(GKU�5�H�YC8;L;FD>RGEU Q � X�LPS95�BeH�FE5(5!�M5�7
[ :9FDGEU95�F\S95�X�L Q � L;BE5�S=>R7 GEL�BE>C8M7 1 >RG9� Q HM8M79>RGE:9S95,��S9>�� 5�FD5�79X�5,��5�GEX +

jpeg codec
@ BDGEFE5/H Q LM[ � � � 1 >RG\���w4 [ L;F Q H�G�L�[ �9> �P5�YCB\>RB�S95�X�L Q � L;BD5�S�>C73GKL
GKU9FD5�5�X�L;YRL;FEB�L�[ ) � 1 >RG~5/HMXIU + ��U95�BE5�X�L;YRL;FEB\H�FE5w:9BE5�S=GEL�X�L Q �9:�GK5
GKU95 ) � 1 >RG 1 FE>R8;U3GK795�BEB)��G��aL�G 2 � 5�BiLM[ ) � 1 >ZG�XIU9FDL Q >R7�HM79X�5
X�L�5!#�X�>R5�73GKB + x Q HM8;5�B\HMFE5wS9>;��>CS95�S�>R73GKL ) � ) .�� ��B + A >RBEX�FD5�GE5
�6L;BE>R795 �|FEHM79B�[ L;F Q X�L;7 �;5�FDGKBiGKU95 .�� �iB�>R73GKL�H Q H�GEFE> ��LM[ ( � � 1 >RG
� 5�F\5�YC5 Q 5�73G + @ [ GE5�F\� :�HM73GK> �/H�GE>CL;7�HM7�SGEFEL*��U 2 5�79X�L�S9>R7984��GEU95wS�H�GIH
>CB�L;:PG �9:�Gi>R7=H [ L;F Q HJG�LM[|U95/HMS�5�F��\>RGKU Q HM7 2 7�H�FEFEL�� �\>CS�GEU���5�YCS9B
HM79S�X�L Q �9FD5�BEBD5�S=S�H�GIH +

mpeg2 codec
@ BDGEFE5�H Q LM[6��>CS95�L�[ FEH Q 5eS�H�GIH�>C7H�U9>R5�FKH�FEXIU 2 L;FD83HM79> �/H�GE>CL;7
X�L;7�BE>CB�GK>R798�LM[ ��>RS95�L�BE5���:�5�79X�5,�c� �(z �7�9>CX GK:9FD5,��BEYR>CX�5,� Q HMX�FDL�� 1 YCL�X 5 �
1 YCL�X 5 HM7�S ��> �P5�Y + �kH�XIU�YC5 �;5�Y�U�HMBiH�U95/HMS�5�F��\>RGEU Q HM7 2 7�H�FEFEL�� 1 >RG
��5�YRS9B + ��U95��9> ��5�YCB\HMFD5(S95�X�L Q � L;BD5�S=>C73GKL ) � 1 >RG Q HM8M79>RGE:9S95wHM79S G��aL
G 2 � 5�B�LM[ ) � 1 >RG�XIU�FEL Q >C7�H�79X�5wX�L�5!#�X�>C5�73GEB + @ [ GE5�F\>C73GK5�F�� [ FKH Q 5(HM79S
>C73GKFEH � [ FEH Q 5�X�L Q �9FD5�BEBD>CL;7 ��GKU95wFD5�BE:�YRGi>CB�8;5�795�FEH�GK5�S=B�GK>RYCYc>R7 GKU95
[ L;F Q H�G�L�[�U95�HMS95�F �\>ZGKU Q H�7 2 7�HMFEFDL�� �\>RS�GKU��5�YRS9BiHM79S
X�L Q �9FD5�BEBD5�S=S�H�GIH +

ip lookup
@ BDGEFE5/H Q LM[|xvz ��HMX 5�5�GKB �\>RGEU �9HMX 5M5 GeU95�HMS95�FeHM7�S �9H 2 YRL3HMS�>CB
S95�X�L Q � L;BD5�S�>C73GKL Q HM7 2 7�HMFDFEL�� �\>RS�GKU ��5�YCS + ��U�5 �3� � 1 >ZG�xvz
S95�B�GK>R7�H�GK>RL;7 ��5�YRS>CB~[ :9F�GKU95�FiS�5�X�L Q � L;BE5�S=>R73GKL � � 1 >RG�L;F ) � 1 >ZG
BE5�8 Q 5�73GKB\GKL�YCL�L*5 :4�>C7 GKU�5�FDL;:�GE>C798 GKH 1 YC5 +

nat lookup
@ BDGEFE5/H Q LM[|xvz ��HMX 5�5�GKB �\>RGEU �9HMX 5M5 GeU95�HMS95�FeHM7�S �9H 2 YRL3HMS
X�L;73GKHM>C79>R798 �i�~z ��HMX 5�5�G�>CB\S95�X�L Q � LMBE5�S�>C73GEL Q HM7 2 79HMFEFDL2� �\>CS�GEU
��5�YRS + ��U95wS95�B�GK>R7�H�GK>RL;7xvz HMS9S�FE5�BDBeH�79S �i�~z�� L;F�GiHMFE5w:9BD5�S�GKL
YCL�L*5�:7�=>R7�GKU95 � L;FDG Q H,�4�9>R798 GIH 1 YC5�[ L;F�>R79X�L Q >R798 GKFEH�#�X + ��U95
BEL;:�FEX�5�xvz HMS�S9FE5�BEB�HM79S �i�~z � LMFDGiHMFD5�:�BE5�S�GKL�YCL�L*5�:4��>C7 GKU95
� LMFDG Q H,�4�9>R798 GIH 1 YC5�[ L;F�L;:PGK8;L;>R798 GKFEH�#�X + ��U95�BE5w��5�YRS9BiHMFE5
[ :9FDGEU95�F\S95�X�L Q � L;BE5�S=>R7 GEL � � 1 >ZG�L;F ) � 1 >RG~BE5�8 Q 5�7 GEB�S�:9FE>R798
YCL�L*5 :4� +

packet
@ BDGEFE5/H Q LM[|xvz ��HMX 5�5�GKB �\>RGEU �9HMX 5M5 GeU95�HMS95�FeHM7�S �9H 2 YRL3HMS

classification
X�L;73GIHM>R79>C798 �i�~z �9HMX 5M5 Ge>RBiS�5�X�L Q � L;BE5�S=>R73GKL Q H�7 2 7�HMFDFEL�� �\>RS�GKU
��5�YRS + ��U95wBEL;:�FEX�5�HM79SS95�BDGE>C7�H�GE>CL;7xvz H�S9S9FE5�BEB�HM79S �i�~z � L;FDGEB
HM79S �9FEL�GKL�X�L;Yc�95�YCS�HMFD5w:9BE5�S=GKL�X�Y}HMBDBE>R[ 2 GKU95 ��H�X 5M5�GEBe>R7 GEL���L��\B
1 HMBD5�S�LM7�X�Y}HMBDBE>Z��X/H�GE>CL;7�GKH 1 YR5 + ��U95�HMS9S9FD5�BDBeHM7�S � L;F�G���5�YRS9B
HMFE5([ :9F�GKU95�F\S9>3��>CS�5�S>C73GKL � � 1 >RG~L;F ) � 1 >RG�BD5�8 Q 5�73GKBiS9:9FD>C798
�9FEL�X�5�BEBD>C798 + z FEL�GKL�X�L;Yc�95�YCS�>RGEBE5�YR[ >CB � � 1 >RG +



(2/

1 5�79XIU Q HMF 5�B�GIH,5�5�7 [ FDL Q 5 Q 1 5�S9S95�S 1 5�79XIU Q HMF 5 BD:9>RGE5�B�LM[ .�5�S9>CH 1 5�79XIU � �:) � ���6L Q�Q �
1 5�79XIU � /M� � HM79S=xy73GK5�Y|x (z�& L;F 5 1 5�79XIU�� � � + .=5�S9>CH 1 5�79XIU 1 5�79XIU Q HMF 5BE:9>ZGK5�X�L;79BD>CB�GKBeL�[ H
BE5 G"L�[�H,�4��YC>CX�H�GK>RL;79B%�\U9>RXIU [ L�X�:9B�L;7 Q 5�S9>}H �9FDLPX�5�BDBE>C7�8 + �6L Q�Q 1 5�79XIU 1 5�79XIU Q HMF 5�BD:9>RGE5
X�LM79BE>RBDGKBeLM[kH�BE5 G(LM[kH,�7�9YC>RX/H�GE>CL;79B��\U9>RXIU�[ LPX�:9B�L;7�795�G��aL;F 5 >R798HM79S�X�L Q+Q :979>CX�H�GK>RL;7 �9FEL��
X�5�BEBD>C798 + xy7 GE5�Y�x �z & L;F 5 1 5�79XIU�>CB H�BD5�GkLM[ 795�G��aL;F 5 �9FEL�X�5�BEBD>C798 1 5�79XIU Q HMF 5�B L;7�xy73GK5�Y9x (z
795 G��6L;F 5 �9FEL�X�5�BEBDL;F +

xy7�GEU95�BD5~H,�4��YC>CX�H�GK>RL;79B!� GEU95k>C74�9:PG|S9H�GIHi:979>RGEB HMFE5kLM[ GK5�7"S95�X�L Q � L;BE5�S">C73GEL Q HM7 2 B Q HMYCYR5�F
7�HMFDFEL�� �\>RS�GKUwS�HJGIH�>RGE5 Q B 1 5 [ L;FE5$�9FDLPX�5�BDBE>C7�8 + ��U�5�BE5a7�HMFDFEL�� �\>RS�GKU�S�H�GKH Q H 2 5��P>CBDG S9:�FE>C7�8
GKU�5��\U9L;YR5��9FDLPX�5�BDBE>C7�8 X 2 X�YR5 + @ [ GK5�F �9FEL�X�5�BEBD>C7984��GKU95eFE5�BD:9YRGEB)� �\U9>CXIUH�FE5eL�[ GK5�7�HMYCBDL"7�HMFDFEL��
�\>CSPGKUS�H�GKH7� Q H 2 795�5�S=GKL 1 5 ��HMX 5M5�S 1 H�X 5 >C73GKL�GKU�5�LM:�G �9:PG\S�H�GIH�:97�>RGKB +

xy7"�9FD5�BD5�79X�5"LM[�7�HMFEFDL�� �\>CSPGKU�S�H�GIH���>RG\>CBiH�XIU�HMYRYC5�798;5(GKL���79S�BEL;YR:�GK>RL;79B~GEU�H�Gi> Q �9FEL��M5
GKU�5�5 #�X�>C5�79X 2 L�[6FD5�8;>RBDGK5�FwHM79S Q 5 Q L;F 2 :9BKHM8M5 + z|5�FD[ L;F Q H�79X�5�GKU9H�Gw>CB(S95�8;FKH�S95�S 1 5�X/HM:9BD5
LM[|7�HMFDFEL�� �\>RS�GKUS�H�GKH�>RB\HMYCBDL�HM7�> Q � L;F�GIHM73G6>CBEBD:95 +

����� � ����� ��� ���
	 �������

� Q 1 5�S9S95�S�H,�7�9YC>RX/H�GE>CL;79B�HMFE5�LM[ GE5�7$BDGEFE5/H Q >R798�H,�4�9YR>CX/HJGK>CLM79B��\U9>RXIU X�L;73GIHM>R7�H Q HM>C7�������

� � � ��������� � ��� �P>R7 �\U9>CXIU LM795�>RGE5�FEH�GK>RL;7�LM[�GEU95�YRLPL*� �9FEL�X�5�BEBD5�B�L;795e:979>RG6LM[?S�H�GKH + V�L;F65���H Q �
�9YR5,��>C7 �9FDL;8;FEH Q

adpcm codec
[ FEL Q

Mediabench
� L;795�YCL�L*��>ZGK5�FKH�GE>CL;7 �9FEL�X�5�BEBD5�B\L;795

:979>ZG"L�[\z :9YCBD5 �6L�S95 .=L�S9:9YCH�GK>RL;7 G zk��.BI�X�LPS�5 + ��U9>CB�G 2 � 5�L�[\H,�4�9YR>CX�H�GK>RL;7$LM[ GK5�7 �6LMF 5 B
L;7 BDGKFD5/H Q >C7�8=S�HJGIH +�� ��������������� �������+HMFE5�GKU95+>C74��:�G�S�H�GIH �9FEL�X�5�BEBD5�S 132 HM7�H,�7�9YC>RX/H�GE>CL;7
BE5�� :95�73GK>CHMYCY 2 �*�\U9>RXIU+B�GIH 2 >R7 GKU95\B 2 B�GK5 Q [ LMF H(BEU9L;F�GkS9:9FKHJGK>CLM7�HM79S�GKU :9B 5 �PU9> 1 >RG YR>RGDGKYC5kS�H�GKH

YCL�X/H�YC>RG 2,+
��U95�FD5pHMFE5�G��aL_FE5�HMBEL;7�B[ LMF+GKU�>CB �9U�5�79L Q 5�7�L;7 + <�L�L*�9B�>R7 5 Q 1 5�S�S95�S H,�4��YC>CX�H�GK>RL;79B

�9FDLPX�5�BEB�X�LM79BE5�X�:�GE>3�;5�S�H�GKH >RGK5 Q Be>C7$X�L;7�BE5�X�:�GK>;�;5�>RGE5�FKHJGK>CLM79B + ��U95�H Q LM:973GwLM[���FEL�X�5�BDBE>R798
�\>RGEU9>C7+L;795�YCL�L*�+>ZGK5�FKH�GE>CL;7�>CBaYC> Q >RGE5�S�HM7�S�U95�7�X�5(YC>ZGEGEYC5�YCL�X/H�YC>RG 2 >CBaL 1 BE5�F �M5�SS9:95iGKL YCHMX 5�LM[
FE5�:9BE5iLM[ S�H�GKH + ��U95iYCL�X/H�YC>RG 2 HMX�FEL;BDB YCL�L*��>RGE5�FKHJGK>CLM79Bg>CB H�YCBELwLM[ GE5�7�H 1 BD5�73G 1 5�X/HM:9BD5�S�>�� 5�FE5�73G
YCL�L*� >ZGK5�FEH�GK>RL;79B ��FEL�X�5�BDB�S�>�� 5�FE5�73G�S9H�GIH�>RGE5 Q B +



( �

N�GKFD5/H Q >C7�8 S�HJGIH YR5/HMS�B�GEL�S95�8;FKHMS9H�GK>RL;7 L�[(L��;5�FEHMYCY\S�HJGIH YRLPX�HMYC>ZG 2 >R7{HM7{H,�4�9YR>CX�H�GK>RL;7 +
xy7 H G 2 �9>RX/HMYiBDGEFE5�H Q >R798�H��4�9YC>RX/H�GE>CL;7 �aGKU�5 Q 5 Q L;F 2 HMX�X�5�BEBE5�B GKL�S�HJGIH X�HM7 1 5�X�YCHMBEBD>R��5�S
>C73GEL+G��aL�X/H�GE5�8;LMFE>C5�B + ��795">RB ����������������� ����� ���\U9>RXIU$HMFE5��9FDLPX�5�BEBD5�S$BE5�� :95�73GK>CHMYCY 2 � BE:9XIU$H�B
795 G��6L;F 5 �9HMX 5M5 GKB)� HM:9S9>RL�HM7�S ��>CS95�L�S�HJGIH�[ FEH Q 5�B + ��U�5"LMGEU95�Fi>CB�� ��� � ����� ���������\U�>CXIU�X�L Q 5
[ FEL Q H,�4�9YR>CX�H�GK>RL;7��yB � 5�X�>Z��X6S�HJGIHwBDGKFD:9X�GE:9FE5�B6FD5�� :9>CFD5�S�[ L;F �9FEL�X�5�BEBD>C798�BDGEFE5/H Q >R798wS�H�GIH��3BE:9XIU
HMB�FEL;:�GE>C798GIH 1 YC5�B)�g5 GKX + & >RGEU9>C7 L;795+YCL�L*� >ZGK5�FKH�GE>CL;70�?:�GE>CYR>RG 2 S�HJGIH�HMYRBEL�BEU9L�� YC>ZGEGEYC5�S�H�GKH

YCL�X/H�YC>RG 2�1 5�X/HM:9BD5�LM[�H�YR> Q >RGE5�SOH Q L;:973G�L�[ �9FEL�X�5�BEBE>R798THM7�S FE5�:�BE5 + @ X�FDL;BEB�X�L;79BD5�X�:�GK>;�;5
YCL�L*�+>RGK5�FKH�GE>CL;7�B)� :�GK>RYC>ZG 2 S�H�GKH Q H 2 S95 Q L;7�BDGKFEH�GK5�U9>C8MU�YCL�X/HMYR>RG 2 BD>C79X�5�GEU95�BKH Q 5���HMFDG6LM[�GKU�5
S�H�GKH�X�HM7 1 5�HMX�X�5�BDBE5�S�FE5!� 5 GK>RGE>3�M5�Y 2 G 5 + 8 + �WBKH Q 5wFEL;:PGK>C7�8 GIH 1 YR5w5�73GKFD>C5�B Q H 2 1 5wFD5�[ 5�FD5�79X�5�S
BE5!��HMFEH�GK5�Y 2 >R7 xvz <�LPL*5 :4��H,�7�9YC>RX/H�GE>CL;7�I + & U95�7�GEU95 Q 5 Q L;F 2 HMX�X�5�BEBD5�B\GKL�BDGEFE5�H Q >R798�S�H�GKH
HM79S�:�GE>CYC>ZG 2 S9H�GIH�HMFE5 Q > �P5�S �3L2�M5�FEHMYCY�S�HJGIHwYCL�X/HMYR>RG 2 >CB FE5�S9:9X�5�S + @ YRGKU�L;:98;U �\>RGEU9>C7�L;7�5iYRLPL,�
>RGE5�FEH�GK>RL;7"GKU�5~7 : Q 1 5�F LM[ HMX�X�5�BDBE5�BkGEL(5/HMXIU�G 2 � 5�LM[ S�HJGIH�X/H�7 1 5�B Q HMYRY �J795!�M5�FDGEU95�YR5�BDB6HMX�FEL;BDB
X�LM79BE5�X�:�GE>3�;5eYCL�L*��>RGK5�FKH�GE>CL;7�BgGKU95 2+1 LMGEU�L�X�X�:7� 2 H�BE>C8M79>R��X�HM73G � 5�FEX�5�73GIHM8;5�LM[cGELMGIH�Y 7 : Q"1 5�F
LM[ Q 5 Q L;F 2 H�X�X�5�BEBD5�B + ��U95"BKH Q 5���5�YCS9B�>C7=S9>�� 5�FD5�73G(BDGEFE5�H Q >R798�S9H�GIH�:979>RGEBeLM[ GE5�7�X�L;73GIHM>R7
GKU�5=BEH Q 5 ��HMYR:95�B�HM79SOGKU :9B�5 �PU9> 1 >RG��
� ��� � � � � � � ����� + ��U�>CB�YC5�HMS9B�GKLpFE5�S9:979S�H�7 G Q 5 Q LMF 2
HMX�X�5�BDBE5�B�GKL�:�GE>CYR>RG 2 S�H�GIH�HM7�S�HMYRBEL�FE5�S9:979S9HM73G�X�L Q �9:�GIHJGK>CLM7 BE5�� :95�79X�5�B +
��H 1 YC5 ( + � BEU�L2�\Bk>C7 Q L;FD5~S95�GKHM>CY ��[ L;F�BE5�YR5�X GK5�S�BDGEFE5�H Q >R798wH,�4��YC>CX�H�GK>RL;79B!�MU9L�� BDGKFD5/H Q >C7�8

S�H�GKH(HM79S�:�GE>CYR>RG 2 S�H�GKH(HMFE5~HMX�X�5�BEBD5�S + xy7�GEU95�BD5\H,�4�9YR>CX/HJGK>CLM79B)�J5/HMXIU�YRLPL*�">RGK5�FKH�GE>CL;7 �9FEL�X�5�BEBD5�B
L;795�:�79>RG(L�[a>R74�9:�G�S�H�GIH + & >RGEU9>C7�5/HMXIUpYCL�L*��>ZGK5�FEH�GK>RL;70� >C74�9:PG(S�H�GKH HMFE5�FD5/HMS 1 5�[ L;FD5 �9FEL��
X�5�BEBD>C7984��HM79S L;:�G ��:�G"S9H�GIH�HMFE5 �\FE>ZGEGE5�7�HJ[ GK5�F �9FDLPX�5�BDBE>C7�8 + A >�� 5�FD5�73G Q 5 Q L;F 2 FE5 [ 5�FD5�79X�5�B
GKL�BDGEFE5�H Q >R798 S�H�GKH�:�BE:�HMYRY 2 HMX�X�5�BEB�S9>�� 5�FD5�73G�� LMFDGK>RL;79B(LM[aGKU95�S�HJGIH�HM79S$GKU :9B�BEU9L��oYR>RGEGEYC5

GK5 Q � L;FEHMY�YRLPX�HMYC>ZG 2 �\>ZGKU9>R7�L;795�YRLPL*��>RGK5�FKH�GE>CL;7 + @ GwGKU�5�BKH Q 5 GK> Q 5�� :�GK>RYC>ZG 2 S9H�GIHHMFD5�HMYCBDL
HMX�X�5�BDBE5�S�S9:9FD>C798 �9FDLPX�5�BEBD>C798 +

N�GKFD5/H Q >C7�8pS9H�GIH � L;BE5�H 1 >C8�XIU�H�YCYC5�798;5 GKL�GEU955!#�X�>R5�79X 2 LM[eGEU95S�H�GIH�X�HMXIU95 + & >RGEU
S95�8;FKHMS�5�S{S9H�GIH$YCL�X/HMYR>RG 2 � GEU95�S�H�GIH$X/H�XIU95�X�HM7979LMG 1 5=:�BE5�S{5!#�X�>R5�73GKY 2*+ N GKFE5�H Q >C798$S�H�GKH
� L;YCYR:�GK5�GKU�5�S�H�GKH�X/H�XIU95 + xy73GK5�Ycx (z ( �M�M� 795 G��6L;F 5 �9FDLPX�5�BDBEL;F~S�LP5�B679LMG6>C79X�YC:9S�5�H�X�HMXIU95(>R7
>RGEB Q >RX�FDLP5�798;>C7�5eX�LMFE5,� 1 5�X�HM:9BD5��\>ZGKUYCL�� S�H�GIH�YRLPX�HMYC>ZG 2 � X/HMXIU�5�X�HM7979LMG 1 5(5!#�X�>R5�73GKY 2 :9BD5�S
GKL�> Q �9FDL��;5�GKU�5�� 5�F�[ L;F Q HM79X�5wL;F~GKU95(GEU9FEL;:�8;U4�9:�G � * � +



( J

������� �,"!$ + + N GKFE5�H Q >C798 ��H�GK:9FD5%��B + �iGK>RYC>ZG 2 A HJGIH�>C7 � Q 1 5�S9S95�S @ �4�9YR>CX/HJGK>CLM79B

4a5�79XIU Q HMF 5 A 5�BDX�FD> ��GE>CL;7

adpcm codec
��795wYRLPL*� >ZGK5�FKH�GE>CL;7 ��FEL�X�5�BDBE5�BeL;795w:97�>RG\LM[�zk��. X�L�S95 + & >RGKU�>C7
5/H�XIU=YRLPL*� >ZGK5�FKH�GE>CL;70��GKU95�FE5�HMFD5wG��aL Q 5 Q L;F 2 FD5�[ 5�FD5�79X�5�B\GKL
BDGEFE5�H Q >R798�S�H�GKH7�9>R79X�YR:9S9>C7�8�L;795wFE5�HMS�[ FDL Q GEU95w>C74��:�G 1 : � 5�F
HM79SL;7�5 �\FD>RGE5wGEL�GKU95wL;:�G �9:�G 1 : � 5�F + & >RGKU�>C7 5/H�XIU=YRLPL*�
>RGE5�FEH�GK>RL;70� GKU95�FE5�HMFE5�G��aL Q 5 Q L;F 2 FE5 [ 5�FD5�79X�5�B�GEL�:�GK>RYC>RG 2
S�H�GKH7�9>R79X�YR:9S9>C7�8�L;795wFE5�HMS [ FEL Q >R79S95�� GIH 1 YC5(HM7�S=L;7�5�FD5/HMS
[ FEL Q BDGE5)�=BE>���5�GIH 1 YC5 +

jpeg codec
��795wYCL�L*� >ZGK5�FEH�GK>RL;7 �9FDLPX�5�BDBE5�B�L;795wL;795([ :9YRY�.�� �%FEL�� + & >RGEU9>C7
5/H�XIU=YRLPL*� >ZGK5�FKH�GE>CL;70��H�BE>C8M79>R��X�HM73G���HMF�G�L�[ Q 5 Q L;F 2
FE5 [ 5�FD5�79X�5�B�HMFE5w:9BD5�S=GEL�FE5/H�S=>R7GEU95w> Q HM8;5�S�H�GIH �\>RGEU9>C7�GEU95
.�� ��FEL�� [ FEL Q >R74�9:�G 1 : �c5�FiHM79S �\FE>ZGK5(GKU95wX�L Q ��FE5�BDBE5�S�S�H�GKH
GKL�L;:PG �9:�G 1 : �c5�F + ��U95�BD5�FD5/HMS�B�H�79S �\FD>RGE5�BiHMX�X�5�BDB�S9> �c5�FE5�7 G
��HMF�G��\>RGEU9>C7L;795(FDL�� + @ 79LMGEU95�F\BE>R8;79>Z��X/HM73G���H�FDGiLM[ Q 5 Q L;F 2
FE5 [ 5�FD5�79X�5�B�HMFE5w:9BD5�S=GEL�HMX�X�5�BEBi:�GE>CYC>ZG 2 S9H�GIH�:9BD5�S�>R7 A ���
GKFEHM79B�[ L;F Q H�GK>RL;70��� :�HM73GK> �/H�GE>CL;7�HM79SGKFDL*�9U 2 5�79X�L�S9>C7�8�BD:9XIU�H�B
GKU�5 A � 5�73GEFEL*� 2 GIH 1 YC5 +

mpeg2 codec
��795wYRLPL*� >ZGK5�FKH�GE>CL;7 ��FEL�X�5�BDBE5�BeL;795���>CS�5�L�[ FKH Q 5 + & >ZGKU9>R7 5/HMXIU
YCL�L*� >ZGK5�FEH�GK>RL;70��H�BD>C8;7�>R��X�HM73G���HMFDG\L�[ Q 5 Q L;F 2 HMX�X�5�BDBE5�BeHMFE5
:9BD5�SGKL�FE5/H�S=>R7�GKU95wS�H�GKH�>R7 ��>CS95�L�[ FEH Q 5�[ FEL Q >R74�9:�G 1 : �c5�F
HM79S �\FD>RGK5wX�L Q ��FE5�BDBE5�S�S�H�GKH GKL�L;:�G �9:�G 1 : � 5�F + ��U�5�BE5�FE5�HMS9B
HM79S �\FD>RGK5�BiHMX�X�5�BEB�S9>�� 5�FD5�73G���HMF�GiLM[ �\>ZGKU9>R7�GKU95([ FEH Q 5 +
@ 7�LMGKU95�F\BE>C8M79>R��X�HM73G���HMF�G\LM[ Q 5 Q L;F 2 FE5 [ 5�FD5�79X�5�B�HMFE5w:9BD5�S=GEL
HMX�X�5�BDB�:PGK>CYR>RG 2 S�H�GKH�:�BE5�S=>C7 X�L Q ��FE5�BDBE>RL;7=BD:9XIU�H�B\GEU95 A ���
GIH 1 YC5 +

ip lookup
��795wYCL�L*� >ZGK5�FEH�GK>RL;7���7�S9BiGEU95w795 ��GEU9L*��>R7�[ L;F Q H�GE>CL;7�[ L;F�L;795
xvz ��H�X 5M5�G + & >ZGKU9>R7 5/HMXIU=YCL�L*� >RGE5�FEH�GK>RL;70�PGEU95�FD5w>CB�L;795�N A � @ .
FE5�HMS�LM[�S�5�BDGE>C7�HJGK>CLM7���5�YRS=>R7 ��HMX 5M5 G�U95�HMS95�F + & >RGEU9>C7 5�HMXIU
YCL�L*� >ZGK5�FEH�GK>RL;70��GKU95�FE5 Q H 2�1 5w:4�GKL��4�M5 N�� @ . FE5�HMS9B\LM[
FELM:�GK>R798 GIH 1 YC5 +

nat lookup
��795wYCL�L*� >ZGK5�FEH�GK>RL;7�GEFKHM79BDY}H�GE5�B�GKU�5�BDL;:9FDX�5wxvz HMS9S9FD5�BDB�H�79S
�i�~z�� L;FDG�[ L;F�LM795(xvz���HMX 5�5�G + & >RGEU9>C7 LM795wYCL�L*� >RGE5�FKHJGK>CLM70�
GKU�5�FE5�HMFD5(G��6L�N A � @ .sFE5�HMS9BiLM[gH�S9S9FE5�BEB�HM79S � L;FDG���5�YCS9B\>R7
��HMX 5�5�G�U95/H�S95�F + & >ZGKU9>R7 5/HMXIU=YCL�L*� >RGE5�FEH�GK>RL;70�PGEU95�FD5 Q H 2�1 5
:4�GKL�BE> ��N�� @ . FE5�HMS9BiLM[ � L;F�G � Q H,�7�9>C798�GIH 1 YR5 +

packet
��795wYCL�L*� >ZGK5�FEH�GK>RL;7�>RS95�73GK>Z��5�B�GEU95 ��L�� x A [ LMF�L;795(xvz

classification
�9HMX 5M5 G + & >RGKU�>C7 5/H�XIU�YCL�L*� >ZGK5�FEH�GK>RL;70� GKU95�FE5�HMFE5�GEU9FE5�5
N A � @ .sFE5�HMS9BiLM[�HMS9S9FD5�BEB!� � L;F�GiHM79S �9FDLMGKL�X�L;Y ��5�YRS9B\>C7 GKU95
��HMX 5�5�G�U95/H�S95�F + & >ZGKU9>R7 5/HMXIU=YCL�L*� >RGE5�FEH�GK>RL;70�PGEU95�FD5 Q H 2�1 5
:4�GKL�GKU�>CFDGE5�5�7�NP� @ . FD5/HMS9BiLM[|X�YCHMBEBD>R��X�H�GK>RL;7�GIH 1 YC5 +
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��U9>RB�S�>CBEBD5�F�GIH�GE>CL;7�GIH�X 5�YR5�BwGKU95 �9FDL 1 YC5 Q B(X�HM:9BD5�S 132 7�H�FEFEL�� �\>RS�GKU$S�HJGIH�HM79SpBDGKFD5/H Q >C7�8
S�H�GKH+>R7=5 Q 1 5�S9S95�S�H,�4�9YR>CX�H�GK>RL;79B + ��5 �*HMFEXIU9>ZGK5�X�GK:�FKHMY?[ 5/H�GE:9FE5�BeH�FE5�>C73GKFDLPS9:�X�5�S�HM79S�H�BEBEL �
X�>CH�GK5�SX�L Q �9>CYR5�F�H�YC8;L;FD>RGEU Q B6HMFE5wS95 �;5�YCL*� 5�SGKL+HMS9S9FD5�BDBiGEU95 �9FEL 1 YC5 Q B + ��U�5�BE5wGK5�XIU979>R��:�5�B
YC5�HMSwGKLiL*��GK> Q > �/H�GE>CL;7�B >C7�X�FD>RGK>RX/HMY�[ HMX�GEL;FEB?>C7�5 Q"1 5�S9S95�S H,�4�9YR>CX/HJGK>CLM79B BE:�XIU�HMB6� 5�FD[ L;F Q HM7�X�5,�
Q 5 Q L;F 2 [ LPLMG �9FE>R73G9�9H�79S � L��65�F\X�L;79BD: Q ��GK>RL;7 +
�eHMFDFEL�� �\>RS�GKUS�HJGIH�HMFE5 Q HM79>3�9:9YCH�GK5�S�5!#�X�>R5�73GKY 2 132 ��HMX 5 >R798 Q :9YRGE> �9YR5e7�H�FEFEL�� �\>CS�GEU

S�H�GKH�>ZGK5 Q B\>C73GEL+L;7�5�FD5�8;>RBDGK5�F\L;F Q 5 Q L;F 2 �6LMFES + �iBE>R798+FD5�8;>RBDGE5�F�HMYCYRLPX�H�GK>RL;7 HM79S Q 5 Q LMF 2
Y}H 2 L;:�G Q 5�GEU9L�S9B)�gGEU95 �9FDL 1 YR5 Q B"LM[\:97�S95�FD:�GK>RYC>���H�GK>RL;7pLM[\FE5�8;>CB�GK5�FDB�HM79S GKU95�:�79S95�FD:�GK>RYC> �/H �
GK>RL;7 LM[ Q 5 Q L;F 2 HM7�S � 5�FD[ L;F Q HM7�X�5�S95�8;FKH�S�H�GK>RL;7 HMFD5�HMS9S�FE5�BDBE5�S + N�GEFE5�H Q >R798�S�HJGIHTHMFD5

U�HM7�S9YC5�S�5 #�X�>C5�73GKY 2�132 �9FEL���>CS�>C798�X/H�XIU95 Q 5�XIU�HM79>RB Q B �\U9>CXIU5�79H 1 YC5(FD5�:9BD5�L�[|:PGK>CYR>RG 2 S�H�GKH
L;FwX�L Q �9:PGIH�GE>CL;7$BE5�� :95�79X�5 + ��U9>RB�>R7pGE:9FE7p>CB(GKFEHM79B�[ L;F Q 5�S >C73GKL GKU�5+FD5�S9:9X GK>RL;7�LM[65�795�FE8 2
X�LM79BE: Q ��GE>CL;7 + ��U�>CB\S9>CBDBE5�FDGIHJGK>CLM7 Q H,5�5�B\GKU95([ L;YRYCL��\>C7�8 X�L;73GEFE> 1 :�GK>RL;79B)-
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� � ����� ��� � ��� � �������
	�� ����� � ����� � � ��������������� ��� � ����� ��������������� � � � � � ��� � �
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! :�HM73GE>RGIHJGK>3�M5 Q 5�HMBE:9FD5 Q 5�73GKBkLM[ GEU95 �9FE5�BE5�7�X�5(HM7�S �9FDL*� 5�FDGE>C5�BaLM[c7�HMFDFEL����\>CSPGKU�H�79S
B�GKFE5�H Q >C798=S�H�GIH�HMFE5 � 5�F�[ L;F Q 5�S [ L;F�G 2 �9>RX/HMYa5 Q 1 5�S�S95�SOH,�4��YC>CX�H�GK>RL;79B([ FEL Q 1 5�7�XIU��
Q HMF 5�BE:�>RGK5�B�LM[ .=5�S�>}H 1 5�79XIU�HM7�S��6L Q+Q 1 5�7�XIU + ��U95 Q 5�HMBE:�FE5 Q 5�73GEB��9FEL���>CS95(8M:9>CS��
HM7�X�5k>C7"S�5!�;5�YCL*��>C798 Q 5�XIU�HM79>RB Q B GEL�5 #�X�>C5�73GKY 2 U�H�79S9YC5 7�H�FEFEL�� �\>RS�GKU"HM79S�BDGKFD5/H Q >C7�8
S�HJGIH +

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

@ 7=>R79BDGEFE:9X GK>CLM7 BE5�Gi5��PGE5�79BD>CL;7�[ L;F~GKU�5 @ ��. �9FDLPX�5�BDBEL;Fi>CB��9FDL*� L;BE5�S�GEL Q HM79>3�9:9YCH�GK5
7�H�FEFEL�� �\>CS�GEU�S9H�GIH�S9>RFE5�X GKY 2*+ ��U95�X�LMBDGiLM[6��HMX 5 >C7�8�HM7�S�:�74��HMX 5 >C7�8+L*� 5�FEH�GK>RL;79B�X�HM7
1 5wFE5�S�:9X�5�S�:9BD>C798�GKU�>CB�>C7�BDGKFD:9X�GE>CL;7BD5�Gi5 ��GK5�79BE>RL;7 +

� �"! � � ��� �$# ����� � ����� ��� � �������
	�� ������� � ��� � ����% � ��� ��� �����

� �aL�FD5�8;>RBDGE5�F HMYRYCL�X/H�GE>CL;7�BEXIU95 Q 5�B6HMFD5��9FEL*� L;BD5�S�GKLw5!#�X�>R5�73GKY 2 U�H�79S9YC5�79HMFEFDL2� �\>CS�GEU
S�HJGIH�>C7_FE5�8;>CB�GK5�FEB�>C7OHM7 @ ��. �9FEL�X�5�BEBELMF + ��U95�HMYC8;LMFE>RGEU Q B HMYRYCL�X/H�GE5+G��aL�7�HMFDFEL��
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�\>RS�GKU:��HMFE>CH 1 YC5�B�GKL�L;795�FE5�8;>CB�GK5�F + @ BDGKH�GK>RX�BDXIU95 Q 5�S95�GE5�F Q >C7�5�B�HM7�H�BEBE>R8;7 Q 5�73G�LM[

7�H�FEFEL����\>CSPGKU ��HMFE>CH 1 YR5�B 1 HMBE5�SOLM7 Q H ��> Q : Q 1 >ZG��\>CS�GEU�>C7�[ LMF Q H�GK>RL;7 + � L�5 ���9YRL;>RG
Q L;FE5�L*��GE> Q >���H�GK>RL;7L*�4� L;FDGE:979>RGE>C5�B)� H+B � 5�X�:9Y}HJGK>3�M5 FE5�8;>CB�GK5�F�HMYRYCL�X/H�GE>CL;7 BDXIU95 Q 5�HMYCYRL��
X�H�GK5�Bi>R73GKL�L;795(FD5�8;>RBDGK5�F~G��6L�7�HMFDFEL�� �\>RS�GKU ��HMFD>}H 1 YR5�B6GEU�H�G\X�HM7 1 5 ��HMX 5�5�S=GEL;8;5 GKU95�F
Q L;BDGeLM[ GKU95 GE> Q 5 + z 5�F�[ L;F Q HM79X�5�> Q �9FEL��;5 Q 5�73G(>CBeHMXIU9>C5 �;5�SpGEU9FEL;:�8;U$H9�;L;>RS�HM79X�5 LM[
FD5�8;>RBDGK5�F�B �9>RYCYRB 1 5�X/HM:�BE5�LM[|GEU95wFE5�S9:9X�GE>CL;7�>C7FD5�8;>RBDGK5�F��9FE5�BEBD:9FE5 +

� �"! � � ��� �$# ����� � ����� ��� � �������
	�� ������� � ��� � ��� � ��� �
� �

@ Q 5 Q LMF 2 YCH 2 L;:�GaBEXIU�5 Q 5e>CB �9FDL*� L;BE5�S+GKL�X�L3H�YC5�BDX�5 Q :9YZGK> ��YC5~7�H�FEFEL����\>RS�GKU�S�H�GKH�>R7
L;7�5 Q 5 Q L;F 2 YRLPX�H�GK>RL;7�>R7 H A N�z �9FEL�X�5�BEBDL;F + .=5 Q LMF 2 [ L�LMG ��FE>C73GeX/HM7$GKU95�FE5 [ L;FE5 1 5
BDU9FE:9775 + V�:9FDGEU95�F Q L;FD5,�0� 5�F�[ L;F Q HM79X�5 >CBe> Q �9FEL��;5�S + & >RGEU�GKU9>RB�X�L3H�YC5�BDX�>R7984�c5����9YC>RX�>RG
HMS�S9FE5�BEBiX/HMYRX�:9YCH�GK>RL;7 L*� 5�FKHJGK>CLM79B\HMFE5wFD5�S9:9X�5�S0� 132 :9BD>C798�H A N�z{B � 5�X�>R��X�HMS9S�FE5�BDBE>R798
Q LPS�5(LM[ ��������� � � ��� ��� ��� ��� � � � �
��� � ����� ��� ��� � ��� � ��� � � ��� ��� � +

� � � ��� � � �� ! � � ��� ��� � � � ��� �
� � ��� 	 �
����� ��� � � � � �
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� �aL�5�795�FD8 2 �y5 #+X�>C5�7 G X�HMXIU95 Q 5�XIU�HM79>RB Q B�HMFD5$�9FEL*� L;BD5�S(GKL\FE5�S9:9X�5k5�795�FD8 2 �yX�L;79BE: Q ��GE>CL;7
L;7 GEU95�xy73GK5�Y�x (z ( ���;� 795 G��6L;F 5��9FDLPX�5�BEBDL;F 132 5����9YCL;>ZGK>R798�B�GKFE5�H Q >C798 S�H�GIH + ��U95
X�HMXIU95�B6HMFE5\S95�BE>R8;795�S�GKL�5 ���9YRL;>RG GEU95��MH�YC:95\YCL�X/H�YC>RG 2 LM[ BDGEFE5/H Q >R798wS�H�GIH(GKL�FE5�S9:9X�5�GKU�5
FD5�S9:97�S�HM79X 2 >R7 X�L Q ��:�GIH�GE>CL;7$L;F Q 5 Q L;F 2 HMX�X�5�BEBD5�B GEL=:�GE>CYR>RG 2 S9H�GIH + ��U9>CB�H Q 5�YC>RL��
FEH�GK5�BkGEFKHMS9>ZGK>RL;7�HMYPX/HMXIU95��9FEL 1 YC5 Q GKU�H�Gk>RBk7�LMG65 �c5�X�GE>3�;5i[ L;FkH�7�5�G��aL;F 5 �9FEL�X�5�BEBDL;FaS�:95
GEL�H 1 H�Y}HM79X�5�S�S�5�BE>R8;7�HM7�S�YCL�� GE5 Q � L;FEHMY?YCL�X/HMYR>RG 2 >R7�B�GKFE5�H Q >C798�S�H�GKH + ��U�5 X/HMXIU�5�B
X�FE5/HJGK5 BDY}HMX 5>C7�GKU95 �9FEL�X�5�BEBE>R798�BDXIU95�S9:�YC5,� �\U9>CXIU�>RB�GKFEHM79B�[ L;F Q 5�S=>C73GKL�FD5�S9:�X�GK>RL;7�>R7
5�795�FD8 2 �yX�LM79BE: Q ��GE>CL;7 GKU�FEL;:98MU�H [ 5�GEXIU�83HJGK>C7�8 Q 5�XIU�HM79>RB Q +

���	� � ��	 ��� ��
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��U95�FE5�B�GeL�[gGKU95�S9>RBEBE5�FDGKH�GK>RL;7=>RB\L;FE83H�79>���5�S�H�Bi[ L;YRYCL��\B + xy7��6U�H���GK5�F � � H�BDGK:�S 2 LM[ 7�HMFDFEL��
�\>CSPGKU S�H�GKH�>C7{5 Q 1 5�S9S�5�S H,�4�9YR>CX�H�GK>RL;79B�>CB � 5�F�[ L;F Q 5�S + xy7 �6U�H,��GE5�F � �iHM7 >R79BDGEFE:9X GK>CLM7
BE5 G�5��PGE5�79BD>CL;7=LM[�GEU95 @ ��. �9FEL�X�5�BEBDL;F)� �\U9>CXIU=S9>CFD5�X GKY 2�Q HM7�> �9:9YCH�GK5�B\7�HMFEFDL�� �\>CS�GEU=S9H�GIH7�



�M�

>CB�>R73GKFEL�S9:9X�5�S + xy7{�6U�H,��GE5�F � �kFE5�8;>CB�GK5�F�HMYRYCL�X/H�GE>CL;7 BEXIU95 Q 5�B�[ LMF�7�HMFEFDL�� �\>CSPGKU_S�H�GKHp>R7
@ ��. �9FEL�X�5�BEBELMFEB�H�FE5 �9FEL,� L;BD5�S + xy7 �6U9H,��GK5�F / �6H Q 5 Q LMF 2 YCH 2 L;:�G�BDXIU95 Q 5=L�[�7�HMFDFEL��
�\>CSPGKU_S�H�GKH�[ LMF�H A N�z �9FDLPX�5�BDBEL;F�>CB ��FE5�BD5�73GK5�S + xy7{�6U9H,��GK5�F � �kH$B�GK:9S 2 LM[�BDGKFD5/H Q >C7�8
S�H�GKH�>C7=795�G��aL;F 5 �9FDLPX�5�BDBE>C7�8H,�4�9YR>CX/HJGK>CLM79B�>CB�� 5�FD[ L;F Q 5�S + xy7��6U�H,��GE5�F J � 5�795�FE8 2 � 5!#�X�>R5�73G
X/H�XIU95 Q 5�XIU�HM7�>CB Q B65����9YCL;>ZGK>R798�B�GKFD5/H Q >C798�S�H�GKH">C7�H"795�G��aL;F 5 �9FDLPX�5�BDBEL;F�H�FE5���FEL*� L;BE5�S + xy7
�6U�H,�PGK5�F ) � H�BE: Q�Q HMF 2 L�[ GKU95�X�L;73GKFD> 1 :PGK>CLM79B�L�[gGKU9>RB �aL;F 5=H�FE5 ��FEL���>CS95�S0� GEL;8;5�GEU95�F��\>RGEU
S9>RBEX�:�BEBE>RL;79B\LM[ [ :�GK:�FE5��6LMF 5 +



�9(

� �������	��
 �

� � ��� ��� ��� � ��
	
��	� 
 � � ��� � ��� �
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HM7�> Q+Q 5�S�>}H�GE5~X�L;7�BDGIH�7 G + ��U95e7 : Q 1 5�FaLM[ 1 >ZGaBD5�X GK>CLM7�L*� 5�FKH�79S9BaGEU�H�G~HMFE5i:9BE5�S 132 ��HMFD>CL;:9B
4�N *>R79BDGEFE:9X GK>CLM79B�X/HM7 ��HMF 2 [ FEL Q L;795(GKL�GKU�FE5�5 +

����� ��������� � � ��� � � � ��� �
��� � � � ��� ��� �
����
 @ 7 > Q+Q 5�S9>CH�GK5 1 >ZG�BD5�X GK>CLM7 S95�BDX�FD> ��GEL;F�>RB|5�79X�L�S95�S�H�B
��HMF�G\LM[ GKU95w>C7�BDGKFD:9X�GE>CL;7 + <?5 Gi:9BiHMBEBD: Q 5(GEU�H�G

R
>CB\H�FE5�8;>CB�GK5�F\L*� 5�FEHM79SLM[�HM7�>C79B�GKFE:�X�GK>RL;7 +

x GX/H�7 1 5�B � 5�X�>R��5�S :�BE>C7�8 � 1 >ZGKB0G @ ��. X�L;73GIH�>C79B ( � 8;5�795�FEHMY%�9:�F � L;BE5$FE5�8;>CB�GK5�FEB I + x [
GKU�5+L*� 5�FEHM79Sp>CB�H 1 >RGwBE5�X�GE>CL;7 �\>RGKU�>C7

R
�\U9L;BD5 � L;BD>RGK>RL;7$>CB 5 79L��\7�GKL 1 5�� �P5�S0�|GEU95�7�HM7

����� ��������� ��� ��� � � � ��� �
� ��� � � ��� ��� �
�6>CB\H�BEBEL�X�>CH�GK5�S �\>RGKUGKU�5�FD5�8;>RBDGE5�F\HMB�[ L;YRYCL��\B)-

R[#start,#len]
FD5�[ 5�FDB�GKL4-

1 >RGEB
[#start..#start+#len-1]

LM[
R
+

��U95�X�L;79B�GIHM73G
#start

>CB / 1 >ZGKBkYCL;7�8"BE>R79X�5iGKU95�BDGKHMFDGE>C798�� LMBE>RGE>CL;7�LM[ GEU95 1 >ZGkBE5�X GK>RL;7 Q H 2
��HMF 2 [ FEL Q'1 >RG � GKL 1 >ZG �8( + ��U�5�X�L;79BDGKHM73G

#len
>RB\HMYCBDL / 1 >RGEBiYRL;798�BD>C79X�5wGEU95w7 : Q 1 5�F�LM[



� /

1 >ZGKB�>C7�GEU95 1 >ZG\BE5�X GK>RL;7 Q H 2 >R79X�YR:9S95(H�YCY GEU95 1 >RGEB�G � +3+ �8( I6LM[?GEU95wFE5�8M>CBDGE5�F + ��LMGE5�GKU�H�G�[ LMF�H
��HMYC>RS 1 >RG~BE5�X GK>RL;7=S�5�BEX�FE>3��GKL;F

#start+#len-1
>CB�795 �;5�Fi8;FD5/H�GE5�F~GKU9HM7 �9( +

x Q+Q 5�S�>}H�GE5 1 >ZG(BE5�X�GK>RL;7$S95�BDX�FD> ��GEL;FEB�HMFD5 :9BE5�S >Z[k5�>RGEU95�F�GKU95�>R79BDGEFE:9X GK>CLM7�U�HMB(L;79Y 2 L;7�5
BE:�XIU 1 >ZG�BE5�X�GK>RL;7L*� 5�FKH�79S=LMF~G��6L�BE:9XIU 1 >ZG\BE5�X GK>RL;7L*� 5�FKHM7�S9B + & U95�7�G��aL 1 >RG\BE5�X�GE>CL;7S95 �
BEX�FE>3��GKL;FDBa7�5�5�S+GKL 1 5eB � 5�X�>Z��5�S0� GKU�5

#len
B � 5�X�>Z��X/HJGK>CLM7�>CB GEU95eBEH Q 5\[ L;F 1 LMGKU+S95�BDX�FE>3��GKLMFEB

HM79S�U95�79X�5�>RG�X�HM7 1 5wBEU9HMFE5�S 132 GKU�5wG��aL�S95�BDX�FE>3��GKLMFEBiHMB�[ L;YCYRL��\B)-

R1[#start1],R2[#start2],#len
FE5 [ 5�FEB�GEL4-

1 >RGKB
[#start1..#start1+#len-1]

LM[
R1
��HM79S

1 >RGKB
[#start2..#start2+#len-1]

LM[
R2
+

% � ��� ��� ��� � ��� � � � ��� �
��� � � � ��� ��� �
����
 & U�5�7 1 L�GKU�GKU95�BDL;:9FDX�5\L*� 5�FKH�79S9B LM[ HM7�>C7�BDGKFD:9X�GE>CL;7�H�B
�a5�YCYPHMB|>RGKB S95�BDGK>R7�H�GE>CL;7�L*� 5�FKHM7�S HMFD5 1 >ZG�BD5�X�GE>CL;7�B)�MGEU9FE5�5 1 >RG BD5�X�GE>CL;7"S95�BDX�FE>3��GKLMFEBg795�5�S"GEL 1 5
B � 5�X�>R��5�S + � �M5�7 GEU9L;:98MU$HMYCY GKU9FD5�5 1 >ZG(BE5�X�GK>RL;79B(BDU�HMFE5 GEU95�BKH Q 5 YR5�798�GKU0��>ZG�>CBe> Q � L;BDBE> 1 YC5
GKLTB � 5�X�>Z[ 2 HMYRYiGEU9FE5�5 1 >RG BD5�X GK>CLM79BHMB�> Q+Q 5�S9>CH�GK5 ��HMYC:�5�B 1 5�X�HM:9BE5$79L�G 5�79LM:98;U 1 >RGEB HMFD5
H9��HM>CYCH 1 YC56>C7+HM7+>R79BDGEFE:9X GK>RL;7 + ��U�5�FE5 [ L;FE5�>C7�BE:9XIU�X/HMBD5�B GKU95iB � 5�X�>R��X�H�GK>RL;7+L�[cGKU�5 1 >ZGkBE5�X GK>RL;7
S95�BEX�FD> ��GEL;FEB >RB BDGKLMFE5�S�>R7+H(FD5�8;>RBDGK5�F FKH�GEU95�FgGEU�HM7�HMBkHM7�> Q�Q 5�S9>CH�GK5 ��HMYC:95�>R7 GKU95\>R79BDGEFE:9X GK>CLM7
>RGEBE5�YR[ +
��U95�FD5�>RB�HM7�LMGKU95�F=FD5/HMBDL;7 [ LMF�B � 5�X�>Z[ 2 >R798 1 >RG�BE5�X�GK>RL;7 S95�BDX�FE>3��GKLMFEB�>R7 FD5�8;>RBDGE5�FEB + xy7

BEL Q 5�BD>RGE:�H�GK>RL;79B GKU95�� L;BD>RGK>RL;79BaHM79S YR5�798MGEU9B~LM[�GEU95 1 >ZG~BD5�X�GE>CL;7�B �\>RGKU�>C7�H FD5�8;>RBDGE5�F~H�FE5�79L�G
� �P5�S 1 :�G�FEH�GKU95�FeS95 GK5�F Q >C795�S�H�GeFE:973GK> Q 5 132 GEU95 ��FEL;8;FEH Q + xy7�GKU9>RB�X�HMBE5"GEU95 1 >RG�BE5�X GK>RL;7
S95�BEX�FD> ��GEL;Fw>CBw79LMG�HM7p> Q�Q 5�S9>CH�GK5��MH�YC:95�B � 5�X�>R��5�S�HMB ��H�FDG�LM[6GEU95�>C79B�GKFD:9X�GE>CL;7 1 :�G�FKHJGKU95�F
GKU�5�S�5�BEX�FE>3��GKL;F�>RB�X�L Q �9:�GK5�S >R73GKL�GKU95FD5�8;>RBDGK5�F �\U9>CXIU >CB GKU�5�7{B � 5�X�>Z��5�S HMB ��HMF�G+L�[eGKU�5
>C7�BDGKFD:9X�GE>CL;7 + ��U95�FD5�8;>RBDGK5�F%�\U9>CXIU$B � 5�X�>R�95�B(GKU95 1 >RG(BD5�X�GE>CL;7$S95�BEX�FE> �PGKL;F Q H 2 B � 5�X�>R[ 2 L;795,�
G��aL4�3L;F�GEU9FE5�5 1 >RG BD5�X GK>CLM79B >C7 LM795,�;G��aL4� HM79S�GEU9FE5�5 G � L;BEBD> 1 Y 2 S�>�� 5�FE5�73G I�FE5�8;>CB�GK5�FEB + �i5�8;>CB�GK5�F
4�N A BiHMFD5(BEU9L��\7�HMB�[ L;YCYRL2�\B!-
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R1[R]

R1,R2[R]

R1,R2,R3[R]

�\U95�FE5pFE5�8M>CBDGE5�F
R
X�L;73GIHM>R79B GKU95 1 >ZGBE5�X�GK>RL;7 S95�BDX�FE>3��GKLMFEB[ L;F�GKU95 H,�4��FEL*�9FD>}H�GE5�L*� 5�FKH�79S

FE5�8;>CB�GK5�FEB
R1
�
R2
��H�79S

R3
+ ��U�5�X�L;73GK5�7 GEBeLM[

R
HMFE5wL;FD83HM79> ��5�S�HMB�BDU9L��\7�>R7=V|>C8;:9FD5�B � + ( +

�
	������� E � � �\5�8;>RBDGK5�F\46>RG�N�5�X�GE>CL;7 A 5�BEX�FD> ��GEL;FEB

len

31 10 9 5 04

XX XX X X X X X X startXXX X X X X X X X XX
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XX XX X X X X XXXX X X X XX start2start1

1415

len

31 10 9 5 04

X X X X X XXX X X XX start3start2

14151920
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E � � � E � 		��
 �����	������ ��� � �  ��� 	�������� � � ��� � 	���� ��� ��� 	 ���

��5���G @ ��.�>C79B�GKFD:9X�GE>CL;79BkHMFD5\S95�BDX�FE> 1 5�S+GEU�H�G :9BD5 1 >ZGkBE5�X GK>RL;7+L,� 5�FKHM79S�B + & U9>RYC5�L;7�5 Q >C8MU G
GKU�>C745>RG�>CB � L;BEBD> 1 YR5�GKL�HMYCYRL��%HM7 2 5��P>CBDGE>C798 @ ��. >C7�BDGKFD:9X�GE>CL;7 �\>RGEU�FE5�8;>CB�GK5�F�L*� 5�FKH�79S9B�GEL
HMX�X�5�BDB 1 >ZG"BD5�X�GE>CL;7�B HMB�L*� 5�FKH�79S9B)�|GKU9>RB�X�HM7979LMG 1 5�HMYCYRL��65�Sp[ L;F�HMYRYk>R79BDGEFE:9X GK>RL;79B�HMB�GEU95�FD5
�aL;:9YCS 1 5�GKL�L Q HM7 2 7�5!� ��HMFD>}H�GE>CL;7�BeLM[a>C79B�GKFD:9X�GE>CL;79BwH�79S�GKU95�FE5�>CB�79L�G�5�79L;:98MUpB ��HMX�5+>R7
GKU�5 �3� � 1 >RG�5�79X�L�S9>C7�8�LM[ @ ��. >C79B�GKFE:�X�GK>RL;79B�GKL�HMX�X�L Q+Q L�S�H�GK5 GEU95�BD5�795!�.>R79BDGEFE:9X GK>RL;79B +
��U95�FE5�[ LMFE5�H�BE: 1 BD5�G6LM[�>C7�BDGKFD:9X�GE>CL;7�B6HMFD5eBD5�YC5�X�GE5�S �\U9>RXIU HMFD5 Q L;BDGaYC>35M5�Y 2 GEL 1 5e>C7 �ML;Y3�M5�S�>R7
1 >ZGwBE5�X GK>RL;7 L,� 5�FKH�GE>CL;79B + � >R8;U3GwS�H�GIH �9FDLPX�5�BEBD>C798=>C79B�GKFD:9X�GE>CL;79BwH�FE5�BE5�YC5�X GK5�S�[ FEL Q �;5�FEBE>RL;7

/ � LM[?GKU95 @ ��. >C79B�GKFE:�X�GK>RL;7 BE5 G��\U9>CXIU�>C79X�YC:9S�5(BE> � @ <�� >C79B�GKFD:9X�GE>CL;79B G
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�
sub

�
and

�

eor
�
orr

� HM79S
rsb

I �|X�L Q ��HMFE5 G
cmp

I �|HM79S Q L��;5?G
mov

I�>R79BDGEFE:9X GK>CLM79B + ��U�5+BD5�YC5�X�GE>CL;7
LM[~GEU95�BD5�>R79BDGEFE:9X GK>CLM79B��6HMB 1 HMBE5�S�L;7�H�B�GK:9S 2 LM[~H=7 : Q 1 5�F�LM[ Q :�YRGK> Q 5�S9>}H 1 5�7�XIU Q H�F 5 B
�\U9>RXIU=S95 GK5�F Q >C795�S�GEU�H�G�GKU�5�BE5�>C7�BDGKFD:9X�GE>CL;7�B\HMFE5�GEU95 Q L;B�G\X�L Q�Q L;79Y 2 :9BD5�S +

V�>C8M:9FE5 � + � BEU9L��\BiS 2 7�H Q >CX(>R79BDGEFE:9X GK>CLM7�X�L;:973GiLM[|BE5�YR5�X GK5�S=>C79B�GKFD:9X�GE>CL;79B~[ LMF\4�N  HMBiH

� 5�FEX�5�73GIH�8;5�L�[|GELMGIHMYcS 2 7�H Q >CX(>C7�BDGKFD:9X�GE>CL;7X�L;:973G + ��U95�BE5�YR5�X GK5�S=>C79B�GKFD:9X�GE>CL;79B\H�X�X�LM:973Gi[ LMF
H�BE>R8;79>R�9X/HM73G�� 5�FEX�5�73GIH�8;5�L�[|GELMGIHMYcS 2 7�H Q >CX(>C7�BDGKFD:9X�GE>CL;7X�L;:973G +
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 V�L;F�5�HMXIU LM[PGKU95kH 1 L��;5a>C79B�GKFE:�X�GK>RL;79B�GKU�FE5�5 ��HMFE>CH�GK>RL;79B
HMFD5 ��FEL���>CS95�S��\U95�7"> Q+Q 5�S9>CH�GK5 1 >RG BD5�X�GE>CL;7�L*� 5�FEHM79S9B HMFD5k:�BE5�S + xy7 �M5�FDBE>CLM7 / � LM[�GKU95 @ ��.
>C7�BDGKFD:9X�GE>CL;7�BE5�G)� GKU95 5�79X�L�S9>C7�8�B ��HMX�5 �\>RGEU �9FE5 � � ( (:( ( � >RB":979S�5���795�S + ��U�5 FE5 Q HM>R79>C798
:97 :9BD5�S � J 1 >RGEB(LM[kB ��H�X�5�>CBe:9BE5�SpGEL S95)�9YRL 2 GKU�5�795!� >C79B�GKFD:9X�GE>CL;79B + ��U�FE5�5 1 >ZGKB(H�FE5�:9BD5�S
GKL�B � 5�X�>R[ 2 GKU95wL*� 5�FEH�GK>RL;7 +

�
	������� E � E 4�N *xy79B�GKFD:9X�GE>CL;7 �\>RGEU�x Q�Q 5�S9>CH�GK5(4~N A G V�>CFDBDG�	kHMFD>}H�GE>CL;7!I

0opcode01 1 1 1 Rd Rds Rm len

31 30 29 28 27 26 24 23 22 19 18 14 10 9 5 0

Rms

13 4

xy7�GKU95�� � ��� �
����������� �
�	G V 	 I�LM[ GEU95�H 1 L��;5 @ <6� >C79B�GKFE:�X�GK>RL;79B!� GKU�5�X�L;FDFE5�B � LM79S9>C7�8�>C7��
BDGEFE:9X GK>RL;79BU�H9�;5$G��6L 1 >RG�BE5�X GK>RL;7 L,� 5�FKHM79S�B + ��U95�FD5�[ L;FD5 L;7�5pL,� 5�FKHM79S HMX GKB 1 L�GKU HMB�H
BELM:9FEX�5iL,� 5�FKHM79S+HM79S�H(S95�BDGK>R7�H�GE>CL;7�L*� 5�FEHM79S + ��U�5���HMFD>}HM73GEB LM[

cmp
HM7�S

mov
>R79BDGEFE:9X GK>CLM79B

HMFD5�BDYC>R8;U3GKY 2 S9>�� 5�FD5�73G�HMB\GKU95 2 FE5�� :9>RFE5�L;79Y 2 G��aL�L*� 5�FEHM79S9B!� :�79YC>35M5(GKU95 @ <���>C7�BDGKFD:9X�GE>CL;7�B
�\U9>RXIU=FD5�� :9>CFD5(GKU9FD5�5wL*� 5�FKH�79S9B + V�L;F

cmp
GKU95(G��aL 1 >RG\BE5�X�GE>CL;7�L*� 5�FKH�79S9BiHMFD5 1 LMGEU�BDL;:9FDX�5

L*� 5�FEHM79S9B6HM79S�[ L;F
mov

L;7�5eL*� 5�FEHM79S�>RBaGEU95eBDL;:9FEX�5�HM7�S�GKU95�LMGEU95�Fa>CB GKU95�S95�B�GK>C79H�GK>RL;7 + & 5



� )

S9L�79LMGeHMYCYRL�� H�YCY GKU�FE5�5�L*� 5�FEHM79S9B\GKL 1 5 1 >ZGiBE5�X GK>RL;7=L,� 5�FKHM79S�BeH�GiGKU�5�BEH Q 5�GE> Q 5 1 5�X/HM:9BD5
GKU�FE5�5 1 >RG6BE5�X GK>RL;7�L*� 5�FEHM79S9B��\>RYCYW795�5�S�H�G~YR5/HMB�G �3� 1 >RGEBaGEL B � 5�X�>R[ 2*+ ��U95e5�79X�LPS9>R798 LM[�GEU95�BD5
>C7�BDGKFD:9X�GE>CL;7�B�>RB�BEU9L��\7 >R7 V|>C8;:9FD5 � + ( + � + ��U95 �9FE5 � � ( ( ( (/� >R7 1 >RGKB �8( GKL � J >C79S�>CX/HJGK5�B
GKU�5 �9FD5�BD5�79X�5�LM[�4�N  >C79B�GKFE:�X�GK>RL;7 + ��U9FD5�5 1 >RGKB�GEU�H�G�5�79X�LPS�5�GEU95=5�>C8;U3G�L*� 5�FEH�GK>RL;79B�HMFD5
1 >ZGKB � � GEL �M� + 46>ZG � � >RB � �6�\U9>CXIU�>C79S9>RX/H�GE5�BwGKU9>RB�>RB�GEU95+�9FEBDG���HMFE>CH�GK>RL;7$LM[~GEU95�>R79BDGEFE:9X �
GK>RL;7 + ��U�5(FE5 Q HM>R79>C798 1 >ZGKB~5�79X�L�S95�GKU�5eG��6L 1 >ZG~BD5�X�GE>CL;7 S�5�BEX�FE>3��GKL;FDB)-

Rd[Rds,len]
HM79S

Rm[Rms,len]
+

�
	������� E � � 4�N *xy79B�GKFD:9X�GE>CL;7 �\>RGEU�x Q�Q 5�S9>CH�GK5(4~N A G NP5�X�L;79S 	kHMFE>CH�GK>RL;7�I

opcode01 1 1 1 Rd Rm len

31 30 29 28 27 26 24 23 22 19 18 14 10 9 5 0

Rms

13 4

1

15

Rn 0

G H I @ <���xy79B�GKFE:�X�GK>RL;79B

opcode01 1 1 1 Rm len

31 30 29 28 27 26 24 23 22 14 10 9 5 0

Rms

13 4

1

15

1imm8

G 1 I
cmp

H�79S
mov

xy7�BDGKFD:9X�GE>CL;7�B

��U95 � � � �
��� �
��������� � �
� G N(	�I?LM[W>C79B�GKFD:9X�GE>CL;79B|U�HMB GKU9FD5�5~L*� 5�FEHM79S9B + ��7956>RBgHeS�5�BDGE>C7�HJGK>CLM7
FE5�8;>CB�GK5�F G 79LMG�H 1 >RG\BD5�X�GE>CL;7!I ��L;795�>CB\H�BELM:9FEX�5�FD5�8;>RBDGK5�FHG 79LMG�H 1 >RG\BD5�X GK>CLM7�I � HM79SGKU�5�GEU9>CFDS
L*� 5�FEHM79S_>CB"H 1 >RG BD5�X GK>CLM7OL,� 5�FKHM79S + xy7TGKU�>CB ��HMFD>}H�GE>CL;7pGKU95 L*� 5�FEH�GK>RL;7�>RB S9L;795H�B >R[\GKU�5
1 >ZG"BD5�X�GE>CL;7�>CB���5�FDL��y5���GK5�7�S95�S + � L�B � 5�X�>Z[ 2 GEU9>CB ��HMFE>CH�GK>RL;7 1 >RG � � Q :�BDG 1 5 ( HM79S 1 >RG ( �
Q :9B�G 1 5 � + ��U95�>R79BDGEFE:9X GK>RL;7p[ LMF Q H�G�HM79S�5�79X�L�S9>R798�>RB�BDU9L��\7T>C7 V�>C8M:9FE5 � + � +

cmp
HM79S

mov
>R79BDGEFE:9X GK>RL;79B�HMFE5�HM83HM>R7=BDYC>R8;U3GKY 2 S9>�� 5�FD5�73G�H�BiGEU95 2 795�5�S�L;79Y 2 G��aL�L*� 5�FEHM79S9B + 4a>RG (2/

>CB\H �WH�8�GEL�>C79S9>RX/H�GE5��\U95 GKU95�FiGEU95 1 >RG\BD5�X GK>CLM7�>RB~GKL 1 5wGEFE5�H�GK5�S=H�B�H�7�:�79BE>R8;795�S�L;F�BD>C8;795�S
5�73GE>RG 2*+ x [ >RG >RB � �3GKU95�7�>RG >RB :979BD>C8;795�S�HM7�S�GEU95�7 ��5�FDL��y5���GK5�7�S95�S 1 5�[ LMFE5�GKU95\L*� 5�FEH�GK>RL;7 + x [ >RG
>CB ( �PGEU95 1 >ZG6BD5�X GK>CLM7 >CB6BD>C8;7�5�S0��HM79S�GEU95�FD5�[ L;FD5�GKU95i��FEB�G 1 >RG6>C7�GEU95 1 >ZG6BD5�X GK>CLM7 >CB65���GK5�7�S95�S
1 5�[ L;FD5wGEU95wL*� 5�FKHJGK>CLM7 +

�
	������� E � � 4�N *xy79B�GKFD:9X�GE>CL;7 �\>RGEU�x Q�Q 5�S9>CH�GK5(4~N A G ��U9>CFDS 	kHMFE>CH�GK>RL;7�I

opcode01 1 1 1 Rd Rm len

31 30 29 28 27 26 24 23 22 19 18 14 10 9 5 0

Rms

13 4

1

15

0XX X S

16

��U95 ������� � �
����������� �
� G � 	�I�U9HMB�L;7�5 ) 1 >RG=> Q�Q 5�S9>}H�GE5 ��HMYC:95:�\U9>RXIU >CB�L;795pLM[�GKU�5



� *

L*� 5�FEHM79S9B�HM79S L;795 1 >RG�BE5�X�GE>CL;7 S95�BDX�FE>3��GKLMF��\U9>RXIU�FD5)�9FD5�BE5�73GKB"GEU95+BD5�X�L;79S�L*� 5�FEHM79S + ��U95
Y}HJGEGK5�F 1 >RGaBE5�X�GK>RL;7�H�YCBEL�BE5�F �M5�B\HMB GKU95�S95�B�GK>R7�H�GK>RL;7�L*� 5�FKHM7�S + � L B � 5�X�>R[ 2 GKU�>CB �MH�FE>}HJGK>CLM70� 1 >RG

� � Q :9BDG 1 5 ( HM79S 1 >ZG ( � Q :9BDG 1 5 ( + ��U95(>R79BDGEFE:9X GK>CLM7+[ L;F Q H�G6HM79S�5�79X�LPS9>R798 >RB6BEU�L2�\7>R7
V�>R8;:9FE5 � + / +

��� ����� � � ��� �
� � 	��� ��% � ��� ��� ��� � � � ��
gVWLMF�5�HMXIU�LM[gGEU95�H 1 L��M5">C7�BDGKFD:9X�GE>CL;7�BiGEU9FE5�5 ��HMFE>CH�GK>RL;79B
HMFD5�H���HM>RY}H 1 YC5��\U95�7pFE5�8;>CB�GK5�F 1 >RG�BE5�X GK>RL;7$L*� 5�FKHM7�S9BwHMFE5":9BE5�S + ��U95�BE5 ��HMFE>CH�GK>RL;79BeS�>�� 5�F�>R7
GKU�5(7�: Q 1 5�F�LM[ 1 >RG6BE5�X GK>RL;7L*� 5�FKHM7�S9B + @ 7�LMGKU95�F�:979S95 ��795�S�>C7�BDGKFD:9X�GE>CL;7 B ��HMX�5%�\>RGKU �9FD5�� �

( ( (:( ( ( ( ( >RB :9BE5�S�GKL�5�79X�LPS�5iGEU95�BD5e>C7�BDGKFD:9X�GE>CL;7�Bk>R73GKL��;5�FEBE>RL;7 / � LM[ GKU95 @ ��. >R79BDGEFE:9X GK>CLM7

BE5 G + ��U95�5�79X�LPS�>C798�LM[ GKU95w>R79BDGEFE:9X GK>CLM79B�>CB�BDU9L��\7�>C7�V�>R8;:9FD5 � + � +

�
	������� E ��� 4�N *xy79B�GKFD:9X�GE>CL;7 �\>RGEU=�\5�8M>CBDGE5�F\4�N A
31 04

XX RmS

7811 31215161719

opcode

18

Rb1 1 1 1 1 1

24 23 22 21

Rnnum Rd1 1

G H I @ <���xy79B�GKFE:�X�GK>RL;79B
31 04

XX RmS

7811 31215161719

opcode

18

Rb1 1 1 1 1 1

24 23 22 21

num Rd1 1 X X XX

G 1 I
cmp

H�79S
mov

xy7�BDGKFD:9X�GE>CL;7�B
31 0121718

1 1 1 1 1

24 23

0 0

25 6 511

lenRmsRnsX X

22

Rd

G X IiN�5�GK:7��4�N A xy79B�GKFE:�X�GK>RL;7
045

1 imm5

045

R0 0

3

045

0 1 X

3

X XX

G S!IiN�5�GK:7��N�� 5�X�>R��5�F

46>RGEB (�* GKL �9( X�L;73GIH�>C7�GEU95�L*� X�L�S95��\U�>CYC5 1 >RGEB ( J HM79S (�) BDGIH�79S�[ L;FaGEU95�7 : Q 1 5�F6LM[ 1 >RG
BE5�X�GE>CL;7L*� 5�FEHM79S9B\>C7 GEU95(>C79B�GKFD:9X�GE>CL;7 + ��U�5�FE5 [ L;FE5 �8( � ( � ��H�79S ( ( X�L;FDFE5�B � LM79S�GEL �9FE5�BE5�7�X�5
LM[ ( � � �MHM79S � 1 >RG BE5�X�GE>CL;7 L,� 5�FKHM79S�B + ��U�5

S
1 >ZG|B � 5�X�>Z��5�B �\U�5�GKU�5�F�GEU95 1 >ZG BE5�X GK>RL;7 X�LM7 GKHM>C7�B

:979BD>C8;7�5�S$L;FeBD>C8;7�5�S�>C73GE5�8;5�F + ��U95 [ L;F Q H�G�HM79S�5�79X�L�S9>C7�8 LM[ GKU95 >R79BDGEFE:9X GK>RL;79B�>RBe8;>;�;5�7$>R7



� �

V�>R8;:9FE5 � + � G H I + xy79B�GKFE:�X�GK>RL;79B
cmp

HM79S
mov

HMFE5"H+YR>RGEGEYC5 1 >ZGeS�>�� 5�FE5�73G9� GEU95 2 X�HM7�U�H9�;5 H�G
Q L;BDGwG��aL 1 >ZGwBE5�X GK>RL;7 L,� 5�FKHM79S�B + ��U95�FE5 [ L;FE5 1 >RGEB ( J H�79S ( ) X�HM7 LM79Y 2�1 5 �8( L;F ( � H�79S
1 >ZGKB ) GKL ( ( HMFD5�79LMGw:9BD5�S + ��U�5+5�79X�L�S9>C7�8 >CB(8;>;�;5�7$>R7$V�>C8;:�FE5 � + � G 1 I + ��U95 1 >RG�BE5�X GK>RL;7
S95�BEX�FD> ��GEL;Fk>C7�>ZGKBD5�YR[cX�L;73GKHM>C79BkBE5 �;5�FKHMY 1 >RGkBE5�X�GE>CL;79B + ��U95�FD5�[ L;FD5eBD5�GK:7� X�L;B�GKB6L�[?H 1 >RGaBE5�X GK>RL;7
S95�BEX�FD> ��GEL;F6>R7�H"FD5�8;>RBDGE5�FkX/HM7 1 5eU9>R8;U + ��U95�FD5�[ L;FD5(H"795 � >R79BDGEFE:9X GK>RL;7 �\>ZGKU�L,� X�LPS95

setup
>CBa>C73GKFDLPS�:9X�5�S�GKL�BE5 G�:4��GEU95 1 >RG6BE5�X�GK>RL;7 S95�BEX�FD> ��GEL;FEB65!#�X�>R5�73GKY 2*+ ��U9>RB~>C79B�GKFD:9X�GE>CL;7�X�HM7 BE5 G
Q :9YZGK>3�9YC5 ��HMYC:95�B >C7 1 >RG�BD5�X GK>CLM7TS95�BDX�FE>3��GKLMF�BE> Q :9YRGKHM795�LM:9BEY 2*+ ��U95�[ L;F Q HJG�HM79ST5�79X�L�S9>R798
LM[ GKU�>CB�>R79BDGEFE:9X GK>CLM7�>CB�8;>;�;5�7p>R7$V�>C8M:9FE5�B � + � G X�I�H�79S<G S�I + ��U95�>R79BDGEFE:9X GK>CLM7

setup Rd,

Rns, Rms, len
X/HM7_BD5�G�:4�TGKU�5 �MH�YC:95�L�[

Rns
�
Rms

H�79S
len

��5�YRS9B�>C7 1 >RG�BD5�X�GE>CL;7

S95�BEX�FD> ��GEL;F(U95�YCS�>C7
Rd

BE> Q :9YRGKHM795�LM:9BEY 2*+ @ � � 1 >RGeBE5�GE:4�$B � 5�X�>R��5�F�S�5�BEX�FE> 1 5�B(U9L�� H���5�YCS�>RB
BE5 G�:4� + xy7�5�HMXIU�BD5�GK:7��B � 5�X�>R��5�F)�c>Z[ 1 >ZG / >CB ( �WGKU95�7 1 >RGEB � GKL � FE5!�9FE5�BE5�73GwH�7�> Q�Q 5�S9>}HJGK5
��HMYC:�5 + ��U95���5�YRS�>CB�BE5�GE:4� 132 X�L*� 2 >R798�GKU�>CBe> Q+Q 5�S�>}H�GE5%�MH�YC:95 + x [ 1 >RG / >CB � � H�79S 1 >RG � >RB

� ��GKU�5�7 1 >RGEB � GEL � HMFD5�:9BE5�S GKL�B � 5�X�>R[ 2 H FD5�8;>RBDGK5�F + ��U95���5�YRS$>CB(BE5 GK:4� 132 X�L*� 2 >C798GKU�5
Y}H�BDG��4�M5�S9>R8;>RGEB�>C7 GKU�5�FD5�8;>RBDGK5�F + V�L;F\�\79B�B � 5�X�>Z��5�F!� >Z[ 1 >RG / >CB � HM79S 1 >RG � >CB ( �9GEU95�7��i7�B
>CB�79LMG H ��HMYC>RS 1 >ZG"BD5�X GK>CLM7TB � 5�X�>Z��5�F HM79S Q :�BDG 1 5�>R8;79L;FD5�S + xy7T8;5�7�5�FKH�Y ��BD>C79X�5 HMYRY GEU9FE5�5
��HMYC:�5�B G

Rns
�
Rms

� HM79S
len

I(X�HM7 1 5�>C7pFE5�8;>CB�GK5�FDB)� >RG�795�5�S9B�GKL�FE5/H�S GKU�5�BE5�FE5�8;>CB�GK5�FEBwGKL
> Q �9YR5 Q 5�73G�GEU95 >R79BDGEFE:9X GK>CLM7�>C7=L;795 X 2 X�YC5 + �iL��65 �;5�F!��>C7 ��FKHMX GK>CX�5 BE>ZGK:�HJGK>CLM79B �\U�5�FE5 GEU95�FD5
�6HMBeH�795�5�SGKL�FE5�HMS GKU9FD5�5�FE5�8M>CBDGE5�FDB�H�FE5(795 �;5�Fi5�7�X�L;:973GE5�FE5�S +

E � � � � � 
�� ��� ������� �� ��� ��		���

� L�> Q ��YC5 Q 5�73G�GKU95�4�N  >C79B�GKFE:�X�GK>RL;79BeG��aL=H,�4�9FDL3HMXIU95�B�H�FE5 � L;BEBD> 1 YR5 + �(7�5�H,�4�9FDL3HMXIU$>C7��
�;LMY3�;5�B�FE5�S95�BD>C8;7�L�[�GKU95�FD5�8;>RBDGE5�F"��YR5 + ��U95 1 >RG�BE5�X�GE>CL;7TX�HM7 1 5+S9>CFD5�X GKY 2 BD:4�4�9YR>C5�S GKL�GKU�5
FE5�8;>CB�GK5�F\�9YC5wS9:9FD>C798�H�FE5/H�S=L;F��\FD>RGK5wL*� 5�FEH�GK>RL;7HM79S�YCLM8;>CX(>R79BE>RS95�GKU95wFD5�8;>RBDGK5�F���YC5w5�7�BE:9FD5�B
GKU9H�G\L;79Y 2 GKU�5�H��4�9FEL,�9FE>CH�GK5 1 >ZGKB�LM[�H�FE5�8M>CBDGE5�F\HMFD5wFE5/H�S�LMF��\FD>RGDGK5�7 +

@ 7pHMYZGK5�FD7�H�GE>3�;5"H,�4�9FDL3HMXIU �\U9>RXIU$S9LP5�B�79LMG�FE5�� :9>RFE5�HM7 2�Q L�S9>R�9X/H�GE>CL;7GKL�GEU95 FE5�8;>CB�GK5�F
��YR5"FE5�HMS9B�L;F��\FD>RGK5�B�HM7�5�73GK>RFE5 FD5�8;>RBDGK5�F + A :9FE>R798�H+FE5/H�S0� GEU95"5�7 GE>CFD5"FE5�8;>CB�GK5�Fe>CB�FE5�HMS0� H�79S
GKU�5�7YCL;8M>CXe>RB �9FDL2��>RS95�SBEL�GEU�H�G~GEU95(FE5�YC5!��HM73G 1 >ZG�BE5�X�GE>CL;7X/H�7 1 5(BD5�YC5�X�GE5�SGKL�8;5�795�FEH�GK5(GKU�5



� (

1 >ZG~BE5�X�GE>CL;7L*� 5�FEHM79S�[ L;F�H�7 >C79B�GKFE:�X�GK>RL;7 + N�> Q >CY}H�FEY 2 S9:9FD>C798�H �\FD>RGK5���:4� S�H�GE5(L;79Y 2 BDL Q 5�LM[
GKU�5 1 >RGEB�>R7�HeFE5�8;>CB�GK5�F + xy7 GEU956X 2 X�YC5�> Q+Q 5�S�>}H�GE5�Y 2e1 5 [ L;FE5kGKU95 �\FE>RGE5 1 H�X 5"L*� 5�FEH�GK>RL;7"L�X�X�:9FEB!�
GKU�5�X�LM7 GE5�73GKB"LM[6GEU95�FD5�8;>RBDGK5�F�GEL 1 5 �9HMFDGE>}HMYRY 2 L2�M5�F��\FE>RGDGK5�7_HMFE5�FE5�HMS + ��U95 �MH�YC:95�FE5�HMS�>RB
Q HMS95�H9�MH�>CY}H 1 YC5�GEL�GEU95">R79BDGEFE:9X GK>CLM7=S9:�FE>C7�8�GEU95��\FD>RGE5 1 H�X 5 BDGIH�8;5 �\U95�FE5�GKU95�FE5�YC5!��HM73G 1 >RG
BE5�X�GE>CL;7 >RB+��FDBDG :7� S�HJGK5�S H�79S GKU95�7��\FE>ZGEGK5�7{GKL GKU95�FD5�8;>RBDGE5�F+�9YC5 + @ 7 5��PGEFKH�S95�S9>CX�H�GK5�S
FE5�HMS � L;F�G�BDU9L;:9YRS 1 5 �9FEL���>CS95�S GEL"� 5�FD[ LMF Q GEU95+5���GKFKH�FE5�HMS�HMBDBEL�X�>CH�GK5�S �\>ZGKU�5�HMXIU �\FD>RGE5
L*� 5�FEH�GK>RL;7 +
��U95�HMS��MH�7 GKHM8;5kLM[9GEU95a��FDBDG�H,�4�9FDL3HMXIU >RB GEU�H�G|>RG|>CB Q L;FE5k5�795�FE8 2 5 #+X�>C5�7 G + � �;5�7 GKU9L;:�8;U

>RG|FE5�� :9>CFD5�B�GEU95~FE5�S95�BD>C8;7"LM[�GKU95aFE5�8;>CB�GK5�F ��YC5��M>ZGg>CB|HMYRBELe� :9>ZGK5~BD> Q �9YC5 + ��U95~BE5�X�L;7�S+H��4�9FEL;HMXIU
>CB 7�LMGkHMB 5�795�FE8 2 5!#�X�>R5�73G9��>RG FD5�� :9>RFE5�B 8;FD5/H�GE5�F 7 : Q 1 5�F LM[ FE5�8;>CB�GK5�FkFD5/HMS�B)��HM79S�>CB H�YCBEL Q L;FE5
X�L Q �9YR5 ��GKL�> Q �9YC5 Q 5�73G +

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

��U95=H,�4�9FDL3HMXIUOGKL$8;5�7�5�FKHJGK>C7�8 X�LPS95 �\>ZGKU_GKU95�4�N  >C7�BDGKFD:9X�GE>CL;7�B�>CB�GKLpFE5!�9Y}HMX�5�HpBD5�G�LM[
@ ��. >C79B�GKFE:�X�GK>RL;7�BE5�� :95�79X�5 ��H�GDGK5�FE79B��\>RGEUp4�N  >C79B�GKFD:9X�GE>CL;79B(>R7pHX�L Q �9>CYR5�F�� L;B�G �9HMBEB +
��U95�L*��GK> Q > �/H�GE>CL;7 >RBeH�> Q 5�S=H�G��9HMX 5 >C798�HM79S�:977��HMX 5 >C798�L*� 5�FKH�GE>CL;7�BiL�[ 1 >RGiBD5�X�GE>CL;7�B��\>RGEU

� �
� ��� � � ����� � � � ���wHM79S�� � ������� � � � ��� �
��� � ������� L;BE>ZGK>CLM79B +

E � & � � �
	�� � ��� ��� � ��� 	�� �

@ 7:977��HMX 5 >C798�L*� 5�FEH�GK>RL;7 >C7 �;LMY3�;5�B Q 5�FE5�Y 2 5���GKFKH�X�GK>R798�H 1 >RG�BD5�X GK>CLM7�[ FDL Q H�FD5�8;>RBDGK5�F~GKU�HJG

X�LM7 GKHM>C7�B ��HMX 5�5�S S�H�GKH�HM79S �9YCHMX�>R798 GEU95 1 >RG�BD5�X GK>CLM7 1 2 >RGEBE5�YR[(>R7{GKU95�YCL��65�F�L;FDS95�F 1 >RGEB
LM[6HM79LMGEU95�F�FE5�8;>CB�GK5�F + ��U95�[ L;YCYRL2�\>R798�5��9H Q �9YR5�>CYRYC:9B�GKFKHJGK5�B(:�74��HMX 5 >C7�8 �\U9>RXIU�5��PGEFKHMX GKB 1 >RG
BE5�X�GE>CL;7 � +3+ J [ FEL Q

inputbuffer
HM7�S �9Y}HMX�5�B+>RG+>C7 YRL2�a5�F+L;FES�5�F 1 >ZGKB+LM[

delta
G GEU95

U9>R8;U95�FL;FDS95�F 1 >ZGKBLM[
delta

HMFD5 � I + ��U�5 @ ��. X�L�S95 FD5�� :9>RFE5�B�G��6L >C79B�GKFD:9X�GE>CL;79B!�(H

shift
H�79S_HM7

and
>R79BDGEFE:9X GK>RL;7 + �iL��65 �;5�F!�6H=BE>C7�8;YC5+4�N �>R79BDGEFE:9X GK>RL;7�>RB"BE:�#+X�>C5�7 G"GKL

� 5�FD[ LMF Q :977��HMX 5 >C798 + ��U95
mov

>C79B�GKFE:�X�GK>RL;7�GIH,5�5�B 1 >RGEB � GEL J � ��5�FDL��y5��PGE5�7�S9B�GEU95 Q � HM79S
�9YCHMX�5�B\GEU95 Q >C7�H�FE5�8M>CBDGE5�F +



� �

� X�L�S95

delta = (inputbuffer>>4)&0xf;
@ ��. X�L�S95

mov r3, r8, asr #4
and r12, r3, #15 ; 0xf
4~N  @ ��. X�LPS95

mov r12, r8[#4,#4]

��U95(8;5�795�FEHMY GEFKHM79B�[ L;F Q H�GE>CL;7�GKU�H�G6L*��GE> Q >���5�BkGEU95�:977��HMX 5 >C798�L,� 5�FKH�GE>CL;7�GKH,5M5�B~GKU95�[ L;Y;�
YCL��\>R798�[ LMF Q + xy7+GEU95 @ ��..X�L�S95�H�7

and
>R79BDGEFE:9X GK>RL;7+5���GKFKH�X�GKB 1 >RGEB [ FDL Q FD5�8;>RBDGK5�F

ri
HM79S

�9YCHMX�5�BiGEU95 Q >R7�FD5�8;>RBDGE5�F
rj
+ ��U95�7=GEU95�5���GKFKH�X�GK5�S 1 >ZG�BD5�X GK>CLM7 �9YCHMX�5�S=>R7

rj
>CB\:9BD5�S � L;B��

BE> 1 Y 2+Q :9YZGK>3�9YC5iGK> Q 5�B + xy7 GKU95(GKFEHM79B�[ L;F Q 5�SX�L�S95���GKU95
and

>C7�BDGKFD:9X�GE>CL;7>RB~5�YR> Q >C7�HJGK5�S�HM79S

5/H�XIUp:�BE5 LM[
rj

>RBeFE5!�9Y}H�X�5�S 132 H�S9>CFD5�X G(:9BE5�L�[ 1 >RGeBE5�X GK>RL;7�>C7
ri
+ ��U9>CB�GKFKH�79BD[ L;F Q HJGK>CLM7

HMYRBEL�5�YC> Q >C79H�GK5�B\GEU95"GE5 Q � L;FEHMF 2 :9BD5�LM[ FE5�8;>CB�GK5�F
rj
+ ��U95�FE5�[ LMFE5,� [ LMF�GKU�>CB�GEFKHM7�BD[ L;F Q H�GE>CL;7

GKL 1 5 YC5�83HMY ��GKU95�X�L Q �9>CYR5�F Q :9BDG�5�79BE:�FE5�GKU9H�G�FE5�8;>CB�GK5�F
rj

>RB >C7�S95�5�S_GE5 Q � LMFKHMFD>CY 2 :�BE5�S �
GKU9H�G\>CB!�9GKU95���HMYC:�5(>C7 FE5�8;>CB�GK5�F

rj
>CB�7�LMG\FE5 [ 5�FE5�79X�5�S�[ L;YRYCL��\>C798�GKU95wX�L�S95�[ FEHM8 Q 5�73G +

465 [ L;FE5�� FKHM7�BD[ L;F Q H�GE>CL;7

and rj, ri, #mask(#s,#l)
inst1 use rj
...
instn use rj
z FE5�X�L;79S�>RGK>RL;7
GKU�5 1 >RG�BD5�X�GE>CL;7�>C7

ri
FE5 Q HM>R79B�:979XIU9HM798;5�S

:973GK>RY
instn

HM79S
rj

>CB�S95�HMS�HJ[ GK5�F
instn

+
@ [ GE5�F�� FKHM7�BD[ L;F Q H�GE>CL;7

inst1 use ri[#s,#l]+;+3+

instn use ri[#s,#l]



� �
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� X�LPS�5

*c++ = ((LARc[2]&0x1F)<<3)|((LARc[3]>>2)&0x7);
@ ��. X�L�S95

; r0 � LARc[3]
;
G������
	 � � ���� � I�� ��� J

mov r0, r0, lsr #2
and r0, r0, #7
; r1 � LARc[2]
; (LARc[2] & 0x1F) << 3
and r2, r1, #31
orr r0, r0, r2, asl #3
4�N  @ ��. X�L�S95

; r0 � LARc[3]
; r1 � LARc[2]
mov r0, r0[#2,#3]
mov r0[#3,#5], r1[#0,#5]

& U95�7 H 1 >ZG�BE5�X GK>RL;7 >RB�5 ��GKFEHMX�GE5�S{[ FDL Q H$S�H�GIH:�6LMFES{>R7 @ ��. X�L�S95��
shift

�aHM79S

and
L*� 5�FKH�GE>CL;7�B Q :9B�G 1 5 � 5�FD[ L;F Q 5�S + NP:�XIU{L*� 5�FEH�GK>RL;79B�X/H�7 1 55�YR> Q >C7�HJGK5�S�HMB�H 4~N 

>C7�BDGKFD:9X�GE>CL;7�X�HM7 1 5�:9BD5�S$GKLS9>CFD5�X GKY 2 FE5 [ 5�FE5�79X�5�GKU�5 1 >RGwBD5�X�GE>CL;7 + ��U9>CB(BD>RGK:9H�GK>RL;7�>CB(>RYCYC:�B��
GKFEH�GK5�S 132 GKU95�5 ��H Q �9YR5�8M>3�;5�7 H 1 L��;5 + ��U�5�� X�LPS95GIH�5M5�B 1 >RGEB � +3+ � L�[

LARc[2]
HM79S

X�LM79X/H�GE5�7�HJGK5�BkGKU95 Q �\>RGEU 1 >ZGKB � +;+ � LM[
LARc[3]

+ ��U�5i��FDBDGkG��6L�>C79B�GKFD:9X�GE>CL;79B LM[ GKU95 @ ��.
X�L�S95(5��PGEFKHMX G\GKU95(FD5�YC5 ��HM73G 1 >RGEB~[ FEL Q

LARc[3]
��GEU95�GKU�>CFES>R79BDGEFE:9X GK>CLM7 5 ��GKFEHMX�GEBiFD5�YR5!��HM73G

1 >ZGKBe[ FDL Q
LARc[2]

�cHM79S�GEU95�Y}HMB�G(>C7�BDGKFD:9X�GE>CL;7�B�X�L;7�X/H�GE5�7�H�GE5�B(GKU�5 1 >RGEBe[ FEL Q
LARc[2]

HM79S
LARc[3]

+ ��U95�4�N  @ ��. X�L�S95(L;79Y 2 U�HMB~G��aL�>C79B�GKFE:�X�GK>RL;79B + ��U95(��FEB�G�>R79BDGEFE:9X GK>RL;7
5 ��GEFKHMX GKB 1 >RGEB6[ FEL Q

LARc[3]
� ��5�FEL�� 5 ��GK5�79S9B�GKU95 Q �9HM79S BDGEL;FE5�B�GKU95 Q >C7 FD5�8;>RBDGE5�F~F � + ��U95

BE5�X�L;7�S�>C79B�GKFD:9X�GE>CL;7 Q L2�M5�B�GKU95�FE5�YC5 �MH�7 G 1 >ZGKBwLM[
LARc[2]

[ FDL Q FE5�8;>CB�GK5�F�F ( H�79S �9YCHMX�5�B
GKU�5 Q >R7 ��FEL*� 5�F�� L;BE>ZGK>CLM7�>C7FE5�8;>CB�GK5�FiF � +

xy7�8;5�795�FEHMYgGKU�5�GEFKHM79B�[ L;F Q H�GE>CL;7�[ L;F(5�YC> Q >R7�H�GK>R798 �9HMX 5 >C798�L*� 5�FKHJGK>CLM79B(X/HM7 1 5�XIU�H�FKHMX �
GK5�FE> ��5�SH�Ba[ L;YRYCL��\B + @ 7�>C7�BDGKFD:9X�GE>CL;7�S95���7�5�B\H 1 >ZG~BD5�X�GE>CL;7�HM79S �9YCHMX�5�B6>RG6>C73GKL"H"GK5 Q � L;FKH�F 2

FE5�8;>CB�GK5�F
ri
+ ��U95=7�5�5�S GKL ��Y}HMX�5GEU95 1 >RG�BE5�X�GE>CL;7 1 2 >ZGKBD5�YR[e>C73GKL H�GK5 Q � L;FKHMF 2 FE5�8;>CB�GK5�F

ri
HMFD>CBD5�B 1 5�X/HM:9BD5�GEU95 1 >ZGiBE5�X GK>RL;7�>RB � L;BDBE> 1 Y 2 :9BD5�S Q :�YRGK>3�9YC5�GE> Q 5�B + � �;5�73GE:�HMYCY 2 GKU95 1 >RG



� �

BE5�X�GE>CL;7+>CB ��HMX 5M5�S >C73GKL�HM79L�GKU95�FaFD5�8;>RBDGK5�F
rj

:9BE>R798 HM7
orr

>R79BDGEFE:9X GK>RL;7 + xy7�GKU95�L*��GK> Q > ��5�S
X�L�S95����\U�5�7$GKU95 1 >ZG(BE5�X�GK>RL;7p>CB�S95 ��795�S0�|>ZGwX/HM7 1 5�S9>CFD5�X GKY 2 X�L Q �9:�GE5�Sp>C73GKL�GEU95 � LMBE>RGE>CL;7
>RG6>CB ��Y}HMX�5�S 132 GKU�5���HMX 5 >C798�L*� 5�FEH�GK>RL;70� GKU�HJG�>CB!�9>C73GKL

rj
+ @ YCY :9BE5�B\LM[?GKU95 1 >RG�BD5�X�GE>CL;7X�HM7

S9>RFE5�X GKY 2 FD5�[ 5�FD5�79X�5�GEU95 1 >ZG�BE5�X�GK>RL;7 [ FEL Q
rj
+ ��U95�FE5�[ LMFE5(GKU95w795�5�S[ L;F6GE5 Q � L;FEHMF 2 FE5�8;>CB�GK5�F

ri
>CBa5�YR> Q >C7�H�GE5�S+HM79S�GEU95%��HMX 5 >R798

orr
>R79BDGEFE:9X GK>CLM7�>CBa5�YC> Q >R7�H�GE5�S + VWLMFkGEU9>CB6GEFKHM7�BD[ L;F Q H �

GK>RL;7 GKL 1 5�YC5�83HMY �JGEU95�X�L Q �9>RYC5�F Q :9B�G 5�79BD:9FE5�GKU9H�G FE5�8;>CB�GK5�F
ri

>RBg>C7�S95�5�S�GE5 Q � LMFKHMFD>CY 2 :�BE5�S �
GKU9H�Gk>CB)�;GEU95���HMYC:95�>R7

ri
>CB 7�LMGkFE5�[ 5�FE5�79X�5�S�H�[ GE5�F GKU95\X�LPS95�[ FEHM8 Q 5�73G + ��U95iGEFKHM7�BD[ L;F Q H�GE>CL;7

>CB�BDU9L��\7 1 5�YRL2� +

465�[ LMFE5 �|FEHM79B�[ L;F Q H�GK>RL;7

inst0 def ri ;bit section definition in a whole register
...
inst1 use ri ;use register
...
instn use ri ;use register
...
orr rj, rj, ri ;pack bit section
z FE5�X�L;79S9>ZGK>RL;7
GKU95 1 >ZG\BE5�X�GK>RL;79B\>C7

ri
HM79S

rj
FE5 Q HM>R7 :979XIU�HM7�8;5�S

:973GK>RY
orr

H�79S
ri

>RB�S95/HMS=H�[ GE5�F
orr

+
@ [ GE5�F��|FEHM79B�[ L;F Q H�GK>RL;7

inst0 def rj ;define and pack
...
inst1 use rj ;use bit section
...
instn use rj ; use bit section

E � & � E ��� � � � 	 � � ��� � ��� 	 ���

��U95�FE5 HMFD5�BD>RGK:9H�GK>RL;79Bw>C7 �\U9>CXIU0� �\U9>CYR5+5��PGEFKHMX GK>RL;7�LM[ 1 >RG�BE5�X GK>RL;79B">RB�GEL 1 5�X/H�FEFE>R5�S L;:�G9�
GKU�5 � L;BE>ZGK>RL;7$LM[~GKU�5 1 >ZG�BE5�X GK>RL;7�>RB�S95 GK5�F Q >C795�S�H�G�FE:�7 GE> Q 5 + xy7pGKU95�[ L;YRYCL��\>C798 5���H Q ��YC5,�
H 7 : Q 1 5�F(LM[kYCL��a5�FwL;FDS95�F 1 >ZGKB!� �\U95�FD5�GEU95�7 : Q 1 5�F(5���:9HMYCB�GEU95 �MH�YC:95 L�[ ��HMFD>}H 1 YR5

size
�

HMFD5e5 ��GEFKHMX GK5�S�[ FDL Q
put buffer

� ��5�FEL�� 5 ��GK5�79S95�S0�WHM79S ��Y}HMX�5�S 1 HMX 5+>R73GKL
put buffer

+
NP>R79X�5\GKU95 ��HMYC:95iLM[

size
>CBk79LMG 5 79L��\7H�GaX�L Q �9>CYR5~GK> Q 5��PH�7�> Q�Q 5�S9>CH�GK5 ��HMYR:95\X/HM797�LMG 1 5

:9BD5�S$GKLB � 5�X�>R[ 2 GEU95 1 >RG(BD5�X GK>CLM7 S95�BEX�FE> �PGKL;F + xy79BDGE5/HMS$GKU95���FDBDGwGKU�FE5�5 @ ��. >C7�BDGKFD:9X�GE>CL;7�B



� /

BEU�L2�\7 1 5�YCL���HMFD5�:�BE5�S=GKL�S 2 7�H Q >CX/H�YCY 2 X�LM79BDGEFE:9X GeGKU�5
mask

�\U9>CXIU=>CB�GKU�5�7�:�BE5�S 1 2 GEU95

and
>C79B�GKFD:9X�GE>CL;7�GEL�5���GKFKH�X�GwGKU95�FD5�� :9>RFE5�S:��HMYC:�5"[ FEL Q

put buffer
+ xy7$GEU95�L*��GE> Q >���5�S

X�L�S95�GKU95 1 >RG�BE5�X GK>RL;7 S95�BEX�FD> ��GEL;F�>RB+BD5�GE:4� >C7 FE5�8M>CBDGE5�F
r3

HM79S{GEU95�7 :�BE5�S 132 GKU�5
mov

>C7�BDGKFD:9X�GE>CL;7 GEL�5���GKFKH�X�G\GKU95wFD5�� :9>CFD5 1 >RGEB\HM79S �9Y}HMX�5�GKU95 Q�132 GKU95 Q BD5�Y;�;5�Bi>C7
r7
+

� X�L�S95

mask = (1<<size)-1;
put buffer = put buffer&mask;
@ ��. X�LPS95

; r5 � size
; r7 � put buffer
mov r3, #1
mov r3, r3, lsl r5
sub r3, r3, #1
and r7, r7, r3
4�N  @ ��. X�LPS�5

; start = 0
; len = r5
setup r3, , #0, r5
mov r7, r7[r3]

��U95�8;5�795�FEHMY�[ L;F Q LM[ GEU9>CB�GKFKH�79BD[ L;F Q HJGK>CLM7�>CBeBEU9L��\7 1 5�YCL�� + ��U95 @ ��. >C7�BDGKFD:9X�GE>CL;7�B

GKU9H�G X�L;79BDGEFE:9X G GKU�5 Q H�B 5pHMFE5+FE5!�9Y}HMX�5�S 132 H�BE>R798;YC5
setup

>R79BDGEFE:9X GK>RL;7 + ��U�5
and

>C7(�
BDGEFE:9X GK>RL;7 X/HM7 1 5(FE5!�9Y}HMX�5�S 132 H

mov
LM[|H 1 >ZG�BE5�X�GK>RL;7 �\U9L;BD5wS95�BDX�FE>3��GKLMF�X/HM7 1 5�[ L;:97�S�>R7

GKU�5�FD5�8;>RBDGE5�F�BE5 Ge:7� 132 GEU95
setup

>C79B�GKFE:�X�GK>RL;7 +

465 [ L;FE5 � FKHM79B�[ L;F Q H�GE>CL;7

mov ri, #1
mov ri, ri, lsl rj
sub ri, ri, #1
and rd, rn, ri
z FE5�X�L;79S�>RGK>RL;7
��HMYC:�5(>C7

ri
BDU9L;:9YRS 1 5wS95�HMS

H�[ GE5�F
and

>C79B�GKFE:�X�GK>RL;7 +
@ [ GE5�F�� FKHM7�BD[ L;F Q H�GE>CL;7

setup ri, rj, rj
mov rd, rn[ri]



� �
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� X�L�S95

o = (m&((1<<p)-1)|(n&(((1<<(16-p))-1)<<p))
@ ��. X�L�S95

; r3 � p
mov r12, #1
rsb r2, r3, #16 ; 16-p
mov r2, r12, lsl r2 ; 1<<(16-p)
sub r2, r2, #1 ; (1<<(16-p))-1
; r1 � n
and r1, r1, r2, lsl r3 ; n&((1<<(16-p))-1)
mov r12, r12, lsl r3 ; 1<<p
sub r12, r12, #1 ; (1<<p) - 1
; r0 � m
and r0, r0, r12 ; m & ((1<<p)-1)
orr r0, r0, r1 ; o � r0
4~N  @ ��. X�LPS95

; r3 � p
setup r12, , #0, r3 ; descriptor for m’s bit section
rsb r2, r3, #16
setup r2, , r3, r2 ; descriptor for n’s bit section
; r0 � m
mov r0, r0[r12] ; put m’s relevant bits in r0
mov r0, r1[r2] ; put n’s relevant bits in r0

z�HMX 5 >R798+L�[ 1 >ZG�BE5�X�GK>RL;79B�GKLM8;5�GEU95�F!�4�\U9L;BE5�BE> ��5�B�H�FE5w79LMG�5 79L��\7=GE>CYRYcFE:�7 GE> Q 5,�9X�HM7X�L;B�G
BE5 �;5�FKHMY >C79B�GKFD:9X�GE>CL;79B + ��U95 � X�L�S95�8;>3�M5�7=H 1 L��M5�5��PGEFKHMX GKBiYCL��a5�F\L;FES�5�F

p
1 >ZGKB~[ FDL Q

m
H�79S

U9>R8;U95�FiL;FDS95�F
16-p

1 >ZGKB\[ FEL Q
n
HM7�S ��HMX 5 BeGEU95 Q GKLM8;5�GEU95�F�>C73GKL

o
+ ��U95 @ ��. X�L�S95�[ L;F

GKU�>CB\L*� 5�FKHJGK>CLM7�>R7 �;L;Y;�;5�B Q HM7 2 >C79B�GKFD:9X�GE>CL;79B 1 5�X�HM:9BE5w��FDBDGiGKU95�FE5���:�>CFE5�S Q HMB 5 B�[ L;F
m
H�79S

n
HMFE5�8M5�795�FKH�GE5�S + �i5 ��G GKU�5�FE5�YR5!��HM73G 1 >ZGKB H�FE5�5 ��GEFKHMX GK5�S�:9BD>C798(GEU95 Q HMB 5 B HM79S���79HMYCY 2 GEU95 2

HMFD5��9HMX 5M5�S=GKLM8;5�GEU95�F\:9BD>C798�GKU�5
orr

>C7�BDGKFD:9X�GE>CL;7 + xy7=X�L;73GKFKH�BDGiGKU95�4�N  @ ��. X�L�S95(:9BD5�B

[ HMFk[ 5!�a5�F�>C7�BDGKFD:9X�GE>CL;7�B + NP>R79X�5eGEU95���HMYR:95eLM[
p
>RB679LMG 5�7�L2�\7�H�G6X�L Q �9>RYC5\GK> Q 5,��FE5�8;>CB�GK5�F 1 >RG

BE5�X�GE>CL;7�S95�BDX�FD> ��GEL;FEB�[ L;F
m
HM79S

n
Q :9BDG 1 5�:�BE5�S +

xy7�8;5�7�5�FKH�Y|GKU�5�GKFEHM79B�[ L;F Q H�GK>RL;7=[ LMF�L*�PGK> Q >���>C798�S 2 7�H Q >CX���HMX 5 >R798 L*� 5�FKHJGK>CLM79B�X�HM7 1 5
S95�BEX�FD> 1 5�S HMB [ L;YCYRL��\B + � �aL{LMF Q L;FD5 1 >ZGBE5�X GK>RL;79B)���\U9L;BE5:� L;BE>ZGK>RL;79B HM7�S YR5�798MGEU9BHMFD5
:9745 79L��\7OH�G�X�L Q �9>RYC5�GK> Q 5,�|HMFD5�5 ��GEFKHMX GK5�ST[ FDL Q FE5�8;>CB�GK5�FDB �\U95�FE5�GEU95 2 X�:9FDFE5�7 GEY 2 FE5�BE>CS�5



��J

HM79S �9:�G�>R7 GEL_BE5)�9HMFKH�GE5 FD5�8;>RBDGE5�FEBFD5�B � 5�X GK>;�;5�Y 2*+ @ Q HMB 5 >CB X�L;79B�GKFE:�X�GK5�S�HM79S HM7
and

>C7�BDGKFD:9X�GE>CL;7�>CBe:�BE5�S�GEL � 5�FD[ L;F Q GKU95 5���GKFKH�X�GK>RL;7 + V�>R7�HMYRY 2 GEU95 2 HMFE5 ��HMX 5�5�S$GKL;8;5 GKU95�F�>C73GEL
L;795FD5�8;>RBDGK5�F�:9BE>R798

orr
>C7�BDGKFD:9X�GE>CL;7 + xy7_GKU�5=L*�PGK> Q >���5�STX�LPS95��a[ L;F�5�HMXIU 1 >RG�BD5�X�GE>CL;7 �~H

FE5�8;>CB�GK5�F 1 >RG�BE5�X GK>RL;7�S95�BDX�FD> ��GEL;F(>CB�BE5�G�:4���9FEBDG)�?HM79S�GEU95�7 Q L2�M5 GKU95 1 >RG�BD5�X GK>CLM7p>R73GKL�GKU�5
��7�H�Y~FE5�8;>CB�GK5�F �\>RGKUTGEU95 1 >RG BE5�X GK>RL;7_S95�BDX�FE>3��GKLMF�S9>CFD5�X�GEY 2,+ @ B�H$FD5�BD:9YRG)�

orr
>R79BDGEFE:9X GK>RL;7

>CB�FE5 Q L��M5�S + 4 2 :�BE>C7�8�GKU95
setup

>R79BDGEFE:9X GK>CLM7 GKL=BE> Q :9YRGKHM795�L;:9BEY 2 BE5 GK:4�TBD5!�;5�FKHMYa��5�YRS9B
>C7_GKU�5 1 >ZG�BE5�X�GK>RL;7{S�5�BEX�FE>3��GKL;F!�aGEU95=7 : Q"1 5�F+LM[e>C79B�GKFD:9X�GE>CL;79B�>RB�FD5�S9:�X�5�S{>C7OX�L Q ��HMFD>CBELM7
GKL�GEU95�>C7�BDGKFD:9X�GE>CL;7�BE5�� :95�79X�5�:9BD5�S$GKL X�FD5/H�GE5 GKU95 Q HMB 5�B(>R7�GKU�5�L;FE>R8;>C7�H�Y X�LPS�5 + A >�� 5�FE5�73G
G 2 � 5�B�LM[?>C7�BDGKFD:9X�GE>CL;7�BE5�� :95�79X�5�B\X/HM7 1 5�:9BD5�S�GKL�X�FE5�H�GK5(H Q HMB 5�HM79S�GKU :9B�>ZG6>RB679L�G�HMY;�~H 2 B
� L;BEBD> 1 YR5�GEL�>CS95�73GK>R[ 2 BD:9XIU BE5�� :95�79X�5�B + ��U�5�X�:9FDFE5�7 G�> Q �9YC5 Q 5�7 GKH�GK>RL;7_X/HM7{L;79Y 2 U9HM79S9YR5
BEL Q 5(X�L Q+Q L;79Y 2 5�79X�LM:973GK5�FD5�S�BD5�� :95�79X�5�B + ��U95(GEFKHM79B�[ L;F Q H�GE>CL;7�>RB\BEU9L��\7 1 5�YCL�� +

465�[ LMFE5 �|FEHM79B�[ L;F Q H�GK>RL;7

instruction sequence to create mask1
and ra, rb, mask1
instruction sequence to create mask2
and rc, rd, mask2
orr rm, ra, rc
@ [ GE5�F��|FEHM79B�[ L;F Q H�GK>RL;7

setup register bit section descriptor 1
move bit section 1 to rm using bit section descriptor 1
setup register bit section descriptor 2
move bit section 2 to rm using bit section descriptor 2

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

E � E � � � � � � � 	 � �� � � � 
 � ����

465 [ L;FE5 GKU�5=FD5�BE:�YRGKB�LM[iGKU�5=5��7� 5�FD> Q 5�73GKB�HMFD5 �9FE5�BE5�73GE5�S0�~GEU955 ��� 5�FE> Q 5�7 GKHMY�BE5 GK:4� >CB�S95 �
BEX�FE> 1 5�S + ��U�5�BD5�GK:7��>C7�X�YC:�S95�BiH�BE> Q :9Y}HJGKL;F6[ LMF @ ��. � HM7=L,��GK> Q > ��>C7�8"X�L Q �9>RYC5�F)��HM7�S�H�BE5 G
LM[|FE5�YC5!��HM73G 1 5�79XIU Q HMF 5�B +

� ��� � � � � �
� � ��� � � ��� �
� 
$��U95�5 ��� 5�FE> Q 5�73G(BDGKHMFDGEB��\>RGEU$H � L;F�G(LM[ GEU95�X 2 X�YR5 YC5 �;5�YgBE> Q :9Y}HJGKL;F
NP> Q �9YR5�BDX/HMYCHMF � ( � � GEL @ ��. H9�MH�>CY}H 1 YC5�[ FEL Q GEU95 ��7�>3�;5�FEBD>RG 2 LM[�.=>CXIU�>C83HM7 + ��U9>CB��;5�FEBE>RL;7



� )

BE> Q :9YCH�GK5�B�GKU95��4�M5+B�GIHM8;5 �9>3� 5�YC>R795"S95�BEX�FE> 1 5�S >C7�GKU�5 ��FE5�X�5�S9>R798�BE5�X GK>RL;7 �\U�>CXIUp>CB�GKU�5�xy7(�
GK5�Y 8 B�N @ � ( N�GEFEL;7�8 @ ��. ��> � 5�YC>R795 � (�) � [ L;:97�S0��[ L;F�5 ��H Q �9YC5��W>C7 GKU95"N @ � ( ( � + ��U95�x ���~H�XIU95
X�LM7���8;:9FEH�GK>RL;7 [ L;F~GKU�>CB��9FEL�X�5�BEBDL;FiHMFE5�- (/� � 1 X�HMXIU95�BE>���5,� �3� 1 YR>C795(BD>���5,�WHM79S �3� � �~H 2 H�BEBEL �
X�>CH�GK>;��>RG 2 � H�79S Q >CBDB � 5�7�HMYRG 2 L�[ � � X 2 X�YR5�B G H Q >RBEB FE5�� :9>CFD5�B68ML;>C798wL � �yXIU�> ��I + ��U95iGK> Q >C7�8�LM[
GKU�5 Q L�S95�Y U�H�B 1 5�5�7 ��HMYC>RS�H�GE5�S HM8;HM>C79B�G~H��\5 1 5�Y ��5 G & >C7�S95�F A 5 �;5�YCL*� 5�F��aL;F 5�B�GIH�GE>CL;7 � � � �
132 GKU�5�S�5!�;5�YCL*� 5�FDB�L�[|GEU95wB 2 BDGE5 Q H�G�GKU�5 �i79>3�M5�FDBE>RG 2 LM[$.�>CXIU9>R83HM7 +

� ����������� ����� � �
� ��� � ��� 
 ��U95$X�L Q �9>RYC5�F�:9BD5�S >C7 GKU�>CB �aL;F 5 >CB�GKU�5
gcc

X�L Q �9>CYR5�F �\U9>CXIU
�6HMB 1 :�>CYRG�GEL X�FE5�H�GK5=H �M5�FEBD>CL;7OGKU�HJG+BD:4�4� L;FDGEB�8;5�795�FEH�GK>RL;7OLM[ @ ��. X�L�S95 + N(� 5�X�>R�9X/HMYRY 2
GKU�5

xscale-elf-gcc
X�L Q ��>CYC5�F �;5�FEBE>RL;7

2.9-xscale
>RB�:�BE5�S + @ YCY��9FELM8;FKH Q B�HMFE5

X�L Q �9>RYC5�STH�G ��� � YR5!�;5�Y�LM[iL*��GE> Q >��/HJGK>CLM7 + ��� � YC5 �;5�Y�>RB 79LMG�:�BE5�S 1 5�X/H�:9BE5=H�G GEU�H�G�YC5 �;5�Y
LM[wL*�PGK> Q >���H�GK>RL;7�[ :979X GK>RL;7 >C7�YC>C7�>C798pHM79S{YCL�L*� :�79FEL;YRYC>R798 >RB+5�7�H 1 YR5�S + �6YC5/H�FEY 2 BD>C79X�5�GKU�5
X�L�S95 BD>���5">CBeHM7�> Q � L;FDGKHM73GeX�L;79X�5�FE7�[ LMFe5 Q"1 5�S9S95�S$B 2 B�GK5 Q B!�c[ :979X GK>CLM7�>C79YR>C79>R798�HM79S�YRLPL,�
:979FDL;YCYR>C798"BEU9L;:�YCS79LMG 1 5�:�BE5�S +
��U95wGKFKH�79BEYCH�GK>RL;7�LM[ @ ��. X�LPS�5�>R73GKL�L*��GE> Q >���5�S4�N  @ ��. X�L�S95��~H�B�X�HMFEFD>C5�SL;:PG 1 2

HM7�L*�PGK> Q >���H�GK>RL;7 � L;B�G �
��HMBEB + ��79Y 2 GEU95 [ FE5�� :95�73GKY 2 5 �P5�X�:�GE5�S$[ :979X�GE>CL;7�B�>C7�5�HMXIU:�9FEL;8MFKH Q
GKU9H�G6>R7 �;L;Y;�;5��9HMX 5 >C7984��:974�9HMX 5 >C798�H�79S�:9BD5eLM[ 1 >RGaBE5�X GK>RL;7�S�H�GKH��a5�FD5eGKFEHM79BEYCH�GK5�S�>R7 GEL 4�N 
@ ��. X�L�S95 + ��U95wFE5 Q H�>C79S95�F�LM[ GKU95 �9FDL;8;FKH Q �6HMB�7�LMG Q L�S9>Z��5�S +

% ������� � ��� ������� ��� � ��� � ��� ����� ��
 ��U95 1 5�79XIU Q HMF 5 B :�BE5�S�HMFD5gGIH,5�5�7w[ FEL Q GKU95 .�5�S9>CH 1 5�79XIU � �:) � �
�6L Q�Q 1 5�79XIU � /M� � �0�i5�G 1 5�79XIU � / � � H�79S�46>ZG��\>CBE5 � � / � BD:9>RGE5�B(H�B�GKU�5 2 HMFE5�FE5)��FE5�BD5�73GIHJGK>3�M5�LM[
H$X�Y}H�BEB�LM[eH,�4�9YR>CX/HJGK>CLM79B > Q � L;FDGKHM73G [ L;F GKU�5=5 Q 1 5�S9S95�S{S9L Q HM>R7 + @ 7 > Q HM8;5 ��FEL�X�5�BDBE>R798
H,�4��YC>CX�H�GK>RL;7

thres
>RB\HMYCBDL+H�S9S95�S +

E � E � & � ��  � � �

� ��� 5�FE> Q 5�73GKHMYWFE5�BD:9YRGEB~HMFD5���FE5�BD5�73GK5�S�GKL Q 5�HMBE:9FD5iGEU95e> Q ��FEL��;5 Q 5�7 GEBa>R7 � 5�F�[ L;F Q HM79X�5eH�79S
X�L�S95(BD>���5wS9:�5wGEL GKU95w:9BD5wLM[g4~N %>C79B�GKFD:9X�GE>CL;79B + ��U95wFE5�S9:9X�GE>CL;7�Bi>R7 1 L�GKU GKU95w>R79BDGEFE:9X GK>CLM7
X�LM:973GKBgH�79S X 2 X�YC56X�L;:973GKB�HMFE5 Q 5�HMBE:�FE5�S�[ L;F|4�N  @ ��. X�L�S956>R7"X�L Q �9HMFE>RBEL;7wGKL��9:9FE5 @ ��.



� *

X�L�S95 + ��U95�FE5�BD:9YRGEB�HMFE5 �9FDL��P>RS95�S$[ L;F(5�HMXIU L�[aGEU95 [ :979X GK>CLM79B(GKU�H�G��a5�FD5 Q L�S9>R�95�S$HMB��a5�YCY
HMB\[ L;F�GKU95�5�73GE>CFE5��9FDL;8;FKH Q + ��H 1 YC5 � + ( BEU�L2�\BiGKU95�FE5�S9:9X�GE>CL;7�>C7GKU�5"S 2 7�H Q >CXw>R79BDGEFE:9X GK>CLM7
X�LM:973GKB + ��U95eFE5�S�:9X�GE>CL;79Ba>C7���� ��� � � � � � �
� � � � � ��� [ L;F GKU95 Q L�S9>R��5�S+[ :97�X�GK>RL;79B �MH�F 2�1 5 G��65�5�7
� + �M��� HM79S � J + � J � + ��U95�795 G�>C7�BDGKFD:9X�GE>CL;7 X�L;:�7 G�FE5�S�:9X�GE>CL;79B�[ L;F+GEU95�5�73GK>CFD5"�9FDL;8;FEH Q B
HMFD5 YCL��65�F�HM79SOFKHM7�8;5�[ FEL Q � + � /�� GKL ) + J *�� + ��U9>RB�>CB GKL 1 5 5 ��� 5�X�GE5�S 1 5�X/HM:9BD5=LM79Y 2 H
BE: 1 BE5 GeLM[ [ :979X GK>RL;79B�>C7�GEU95 �9FELM8;FKH Q B�X/H�7 Q H,5�5�BD>C8;7�>R��X�HM73G�:9BE5�LM[?GKU�5�4~N *>C79B�GKFE:�X�GK>RL;7 +

�|H 1 YC5 � + � BDU9L��\B GKU95 FD5�S9:�X�GK>RL;7T>C7�GEU95�X 2 X�YC5 X�L;:973GKB + ��U95 FD5�S9:�X�GK>RL;79B�>R7 � � � � � � � � � ���

[ L;F�GKU95 Q L�S9>R�95�S [ :�79X�GE>CL;79B ��HMF 2O1 5�G��a5�5�7 � + �;��� HM7�S � J + � J � + ��U95�795 G X 2 X�YR5�X�L;:973G
FE5�S9:9X GK>CLM79Be[ L;F\GKU95"5�73GK>RFE5 ��FEL;8;FEH Q BeFKH�798;5�[ FDL Q � + � *�� GKL ) + � J � + ��H 1 YC5 � + � BEU9L��\B�GKU�5
FE5�S9:9X GK>CLM79B�>C7=X�L�S95"BD>���5"[ L;F\GKU95"[ :�79X�GE>CL;79BiGKU�HJG��a5�FE5�GKFKH�79BD[ L;F Q 5�S�GKL Q H,5�5":9BD5 LM[k4�N 
>C7�BDGKFD:9X�GE>CL;7�B + ��U95 X�LPS95 BD>���5�FE5�S9:9X�GE>CL;7�B [ L;F Q LPS�>R��5�S�[ :979X GK>CLM79B FKH�798;5�[ FDL Q ( + � J � GEL

�9( + � /�� + �iL2�a5!�M5�FiGKU95wFE5�:9S9X GK>CLM79B\>C7X�L�S95wBE> ��5�[ L;F~GEU95w5�73GK>RFE5 �9FELM8;FKH Q B\HMFD5(B Q HMYCY +

� �	� � � ����� � �  
 ���

@ �\>CS95 ��HMFE>R5�G 2 L�[g>C7�BDGKFD:9X�GE>CL;7�BE5 GeBD:4�4� L;FDGiU�H�B 1 5�5�7�S95 �;5�YRL*� 5�S�GEL+BD:4�4� L;FDG Q :9YZGK> Q 5�S9>}H
HM79S 795�G��aL;F 5 ��FEL�X�5�BDBE>R798�H��4�9YC>RX/H�GE>CL;7�B + .=L;B�G"LM[aGKU95�BE5+5 ��GK5�79BE>RL;79B�U�H9�;5+GEL=S�L �\>RGEU 5�� �
�9YRL;>RGE>C798�BD: 1 �6L;FDS�� �9(�� HM79S=BE:4� 5�F��6LMFES�� � J � ��H�FKHMYRYC5�YR>CB Q + ��U�5">C7�BDGKFD:9X�GE>CL;7BD5�G�5���GK5�7�BE>CLM79B
�9FDL*� LMBE5�S 132 aHM7�8$HM79SO<�5�5 � /;� � [ L�X�:�B�L;7 � 5�F Q :�GE>C798�BE: 1 �aL;FES S�H�GIH�GEU�H�G�H�FE5 ��HMX 5�5�S
GKLM8;5�GEU95�F(>R7pFD5�8;>RBDGE5�FEB + ��U95�BD5�GE5�XIU97�>C� :95�B�BE:7�4� LMFDG Q HM79> ��:9Y}H�GE>C798+7�HMFDFEL�� �\>RS�GKU$S�H�GKH�LM[
1 >ZG��\>CS�GEU">C7 132 GE5�BgLM7 H�U�>C8;U�� 5�79S �9FEL�X�5�BEBDL;F + xy7"X�L;73GKFEHMBDG)�34�N {X/HM7"HMS9S9FD5�BDBg7�HMFDFEL�� �\>CS�GEU
S�H�GKH�LM[ �95 �P> 1 YR5��\>CS�GEU�LM7=H �3� � 1 >RG~5 Q 1 5�S9S�5�S �9FEL�X�5�BEBELMF +

xy7 � � * � �kH�79LMGK>RL;7_LM[ 1 >RG�BD5�X GK>CLM7OFD5�[ 5�FE5�7�X�>C7�8 >R7 H�795 G��6LMF 5 �9FDLPX�5�BEBDL;F�>CB �9FD5�BD5�73GK5�S +
� �aL���5�YRS9B)�W>R79X�YR:9S9>C7�8�GEU95�FE5�8M>CBDGE5�F\7 : Q 1 5�F�HM79S�GKU95 1 >RGiL � BE5 G9� HMFD5�:9BD5�S�GKL�B � 5�X�>Z[ 2 7�HMF��
FEL�� �\>CSPGKU L*� 5�FEHM79S9B + ��L��65 �;5�F\GEU95(S95�BE>C8M7�S95�GKHM>CYRB~HMFD5�79LMG��9FE5�BE5�7 GE5�S + xy7 X�L;73GEFKHMB�G9��4�N 
HMS9S�FE5�BDBE5�B Q LMFE5�7�HMFDFEL�� �\>RS�GKUpL*� 5�FKH�79S9B �\>RGKUp> Q�Q 5�S9>CH�GK5"HM79S�FD5�8;>RBDGE5�F 1 >RGwBD5�X GK>CLM7�S95 �
BEX�FE>3��GKL;FDB + V�:9F�GKU95�F Q L;FE5���H S95�GKHM>CYR5�S�S95�BE>R8;7$LM[a4�N  L;7 @ ��. �9FEL�X�5�BEBELMF�H�79SpH Q 5�GEU9L�S
GKL�:9BD5"4~N %[ L;F�X�L�S95wL*��GE> Q >��/HJGK>CLM7�HMFD5��9FE5�BE5�73GE5�S�>R7GEU9>CB�XIU9H,��GK5�F +
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adpcm.decode adpcm decoder ;
<)=?>A@?>�> B&@�B%B�C�>%> ;�D E&= 7

Total ;�<FB�;&B�;�< B%@�G&@�@�;�E B�D C�C 7
adpcm.encode adpcm encoder @?E%C&@?H�<�; ;%;%B�>A@�B�; ;�D =�> 7

Total @�<F=�CA@�@�G ;�;%G&@�B�H�> ;
D8=�E 7
jpeg.cjpeg emit bits ;�H�>&=�H�H B�G%;%=�C�< @AD8B�; 7

Total <FB&@?;&B�;
<F; <FB�;�C�>&G�GA@ E
D >&B 7
g721.decode fmult >A@�<�;%=�C�G&= >%H%=�G%=�>%C%B G
D8=�H 7

predictor zero C%=�C�HA@?;�E G�>%E%G�;�>%E C
D8B�= 7
step size <�>%;�G%H&@%@ <�H&=�E�G&B%@ <�E�D E&B 7

reconstruct =�;%=�G%H�>A= =?>&G�E�G&=�= B�D ;
< 7
Total =�B�G%B�H%;�>A=�G =�B�H�<�G%E�;�;A@ =�D E&@ 7

g721.encode fmult >%GA@�B�E�>%;�> >�>%H%;&@�;�H�G G
D C�C 7
predictor zero C%=�C�HA@?;�E G�>%E%G�;�>%E C
D8B�= 7

step size =�H&@�=�G&@%@ =�=%=�B�H&B%@ ;
D8=�= 7
reconstruct =�;�>&B%B�C%H =?>&C�G�EA@?H B�D8B�G 7

Total =�;�>%E%=
<I>&C�C =�B�G�<�;%H�>�<FC =�D8=�= 7
cast.decoder CAST encrypt >�<�C�>&=�E
<�; HA@?G&B�E
<%<F= C�D8@�; 7

CAST ofb64 encrypt =�;%C�G�E%C�C&= =�B�<FC�EA@?G�> ;
D ;�> 7
Total <�E%C�E�C�<F=%=�G <�E�H&=�E%C
<�E%E B�D >%E 7

cast.encoder CAST encrypt >�<�C�>&=�E
<�; HA@?G&B�E
<%<F= C�D8@�; 7
CAST ofb64 encrypt =�;%C�G�E%C�C&= =�B�<FC�EA@?G�> ;
D ;�> 7

Total <�E&B�H&@�G�>&G%B C�C�>%C�;%H%B�G B�D8B�G 7
frag in cksum =�;%C�C�<�<FB�E =�B�>%C�>&C%B%= B�D8B?> 7

Total H&@�B�E%;%B�H�< H�;%E
<�E%H
<FG H
D C�C 7
threshold coalesce H�E�<F=�;�E�G =�;�E&=�=�E�G <�H
D ;%= 7

memo H&=�=�H&B�;%H =�G�<I>%C%;�H <F=
D ;%G 7
blocked memo =�C�>�<)B?>A= =�B�H
<�G&=�; <�H�D C%H 7

Total =�E%C%B�C�;�H%E <�CA@?H�E%G�C%G B�D G�; 7
bilint main G&@ @?C C
D8=�E 7

Total >%C%; >&G�G <�D ;
< 7
histogram main H
<?@)>&;�; H�E�<�E�G&= B�D�<�; 7

Total H&=%@?H�<�< H
<FE�G&B%@ B�D E�H 7
convolve main H%E�>&C�; H�E&=?>&E E
D G�> 7

Total H%E&@�C�C H%E%B?>A= E
D G�H 7
softfloat float32 signals nan <FH%= C%; =&@AD8=%@ 7

addFloat32Sigs =�C =�H =�E
DJ@?E 7
subFloat32Sigs =�C =�H =�E
DJ@?E 7
float32 add G @ <F=
D B�E 7
float32 sub G @ <F=
D B�E 7
float32 mul H�E =�H =�H�D H%H 7
float32 div H�E =?> =�E�D E%E 7
float32 rem =�G =�H <)@�D G%; 7
float32 sqrt =�H =�E <�H�D E�> 7
float32 eq =�H <)@ =�;�D E%C 7
float32 lt <)@ <�< H%B
D =�C 7

Total G�C%G G�<�C G
DJ@?C 7
dh NN DigitMult <FB�HA@A<FH
<�;%H <�>�<?@?;�G%H�GA@ @ADJ@�@ 7

NN DigitDiv <�C%H
<FC%=?>&C <�G�>%C%B�H�C%H >�D8=�; 7
Total >%H&=�H&@�=%@�;%= >�<�C%;�E�>�<�C�< =�D C%B 7



/9(

������� � ;�$ + + �i5�S9:9X GK>CLM7�>R7 A 2 79H Q >RXw� 2 X�YR5"�6LM:973GKB
� �I�����
	����� �
�
��������������� # � �I- � #��%�
�&� '
�)(&���
*&�
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adpcm.decode adpcm decoder ;�>A=?>&=�>�< ;&=�E&=�C�;�< H�D >%> 7

Total ;�>%C�C%G�G%E ;%=&@?G&@�G�; H
D >%E 7
adpcm.encode adpcm encoder @?C&B�G�E%G�G @�B�<)B?>&B�; B
D B�; 7

Total G%E�H%B�E�E�< @�B�C%=%@�;
< B�D8B�E 7
jpeg.cjpeg emit bits <�E�>A@�=�H%B C�C%C
<�;%H >�D8B�C 7

Total <�C%;
<%<�C�;&B <�C&B�H%B�E�E&= E
D H�C 7
g721.decode fmult ;�H%C
<I>�@?C%H ;�E�E%H�>A=�H&@ ;
D E&@ 7

predictor zero <F=�G�H�>%>�>&; <�<�C�>%C%H�G%= ;
D C�E 7
step size <)B�;�>�@�=�G <F=�;�C&@�B�= <�G�D G&B 7

reconstruct =�;�E
<)B�H�> =?>AB?>%E�<I> B�D ;&@ 7
Total H�>�@?E�HA@?C%E�; H�>�<)B�H�<�G&@�C <�D8B�C 7

g721.encode fmult ;%B&@?C�G%H�H%; ;
<I>!<FB%B�<�G ;
D ;�; 7
predictor zero <F=�G�H�>%>�>�@ <�<�C�>%C%H%=%@ ;
D C�E 7

step size =�;�H�E%E�G&= =�H%H%B�<FE�; <�<%D =%= 7
reconstruct =�;�H�;%E�H%E =?>&G�G�>&H�C B�D ;�E 7

Total H%B�H�;
<FE�;%H�; H�>A@�;�E&B?>%;&= <�DJ@?E 7
cast.decoder CAST encrypt >%;%B%B%@�E%B�H >&E�;A@)>%;%;�> <)=�D ;�H 7

CAST ofb64 encrypt H%=%=�=?>�@?E%G H�E�>&H�>%>&=�= B�D8B�; 7
Total <I>!<�<�<FH�E%G
< <�H�H�>�>&E�H�E�> B�D >�> 7

cast.encoder CAST encrypt >%;%B%B%@�<)@)> >&E�;A@)>%G�<)@ <)=�D ;�H 7
CAST ofb64 encrypt H%=%=�=?>�@?E%H H�E�>&H�>%>&=�G B�D8B�; 7

Total <�H&B�B%@�=?>&;%B <F=%@�C�E%E
<I>�@ B�D ;�; 7
frag in cksum H%=�;�C%G�C
<FC H
<)=�E%B�E�C%C >�D8B%@ 7

Total B%@%@)>AB�H�C%H B�;&=�E&@�<�CA@ =�D ;�; 7
threshold coalesce >%H&B�B&@?C�; H�C�HA@)>AB�G C
D ;�E 7

memo >�@�=�B�E�;%E >%H%E&@�@�H%B G
D G�H 7
blocked memo =�=�E�C&=�C�E�> =�<F;�G�H�<�;%; <�D G%B 7

Total <�G�<I>&=%B�B�;�; <�G�E�<�G%;�H�G�< E
D ;�G 7
bilint main G�GA@ G%E�G G
D C
< 7

Total B�C%B&@ B�G&@�G <�D H%= 7
histogram main >%G�<FB�H
< >%;&=�B�H&= H
D C%B 7

Total >&C�;�;&B�E >A@%@?G%E&@ H
DJ@?C 7
convolve main >&E%=
<FB H�C%C�>&C E
D ;�; 7

Total >%>%C�>&B >%>%G�E%H E
D H%= 7
softfloat float32 signals nan <FH%= C%; =&@AD8=%@ 7

addFloat32Sigs H%=?> =�>A@ =�H
DJ@�@ 7
subFloat32Sigs ;&@�B B�C%B <�<�D G%B 7
float32 add G
< G�E <�D8=�H 7
float32 sub =�<?@ <)B�H =�C�D >&C 7
float32 mul B%@%@ B
<�H <�<%D E%C 7
float32 div H�CA@ H%G�E >�D8=�G 7
float32 rem >&B�H H�<I> H�E�D ;%G 7
float32 sqrt H�G%H =�C%B =�=
D C%G 7
float32 eq =?>A= =%=%@ ;
D8=�E 7
float32 lt H�E&B =%=�C =?>!D C&= 7

Total <FE%=%B�B C%H�;%; G
D ;&@ 7
dh NN DigitMult =�H�;%G&@?>A@?;%G =%=?>&C%=�C%;�>%> B�D E�> 7

NN DigitDiv =�;&=�=�H�>%;%G =�B�>%E�E&=�H%C H
D�<I> 7
Total B%@�G
<�GA@?C%E%B B�;%B�>%H�>%E�G%; =�D8=�< 7
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adpcm.decoder
adpcm decoder =�;�E =�>%G >�D ;%= 7

adpcm.encoder
adpcm encoder H%E�E =�G�> B�D H�H 7

jpeg.cjpeg
emit bits =%=�G =�<�; B�D8=�; 7

g721.decode and g721.encode
fmult <FC�; <)@?; <�E�D = 7

predictor zero C&= G�> G
DJ@ 7
step size @�; @�= B�D8=�; 7

reconstruct C%; C%= >�D�<)@ 7
cast.decoder and cast.encoder

CAST encrypt <FH%=�G <)=�E%E C
D ;�> 7
CAST ofb64 encrypt >&=�G >&E�E ;
D8B?> 7

frag
in cksum <FE�G G�G <�G
D8B�= 7

threshold
coalesce <�>%G <�H�; G
D�<�< 7

memo =�C�; =�G�> >�D E%B 7
blocked memo =
<F= =�E�E B�D ;�; 7

bilint
main H&B�= H%=�E C
D E�C 7

histogram
main H�<�; H
<F= <�D8=%@ 7

convolve
main ;&B�= ;�>%G E
D ;
< 7

softfloat
float32 signals nan B%= >%E =�E
D E 7

addFloat32Sigs H�>&G H&=?> ;
D C�E 7
subFloat32Sigs H�C%; HA@�= ;
D E�; 7
float32 add >&E H�; <�E�D E 7
float32 sub >&E H�; <�E�D E 7
float32 mul >A=�G >%E�E ;
D8B?> 7
float32 div B�>�> B�=�E >�D >�< 7
float32 rem ;�>%G ;%=�G H
D E�C 7
float32 sqrt >&G�> >%;�> >�D�<�H 7
float32 eq <)B�= <F=�E =�<�D E%B 7
float32 lt <?@?; <I>�> <�G
D�<�G 7

dh
NN DigitMult <%<F= <�E�> @AD�<I> 7
NN DigitDiv >A=�E >%E�> H
D G
< 7
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>C73GEL�GKU95�[ FE5�5�5�79X�LPS�>C798�B ��HMX�5 LM[�GKU95 @ ��. >C79B�GKFD:9X�GE>CL;7�BD5�G + @ X�L Q �9>RYC5�F�L,��GK> Q > �/H�GE>CL;7
� L;BDG�����HMBDB�X/HM7 8M5�795�FKH�GE5(5!#�X�>R5�73Gi4�N  @ ��. 132 FD5)�9YCHMX�>R798�H BE5 G\LM[ >C79B�GKFD:9X�GE>CL;7�BD5�� :95�79X�5
��H�GDGK5�FE79B + ��U95�X�L;BDGaLM[ ��HMX 5 >C798 ��:974��H�X 5�>R798�L*� 5�FKH�GE>CL;7�BkL�[ 7�HMFDFEL�� �\>RS�GKU+S�H�GKHw>RB FE5�S�:9X�5�S +
4�N *H�XIU9>C5 �;5�B�� 5�F�[ L;F Q HM79X�5�> Q �9FEL��M5 Q 5�73G\HM79SX�LPS95(BD>���5�FE5�S9:9X�GE>CL;7 + VW:�FDGKU�5�F Q L;FD5,��4�N 
5 ��� L;BE5�B=79HMFEFDL2� �\>CSPGKU S�H�GKHTGEL_HTX�L Q �9>CYR5�F + ��U :9B�HTX�L Q �9>RYC5�F+U�HMB L*�7� L;F�GK:97�>RGK>R5�B�GEL
� 5�FD[ LMF Q HM7>R7 GE5�YRYC>C8M5�73G�HMYRYCL�X/H�GE>CL;7+LM[|7�HMFEFDL�� �\>CSPGKU�S�H�GIH�>R7�FD5�8;>RBDGE5�FEB\L;F Q 5 Q L;F 2*+
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��U95�B�GK:9S 2 >R7T�6U�H,�PGK5�F � U�HMB�BEU9L��\7�GKU9H�G 5 Q 1 5�S9S95�S_H,�4�9YR>CX/HJGK>CLM79B)� >C79X�YC:9S�>C798�795�G��aL;F 5
HM79S Q 5�S�>}H ��FEL�X�5�BDBE>R798$H,�4�9YR>CX�H�GK>RL;79B)�|X�L;73GKHM>C7�BD>C8;7�>R��X�HM73G YC5 �;5�YCB LM[\79HMFEFDL2���\>RS�GKU�S9H�GIH +
xy7�GKU�>CB6XIU9H,��GK5�F~>RG6>CBkBEU9L��\7U9L�� 7�HMFDFEL�� �\>CS�GEU�S�H�GKH"X/HM7 1 5e5����9YCL;>ZGK5�S�GKL Q H,5�5�5 � 5�X GK>3�M5
:9BD5�LM[�GKU�5�B Q HMYCYW7 : Q 1 5�F6LM[?FE5�8;>CB�GK5�FDB �9FDL2��>RS95�S 132 5 Q 1 5�S9S�5�S �9FDLPX�5�BEBDL;FEB + ��U�>CB���FEL 1 YR5 Q
>CB\H�S9S9FE5�BEBD5�S�>R7 X�L;73GK5���GeLM[ GKU�5 @ ��. �9FDLPX�5�BEBDL;F � �;� � �\U9>CXIU�BE:7�4� LMFDGKB ( � FD5�8;>RBDGK5�FEB +
��U95 Q HM>C7$L 1 1D5�X�GE>3�M5�LM[~GEU9>CB�XIU�H,��GE5�F�>CBwGKL�S�5!�;5�YCL*� GKU95�HMFEXIU9>ZGK5�X�GK:�FKHMYkHM79S�X�L Q �9>CYR5�F

BE:7�4� LMFDG�GEU9FELM:98;U �\U�>CXIU"GEU956FD5�8;>RBDGK5�FEB X/HM7 1 5k:9BE5�S Q LMFE5k5 � 5�X�GE>3�M5�Y 2 >R7 �9FD5�BD5�79X�5�LM[�7�HMFDFEL��
�\>CSPGKU S�H�GIH + �(5�795�FKHMYRY 2 GKU95pL 1 BD5�F �M5�S 79HMFEFDL2� �\>CS�GEU S�HJGIH_X/HM7 1 5pS9>;�P>RS95�S >C73GEL_G��aL
X/HJGK5�8ML;FE>R5�B)- G BDGKH�GK>RX�I6H ��HMFE>CH 1 YR5e>CB6S95�X�Y}HMFD5�S�HMB\H �6LMFES 1 :�G\>R7 FE5/H�YC>RG 2 GKU�5%�MH�YC:95�B\HMBEBD>C8;795�S
GKLGKU�5 ��HMFD>}H 1 YR5�X/HM7 795!�M5�F�5 �PX�5�5�S ( � 1 >ZGKB���HM79S,G S 2 7�H Q >CX I(H ��HMFD>}H 1 YR5�>CBwS95�X�Y}H�FE5�S�HMB�H
�aL;FES 1 :�Gi>R7 �9FKHMX GK>RX�5eGEU95��MH�YC:95�B\HMBEBD>C8;795�S GKL�>RG~S9L�79LMG\5 �PX�5�5�S ( � 1 >ZGKB Q L;BDG\L�[ GEU95�GK> Q 5
S9:9FD>C798�H �9FDL;8;FKH Q FD:97 + @ B�BEU�L2�\7�>R7�GKU�5"BDGE:9S 2 >C7��6U9H,��GK5�F � � 5 Q 1 5�S9S�5�S$H,�4��YC>CX�H�GK>RL;79B
X�LM7 GKHM>C7 H BD>C8;7�>R��X�HM73G�H Q L;:�7 G+LM[eBDGIHJGK>CX7�H�FEFEL�� �\>RS�GKUOS�H�GKH�HM79S 5!�M5�7 Q L;FE5�S 2 7�H Q >CX
7�HMFDFEL�� �\>RS�GKUS�HJGIH +
�|L+5 ���9YRL;>RG\S 2 7�H Q >RX(7�HMFEFDL�� �\>CS�GEU=S9H�GIH�>C7FE5�8;>CB�GK5�FEBi:9BE>R798�H�8;YRL 1 HMY 1 >RG��\>CSPGKU�H9�~HMFD5

FE5�8;>CB�GK5�F+H�YCYCL�X/HJGK>CLM7 Q 5 GKU9L�S0� �65�795�5�S H�FEXIU9>ZGK5�X GK:9FEHMY\BE:4�7� L;F�GKB�LMGKU�5�F�GKU�H�7 @ ��. 4�N  +
@ YZGKU9LM:98;U�GEU95 �9FE5 ��>CL;:9B"XIU�H,��GE5�F�U�HMB BDU9L��\7OGEU�H�G @ ��. 4~N �>CB"5 � 5�X�GE>3�M5 >C7THMXIU�>C5!��>R798
� 5�FD[ LMF Q HM79X�5 > Q ��FEL��;5 Q 5�7 G �\>RGKUOH�YCL�X/H�Y�� 5�5)��U9L;YC5 L,��GK> Q > �/H�GE>CL;70� @ ��. 4�N  >CB 7�LMG�H

BE:�>RGIH 1 YC5wHMFDXIU9>RGE5�X GK:9FEHMY BE:7�4� LMFDG\[ L;F\H�8;YCL 1 HMY 1 >ZG��\>CS�GEU�H��6HMFD5�FD5�8;>RBDGE5�F\HMYRYCL�X/H�GE>CL;7 Q 5�GEU9L�S
GKL�5 ���9YRL;>RG�S 2 7�H Q >CX�7�HMFDFEL�� �\>RS�GKUpS�H�GKH>R7 FD5�8;>RBDGE5�FEB + V|>CFEB�G9� @ ��. 4�N  L;79Y 2 X�LM7 GKHM>C7�B

H�YR> Q >RGK5�S_BE5�G�LM[ Q LMBDG�[ FE5�� :95�73GKY 2 :9BE5�S >C79B�GKFD:9X�GE>CL;79B 1 5�X/HM:�BE5�79L�G�5�7�L;:98;U >R79BDGEFE:9X GK>CLM7

5�7�X�L�S9>C798�B ��HMX�5�>CBiH9��HM>CYCH 1 YR5 + @ 8;YRL 1 HMY 1 >RG��\>RS�GKU=H9�~H�FE5wFE5�8;>CB�GK5�FiHMYRYCL�X/H�GE>CL;7 Q 5 GKU9L�S Q H 2
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FE5�� :9>CFD5kGEU�H�G�HMF 1 >ZGKFEHMF 2 >R79BDGEFE:9X GK>CLM7�U�H�B GEU95~H 1 >CYC>ZG 2 GEL�HMS9S�FE5�BDB�7�H�FEFEL�� �\>ZGKU"S9H�GIH + NP5�X�L;79S �
>RG6>CBaS9>3#�X�:�YRG6[ LMF @ ��.s4�N  GKL X�H,��GK:�FE5eGEU95(S 2 7�H Q >CX 1 >RG��\>RS�GKU 1 5�X�HM:9BD5 @ ��.s4�N �X�HM7

79LMGiH�:�GKL Q H�GE>CX/H�YCY 2 XIU95�X 5�GKU95 1 >ZG��\>CS�GEU�H�GiFE:973GK> Q 5 +
xy79BDGE5/HMS �*�656HMFE5aBE5�5!5 >C798eGEL�S95 �;5�YRL*��HeBDXIU95 Q 5 �\>ZGKU�HiBE> Q �9YR>R��5�S"H�FEXIU9>ZGK5�X GK:9FEHMY�BE:4�4� L;F�G

BE:�XIU GKU�H�G�H�X�L Q �9>CYR5�F�FE5�8;>CB�GK5�F�HMYRYCL�X/H�GE>CL;7wH�YC8;L;FD>RGEU Q X�HM7"5 �c5�X�GK>;�;5�Y 2 GIH,5�5aGEU95~HMS��MH�7 GKHM8;5kLM[
GKU�5�H�FEXIU9>ZGK5�X GK:9FEHMY BD:4�4� L;FDG + xy7 ��H�FDGK>RX�:9YCHMF)�(�65�HMYRYCL�� G��6L ��HMFE>CH 1 YR5�B6GEL 1 5(BE> Q :9YZGIHM795�L;:9BDY 2

HMBDBE>C8M795�S�GEL�GKU95+BKH Q 5�FD5�8;>RBDGE5�F BD:9XIU�GKU�HJG >R[�GEU95�>RF���HMYR:95�B"X/HM7 1 5�FD5)�9FD5�BE5�73GK5�S_:9BD>C798 ( �
1 >ZGKB Q L;B�G6LM[�GEU95�GE> Q 5,� GKU95 2 X�HM7 1 5eBD> Q :9YZGIHM7�5�L;:9BDY 2 U95�YCS�>R7�H"FD5�8;>RBDGE5�F Q L;B�G6LM[�GEU95�GE> Q 5 +

xy7OGEU9>CB�XIU9H,��GK5�F)�aH�B � 5�X�:�Y}H�GE>3�;5BDXIU95 Q 5>CB�S95�BE>C8M795�S_GKL$5 ���9YRL;>RG 7�HMFEFDL�� �\>RS�GKU_S�H�GKH
>C7_FD5�8;>RBDGK5�FEB + @ B�H�X�L Q ��HMFD>CBELM70�kH$B�GIH�GE>CX BDXIU95 Q 5>CB�HMYRBEL$S95!�M5�YRL*� 5�SOGEL$BEU9L�� GEU�H�G�GKU�5

B � 5�X�:9Y}HJGK>3�M5�BDXIU95 Q 5�>CB�5!#�X�>C5�73G">C7�U9HM79S9YR>C798�S 2 7�H Q >CX�7�HMFDFEL�� �\>CS�GEU�S�HJGIH�>R7�FE5�8;>CB�GK5�FEB +
��U95��9FEL,� L;BD5�S�BEXIU95 Q 5�BeH�FE5 1 HMBD5�S�L;7�GEU95wFE5�8;>CB�GK5�F\H�YCYCL�X/HJGK>CLM7�>C7

gcc
+

xy7�GEU95 FE5�BDG LM[�GKU95 XIU�H,�PGK5�F!�J�9FEBDG?GEU95 X�L Q �9>CYR5�FcHM79S�HMFEXIU9>ZGK5�X�GK:�FKHMY;XIU9HMYCYR5�798;5�B?LM[�S�5!�;5�YCL*�(�
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GKL(GEU95\FE5�8M>CBDGE5�F HMYRYCL�X/H�GE>CL;7�BEXIU95 Q 5i>C7

gcc
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b
H�79S

c
HMFD5�HMBDBE>C8M795�S�GEL

FE5�8;>CB�GK5�FEB
R1

H�79S
R2
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>C7 ( � 1 >ZGKB + ��U :9B)�9GEU95���HMFD>}H 1 YR5�BkX/HM7 5�HMXIU 1 5�HMBDBE>C8M795�S�GEL":9BD5(U�HMYR[ LM[?H"FD5�8;>RBDGK5�F~HMB6BEU9L��\7
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/* b can always be 
represented using 
16 bits*/ 
 
 
a = b + 1; 
… 
 
c= a – 10; 

 
; b → R1 
; c → R2 
 
 
add R3, R1, 1 
sw R3, addr_a 
… 
lw R4, addr_a 
sub R2, R4, 10 

 

 

; b → R11..16 
; c → R21..16 

; a → R217..32 

 
add R217..32, R11..16, 1 
… 
 
 
sub R21..16, R217..32, 10 
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V�L;F~GKU95wH 1 L��;5�H,�4��FEL3HMXIU GEL 1 5w5 � 5�X GK>3�M5,��>ZG�FE5���:�>CFE5�B�GKU�H�GiH�7 2 HMF 1 >ZGKFEHMF 2 >C79B�GKFE:�X�GK>RL;70�
�\U9>RXIU GKH,5M5�B GKU95 ��H�X 5M5�S 7�HMFDFEL�� �\>CS�GEU��MH�FE>}H 1 YC5�B HMB�>ZGKB�BDL;:9FEX�5$L*� 5�FKHM7�S9B)�i>CB H 1 YC5�GEL
HMS9S�FE5�BDB�GEU95�BD5 ��HMFE>CH 1 YR5�B + ��U9>RB�FD5�� :9>CFD5�B�H�G�YC5/H�BDG�HM7�5 ��GKFEH 1 >ZGeH�BEBEL�X�>CH�GK5�S �\>ZGKU�5/HMXIU=FE5�8 �
>CB�GK5�F~7�H Q 5�5!�M5�7=>C7�GKU�5 1 5�BDG\X/H�BE5�GKU9H�G\L;79Y 2 G��aL �MH�FE>}H 1 YC5�B~HMFD5���HMX 5M5�S=>R73GKL�L;795(FD5�8;>RBDGE5�F +
��L��a5!�M5�F)� >C7 @ ��. �9FDLPX�5�BDBEL;FiGKU9>RB��aL;:9YRS�FD5�� :9>CFD5 � 5 ��GKFEH 1 >ZGKB\>C7GKU�5�5�79X�L�S9>C7�8�B �9HMX�5�LM[
HM7 2 HMF 1 >RGEFKHMF 2 >C7�BDGKFD:9X�GE>CL;7:�\U9>RXIU�>CB(:�79FE5�HMYC>RBDGK>RX GKL�> Q �9YC5 Q 5�73G + �|L�BELMY3�;5�GKU�>CB �9FEL 1 YC5 Q �
H+B�GIH�GE>CX�FE5�8M>CBDGE5�F�HMYCYRLPX�H�GK>RL;7 BEXIU�5 Q 5,� X�HMYCYR5�S � ������� � � � � 	 �
� � % � ��� ��� ��� � � � � � ����� �
� �W>CB��9FEL��
� L;BE5�S + ��U9>CBkBEXIU�5 Q 5e>CB 1 HMBD5�S�LM7�H�BE> Q �9YR>R��5�S+H�79S�> Q �9YR5 Q 5�73GIH 1 YC5�H�FEXIU9>ZGK5�X GK:9FEHMY BE:4�4� L;F�G
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HM79S�H�X�L Q �9>CYR5�F\FE5�8;>CB�GK5�F�HMYRYCL�X/H�GE>CL;7�HMYR8;L;FE>ZGKU Q �\U9>CXIU�X�HM7�5 � 5�X GK>3�M5�Y 2 GKH,5M5�H�S7��HM73GIHM8;5�LM[
GKU�5�BD:4�4� L;FDG +

� � � � ����� � � ����� � � � � � � �
��� ��� � � ����� � � � � ��� ��
 ��U95 5�5 2 XIU�H�YCYC5�798;5([ L;F�GKU�5�H�FEXIU9>ZGK5�X GK:9FD5
>RB\GEL ��FEL���>CS95�H �6H 2 GEL�H�X�X�5�BEBiGKU95 ��HMX 5M5�S�7�HMFDFEL�� �\>RS�GKU=S�H�GIH �\>RGEU9L;:�Gi5��PGEFKH 1 >RGEB
>R7�GKU95(>R79BDGEFE:9X GK>RL;7�[ L;F Q H�G + ��U9>RB Q 5�HM79B6GEU�H�G\HJG Q LMBDG�L;7�5�7�HMFDFEL�� �\>RS�GKU S9H�GIH X�HM7
1 5�HMX�X�5�BDBE5�S�H�GwH�GE> Q 5 + � L�HMX�X�5�BEB(GEU95 LMGEU95�F(L;7�5,� B � 5�X�>}H�Yg>C79B�GKFD:9X�GE>CL;79BeBEU9L;:�YCS 1 5
S95�BE>R8;795�S�GEL��9HMX 5�HM79S�:977��HMX 5 GKU�5�LMGKU95�F L;795�BDL�GEU�H�G >ZG X/HM7 1 5\:9BE5�S + V�:9FDGEU95�F Q LMFE5,�
GEU95�HMFDXIU9>RGE5�X�GE:9FE5�BDU9L;:9YRS�>C7�S9>CX�H�GK5��\U95�GEU95�F�GEU95�FD5�HMFE5"L;795 L;F�G��6L ��HMFD>}H 1 YR5�B�>C7�L;7�5
FD5�8;>RBDGK5�F +
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���U95"X�L Q �9>CYR5�FiHMYR8;L;FE>ZGKU Q BEU9L;:�YCS�5 #+X�>C5�7 GEY 2
:9BD5"GKU�5 HMFDXIU9>RGE5�X�GE:9FKH�Y|BD:4�4� L;FDG�GKL�H�XIU9>C5 �;5 � 5�F�[ L;F Q HM79X�5�> Q �9FDL��;5 Q 5�73G + � 1 ��>CL;:9BDY 2
>ZG >CB 79L�Ga5 #�X�>C5�73Ga>Z[ [ LMF 5!�;5�F 2 FD5�[ 5�FD5�79X�5iGEL(GKU95\LMGEU95�F$��HMFE>CH 1 YR5�HM7�5 ��GKFEH�L,� 5�FKH�GE>CL;7�>RB
795�5�S95�S GKL 5��PGEFKHMX G�>RG + ��L��a5!�M5�F\>RGa>CB6H"8;L�LPS ��FKHMX GK>CX�5�GEU�H�G �9HMX 5 >C798�HM7�S�:974��H�X 5�>R798
L*� 5�FEH�GK>RL;79BwHMFD5�:9BE5�S GEL=FD5)�9YCHMX�5 GEU95+B�GKL;FD5�HM79SpYCL3HMS�>R79BDGEFE:9X GK>RL;7�[ L;FwHM7pL;FE>R8;>C7�H�YCY 2
B �9>CYRYC5�S �MH�FE>}H 1 YC5 + ��U95(X�LMBDG\>CB�FD5�S9:�X�5�S�BE>R79X�5�GEU95(FE5�BE:9YZG\LM[|HM7:974��H�X 5�>R798�L*� 5�FKHJGK>CLM7
X�HM7 1 5aFE5�:9BE5�S 132"Q HM7 2 FE5 [ 5�FD5�79X�5�B + NPL�[ L;F|GEU95~X�L Q �9>RYC5�F GEU95~XIU�HMYRYC5�798;5�B�HMFE5��9>CX 5 >C7�8
GEU95 ��H�>CF\LM[ ��HMFD>}H 1 YR5�B�GKL 1 5 ��HMX 5�5�S$HM79S=GKFKH�79BD[ L;F Q >R798�GKU95�B �9>RYCY�X�LPS95��\>RGEU�B � 5�X�>}HMY
��H�X 5�>R798HM79S�:�74��HMX 5 >C7�8�>R79BDGEFE:9X GK>RL;79B + @ G�GEU95�BKH Q 5"GE> Q 5,� >RG�BDU9L;:9YRS$HMXIU9>R5!�;5 1 5�B�G
� 5�F�[ L;F Q HM79X�5(> Q �9FEL��;5 Q 5�73G +

& U9>CYR5�GKU�5H 1 L��M5=H��4�9FEL;HMXIU_YCL�L*5 B 5 � 5�X GK>3�M5,� GKU95�FE5HMFD5 BE>ZGK:�H�GE>CL;7�B :979S95�F �\U9>CXIU_GKU�5
BDGKH�GK>RXwFE5�8M>CBDGE5�FiHMYRYCL�X/H�GE>CL;7+>CB\79LMGi5 � 5�X GK>;�;5 + x Gi>CB�� LMBEBE> 1 YC5�GEU�H�G\GKU�5�X�L Q ��>CYC5�F~>CB�:�7�H 1 YR5wGEL
5�B�GIH 1 YC>CBDU�GKU�HJG��MH�FE>}H 1 YC5�B

a
�
b
��H�79S

c
L�X�X�:4� 2 L;79Y 2 U9HMYR[|H �aL;FES + xy7 ��HMF�GK>RX�:9YCHMF)� GKU�5�FE5�HMFD5

GKU�5w[ LMYCYCL��\>R798"GKU�FE5�5wBD>RGK:9H�GK>RL;79B�:979S�5�F��\U9>CXIUGKU�5�H 1 L��;5�H,�4��FEL3HMXIU[ HM>RYCB +
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 ��U�5�B�GIH�GE>CX�H,�7�9FEL3H�XIUpFD5�YR>C5�BeL;7
GEU95�X�L Q �9>RYC5�F�GELT:979X�L2�M5�F�GEFE:95 1 >RG��\>CSPGKU9B+LM[ �MH�FE>}H 1 YC5�B + �iL��65 �;5�F!�e>ZG�>CB � LMBEBE> 1 YC5
GEU�H�GwGKU95 �9FELM8;FKH Q S9LP5�B�7�LMG"X�L;73GIHM>R7 5�79L;:98MU�>C7�[ LMF Q H�GK>RL;7�GKL=S95�GE5�F Q >R795�GKU95�GKFE:�5
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1 >ZG��\>CS�GEU9B + VWLMF�5���H Q ��YC5,�wH�7 >R74�9:�G ��HMFE>CH 1 YC5 Q H 2 1 5pS95�X�Y}H�FE5�S HMB=H_[ :9YRY%�6LMFES
��HMFD>}H 1 YR5wHMYRGEU9L;:98MUGEU95 �MH�YC>CS>R74�9:�GEB�S9L�79LMG�5 �PX�5�5�S (/� 1 >ZGKB + ��U95�X�L Q �9>CYR5�F6[ H�>CYCB~GEL
S95 GK5�X�GkGKU�H�G GEU95\>C74��:�G$��HMFE>CH 1 YC56X�L;73GIH�>C79B BE: 1 �aL;FDS�S�H�GKH � >C7�HMS9S�>RGK>RL;70�MGEU95 1 >RG��\>RS�GKU�B
LM[6��HMFE>CH 1 YR5�B6GEU�H�GiS95)� 5�7�S=:4� L;7GKU9>RB�>C74��:�G��\>CYRY�HMYCBDL 1 5wYR> 5M5�Y 2 L��;5�FD5�B�GK> Q H�GE5�S +
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 �$�M5�7�>Z[6GEU95 ��FEL;8;FEH Q X�L;73GIHM>R79B�>R7�[ L;F Q H�GE>CL;7=GKL�>C7�[ 5�FwGEU95�GKFE:�5 1 >ZG��\>CS�GEU9BwLM[
��HMFD>}H 1 YR5�B!� GEU95�> Q �9FD5�X�>CBE>RL;7$>C7 BDGIHJGK>CX+HM7�H�Y 2 BE>RB Q H 2 YC5/H�S�:9B�GKL�X�L;79X�YC:9S95�GKU�HJG"GKU�5
1 >ZG��\>CS�GEU9Bi5 �PX�5�5�S ( � 1 >RGKB + z FD5�BD5�79X�5�LM[ X/H�YCYCB\GKL+YC> 1 FKHMFD>C5�B)��X�L Q �9YR5 � 1 >ZGeL,� 5�FKH�GE>CL;79B
5 GKX + X�HM7=YR5/HMSB�GIH�GE>CXwHM7�H�Y 2 BE>RB~GKL �9FEL���>CS�5�> Q ��FE5�X�>CBD5�>C7�[ LMF Q H�GK>RL;7 +
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 ��U95iBDGKH�GK>RX�H��4�9FEL;HMXIU Q >CBDBE5�B GKU�5
L*�7� L;F�GK:97�>RG 2 GEU�H�GiBEL Q 5%��HMFD>}H 1 YR5�B�FD5)�9FD5�BE5�73G�7�HMFDFEL�� �\>RS�GKUS�HJGIH Q L;B�G\LM[ GKU95(GK> Q 5
1 :PG~5 �PX�5�5�S ( � 1 >RGEB6L;79Y 2 >C7�H�FKHMFD5eX/H�BE5 + ��U95eBDGIHJGK>CXeH,�4�9FDL3HMXIU B�GK>CYRY�>C73GKFDLPS�:9X�5�B~B �9>RYCY
X�LPS95 +

xy7�BE: Q�Q HMF 2 ���\U9>RYC5 GKU95~B�GIH�GE>CX6H,�4�9FDL3HMXIU X�HM7 GIH,5�5�HMS7��HM73GKHM8;56L�[WBDGIHJGK>CX�HMYCY 2 5 79L��\7�7�HMF��
FEL�� �\>CSPGKU S�HJGIH7�;>ZG�X�HM7979L�GgGIH,5�5�HMS7��HM73GKHM8;5~LM[WS 2 79H Q >RX/HMYRY 2 L 1 BE5�F �;5�S+79HMFEFDL2� �\>RS�GKU S9H�GIH +
@ B � 5�X�:9Y}HJGK>3�M5�H,�4�9FDL3HMXIU0�?X/H�YCYC5�S � � � � � � ����� ��� � � � 	 �
� ��% � ��� ��� ��� � � � � � ����� �
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GKL�HMS�S9FE5�BEB GKU9>RB >CBEBD:95 + ��U�5iB � 5�X�:9YCH�GK>;�;5iH,�4��FEL3HMXIU�B � 5�X�:9Y}HJGK>3�M5�Y 2 ��HMX 5 B G��6L ��HMFE>CH 1 YR5�B >C73GEL
H�BD>C798;YR5"FD5�8;>RBDGK5�F + z FDLM��YC>R798�>R7�[ L;F Q H�GE>CL;7�>CB�:9BE5�S�GKL�>RS95�73GK>Z[ 2 ��HM>CFDBeLM[$��HMFD>}H 1 YC5�BiGKU�HJG(HMFD5
U9>R8;U9Y 2 YC> 5�5�Y 2 GKL U�H9�;5�GKU95�>CF ��HMX 5�5�S ��HMYR:95�B��9G+>C73GKL HpBD>C798MYC5FE5�8;>CB�GK5�F�GKLM8;5�GEU95�F + x [�GKU�5
��HMYC:�5�B�S9L=�9G">C73GKL=H=BD>C798MYC5�FE5�8M>CBDGE5�F�H�G�X�5�F�GIHM>R7 � L;>C73G�H�G�FE:973GE> Q 5,�?GKU95+FE5�YRL3HMS9>R798�LM[~GKU�5
��HMFE>CH 1 YR5�B?[ FEL Q%Q 5 Q L;F 2 H�G|GKU�H�G � L;>R73G�X�HM7 1 5~H��ML;>CS�5�S �3LMGEU95�F��\>CBD5~>R[9GEU95�FD5�>CB�HeX�L;YRYC>RBE>CLM7�HJG
X�5�FDGKHM>C7 � L;>R73G6HJG6FD:973GK> Q 5�GKU�HJGaGEU95 ��HMYR:95�BkS9L�79LMGk�9G6>R73GKL H�BE>R798;YC5\FD5�8;>RBDGK5�F)�3GKU�5eFE5�YCL3H�S9>C798
LM[�GEU95���HMFE>CH 1 YR5�Ba[ FDL Q Q 5 Q LMF 2 H�G6GEU�H�G�� L;>R7 Ga>CB�� 5�FD[ L;F Q 5�S + & U9>RYC5�GEU95 1 H�BE>CX�>CS95�H"LM[?GKU�5
H,�4��FEL3HMXIU�>CB�X�YC5�HMF)��GEU95�FD5"H�FE5wHMFDXIU9>RGE5�X�GE:9FKH�Y?HM79S�X�L Q �9>CYR5�FaXIU�HMYCYR5�798M5�B +
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>R798 ��:977��HMX 5 >C798TL,� 5�FKH�GE>CL;79B L�[�G��aLO7�HMFEFDL�� �\>CSPGKU ��HMFE>CH 1 YC5�B HMFD5�5 ��� LMBE5�S GKLTGKU�5
X�L Q ��>CYC5�F + ��U95�X�L Q �9>RYC5�FiBDU9L;:9YRS 1 5 H 1 YC5wGKL X�L;73GKFDL;Y �\U9>RXIU ��HMFE>CH 1 YC5w>RB � � ������� � � ���

GEL 1 5�[ LM:979S�>R7�HFE5�8;>CB�GK5�F�H�79S �\U9>RXIU ��HMFD>}H 1 YR5�>CB � � � � � � ����GKL 1 5 �9FD5�BD5�73G + x [6G��aL
7�H�FEFEL�� �\>RS�GKU ��HMFE>CH 1 YR5�B�HMFE5�HMYRYCL�X/H�GE5�STGKLpL;795�FE5�8;>CB�GK5�F)�6GEU95�H�FEXIU9>ZGK5�X GK:9FD5=BDU9L;:9YRS
XIU95�X 5 GEU95�B�GIH�GE:9B LM[�GEU95 ��H�X 5M5�S ��HMFD>}H 1 YR5�B�HM79S�H��ML;>CS GKU95 � L;BDBE> 1 YC5+FE5�YRL3HMS L*� 5�FKH �
GE>CL;79B + V�>C79HMYCY 2 L;7�X�5+G��aL"��HMYR:95�B�HMFE5 �9FE5�BE5�7 G >C7 H=FE5�8;>CB�GK5�F)�|GEU95�FD5�>RB"H Q 5 GKU9L�SpGEL
HMS�S9FE5�BEB GKU�5 Q + ��U9>RB Q 5�GKU�LPS�BDU9L;:9YRS�X�LM79BE>RS95�F"GEU95�YR> Q >RGK5�S$>C79B�GKFE:�X�GK>RL;7�5�79X�L�S9>R798
B ��HMX�5 +
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 @ 7�HMYC8ML;FE>ZGKU Q 795�5�S9BeGKL 1 5�S95 �;5�YRL*� 5�S
[ L;F�8;YCL 1 HMYkFE5�8M>CBDGE5�F�H�YCYCL�X/HJGK>CLM7pBD:9XIUTGKU�HJG�>RG"YC5/H�S9B"GKL"� 5�FD[ L;F Q HM7�X�5�> Q �9FDL��;5 Q 5�73GEB
�\U95�7_B � 5�X�:�Y}H�GE>3�;5�FE5�8M>CBDGE5�F"HMBEBD>C8;7 Q 5�73G�>RB Q HMS95 + ��U9>CB FD5�� :9>RFE5�B�GKU�H�G"GKU95 �9HM>CF�LM[
��HMFD>}H 1 YR5�B6GEU�H�GiHMFD5�HMBEBD>C8;795�S GKL�GKU95wBEH Q 5wFD5�8;>RBDGK5�F\HMFE5(X�HMFE5 [ :9YCY 2 XIU9LMBE5�7 + ��U95wX�L Q �
�9>RYC5�F Q :9B�G�XIU9L�L;BD5GEU95 �MH�FE>}H 1 YC5 �\U�L;BE5 ��HMYC:95 >RB�8;:�HMFEHM73GK5�5�S GEL 1 5 [ L;:979SO>C7_GKU�5
FD5�8;>RBDGK5�FiHM79S=GEU95wL;795 �\U9L;BD5 ��HMYC:�5(>CB\5 ��� 5�X�GE5�S�GEL 1 5([ L;:979S=>C7 GKU95�FE5�8;>CB�GK5�F + N�>C79X�5
GEU95�FD5">CB\5��PGEFKH�X�L;B�G�S9:95�GKL�XIU95�X 5 >R798 �\U95�GEU95�F�L;Fi79LMG�H+B � 5�X�:9YCH�GK>;�;5�Y 2 BDGEL;FE5�S"��HMYC:95
>RB��9FE5�BE5�73G�>C7�H�FE5�8M>CBDGE5�F!��GKU95�X�L Q �9>RYC5�F Q :9B�Gi:9BE5��9FEL���YC>R798�>C7�[ LMF Q H�GK>RL;7+GEL ��>CX 5�GKU�5
��H�>CF�L�[ �MH�FE>}H 1 YC5�B|BD:9XIU�GEU�H�G�>RGg>RB�U9>R8;U9Y 2 YR> 5�5�Y 2 GEU�H�G�GEU95 ��HMYC:�5�B�L�[ 1 LMGEU ��HMFE>CH 1 YC5�B�X�HM7
FD5�BE>RS95 BD> Q :9YZGIHM7�5�L;:9BDY 2 >C7=GKU95 BEH Q 5 FE5�8;>CB�GK5�F + V�>C79HMYCY 2 B � 5�X�:9Y}H�GE>3�M5 FE5�8;>CB�GK5�F�HMBEBD>C8;7��
Q 5�73G\BEU�L;:9YCS 1 5wX/HMFD5�[ :9YRY 2 >C73GK5�8;FKH�GE5�S>C73GEL�X�L;7 �;5�7 GE>CL;79HMY�8;YCL 1 HMYcFD5�8;>RBDGE5�F\HMYRYCL�X/H�GE>CL;7
HMYR8;L;FD>RGKU Q +

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

xy7 GEU9>CBwBD5�X�GE>CL;7 ��H 1 FE>R5�[a>C79B�GKFD:9X�GE>CL;7$GKLGKU95�FE5�8;>CB�GK5�F�H�YCYCL�X/HJGK>CLM7�>C7
gcc

X�L Q �9>CYR5�F�� � � � >RB
8;>;�;5�7 + ��U�5 �9FEL,� L;BD5�S�FD5�8;>RBDGE5�F�HMYCYRLPX�H�GK>RL;7 BEXIU95 Q 5�BwHMFE5 1 HMBD5�S�L;7�GKU95�FE5�8;>CB�GK5�F�HMYRYCL�X/H�GE>CL;7
Q 5�GKU�LPS>C7

gcc
X�L Q �9>RYC5�F +

��U95
gcc

X�L Q ��>CYC5�F%� 5�FD[ LMF Q B(FE5�8M>CBDGE5�F�HMYRYCL�X/H�GE>CL;7=>C7�GKU9FD5�5 ��HMBDBE5�B!-�YRL�X/HMYgFD5�8;>RBDGE5�F�HMY;�
YCL�X/HJGK>CLM7 ��H�BEB)��8MYCL 1 H�Y FD5�8;>RBDGE5�F�H�YCYCL�X/HJGK>CLM7 ��H�BEB)� HM79S�FE5�YCL3H�S ��HMBDB + ��U95�BE5 ��HMBDBE5�B(L,� 5�FKH�GE5



�;�

L;7 GKU�5(>C73GK5�F Q 5�S9>CH�GK5�FD5)�9FD5�BD5�73GIH�GE>CL;7��+FE5�8;>CB�GK5�F~GKFKH�79BD[ 5�FiYCHM798;:9HM8;51G � �\<�I + �%� 5�FEHM79S9BiHMFD5
Q H,�4� 5�S�GKL ��>CF�GK:�HMY|FE5�8;>CB�GK5�FDB 1 5 [ L;FE5�FD5�8;>RBDGK5�FwHMYCYRLPX�H�GK>RL;7 + ��U95�YRLPX�HMYgHM7�Sp8MYCL 1 H�Y�FE5�8;>CB�GK5�F
HMYRYCL�X/H�GE>CL;7 ��HMBEBD5�B�S9L$79LMG�H�X�GK:9HMYCY 2�Q LPS�>R[ 2 GKU95� �\< FE5!�9FE5�BE5�73GKH�GK>RL;7 + xy79B�GK5/H�S0�aGEU95 FE5 �
BE:�YRG�LM[�GKU95�BE5 �9HMBEBD5�B >RB HM7�HMBEBD>C8;7 Q 5�73G"LM[��9U 2 BE>RX/HMYaFE5�8M>CBDGE5�FDB�GKL �P>RFDGE:�HMY FE5�8;>CB�GK5�FDB + x G">RB
GKU�5 FE5�B � LM79BE> 1 >CYR>RG 2 LM[\GKU95 FD5�YRL3HMS ��HMBDB�GKL Q LPS9>Z[ 2 GKU95� �\< HM79STGKL�>R79BE5�FDG�B �9>CYRYaX�LPS95 >Z[
795�X�5�BDBKHMF 2*+

��U95�YRLPX�HMY FE5�8;>CB�GK5�F�HMYRYCL�X/H�GE>CL;7 �9HMBEB�H�YCYCL�X/HJGK5�B���U 2 BD>CX/H�YaFD5�8;>RBDGK5�FEB�GKL ��>RFDGK:9HMY FE5�8M>CBDGE5�FDB
GKU9H�G�HMFE5 1 LMGKUp8;5�7�5�FKHJGK5�S HM79S 5 >CYCYR5�S �\>ZGKU9>R7pLM795 1 HMBE>RX 1 YCL�X 5 � > + 5 + �?YR>3�;5�FEHM798;5�BwGEU�H�G�HMFD5
X�L Q �9YR5�GE5�Y 2 YCL�X/H�Y�GKL�H 1 HMBD>CX 1 YCL�X 5�H�FE5�U�HM79S�YC5�S$>R7$GEU9>CB��9HMBEB + ��U95�HMYRYCL�X/H�GE>CL;7=>CB(S9FD>3�M5�7
132 YR>3�M5�FEHM798;5 �9FE>RL;FE>ZGK>R5�B + �i5�8;>CB�GK5�FaX�L3HMYC5�BEX�>C798�>CBaHMYCBDL � 5�FD[ LMF Q 5�S�>R7+GEU9>CB ��HMBDB + NP>R79X�5�YCL�X/HMY
FE5�8;>CB�GK5�F"HMYRYCL�X/H�GE>CL;7 �aL;F 5�B"L;7�YR>C795�HMFwX�L�S95,�|>RG�>CB�>C795���� 5�79BE>;�;5 + <�LPX�HMYkHMYCYRLPX�H�GK>RL;7�FE5�S9:9X�5�B
GKU�5wH Q LM:973G�LM[��6LMF 5+GEU�H�G Q :�BDG 1 5%� 5�FD[ L;F Q 5�S 132 GKU95 Q L;FD5�5 ��� 5�79BD>3�;5w8;YRL 1 HMY HMYRYCL�X/H�GE>CL;7
��HMBDB +
��U958;YCL 1 HMYkFE5�8M>CBDGE5�F�H�YCYCL�X/HJGK>CLM7 ��H�BEB�HMYCYRLPX�H�GK5�B �9U 2 BE>RX/HMY6FE5�8M>CBDGE5�FDB GKL�GKU�5 FE5 Q HM>R79>C798

��>CF�GK:�HMY FE5�8;>CB�GK5�FEB + ��U�>CB ��H�BEB Q H 2 XIU9HM798;5�BDL Q 5�LM[ GEU95(HMYRYCL�X/H�GE>CL;7�S95�X�>CBD>CL;7�B Q H�S95eS9:�FE>C7�8
GKU�5iYRLPX�HMY�FD5�8;>RBDGE5�F HMYRYCL�X/H�GE>CL;7 ��HMBEB + ��U9>CB$�9HMBEB � 5�FD[ LMF Q B HMYCYRLPX�H�GK>RL;7 132 X�L;YCL;FD>C798�GEU95�8;YRL 1 HMY
>C73GE5�FD[ 5�FE5�79X�5k8;FKH��9U + 	�>CF�GK:�H�YMFE5�8;>CB�GK5�FEB HMFE5 X�L;79BE>RS95�FD5�Sw[ L;F�X�LMYCL;FD>C798�>R7�H�7�LMFES95�F S�5�GK5�F Q >C795�S
132 �a5�>R8;U3GK5�S�X�L;:�7 GEB + x [ H �9U 2 BE>RX/HMY FE5�8;>CB�GK5�F6X/H�7979LMG 1 5i[ L;:979S�[ LMF6H ��>RFDGK:9HMYWFE5�8M>CBDGE5�F!�P79LM795
>CB H�BEBE>R8;795�S�HM79S�GKU�5���>RFDGK:9HMY�FE5�8;>CB�GK5�F >RB U�HM79S9YR5�S 132 8;5�7�5�FKHJGK>CLM7+LM[ B ��>CYCY�X�L�S95\>C7�GKU95iFE5�YCL3H�S
��HMBDB +
��U95(FE5�YCL3H�S ��HMBDB~FE5!�9Y}H�X�5�BaGKU95���>RFDGK:9HMY FD5�8;>RBDGE5�F6FD5�[ 5�FE5�7�X�5�B 132 �9U 2 BE>CX�HMY FD5�8;>RBDGK5�F67�H Q 5�B

>C7 GEU95\� �\<=HMX�X�L;FES9>R798�GKL(GEU95\HMYCYRLPX�H�GK>RL;79B S95�GE5�F Q >R795�S 132 GEU95��9FE5 ��>CL;:9BgG��aL���HMBEBD5�B + N�GIHMX 5
BEYRLMGKBaHMFD5eHMBDBE>R8;795�S+GKLwGKU9L;BD5���>CF�GK:�H�Y FD5�8;>RBDGE5�FEB GKU9H�G �a5�FD5�79LMG6HMYRYCL�X/H�GE5�S�H �9U 2 BE>RX/HMY FE5�8;>CB�GK5�F
>C7 GEU95:�9FE5�X�5�S�>C798 ��HMBDBE5�B + �\5�YRL3HMS ��HMBDB=H�YCBEL_8;5�795�FEH�GK5�B=B �9>CYRYeX�LPS95�[ L;F GEU95 Q + ��79YR> 5�5
�6U�HM>ZGK>R7��yB�G 2 YR5 � ( � � 8;FKH��9U��yX�L;YCLMFE>C7�8�HMYCYRLPX�H�GK>RL;70�)�\U�>CXIU�B �9>RYCYCB?H\B 2�Q 1 L;YR>CXgFD5�8;>RBDGK5�F)��H ��U 2 BD>CX/H�Y
FE5�8;>CB�GK5�F�>CB�B ��>CYCYR5�S + V�L;Fc5/HMXIU�� LM>C73G��\U95�FD5kH���>RFDGK:9HMYMFD5�8;>RBDGK5�F Q :9B�G 1 5 >C7wH��9U 2 BE>RX/HMY3FD5�8;>RBDGE5�F)�
>RG6>CB6GE5 Q � LMFKHMFD>CY 2 X�L*�9>R5�S >R7 GEL�H��;FD5�YCL;HMS�FE5�8;>CB�GK5�F�� �\U9>RXIU >CB�H"GE5 Q � L;FEHMFE>RY 2 [ FD5�5�S ��U 2 BD>CX/H�Y
FE5�8;>CB�GK5�F + �\5�YRL3HMS�FE5�8;>CB�GK5�FDB�H�FE5aHMYCYRLPX�H�GK5�S�YRLPX�HMYCY 2 [ L;F?5 �;5�F 2 >R79BDGEFE:9X GK>RL;7�GEU�H�G|795�5�S9B�FD5�YCL;HMS9B +
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xy7 GKU9>RB BE5�X�GK>RL;70�\��FEB�G GKU95$795�X�5�BEBKH�F 2 HMFDXIU9>RGE5�X�GE:9FKH�Y�BE:4�7� L;F�G GKLT5�7�H 1 YR5�BDGIHJGK>CX�BE: 1 �aL;FES
FE5�8;>CB�GK5�F|H�YCYCL�X/HJGK>CLM7�>CB?S9>RBEX�:�BEBE5�S�HM79S�GKU95 GKU�5aB�GIH�GE>CX BE: 1 �aL;FES"FE5�8M>CBDGE5�F HMYRYCL�X/H�GE>CL;7(H�YC8;L;FD>RGEU Q
>CB�S�5�BEX�FE> 1 5�S +
��U95+[ LMYCYCL��\>R7985�79U�H�79X�5 Q 5�7 GEB�HMFD5 Q HMS95�>C7$GKU95�HMFEXIU�>RGK5�X�GE:9FE5 + � L�>R79S9>RX/H�GE5 �\U95 GKU95�F

GKU�5�FE5aHMFD5kG��aL ( � � 1 >RG���HMYR:95�B?L;F L;795 �3� � 1 >RG���HMYR:95 >C7wGKU95kFE5�8;>CB�GK5�F)�JL;7956B�GIH�GE:9B 1 >RG >CB H�GDGIHMXIU�5�S
�\>RGEU5/HMXIU�FE5�8;>CB�GK5�F + ��U95���HMYC:95�B�>C7 GKU�5(FE5�8M>CBDGE5�F\HMFD5�HMS9S9FD5�BEBD5�S�HMB~[ L;YCYRL��\B + & U95�7�GEU95 1 >RG
>CB(X�YC5�HMF)� GEU95�FE5�[ 5�FE5�79X�5�B�GKL GEU95�FE5�8M>CBDGE5�FwHMX G�YC> 5�5 79L;F Q H�YgFE5�8;>CB�GK5�F + & U95�7pGKU95 1 >RGw>CB(BD5�G)�
79L;F Q H�Y >R79BDGEFE:9X GK>CLM7�X/HM7L;7�Y 2 HMX�X�5�BDB\GEU95(YCL��a5�F~U9HMYR[?LM[?GEU95�FE5�8;>CB�GK5�F + xy7X/HMBD5(LM[ H FE5�8;>CB�GK5�F
FE5�HMS0�3GKU�5�YCL��65�F U�HMYR[ >RBgBE>R8;7��y5���GK5�7�S95�S + xy7�X/H�BE5\LM[cHwFD5�8;>RBDGE5�F �\FE>ZGK5��3L;79Y 2 GKU95�YRL��65�F (/� 1 >RGEB
LM[ GKU�5kS9H�GIH�HMFD5 �\FE>ZGEGK5�7w>C73GKL~GEU95 YCL��65�F�U�HMYZ[PL�[�GEU95 FE5�8;>CB�GK5�F + ��U95 BE5 Q HM73GK>RX�B�LM[�GKU�5$�9FEL;8MFKH Q
>CB|8;:�HMFEHM73GK5�5�S GKL 1 5~X�L;FEFD5�X G 132 GEU95~X�L Q �9>RYC5�F��\U�>CXIU�L;79Y 2 HMYCYRLPX�H�GK5�B6��HMFD>}H 1 YR5�B��\U9L;BD5~BDGKH�GK>RX
1 >ZG��\>CS�GEU�>RB�YC5�BEB�GKU�H�7 (/� + & U95�7GKU�5 1 >RG\>CB�BD5�G)�9GKU95w:4�4� 5�F\U�H�YR[ X/HM7�L;79Y 2�1 5wHMX�X�5�BDBE5�S 1 2
795 ��>C79B�GKFD:9X�GE>CL;79B + � �aL�795 �%>C79B�GKFD:9X�GE>CL;79BiHMFD5w:9BE5�S�GKL ��HMX 5HM7�S�:974�9HMX 5�GKU95�:4�4� 5�FiU�HMYZ[
LM[~HFD5�8;>RBDGE5�F�HM79SpBE5 G�GEU95+B�GIH�GE:9B 1 >RG�HMX�X�L;FDS9>C7�8;Y 2,+ VWLMF��9HMX 5 >C7984��GEU95+>R79BDGEFE:9X GK>RL;7 Q L��;5�B
GKU�5�YRL2�a5�F :4�7� 5�FaLM[ GKU�5�BDL;:9FEX�5�FD5�8;>RBDGE5�F GKLwGKU95i:4�4� 5�F U�H�YR[ LM[cGEU95�S�5�BDGE>C7�HJGK>CLM7�FD5�8;>RBDGE5�F + @ G
GKU�5�BKH Q 5 GK> Q 5��c>RG�BE5�GEB(GKU95�B�GIH�GE:9B 1 >RG(L�[kGEU95�S95�BDGK>R7�H�GE>CL;7�FD5�8;>RBDGK5�F + VWLMF�:974��H�X 5�>R7984��GKU�5
>C7�BDGKFD:9X�GE>CL;7 Q L��;5�BwGEU95�:4�4� 5�FwU�HMYZ[kLM[aGEU95�BELM:9FEX�5+FD5�8;>RBDGK5�F)��BD>C8;7�� 5 ��GK5�79S9Bw>RG)���9:�GEB�>ZG(>C73GEL
GKU�5 S95�B�GK>R7�H�GK>RL;7�FD5�8;>RBDGK5�F(HM79S�BD5�GEB�GKU95�B�GIH�GE:9B 1 >ZG�LM[ GKU�5 S95�B�GK>R7�H�GK>RL;7�FD5�8;>RBDGK5�FeGKL � + ��U95
Q 795 Q L;79>RX�7�H Q 5�B\LM[ GKU95w>R79BDGEFE:9X GK>CLM79B\HMFE5

movlh
HM7�S

movhl
+

<�5�G :9B�X�L;79BD>CS95�F|GEU95~5 ��H Q �9YR56>C7 V�>C8;:�FE5 � + � G H I0�\U95�FD5 ��HMFE>CH 1 YC5
a
�
b
�;HM79S

c
H�FE5~7�H�FEFEL��

�\>CSPGKU + ��U�5"X�L�S95�>C7�V�>C8;:�FE5 � + � G 1 I~BDU9L��\BeGKU95�X�L�S95�8;5�7�5�FKHJGK5�S 1 2 H�GKFEHMS9>RGE>CL;79HMY FE5�8;>CB�GK5�F
HMYRYCL�X/H�GE>CL;7 + N(�9>CYRYkX�LPS�5�>CB�8;5�7�5�FKHJGK5�ST[ L;F�79L�S95

a
+ V�>C8;:�FE5 � + � G X�IwBEU9L��\B GEU95�X�L�S95�>Z[

a
>CB

HMYRYCL�X/H�GE5�S(GKLiGKU95a:4�4� 5�F�U9HMYR[�L�[
R2

HM7�S 795!�_>R79BDGEFE:9X GK>RL;79B|HMFE5a:9BE5�S"GKL�FE5)��Y}HMX�5aGKU�56YCL;HMS"H�79S
BDGEL;FE5�>C7�BDGKFD:9X�GE>CL;7�Bi>R7 GKU95�B �9>RYCY X�LPS�5 + xy7�GKU9>RB��~H 2 � >RG\>RB\L 1 �P>RL;:9B�GKU9H�G\GKU95�5 ��� 5�79BD>3�;5�X�L;B�G
LM[gGEU95�B �9>RYCY�X�L�S95�X/HM7 1 5�BE>R8;79>R�9X/HM73GKY 2 FE5�S9:9X�5�S 132 ��HMX 5 >C7�8+G��aL�7�HMFDFEL�� �\>CSPGKU ��HMFD>}H 1 YC5�B
>C73GEL�LM795wFE5�8M>CBDGE5�F +
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	������� � � & @ 7 � ��H Q ��YC5(LM[gN�GIHJGK>CX�N�: 1 �6L;FDS��\5�8;>RBDGE5�F @ YRYCL�X/H�GE>CL;7

 
/* b can always be 
represented using 
16 bits*/ 
 
 
a = b + 1; 
… 
 
c= a – 10; 

 
; b → R1 
; c → R2 
 
 
add R3, R1, 1 
sw R3, addr_a 
… 
lw R4, addr_a 
sub R2, R4, 10 

 

 

 

 
; b → R11..16 
; c → R21..16 

; a → R217..32 

 
add R3, R1, 1 
movlh R2, R3 
… 
movhl R4, R2 
sub R2, R4, 10 
 

G H I��(FD>C8;>R7�HMYc�6LPS�5 G 1 I �\>ZGKU=N��9>RYCY?�6L�S95 G X�I~HJ[ GK5�F�� FKHM7�BD[ L;F Q H�GE>CL;7

& >RGEU GKU�5�H 1 L��;5�HMFEXIU9>ZGK5�X�GK:�FKHMY BE:7�4� LMFDG9�|H=B�GIH�GE>CX�BE: 1 �aL;FDSTFE5�8M>CBDGE5�F�HMYCYRLPX�H�GK>RL;7�HMYR8;L��
FE>ZGKU Q >CB�S95�BE>R8;795�S_GKL HMYRYCL�X/H�GE5+G��aL 7�H�FEFEL�� �\>CS�GEU ��HMFD>}H 1 YR5�B"GEL�GKU95 G��aL U�H�Y3�;5�B+L�[eL;7�5
FE5�8;>CB�GK5�F + ��U9>CB�>CBwH�XIU9>C5 �;5�S 132 HMYCYRLPX�H�GK>R798�GKU�L;BE5�7�HMFDFEL�� �\>RS�GKU ��HMFE>CH 1 YR5�B)���\U9>RXIU BDU9L;:9YRS
U�H9�;5 1 5�5�7�B ��>CYCYR5�S=>C7�GEFKHMS9>ZGK>RL;7�HMY FD5�8;>RBDGE5�F�H�YCYCL�X/HJGK>CLM70�9GKL�GEU95":7�4� 5�F�U�HMY;�;5�B�LM[ GKU�L;BE5�FE5�8 �
>CB�GK5�FEB�GKU�HJG\X�L;73GIH�>C7 ��HMYC:95�B\79L Q L;FD5�GKU�H�7 ( � 1 >ZGKB +
�
	������� � � E ��U95�V�FKH Q 5!�aL;F 5�[ L;FiN�GKH�GK>RX�NP: 1 �6LMFES��\5�8M>CBDGE5�F @ YCYCL�X/HJGK>CLM7 +

 

Local Register 
Allocation Pass 

Global Register 
Allocation Pass 

Reload Pass 

Local Register 
Allocation Pass 

Global Register 
Allocation Pass 

Static Register 
Allocation Pass 

Reload Pass 

(New) 

(Enhanced) 

��U95"B�GIH�GE>CX�BE: 1 �aL;FES�FD5�8;>RBDGE5�F�HMYCYRLPX�H�GK>RL;7HMYC8ML;FE>ZGKU Q >CBi>C73GK5�8;FKH�GE5�S=>C73GKL�GKU95
gcc

X�L Q �
�9>RYC5�FiHMB�BEU9L��\7�>R7�V�>R8;:9FD5 � + � + ��U95"HMYC8ML;FE>ZGKU Q >CBi> Q �9YC5 Q 5�7 GE5�S=HMB�H�BE5!��HMFKHJGK5 �9HMBEBeH�[ GK5�F
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Rd
+ ��U95

1 >ZG
B
L�[
Rd

>CB�BD5�G\GKL�>C79S�>CX/HJGK5eGEU�H�Gi>RG�X�L;73GIHM>R79B�G��6L ��HMYC:�5�B +

� + ��� ����� � � � � �����
Emv Rd, Rs

��U9>RB6>R79BDGEFE:9X GK>CLM7�XIU95�X 5 B�GKU�5
B
1 >RGaLM[

Rs
+ x [�GEU95 1 >ZG6>RB6BE5 G9��GEU95�:4�7� 5�F6U�H�YR[?LM[

Rs
>RB

BD>C8;7�� 5 ��GK5�79S95�S�HM7�S Q L��;5�SGKL
Rd
+ xy7�HMS9S�>RGK>RL;70��GKU95w8;YRL 1 HMY 1 >RG

G
>CB�BD5�G\GKL�>R79S9>RX/H�GE5



� J

GEU�H�G GKU95\>R79BDGEFE:9X GK>CLM7+BD:9X�X�5�BEB�[ :9YCY 2 :974��H�X 5M5�SHwB � 5�X�:9Y}HJGK>3�M5�Y 2 BDGEL;FE5�S ��HMYR:95\>C7
Rs
+ x [

1 >ZG
B
LM[
Rs

>CB~7�LMG�BE5 G9� 1 >RG
G
>RB6X�YR5/HMFD5�S GKL�>R79S9>RX/H�GE5�GKU9H�G~GKU�5%�MH�YC:95 �~HMB\79L�G~[ L;:979S +

� + � � � � � � ��� � ��� � � ��� � Sld Rd, addr
��U9>RBg>C7�BDGKFD:9X�GE>CL;7�XIU95�X 5 B 1 >RG

G
+ x [ >ZG�>RB�X�YR5/HMF!�MGKU�5���HMYC:95a>C7 Q 5 Q L;F 2 HJG HMS9S�FE5�BDB

addr
>RBeYCL;HMS95�S�>C73GKL

Rd
� LMGKU�5�F �\>RBE5��cGKU95">C79B�GKFE:�X�GK>RL;7�HMX GKB(H�B�H

nop
>R79BDGEFE:9X GK>RL;7 + xy7�GEU95

YCH�GEGE5�F"X�HMBE5��kGEU95 YCL;HMS�S9L�5�B�79L�G�U�H,�4� 5�7 1 5�X�HM:9BE5 GEU95 �9FD5�X�5�S9>C7�8
Emv

>R79BDGEFE:9X GK>RL;7

Q :�BDGiU�H9�;5wBE:�X�X�5�BEB�[ :9YCY 2 :974��HMX 5�5�S�H�B � 5�X�:9Y}HJGK>3�M5�Y 2 BDGEL;FE5�S ��HMYR:95(>C73GEL
Rd
+

�
	������� � ��� @ 7 � ��H Q ��YC5(LM[gN�� 5�X�:�Y}H�GE>3�;5�N�: 1 �6L;FDS��\5�8;>RBDGK5�F @ YRYCL�X/H�GE>CL;7

 

/* most of the time   
b can be represented 
using 16 bits*/ 
 
 
a = b + 1; 
… 
 
c= a – 10; 

 
; b → R1 
; c → R2 
 
 
add R3, R1, 1 
sw R3, addr_a 
… 
lw R4, addr_a 
sub R2, R4, 10 

 

 

 

 

; b → R11..32 or R11..16 
; c → R21..32 or R11..16 

; a → in memory or R217..32 
add R3, R1, 1 
Ssw R3, addr_a 
Smv R2, R3 
… 
Emv R4, R2 
Sld R4, addr_a 
sub R2, R4, 10 

G H I���FE>R8;>C7�H�Y �6L�S95 G 1 I �\>ZGKU�N��9>CYRY��6L�S95 G X I�H�[ GK5�F � FKH�79BD[ L;F Q HJGK>CLM7

<�5�G�:�B�X�L;7�BE>CS�5�F+GEU95�5���H Q ��YC5�>C7 V|>C8;:9FD5 � + J G H I�HM79S G 1 I �\U�5�FE5=GKU95 �MH�YC:95�LM[
a
>R7

FE5�8;>CB�GK5�F
R3

>CB 1 5�>R798$B �9>RYCYR5�S + @ BEBD: Q 5GKU9H�G�>RG�>RB �9FE5 [ 5�FEFD5�SOGKL$B � 5�X�:9Y}H�GE>3�M5�Y 2 ��HMX 5�GKU�5
��HMYC:�5~LM[

a
>C73GKL�GEU95~FD5�8;>RBDGK5�F �\U9>RXIU�7�L2� U9L;YRS9B�GEU95���HMYC:�5~LM[

c
G BKH 2 FE5�8M>CBDGE5�F

R2
I + ��U95\X�L�S95

>C7V|>C8;:9FD5 � + J G X I6BEU9L��\BiU9L�� >R79BDGEFE:9X GK>CLM79B
Ssw

HM79S
Smv

HMFE5(:�BE5�SGKL�B � 5�X�:9YCH�GK>;�;5�Y 2 ��H�X 5
GKU�5%�MH�YC:95(>R7 GEL

R2
H�79S GKU95�7=YCH�GK5�F~>C79B�GKFD:9X�GE>CL;79B

Emv
H�79S

Sld
H�FE5(:9BD5�SGKL�B � 5�X�:9Y}H�GE>3�M5�Y 2

FE5�YCL3H�SpGEU95 ��HMYR:95�LM[
a
[ FDL Q

R2
>R73GKL

R4
+ x [~GEU95+B � 5�X�:9YCH�GK>;�;5+FE5�YRL3HMSpLM[

a
>CBwBE:9X�X�5�BEBD[ :�Y �

GKU�5
Sld

>C79B�GKFE:�X�GK>RL;7�GK:9FD79Ba>R73GKL�H
nop

>C79B�GKFD:9X�GE>CL;7 � LMGEU95�F��\>CBD5�GKU�5 ��HMYR:95\LM[
a
>CB FE5�YCL3HMS�5�S

[ FEL Q Q 5 Q L;F 2,+
V�FEL Q GEU95pH 1 L2�M5 S�5�BEX�FE>3��GK>RL;7 >ZG>CBX�YR5/HMF�GEU�H�GGKU�5�FE5 HMFD5pX�L;BDG�HM79S 1 5�795 �9G�>R7 GKU9>RB

H,�4��FEL3HMXIU + ��U�5pX�L;BDG�>RB�GKU95�G��aL 5��PGEFKH Q L��M5p>R79BDGEFE:9X GK>RL;79B	G
Smv

HM7�S
Emv

I+GEU�H�G�HMFD5
>C73GEFEL�S9:9X�5�S + ��U�5 1 5�795 �9G�LM[�GEU95�GE5�XIU97�>C� :95">RB�GKU�H�Gi>ZG\>CB�� LMBEBE> 1 YC5(GEL�H9�;LM>CS=H�FD5�YCL;HMS [ FEL Q



� )

Q 5 Q L;F 2,+ x [�>ZG >CB U9>C8;U�Y 2 YR> 5M5�Y 2 GEU�H�G GKU95aFE5�YRL3HMS �\>CYRY 1 56H��ML;>CS�5�S0�JGKU956H,�4�9FDL3HMXIU 1 FD>C798MB Q L;FE5
1 5�795 �9GaGEU�HM7�GKU�5�X�L;BDG ��HM>RS�[ L;FgGKU95\5��PGEFKH Q L��M5i>R79BDGEFE:9X GK>RL;79B + VWLMF L 1 GIH�>C79>R798 1 5�795 �9GKB!�PGKU�5
X�L Q �9>RYC5�F Q :9B�G Q H,5�5w8;LPL�S S95�X�>CBD>CL;7�BiLM7=:9BD>C798�GEU95w>C79B�GKFE:�X�GK>RL;79B +

� � � � E � � � � � � ��� � � � � ��� �� ��� ��	����

.=L�S9>R�9X/H�GE>CL;79B Q :9B�G 1 5 Q HMS95�GKL�GEU95"�9FDLPX�5�BDBEL;F ��> � 5�YC>R795 �\U95�7 GEU95�H 1 L��;5 Q 5�73GE>CL;795�S
>C7�BDGKFD:9X�GE>CL;7�B HMFE56>C73GKFDLPS9:�X�5�S + ��L;F Q H�YP>R79BDGEFE:9X GK>CLM79B Q :9B�GkHMY3�6H 2 B XIU95�X 5 1 >RG

B
LM[ H�FE5�8;>CB�GK5�F

GKU9H�G�>ZGeFD5/HMS9Bi[ FEL Q L;F��\FE>ZGK5�BeGKL + ��U9>RBe>CBiFE5�� :9>CFD5�S�BEL+GKU�H�G�>RG�X/H�7�>C73GK5�F �9FD5�G(H�79S�:4� S�H�GE5
GKU�5�X�L;73GK5�73GEBeLM[|GKU95�FE5�8;>CB�GK5�F + V�L;F Q L�S95�FE7�5 Q 1 5�S9S�5�S"��FEL�X�5�BDBEL;FDBeBD:9XIU�HMB @ ��. N @ � ( (/�
G BD5�5�V�>C8M:9FE5 � + ) G H I I6XIU9HM798;5�BeH � 5�X G\GKU95wBE5�X�L;7�S�HM79S [ L;:�FDGKU�BDGKHM8;5(LM[|GKU95 �9>3� 5�YC>R795 +

�
	������� � �  �eH�FES7�6HMFE5wx Q �9YC5 Q 5�73GIH�GE>CL;7
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G H I @ ��. ��FEL�X�5�BDBEL;F �9>3� 5�YC>C7�5
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����� ���

�
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��������������

G 1 I @ X�X�5�BEBE>R798�FD5�8;>RBDGE5�FEB��\>ZGKUBE: 1 �aL;FES=BE:4�7� L;F�G

@ <�� >R79BDGEFE:9X GK>RL;79BiX�L Q �9:�GE5�GKU�5"FE5�BE:9YZGe>R7
Execute

BDGKHM8;5 �\U9>CYR5�GEU95"FD5�8;>RBDGK5�F�>RB�:7���
S�H�GE5�S�H�G

WriteBack
BDGKHM8;5 + @ B Q HMYCY�X�L Q � L;795�7 GgX/HM7�GKU :9B 1 5\HMS9S�5�S�>C7"GEU95�>C73GE5�F �M5�79>R798

Buffer
BDGIH�8;5�GEL�5�7�BE:9FD5"GKU�HJG�GEU95":4�7� 5�FeU�HMYZ[g>RB�BD>C8;7�� 5 ��GK5�79S95�S + x [ 7�LMG9�WGKU95�5�73GK>RFE5�FE5�8��

>CB�GK5�Fi>RB�:9BE5�S�GKL�U9LMYCSGKU95wFE5�BE:9YZG�HM79S=GEU95wX�L;FDFE5�B � L;79S9>R798 1 >RG
B
L�[�GKU�5�FD5�8;>RBDGE5�F\>CB\X�YR5/HMFD5�S +



� *

V�L;F Q 5 Q LMF 2 HMX�X�5�BDB >C7�BDGKFD:9X�GE>CL;7�B�GEU�H�G�:9BE5�H=FE5�8;>CB�GK5�F"HMB�GKU95�S95�BDGK>R7�H�GE>CL;70� > + 5 + ��YRL3HMSp>C7��
BDGEFE:9X GK>RL;79B)��FE5�8M>CBDGE5�F�>RB~FE5�HMS 2 H�G6GKU95w5�7�S�L�[

Buffer
B�GIHM8M5wHM79S GKU :9B�GKU�5�FE5w>RB~79L�GK> Q 5iGKL

� 5�FD[ LMF Q ��HMYR>CS�H�GE>CL;7 + NP> Q ��Y 2 X�YC5�HMF�>RGEB 1 >RG
B
HM79S�:9BD5�H�YCYcGEU95 1 >RGEB�>C7 GKU9>RB�X/HMBD5 +

NP>C7�X�5 1 >ZG
B
LM[ H�FD5�8;>RBDGE5�F�S�5�GK5�F Q >C795�B �\U95 GKU95�F H ( � � 1 >RG|L;FgH �;� � 1 >ZG��MH�YC:95a>CBg>R7 �ML;Y3�M5�S�>R7

HeX�L Q ��:�GIH�GE>CL;7 �MH Q :9YRGE> �9YR5 �P5�F >CB 795�5�S95�S�[ L;F GKU95a:4�4� 5�F (/� 1 >RGEB + ��U95�FD5�[ L;FD5�>C7�X�L Q ��HMFD>CBELM7
GKL�H Q HMXIU9>R795 �\>RGEU9L;:�GwBD: 1 �6L;FDS BD:4�4� L;FDG)�?5 ��GKFEH�S95�Y}H 2 >RB�>C73GEFEL�S9:9X�5�S S�:95 GKL GKU�5 Q :9YRGE>;�
�9YR5 �P5�F G V|>C8;:9FD5 � + ) G 1 I I + ��L��65 �;5�F)�|GEU9>CB(S�5�Y}H 2 >CB(B Q HMYRYC5�FiGKU�H�7$GEU95�S95�YCH 2 Bw>R7 ��FEL�X�5�BDBEL;FDB
GKU9H�G\BE:4�7� L;F�G�HMX�X�5�BEBD5�BiGKL+HMF 1 >ZGKFEHMF 2+1 >RG\BD5�X GK>CLM79B\BE:9XIU�HMB�GKU95wxy7���7�5�L;7 �9FEL�X�5�BEBELMF � � * � +

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

�(>3�;5�7 GEU95+U9HMFES7�6HMFD5�BE:7�4� LMFDG�S95�BD>C8;795�S�>C7$GKU�5 �9FD5�X�5�S9>R798�BD5�X�GE>CL;7 ��X�L Q �9>RYC5�F(BE:4�4� L;F�G">RB
795�5�S95�S=GKL�X�HMFEF 2 L;:�GiB � 5�X�:9Y}HJGK>3�M5wBE: 1 �aL;FES=FE5�8M>CBDGE5�F\HMYRYCL�X/H�GE>CL;7 +

� � � � � � ��� � � � � � � � ���

�
	������� � ��� ��U95�V�FKH Q 5!�aL;F 5�LM[gN�� 5�X�:9YCH�GK>;�;5�NP: 1 �aL;FDS��\5�8;>RBDGK5�F @ YCYRLPX�H�GK>RL;7 +
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��U95�X�L Q �9>CYR5�F(H�YC8;L;FD>RGEU Q >CB(> Q �9YR5 Q 5�73GK5�S 132 GEU9FE5�5 �9HMBEBD5�BwGKU�H�G�HMFD5�>C73GK5�8;FKHJGK5�Sp>C73GEL

gcc
X�L Q �9>CYR5�F + ��U95\[ FKH Q 5 �6L;F 5 LM[ GKU95\B � 5�X�:9Y}HJGK>3�M5\BE: 1 �aL;FES�FD5�8;>RBDGE5�FkHMYCYRL�X/H�GE>CL;7�>CB BEU9L��\7



J �

>C7�V�>C8M:9FE5 � + * + ��U95 ����� ��� ����� � �
� �\X�L;YRYC5�X�GKBi>C7P[ L;F Q H�GK>RL;7�H 1 L;:�G�U9L��%YC> 5�5�Y 2 G��6L ��HMFD>}H 1 YC5�B
X/H�7��9G >R73GKLwL;795\FE5�8;>CB�GK5�F HM79S�U9L�� YCLM798(>CBgGEU95\YC>R[ 5 GK> Q 5aS9:9FE>R798��\U9>CXIU�GKU�5 2 X�LP5���>RBDG + 4~HMBD5�S
L;7�GKU95�H 1 L2�M5">R7�[ L;F Q H�GE>CL;70��GKU95�795!� ��� � � � � ����� ��� � � � � � ��� � �
� � �
� �iH�YCYCL�X/HJGK5�B~GEU9L;BD5"7�HMFDFEL��
�\>CSPGKU ��HMFD>}H 1 YC5�B!���\U9>RXIU L;FD>C8;>R7�HMYRY 2 BEU9LM:9YCS U�H9�;5 1 5�5�7 B ��>CYCYR5�S0�iGKL_GKU95 � L;BEBD> 1 YR5p:7�4� 5�F
U�HMY;�;5�B�LM[�GKU95�FE5�8;>CB�GK5�FDB + ��U�5"S95�X�>CBD>CL;7�>CB Q HMS95(GKL Q H ��> Q > ��5�GEU95"H9�ML;>CS�H�79X�5�LM[ B �9>CYRY X�L;B�G
[ L;F\HMXIU�>C5!��>R798+U�>C8;U � 5�FD[ LMF Q HM79X�5(> Q ��FEL��;5 Q 5�7 G + ��U9>CB���HMBDB �aL;F 5�B�HMBiH�BE5�X�L;79S�H�F 2 8;YRL 1 HMY
FE5�8;>CB�GK5�FwHMYCYRLPX�H�GK>RL;7 �9HMBEB([ L;YRYCL��\>C798�GKU95�LMFE>C8M>C7�HMY?8;YRL 1 HMY|FE5�8;>CB�GK5�FwH�YCYCL�X/HJGK>CLM7 ��H�BEBw>C7

gcc
+

xy7�GKU95 ��� � ��� � ��� ��� � � ����� �
� � �cGEU95�X�L Q �9>CYR5�F�8;5�795�FKH�GE5�B(GKFEHM79B�[ L;F Q 5�S�X�LPS95 �\>ZGKU�GKU�5�795!�
>C7�BDGKFD:9X�GE>CL;7�B 1 HMBE5�S�L;7 GEU95wS95�X�>CBE>RL;7 Q H�S95(>C7 GKU�5���FE5!��>RL;:9B\FE5�8;>CB�GK5�FiHMYRYCL�X/H�GE>CL;7 ��HMBDBE5�B +

� � � � & � � 		� � 	 � ��� � � � � � 
 � � �  � � ��	 � � � � �	� � � � 	����

��U95�B � 5�X�:9YCH�GK>;�;5\HMYRYCL�X/H�GE>CL;7���HMBDB Q H,5�5�B S95�X�>RBE>CLM7"GKLwHMYRYCL�X/H�GE56H�7�L;FE>R8;>C7�H�YCY 2 B �9>RYCYC5�S 7�HMFDFEL��
�\>CSPGKU"��HMFD>}H 1 YR5(GKL+GEU95 � L;BEBD> 1 YR5�:7�4� 5�FeU�H�Y3�;5�BeLM[ GEU95"FD5�8;>RBDGE5�FEB + ��U9>RB���H�BEBe:�BE5�B���FE>CLMFE>RG 2 �
1 HMBD5�S 8;FKH,��U X�L;YCL;FD>C798$H��4�9FEL;HMXIU GEL Q H,5�5�GEU95S95�X�>CBE>RL;7 + ��U95�S95�X�>CBE>RL;7O>CB Q HMS95 1 HMBD5�S
:4� L;7�GKU�5�[ L;YCYRL��\>C798 �9FEL���YC>R798�>R7�[ L;F Q H�GE>CL;70- � � � � � ��� ����� � � � ������� ��LM[���HMFE>CH 1 YR5�B�� ( H�79S�� �
FE5 [ 5�FDB�GEL�GEU95 � 5�FE>CL�S$LM[6GE> Q 5�S9:9FD>C798 �\U9>RXIU�� ( H�79S�� � HMFE5 1 LMGKU HMYR>3�;5�S�:9FE>R798 �9FEL;8MFKH Q
5 �P5�X�:�GE>CL;7 �|HM79S � � � � � � � ����� ����� � � � � � ������LM[ �MH�FE>}H 1 YC5�B�� ( HM79S	� � FE5�[ 5�FEB�GELGEU95 � 5�FEX�5�73GIH�8;5
LM[�GEU95(X�L�5 �P>CB�GK>R798 YC>Z[ 5�GE> Q 5iS�:9FE>R798 �\U9>RXIU
� ( H�79S
� � X/HM7 1 5�X�L3HMYC5�BEX�5�S + ��L�GK5eGEU�H�G�S9:�FE>C7�8
�9FDL;8;FKH Q 5��P5�X�:PGK>CLM7�LM795���HMFE>CH 1 YR5 Q H 2�1 5�X�L3HMYC5�BEX�5�S �\>RGEU�S9> �c5�FE5�73G ��HMFD>}H 1 YC5�BaH�G�S�>�� 5�FE5�73G
�9FDL;8;FKH Q � L;>C73GKB +
��U95$B � 5�X�:9Y}H�GE>3�M5$HMYCYRLPX�H�GK>RL;7 �9HMBEB Q H,5M5�B :9BE5$LM[�G��6L_>R7 GE5�F�[ 5�FE5�79X�5$8;FEH,�9U9B + ��795�>RB

X/H�YCYC5�S�GKU�5�� � � �
����� ��� ��� � ��� � ������� � � � � � � �BG @ x��HI�HM7�S�GKU95�LMGEU95�F(>RB�X/H�YCYC5�S�GKU�5 % � ����� � � �

��� � ��� � ������� � � � � � � � G �ix�� I +

� � � �
� ��� ��� ��� � ��� � ��� ��� � � � � � � �1G @ x�� I + ��U9>CBg8MFKH,�9U�>RB 1 :9>RYRG [ FEL Q GKU�5�>C73GK5�FD[ 5�FD5�79X�5�8;FKH��9U
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� � ��� � ����� � ��� ��� � ��� � G N(&�� @ I
�9FDL 1 YC5 Q >RB >C73GKFDLPS�:9X�5�S+H�79S�BEL;Y;�;5�S+:9BD>C798wH � ����� � � ����� 	��� � � � ��� � � � � � � � ����� G zk� � ��� I
[ L;F Q :9Y}HJGK>CLM7 + ��L�S95+X�L3HMYR5�BEX�>C798�X�LMFEFE5�B � L;79S9B�GKLGKU95 ��HMX 5 >C7�8�LM[ Q :9YRGE> �9YR5 BE: 1 �aL;FES ��HMFD>;�
H 1 YR5�B\>C73GEL�H�BE>R798;YC5��aL;FES �\U9>CYR5�H ��HJGKU�X�L��;5�F�X�L;FDFE5�B � L;79S9BiGKL�GKU95wGKFEHMS9>RGE>CL;79HMY �9YCHMX�5 Q 5�73G
LM[ ��HMFE>CH 1 YC5�Bg>C7�H�S 1EHMX�5�73GaYRLPX�H�GK>RL;79B + ��U9FD5�5iU95�:�FE>CB�GK>RX�B HMFD5��9FE5�BE5�73GE5�S�GEL�BDL;Y3�M5~GKU95izk� � ���
�9FDL 1 YC5 Q + ���� 5�FD> Q 5�73GIHMY�FD5�BD:9YRGEBiBDU9L�� GKU9H�G�GKU95wS95 �;5�YCL*� 5�SGK5�XIU979>C� :95�B�HMFD5w5 � 5�X�GE>3�M5 +
��U95�FE5 Q H�>C79S95�FeLM[ GEU95 XIU�H���GK5�F�>CB�LMFE83HM7�>���5�S�HMBi[ L;YCYRL2�\B + NP5�X�GK>RL;7 / + � >R7 GEFEL�S9:9X�5�B�GKU�5

�9FDLPX�5�BEBDL;F Q L�S95�YcGKU�HJG�BD:4�4� L;FDGEB�GKU95([ 5/HJGK:9FD5�BiS95�BDX�FE> 1 5�S�H 1 L��;5�HM7�S=>RYCYC:�BDGKFEH�GK5�B~U9L�� GEU95 2
X/H�7 1 5�:9BD5�S�GEL�FE5�S9:9X�5�X�L�S95+BE>���5 + x G HMYCBDL�[ L;F Q H�YC>���5�B�GEU95�YCH 2 L;:�G �9FEL 1 YC5 Q + xy7�NP5�X GK>RL;7

/ + � �MGEU9FE5�5�H�YC8;L;FD>RGEU Q B HMFD5�S95!�M5�YRL*� 5�S�GKL(BELMY3�;5~GEU9>CB �9FEL 1 YC5 Q + xy7+NP5�X�GE>CL;7 / + � 5 ��� 5�FD> Q 5�73GIHMY



) /

FE5�BE:9YZGKB\HMFD5(8;>3�M5�7�GEL�S�5 Q L;79BDGEFKH�GE5�GKU95 1 5�7�5��9GEBiL�[ GEU95wH,�4��FEL3HMXIU + xy7�N�5�X�GE>CL;7 / + / �PFE5�YCH�GK5�S
�aL;F 5�>RB\S9>CBDX�:9BDBE5�S + �6L;7�X�YC:�BE>CLM79B\HMFE5w8;>;�;5�7=>R7�N�5�X�GE>CL;7 / + � +
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��� 	 � � � � �

� ��� � � � � �
� � � ��� � ����� � � ��������������� �
� 
 ��U95���FEL�X�5�BDBEL;F Q L�S95�YW>RBaS95 ��795�SHM79S+GEU95�H�S7��HM73GIHM8;5�B
LM[ N & � @ L��;5�F�N4� @ HMFE5�>CYCYR:9BDGEFKH�GE5�S + ��L�GK>CX�>C798wGKU9H�G6GEU95�FD5e>CB6HM7�L,�4� LMFDGK:�79>RG 2 GKL�> Q �9FEL��M5
GKU�5�B�GKL;FEHM8;5HMBDBE>R8;7 Q 5�73G�>R[ Q :9YZGK> ��YC5�BD: 1 �6LMFES{S9H�GIH�X/H�7 1 5 �9:�G�>C73GKL$H�BD>C798;YR5 Q 5 Q LMF 2

YCL�X/HJGK>CLM70��H�795 � �9FDLPX�5�BDBEL;F Q L�S95�Y�>CB ��FEL*� L;BE5�S �\U9>CXIU >R7 GE5�8;FEH�GK5�B�GKU�5$HM:�GKLM>C79X�FE5 Q 5�73G �
HM:�GELPS�5�X�FD5 Q 5�73G\[ 5/H�GE:9FE5�HM7�S�GEU95�H 1 >CYR>RG 2 GKL�S9>RFE5�X�GKY 2�Q HM79>3�9:9Y}HJGK5�BD: 1 �6L;FDS�S�HJGIH +
��U95 �9FEL�X�5�BEBDL;F Q L�S95�YcX�L;79BD>CS95�FE5�S=>RB�HM7 � ��� � � � � ��� �
� 	� �
� ��� Q HMXIU9>R795%�\U95�FD5,�9[ L;F�5�HMXIU

>C7�BDGKFD:9X�GE>CL;7 ��L;795eL*� 5�FKHM7�S�FD5�BD>CS95�B�>C7�GKU�5(HMX�X�: Q :9YCH�GKLMF�HM79S�GEU95(LMGKU�5�F~L*� 5�FEHM79SFE5�BE>RS95�B�>R7
GKU�5 Q 5 Q L;F 2,+ @ B � 5�X�>}HMYR>���5�S$U�HMFES��~HMFD5�:97�>RG9�?X�HMYCYR5�S @ S9S9FD5�BDB��(5�795�FKH�GE>CL;7 ��79>ZG G @ � � I �
>CBi:9BD5�S�GKL+U�HM79S�YC5 Q 5 Q L;F 2 HMS9S9FD5�BDBE>C7�8 + @ � �%X�L;73GIH�>C79BeH+BE5 G�LM[ HMS9S9FD5�BEBeFE5�8M>CBDGE5�FDB + ��U95
L*� 5�FEHM79S >C7 GKU95 Q 5 Q L;F 2 >CBFE5 [ 5�FE5�79X�5�S GKU�FEL;:98MU L;7�5pL�["GKU�5 ��������� � � ��� ��� ��� �����	G

AR0

AR1...
I + @ S9S�FE5�BDB FE5�8;>CB�GK5�F"X/H�7 1 5�BE5 G :4� 5 ���9YR>CX�>ZGKY 2 :9BE>R798�H�7 2 >R79BDGEFE:9X GK>CLM7 GKU9H�G"X�HM7

�\FE>ZGK5kGKL�>ZG + @ S9S9FD5�BDBgFE5�8;>CB�GK5�F|X/HM7�H�YCBEL 1 56HM:�GEL Q HJGK>CX�HMYCY 2 >R79X�FD5 Q 5�73GK5�S L;F�S�5�X�FD5 Q 5�73GK5�S 1 2

L;795a>C7���HMFEHMYCYR5�Y*�\>RGEU�GEU95 Q 5 Q L;F 2 HMX�X�5�BEB�L*� 5�FKH�GE>CL;7w>R7 HM7 2 >C79B�GKFD:9X�GE>CL;7 + � ���9YC>RX�>RGEY 2 BE5�GDGK>R798
:4�{HMS9S9FD5�BEB�FE5�8M>CBDGE5�F�X�L;7�BE: Q 5�B �9FEL�X�5�BEBELMF�X 2 X�YC5�B �\U9>CYR5=H�:�GKL;>R79X�FD5 Q 5�73G���HM:�GKL�S95�X�FE5 Q 5�73G
L*� 5�FEH�GK>RL;7=S�LP5�Be79LMG�X�LMBDG(H�7 2 5��PGEFKH�X 2 X�YR5�B + xy7�HMBDBE5 Q 1 Y 2 �cH�:�GKL;>R79X�FD5 Q 5�73G�LM[gGKU�5 HMS9S�FE5�BDB
FE5�8;>CB�GK5�F

ARi
>RB~>C79S�>CX/HJGK5�S 132

*(ARi)+
H�79S�HM:�GKL�S95�X�FE5 Q 5�73G�>RB�>C79S�>CX/HJGK5�SH�B

*(ARi)-
+

xy7 N(&�� @ �9FEL 1 YC5 Q � L;7�Y 2 L;795�HMS9S9FD5�BDB�FD5�8;>RBDGE5�F%�\>CYRY 1 5�X�L;79BD>CS95�FE5�S + xy7pH Q L;FD5�8;5�795�FKHMY
�;5�FEBD>CL;7 L�[WN(&�� @ �9FEL 1 YC5 Q � Q :9YRGE> �9YR5 HMS9S9FD5�BDB�FE5�8;>CB�GK5�FEB�X�HM7 1 565����9YCL;>ZGK5�S + @ B�H�7"5 ��H Q �9YR5
LM[�HM:�GEL;>C79X�FE5 Q 5�7 G �MHM:�GELPS�5�X�FD5 Q 5�73G\[ 5/H�GE:9FE5���X�L;7�BE>CS�5�F�GKU95([ L;YRYCL��\>C7�8">C7�BDGKFD:9X�GE>CL;7 -

ADD *(AR0)+

��U9>RB�>C79B�GKFE:�X�GK>RL;7HMS9S�B\GEU95(L*� 5�FEHM79S>C7 Q 5 Q L;F 2 � L;>C73GK5�S GKL 132
AR0

GKL�GKU�5wHMX�X�: Q :9YCH�GKLMF

HM79SOH�G�GEU95 BKH Q 5�GE> Q 5 HM:�GEL Q HJGK>CX�HMYCY 2 >C79X�FE5�HMBE5�B�GEU95 ��HMYC:�5 >C7
AR0

132 GKU95BD>���5 L�[eLM795

Q 5 Q L;F 2 :979>RG +



);�

V�L;F 1 LMGEU�GEU95 HMX�X�: Q :9Y}H�GEL;FiHM79S�GKU95 Q 5 Q LMF 2 L*� 5�FEHM79S0� � ��� � � � ��� �
� ��������� � ������� Q LPS95

>CB~H���HM>RY}H 1 YC5,��> + 5 + �PGEU95(L*� 5�FEHM79S9B�X�HM7 1 5(BD: 1 �6L;FDS�5�7 GE>RGE>C5�B �\>RGKU�>C7�GKU�5wHMX�X�: Q :9YCH�GKL;FaL;F~GKU�5
FE5 [ 5�FD5�79X�5�S Q 5 Q L;F 2 YCL�X/HJGK>CLM7 + @ � ��� � � � � � �
� ��� � � ��� ��� �
��LM[aGEU95�[ L;F Q

[l,s]
>CB(:9BD5�S$GKL

B � 5�X�>R[ 2 GEU95 BE: 1 �aL;FDS{5�73GE>RG 2 BD:9XIU GEU�H�G
l
>CB GKU�5 BDGIH�FDGK>R798 1 >RG � L;BD>RGE>CL;7TLM[\GEU95BE: 1 �aL;FES

L*� 5�FEHM79S=HM79S
s
>CB~GEU95�7�: Q 1 5�F\LM[ 1 >ZGKB�>R7GEU95�BE: 1 �aL;FES=L*� 5�FKHM7�S + ��U�>CBiHMS9S9FD5�BDBE>C7�8 Q LPS95

>CB�� :9>RGE5"BE> Q >RY}HMFaGKL�GEU95 > Q�Q 5�S9>CH�GK5(B�GIH�GE>CX"S�5�BEX�FE>3��GKL;F��9FEL,� L;BD5�S$HMB���HMF�G�LM[ H�46>RG�NP5�X GK>RL;7
� ��GK5�7�BE>CLM7�[ L;F @ ��. H�FEXIU9>ZGK5�X GK:9FD5 >C7��6U�H,��GE5�F � + ��U95 Q HM>C7=S9>�� 5�FD5�79X�5 >CBiGKU�HJGeGKU�5 BE: 1 �
�aL;FES�L,� 5�FKHM79S 1 5�>C798�FE5�HMS�FD5�BD>CS95�B">C7$GKU�5�HMX�X�: Q :9Y}H�GEL;FwL;F Q 5 Q L;F 2 �\U9>RYC5�>C7$GKU95 @ ��.
46>ZG�NP5�X GK>CLM7 � ��GK5�79BE>RL;7GKU95wBE: 1 �aL;FDS�L*� 5�FKH�79SX/HM7�X�L Q 5([ FEL Q HM7 2 8;5�795�FEHMY��9:9F � L;BD5wFE5�8 �
>CB�GK5�F + � L FE5�[ 5�FE5�79X�5�BD: 1 �6L;FDS$S�H�GIH�>R7 Q 5 Q L;F 2 � B � 5�X�>}H�Y�YCLM8;>CX �\U9>CXIU�X�HM7�FE5�HMS$HM79S �\FD>RGE5
BE: 1 �aL;FDS�>C7=H+BE>R798;YR5 Q 5 Q L;F 2 YCL�X/H�GE>CL;7>CBiHMS�S95�S + xy7�H�7�>C7�BDGKFD:9X�GE>CL;7 � 5�>RGEU95�FiL;795�L;F 1 LMGEU
LM[aGKU95+L*� 5�FKHM7�S9B�X�HM7�FD5)�9FD5�BD5�73G�BE: 1 �aL;FDS�S�H�GKH + x [�L;7�Y 2 L;7�5+L*� 5�FEHM79S >CB�BE: 1 �aL;FES�S9H�GIH7�
>RG Q :9BDG�H��4�9FEL,�9FE>CH�GK5�Y 2�1 5�5���GK5�7�S95�S,G ��5�FELL;F(BD>C8;7�I 1 5 [ L;FE5 GEU95�L*� 5�FKHJGK>CLM7�>CB%� 5�F�[ L;F Q 5�S +
��U95�HM:�GEL;>C7�X�FE5 Q 5�73G��MHM:PGKL�S95�X�FE5 Q 5�73G�[ 5�H�GK:9FD5wHM79SBE: 1 �aL;FDS�HMX�X�5�BDBE>R798 Q L�S95(X/H�7 1 5(:9BD5�S
BE> Q :9YZGIHM795�L;:9BDY 2 >C7�HM7�>C79B�GKFE:�X�GK>RL;7 + @ BiHM7=5���H Q ��YC5,��X�L;79BD>CS95�F�GKU95w>C7�BDGKFD:9X�GE>CL;7 1 5�YRL2� -

ADD [16,8], *(AR0)[24,8]+

��U95�H 1 L��;5 >C7�BDGKFD:9X�GE>CL;7 � 5�F�[ L;F Q B�HM7
ADD

L��;5�F�GEU95 BE: 1 �aL;FDS{L*� 5�FEHM79S_>C7�GEU95 Q 5 Q L;F 2
HMS9S�FE5�BDB%� L;>C73GK5�S 132

AR0
BDGKHMFDGE>C798�H�G 1 >ZG�� L;BD>RGK>RL;7 � � HM7�S ) 1 >ZGKB�YCL;7�8�HM7�S�GKU95�BE: 1 �aL;FES

L*� 5�FEHM79S�>C7 GKU95�HMX�X�: Q :9Y}H�GEL;F~B�GIHMF�GK>C7�8+HJG 1 >RG�� L;BE>ZGK>RL;7 ( � HM79S ) 1 >RGEBiYRL;798 + ��U95�FD5�BD:9YRG\>RB
BDGEL;FE5�S�>C7�GKU95�HMX�X�: Q :�Y}H�GEL;F6H�79S+GEU95���HMYR:95�L�[

AR0
>RBa>R79X�FD5/HMBD5�S�GEL HMS�S9FE5�BEB6GEU95e795���G��aL;FES

132 GKU�5�H�:�GKL;>R79X�FD5 Q 5�73GiL*� 5�FKHJGK>CLM7 +
�|Lw>RYCYC:�BDGKFEH�GK5kGKU95 1 5�7�5��9GEBkL�[cH 1 L��;5�>R79BDGEFE:9X GK>RL;79B HM7�5��9H Q �9YR5~>CB$��FE5�BD5�73GK5�S�795���G + �6L;7(�

BE>RS95�F�GEU95�X�LPS�5w[ FEHM8 Q 5�73Gi>C7�V�>R8;:9FE5 / + ( G H I + V�:9FDGEU95�FiHMBDBE: Q 5wGKU�H�G���HMFD>}H 1 YR5�B
a
HM79S

d
HMFD5

BE: 1 �aL;FDS"��HMFE>CH 1 YC5�B�LM[gYR5�798�GKU ( � 1 >RGKBiHM7�S�HMYRY LMGKU�5�F��MH�FE>}H 1 YC5�B\HMFE5 �3� 1 >RGEB + V�>C8;:�FE5 / + ( G 1 I
BEU�L2�\BiGKU95�HMX�X�5�BEBeBD5�� :95�79X�5�LM[�GEU95��MH�FE>}H 1 YC5�B + ��BD>C798�GKU�5�H�YC8;L;FD>RGEU Q [ LMF�BEL;Y;�P>R798�GKU95"N4� @

�9FDL 1 YC5 Q �9FEL*� L;BD5�S 132 <�>}H�L+5 GwHMY + � � � � � GEU95 Y}H 2 L;:�G�BDU9L��\7$>C7�V�>R8;:9FD5 / + ( G X�Ii>RBeL 1 GIHM>R795�S +
��L�GK>CX�5�GKU�H�GwGEU9>CB�HMYR8;L;FE>ZGKU Q HMBEBD>C8;7�B ��HMFD>}H 1 YC5�B ��H�79S���GKL�BD5)��H�FKH�GE5+YRLPX�H�GK>RL;79B + ��U95+HMB��



) J

�
	������� � � � NP> Q �9YR5 � �cBD5�G @ BDBE>R8;7 Q 5�73GHG N4� @ I
(1) c = a+b;
(2) f  = d+c;
(3) a = a+d;
(4) c = d+a;
(5) b = d+f+a;

          (a)

a b c d e f a d a d a c d f a b

                  (b)

b

c

d

e

f

a

(c)

a f

e

dc

b

2

1

1

2

4

1

1

1

(e)

2

LDAR AR0, &a ; a
LOAD *(AR0)
ADARAR0, 3   ; b
ADD *(AR0)-  ; c
STOR *(AR0)-  ; d
LOAD *(AR0)
SBARAR0, 3   ; e
ADD *(AR0)+ ; f
STOR *(AR0)+ ; a
LOAD *(AR0)+ ; d
ADD *(AR0)-  ; a
STOR *(AR0)+ ; d
LOAD *(AR0)-  ; a
ADD *(AR0)
ADARAR0, 2   ; c
STOR *(AR0)-  ; d
LOAD *(AR0)
SBARAR0, 2   ; f
ADD *(AR0)+ ; a
ADD *(AR0)
ADARAR0, 3   ; b
STOR *(AR0)

                (d)

BE5 Q 1 Y 2 X�LPS95�X�L;FDFE5�B � L;79S9>R798 GKL"GEU9>CBaL � BE5�G~HMBEBD>C8;7 Q 5�7 G~>CBkBEU9L��\7>C7 V|>C8;:9FD5 / + ( G S�I �(�\U95�FD5
GKU�5�>R79BDGEFE:9X GK>RL;79B�BEU�L2�\7=>C7 1 L;YCS�G 2 � 5"HMFD5(5 ���9YR>CX�>ZGiHMS9S9FD5�BDBeHMFD>RGEU Q 5 GK>RXe>C7�BDGKFD:9X�GE>CL;7�B +

@ BDBE: Q 5 GKU�HJGeGKU�5 5 79L��\YC5�S�8;5 GKU�HJG ��HM79S �HMFD5 BE: 1 �aL;FES ��HMFD>}H 1 YR5�B�>CBe5����9YCL;>ZGK5�S + 4 2
��HMX 5 >R798�GKU95aG��6L���HMFE>CH 1 YR5�B?GKL;8;5 GKU95�Fg>C73GEL(HeBE>R798;YR56YCL�X/HJGK>CLM70�JGEU95~B�GKL;FEHM8;5~L � BE5 G HMBDBE>C8M7 Q 5�73G
�\>CYRY 1 5�XIU�HM7�8;5�S�HMB BDU9L��\7�>R7�V�>C8M:9FE5 / + � G H I + ��U95�X�L;FEFD5�B � L;79S�>C798wHMBDBE5 Q 1 Y 2 X�L�S95�>CB�BEU9L��\7
>C7 V�>R8;:9FE5 / + � G 1 I��\U9>CXIU X�L;73GIH�>C79Bw[ 5!�a5�F�5 ���9YC>RX�>ZG�HMS9S9FD5�BEB"HMFE>ZGKU Q 5�GE>CX�>R79BDGEFE:9X GK>CLM79B + ��U95
7 : Q 1 5�F|LM[�5 ���9YR>CX�>RG|HMS9S9FD5�BDB HMFE>ZGKU Q 5�GE>CX >C7�BDGKFD:9X�GE>CL;7�B|>RB|FD5�S9:9X�5�S [ FDL Q / GKL � + ��U95 ��HMX 5 >R798
LM[ ��HMFD>}H 1 YC5�B�U95�Y �9B�>C7 G��aL"�6H 2 B + V�>RFEBDG �$HM79S ��X�HM7 1 5�HMX�X�5�BEBE5�S_>C7�BD5�� :95�79X�5 �\>ZGKU9L;:PG
Q LPS9>Z[ 2 >C798�GEU95X�L;73GE5�73GKB�LM[iGKU95�HMS9S�FE5�BDB�FE5�8M>CBDGE5�F�HMB�GEU95 2T1 5�YRL;798�GKL�GEU95BKH Q 5 BDGEL;FKHM8M5

YCL�X/HJGK>CLM7 + NP5�X�L;7�S=BD>C79X�5 �+HM79S ��H�FE5 1 LMGKU BD> Q :9YZGIHM7�5�L;:9BDY 2+Q H�S95wHMS 1EHMX�5�73G\GKL ��HMFD>}H 1 YR5�B 	
HM79S �6� >RG(>RB�� L;BEBD> 1 YR5"GKL U9HM79S9YR5�HMX�X�5�BDB�BD5�� :95�79X�5�B � ��HM79S � � :�BE>C7�8HM:�GKLM>C79X�FE5 Q 5�73GwH�79S
HMX�X�5�BDB�BD5�� :95�79X�5�B � 	(HM79S � 	�:9BE>R798�HM:�GKL�S95�X�FE5 Q 5�73G +

� ��� � � ����� �
��� � � ����� �
� 
 ��L�� YC5 G :9B�[ :9FDGEU95�F S�>CBEX�:9BEB GEU95+[ LMF Q :9YCH�GK>RL;7pLM[�GKU95�Y}H 2 L;:PG S95 �
GK5�F Q >C7�HJGK>CLM7 ��FEL 1 YR5 Q 1 HMBD5�ST:4� L;7 �\U9>CXIU�GEU95�H 1 L��;5�YCH 2 L;:�GEB HMFD5+S�5�FE>;�;5�S + V�>RFEB�G"YR5�G�:9B
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b

c

a

e

f

(a)

LDAR AR0, &ad                        ; a
LOAD *(AR0)
ADARAR0, 2                            ; b
ADD [32,16],*(AR0)-               ; c
STOR *(AR0)-                           ; d
LOAD *(AR0)
SBARAR0, 3                            ; e
ADD [16,16],*(AR0)+               ; f
STOR *(AR0)+                           ; a
LOAD *(AR0)                             ; d
ADD [32,16],*(AR0)[16,16]      ; a
STOR *(AR0)[32,16]                  ; d
LOAD *(AR0)                             ; a
ADD [16,16],*(AR0)[32,16]+    ; c
STOR *(AR0)-                            ; d
LOAD *(AR0)-                            ; f
ADD [16,16],*(AR0)+               ; a
ADD *(AR0[32,16])
ADARAR0, 2                             ; b
STOR *(AR0)
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(d) Alg III
(cost=40)
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in_max

n_i

out_max

n_o

l

Network Router

throughput = one packet

per t cycles

F−G Logic

Packet Processing

Input Queue Output Queue
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