
� � � � � ��� �����

	 


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

� ��� � ����� � �

����������� �!��"�#%$&�'�(�(�*)���+,�����.-0/��213��4����'�657+98;:=<>/>?%�>���@����4

8A+34��(�>��)9��BC4�����+38;:=<>�@����4D+98FE%?(� ��/�?(�

� /������HG6<�?("�IJ�657+98.E(?%� �*/�?(�K<>/>),LM/>B3� />����4�� /�B

NPORQTSUORVXW*OJY[Z@\]\]^

_a`

bdc Y cfe OJO[gih]YjVlkmORO

b OJQ c YnSUVlO e SohfpCq�h]VlQmrTSjOJYsNPtJuvO e tRO



� �����������
	

�
������������� ���

��� ��� �!���"��# $&% �('

)*$�+-,.�/# 0&12� �(3

���(4 # �5�"��#6$&% ��7

����8.%9$(:;� �(4 0 �(<=� %2��� �(>

? � �A@ �!� � �(B

� CD%&����$ 4�E ����#6$&% �(F
Z5G Z _�c tIHAJ]Ynh]r e kLK&M hfSUuON c SUu2h e cfe kQP&W(RnOJt SUuSNfODTUG*GVGVG*GVG*GVGVG*GWGVG*GVG*G Z \

Z5GYX Z[M]\_^a`cbed Ynh/RnOJt SfTgGVG*GVG*GVGVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G Xih
Z5Gkj P&YlJ cfe umT c SUu2h e hfp>SfnmOWbonmO�TjumTpGVGVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G X Z

Z5Grq b ^Ls c T cfeut e TnSjYjrmt SUu2h e c�v b>hPh v G*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G X�X
Z5GYw bonmOV^.Zyx b d Yjh�J]Y c VlVlu e Jz^ cfe J]r c J]O{GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G Xij

' ? ��$.� � �|��$&� ? #6+ � �}# %9#}%a0 '!7
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X G Z Z e P N]ORY N u2O � hfp d YnhPtRODT Tjh]Y b ODTnumJ e G*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G X/q
X GYX N ` e tInmYnh e h]r!T cfe kuZ T ` e tInmYjh e h]r!T b ODTjuSJ e G*GVGVG*GVG*GVGVG*GWGVG*GVG*G X��

X GYX GvZ Z e h�NfOJY N uvO � hfp�T ` e tInTYjh e hfr!TMkmO�TjuSJ e GVG*GVG*GVGVG*GWGVG*GVG*G X��
X GYX G X Z e h�NfOJY N uvO � hfp c T `Pe tInmYjh e h]r!TikmODTnumJ e GVG*GVG*GVGVG*GWGVG*GVG*G X ^

X GYX GYj Z_T ` e tInmYnh e h]r"T n cfe k!Tln c H u e J G*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G j�h
X Gkj d u2Q*O v u e u e J G*GVGVGVGVGVG*GVG*GVGVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G j�j
X Grq N ` e tInmYnh e h]r!T cfe kuZ T ` e tInmYjh e h]r!T d uvQ6O v u e ODT GVGVG*GVG*GVGVG*GWGVG*GVG*G j��
X GYw NPrmVlV c Y ` G*GVGVGVGVGVG*GVG*GVGVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G j��

3 � 1 ��� ���|# � �
	�� ? #6+ � �}# % � 3�F
j"G Z t�
��!t e T SUYnrmtRSju2h e�
 ORSUtIn G*GVG*GVGVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G qTZ

j"GYX t b��!t e T SUYjrTtRSUuvh e b OJtJh kmOpGVG*GVGVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G q�X
j"Gkj ` s[` � `��TORtJrTSju2h e cfe kuZMkTkmYjO�TlTMq c�v tRr v'c Sju2h e GVGVG*GVG*GVGVG*GWGVG*GVG*G q5j
j"Grq M]` M ��bdc S c M OJVlh]Y ` ZstJtRODTlT GVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G q�q
j"GYw � _�� ��Yju SUO _�c tIH GVGVG*GVG*GVGVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G q�w
j"G�� NPrmVlV c Y ` G*GVGVGVGVGVG*GVG*GVGVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G q��

7 ? #6+ � �}# % ��� �����!� 4 � 72B
q!G Z N SUYnrmtRSjrmY civ g c��Jc Yjk!T GVG*GVG*GVGVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G wih

q!G Z5GvZ M OJVlh]Y ` q�h e�� uvtRS G*GVGVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G w Z

q!G Z5G X xoODJfumTnSjOJY 
 u v O[q�h e�� u2t S{GVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G w�X
q!GYX bdc S c g c�� c Yjk!TgGVGVGVGVG*GVG*GVGVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G w/q

q!GYX GvZ x Zyx�� YjO c k! c p SUORY" YnO c k$# b OJQ*O e kmO e t ` GVG*GVG*GVGVG*GWGVG*GVG*G w�w

j



q!GYX G X � Z � � � Yju SUO  c p SjOJY" � Yju SUO # b OJQ*O e kmO e t ` G*GVG*GVGVG*GWGVG*GVG*G w�w
q!GYX GYj � Zyx � � YnuvSjO  c p SUOJY� YnO c k # b OJQ*O e kmO e t ` G*GVG*GVGVG*GWGVG*GVG*G w��
q!GYX Gkq x Z � � YnO c k  c p SjOJY" � Yju SUO # b OJQ*O e kmO e t ` G*GVG*GVGVG*GWGVG*GVG*G w��
q!GYX G w NAS c�vSv GVGVGVGVGVG*GVG*GVGVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G w ^

q!GYX G � xoODJfumTnSjOJY ^�h tIH u e J G*GVGVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G w ^

q!GYX G � 
 h]Y � c Yjkmu e J GVG*GVG*GVGVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G w \

q!Gkj q�h e SUYnh v g c��Jc Yjk"T[GVGVGVG*GVG*GVGVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G ��j
q!Gkj"GvZ NAS c�vSv GVGVGVGVGVG*GVG*GVGVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G �iq
q!Gkj"G X N Q6ORtJr v2c SUuON]OW`��POJtJrPSUu2h e G*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G �5w
q!Gkj"GYj M h�N u e J0rmQ SlnmO _ Y c e tIn]ZskmkmYjO�TlTMq c�v tRr v'c SUu2h e GVG*GWGVG*GVG*G ���

q!Gkj"Gkq _ Y cfe tInQd YjORkmu2t SUu2h e G*GVGVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G ���

q!Grq NPrmVlV c Y ` G*GVGVGVGVGVG*GVG*GVGVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G ���

> ����,a%9�i1a��$&%9$ E � ? ��$.� � �|�D$�� � $ 4a� �}� ��B
w G Z P&W(RnOJt SUuSNfODT _ ODnTu e k SfnTO t e uvSUu c�v M hPkmO v T GVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G �f^

w GYX bonmO t e uvSju c�v M h kmO v T GVG*GVG*GVGVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G �ih
w GYX GvZ Z_T ` e tInmYnh e h]r"T��sh e  d u2Q*O v u e u e J b O�TjuSJ e G*GVG*GVGVG*GWGVG*GVG*G �ih
w GYX G X Z_T ` e tInmYnh e h]r"T bonmYnOJO  TnS c J]OVd u2Q*O v u e O b O�TjumJ e GVGVG*GWGVG*GVG*G � Z

w GYX GYj Z_T ` e tInmYnh e h]r"T 
 uON]O  TnS c J]OWd u2Q*O v u e O b O�TjuSJ e G*GVGVG*GWGVG*GVG*G �/q
w Gkj t V Q v OJVlO e S c SUuvh e T�hfp 
 uON]O  TnS c J]OWd u2Q*O v u e O G*GVGVG*GVG*GVGVG*GWGVG*GVG*G ���

w Gkj"GvZ ` sy`  ` s[` 
 h]Y � c Ynkmu e J G*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G � ^

w Gkj"G X MQ` M  ` s[` 
 h]Y � c Ynkmu e J{G*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G ^�h
w Gkj"GYj MQ` M  M]` M 
 h]Y � c Yjkmu e J GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G ^PZ

q



w Grq b�u2Vlu e J t e p h]YjV c Sju2h e GVG*GVG*GVGVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G ^5X
w GYw t V Q v OJVlO e S c SUuvh e r!Tnu e J ^.Zyx b GVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G ^�j
w G�� NPrmVlV c Y ` G*GVGVGVGVGVG*GVG*GVGVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G ^5w

� � � ����# %90���% 4���� ��� E �"��#6$2% B �
�"G Z NPu2VlQ v O Z T TjORVXW vv` b>ODT S_d Ynh5J]Y c V;T GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G ^��

�"G Z5GvZ Z_TjV  Z � b9O�TnS d Ynh5J]Y c V GVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G ^��

�"G Z5G X Z_TjV  X � b9O�TnS d Ynh5J]Y c V GVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G ^f^

�"G Z5GYj Z_TjV  j � b9O�TnS d Ynh5J]Y c V GVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G ^f\

�"GYX NPu2VlQ v Odq b>ODT Syd Ynh5J]Y c V;T G*GVGVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G \5X
�"Gkj bonmO b nmY ` T SUh e OVd Yjh�J]Y c V G*GVGVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G \�j
�"Grq ` N civ r c Sju2h e G*GVGVGVGVGVG*GVG*GVGVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G \iq
�"GYw NPrmVlV c Y ` G*GVGVGVGVGVG*GVG*GVGVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G \��

� )*$2%9��� E �|#6$&%�� F �
� G Z Z T TjODT TjVlO e S&h p ��h]YlH GVG*GVG*GVGVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G \��

� GYX NPr!J5JfODTnSju2h e T�p h]Y 
 rmYnSlnmOJY ��h]YlH G*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G \f^

� #6� � # $�0����!+�12, �����

� � 1 �{� 	 � �
�/�i19# � � ��� E � � ���&3
Z G Z t e SUYjh kmrmt SUuvh e GVGVGVGVGVG*GVG*GVGVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G Z�h�j
Z GYX b ^Ls PyNfOJY NPuvO � GVGVGVG*GVG*GVGVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G Z�hiq
Z Gkj b ^Ls t e TnSjYjrmt SUu2h e�
 h]YnV c SpG*GVGVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G Z�h5w

w



Z Grq b ^Ls PdQ*OJY c SUuvh e T GVGVG*GVG*GVGVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G Z�h��
Z Grq!G Z ^�h c k c e kQT SUh]YnO[u e T SUYjrTtRSUuvh e T GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G Z�h��
Z Grq!GYX Z ^a\ h]Q6ORY c Sju2h e TQGVG*GVGVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G Z�h��
Z Grq!Gkj _ Y cfe tInTODT cfe k � rmV Q"T GVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G Z�hf^

Z GYw b ^Ls PdQ*tJh kmO�T=GVGVGVGVG*GVG*GVGVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G Z�hf^

� � 1 �{� 19��,a� ��$&% ��� � � %��/1 < �!��8 ? ��$�0&��� < �&�('
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� � 	Q� ��� � ��� ��� 	

�"G Z bonmO[kmODTntJYnu2QTSju2h e hfpCq SjODTnSsQmYnh5J]Y c V;T GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G \5X
�"GYX bonmO[tJh]VlQ c Y c SUuON]OdYnODTjr v SfT � u Sfn q SjODTnSiQmYnh5J]Y c V;T GVG*GVGVG*GWGVG*GVG*G \�j
�"Gkj bonmO[YjO�Tjr v SfT � uvSln SlnmO b nmY ` T SUh e O QmYnh5J]Y c V GVGVG*GVG*GVGVG*GWGVG*GVG*G \�j

Z G Z `�� c V Q v ODT�hfp v h c k cfe k TnSjh]YjO[u e TnSUYnrmtRSju2h e T�h e b ^Ls G*GVGVG*GWGVG*GVG*G Z�h��
Z GYX `�� c V Q v ODT�hfp c YnuvSfnTV O SUu2t
	 v h�J]u2t c�v u e T SUYnrmtRSju2h e Tou e b ^.s G GVG*GWGVG*GVG*G Z�h��
Z Gkj `�� c V Q v ODT�hfp>S ` Qmu2t c�v tJh e SjYjh v  � h � u e T SUYnrmtRSju2h e T�u e b ^.s G G*GWGVG*GVG*G Z�hf^

Z Grq Z vSv u2VlQ v OJVlO e SUORk b ^Ls�u e TnSjYjrmt SUu2h e T GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G Z]Z|h
Z GYw P&Q6tRhPkmO�Tohfp9SlnmO b ^Ls c YjtInmu SUORtRSUrTYjO G*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G Z]ZfZ

_ G Z �srmV W6ORYlTohfp t e TnSjYjrmt SUu2h e Tou e b nmY ` T SUh e O GVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G Z]Z|j

�



� � 	Q� ��� � ����� � � 	

X G Z Z e O � c VlQ v Odhfp c QmYnhPtRODTlTnh]Yok c S c Q c Sln GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G X��
X GYX ZpTjuvV Q v O&QmuvQ6O v u e O GVGVG*GVG*GVGVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G j�h
X Gkj Z Wmr e k v OJk k c S c u e SUORYnp c tRO G*GVGVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G jPZ

X Grq Z S � hlQ!n c TjOVn cfe k!T n c H O;GVG*GVGVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G j5X
X GYw Z p h]rmY�Q!n c TjOVn cfe k"Tln c H O G*GVGVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G j5X
X G�� bonmO e h e  Qmu2Q*O v u e ORk c QmQmYnh c tIn GVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G j5w
X G � bonmO[Qmu2Q*O v u e ORk c QmQmYnh c tIn{GVG*GVGVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G j5w
X G ^ Z e O � c VlQ v Odhfp c T ` e tInTYjh e hfr!TMQmuvQ6O v u e O GVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G j��
X G \ Z e O � c VlQ v Odhfp cfe c T ` e tInmYjh e h]r!TsQmu2Q*O v u e O GVGVG*GVG*GVGVG*GWGVG*GVG*G j��

j"G Z Z e u2VlQ v OJVlO e S c Sju2h e hfp c0b ^Ls�k c S c Q c Sln G*GVGVG*GVG*GVGVG*GWGVG*GVG*G q5h
j"GYX bonmO[Qmu2Q*O v u e ORk b ^Ls�k c S c Q c Sfn G*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G qTZ

j"Gkj bonmO[Qmu2Q*O v u e ORk b ^Ls GVG*GVG*GVGVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G q �

q!G Z Z e O � c VlQ v Odhfp c w  TnS c J]OdQmu2Q*O v u e O TnSUYnrmtRSjrmYjO u e b ^Ls GVG*GWGVG*GVG*G q]\

q!GYX Z e O � c VlQ v Odhfp c VlOJVlh]Y ` tJh e�� u2tRS G*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G wih
q!Gkj Z Qmu2Q*O v u e O TnS civmv ORk p h]YoV ORV hfY ` tJh e�� u2tRS GVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G wih

^



q!Grq Z e O � c VlQ v Odhfp c YjO�J]umT SUORY�� v OdtRh e�� uvtRSyGWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G w/q
q!GYw d u2Q*O v u e O � uvSfn TnOJQ c Y c SUO t��[b VlOJVlh]YjuvODT c e k n c�v p YnO c k  � Yju SUO p hfYMSfnmO

YjO�J]umT SUOJY�� v OWG*GVGVGVGVGVG*GVG*GVGVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G w�w
q!G�� Z e O � c VlQ v Odhfp c k c S c n c�� c Yjk�GVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G w��
q!G � N S civmv Sjh0QmYjO N]O e SMk c S c n c�� c Ynk GVG*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G w \

q!G ^ bonmOdp h]Y � c Ynkmu e J SjOJtIn e u��ArmO Sjh c Nfh]u2k SlnmO[k c S c n c��Jc Yjk GVG*GWGVG*GVG*G ��h
q!G \ bonmO[u2VlQ c t S�p Yjh]V h e!vv` p h]Y � c Ynkmu e JXp hfY ^�h c k u e TnSjYjrmt SUuvh e T GWGVG*GVG*G �5X
q!G Z�h q�h]VXWmu e c Sju2h e h p9p h]Y � c Yjkmu e J cfe kuTnS civmv u e J SjhlQTYjO�NfO e Ssk c S c n c��Jc Yjk G*G �5X
q!G Z]Z ^�h c k u e T SUYnrmtRSju2h e p h vSv h � OJk W ` c T SUh]YnO[u e T SUYjrTtRSUuvh e G*GVGVG*GWGVG*GVG*G ��j
q!G Z�X,N S civmv Sjh0QmYjO N]O e SMtJh e SUYnh v n c��Jc Yjk=G*GVG*GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G �5w
q!G Z�j bonmOWTjQ*OJtRr v'c SjuSNfO O �POJtJrPSUu2h e p h]Y�SlnmO[tJh e SjYjh v n c�� c YnkeG*GVGVG*GWGVG*GVG*G ���

w G Z bonmOdSUuvV u e JXkmu c J]Y c V hfp c0e h e  Qmu2Q*O v u e ORk QmYjh tJO�TlTnh]Y[G*GVGVG*GWGVG*GVG*G � Z

w GYX bonmOWTnSjYjrmt SUrmYnO hfp c j  T S c JfOdQmu2Q*O v u e O GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G �/q
w Gkj bonmOdSUuvV u e JXkmu c J]Y c V hfp c j  T S c J]OdQTu2Q*O v u e O GVGVG*GVG*GVGVG*GWGVG*GVG*G �/q
w Grq bonmOWTnSjYjrmt SUrmYnO hfp c w  T S c JfOdQmu2Q*O v u e O GWGVG*GVGVG*GVG*GVGVG*GWGVG*GVG*G ���

w GYw bonmOdSUuvV u e JXkmu c J]Y c V hfp c w  T S c J]OdQTu2Q*O v u e O GVGVG*GVG*GVGVG*GWGVG*GVG*G ���

w G�� bonmO[kmu c J]Y c V hfp9SfnmOWTjuvV Q v ODT S�k c S c n c�� c Yjk�GVGVG*GVG*GVGVG*GWGVG*GVG*G � \

w G � \_Tnu e J ` s[`� ` sy`=p h]Y � c YjkTu e JXSjh YnODTjh v N]O[k c S c n c��Jc Yjk GVG*GWGVG*GVG*G � \
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tJh e t v r!Tjuvh e TXkmY c � e p Ynh]V SfnmO QTYjh/RnORtRS0QmYnODTjO e SUOJkDu e SfnmO SlnmODTnumTDG 
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TnS c J]O�TDG
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h]r"T vv` K]u e t v rTkmu e JsSfnmh5TnO � nmu2tIn c YjO e hfS c tRSjuSN]O�u e O�NfOJY ` t ` t v O�G bonTumTCt c r!TjO�T V cfe `
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c W*h�N]OiK c T ` e tInmYjh e h]r!TaT ` T SUOJV T>O � nmu2WTuvS c N]ORY c JfO  t c TjO Q*OJY p h]YjV cfe tROCW6ORt c r"TjO SfnmO `

t cfe TnO e TnO � nTO e c tRh]V QTrTS c Sju2h e n c TotJh]VlQ v O SUORkLG
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hfp SfnTOlkTODTjuSJ eKe OJORk!T*n c Yjk � c YnOlSjh Q*OJY p h]YjV�T ` e tInmYnh e umT c SUuvh e SUh � c u Sdp h]Ydk c S c

cfe k SjhlSjYjuSJ5J]OJY�hfSfnmORYoW v h tIHAT � nTO e uvS n c ToQmYnhPkTrmtJORk u SfT�k c S c G

) 4 � B�� � .-, ����� B #	� * � �-,&� bonmOlr!TjO hfp�O �TQ v u2tRuvS[tRh]V V r e u2t c SUuvh e TdW*ORS � OJO e W v h tIHAT
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tInmYnh e h]r"TUT ` TnSUORV;T�G
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t cfe W6O Sfnmh]r"J5n S c T W*hfSfn v h t c�vscfe k J v h]W c�v T `Pe tInmYjh e umT c SUu2h e G bonmO r!TnO hfp c

v hPt c�v T ` e tInTYjh e uST c Sju2h e V ORtIn cfe uSTjVuK�u G O�G=W6O S � ORO e c k/R c tJO e S Qmu2Q*OuTnS c J]ODTlu e�c

QmuvQ6O v u e O�K�uST � rTuvSUO Tnu2VlQ vv` YjOJQ v'c tROJkKW ` SlnmO n cfe k!T n c HAu e J u eKcfe�c T `Pe tInmYjh e h]r!T
kmO�TjuSJ e � � nmuvtIn � u vmv W*O kmODTntJYjuvW6ORk;u e SfnTOXp h vmv h � u e J TjOJt SUuvh e # G gsh � O�N]ORYDKaJ v h]W c�v
T `Pe tInmYjh e umT c SUu2h e umTsV h]YnO tRh]VlQ v uvt c SjOJk Sjh YjORQ v'c tJO�G 
 umJfrmYjO X GYX;Tlnmh � T c Vlh kmO v
hfp c TjuvV Q v OsQTu2Q*O v u e O � uvSln YjO�Tjr v S�p h]Y � c Ynkmu e J � � nTu2tIn � u vSv W6OMkmumTntJr!T TjOJk v2c SUORYau e

q n c QTSUORYVq # G t eKc T ` e tInmYnh e h]r"T T ` T SUOJVuK�SfnmO0Q*h5Tju SUuvh e T&hfp cfe u e TnSUYnrmtRSju2h e;c e k

u SfTXYnODTjr v S c YnO kmORSjOJYnV u e umT SUu2tiK Tjh Sln c S0u eHc Q c YnSju2tJr v'c Y*T ` TnSjOJV cfe u e TnSjYjrmt SUu2h e

uSTlTjrTOJk.u e SlnmO!QTYjO�N uvh]r!T t v h tIH t ` t v O � u vmv W*O c S[SfnmO h]rTSUQTrTS h p�SfnTO e O � SXW v hPtIH
u e SfnmO e O � S t v hPtIH t ` t v OiG bonTOJYjORW ` uvp[W v hPtIH�� � uSTlnmO�T!SUhFr!TnO SfnmO YjODTnr v S!hfp



���������	��
 � �'� 
�� �������1��
 � ��� ���A��������� j�h

A

C

B

Result-forwarding


 uSJ]rmYjO[X G X � Z Tnu2VlQ v OMQmu2Q*O v u e O
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t ` t v OiG t e cfe;c T `Pe tInmYjh e h]r!T[T ` T SUOJVuK�h e tRO c TnOJYjuvODT&h p u e T SUYjrTtRSUuvh e TsumTMQTrTSdu e Sjh

SlnmO W*ODJfu eme u e J;hfp c TjORtRSUuvh e h p&QmuvQ6O v u e O SfnmORYjO uST e h � c ` h pyH e h � u e J � nmOJYnO

O c tIn u e TnSUYnrmtRSju2h e � u vSv W6O c S cfe ` Sju2VlO v'c SjOJYDG b>h.W*O c W v O SUh�YjORr!TjO c YjO�Tjr v S
v2c SUORYXu e SlnmO Qmu2Q*O v u e O O �PQ v uvtJu S T ` e tInTYjh e uST c Sju2h e umT e OJORkmOJkLGDgih � O�NfOJY�K c�v � c ` T
W*OJu e J�T ` e tInmYjh e umTnOJk u e=cfe�c T `Pe tInmYjh e h]r!T
T ` T SUORV t c r!TnODT v hPtIHAT SUOJQ�h]Q*OJY c SUu2h e

� nmuvtIn v O c k!T�SUhXSfnTO QTu2Q*O v u e OMhfQ6ORY c Sju e J c S�SlnmOWTjQ*OJORk hfp>SfnTO[T v h � ODT SMW v hPtIH�G b>h

T `Pe tInmYjh e umTjO h e!v ` � nmO e SlnmO[YjODTnr v SouST e OJORkmOJk umT c W6O SjSjOJY Tjh v rTSUuvh e G
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bonmuST TnOJt SUu2h e O �TQ v'c u e TCS � hVn cfe k!Tln c H u e J V ORtIn cfe uSTjV T�7 
 rmYU\�� 9 � nmuvtIn;n c NfOsW*OJO e r!TnOJk
u e=c T ` e tInTYjh e hfr!T kmODTnumJ e TDG bonTODTjO c YjO SlnmO � 0 ��) �'�$# . B cfe k � ��� � ) �'�$# . B n cfe k!T n c HfOiG
� nmO e c TjO e kmORY cfe k c YjORtJOJuON]ORY�tJh]VlVXr e u2t c SUO�K e h V c SnSUORY � nmuvtIn
n cfe k!Tln c HfOdumT W*OJu e J
r!TnOJk,SUhHtRh e SUYnh v SlnmO � h � hfp[k c S c K�SfnmORYjO � u vmv W*O S � hFtRh e SUYnh v � uvYjODT�K�� B��-� B-.�� c e k
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g c e k!Tln c HfO�T&t cfe W6O r!TjORk h e SlnmOJuvYsh � e Sjh T `Pe tInmYjh e umTjO c Q c uvYohfp W v hPtIHATDG t e c S � h  

Q!n c TjO n cfe k!T n c HfO � nTO e SlnmO!k c S c uST YnO c k ` Sjh W*O TnO e S Sjh SfnmOlYjORtJORuSN]ORYDKCSlnmO TnO e kmORY

u e p h]YjV T SlnmO YjOJtROJuON]OJY Sln c S u Szn c T0k c S c SUh SUY cfe TnV u SXW ` u e NfOJYnSju e J SlnmO TnS c SUO hfpiSfnTO

YjO �ArmODT SdtJh e SjYjh v � u2YnO�G t e Tjh]VlO t ` t v O�TsSlnmO YnO �ArmO�TnSdO N]O e S � u vmv W*O c YjuSTju e JlSjY cfe TjuvSju2h e

cfe k u e Tnh]VlO u S � u vmv W6O c p c�vSv u e J SUY c e Tju SUu2h e GoZ e ` SUY c e Tju SUu2h e O N]O e SDK(OJu SfnmORYMYjuSTju e J hfY

p c�vSv u e J!K n c T�SfnmOVT c VlOdVlO cfe u e J0u e SfnTO S � h� Q"n c TjOVn cfe k!Tln c HfO�G bonmO YnOJtROJuSNfOJY c tJtROJQTSlT
SfnTOMk c S c cfe k!SfnmO e QmYnhPkmrTtJODT cfe O N]O e Soh e SfnmO c tIH e h � v OJk"J]OMtRh e SUYjh v � uvYjOsSjh u e kmu2t c SUO

Sfn c S SlnmO k c S c n c T W6ORO e c tRtJORQTSUORkLG 
 umJ]rTYjO X Gkq]Tlnmh � TXSfnTO!Wmr e k v ORkFk c S c u e SUORYnp c tRO
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d u2Q*O v u e u e J uST cfe uvV Q v OJVlO e S c SUuvh e SjOJtIn e u �ArmO Sfn c SXO �PQ v h]uvSlTXQ c Y c�vmv O v umTjV c V h e J SfnTO

u e TnSUYnrmtRSju2h e Tdu eKc TjO �ArmO e SUu civ u e TnSjYjrmt SUuvh e TnSUYnO c VuK cfe kKumTdr"TjOJkKSUh u2VlQmYnh�NfOXSfnmO0Q*OJY� 

p h]YnV cfe tJOihfp�QmYnhPtRODTlTnh]YlT�G t S�tJhfV O�Tap YjhfV SfnmOsh]W!TjORY N c Sju2h e Sfn c S�u e T SUYnrmtRSju2h e O �POJtRrTSUuvh e

t c e W*O*TnQ v u Ssu e SUh c0e rmVXW*OJYshfpCu e kmOJQ*O e kmO e S[T S c J]O�T � ��� � B&.�� # � B-.ohfY ��� � B/. B � 
 B�%'� . # K
c�vSv h � u e J c e rmVXW*OJY[hfp�u e T SUYnrmtRSju2h e TdSjh W*O0tJh e tJrmYnYjO e SDK3O c tIn.u eKc kmu �6OJYnO e SVTnS c J]O0hfp

O �PORtJrTSju2h e G

d u2Q*O v u e ORk QmYjh tJO�TlTju e JlumT�W*O e O � tJu c�v � nmO e c�vmv hfp>SfnmOdp h vSv h � u e J c YjOdSUYnrmO87 �dh5J]^TZ 9 �

) ` c tIn S c T H umToYnO v'c SUuSNfO v ` u e kmOJQ*O e kmO e Sshfp9SlnmO[QmYjO N u2h]r!Toh e O�G

) ` c tIn S c T H YjO �Armu2YnODT c QmQmYnh �PuvV c SjO v ` SlnmOWT c VlO[TjO � rTO e tROXhfp�TnS c J]ODT�G

) bonmh�TjOVTnS c J]ODT c YnOdt v h�TjO v ` YjO v'c SjOJkLG
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n c T3O c tInXS c TlH QmYjh tJOROJkzTnO �ArmO e Sju c�vSvv` c T T nmh � e u e 
 uSJ]rmYjO X G��"G � nTO e SfnTO � YlT SCS c TlH�K +WK
umT>kmh e O�K SlnmO e O � S3S c TlH�K �oK/T S c Y SfT�K cfe k*TjhMh e G t p O c tIn TnV c�vSv Rnh]W S c HfO�TCh e O r e u S3h pTSUuvV O

SUh � e umT nLK]SfnmO TjO �ArmO e SUu civ�c QmQmYnh c tIn S c H ODT�Z �&r e uvSlTChfp�SUuvV O p h]Y3SfnTO�p h]rmY9S c TlHAT u e SUhfS c�v G
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Program execution order
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(in instructions)


 umJ]rTYjO[j"Gkj � bonmO QmuvQ6O v u e OJk b ^Ls



� � � � ��� � �

� � � � � � � � � ��� � � � 	

bonmO v2c TnS S � h,tIn c QTSjOJYlT{T nmh � SfnmOHQ*h � ORY hfp QTu2Q*O v u e OJk O �POJtRrTSUuvh e G bonTumT tIn c QTSUORY

QmYnODTjO e SfT � n c S n c QmQ*O e TiSjhlQTu2Q*O v u e u e J � uvSln YnO c�v QTYjh5J]Y c V TDG


 uSJ]rmYjO]q!GvZ{T nmh � T nmh � tJh e TjORtJrTSjuSN]O;u e TnSjYjrmt SUu2h e T � hfr v k,h�N]ORY v2c Q u e SfnTumT QmuvQ6O v u e O�G
t p(O c tInlhfp%SlnmOoQmu2Q*O TnS c J]ODT � c TatRh]VlQ v O SUO v ` u e kmOJQ*O e kmO e S cfe k0SUh h5H cfe u2kTO e SUuvt c�v Sju2VlO�K
SfnTO e SfnmuST�kmu c JfY c V � h]r v k Tlnmh � O � c tRS vv` nmh � tJh e TnOJtRrTSUuON]O u e TnSjYjrmt SUuvh e T�tJhfV Q v ORSjO�G

gsh � O�NfOJYDK_Tju e tJO SlnmODTnO QmuvQ6OQTnS c J]ODT c YjO e h S tJhfV Q v ORSjO vv` u e kmORQ6O e kmO e SDKiSlnmOJYnO c YjO c

e rmVXW*OJYohfp3O�N]O e SfTDK2H e h � e c T ��� � B+* ��% B �$#�� #&��� .�hfY ��� � B+* ��% B � B � B�% � B�% ��� B-. K � nmuvtIn kmO  

tJO v ORY c SjO SlnmO*TnQ6OROJk hfp c QmuvQ6O v u e O � nmO e SfnmO e O � SMu e T SUYjrTtRSUuvh e t cfeme hfSMO �POJtJrPSUOXu e SfnTO

p h vSv h � u e Jlt v hPtIH t ` t v O�GWZ�n c�� c Ynk;u e c QmuvQ6O v u e O uSTMW c Tju2t c�vmv ` cfe;c TnQ6ORtRS[hfp uvSlTMkmO�TjuSJ e

h]Y r!TjO Sfn c S QmYjO N]O e SlT e O � k c S c p Ynh]V tJh e Sju e r c�vSvv` O e SjOJYju e J c S SfnmO V c �TuvVXrmV Q*h5T� 
TjuvW v O Y c SUO�G3g c��Jc Yjk VXr!T SCW*O�YjO�Tjh v N]ORkXSUhMtRYjO c SUO cie h]YnV c�v � h]YlHAu e J&QmuvQ6O v u e O T SUYnrmtRSjrmYjOiG

q ^



���������	��
 � �'� �������A�����/����� ��
�� � q]\

IF ID EXE WBMEM

IF ID EXE WBMEM

IF ID EXE WBMEM

IF ID EXE WBMEM

IF ID EXE WBMEM

Time

Instruction 1

Instruction 2

Instruction 3

Instruction 4

Instruction 5


 uSJ]rmYjO[q"GvZ � Z e O � c V Q v Odhfp c w  T S c J]OdQTu2Q*O v u e OyT SUYjrTtRSUrTYjO u e b ^Ls

bonmORYjO c YjO&SlnmYjORO t v'c T TjODTohfp9QmuvQ6O v u e Oyn c��Jc Yjk!T �

)�� �*� � ���*� � # * �$#�� #&��� . c YjumTnO p YjhfV YnODTnh]rmYjtRO0tJh e�� u2tRSlT � nmuvtIn hPtRtJrmY � nTO e SfnmO V c  

tInmu e O�t cfeme hfScTnrmQmQ*h]YnS c�vmv Q6h�TlTjuvW v O�tJh]VXWTu e c Sju2h e T3hfp�u e TnSjYjrmt SUu2h e TCu e tRh e tRrmYjYnO e S

h�N]ORY v2c QmQ*OJk O �POJtRrTSUuvh e G

) + �,#&� # �$#�� #&���0umT c TnuvSjr c SUuvh e u e � nmu2tInKSfnmO v2c SUORY u e TnSjYjrmt SUuvh e umTWTjrmQTQ6h5TnOJk.Sjh

r!TnOdSfnmO[YjO�Tjr v SfT�p YjhfV cfe O c Y v uvOJY�u e TnSjYjrmt SUu2h e T�u e uvSlT�t c�v tJr v2c SUuvh e G

) 	���%'�*��� * �$#�� #&��� c YjumTnODT(p Ynh]V7SlnmO V h kmu � t c Sju2h e hfpASfnmOcd q K@V c u e"vv` W ` WmY cfe tIn 	IRnrTV Q

u e TnSjYjrmt SUu2h e T cfe k hfSfnTOJY�u e TnSUYnrmtRSju2h e TDG

bonmO p h vmv h � u e J�kmuSTjtRr!TlTnu2h e h e YnODTnh v N u e JsQmuvQ6O v u e O n c��Jc Yjk"T c T TjrmVlODT9O c tIn Qmu2Q*O v u e O T S c JfO

S c HfODT cfe uvkmO e Sju2t civ Sju2VlO&SUh tJh]VlQ v O SUOiK*W c TjORk h e SlnmO �!N]O  TnS c J]O Qmu2Q*O v u e Odp h]Y b ^Ls c T
kmuSTjtJr"TlTjORk=u e SfnmO QmYnO�N u2h]r"T tIn c QTSjOJYDG � nmu v T SXSfnmuSTXV c@` W6O SjYjrmO p h]Y c T `Pe tInmYjh e h]r!T



���������	��
 � �'� �������A�����/����� ��
�� � wih

Pr
og

ra
m

 e
xe

cu
tio

n
or

de
r 

(i
n 

in
st

ru
ct

io
ns

)

IF ID EXE WBMEM

IF ID EXE WBMEM

Time

Instruction 1

Instruction 2

Instruction 3

Instruction 4

IF ID EXE WB

ID EXE WBMEMmemory

memory


 umJfrmYjO[q!GYX � Z e O � c V Q v Odhfp c VlOJVlh]Y ` tJh e�� u2t S

Time

MEM

MEM

MEM

IF ID EXE WBMEM������������������������������������������������������������
������������������������������������������������������������

STALL

Instruction 1

Instruction 2

Instruction 3

Instruction 4

IF ID EXE WB

IF ID EXE WB

IF ID EXE WB


 umJ]rmYnO[q!Gkj � Z�Qmu2Q*O v u e OyT S c�vSv ORk p h]Y�V ORV hfY ` tRh e�� uvtRS

u2VlQ v OJVlO e S c Sju2h e K%uvS[uST[r e!v uSHfO vv` Sjh W*O SUYnrmOlp hfY cfe.c T ` e tInmYnh e h]r!T T ` TnSjOJVuG gsh � O�NfOJY

SfnTOVJfO e ORY c�v�c Y J]rmVlO e SfToYnOJV c u e SjYjrmO � uvSln W6hfSln u2VlQ v ORV O e S c SUuvh e c QTQmYjh c tInmODT�G

� ��� � �"� ��	 �"��� � ��� ���>�
� ��.

� nmO e c V c tInmu e OsumTaQmu2Q*O v u e ORkLKAuvp.Tnh]V OMtJh]VXWTu e c Sju2h e hfp�u e TnSjYjrmt SUu2h e T�t cfeme hfS�W6OMQmYjh� 

tJO�TlTnOJk W*OJt c r!TjOXh p YjO�Tjh]rmYntJO tJh e�� u2tRSlTMW*ORS � OJO e u e T SUYjrTtRSUuvh e T � � nmuvtIn h tJtJrTY � nmO e O�NfOJY

Vlh]YjOdSfn cfe h e O QTu2Q*O v u e O[TnS c J]O � umT nmODTiSUhlr!TjO SfnmOVT c VlO YjODTnh]rmYntJO c SiSlnmOVT c VlOdSUu2VlO #

SfnTumT � u vSv J]O e OJY c SUO c TnSjYjrmt SUrmY c�v n c��Jc YjkLG



���������	��
 � �'� �������A�����/����� ��
�� � w Z

� ��� ��� � 
�� 	������ 	#��� ���	�

NPh]VlO Qmu2Q*O v u e ORk V c tInmu e ODTUn c N]O c Tln c YjOJk]Tju e J v O  VlOJVlh]Y ` Qmu2Q*O v u e Odp h]Yik c S c!cfe k u e  

TnSjYjrmt SUuvh e TDGuZ T c YjO�Tjr v S|K c V ORV hfY ` tJh e�� u2t SXt cfe h tJtJrTY � nmO e S � h T S c JfODT c SnSUORV QTS

SUh c tJtRODT T&SfnmO V ORV h]Y ` TjuvVXr v S cfe ORh]r!T v ` G 
 uSJ]rmYnO*q!GYX T nmh � T cfe O � c V Q v O hfp SfnmuSTiS ` Q*O

hfp9tJh e!� u2t S|GagsOJYnO c VlOJVlh]Y ` TnS c J]O � M]` M # e OROJk!TiSUh0W6O v h c kmORk � u Sfn k c S c p Ynh]V SfnTO

VlOJVlh]Y ` u e SlnmO � Y TnS u e TnSjYjrmt SUu2h e K � nmu v TnS c SCSlnmO T c V O�Sju2VlO cfe u e TnSjYjrmt SUuvh e p ORSjtIn T S c JfO

� t�
 #�u e SfnmOdp h]rTYnSfn u e TnSjYjrmt SUu2h e e OJOJk"TiSjh0p O SUtIn cfe u e T SUYjrTtRSUuvh e p Yjh]V V ORV hfY ` G

�p�(< $���, )*$&%�
 # ��� ��% 4
� ����� �}# %a0

� nmO e c TnO �ArmO e tJOshfp*u e T SUYjrTtRSUuvh e TCO e tJhfr e SUOJY T SfnmuST n c��Jc Yjk SfnTOoTju2VlQ v O�VlORSfnThPk p hfYCYjO  

Tjh v N u e Jdu S umTCSjhWTnS civmv h e O�hfp6SlnmOou e T SUYnrmtRSju2h e T r e Sju v SlnmO�YjO �Armu2YnOJklYjODTnh]rmYntJOiumT c N c u v2c W v O�G
ZgTnS c�vmv K.Tju e tJOluvS � h c SfT[SfnmYnh]r!J5n;SfnmOlQmuvQ6O v u e O S c HAu e JQTnQ c tRO WmrPS t c YjY ` u e J e h r"TjORp r v

� h]YlH�K(uSTMtJhfV Vlh e!v ` t c�vSv ORk c ��� � B+* ��% B��-����� * BihfYcRnr!T S��-����� * B G t S&t c r!TjO�T&SfnmO Qmu2Q*O v u e O

Q*OJYnp hfYjV cfe tJOoSUh kmODJfY c kmOip Yjh]V SlnmOMuvkmO civ Q*OJY p h]YjV cfe tROsW ` u e tJYjO c Tju e J[SfnmO&q d t 0 p Yjh]V

uvSlT�r!Tjr c�v u2kmO c�v N c�v rmOdhfpaZ5G 
 umJfrmYjOyq"GYj u vSv r!T SUY c SUO�T c Qmu2Q*O v u e OyT S c�vSv ORk p h]Y c TnSUYnrmtRSjrmY civ
n c��Jc Yjk u e SlnmO[t c TnO h p c VlOJVlh]Y ` tJh e�� u2tRSDG

�p�(< $���, )*$&%�
 # ��� ��% 4
�-� +��!���"��#}%a0 �p�(< $���,

Z e�c�v SUOJY e c SjuSN]O Tnh v rTSju2h e Sjh SlnmumTWTnSjYjrmt SUrmY c�v n c��Jc Yjk � hfr v kKW6O0SUhuTjORQ c Y c SUOlV ORV hfY `

c tRtJODT TXp h]Y u e T SUYjrTtRSUuvh e T cfe kHk c S c KCORuvSlnmOJY W ` TjQ v uvSnSUu e J SfnmO t c tInmO u e SUh]TnOJQ c Y c SjO u e  

TnSjYjrmt SUuvh e0cfe k k c S c t c tInmODT�KPh]Y9W ` r!Tju e J c TnORS hfp*Wmr �6OJY TDKAJ]O e OJY c�vmv ` t c�vmv OJk ��% .��*� � ���*�(��%

4� FGQ�E�� 
�� 7:93HJI�
 KL9 � E KLPRQCI



���������	��
 � �'� �������A�����/����� ��
�� � w�X

�-���;B��-. K�SUhQnmh v k�u e TnSjYjrmt SUu2h e TDG
bonTO!r!TnO!hfp TjQ v uvS t c tInTODTXO v u2Vlu emc SUO�TMSfnmO tJh e!� u2t S p h]Y

c Tju e J v O V ORV hfY ` Sfn c S � h]r v k c YnumTjO W*ORS � OJO e SlnmO u e TnSUYnrmtRSju2h e p O SUtIn � t�
 # cfe kFk c S c

VlOJVlh]Y ` c tJtRODTlT � MQ` M # G

� ��� ��� � 
'(#��� � 
'������� 
 � 	#��� ���	�

bonmOKYjO�J]umT SUOJY � v O;umT r!TnOJk u e S � h TnS c J]ODT � p h]Y YjO c kmu e J u e SlnmO;u e T SUYnrmtRSju2h e kmORtJh kmO

TnS c J]O � t b # cfe k p h]Y � Yju SUu e J!u e SfnmO � YjuvSjO  W c tIHuTnS c J]O
� � _ # G � nmO e tJh e Tju2kTOJYju e J SfnTO

�!NfO  T S c JfO&Qmu2Q*O v u e O�p h]Y b ^Ls p Ynh]V SfnmOMQmYjO NPuvh]r!TatIn c QTSjOJYDKPSfnmOip h vmv h � u e J[h]W!TnOJY N c Sju2h e T
YjO�J c Ynkmu e J YnODJ]uSTnSjOJY � v OdYnO c k cfe k � YnuvSUOWT nmh]r v k W*O e hfSjOJk �

) xoO c k � bonmO b ^Ls u e SUODJfOJYCQmuvQ6O v u e O civ � c@` TCkThPO�T YjODJfumTnSjOJY>p ORSUtInTODT u e SlnmO�u e TnSjYjrmt  

Sju2h e kmORtJh kmOVTnS c J]O�G

) ��Yju SUO � bonmO b ^Ls u e SUO�J]OJY QTu2Q*O v u e O kThPO�T YjO�J]umT SUOJY � YnuvSjO u e SlnmO � Yju SUO  W c tIH
T S c J]OiG

) bonmO � YnuvSjO  W c tIH T S c J]OdtRh]VlODT�p rmY SfnmORY�kmh � e SlnmOdQmuvQ6O v u e OsSfn cfe SfnmOdu e TnSjYjrmt SUu2h e

kmORtJh kmOWTnS c J]O�G

ZMtRtJh]Ynkmu e J vv` e OJu SfnmORY�S � h � Yju SUO�T e h]Y�S � h0YnO c k!Tot cfe h tJtRrmYoTjuvVXr v S cfe ORh]r!T vv` GCgsO e tJO c

YjO�J]umT SUORY � v OMtJh e�� u2tRSot cfe h e!v ` c YjumTnOMp YjhfV SfnTO e OJORk p hfY�h e Odu e TnSjYjrmt SUu2h e SUh � Yju SUO c e k

cfe h SfnmORYiu e TnSjYjrmt SUuvh e SUhlYjO c k c SoSfnmOWT c V O&Sju2VlO�G


 h]Y�O � c V Q v O�K � nmu v TnS�u e SfnmOdu e TnSjYjrmt SUu2h e kmOJtRhPkTOVT S c JfO � t b # K SfnmOdQTYjh tJODT Tjh]Y e h]YjV c�vmv `
e OROJk!TiSUh!YnO c k SfnTO YjO �Armu2YnOJk k c S c p Yjh]V SlnmO YjODJfumTnSjOJY � v O�G Z�SiSfnmOVT c V O[SUuvV O&SlnmOJYnO umT



���������	��
 � �'� �������A�����/����� ��
�� � wij

cfe h SfnmORYyTnS c J]O�K(SlnmO � YnuvSUO  W c tIH]TnS c J]O � � _ # c TyT nmh � e u e�
 uSJ]rmYjO*q!Grq!K � nmuvtIn � uSTlnmO�T
SUh � Yju SUO c YnODTjr v SsW c tIH SUh0SfnmO YjO�J]umT SUORY � v O�G t e SfnmuSTit c TjO SfnmOVT ` T SUOJV umTUT c u2k SUh n c NfO

c TnSjYjrmt SUrmY c�v n c�� c Yjk c T � O vmv G

�
� 0&#}� � � � � # � � )*$&%�
 #}��� �!% 4
� ����� �

t e c Tju2Vlu v2c Y � c ` Sjh TnS c�vmv u e Jdp h]Y c VlOJVlh]Y ` tJh e�� u2tRSDK SlnmumT n c��Jc Yjk!t cfe W*OMYnOJVlh�N]OJk!W `

TnS c�vmv u e J!h e O0hfp�SlnmO0u e T SUYnrmtRSju2h e TdSln c S QmYjh kmrmtRODT[SfnmO0tRh e�� uvtRS u e SfnTOlQTu2Q*O v u e O�K � nTO e

SfnTO YnODJ]uSTnSjOJY c tRtJODT TMh tJtRrmYlT�K r e SUu v SfnmO[YjO�Tjh]rTYjtJO umT�p YnOJOiG

�
� 0&#}� � � � � # � � )*$&%�
 #}��� �!% 4 � �!� @��
� � 4
�
: �/# � �

bonmORYjO&uST c e hfSfnTOJY Tnu2VlQ v OouvV Q v OJVlO e S c SUu2h e SUOJtIn e u �ArmO&r"TjOJk Sjh c N]hfu2k!YnODJ]uSTnSjOJY � v OitJh e  

� uvtRSfT�GobonmumToSUORtIn e u�� rTO umToSUhlQ*OJYnp hfYjV SfnTO YjO�J]umT SUORY � v O � YjuvSjODTiu e SfnmO � YlT S n c�v p3hfpCSfnTO

t ` t v O cfe k SlnmOdYjO�J]umT SUOJY � v O&YnO c k"T�u e SfnTO[TjOJtRh e kun c�v p G bonmO e k c S c n c��Jc Yjk!T�t c r!TnOJk W `

YjO�J]umT SUORYstRh e�� uvtRS � u vSv W6O O v u2Vlu e c SjOJk�Tnu e tRO SlnmO S � h
HAu e k!Tsh p c tRtJODT TDK6YjO c k cfe k � Yju SUO�K
kmh e hfSih tJtRrmY c S�SfnmOWT c V O&Sju2VlO�G


 uSJ]rmYjOUq!GYw*TlnTh � TaSfnmO&h�NfOJY v2c Q c Vlh e J SfnmOMQ c YnSlT�hfp%SfnmO&k c S c Q c SfnLG NPu e tROMSfnTOMYjO�J]umT SUORY
� v O umTXr"TjOJk c T c Tnh]rmYntJO u e SlnmO t b TnS c J]O cfe k c T c kmODT SUu emc SUuvh e u e SlnmO � _ TnS c J]O�K
uvS c QmQ*O c YlT S � uvtJOiG]bonmuST ��J]rTYjO T nmh � TXSfn c S u S uST YjO c kHu e h e O;TnS c J]O c e k � Yju SjSjO e u e

cfe h SfnmORYiW ` r"Tju e J c Tjh v u2k v u e OiKTh e SfnTO v ORp Soh]Y�YnumJ5n SDKmYjO�TjQ*OJtRSjuSNfO vv` K cfe k c k c TlnmORk v u e O

h e SfnmO hfSfnmORY Tnu2kmOiG]M OJVlh]Y ` umTVTjQ v uvS u e Sjh u e TnSjYjrmt SUu2h e VlOJVlh]Y ` � t M]` M # cfe k.k c S c

VlOJVlh]Y ` � b M]` M # G



���������	��
 � �'� �������A�����/����� ��
�� � w/q

IF ID EXE WBMEM

IF ID EXE WBMEM

Time

Instruction 1

Instruction 2

Instruction 3

Instruction 4

IF ID EXE

EXE WBMEMIF

Reg

Reg

MEM


 umJ]rTYjO[q!Grq � Z e O � c VlQ v Odhfp c YnODJ]uSTnSUORY � v OdtRh e�� uvtRS

t e J]O e ORY c�v K�SfnmO0tInmh]uvtJO0hfp SfnmO Tnh v rTSju2h e r"TjOJkKSUh YjO�Tjh v N]O c T SUYnrmtRSjrmY c�v n c�� c Ynk � h]r v k
kmORQ6O e k�h e nmh � hfp SjO e SfnTOlYnODTnh]rmYjtRO0t v'c Tln umT v umH O v ` Sjh hPtRtJrmY�K cfe k � n c SdSlnmO tJh5T S[hfp

r!Tnu e J0O c tIn]Tjh v rTSju2h e � h]r v k W*O�G

� �! � �!�"� � � � �$� ��.

bonmuSTyn c��Jc Yjk c YnumTnODTMp Ynh]V k c S c kmOJQ*O e kTO e tRu2ODT � nmuvtIn c YjO SfnmOXVlh5T S&tJhfV Vlh e S ` Q*OXhfp

kmORQ6O e kmO e tJu2O�TDG t Sih tJtRrmYlT � nmO e cfe u e T SUYjrTtRSUuvh e kmOJQ*O e k"Tsh e SfnTO YnODTjr v Sihfp c QmYnO�N u2h]r"T
u e TnSUYnrmtRSju2h e u e c � c ` Sfn c S uST O �PQ6h�TjOJk W ` SfnmOoh�N]ORY v'c Q hfp6u e TnSUYnrmtRSju2h e T u e SfnmOoQmuvQ6O v u e O�G
t S umT SfnTOiV c u e YnO c Tnh e Sfn c S nmuSJ5n! Q6ORYnp h]YnV cfe tJO�QmuvQ6O v u e ODT c YnO n c YjklSUh[kmO�TjumJ e G q�h]YnYjOJt S

h]Q*OJY c SUuvh e u eHc Qmu2Q*O v u e ORkHQmYjh tJO�TlTnh]Y YjO � rTu2YjO�TXSfn c S k c S c n c�� c Yjk!T W*ORS � OJO e u e TnSjYjrmt  

SUuvh e T c YnOdYjO�Tjh v N]OJk-G

bonmO�TjO�n c��Jc Yjk"T V c@` W*O t v2c TlTnu�� ORkHu e Sjh p h]rmY S ` Q6O�T c tJtRh]YjkTu e J Sjh SlnmO h]YnkmOJY hfpoYjO c k



���������	��
 � �'� �������A�����/����� ��
�� � w�w

IMEM REG

A
L

U

DMEM REG

IMEM REG

A
L

U

DMEM REG

IMEM REG

A
L

U

DMEM REG

IMEM REG

A
L

U

DMEM REG

clock cycle 1 clock cycle 2 clock cycle 3 clock cycle 4 clock cycle 5 clock cycle 6 clock cycle 7 clock cycle 8

Time 

Instruction 1

Instruction 2

Instruction 3

Instruction 4

Pr
og

ra
m

 e
xe

cu
tio

n 
or

de
r


 uSJ]rmYjOuq!GYw � d u2Q*O v u e O � uvSln TjORQ c Y c SUO t��[b VlOJVlh]YjuvODT cfe k n civ pdYnO c k! � Yju SUO p hfY SfnTO
YjO�J]umT SUORY�� v O

cfe k � Yju SUO c tRtJO�TlTjO�TMu e SlnmO[u e T SUYnrmtRSju2h e T�G

� ������� � � � � �!
 � $�� � � ��
'��� �!
 � $���� 
	� 
���$&
���� �


 h]Y c xUZ x n c�� c YjkLK Tju e tJO SfnmORYjO umT e hKV h kmu��mt c Sju2h e h p cfe ` h]W(RnORtRS cfe kDYjO c k!T c�vmv
n c QTQ6O e u e SfnmO�T c VlO
TnS c J]O u e c b ^Ls QTu2Q*O v u e O�K9SfnmO ` VXr!T S hPtRtJrmY u e SfnmO hfYjkmORYXhfp

u e TnSUYnrmtRSju2h e O �POJtRrTSUuvh e T�K]SfnAr!T3SlnmOJYnO c YjO e h[n c��Jc Yjk"T3hfp SlnmumT>S ` Q*O�u e SfnTO b ^Ls QmuvQ6O v u e O�G

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

��� 
	� 
���$&
���� �

Z �{Z � n c�� c Ynk=O �PuSTnSfT � nmO e W*hfSln=u e TnSUYnrmtRSju2h e T � c e k��
��� c TlTnrmVlOJk=Sjh v h5Jfu2t civmvv`
p h vSv h � � # c SnSUOJVlQTS&Sjh rmQ6k c SUOXSlnmOzT c VlO YjO�J]umT SUORY&h]YdVlOJVlh]Y `uv h t c SUu2h e K%WmrPS � �kT � h]YlH
t c e � e uSTln c p SUOJY�� �rTDG bonmOsYjODTnr v S�umT Sfn c S c p SjOJY W6h Sfn!u e TnSjYjrmt SUuvh e T n c N]O&tRh]V Q v ORSjOJkLKASfnTO



���������	��
 � �'� �������A�����/����� ��
�� � w��

h]W(RnORtRS V c ` W6O v O p S � uvSln cfe u e SUORYjVlOJkmu c SUO N c�v rmO � p Ynh]V � # c e k e hfS SfnmO � e c�v N c�v rmO

� p Ynh]V � # G


 h]YnSjr e c SjO v ` K Tju e tJO SfnmO b ^Ls�u e SUODJfOJYlQmu2Q*O v u e O � YnuvSjODTlYjODJfumTnSjOJY T u e SlnmOuT c VlOQT S c JfO

� � _ # cfe k,kmh ODT SfnmO VlOJVlh]Y ` T SUh]YnODT h e!v ` u e SlnmO V ORV hfY ` TnS c J]O �}M]` M # K�� Z �
n c��Jc Yjk"TikTh e h SohPtRtJrmY�G

� ������� 
 � � � � � � � 
�� � � ��
'��� �!
 � $���� 
	� 
���$&
���� �

Z �{Zyxen c�� c Ynk O �PumT SfT � nmO e u e T SUYjrTtRSUuvh e � � v h5Jfu2t civmvv` p h vmv h � u e J � # � umT nmODT�SUhlVlhPkmu p `

TjhfV O h]W(RnOJt S&Sfn c S&uSTsYnO c k W ` � G t p �oVlhPkTu�� O�TiSlnmOXh]W(RnORtRSdW*ORp hfYjO �.n c T c tRtJO�TlTjORk;uvS|K �

� u vSv J]O S�SfnmO � Ynh e JzN c�v rTO�K c�v Sfnmhfr!J5n e h � SfnmO[N c�v rTO&umT�SjhPh e O � Y c SfnmORY�Sfn c e SjhPh h v kLG

ZMtRtJh]Ynkmu e J[SjhdSfnmO b ^Ls u e SjODJ]ORY Qmu2Q*O v u e OiK]YjO�J]umT SUOJY YnO c k"T hPtRtJrmYnYju e J u e SfnmOou e TnSjYjrmt SUu2h e

kmORtJh kmO_T S c JfO�� t b # c YjO c�v � c ` T W*ORp h]YnOiYnODJ]uSTnSjOJY � YjuvSjODT u e SfnTO � YnuvSUO  W c tIHzTnS c J]O�� � _ # K
SfnAr!T�SlnmOJYnO uST e h0QmYjh]W v OJV � uvSfn �{Z xen c��Jc Yjk!ToORuvSfnTOJYDG

� ����� � � � 
 � �!
 � $�� � � ��
'��� � � � � 

��� 
	� 
���$&
���� �

bonmuST n c��Jc Yjk h tJtRrmYlT � nmO e cfe u e TnSjYjrmt SUuvh e e OROJk!T�SjhXYjO c k c YnODJ]uSTnSUORY�WmrTSaSfnmOMYjODTnr v S�hfp

cfe O c Y v uvOJY�u e TnSjYjrmt SUuvh e n c T e hfS ` ORSiW6ORO e � YjuvSnSUO e W c tIH�G bonTOJYjO p h]YjO[Sfn c SoYjO�J]umT SUOJY � u vmv
tJh e S c u e SlnmO � Yjh e J N c�v rTO�G bonmuST�umT�SfnTO Vlh5T SotJh]VlV h e S ` Q*O[hfp n c�� c YnkLG

q�h e Tnu2kmORYdSfnmO p h vSv h � u e J;TjO � rTO e tRO hfpau e T SUYjrTtRSUuvh e T � u Sfn Tjh]VlO kmORQ6O e kmO e tJu2O�TDK�Tlnmh � e



���������	��
 � �'� �������A�����/����� ��
�� � w��

IF ID MEM WB

E
X

E

CC1 CC2 CC3 CC4 CC5 CC6 CC7

IF ID MEM WB

E
X

E

IF ID MEM

E
X

E

IF ID

E
X

E

Time (in clock cycles)

IF ID MEM WB

E
X

E

Pr
og

ra
m

 e
xe

cu
tio

n 
or

de
r

(i
n 

in
st

ru
ct

io
ns

)


 uSJ]rmYnO[q!G � � Z e O � c VlQ v Odhfp c k c S c n c�� c Ynk

u e W v hPtIHAT �

� � � �(�
�
���

�
���

� � � � �
�
���

�
�(�

� � ���
�

�(�
�
���

	 � � ��

�

�(�
�
���


 � � � � �
�

�(�
�
���

bonmO v'c TnS�p h]rmY�u e TnSjYjrmt SUuvh e T c YnO civmv kTOJQ*O e kmO e SMh e SfnTO YnODTnr v Sou e YnODJ]uSTnSjOJY �(� p Ynh]V SfnTO

� Y TnSXu e TnSjYjrmt SUuvh e G 
 umJ]rTYjO q!G �uTlnmh � T SlnmO k c S c n c�� c Ynk c YnumTju e J p Yjh]V SfnTO!r!TnO hfp�SfnTO

YjO�Tjr v S hfp SlnmO�� YlT S u e T SUYnrmtRSju2h e u e SfnTO e O � S SfnTYjOJO�u e T SUYjrTtRSUuvh e T�K5Tju e tJO�YnODJ]uSTnSUORY �(� uST e h S

� Yju SjSjO e r e SUu v SfnTO � YnuvSjO  W c tIH!QmuvQ6O[T S c JfO c S�SfnTO O e k hfp9t v h tIH!t ` t v OVw(K � nmu2tIn umT c p SUORY



���������	��
 � �'� �������A�����/����� ��
�� � w ^

SfnTh5TjO u e TnSjYjrmt SUu2h e T YnO c k uvSDG{bonmO � � � u e TnSUYnrmtRSju2h e YjO c k!TXSfnmO YnODJ]uSTnSjOJYXkmrTYju e J t v hPtIH
t ` t v O*j"GiNPu2Vlu v2c Y v ` SfnmO � � u e TnSjYjrmt SUuvh e SjYjuvODT�SUh YjO c k SfnTO YnODJ]uSTnSUORYskTrmYju e J t v h tIH t ` t v O
q!G \ e!v O�TlT�QTYjOJt c rTSju2h e T c YjOiS c H O e K Sfnmh�TjOMS � hXu e TnSUYnrmtRSju2h e T � u vSv YjO c k!SfnTO � Yjh e J N c�v rmO

cfe k.r!TjO uvS|G _a` r!Tnu e J SfnmOlSUOJtIn e u �ArmO!Sln c S TjQ v uvSfT YjO c k!T cfe k � YnuvSUO�T Sjh SfnTO!YjO�J]umT SUORY
� v O u e Sjh kTu �6OJYjO e S n civ N]O�T hfp�SfnmOlt ` t v O�K3SlnmO 	 � � cfe k 
 � � u e TnSjYjrmt SUu2h e T t cfe hfQ6ORY c SjO

� uvSlnmh]rTSiu e tJrmYnYju e J cfe ` k c S c n c�� c YnkLG bonTO �mp Sln u e TnSjYjrmt SUu2h e n c T e h;n c�� c Ynk]Tnu e tRO �(�
umT civ YjO c k ` � Yju SjSUO e W c tIH u e SlnmO0QmYjO N u2h]r!TWT S c J]OiK Rnr!TnS W*ORp h]YnOXSfnmO p h]rTYnSfn;u e TnSjYjrmt SUu2h e

YjO c k!T�Sfn c Sok c S c G

� ������� � � � ���

bonmO V h5T SUTnSUY c umJ�nASnp h]Y � c Ynk c QmQTYjh c tIn SUh;Tjh v N]O k c S c n c��Jc Yjk"TMu e n c Ynk � c YjO umT�SUh QmYjO  

N]O e S c e O � u e T SUYjrTtRSUuvh e uSTlTjrTO � � nmO e�c n c�� c Ynk c YjuSTjODT # KCSlnmYjh]r"J5nHSfnmO r"TjO hfpUTnS c�vmv TDK
r e SUu v SfnmO YjO�Tjr v SfTohfp9SfnmO QmYjO N u2h]r!Tou e TnSjYjrmt SUu2h e T n c N]O W*OJO e � YnuvSjSjO e W c tIH�G bonTumTUn c T c

tJh e TjO � rTO e SUu c�v Q6ORYnp h]YnV cfe tJO kmO�J]Y c k c SUuvh e G 
 uSJ]rmYnO q!G ��T nmh � T SlnmO TnS c�vmv u e J c QmQmYjh c tIn
SUh0YnODTjh v N u e J c k c S c n c�� c YjkLG

� ������� � 
'(#��� � 
'��� 	 � � � ��(

bonmORYjO uST c QmYnhPtRODT TXSUOJYnV ORk * � �-,���% � 7 d b 
�� \�X 9}K � nmuvtInFV c ` W*O r!TjORkFSUh V c HfO;TjrmYnO

Sfn c S cQv h t c SUu2h e � uvSfn c Q6O e kmu e J VlhPkmu � t c SUu2h e t cfeme hfS W6O c tJtRODT TjOJkFr e Sju v SlnmO � YnuvSjO

h]Q*OJY c SUuvh e n c T tRh]VlQ v O SUOJk-G�bonmO T S c�vSv p YnO �ArmO e t ` t c e W6O�YnOJkmrmtROJk � uvSlnXSfnmO c kmkmuvSju2h e hfp

c;v hPtIH Sjh!O c tIn YjO�J]umT SUOJYUTjh Sfn c SiSfnTO QmuvQ6O v u e O h e!vv` T S c�vSv Touvp cfe u e TnSUYnrmtRSju2h e c SnSUOJVlQTSlT
SUh YnO c k c v hPtIH OJk YjO�J]umT SUOJY�G=ZstJtJhfYjkmu e J SUh 
 uSJ]rmYjO;q!G � K SfnmuST TnS c�vmv � u vmv n c QTQ6O e h e"vv`



���������	��
 � �'� �������A�����/����� ��
�� � w \

IF ID MEM WB

E
X

E

CC1 CC2 CC3 CC4 CC5 CC6 CC7

IF

Time (in clock cycles)

STALL

ID MEM

E
X

E

IF ID

IF ID

E
X

E

Pr
og

ra
m

 e
xe

cu
tio

n 
or

de
r

(i
n 

in
st

ru
ct

io
ns

)


 umJ]rmYnO[q!G � � N S civmv SjhlQTYjO�NfO e Ssk c S c n c�� c Ynk

� nmO e SfnTOVTnOJtRh e k u e T SUYjrTtRSUuvh e YjO � rTu2YjO�TiSlnmO[YjO�Tjr v S�p Yjh]V SfnmO � Y TnSiu e T SUYnrmtRSju2h e G

� ����� � ��	 ��� � �!$/� ��(

t e T SUO c k h paTnS civmv u e J u e T SUYjrTtRSUuvh e T � c u SUu e J p h]Y SfnmO&YnODTnr v S�SjhXW*O � Yju SjSUO e W c tIHlp Yjh]V SfnTO

� Yju SUO  W c tIH T S c J]O � � _ # K � nmu2tIn S c HfO�TsSju2VlO�K SfnmORYjO umT c SUORtIn e u�� rTOXt c�vSv ORk � ��� 0 #&���&��% �

h]Y � ���$# .-.���% � � nmu2tIn r!TnODToSUOJVlQ*h]Y c Y ` YnODTnr v SlTDGcZ T�u vmv r"TnSUY c SUORk u e

 uSJ]rmYnOyq!G ^"KPp h]YoZ ^a\
u e TnSUYnrmtRSju2h e ToSlnmO[YjO�Tjr v Sip Ynh]V SlnmO �mYlTnSiu e TnSjYjrmt SUu2h e uST N civ u2k c SiSlnmO O e k hfp9SlnmO O �POJtRr! 

SUuvh e T S c J]O � ` s[` # � nmu v TnS�SlnmO[TjORtJh e k u e TnSjYjrmt SUu2h e e OJORk!T�SfnmOdk c S c u e Sfn c S�YjODJfumTnSjOJY�u e

uvSlTsO �POJtJrPSUu2h e TnS c J]O � ` sy` # G 
 h]Y � c Yjkmu e J SlnmO SUORV Q*h]Y c Y ` YnODTjr v S&tRh]r v k W6O kmh e O*nmOJYnO

p YjhfV SfnmOaO e kXh pmSfnmO O �PORtJrTSju2h e T S c JfO �}` sy` #�u e SfnmO � YlT SCu e TnSjYjrmt SUu2h e SUhiSfnmO W*ODJ]u eme u e J
hfp SfnmOlO �PORtJrTSju2h e TnS c J]O��}` s[` #du e SfnTO TnOJtRh e kHu e TnSjYjrmt SUu2h e GlNPu2Vlu v2c Y v ` p h]Y&SfnTOlSlnmu2Ynk



���������	��
 � �'� �������A�����/����� ��
�� � ��h

IF ID MEM WB

E
X

E

IF ID MEM WB

E
X

E

MEM

E
X

E

IF ID

Time (in clock cycles)

CC1 CC2 CC3 CC4 CC5 CC6 CC7

IF ID MEM WB

E
X

E

Pr
og

ra
m

 e
xe

cu
tio

n 
or

de
r

(i
n 

in
st

ru
ct

io
ns

)


 umJfrmYjOyq"G ^ � bonTO p h]Y � c Yjkmu e JXSUORtIn e u �ArmO[SUh c N]h]uvk SfnmO[k c S c n c�� c Yjk

u e TnSUYnrmtRSju2h e K � nmu2tIn c�v TjhdYjO �Armu2YnODTCSfnTOiYnODTnr v S p Ynh]V SlnmO � YlT S h e OiK]SfnmO�SUORV Q*h]Y c Y ` YjO�Tjr v S
t c e W6O&p h]Y � c YjkmORk p Ynh]V SfnmO&VlOJVlh]Y ` T S c J]O � M]` M #aSjh � nmOJYnO u S�uST�YjO c�vmv ` e OJOJkTOJkLK u e

SfnTO O �TORtJrTSju2h e TnS c J]O��}` s[` # G3N u e tROlSlnmO0YjODJfumTnSjOJY YjO c k c e k � YnuvSjO c YjO TjQ v uvS[u e Sjh S � h

n c�v N]O�TDKCu e SfnmOlp h]rmY SfnHu e TnSjYjrmt SUu2h e SfnTOJYjO!umT e h n c��Jc Yjk c T SlnmO YjO�Tjr v S p Ynh]V SfnmO � YlT S
u e TnSUYnrmtRSju2h e umT � YnuvSjSjO e u e SfnmO � YlT Scn c�v p�h p SfnmO�t v h tIH t ` t v O c e kXSfnmO�u e TnSjYjrmt SUuvh e kmORtJh kmO

TnS c J]O � t b #3u e SfnmOop h]rmY Sfn0u e T SUYnrmtRSju2h e YjO c k!T SfnmOoYnO �Armu2YnOJk YjODJfumTnSjOJY T u e SfnmO TjORtJh e k n c�v p
hfp>Sfn c S T c VlO[t v h tIH!t ` t v O 7 � �[\ � 9 G

\ e p h]YnSjr e c SjO vv` K e h S civmv k c S c n c�� c Ynk!Tlt cfe W6Oun cfe k v OJk Rnr!T S!W ` p h]Y � c Ynkmu e J"G q�h e  

TjuvkmOJY SlnmO p h vmv h � u e J TnO �ArmO e tJO h p&u e TnSUYnrmtRSju2h e T � uvSfn TjhfV O kmORQ6O e kmO e tJuvODTDKoT nmh � e u e

W v hPtIHAT �

��� �(�
�
� � � � �



���������	��
 � �'� �������A�����/����� ��
�� � �PZ

� � � ���
�

�(�
�
���

	 � � ���
�
� �

�
�(�

� � � ���
�

�(�
�
��


bonmO QmuvQ6O v u e O k c S c Q c Sfn � u Sfn p h]Y � c Ynkmu e J!p h]YMSlnmumT&O � c V Q v OXuST TlnTh � e u e 
 umJ]rTYjO q"G \"G
NPu e tJO v h c k.u e T SUYjrTtRSUuvh e T QmYjh�N u2kmOlSfnmO!YjODTnr v S c p SUORY SfnTO!VlOJVlh]Y ` TnS c J]O �}M]` M # K>p h]Y" 

� c Yjkmu e J SlnmO!YnODTjr v SXW c tIH � c Ynk u e Sju2VlOlSjh SlnmO O c Y v uvOJY[t v hPtIH;t ` t v O c T TlnTh � e u e SfnTO

��J]rTYjO umTduvV Q*h5T Tju2W v O�GWbonmO0k c S c n c��Jc Yjk;u e SfnmuSTdt c TnOlt cfeme h S[W6O O v u2Vlu emc SUORk W ` Rnr!T S
TjuvV Q v O�p h]Y � c Ynkmu e J c T r!TnOJk u e SlnmOMQmYnO�N u2hfr!TaO � c V Q v O�G N S c�vSv u e J&p h]Y c S v O c TnSah e Oit v hPtIH
t ` t v OdumT e OJOJkTOJk SUh V c HfO&SlnmO � � � u e T SUYjrTtRSUuvh e � c uvS�r e Sju v SlnmOdYjO�Tjr v S�p Yjh]V ��� umT N civ u2k

� nmuvtInluST c S3SfnmO�O e k hfp�SfnmO�p hfrmYnSln t v h tIH t ` t v O�G 
 uSJ]rmYnO q!G Z�hMu vmv r"TnSUY c SUO�T nmh � SUh[n cfe k v O
k c S c n c�� c Yjk!Tot c r!TjORk W ` v h c k u e T SUYjrTtRSUuvh e T�G

NPu e tJOuTnSjh]YjO k c S c umT e OROJkmORk,h e!v ` u e SfnmO V ORV hfY ` T S c J]O � MQ` M # K uvSlumT e hfS e ORtJODT� 
T c Y ` SUh J]O SXSfnTO YjO � rTu2YjORkFYjO�J]umT SUOJY k c S c W6O p h]YjOlSfn c S TnS c J]O�G giO e tRO u e SlnmumT t c TnO�K uvS

umToVlh]YjOWT SUY c umJ5n Sjp hfY � c Yjk Sfn c e c0e h]YjV c�v Z ^9\�u e TnSUYnrmtRSju2h e G 
 uSJ]rmYnOVq"GvZ]ZVTlnTh � TiSfn c S

c TnSjh]YjO u e TnSjYjrmt SUu2h e O �POJtJrPSUOJk c p SUORY&SfnmO v h c k u e TnSjYjrmt SUu2h e t cfe QmYjh tJOROJk � uvSlnmh]rTS c eA`

TnS c�vmv uvp�SfnmO c QTQmYjh]QTYju c SUO&p h]Y � c Ynkmu e JlQ c Sfn umT c N c u v'c W v O�G

t e T ` e tInmYnh e h]r"T T ` T SUOJV TDK O c tInuTnS c J]O � hfYlHAT_T ` e tInmYjh e h]r!T vv` GagsO e tJO[u S�umT�QmYnOJkmuvtRS c W v O
nmh � V cfe ` u e TnSjYjrmt SUuvh e T � u vmv W*O c �%ORtRSUORkXu e c k c S c n c�� c YnkLG � u SfnmhfrTS T ` e tInmYjh e umT c SUuvh e

nmh � O�N]ORYDK(u SoumTUn c Ynk SUh Tjh v N]O k c S c n c�� c Ynk!TMW ` O �PQ v h]uvSju e J SfnTODTjO SUORtIn e u �ArmO�T � u Sfnmh]rPS

c kmkTuvSUuvh e c�v V ORtIn cfe uSTjV TDG



���������	��
 � �'� �������A�����/����� ��
�� � �5X

Time (in clock cycles)

Pr
og

ra
m

 e
xe

cu
tio

n 
or

de
r

ADD R7,R1,R8

LW  R1,0(R0)

AND R2,R1,R3

SUB R5,R4,R1

IF ID MEM

E
X

E

IF ID

E
X

E

IF ID

CC1 CC2 CC3 CC4 CC5

IF ID MEM WB

E
X

E

(i
n 

in
st

ru
ct

io
ns

)


 uSJ]rmYjO[q"G \ � bonTO uvV Q c tRS�p Ynh]V h e"vv` p hfY � c Yjkmu e J p h]Y ^�h c k u e TnSUYnrmtRSju2h e T

Time (in clock cycles)

Pr
og

ra
m

 e
xe

cu
tio

n 
or

de
r

ADD R7,R1,R8

LW  R1,0(R0)

AND R2,R1,R3

SUB R5,R4,R1

IF ID

IF

CC1 CC2 CC3 CC4 CC5

MEM

E
X

E

ID

E
X

E

IF ID

CC6

STALL

STALL

STALL

IF ID MEM WB

E
X

E

(i
n 

in
st

ru
ct

io
ns

)


 umJfrmYjO[q!G Z�h � q�hfVXWmu emc SUuvh e hfp>p h]Y � c Ynkmu e J cfe kQT S c�vSv u e J SUh0QmYnO�N]O e SMk c S c n c�� c Yjk



���������	��
 � �'� �������A�����/����� ��
�� � ��j

Time (in clock cycles)

CC1 CC2 CC3 CC4 CC5 CC6 CC7

ADD R1,R2,R3

SW 10(R5),R4

LW  R4,0(R1)

IF ID MEM WB

E
X

E

IF ID MEM WB

E
X

E

IF ID MEM WB

E
X

EPr
og

ra
m

 e
xe

cu
tio

n 
or

de
r

(i
n 

in
st

ru
ct

io
ns

)


 umJfrmYjOyq"GvZ]Z � ^�h c k u e T SUYjrTtRSUuvh e p h vmv h � ORk W ` c T SUh]YnO u e TnSjYjrmt SUuvh e

� ��� � ����������� � ���>�
� ��.

Z tRh e SUYjh v n c��Jc Yjk c �6OJt SfTznmh � WmY cfe tIn�u e TnSjYjrmt SUu2h e T c YnO
n cfe k v OJk-K c e k c YjuSTjODT p Yjh]V

SfnTO e OROJk!Sjh kmORtJu2kTOsSfnTO c kmkTYjODT T�hfp%SfnmO_TjrmW!TnO �ArmO e Siu e TnSjYjrmt SUu2h e Sjh p ORSjtInLKTkTORSUORYjVlu e ORk

p YjhfV�SlnmO�YjO�Tjr v SfTCh p SfnmO�WTY cfe tIn0u e TnSjYjrmt SUu2h e K � nmu v T SChfSlnmOJYCu e TnSjYjrmt SUuvh e T c YjO�O �TORtJrTSju e J"G
� nmO e!c WmY c e tIn uST O �POJtRrTSUORkLKPu S V c ` hfY V c `Xe hfS tIn cfe J]O�SlnmOUdaq SUhWTjh]VlORSlnmu e J h SfnmORY

Sfn cfe u SfT e h]YnV c�v�e O � S N c�v rmO�G _ rTSaSlnmOMWTY cfe tIn S c Y J]ORS c kmkmYnODT T�V c@`0e hfS�W*Oit c�v tJr v2c SUORk

r e SUu v SfnmO0O e k.hfp SfnTO VlOJVlh]Y ` TnS c J]O�G M O cfe � nmu v O�K cfe u e T SUYjrTtRSUuvh e VXr!T S W*O0p ORSUtInTOJk

c S O N]ORY ` t v h tIH�t ` t v O Sjh{Tjr!T S c u e SfnmO QTu2Q*O v u e O�G;giO e tRO�K SfnmORYjO � u vmv W6O c e rmV W6ORYXhfp

u e TnSUYnrmtRSju2h e T c�v YnO c k ` u e SfnTO QTu2Q*O v u e O � nmuvtIn V c ` e h SsW*O e OROJkmORkLG

t p c WmY c e tInHumT u e SfnTO QmuvQ6O v u e O�K�Sfn c S Q c YnS hfp�QTu2Q*O v u e O W*ODnmu e k�SlnmO WTY cfe tIn.VXr!TnS W*O

� r!T nmOJk cfe k0YjO � vmv OJk � uvSln SfnmO c QmQTYjh]QmYnu c SjO�u e TnSUYnrmtRSju2h e TDG t e SfnTumT t c TjO�KASUuvV O�umT � c TnSjOJk
QmYnhPtRODTlTnu e J SlnmO � Yjh e JuTnO �ArmO e tJOlhfp u e T SUYnrmtRSju2h e T�G ��h]YlTnO ` O S|K cfe ` u e TnSjYjrmt SUu2h e;c p SUORY

SfnTO WTY cfe tIn � nmu2tIn*Tlnmhfr v k e hfSan c NfO�W*OJO e O �PORtJrTSjOJk t c e c�v SUORY�k c S c Sln c S>umTaTnSju vSvfe OROJkmORkLG



���������	��
 � �'� �������A�����/����� ��
�� � �iq

Z v Sfnmhfr!J5n tJh e SjYjh v n c��Jc Yjk"T c YnO[tJh]VlQ c Y c SUuON]O v `
v ODTlTitJhfV Q v u2t c SUORk SUhlr e kmORYlTnS cfe k c e k

h tJtJrTYaVXrTtIn v O�TlT p YjO � rTO e S v ` Sfn cfe k c S c n c�� c Ynk!TDKASfnmO ` t cfe Q6h SUO e Sju c�vSvv` t c r!TnO cWv'c Y J]OJY

v h�TlT&hfpaQ*OJYnp hfYjV cfe tJO Sfn cfe hfSlnmOJY[n c�� c Ynk!Tdkmh!GXNPu e tJO � Yju SUu e J W c tIH u e tRh]YjYnOJtRS[YnODTnr v SlT
umTon c YjV0p r v K SfnmuST�OJYnYjh]YoVXr!T SoW6O[QmYnO�NfO e SUORkLG

� ��� ��� � � � ���

bonmORYjO c YjOVTjO�NfOJY c�v Slnmu e J�ToSln c Sst cfe W6O kmh e O � uvSln SlnmO u e TnSjYjrmt SUuvh e T TjO � rTO e SUu c�vmv ` p h v  
v h � u e JXSfnmO[WmY cfe tInLGaNPu e tJOdSlnmO[WmY cfe tIn S c YlJ]O S c kmkmYnODT T � u vmv%e hfSiW6Odt c�v tRr v'c SjOJk W*ORp h]YnO

SfnTO VlOJVlh]Y ` T S c JfO � MQ` M # K%h e O h pCSfnmO�TjO Tnh v rPSUu2h e TsuSTiSjh T S c�vSv SlnmO e O � Sdu e TnSjYjrmt SUu2h e

c p SjOJY c WmY c e tIn u e TnSUYnrmtRSju2h e r e SUu v SlnmOMS c YlJ]O S c kmkmYjO�TlT�uSTat c�v tRr v'c SUOJk-G bonmumTaV O cfe T Sfn c S

c p SjOJY c WmY cfe tInFu e T SUYjrTtRSUuvh e uST S c HfO e KCSfnmO Qmu2Q*O v u e O � u vSv e hfS p O SUtIn cfe ` u e TnSUYnrmtRSju2h e T
r e SUu v SfnmO WmY cfe tIn�S c YlJfORS c kmkmYnODT T!umTzTnO e S!SjhKSlnmOQdaq GcbonmO e SlnmO QTu2Q*O v u e O O �PORtJrTSjODT
SfnTOdu e T SUYjrTtRSUuvh e c S�Sln c S�S c YlJ]O S c kmkmYnODTlTou e SfnmOVd q G�bonmumToTnh v rPSUu2h e umT �Armu SUO[TjuvV Q v OsSjh

u2VlQ v OJVlO e S|G _ rTSiSfnmuSToV c H ODToSfnmO QmuvQ6O v u e O&S c H O VXrmtIn v h e J]OJY�SUh � e uSTlnLK � nmO SfnmORYsSfnTO

WmY cfe tIn umToS c HfO e hfY e hfSDG 
 umJ]rmYnO*q"GvZ�X0u vSv r!T SUY c SUODToSfnTumTUTnS civmv SUOJtIn e u �ArmO � nTu2tIn uSTMr!TnOJk
SUh0kmO v'c ` QmYnORp O SUtInmu e J r e Sju v SlnmO[WmY c e tIn S c YlJ]O S c kmkmYnODT T_n c TiW*OJO e t c�v tRr v'c SUOJk-G

b>h u2VlQ v ORV O e SiSfnTumT c QTQmYjh c tInLK�u e p c t SduvSMumT&uvV Q*h5T Tju2W v O[SUh YjORtJh5J e umTnO c WmY c e tIn;r e SUu v
SfnTO O e kKhfp SfnmO t b TnS c J]O�KaTnh SlnmO QmuvQ6O v u e OXt cfeTe hfS[QmYnO�N]O e S c S v O c T S[h e O u e TnSjYjrmt SUu2h e

p ORSjtIn c p SUORY9SlnmO�WmY cfe tInLG bonTODTjO�QTYjORp O SUtInmORk0u e T SUYjrTtRSUuvh e T9VXr!TnS e hfSCW*O�O �TORtJrTSjOJkLG bonTO e

SfnTO QmuvQ6O v u e O VXr!T S W*O;T S c�vSv ORkKr e Sju v SfnTO WmY cfe tIn.S c YlJfORS c kmkmYnODT T umT[N c�v u2kLG bonmO e O � S

O �PORtJrTSjOJk u e TnSjYjrmt SUu2h e umT�SfnTO e O � u e TnSjYjrmt SUu2h e c S�Sfn c S�S c YlJfORS c kmkTYjODT TDG



���������	��
 � �'� �������A�����/����� ��
�� � �5w

IF ID MEM WB

E
X

E

Time (in clock cycles)

IF ID MEM WB

E
X

E

CC1 CC2 CC3 CC4 CC5 CC6 CC7 CC8

for branch target address calculation
STALL

CC9

Pr
og

ra
m

 e
xe

cu
tio

n 
or

de
r

(i
n 

in
st

ru
ct

io
ns

)


 umJfrmYjO[q!G Z�X � N S c�vSv SUh0QmYnO�NfO e S&tRh e SUYjh v n c�� c Yjk

� ��� ��� ��� 
'�'" � � �����#
 ��� 
'�'" �!��	��

bonmO hfSlnmOJY0Q*h5TlTnu2W v O
Tjh v rTSUuvh e umT civ � c@` T SUh;O �TORtJrTSjO SlnmO u e T SUYnrmtRSju2h e TXp h vmv h � u e J SfnTO

WmY cfe tIn{TjQ*OJtRr v'c SUuSNfO v ` K%h e SfnmO c TlTnrmV QPSUu2h e Sfn c S&SfnmORu2YiO �POJtRrTSUuvh e � u vSv W*O r"TjORp r v K(WmrPS

QmYnO�N]O e S cfe ` T S c SjO p Yjh]V�W6ORu e J tIn cfe J]OJk�r e SUu v SfnmO0WmY cfe tIn;S c Y J]ORS c kTkmYjO�TlT cfe k;tJh e  

kmu SUu2h e n c NfO W*OJO e t c�v tRr v'c SUOJk cfe k uvSiumTUH e h � e Sfn c SiSfnTO ` Tlnmh]r v k W*O O �POJtJrPSUOJk-G bonmuST
SUORtIn e u�� rTO uST H e h � e=c T . � B���� * #&�*��+ B B�� B��������(��%'7 ` e J \��:9}G t p_TjhfV O
TnQ6ORtJr v2c SUuON]O vv` O �  

OJtRrTSUORkHu e TnSUYnrmtRSju2h e TVT nmh]r v k e h S*n c NfO!W*OJO e QmYjh tJO�TlTnOJk.SlnmO e SfnmO ` V r!TnS W6O � r"TlnmORkLK
kmuSTjt c Yjkmu e J cfe ` YnODTnr v SdSln c S&SlnmO ` tJYjO c SUORkLG bonTO e SfnmO QTu2Q*O v u e O tJh e SUu e rmODT c S&SlnmO c k! 

kmYnODTlT hfp SfnTOlWTY cfe tIn;S c YlJ]O S|G t paWmY c e tInmODT c YnO e hfSdS c H O e n c�v pah paSlnmOXSUuvV OiK cfe k;uvp uvS

tJh�TnSfT v uvSjS v OiSUh0SfnmYnh � SfnmO[u e TnSjYjrmt SUu2h e T c � c ` K SlnmumT�SjOJtIn e u��ArmO tRh]r v kun c�v NfO[SlnmOdtJh�TnSihfp

tJh e SjYjh v n c�� c Ynk!TDG

bonmO k c T nmOJkDW v hPtIH�u e 
 umJfrmYjO
q"GvZ�j uST c TjQ*OJtJr v'c SjuSN]O O �POJtJrPSUu2h e � nmuvtIn�uSTXQmYnhPtRODTlTnOJk
YjO�J c Ynk v O�TlTlhfp � nmO SfnmORY!h]Y e hfS0SlnmO WTY cfe tIn=u e SfnmO � YlT S!u e TnSjYjrmt SUuvh e uST S c H O e G _ rPS

� Yju SUu e J YjO�Tjr v SfT W c tIH.p Yjh]V SfnTumTzTjQ*OJtRr v'c SUuSNfO O �POJtRrTSUuvh e umTXQTYjO�NfO e SUORk=u piSlnmO WmY cfe tIn



���������	��
 � �'� �������A�����/����� ��
�� � ���

CC1 CC2 CC3 CC4 CC5 CC6 CC7

(i
n 

un
st

ru
ct

io
ns

)
Pr

og
ra

m
 e

xe
cu

tio
n 

or
de

r

IF ID MEM WB

E
X

E

IF ID MEM WB

E
X

E

Time (in clock cycles)

IF ID MEM WB

E
X

E

IF ID MEM WB

E
X

E

CC8 CC9

IF ID MEM WB

E
X

E


 umJfrmYjO[q!G Z�j � bonTOVTnQ6ORtJr v2c SUuON]O[O �PORtJrTSju2h e p h]Y�SfnTO tRh e SUYnh v n c��Jc Yjk

u e TnSUYnrmtRSju2h e uST e hfS�S c HfO e G

� ��� ��� � 	���� ��( " � �!��
 � � � ��� � � $&$&�!
'� � � � � �'" � � ��� 	��

t���� n�����	�

���In�� ������� ����� � � T�� � N���� ��� 
�����

	 v�� ��	[T � 
�J�� � � � n���� � � � v!� ���iK � n���� � � � ��	

� �"T � 	"��� ����� �"T#������� ��� �$� � �!T n���� � n���� � n��%��	�
����In � T � 
�H����LG'& ��� 
�	DK � n��%��	�
����In

�����	��DT T(��
 v ��� v 
 ����� � n�
�T)� �����*� � ��� � � � n����+��� � 	-, T � 
�J�� � MQ` M # G t�� � � � v �.� �

� � TlT � � v � ��� T�
�N�� � ��� � 	/� � 	"�0� v!� �IH���,1� v �DT ��� � ���2
 v3� ,4�5,4� � N � �!J6��� � n��7��	�
����In

�����	��DT T8��
 v ��� v 
 ���!� � ���0� n��/����� �
�9� n��/� �:����� ����� � T � 
�J�� �}` s[` # � �!T � ��
��-K � 	;� N����<
 �


��0��
�	 v!� ��	 T � 
�J�� � � � n��=� � �$� v�� ���_T"���In%
�T � � � n�� � �!T � 	���� ���!� �0����� � ���yT � 
�J�� � t?> #A@1BDC �!E
��

�%� � � �#��F!���#��� � ���7�G, E�� �#��F3,H� �JI:� ��K � C��8��	�
����LC(
�������	 � 	 � � � C����+��� � 	-, E-� 
�K��

MON)PQN(R ���8� C��D��
�	�F � ��	 E"� 

K��?7TSVU;W�X 9O@YBDC ��E[Z\� F�F�	"��������� � C��\� ��E"�]���^� C�� � 
�_����+��	�
����LC`@



���������	��
 � �'� �������A�����/����� ��
�� � � X

� ��� � � � � � ��� ��� �!
'$/���	�!��	#�

� � ��� C���	 E�� F!� ���!� � �!E;��� C2
 I �+
0�#���LC�
�� ��E � Z C � �LC�
 ��� ���#� ��E;��� ��	���� � � �8� C�� � � 	"	���� �

�2
 � C ���[� � E-� 	���� ���!� � E �2
 E ��� � �)�2
 E"� �$��C2
 I1��� ��	�@�� � 	 � � E"� 
�������� E"� �#� �+
��LC � ��� E ��	 ���

I1� ���\
 �-� #&% ������� .�� ��� � �(# � * B � 	 �-� #&% ��� ��� B
�&�(�����(��% �-���;B��	�G
 E �+
�F�F�
�� � ��� �9��� �+��� � 	",

Z C � �LC0�H
 � � � 
 � � E 
 	"��� � 	�� ��� ��	�� I:�!� � E ����� ��E��!� � E]� � 	Q��
��LC ��� E � I ��	�

F`��	�
����LC � � E"� 	���� �

���!� � EH� C2
 � C�
 I � �$�����'� E ��� � � � C�� ��	 � K�	�
�� ��� K�� � ��� � C�� ��	���� � � ����� �`@ U �JZ � I ��	
�

��	"��� � � ���!� � ��E�� � E-� 
 C � � � � C2
 � �!E 
 E�E ���+��� ��� � �+� � 	�	"��� � @0U �������
� �
� � � ��	 E �
� Z C����


��5, ��	�
����LC���	���� � � ���!� � ��E=� 

_���� � ��� � 	"	���� � F3,�� � C���	�� ��E=��� �#�/� � � E ���#��� ����� � E C4

���

	�� �2F�F � C�� � � � ��F � ���
@���	�
����LC ��	"��� � � ���!� � �+���LC2
�� �!E � E C2
 I �(��	 �JI ��� ��� � �)� �`��� ���3I ���

� C � ��K�C � C���,%
�	"� �
� � ��� � � �+��F����$@

� ��� � � � � �
� �

� ��F�
 E�E"� �2��
 ���!� �)C�
 E �$����� � �$��	"��� � � 	 � C�� I 
�	 �!� � E � � �$��F � ���8C2

��

	�� E � � ���#E"� 	���� � ��	�
�F��

�2
 � 
 
����7� � � � 	 � F C2

��
�	�� E @ P 
��LC � ,:� � ��� C2

��
�	�� C2
 E �$����� ��� � ��� E"�!I ��F!, � � I � E-��� K5
 � ���


 E[����� C�� � 	[���$��� �]� ����	 � ��� E�E�� 	]� ��	 � � 	��+
������
�G
���� Z 
�, EQ��� 	�� E�� F I1� ��K � C���� C�
 I �\�$�����

� �!E ��� E�E ��� @

U �JZ � I ��	��;��
�� ����� � E C � ��F�� � � � 
�_
��� Z C����'�	��

� � � � ��K � C��6�#� � C � � EH� � 	0	"� E"� F I1� ��K

� C�� E � � � � ��F � ��� C2

��
�	�� E � E"� ����� � C���, � ��F!, 
�����F!, ��� E ,1���LC�	 � � � � E7E , E-� ��� E @��'C����

����
�F � ��K Z\�3� C 
 E ,1���LC�	 � � � � E � � �$��F � ��� E �`� ��� ��	���� � �+��
 E ��	"� E 
�	"� 	"���G� � 	"��� � � � 	�����	 ���

��F � � � �2
 � �;� � � ��F � ���;C�

��
�	"� E @



� � ��� ���	� 


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

BDC�� E � C"!$#&%('*),+�' E-� ).�0/1' E %�C�'2! E.354�� C�).6 4 687 E #�)-6 � ' E�E 69) 4 6 4 � #��:#;'�F0� 4 '<+�! 4 +�#&�0#1'�F0� 4 '<+
= 6>+�'�F E M %�C�).'<' � E %(!�K8'�! 4 +@? I ' � E %A!�K9'�#&�0#1'�F0� 4 ' E R 69BC%�C�' >EDGF #�).6 � ' E�E 68)H%�C"!I% Z '<).'
� ).'J!$%-'<+,BK69)L%�C�� E #�)-6 � ' � %�@ �M�:) E %L%�C�'N69/ � ' � %(� I ' E /1'�C&� 4 +C%�C�' = 65+�'�F E !9)-']K8� I ' 4 �IBK6�F�F:6 Z '*+
/ 3 ! 4 � 4 %()-65+�7 � %(�:6 4 %(6O%�C�'P� 4 �:%-�Q!�F = 6>+�'�F E � 4 6 4 � #��0#1'�F:� 4 � 4 K I '<) E �:6 4 ! 4 +R#��:#;'�F0� 4 � 4 K
I '*) E �06 4�E M /169%�CS%�C�)-'*' ��E %A!
K8'C! 4 +S? I ' � E %(!�K8' R @ �M� 4 !
F�F 3 �5%�C�'T+�' I '�F:68# = ' 4 %U6$BV? I ' ��E %A!
K8'
#��:#;'�F0� 4 � 4 K = 65+�'�F E Z ��F!FW/1'C+&� E-� 7 E�E '<+ @

XHY[Z \�]_^a`Ebdcfe*gh`Eikjl`EmneJonp cqmO` rsone*cqe<t,uwv xSpO`EuJi

�'C�' 4 +&' I '�F068#&� 4 Kn! 4 ' Z +�' E ��K 4 �q�:%y� E � = #168).%(! 4 % %-6n+�'*? 4 'P%�C�'HF0� = �:% E 69Bz#;6 E�E �:/�F0'
+�' E ��K 4 +�' � � E �06 4�E / 3 � 4 +�� � !$%(� 4 KT%�C�'{68/ � ' � %(� I ' E 69Ba%�C�'{+�' E ��K 4 � Z C"!$% � ).�:%('*)-�0!,!9).'U7 E '<+
! 4 + Z C"!$% C 3 #;69%�C�' E ' E|� ! 4 /1' = !9+&'9} Uz'<).' %�C&'C?") E %U! 4 + = 6 E %z� = #;69).%A! 4 %d69/ � ' � %(� I '
� E %(6 � )-'<!$%('z% Z 6~� 4 �:%-�Q!�F�! E.354�� C�).6 4 687 E #��0#1'�F:� 4 ' = 6>+&'�F E 69BG%�C�' E ! = 'z#�).6 � ' E�E 68)�!9) � C�� �
%(' � %-7�)-'�7 E � 4 KS% Z 6_+�� � '*)-' 4 % _�� 4 + E 6$BN+�' E �!K 4 E % 3 F0' E �V!S%�C�)-'*' � E %A!�K9'2! 4 +�!P? I ' ��E %A!
K8'

�8�



���������	��

����������������
�������������
���������� �!
#"$�!%��'&�� (*)

#��:#;',+0� 4 '9}.-�/&' BK60+1+0632d� 4�465 %A! 4 +�!9)-+ 5 ! 4 + ! 575 7 = #>%(�06 4�5 2 '<).'O!9#&#�+0�:'<+ %(6 4 7��0+�'S%8/&'
+�' 5 � 494 +&' � � 5 �:6 4�5:9

; -�/�'T+�' 5 � 484�5 � = #�+0' = ' 4 % %8/�'�< DGF !9) � /��:%-' � %-7�)-'$}

; -�/�'C+�' 5 � 494�5 � 575 7&' 6 4 + 3 6 4 ' � 4�5 %-)-7 � %(�06 4 #1'<)d%(� = ' �*35� +0'9}�=?>{69%-' 9A@ 7�#1'<)CB 5-� !*+Q!9)
#��:#;',+0� 4 � 4�4 2 ! 5{4 6$% � 6 4�5 �0+�'*)-'*+ED

; -�/�'E' 4GF �:)-6 4 = ' 4 %NBK68)N%8/&'|� 4 � %(�0!*+ = 65+�',+ 5 � 5 %8/&' 5 ! = '9}H=I-�/�' � ).�:%-'<)-�0! 69Bs%-� = � 4�4
� /"!$)(! � %('<).� 5 %(� �,5 � 5 %8/&' 5 ! = '9}JD

; -�� = � 4�4 � 4 BK68) = !$%-�06 4 BK68)T%8/&' F !9)-�:687 5C� 6 = #;6 4 ' 4 % 5 69Bd'J! � /R� 4 � %(�Q!K+ = 65+�',+ � ! 4
/1' � 6 = #"!9)-!9/�+0'$}

-�/�'P� 4 �:%-�Q!*+ = 65+�':+ 5 69B�%7/�'H! 5 354�� /�)-6 4 687 5�4 6 4 B #��:#;',+0� 4 '<+�+&' 5 � 484 ! 4 +�%8/�'P#&�0#1':+0� 4 '<+
+�' 5 � 494�5 /�!9+ 5 +0� 4 /�%7+ 3 +��1L;'<).' 4 %N69/NM.' � %(� F ' 5 }PO"68)q%7/�'U! 5.354�� /�).6 4 687 5N4 6 4 B #��0#1':+:� 4 '*+2! 4 +
%8/&)-'<'QB 5 %A! 4 ' #��0#1':+:� 4 'h+�' 5 � 484 R %8/�'P!9� = 2N! 5 %(6n!I%-%(' = #>%,%(6�+�' 5 � 484 %7/�' ? 4 !*+ = 6>+&':+ 5
5 %-)(!9� 4 / % !32N! 3 }�-�/�' 5 'P)-' 5 7�+ %A! 4 % = 65+�',+ 5 2N'*)-' 4 69% 'TS>#;' � %-'<+�%(6 /;'h68#&%-� = !*+ }U-�/�' 3
2 '<)-'z� 4 %-' 4 +�'*+2%-6 #�).6 F �:+�'d%8/�'d)-' BK'<).' 4�� 'U+�' 5 � 494�5 %-6T/;' � 6 = #"!9).'<+2! 4 !9� 4�5 % '<! � / 6$%8/�'*)
! 4 + ! 4 !$� 4�5 % %8/�'C! 5 354�� /�)-6 4 687 5 ? F 'QB 5 %(! 4 'T#��:#;',+0� 4 ' F '*) 5 �:6 4 }

-�/�'S#�).� = !9) 3 !9� = 69Bz%8/�'S� 4 �:%-�Q!*+q? F 'TB 5 %A! 4 ' #��:#;',+0� 4 ' = 6>+&':+V2N! 5 %(6 +�' 5 � 494 � %�2d�:%7/
! 4 ' = #W/"! 5 � 5 6 4X5 � = #�+:� � �:% 3 }�YN6 4�5 ':Z�7�' 4 %7+ 3 %8/�'{+�' 5 � 484P� 687�+:+P/;'U! 4 !*+ 3N5 '<+ 'J! 5 �[+ 3 ! 4 +
� = #�).6 F '<+S� 4 68).+�'<)�%-6h#&)-6 F �0+�'T/1'*%-%-'<)d#1'<).BK69) = ! 4�� '$}



���������	��

����������������
�������������
���������� �!
#"$�!%��'&�� ���

XHY�� � mO` rsone*cqe<t,u�v xSpO`Eu<i

-�/�'*)-'C!9)-'{%8/�).'<'E� 4 �:%(�0!*+ = 65+�',+ 5:9 ! 5.354�� /�).6 4 687 5z4 6 4 B #&�0#1':+0� 4 '<+ R ! 5 354�� /�)-6 4 687 5 %8/�).'<'QB
5 %(! 4 'T#��:#;',+0� 4 'E! 4 +_! 5 3>4&� /�)-6 4 687 5 ? F 'TB 5 %(! 4 'C#��0#1':+:� 4 ' = 65+�':+ 5 }

���
	���� 
����������������������������! �"$#&%('*)&#��+#&��,.-/'0�1#2,3�

-�/�' 5 � = #�+:'|#�).6 � ' 575 68)z+"!$%A!$#"!$%8/_+�� 5-� 7 575 '*+�� 4 @ ' � %-�06 454 }76�2N! 5 = 65+�',+[+0'*+ /�'<).'T7 5 � 4�4
! 5 ':+:B B %(� = '*+ +:6 4 � � +�' 5 � 494 5 % 3 +0',� 4�5 %('J!$+O69B ! 4 +:68/"!*+ � +06 �98�5 3N5 %(' = ! 5 7 5 '*+�� 4 ! 5 354 B
� /�).6 4 687 5 +�' 5 � 494 }

: 4 %8/&� 5 +�' 5 � 484 %8/�'H#&)-6 � ' 5 5 68)~'QS>' � 7>%(' 5 6 4 + 3 6 4 'H� 4W5 %().7 � %-�06 4 !$%�! %-� = '9}<; ! � / � 4 B
5 %-)-7 � %(�:6 4 � 5 BK'*% � /�'<+_BK)-6 = %7/�' = ' = 69) 30R +�' � 6>+�'*+O! 4 + 'QS&' � 7&%-'<+G}V-�/�' 4 R !$B %-'<) ? 4 � 5 /NB
� 4W4 %8/�'�2!/�6*+0'E'TS>' � 7&%-�06 4 #�).6 � ' 575 69BV! 4 � 4W5 %().7 � %-�06 4 R %8/&' 4 'TS5%z� 4�5 %().7 � %-�06 4 � 5 BK'*% � /&'<+
! 4 + #�)-6 � ' 575 '<+n/ 3 %8/�' #�)-6 � ' 575 69)<}!={' 4�� 'C%8/�'*)-'y!$)-' 4 6 /"!�>J!9).+ 5 � 4 %7/�� 5 +�' 5 � 484 }�-�/�'
= ' = 68) 3 +�6>' 5 4 69% 4 '<'*+�%(6_/1' 5 #�+0� %T� 4 %(6 5 '*#"!9)-!$%('h� 4�5 %().7 � %-�06 4 ! 4 +�+"!$%(! = ' = 68).�0' 5
5 � 4�� ' = ' = 68) 3 � 6 4@? � � % 5 2d�[+[+ 4 69%z6 �<� 7&)<} @ � = �[+0!9)7+ 30R �:%d� 5 7 4�4 ' � ' 5 5 !9) 3 %-6U/�! F ' +&�1L;'<)CB
' 4 % � 3>� +0'QB /"!*+ F ' 5 %-6H)-'<!9+nBK)-6 = ! 4 + 2d)-� %(',%-6S%7/�'~)-' 4 � 5 %('*)U? +0'$}BAN' � !97 5 '~%8/�'*)-'�� 5U4 6
+��7C � 7�+:% 3 � 4 +�'<!*+0� 4�4 2d�:%7/O! 4 3 � 6 4D? � � % R ! 4 ! 5 3>4&� /�)-6 4 687 5 +�' 5 � 484 � 5 Z�7�� %(' 5 � = #�+0'|%-6
� = #�+:' = ' 4 %J}

-�/�'H).' 5 7W+:%yBK).6 = %8/�� 5 = 65+�',+ 5 /�687�+:+R/;' B ! 5 %('*),%8/�! 4 ! 5.354�� /�).6 4 687 5h4 6 4 B #&�0#1':+0� 4 '<+
= 6>+�',+ 5 � 4�� 'd'<! � / � 4�5 %-)-7 � %(�06 4h� ! 4 /;'d#�).6 � ' 575 '<+ !$B %('*) %7/�'d#�)-' F �0687 5 6 4 'H/�! 5 ? 4 � 5 /�'<+W}
: %�� 5~4 69% 4 ' � ' 575 !9) 3 %-6 2N!9� %~BK68),%8/&' 4 'TS5% � +06 �98 %-� �98 ! 5 � 4 ! 5 354�� /�)-6 4 687 5 +�' 5 � 484 }



���������	��

����������������
�������������
���������� �!
#"$�!%��'&�� � 6

IF ID EXE

IF ID EXE

IF ID EXE

Instruction 1

Instruction 2

Instruction 3

Time

OM� 4 7�).' � }76 9 -�/�'T%(� = � 4W4 +��Q! 4 )(! = 69BM! 4 6 4 B #&�0#1':+0� 4 '<+ #�)-6 � ' 575 69)

={632 ' F '<) R %7/�'2%-� = ' 4 '<'*+�'<+R%(6 'TS>' � 7&%(' � 4�5 %()-7 � %(�:6 4�5 � 4 ! 4 6 4 B #��:#;',+0� 4 '<+ = 65+�':+qBK68)
! 4 ! 5 3>4&� /�)-6 4 687 5 #&)-6 � ' 5 5 68) R ! 5 �1+[+:7 5 %-)(!$%-'<+�� 4 OV� 4 7�).' � }76 R � 687�+:+ /;' � 7&%h/ 3 7 5 � 4�4
#��:#;',+0� 4 � 4�4 2!/�� � /�2d�[+[+;/;'T+�� 5-� 7 575 '<+�� 4 %8/�'EBK60+1+0632d� 4�4 5 ' � %(�:6 4�5 }

���
	��
	 
������������������������ ����'0'  ������ , ' " #�% ' )&#&��' -/'0�1#2,3�

-L6n!*+[+:632
/�� 4 /�'<) 'TS>' � 7&%(�:6 4 )(!I%(' 5 #��0#1':+:� 4 � 4�4 %(' � / 4 �[Z�7�' 5 2N'*)-'H� = #�+:' = ' 4 %('*+�� 4 %8/&'
#�).6 � ' 575 68)<} : 4 68)-+&'<)E%(6 � )-'<!$%('2!S#��0#1':+:� 4 ' 5 %()-7 � %(7&)-' R 'J! � /�� 4�5 %-)-7 � %(�:6 4 4 '<'*+ 5 %-6�/1'
5 #W+0�:% � 4 %-6 5 7&/&%A! 5�8�5 BK68) %7/�'|! 5 354�� /�)-6 4 687 5 #�).6 � ' 5 5 68)N%-6�/"! 4 +�+0'$} A 3 7 5 � 4�4 %8/&)-'<' 5 '<#NB
!9)-!$%(' 5 7�/&%(! 5 8�5 B BK'*% � /&� 4�4�R +�' � 6>+�� 4�4 ! 4 +O'TS>' � 7&%(� 4�4 BN%7/�',%7/�)-'*'TB 5 %A! 4 'y#��0#1':+:� 4 ' 2N! 5
� ).'J!$%-'<+�2d� %8/,%7/�)-'*'�+��1L;'<).' 4 % 5 %A! 4 ' 5:9 � 4�5 %()-7 � %(�:6 4 BK' % � /�= : O�D R � 4�5 %()-7 � %(�:6 4 +�' � 65+�'�= : < D
! 4 +_'TS>' � 7&%-�06 4 = ; F ;�D }

� /��1+ 5 %{%8/�' 4 6 4 B #&�0#1':+0� 4 '<+ #�)-6 � ' 575 68)T+�'J!*+ 5 2d�:%7/n'J! � / � 4�5 %-)-7 � %(�06 4 5 ':Z�7�' 4 %(�Q!K+[+ 3*R %8/&'
%8/&)-'<'QB 5 %A! 4 ' #��0#1':+:� 4 'C!*+1+0632 5 7�#�%-62%8/&)-'<'	��
 �
��������� 5 %A! 4 ' 5 %-6 /1',#�).6 � ' 5 5 � 4W4 5 � = 7�+ %A! B
4 '*687 5 + 3 } =z' 4�� ' R %8/�'|%7/�)-'*'TB 5 %A! 4 'E#��0#1':+:� 4 '{!9#�#&)-6 ! � / 5 /�687�+:+S%(! 8 '�+:' 5 5 %(� = '{%7/"! 4 %8/&'
4 6 4 B #��:#;',+0� 4 '<+S!9#�#&)-6 ! � /S%(6�'QS&' � 7&%-',! 4 � F ' 4 � 4�5 %-)-7 � %(�06 4�5 ':Z�7�' 4�� '$}



���������	��

����������������
�������������
���������� �!
#"$�!%��'&�� � 4

� /�'*)-'J! 5 � % � ! 4 /1'�! 575 7 = '*+�%7/"!$%H%7/�'<).'�� 5 6 4 + 3 6 4 ' 5 � = #�+0' /�+06 �98 � 4 %8/�'�! 5 3>4 B
� /�).6 4 687 5C4 6 4 B #��:#;',+0� 4 '<+ = 65+�',+ R 5 6 = ' = ' � /"! 4 � 5 = 5 /"! F 'h%(6_/;'2!9+�+�'*+�� 4 ! 4 ! 5 3>4 B
� /�).6 4 687 5 %8/&)-'<'QB 5 %A! 4 'C#��:#;',+0� 4 'E� 4 68)-+&'<)d%(6h/;'C!9/�+:'E%(6h#;'*).BK68) = %8/�' 5 ! = 'EBK7 4�� %(�:6 4�5 }
-�/�' 5 ' = ' � /�! 4 � 5 = 5 /"! 4 +�+0' � Y�B 7&#;+"!I%(� 4W4 ! 4 + 2d)-� %('QB /"! �98 }.OM� 4 7&)-' � } 465 /�632 5 %8/&'
5 %-)-7 � %(7�).'U69BW!C%7/�)-'*'TB 5 %A! 4 'd#��0#1':+:� 4 � 4�4 = 65+�',+ }�-�/�' � Y�B 7&#;+"!I%(� 4W4 = ' � /�! 4 � 5 = � 5 7 5 '<+
BK68) 7�#;+�!$%(� 4�4 %8/&' F !*+07�'U69Ba%8/�' � Y R ! 4 + � 6 = ' 5 � 4 %(6~#W+Q! 3 2!/�' 4 +�'<!*+0� 4�4 2d�:%7/P/�)-! 4�� /
%A!$) 4 ' %d!9+�+�).' 5 5 ' 5 }V-�/�'�2d).�:%-'TB /�! �98 = ' � /"! 4 � 5 = � 5 7 5 '<+SBK68)V2d).�:%-� 4�4 %7/�'E)-' 5 7�+ %�%(6~%8/&'
#�).68#;'*)U).' 4 � 5 %('*)U� 4 %8/�' )-' 4 � 5 %('<)z? +0'$}��	%(� = � 4W4 +��0! 4 )-! = 69Bf%7/�',%8/&)-'<'QB 5 %A! 4 ',#��0#1':+:� 4 '
= 6>+�',+G� 5 +&� 5 #W+Q! 3 '*+ � 4 OV� 4 7�).' � }��&}

� 5 !2).' 5 7W+:%|6$Bq+�'<#1' 4 +�' 4�� �0' 5 /;' % 2N'*' 4 %8/&' F !9)-�:687 5 #��0#1':+:� 4 ' 5 %A! 4 ' 5:R 5 ' F '<)-!*+�/"!�>J!9).+ 5
2d�[+1+ � 4 ' F � %A!9/W+ 3 !9).� 5 '2� 4 %7/�' = 6>+&':+ R 2!/�� � /R+�6 4 69%y!9)-� 5 ' � 4�4 6 4 B #��:#;',+0� 4 '<+ = 65+�':+ 5 }
� ' � /"! 4 � 5 = 5 %-6 5 60+ F 'E%8/�' 5 ' /"! ><!9)-+ 5 2d�[+1+ 4 632 /;'T+�� 5-� 7 575 '*+G}

���
	���
����������������
����
! "�
#

-�/�'*)-'d!9).' % 2 6 5 %A! 4 ' 5 = : OO! 4 + ; F ;�D�2!/&� � / 4 '<'*+y%(6T! �*� ' 575 %8/&' = ' = 69) 30R ! 4 +~7 5 7"!*+1+ 3
%8/&' 3O4 '<'<+ %(6S! �<� ' 575 �:%|!$%|%8/&' 5 ! = 'y%(� = '$}�-�/&� 5 = 6>+�',+M7 5 ' 5 %8/&' 5 '<#�!9)(!$%-' = ' = 69) 3
%(' � / 4 �1Z57&'P/ 3 5 #�+0� %-%-� 4�4 %8/&' = ' = 68) 3 � 4 %(6_� 4�5 %()-7 � %(�:6 4 ! 4 +�+"!I%A! = ' = 68).�0' 5 = ! 5 +&� 5 B
� 7 575 '*+�� 4�@ ' � %(�:6 4%$ }768} 63DC%(6n).' 5 6*+ F 'H%7/�� 5y� 6 4D? � � %<} YN6 4W5 ':Z�7�' 4 %8+ 3 /;69%7/ 5 %A! 4 ' 5~� ! 4
! �*� ' 5 5 %8/&'<�0)z+�'*+�� � !$%('*+ = ' = 69) 3 2d�:%7/�687&%U! 4 3 +�':+0! 30R %8/�7 5 � = #�).6 F � 4�4 %8/�' 68#1'<)(!I%(� 4W4
5 #1'<'*+O! 4 + ! F 68�0+�� 4�4 ! 4 3 = ' = 68) 3 � 6 4D? � � % 5 }



���������	��

����������������
�������������
���������� �!
#"$�!%��'&�� � �

� ���  # ��� 
�� �����  
	�����	�
 � �������  �	��

@ � = �1+Q!9)T%(6O%7/�' = ' = 68) 3 +&'<#1' 4 +�' 4��*3*R )-' 4 � 5 %('<)~+&'<#1' 4 +�' 4�� �:' 5 /;' % 2N'*' 4�� 6 4�5 ' � 7&%(� F '
� 4W5 %().7 � %-�06 4W5 � !97 5 'z%8/�'z#��:#;',+0� 4 ' %(6 5 %A!*+1+ }��z' 4 � 5 %('<)'+:6 �98 � 4W4 � 5 7 5 '<+ %-6,� 4 +�� � !$%('A2!/&� � /
)-' 4 � 5 %('*) � 5 /1'<� 4�4 7�#1+"!$%-'<+_! 4 +H%(6~#&)-' F ' 4 %U! 4 687&%CB 69B B +"!$%('{)-' 4 � 5 %('<) BK).6 = /;'*� 4�4 ).'J!9+G}

� ���"��� 
 ����	�	  �	��

<|7�'U%-6y%8/�'{B ! � % %7/"!$%d!y#&�0#1':+0� 4 '<+2+�' 5 � 484 'QS>' � 7>%(' 5 � 4W5 %().7 � %-�06 4W5 � 4 #"!9)(!K+[+0',+ R %8/&'E#�)-6KB
� ' 575 68)y� 5 )-',Z57&�0)-'*+�%(6O#&)-'*BK' % � /�%7/�' 4 'QS>%y� 4�5 %()-7 � %(�:6 4�5 2!/��[+:'2'QS&' � 7&%-� 4�4 %7/�' #&)-' 5 ' 4 %
6 4 ' 5 }�-�/�� 5 � 5|� !*+[+:'<+n!P#�).'*BK' % � / 5.3N5 %-' = } : %E� 5 � = #16 575 �0/�+:' R /�632N' F '<) R %-6P#�).'<+�� � %E%8/&'
4 7 = /1'<) 6$BV� 4�5 %-)-7 � %(�:6 4�5 %7/"!$%A/�! F 'T/;'*' 4 #�)-' BK'*% � /�'<+ !$%�! 4�3 4 � F ' 4 = 6 = ' 4 %J} � /&' 4 !
/�)-! 4�� /~� 4W5 %().7 � %-�06 4 � 5 %(! 8 ' 4 R %8/&' #�)-' BK'*% � /�'<+h� 4�5 %().7 � %-�06 4�5 2d�[+1+ = 6 5 %�+0� 8 ',+ 3 /1' � 4GF !*+0�:+G}
YN6 4�5 ':Z�7�' 4 %7+ 3 ! 5.3N5 %(' = 2d�1+[+5/;' 4 '<'<+&'<+2%-6 8 '<'*#h%-)(! �98 69B %8/�'d#�).'*BK'*% � /�'<+h� 4W5 %().7 � %-�06 4W5
5 � 4�� 'E%7/�' 3 2d�1+[+ /�! F 'C%-6�/;' ? 7 5 /�'<+�2!/�' 4 %8/&' 3 /1' � 6 = 'E� 4�F !*+:�0+G}

-�/�' !9+&+��:%-�06 4 6$B,! F '<) 3 7 5 ' BK7�+U%(' � / 4 �1Z57&'�� 4 ! 5.354�� /&)-6 4 697 5 +:6 4 � � +�' 5 � 484 R����������� �

!#"%$&$ 
 �(' � � 5 7 5 '<+�� 4 %8/&� 5 = 65+�',+ }$-�/&� 5 )-' = 6 F ' 5 7 4�4 ' � ' 5 5 !9) 3 #&)-'*BK' % � /�'*+ � 4�5 %-)-7 � B
%(�:6 4�5 !$B %-'<) ! 4 3 /�)(! 4&� /�� 4�5 %().7 � %-�06 4 � 5 %A! 8 ' 4 } -�/�' � 60+0687&)C).' = !9� 4W5 %8/�' 5 ! = '�7 4 %(�[+
%8/&'<)-'N� 5 !U/�)(! 4�� /~)-',Z57&' 5 %<} � /�' 4 �:%V687&%(#&7&% 5 %7/�' ?�) 5 %q!9+�+�).' 575 69B"%8/�' 4 ',2 � 4�5 %-)-7 � %(�06 4
5 %-)-'<! = R %7/�' � 60+:687�)q/�� % � 5 � 4GF '<).%-'<+G} ; ! � /2� 4�5 %().7 � %-�06 4 � 5 #&)-'*BK' % � /�'*+ 2d�:%7/��:% 5*) � 60+:687�) )1R
! 4 +h!9).)-� F ' 5 !$%f%8/&' ?") 5 % 5 %A! 4 '�69B %8/�'�#&�0#1':+0� 4 ' BK69)f'TS>' � 7&%(�:6 4 }�-�/&' � 60+0697�)M� 4 BK68) = !$%-�06 4
� 4 +�� � !$%(' 5 2!/�' %8/�'*) %8/�'|� 4�5 %-)-7 � %(�:6 4 2N! 5 BK)-6 = %8/&'|68)-� 4 � 4 !*+ 5 %-)-'J! = =K%-6y/1' ? 7 5 /�'<+EDN69)
BK)-6 = %7/�' 4 'T2 5 %().'J! = =K%(6,/;'|'QS>' � 7>%('<+ D } �{B %('*) +�� 5-� !$)-+�� 4�4 %8/&6 5 '|� 4�5 %-)-7 � %(�:6 4�5 2!/&� � /



���������	��

����������������
�������������
���������� �!
#"$�!%��'&�� � $

IF

ID

EXE

Write-back

PC updating

OM� 4 7�).' � } 4 9 -�/�' 5 %().7 � %-7�)-'C69BM! � B 5 %A! 4 'E#&�0#1':+0� 4 '

IF

EXE

EXE

EXE

ID

IDIF

IF

ID

Instruction 3

Instruction 2

Instruction 1

Time

OV� 4 7�).' � }�� 9 -�/�'T%(� = � 4W4 +��0! 4 )(! = 69BM! � B 5 %A! 4 'E#&�0#1':+0� 4 '

/"! F '�!2+��1L;'<).' 4 % � 6*+0687�)zBK)-6 = %7/�' 4 'T2�).'*BK'<).' 4�� ' � 60+:687�) R %7/�',BK60+1+0632d� 4�4 � 4W5 %().7 � %-�06 4W5
� 4 %8/�' 4 ',2 5 %-)-'J! = !9).'y'TS>' � 7&%('*+G} -�/�'~/1' 5 %|#;6 5 �:%-�06 4 BK68) � 60+0687&) � /�' �98 � 4�4 � 5 !$%|%8/&'
; F ; 5 %(! 4 '�2!/�� � /�� 5 %8/�'2'J!9) +0�0' 5 % 5 %(! 4 ' !$% 2!/�� � /�� %,� 5 854 6 2 4 2!/&'*%8/&'<)y68) 4 6$%,%8/&'
/�)-! 4�� / 2d�[+[+W/;'|%(! 8 ' 4 } � � ! F ) $��

���
	���� 
������������������������ #��3'  �� � � , ' " #&%('*)�#&��' -/'0�1#2,3�

-�/�' 4 'QS5% = 65+�',+�2N! 5 � = #�+:' = ' 4 %('*+n! 5 ! 4 ! 5.354�� /�).6 4 687 5 ? F 'TB 5 %(! 4 '~#��:#;',+0� 4 ' +�' 5 � 484
2!/�� � / � ! = 'OBK).6 = %7/�' 68/ 5 '<) F !$%-�06 4 %7/"!$% 5 � 4�� 'O%7/�'6+Q! 5 % 5 %A! 4 ' � 4 %8/�'O%7/�)-'*'TB 5 %A! 4 '



���������	��

����������������
�������������
���������� �!
#"$�!%��'&�� � �

#��:#;',+0� 4 '�/"! 5 = 7 � / = 68).'!2 68) 8 %-6 #&)-6 � ' 5 5:R �:% 68/ F �0687 5 + 3 %(! 8 ' 5 = 7 � /X+06 4W4 '<)f%-6 ? 4 � 5 /G}
: % � 687W+0+ /;'S#�)-! � %-� � !*+[+ 3 #16 575 �0/�+:'P%(6 5 #W+0�:%~%7/�� 5 5 %A! 4 '_� 4 %(6n%8/�).'<'_� 4 +&'<#1' 4 +�' 4 % #��:#;'
5 %(! 4 ' 5 � 'QS>' � 7>%(�06 4 = ; F ;�D R = ' = 68) 3 ! �<� ' 575 = � ; � D R ! 4 + 2d)-� %('QB /"! �98 = � A�D }�= >{6$%(' 9
%8/&' ; F ; 5 %(! 4 ' 5 � 4 %7/�)-'*'TB 5 %A! 4 ',! 4 +H? F 'QB 5 %(! 4 'C#��0#1':+:� 4 ' 5 /"! F 'C+�� LW'*)-' 4 % = 'J! 4 � 4�405 } D

�����  �	�� � 	�� 
!��	������ 
�
 
��
# #�� ���
�&� �"� �� "��	

	{4 +0� 8 '~%8/�'�? F 'QB 5 %A! 4 '2#��0#1':+:� 4 ' BK68)E%8/�'U< DGF !9) � /��:%-' � %(7�).'2+�� 5-� 7 575 '<+�� 4 YV/"!$#&%('*) � R
%8/&� 5 � 4 �:%-�Q!*+ = 6>+&':+	2N! 5 � = #�+:' = ' 4 %('*+�%(6H).'<+�7 � '~%8/�'~/&)(! 4�� / #1' 4 !K+:% 3 / 3 = 6 F � 4�4 7�#
%8/&'�/�)-! 4�� / %A!9) 4 '*% !9+�+&)-' 5 5H� !*+ � 7�+0!$%(�:6 4 %(6�%7/�'�' 4 + 69BE%8/&' ; F ; 5 %(! 4 ' = BK)-6 = %8/&'
+"! 5 /�'<+ +:� 4 'd%(6 4 68) = !*+E+:� 4 'z� 4 OM� 4 7&)-' � } $ D }�-�/�' 5 %().7 � %-7�)-'U69BG%8/&'U? F 'QB 5 %A! 4 'U#��0#1':+:� 4 '
= 6>+�',+>� 5 �[+1+07 5 %()-!$%('*+,� 4 OV� 4 7�).' � } $ }�OM� 4 7&)-' � } � 5 /�632 5 !|)-687 4 /~'TS&! = #�+0' 69B %8/�' %-� = � 4�4
+��0! 4 )(! = 69BL%8/&� 5 = 65+�',+ }

� � ���  �� # ��	 �
� ��� 
 
��(

�  "	 � � �������
#

� �:%7/�687&%z!$+�+�� 4W4 ! 4�3S� 6 = #�+0'QS � /"! 4&4 ':+ 5:R 'J! � /_� 4W5 %().7 � %-�06 4 /"! 5 %-6h#�! 575 %8/�).687 4 /S%8/&'
5 ! = '�? F ' 5 %(! 4 ' 5 } ��+:%7/�687 4 / 5 6 = 'h� 4�5 %().7 � %-�06 4�5 = � } '$} � D�	 ! 4 + A )(! 4�� /&' 5 DC+�6 4 6$%
4 '*'<+�%-6P! �*� ' 5 5 = ' = 68) 3*R %7/�' 3�5 %(�[+1+ 4 '<'*+�%(62#"! 5 5 %8/&)-687 4 / %8/&' � /"! 4&4 ':+L/;' % 2N'*' 4 %8/&'
; F ; ! 4 + � ; � 5 %(! 4 'd%(6 )-'J! � / %8/�' � A 5 %A! 4 '$}'O"7�).%7/�'<) = 68).' R ' F ' 4 %7/�687 4 /P�:% � 5 4 6$%
4 ' � ' 5 5 !9) 3 %-6 2d)-� %(',/�! �98 !h)-' 5 7�+ % R %7/�' � A 5 %A! 4 ',� 5 #�)-6 � ' 575 '<+OBK68){'J! � /n� 4�5 %-)-7 � %(�06 4
� 4 68).+�'<) %(6,7&#;+"!I%(' F !K+0�0+�!$%('*+2).' 5 7W+:% 5 ! 4 +��C68) 7 4 +:6 �98 %7/�'U).' 4 � 5 %('*)<} A ' � !$7 5 '|6$BW%8/&� 5:R
%8/&'T? F 'TB 5 %(! 4 'C#��0#1':+:� 4 '�/"! 5 %(6�2 ! 5 %('E%-� = 'E� 4 68).+�'<)�%(6 8 '<'<# %8/�'T#��:#;',+0� 4 ' 5 � = #W+0'9}



���������	��

����������������
�������������
���������� �!
#"$�!%��'&�� � (

IF

ID

EXE

MEM

WB

Write-back

PC updating

OM� 4 7�).' � } $�9 -�/�' 5 %().7 � %-7�)-'C69BM! � B 5 %A! 4 'E#&�0#1':+0� 4 '

Instruction 1

Instruction 2

Instruction 3

Time

ID

IF

IF

WB

WBMEM

MEMEXE

EXE

EXE MEMID

IDIF

WB

OV� 4 7�).' � } � 9 -�/�'T%(� = � 4W4 +��0! 4 )(! = 69BM! � B 5 %A! 4 'E#&�0#1':+0� 4 '



���������	��

����������������
�������������
���������� �!
#"$�!%��'&�� � �

XHY�� r�� �nu*`�� `EoPcftCcqe<xhoni x��	� e*gh`�
1iLcft
��` ��e���`Eu<eJoO`

-�/�'_!9� = 69Bd%7/�'H? F 'QB 5 %(! 4 'S#��:#;',+0� 4 ' +�' 5 � 494 � 5 %(6 ! 4 !*+ 3N5 '_! 4 + � = #&)-6 F ' %7/�'S� 4 � %(�0!*+
? F 'TB 5 %A! 4 '2#��:#;',+0� 4 ' = 6>+�',+ } -�/�� 5 5 ' � %(�06 4 +�'<!*+ 5 2d� %8/n%8/�'2! � %(7"!*+f? F 'TB 5 %(! 4 'h#��0#1':+:� 4 '
= 6>+�',+ 5 ! 5 %8/�' 3 2 '<).'y� = #�+0' = ' 4 %('<+W}H-�/&' 3 = !9� 4 + 3 +��1L;'<)dBK)-6 = %7/�',� 4 �:%-�Q!*+G+&' 5 � 484 � 4
%8/&'�2 ! 3 %7/�' : <�B 5 %A! 4 'y)-'<!9+ 5 %8/&'~+"!$%A!hBK)-6 = %8/�'y).' 4 � 5 %-'<)U? +:'9} � 5 2d�1+[+L/;'y+&� 5-� 7 575 '<+
� 4 @ ' � %(�:6 4 � } $�R %8/�' : <�B 5 %A! 4 'T%A! 8 ' 5 � 7 4 � % 5 69Bf%(� = 'T%(6h? 4 � 5 /G}H-�/�',?") 5 %{%8/�).'<',7 4 �:% 5
69BG%-� = 'z!9)-'{7 5 '*+P%(6,+&' � 65+�'U%7/�'U� 4�5 %-)-7 � %(�:6 4 % 3 #1' R 2!/&�[+0'd%8/&'U)-' 5 %N69BG%8/&'{%(� = 'z� 5 7 5 '<+
BK68)C)-'<!9+�� 4W4�F !*+:7�' 5 BK)-6 = %7/�' ).' 4 � 5 %-'<)T? +0'2! 4 +R! 575 � 484 � 4�4 %7/�' = %-6 %8/&'2).':+0' F ! 4 %y#"! B
)(! = ' %('<) 5 } : 4 %8/&'C� 4 �:%-�Q!*+ #��:#;',+0� 4 ' = 6>+&':+;%7/�' 5 %(!9).%d6$BL%7/�' : <�B 5 %A! 4 '�2 ! 5!5 %A!*+1+0'<+ 7 4 %(�[+
%8/&'|#�)-' F �0687 5 � 4�5 %().7 � %-�06 4 #&)-65+�7 � '*+S!,)-' 5 7�+ % =K� } '9}q!$B %-'<)N%7/�' � A'B 5 %(! 4 '�/�! 5 ? 4 � 5 /&'<+ED }
��+ %('*) 4 !$%-� F ':+ 3*R %7/�'E� = #�+:' = ' 4 %('*+2? F 'TB 5 %A! 4 'E#��0#1':+:� 4 ' = 65+�':+ 5P5 %A!*+1+;BK68)N! 5 /�69).%('*)N%(� = '
! 4 + 5 %A!9) %X2d�:%7/ %8/&' : <�B 5 %A! 4 '�#�)-' = !$%-7�)-',+ 3�5 6�%7/"!$%P%7/�'O� 4�5 %-)-7 � %(�06 4 B % 3 #1' = ! 3 /1'
+�' � 65+�'<+G} � '<! 4 2!/��[+:'_%7/�'�#�).' F �0697 5 � 4�5 %-)-7 � %(�06 4 /"! 5 #�).6>+�7 � '<+ �:% 5 )-' 5 7�+ %P! 4 + %8/&'
: <�B 5 %A! 4 ' � ! 4H� 6 4 %(� 4 7�'9}'-�/�� 5 � = #�)-6 F ' 5 'QS&' � 7&%-�06 4 %-� = '{BK68) %8/�'U� = #�+0' = ' 4 %-'<+ = 65+�':+
� 6 = #"!$)-'<+H%-6h%7/�'T� 4 � %(�Q!K+ = 65+�':+ }

-�/�).'<' 8 � 4 + 5 6$B|BK68) 2N!9).+�� 4�4 #"!$%7/#= ; F ;�B
; F ; R � ; � B
; F ; ! 4 + � ; � B � ; � BK68)CB
2N!9)-+�� 4�4 D !$)-'O+�' 5-� )-�0/1'<+�� 4 %8/�'OBK60+1+0632d� 4W4$5 ' � %-�06 4�5 } -L6R� = #�+0' = ' 4 %H!�BK68)C2 !9).+�� 4W4
= ' � /"! 4 � 5 = � 4 ! 4 ! 5 3>4&� /�)-6 4 687 5 +�' 5 � 484 � 5 %-)-� �98 �:'<)E%8/�! 4 � 4 ! 5.354�� /�).6 4 687 5 +�' 5 � 484 }
; ! � /S#��0#1':+:� 4 ' 5 %(! 4 ' � ! 4 5 %(!9).%d!I%�!y+�� LW'*)-' 4 % %-� = '|! 4 + � ! 4 ? 4 � 5 /H� 4 +�'<#1' 4 +�' 4 %8+ 30R�5 6
2d�:%7/�687&% !S/�7WL;'<)T%8/�' 5 %A! 4 '2!$%T%8/&'2/1' 4 � 4�4 � 4�4 69BN%7/�'�BK68) 2N!9)-+&� 4�4 #"!$%7/ /"! 5 %-6�2N!9�:%
7 4 %(�1+5%7/�' 5 %A! 4 'N!$%M%7/�' ' 4 +y69B"%7/�'NBK68)C2 !9).+�� 4W4 #"!$%7/~� 5 )-'<!9+ 3 %(6|).' � '*� F ' %8/�' +"!$%A!>}�-�/�� 5



���������	��

����������������
�������������
���������� �!
#"$�!%��'&�� � �

2d�[+1+;).'<+�7 � 'E%8/�'E#1'<) BK68) = ! 4�� 'E69Bs%8/�'T! 5.354�� /�).6 4 687 5 #��:#;',+0� 4 '<+ = 6>+&':+W/ 3 � 4 %().6>+�7 � � 4W4
!9+�+&�:%(�:6 4 !*+ 5 3>4&� /�)-6 4 � 5 !I%(�06 4 #;68� 4 % 5 } -�/&' 5 60+:7&%(�:6 4 � 5 %(6 5 %(68).'P%8/�'2BK68) 2N!9)-+&'<+R+"!$%(!
� 4 %-6P! /�7 LW'*)|! 4 + +0'*%z%8/&' 5 %(! 4 '~!I%{%7/�',/1' 4 � 4�4 � 4�4 69BM%8/�'CBK68) 2N!9)-+&� 4�4 #"!$%8/ � 6 4 %(� 4 7�'
�:% 5 2 68) 8 } : 4 %8/&� 5 #�).6 M.' � % %8/&'|#��0#1':+:� 4 'U!*+12N! 3N5 BK68) 2N!9).+ 5 %8/&'E+"!$%A!,! 5 �:%N� 5 � = #;6 5 5 �:/�+0'
%(6~#&)-'<+&� � %�2!/&'*%8/&'<)�%8/�'�+Q!$%-'<) � 4�5 %-)-7 � %(�06 4�5 4 '*'<+S%8/�'|BK68)C2 !$)-+�'*+_+�!$%A!y68) 4 69%J} -�/&'<)-'QB
BK68).' %8/&',� 4W5 %().7 � %-�06 4 � 4 %8/�' 5 %A! 4 'y!$%{%8/�' ' 4 +�69Bq%8/�'CBK68) 2N!9).+�� 4�4 #"!$%7/ /"! 5 %(62%7/�)-632
%8/&'C7 4�4 ' � ' 5 5 !9) 3 BK69) 2N!9)-+�'*+ +�!$%A!h! 2 ! 3 �:BL� %�+�65' 5z4 69% 4 '*'<+�� %J}

����� ��� �����  ����� ������� � �	� #���,

� 5�5 /�632 4 � 4 OM� 4 7�)-' � } ( R %8/�' ��<�<�� 4�5 %-)-7 � %(�:6 4 � 687�+:+O7 5 'C%8/�' )-' 5 7�+ %UBK)-6 = %8/�' #�)-'QB
F �0687 5 � 4�5 %-)-7 � %(�:6 4 = @ 	 A�D 2!/�' 4 �:%�).'J!*+1+ 3�4 '<'<+ 5 � % = !$%~%7/�'S/;' 4 � 4�4 � 4�4 69Bz%8/�' ; F ;
5 %(! 4 ' D )-� 4 / % ! 2N! 3 !$B %('*) %7/"!$%�+"!I%A!,� 5PF !*+0�:+U2!/�� � /H� 5 !$%N%7/�'|' 4 +H69Ba%8/�'�; F ; 5 %A! 4 '{69B
%8/&'�#�)-' F �:687 5 � 4W5 %().7 � %-�06 4 } ={' 4�� '�%7/�' 5 � = #�+:' 5 %M% 3 #1'd69B BK68) 2N!9).+�� 4�4 2N! 5 � = #�+:' = ' 4 %('*+
/�'*)-' R 2!/&� � /_� 5 BK68)C2 !9).+�� 4W4 %8/�' F !*+0�:+P)-' 5 7�+ %d69BL%8/�'T'J!$)7+0�:'<) � 4�5 %()-7 � %(�:6 4 %(6 2!/�'*)-'E%8/"!I%
)-' 5 7�+ % � 5f4 '<'<+&'<+G}'OM� 4 7�).' � } � �[+[+:7 5 %-)(!$%-' 5 %8/�'�'TLW' � % 69B17 5 � 4�4 ; F ;�B2; F ; BK68) 2N!9).+�� 4�4 %-6
)-' 5 60+ F 'E%8/&'C+�!$%A! /"! ><!9)-+W} -�/�' ; F ;�B2; F ; BK68)C2 !$)-+�� 4�4 � 5�5 /�632 4 � 4 OV� 4 7�).' � } � ! 5 ! 4
!9) � B !$)-)-632#2d�:%7/�� 4 %8/�'~/16 SO/1' � !97 5 '�� %�2N! 5 � = #�+0' = ' 4 %-'<+ / 3 7 5 � 4�4 !X+06 � !*+ F !9)-�0!9/�+:'9}
� 5 %8/�� 5 #"!I%8/�� 5,� 6 4 %(!9� 4 '<+$2d� %8/�� 4 ! 5 � 4�4 +:'2#&�0#1':+0� 4 ' 5 %(! 4 'P� % � ! 4 /1' � = #�+:' = ' 4 %('*+
2d�:%7/�687&%z! 4�3X5.354�� /�).6 4 � 5 !$%(�:6 4 6 F '<) /�'J!9+W}



���������	��

����������������
�������������
���������� �!
#"$�!%��'&�� � )

WBMEMEXEIDADD r2,r1,r0

WB

IF

ID EXE MEMIFSUB r1,r3,r4

STALL

OM� 4 7&)-' � } ( 9 -�/�'C+��0! 4 )(! = 69BL%8/&' 5 � = #�+0' 5 %d+"!I%A! /"! ><!9)-+

WBID EXE MEMIF

WBID EXE MEMIFADD r2,r1,r0

SUB r1,r3,r4

OM� 4 7&)-' � } � 9 	�5 � 4�4 ; F ;�B
; F ; BK68) 2N!9).+�� 4�4 %-6h).' 5 60+ F 'C+�!$%A! /"! ><!9)-+

IF

IDPC updating

EXE

MEM

WB

Write-back

OM� 4 7�)-' � } � 9 -�/&' � B 5 %(! 4 'T#��:#;',+0� 4 '�2d�:%7/ ; F ;�B
; F ;�BK68)C2 !$)-+�� 4�4



���������	��

����������������
�������������
���������� �!
#"$�!%��'&�� � �

WBMEMEXEID

LW   r1,20(r0)

ADD r2,r1,r0

WB

IF

ID EXE MEMIF

STALL

OM� 4 7�)-' � }J) 9 -�/&' +��0! 4 )-! = 6$BV%7/�' D 68!9+ /"! >J!$)-+

WB

WBMEMEXEIDIF

ID EXE MEMIF

STALL

LW   r1,20(r0)

ADD r2,r1,r0

{SW  21(r0),r1}

OM� 4 7�)-' � }76 � 9 	H5 � 4�4 � ; � B2; F ; BK69) 2N!9)-+�� 4�4 %(6�)-' 5 60+ F 'C! D 6 !9+�/"! >J!$)-+

����� �
	 � � �  ����� ������� � �	� #���,

	{4 BK68).%-7 4 !$%-':+ 324 69%�!*+[+;� 4�5 %()-7 � %(�:6 4�5 � ! 4 %A! 8 'C!9+ F ! 4 %A! 4 '|69Bs%8/&' ; F ;�B2; F ; BK68) 2N!9)-+NB
� 4W4�RG5 � 4�� 'd%8/�'{)-' 5 7�+ % BK).6 = D 6 !9+ 5 � 5�F !*+:�0+�!$% %8/�'z' 4 + 69B;%8/�' � ; � 5 %(! 4 '{! 5�5 /�632 4 � 4
OM� 4 7�)-' � } )&} � 4 69%7/�'<)dBK68)C2 !9).+�� 4W4 #"!I%8/ = � ; � B2; F ;PD!/"! 5 %(6h/;'C� = #�+:' = ' 4 %('*+ R 2d�:%7/
5 %(!*+[+:� 4�4WR %(6 5 #1'<'*+ 7�#�%8/&'z#&�0#1':+0� 4 ' / 3 BK68)C2 !9).+�� 4W4 %7/�' F !*+0�:+~)-' 5 7�+:% 69B D 6 !9+ 5 BK).6 = %8/&'
� ; � 5 %(! 4 'h%(6 %7/�' ; F ; 5 %A! 4 'U2!/�'*)-' %7/�' 4 'QS5%~� 4�5 %().7 � %-�06 4 = ! 3 4 '*'<+�%8/�!$%,+�!$%A!&}
OM� 4 7�)-' � }76 � �1+[+:7 5 %-)(!$%-' 5 /�632 %(6y).'<+�7 � ' D 6 !9+ /"! >J!$)-+ 5 7 5 � 4�4 � ; � B
; F ; BK69) 2N!9)-+�� 4�4 }
-�/�' 5 %-)-7 � %(7�).' 6$BL%7/�' = 65+�',+ 2d�:%7/ � ; � B2; F ; BK69) 2N!9)-+�� 4�4 � 5A5 /�632 4 � 4 OM� 4 7&)-' � }76 68}



���������	��

����������������
�������������
���������� �!
#"$�!%��'&�� � 6

IF

IDPC updating

EXE

MEM

WB

Write-backLoad forwarding

OM� 4 7�)-' � }76 6 9 -�/&' � B 5 %(! 4 'E#��:#;',+0� 4 '�2d�:%7/ � ; � B2; F ; BK69) 2N!9)-+�� 4�4

SW   21(r0),r1

LW   r1,20(r0) EXEIDIF

IF ID EXE

WBMEM

WBMEM

OM� 4 7�)-' � }76 4 9 	H5 � 4�4 � ; � B � ; � BK68) 2N!9)-+&� 4�4 %(6 5 60+ F 'T%7/�' @ %(69)-'TB D 6 !9+ /"! ><!9)-+

����� ��� � � �  � � � ������� � �	� #���,

={632 ' F '<) R ! �*� 68).+�� 4�4 %(6 OM� 4 7�)-' � }76 4 R 2!/�' 4 ! D 68!9+y� 4W5 %().7 � %-�06 4 � 5 BK60+1+0632 '<+y/ 3 ! @ %(68).'
� 4W5 %().7 � %-�06 4 R � %N� 5 4 69% 4 ' � ' 575 !9) 3 %(6 5 %A!*+1+"%8/�' @ %(68).' 5 � 4�� ' @ %-68)-'{� 4�5 %().7 � %-�06 4�5 4 '*'<+P%8/&'
)-' 5 7�+ % BK).6 = %8/&' D 6 !9+�!$%C%8/�'h/;' 4 � 4&4 � 4�4 69B %7/�' � ; � 5 %(! 4 '9}�OM� 4 !*+1+ 30R OV� 4 7�).' � } 6 �
�[+1+07 5 %()-!$%(' 5 %8/�' 5 %-)-7 � %(7�).' 69B %8/�'�? F 'QB 5 %A! 4 '2#��0#1':+:� 4 '�2d� %8/ � ; � B � ; � BK69) 2N!9)-+�� 4�4 }
@ � = �1+Q!9),%-6 ; F ;�B
; F ; BK69) 2N!9)-+�� 4�4�R � ; � B � ; � BK68)C2 !9).+�� 4W4 � 5 5 /&6 2 4 ! 5 ! 4 !9) � B
!9).)-632 2d� %8/�� 4 %8/�'T/163SH/;' � !97 5 ' � %�2 ! 5 � = #W+0' = ' 4 %-'<+H/ 3 7 5 � 4�4 ! +06 � !*+ F !9).�Q!9/W+0'9}



���������	��

����������������
�������������
���������� �!
#"$�!%��'&�� � 4

IF

ID

EXE

MEM

WB

Load forwarding

PC updating

Write-back

OM� 4 7&)-' � }76�� 9 -�/&' � B 5 %(! 4 'E#��:#;',+0� 4 '�2d�:%7/ � ; � B � ; � BK69) 2N!9)-+�� 4�4
XHY�� � e�� eJo � rso �9x�� � tCcqe<xho

-�/�' 5 ' = 65+�':+ 5 2N'*)-' !*+[+;+�' 5 � 484 '<+ 5 7�/NM.' � %z%(6�%8/�' 5 ! = '|%-� = � 4�4,� )-� %('*)-�Q!~! 5 BK6*+[+0632 5,9

; � )-' BK'*% � /�� 4�4 'J! � / � 4�5 %-)-7 � %(�06 4 %(! 8 ' 5 � %-� = '|7 4 � % 5 � 4 %8/&' D � ��<#+Q! 4W4 7"! 4 '$}

; <|' � 65+�� 4�4 %7/�'T� 4�5 %().7 � %-�06 4 %A! 8 ' 5 � %(� = '|7 4 �:% 5 }

; -L6|'TS>' � 7&%-'�= 'TS � +07�+�� 4�4 = ' = 68) 3 ! �<� ' 575 ! 4 + 2d)-� %('QB /"! �98 Da%8/�' F !K+0�0+�!$%('*+ � 4�5 %-)-7 � B
%-�06 4 %(! 8 ' 5 � 7 4 � % 5 }

; -L6 � �<� ' 5 5 = ' = 68) 3 BK68) D 6 !9+ 5 ! 4 + @ %-68)-' 5 %A! 8 ' 5 � %-� = 'E7 4 � % 5 }

; � )-� %(� 4W4 /"! �98 %(6E7�#1+"!$%-'N%8/�'�).' 4 � 5 %-'<)M? +:' =I2!/&� � /�/"!9#�#1' 4W5 BK68)f' F '<) 3 #�)-' BK'*% � /�'<+
� 4�5 %-)-7 � %(�06 4 � 4 %8/�'P#&�0#1':+0� 4 '<+ = 65+�',+ 5:R 68),6 4 + 3 BK68),� 4�5 %-)-7 � %(�:6 4�5 %7/"!$% 4 '<'<+�%-6
2d).�:%('|%7/�'T)-' 5 7�+ %{/�! �98 � 4 %7/�' 4 6 4 B #��0#1':+:� 4 '*+ = 65+�':+ D %A! 8 ' 5 6T%(� = '|7 4 �:%<}



���������	��

����������������
�������������
���������� �!
#"$�!%��'&�� � �

FETCH 8

DEC 8

EXE 8

MEM 8

WB 1

2

2

FETCH 8

DEC 8

EXE 8

MEM 8

WB 1

2

2

2

2

FETCH 8

DEC 8

EXE 8

MEM 8

WB 1

5-stage pipeline model3-stage pipeline modelNon-pipeline model

OV� 4 7�).' � }76 $�9 -�� = 'E� 4 BK68) = !$%-�06 4 BK68) %8/�'T� 4 �:%-�Q!*+ = 65+�',+ 5

; ; ! � / � /"! 4�4 ':+s/;' % 2N'*' 4 % 2 6h+��1L;'<).' 4 % 5 %A! 4 ' 5 %A! 8 ' 5 4 %(� = 'E7 4 �:% 5 }

OM� 4 7�)-' � }76 $ �[+1+07 5 %()(!I%(' 5 %7/�' %-� = � 4�4 � 4 BK68) = !$%-�06 4 BK69)s%7/�' � 4 � %(�Q!K+ = 65+�',+ 5 � 4 %8/�� 5 #�)-6 M.' � %<}
� �*� 68).+�� 4W4 %-6y%8/�� 5:R %7/�' �*35� +:'E%(� = 'U� 4 %8/�' 4 6 4 B #��:#;',+0� 4 '<+ = 65+�':+G� 5 !9).687 4 + 4 � =I2d� %8/ B
687&% = ' = 68) 3 ! �<� ' 575 DT%-6�� � = 2d�:%8/ = ' = 68) 3 ! �<� ' 575 DT%(� = '~7 4 �:% 5 } -�/&' � 3>� +0'�%(� = '~� 4
%8/&'�%7/�)-'*'TB 5 %A! 4 '2#&�0#1':+0� 4 ' = 6>+&':+q� 5 !$#�#�)-6 S>� = !$%-':+ 3 6 � %(� = 'y7 4 �:% 5 � 'QS5%()(!S%(� = 'yBK68)
= ' = 68) 3 ! �*� ' 575 } : 4 %7/�'{? F 'TB 5 %A! 4 '|#��:#;',+0� 4 ' = 65+�':+ %8/�' �*35� +:'U%(� = 'd� 5 !9).687 4 + 6 � %(� = '
7 4 � % 5 2d� %8/ 4 6h'TS5%()-! � 3>� +0' 5 BK68) = ' = 68) 3 ! �*� ' 575 }

XHY X r�� �nu*`�� `EoPcftCcqe<xho �nifeJo � �������

-�/�' = 65+�',+ 5 687&%7+0� 4 '<+_!9/16 F ' 2N'*)-'C+�' 5.� )-�:/;'*+�7 5 � 4�4 %8/&' D � ��< +Q! 4�4 7"! 4 '$}�; ! � / /;6 S
= : O R�: < R ; F ; R � ; � R � A�DV2N! 5 = 6>+&':+[+:'<+S! 5 ! D � ��<	#�)-6 � ' 575,R 2d� %8/_+"!$%A!�#"! 5 5 � 4�4
/1'*% 2 '<' 4 /;6 S>' 5 %8/&)-687 4 /�! D � �H< � 6 =h= 7 4 � � !$%-�06 4P� /�! 4�4 ',+ }



���������	��

����������������
�������������
���������� �!
#"$�!%��'&�� � $

: 4 D � �H< � /"! 4�4 ':+ � 6 =h= 7 4 � � !$%-�06 4$F !*+:7�' 5 !$)-' 5 ' 4 %2%-6�! � /�! 4�4 ',+z7 5 � 4W4 %7/�' � 68# B
'<)-!$%(69)<} -�/�' 5.354 %A! SSBK69) 5 ' 4 +�� 4�4 � 5 ��� " ��� � ����� " �  � R 2!/�� � / = '<! 4�5,9

; � !9�:% 7 4 %(�[+G%7/�'T)-' � '<� F '*)z� 5 )-'<!9+ 3 %(6h! �*� '*#&%{! � 6 =2= 7 4 � � !$%(�:6 4 }

; @ ' 4 +S%8/�' F !*+07&'|%(6~%8/�'T).' � '*� F '<)<}

; � !9�:% 7 4 %(�[+G%7/�'T)-' � '<� F '*)H/�! 5 ? 4 � 5 /�'<+ 2d�:%7/_%7/�' F !*+07�'$}

� !*+:7�' 5 !9).'T)-' � '<� F '<+ 7 5 � 4�4 %8/�'	� 69#;'*)(!$%-68)<} -�/�' 5 3>4 %(! SSBK68)�)-' � '*� F � 4�4 � 5
��� " ��� � ��
 �
� $ ��������
 � � R 2!/�� � / = '<! 4�5:9

; � !9�:% 7 4 %(�[+G%7/�' 5 ' 4 +�'<)z� 5 ).'J!9+ 3 %(6�� 4 �:%(�0!$%('U! � 6 =h= 7 4 � � !$%-�06 4 }

; ; F !*+07�!$%('|%7/�'T/;65+ 3 'QS>#�)-' 575 �:6 4 }

; : 4 +&� � !I%('|%(6�%8/&' 5 ' 4 +&'<)d%8/"!$%�%7/�' F !*+07�'E� 5 ? 4 � 5 /�'*+�2d� %8/G}

� �:%7/�� 4 %8/&',/16>+ 3 'QS&#&)-' 5 5 �:6 4 %8/�' )-' � '<� F '*+ F !K+07�' � ! 4 /;' )-'J!$+�7 5 � 4�4 %7/�','QS>#�)-' 575 �:6 4

 ��� " ��� � � }

-�/�'y'TLW' � %-� F '~#&�0#1':+0� 4 'C+�'<#&%7/n69Bq%8/&' = 65+�',+ � ! 4 /;' = 65+�� ?"'<+O/ 3 � /"! 4�4 � 4�4 %7/�' ) � � B
8�4 632!+0'*+ 4 ' ) #W/"! 5 'C69BL%8/�' � 6 =2= 7 4 � � !$%(�:6 4 9

; : B�%7/�'P/�+:6 �98 #�).6 � ' 575 � 4�4 ! 4 +R687&%-#�7&% � 6 =h= 7 4 � � !$%-�06 4 � 5 ' 4&� +06 5 '<+ 2d� %8/�� 4 %8/&'
� 4 #�7&% � /�! 4�4 ',+ � 6 =h= 7 4 � � !$%-�06 4 R %8/&'C/W+06 �98 68#1'<)-!$%(' 5 2d�:%8/&� 4 %8/&' 5 ! = 'E#��0#1':+:� 4 '
5 %A! 4 'C! 5 � % 5 #�).'<+�' � ' 575 69)<}



���������	��

����������������
�������������
���������� �!
#"$�!%��'&�� � �

; : B %8/&'�/�+06 �98 � 68#��:' 5 %8/&'�� 4 #�7>% F !*+07�' ! 4 +�! �98�4 632!+0'*+ 4 ' 5 � =2= '<+��0!$%(',+ 3*R %7/�'�/�+:6 �98
68#1'<)-!$%(' 5 ! 5 ! 5 '<#"!$)(!$%-'C#&�0#1':+0� 4 ' 5 %A! 4 'EBK).6 = � % 5 #�).'<+�' � ' 5 5 68)*}

={' 4�� 'T! 5 � 4W4 +0' D � ��< #&)-6 4 )-! = � ! 4 R 2d�:%7/H)-',+Q!$%-� F ',+ 3 +:�:%-%7+0' = 6>+�� ? � !I%(�06 4 R = 65+�':+ %8/&'
/1':/"! F �0687&)�69BM%7/�'T+��1L;'<).' 4 %d#��0#1':+:� 4 ' 5 %().7 � %-7�)-' 5 +&' 5-� )-�:/;'*+O!9/16 F '9}

XHY�� � � � � t ���

� )-6 � ' 575 69)L+&' 5 � 484�5 /"! F ' /1'<' 4 +�' F ':+:68#1'<+C/"! 5 '*+ 6 4 %7/�'q%8/�'*68) 3 #�)-' 5 ' 4 %-'<+,� 4 %8/�' 'J!$)7+0�:'<)
� /"!9#>%('<) 5 }'-�/�).'<' = 65+�',+ 5 2 '<).' � )-'<!$%('*+S� 4 68).+�'<)N%-6 � 6 = #"!9).'U%8/&'<�0)N#;'*).BK68) = ! 4&� '9} ��+[+
69B %8/�'2+�' 5 � 484�5 !9).'P! 5 3>4&� /�)-6 4 687 5 ! 4 +�% 2 6O69BN%7/�' = 7 5 ' #��:#;',+0� 4 ' 5 %-)-7 � %(7�).' 5 }�-�/�� 5
� 5 ' 5 #1' � �Q!*+1+ 3 � = #168).%(! 4 % BK68)N#�)-6 F � 4�4 %7/�'E#��:#;',+0� 4 'z%-6~/;' 5 7�#;'*)-�:68)N%(6�! 4 6 4 B #&�0#1':+0� 4 '<+
+�' 5 � 494 } O"7�).%7/�'<) = 69)-' R /169%8/ !C%8/&)-'<'QB 5 %A! 4 'U! 4 + !C? F 'TB 5 %A! 4 '|#��0#1':+:� 4 'A2 '<).' � ).'J!$%-'<+ %-6
%(' 5 %C%8/�' 4 6$%(�06 4 %7/"!$%T%8/�'~? F 'TB 5 %A! 4 ' #��:#;',+0� 4 'y� 5 /1'*%.%('<)C/"!*+0! 4�� '<+�� 4 %('*) = 5 6$B /�+:6 �98
#�).6 � ' 575 � 4�4 %-� = ',! 4 +62 687�+:+O%8/�'*)-' BK68)-'~/1' 5 7�#1'<).�068){%(6P%8/&',%8/�).'<'QB 5 %(! 4 '~+�' 5 � 484 }�-�/�'
%(' 5 % 5 ! 4 +S%7/�'<�:)�)-' 5 7�+ % 5 2d�[+1+G/;'E+&� 5-� 7 575 '<+O� 4 %8/�' 4 'QS5% � /"!$#&%('*)<}



� � ��� ���	� �

� � � ��� � � � � � � �l� �q� � ���V� �

-�/�'C%(' 5 %(� 4�4 #&)-6 � '<+&7�)-'�2 ! 5 +�� F �:+�'<+ � 4 %(6�%8/&)-'<' 5 ' � %-�06 4�5 2d)-� %-%(' 4 � 4 !h+��1L;'<).' 4 %{#�)-6KB
4 )-! =2= � 4W4 +Q! 4W4 7"! 4 '$}P-�/&'C?") 5 %z%(' 5 %{7 5 '*+�%8/�).'<' F '*) 3 5 � = #W+0'T! 5 5 ' = /�+ 3 #�).6 4 )-! = 5 %-6
7 4 +&'<) 5 %A! 4 +�'<! � / = 65+�':+M! 4 +n%(6S!I%-%(' = #>%|%(6S� = #�).6 F ',%8/&'~#;'*).BK68) = ! 4&� 'y69B %7/�'y? F 'QB
5 %(! 4 'S#��:#;',+0� 4 '9}$-�/&' 5 ' � 6 4 +�%-' 5 %h7 5 '<+ 5 = !*+[+ #�)-6 4 )(! = 5 2d)-� %-%-' 4 � 4 %8/�' /�� 4 / B +0' F ':+
#�).6 4 )(! =2= � 4�4 +Q! 4�4 7"! 4 ' R YU}�-�/�'|%8/&�0)-+2%(' 5 %d7 5 '*+H%8/�' <�/�) 3N5 %(6 4 '|/1' 4�� / = !9) 8 Y #�)-6KB
4 )-! = }6-�/�' 4 @ ' � %-�06 4 (>} $ ' F !K+07"!$%-' 5 ! 4 + � 6 = #"!9)-' 5 %8/&'H)-' 5 7�+:% 5 BK)-6 = %8/�'H+&�1L;'<)-' 4 %
= 6>+�',+ 5 }

�SY[Z �Se � �nu<` � ifiM` � ]nu � � `EiLc � � x�� �qt � i

: %C� 5 68/ F �0697 5 %8/"!I%,!H#��:#;',+0� 4 '<+ = 6>+&':+ 5 /�687�+:+�/1'yB ! 5 %-'<)E%8/�! 4�4 6 4 B #&�0#1':+0� 4 '<+ = 65+�':+
5 � 4�� ',�:% � ! 4 68#1'<)(!I%('y� 4 #"!9)(!K+[+0',+ } @ � 4�� 'y%8/�'*)-'~!$)-' = 68)-' #��0#1' 5 %(! 4 ' 5 � 4 ! ? F 'TB 5 %A! 4 '
#��:#;',+0� 4 ' R ! 4 + = 6 5 %,6$BN%8/&' #��:#;' 5 %(! 4 ' 5 %A! 8 'P! 5 � = �1+Q!9)U%-� = ' R !_? F 'TB 5 %(! 4 ' = 65+�':+ � 5
'TS>#1' � %('<+ %(6 /1'TB ! 5 %-'<)�%8/"! 4 !~%8/�).'<'TB 5 %(! 4 ',#&�0#1':+0� 4 '9}�-�/�'�+Q!$%.%('*)H/�! 5 6 4 ' 5 %A! 4 ' B %8/&'

� (



���������	��
 � � �	��� ��� ��� ����% ���N��&H�������T��� � �

; F ;�B 5 %A! 4 ' BA2!/�� � / %A! 8 ' 5 = 7 � / +06 4�4 '<){%8/"! 4 %7/�'�69%8/�'*)|% 2N6 RL� !97 5 � 4�4 BK60+1+0632d� 4�4 � 4 B
5 %-)-7 � %(�:6 4�5 %(6z/;' 5 %(!*+[+:'<+G}�-�/�� 5 +:� 4 ' 69B&)-'<! 5 6 4 � 4�4 2d�[+1+0/�60+:+ = 6 5 %V6$B&%8/&' %-� = ' R !*+:%7/�687 4 /
� 4U5 6 = ' � ! 5 ' 5 !T%8/�).'<'TB 5 %(! 4 'U#&�0#1':+0� 4 'd� 5 B ! 5 %-'<) +�7�'U%-6 %7/�'U'QS>%-)(!T%(� = ' 4 '<'*+�'<+PBK68) %8/&'
!9+�+&'<+ 5 %A! 4 ' 5 %(6 � 6 =2= 7 4 � � !$%('|� 4 !~? F 'TB 5 %(! 4 'C#��0#1':+:� 4 '�= ; F ;�B � ; � R � ; � B � A�D }

O"68) %7/�'n� = #�+0' = ' 4 %A!$%-�06 4 69BT%8/�'O? F 'TB 5 %A! 4 ' #��0#1':+:� 4 ' R!F '<) 3 5 � = #�+:'O#�).6 4 )(! = 5 2 '<).'
2d)-� %-%-' 4 � 4 � 575 ' = /�+ 3 � )-6 4 )-! =h= � 4�4~D ! 4�4 7�! 4 '�2d� %8/S+��1L;'<).' 4 % 8 � 4 + 5 6$BM+"!I%A!~+�'<#1' 4 B
+�' 4�� �:' 5:R � 4 68)-+�'*)�%(6 � 6 = #"!9).'E'J! � / = 65+�',+ 5 #1' � �:? � !*+[+ 3 }

� ��� ��� 
��	�  D��
 � '0��� " ��� , �����

� �:%7/n%8/�' � 5 5 ' = /�+ 3O� 65+�'yBK68)|%8/&'U< DGF !9) � /��:%-' � %(7�).' 5 /�632 4 /1':+:6 2 R %7/�� 5 %-' 5 % 4 � F ' 5
%8/&'H#;'*).BK68) = ! 4&� 'P68/>%A!9� 4 '<+�BK).6 = %7/�'H� 4 �:%(�0!*+f? F 'TB 5 %A! 4 '_#&�0#1':+0� 4 '2! 4 +R%8/�'H6 4 ' 2d�:%7/
; F ;�B2; F ; BK68) 2N!9)-+&� 4�4 }


��	� 
�� �����������

����� ����� 
�� ���� 

O")-6 = %7/�' � 6>+�' R %7/�' ����� 4 '<'<+ 5 %8/�'U)-' 5 7�+:% R 
�� R BK).6 = %8/�' 
��!� } : 4 /169%8/ � 4 � %(�Q!K+&%8/�).'<'QB
5 %(! 4 'T! 4 +_? F 'TB 5 %A! 4 'T#��0#1':+:� 4 ' 5:R %7/�' ����� /"! 5 %(6 5 %A!*+1+a! 4 + 2N!9�:%d7 4 %-�[+W%7/�'E)-' 5 7�+ %�BK)-6 =
%8/&' 
��	� � 5 2d)-�:%.%(' 4 /"! �98 } A 3 � 4�� 68).#;69)(!$%-� 4�4 %8/&' ; F ;�B
; F ; BK69) 2N!9)-+�� 4�4 � 4 %8/�'�+Q!$%.%('<)
= 6>+�',+ R %7/�' ����� � ! 4 4 '*%�%7/"!$% F !*+07&'P� =h= '*+��Q!I%(':+ 3 !$B %('*)~�:%~� 5 2d)-�:%.%(' 4 � 4 %8/�' ; F ;
5 %(! 4 '$}X-�/�� 5 )-'*+�7 � ' 5 %7/�' � 6 5 %<} OM� 4 7�)-'�(&}76 5 /�632 5 %7/�'h%-� = ' F �:',2 5�5 7�#&#�+0�:'<+�/ 3 %8/&'
D � �H< 5 � = 7W+Q!$%-�06 4X5 3N5 %(' = }



���������	��
 � � �	��� ��� ��� ����% ���N��&H�������T��� �9�

� � � ���P-�/&'T%-)(! � ' 5 � 4_D � �H< %(� = ' F �0'T2 � ! 4 /1'T� 4 %('*)-#�).'*%-'<+ ! 5 BK60+[+:6 2 5,9

; -�/�' 7�#�#1'<)�/�!*+:BM/"!9) 5 69Bf%7/�',%()-! � ' )-'*#�)-' 5 ' 4 %|%7/�' 5 ' 4 +&'<) ) 5 ! � %(� F � % 3 }!-�/�' 5 %A!9) %
69B %7/�'�/"!9)f� 4 +�� � !$%-' 5 %7/�'d#;68� 4 %�2!/�'*)-'�%8/�' 5 ' 4 +&'<) 2 ! 5 ).'J!9+ 3 %(6 5 %A!9) % ! � 6 =h= 7 B
4 � � !$%-�06 4 }�-�/�'T' 4 +_69BV%8/�'T/"!9)�� 4 +�� � !$%-' 5 2!/�'*)-'T%8/�' � 6 =2= 7 4 � � !$%(�:6 4 ? 4 � 5 /�'*+G}

; -�/�' +:6 2 '<)!/"!K+:BV/"!9) 5 6$BM%8/&'T%-)(! � 'T)-'<#&)-' 5 ' 4 %z%8/�'T)-' � '*� F '*) ) 5 ! � %(� F � % 3 }�-�/&' 5 %A!9) %
69BN%8/�'2/"!9)C� 4 +�� � !$%-' 5 %8/�'2#;69� 4 % 2!/&'<)-'2%8/�'2)-' � '<� F '<) /;' � ! = ' ).'J!9+ 3 %-6O! �*� '*#&%
! � 6 =h= 7 4 � � !$%-�06 4 }�-�/�'y' 4 +�6$Bq%8/�'~/"!$)|� 4 +&� � !I%(' 5 2!/�'<).'y%8/�' � 6 =h= 7 4 � � !$%-�06 4
? 4 � 5 /&'<+G}

: 4�� ! 5 '269B !S%-)(! � ' � 6 4 %A!$� 4 � 4�4 !�+:69%E69BN7�#�#1'<)C/"!9) 5,R � %T� 4 +&� � !I%(' 5 ! 5.3N5 %(' = 2!/�'*)-'2!
5 ' 4 +�'*)E� 5 /�+:6 �98 '<+ / 3 !P).':+Q!I%(� F ':+ 3 5 +0632	)-' � '<� F '*)<}�� 4 %7/�'y69%7/�'<)�/�! 4 + R ! %-)(! � ' � 6 4 B
%A!$� 4 � 4�4 ! +069% 69B!+0632 '<)y/�!9) 5 � 4 +�� � !$%-' 5 ! 5.3N5 %-' = 2!/&'<)-'P!�)-' � '<� F '*)~� 5 2N!9� %(� 4W4 BK68),!
)-',+Q!$%-� F ':+ 3U5 +:632 5 ' 4 +�'*)<}

� /�' 4 68/ 5 '<) F � 4�4 %7/�' 5 '�%-� = ' F �0',2 5,R %8/�' = 6>+�',+�2d�:%7/�%7/�' ; F ;�B2; F ; BK68)C2 !9).+�� 4W4
� 5 B ! 5 %('*) %7/"! 4 %8/�' 4 68) = !K+"6 4 'd/;' � !97 5 'U� % 5 ! F ' 5 %8/&'d%-� = '�)-',Z57&�0)-'*+2%-6 #"! 575 %8/�'z)-' 5 7�+ %
%8/&)-687 4 /S%7/�' � ; � 5 %A! 4 'C! 4 +�2d).�:%('E/�! �98 %8/&'C).' 5 7�+:%d%(6~%7/�'T)-' 4 � 5 %-'<)�? +:'9}

� ��� �
	 
��	�  	 
 � '0��� " ��� , �����

��� 
�� �	��
 ���
�

����� ����� 
�� ���� 



���������	��
 � � �	��� ��� ��� ����% ���N��&H�������T��� � )

time saving

OM� 4 7�)-'�(>} 6 9 -�/&' 'TLW' � %z69B ; F ;�B2; F ; BK68)C2 !$)-+�� 4�4

@ � 4�� 'H%8/&' � 4�5 %-)-7 � %(�06 4 BK60+1+0632d� 4W4 %8/�' D 6 !9+ � 4�5 %().7 � %-�06 4 4 '<'*+ 5 %8/�'_)-' 5 7�+ %hBK).6 = %8/&'
D 6 !9+ R ! +"!$%(! /"! ><!9)-+$/"! 5 /1'<' 4 � 4 %().6>+&7 � '*+R� 4 %7/�� 5 � 65+�'9} 	{4 +:� 8 '2%8/&' � � !���� #�)-6KB
4 )-! = R %7/�'�+�'<#1' 4 +�' 4�� 3 6 �<� 7�) 5 � 4 %7/�' � ; � 5 %(! 4 '�� 4 2!/�� � /�%7/�'h)-' 5 7�+:%TBK).6 = ��� � 5
#�).6>+�7 � '<+W} : 4 68).+�'<)z%(6 4 '*%z%8/�'C)-' 5 7�+ %U).� 4 / %{! 2 ! 3*R %8/&'<)-'*/ 3 ).'<+�7 � � 4W4 5 %(!*+[+a%-� = ' R ! 4 B
69%7/�'<)|BK68)C2 !$)-+�� 4�4 %(' � / 4 �[Z�7�' 2N! 5 !9#�#�+:�0'*+ /�'<).'9} OM� 4 7�).' (&} 4 �[+[+:7 5 %-)(!$%-' 5 %8/�'~).'<+�7 � '<+
5 %(!*+[+;%(� = 'E!$B %-'<)d!9#&#�+ 3 � 4W4 %7/�' � ; � B2; F ; BK68) 2N!9)-+&� 4�4 %-62#"! 575 %8/�'T).' 5 7W+:%J}

� ��� ��� 
��	�  � 
 � '0��� " ��� , �����

��� 
�� �	��
 ���
�


 � � ��
 ��� � � 
��



���������	��
 � � �	��� ��� ��� ����% ���N��&H�������T��� ) �

time saving

OM� 4 7�)-' (&} 4 9 -�/�'T'TLW' � %{69B � ; � B2; F ; BK68)C2 !$)-+�� 4�4

-�/�� 5 � 5 ! 5 #;' � �0!*+ � ! 5 ' R 5 � = �1+Q!9)U%-6�%8/&' #�).' F �0687 5 'TS&! = #�+:' R 2!/&� � /�6 �<� 7�) 5 2!/&' 4 %8/&'
BK60+1+0632d� 4�4 � 4�5 %-)-7 � %(�:6 4 !IB %('<) D 6 !9+_� 5 ! @ %(68).'�2!/&� � / 4 '<'<+ 5 %8/&' ).' 5 7W+:%zBK)-6 = %7/�' D 68!9+
!$% %8/&'{/1' 4 � 4�4 � 4�4 69BW%7/�' � ; � 5 %A! 4 '9} A 3 !$+�+�� 4W4 � ; � B � ; � BK68)C2 !9).+�� 4W4�R %8/�' 5 %(!*+[+
%(� = 'H� 4 %7/�'�'<!9)7+:�0'*) = 65+�':+ � ! 4 /1'_':+0� = � 4 !$%-'<+ = 68)h!$% +:'J! 5 % ).'<+�7 � '<+ED } OM� 4 7&)-' (&}��
5 /&6 2 5 %8/&'C'TLW' � %z69BV%8/�� 5 BK68) 2N!9)-+&� 4�4 }

: 4 !*+1+ 6$B�%8/�' 5 ' = 6>+&':+ 5 BK68)C2 !9).+�� 4W4 5 ! F ' 5 %(� = 'h6 F '<)-!*+[+ ' F ' 4 %8/&687 4 / 4 ' 4 '<)-!*+[+ 3 BK68)CB
2N!9)-+�� 4�4 �:% 5 ':+ Bs%A! 8 ' 5 %(� = 'E! 5 2 ':+1+ }!= ��+:%7/�687 4 / R � 4 B ! � %!; F ;�B2; F ; ! 4 + � ; � B � ; �
BK68)C2 !9).+�� 4W4 +�6 4 69% � 6 4�5 7 = ' ! 4 3 'TS5%()-!�%-� = ' 5 � 4&� 'S%8/�' 5 'O!$)-'_� 4 %('*) 4 !*+�69#;'*)(!$%-�06 4�5
2d�:%7/�� 4 %7/�' ; F ;�B /�+:6 �98 ! 4 + � ; � B /�+:6 �98�� 6 4�5 ' � 7&%(� F ':+ 3 }JD @ � 4�� 'h� %E� 5 � = #16 5 5 �0/W+0' %-6



���������	��
 � � �	��� ��� ��� ����% ���N��&H�������T��� )@6

time saving

OM� 4 7�)-' (&}�� 9 -�/�'C',L;' � %z69B � ; � B � ; � BK69) 2N!9)-+�� 4�4



���������	��
 � � �	��� ��� ��� ����% ���N��&H�������T��� ) 4

� 
�����
�� � � # #��
������� � �
# � 
! 	��� ��	
� � ��� � 	 # � � ��� 	 �

AN7�/�/W+0'9} � 4 ) �9� AN7�/&/�+0' 5 69).% 5 BK68)+6 � � %(' = 5 BK).6 = = � 4 � = 7 =%(6 = ! S>� = 7 = }
OM�0/16 4 ! �<� � } � � � ( � Y !*+ � 7�+0!$%(' 5 %8/�' 6 ����� OM�:/;6 4 ! �<� � 4 7 = /1'<)<}
@ %-) �d' F } � 6 � �D6 YN6 4GF '*).%U! 5 %().� 4�4
	 -L' 5 % �d' F '<) 5 ' @ %().� 4�4 O"7 4�� %(�06 4��

� 4 %-6h).' F '<) 5 '�2 68).+�68).+�'<)d! 4 + #�).� 4 %d�:%d697&%J}
-M!$/�+0' (&}76 9 -�/�'C+�' 5-� ).�0#&%-�06 4 69B�Y@%-' 5 %{#&)-6 4 )-! = 5

#�).'<+�� � % 2!/�' %8/�'*)h%7/�'HBK60+[+:6 2d� 4�4 � 4�5 %-)-7 � %(�06 4 4 '<'<+ 5 %7/�'S)-' 5 7�+:%�6$B{%7/�'S#�)-' � '<+&� 4�4 � 4 B
5 %-)-7 � %(�:6 4 68) 4 69% R %8/�'EBK68)C2 !9).+�� 4W4 5-� /�' = ' 5 � 4 '<! � / = 65+�':+a!K+12N! 3N5 #"! 5 5 %8/�'T)-' 5 7�+ %d69B
%8/&' � 7�)-).' 4 %{� 4�5 %()-7 � %(�:6 4 }

�SY�� �Se � �nu<` 
 � `|iVc � �qx � �qt � i

� 4 7 = /;'*) 69B Yl%-' 5 %P#�)-6 4 )(! = 5 2 '<).'O7 5 '<+ %(6 = '<! 5 7&)-'�%7/�'�#1'<) BK68) = ! 4�� '�69BE'<! � /
= 6>+�',+ }�-�/�' 5 'h#&)-6 4 )-! = 5 2 '<)-' � 6 = #��[+:'<+ 2d� %8/���Y�Y��U! 4 +n! 5 5 ' = /�+0'*+ 2d�:%8/O!X< DGF
! 5 5 ' = /�+0'*)<}�<|'*%(!9�[+ 5 !9/1687&%d%8/�'���Y�Yw! 4 +_%7/�'C! 575 ' = /�+:'<) � ! 4 /1'CBK697 4 +S� 4 �U#�#1' 4 +�� S
YU} <|7�'{%-6,%8/�'U� 4�� 6 = #�!$%(�:/��[+:�:% 3 /;' % 2N'*' 4 %8/�'�� Y�Y � 6 = #��[+:'<) ! 4 + < DGF ! 575 ' = /�+:'<) R �:%
2N! 5�F '<) 3 +�� C � 7�+:%�%-6 � 6 = #��[+:'U%8/�'E%-' 5 %z#�).6 4 )-! = 5 BK).6 = Y@#�)-6 4 )(! = 5 }

��/&)-�0' BE+�' 5-� ).�0#&%-�06 4 69B|%7/�'�%(' 5 % = 65+�':+ 5 � 5 4 � F ' 4 � 4 -M!$/�+0' (&}768} -V!9/�+:' (>} 465 /�632 5
%8/&'P)-' 5 7�+ % 5 BK69),'J! � / = 65+�':+ 69B�%7/�' Y�%(' 5 %~#�).6 4 )-! = 5 } -�/�'2%(� = 'h69Bd68#1'<)(!I%(�06 4 2N! 5
4 68) = !K+0� 5 '<+H/ 3 5 ' %-%-� 4�4 %8/&'C%7/�)-'*'TB 5 %A! 4 ' = 65+�':+W%-627 4 �:% 3 } � 5{� ! 4 /;' 5 '*' 4 R %7/�' 7 5 'T69B
! 4 3 BK69) 2N!9)-+�� 4�4 %(' � / 4 �1Z57&'z� = #&)-6 F ' 5 %8/�'�69#;'*)(!$%-� 4�4�5 #;'*'<+ 4 )-'<!$%8+ 3 =26��&} ��� %(6 4 � } ��� D }

���������! #"%$'&)(+*



���������	��
 � � �	��� ��� ��� ����% ���N��&H�������T��� ) �

� � 
��(� � � ��� � ��
!�����" #��(
 �  "���
AN7�/�/W+0' OM�0/16 4 ! �*� � @ %-) �d' F

� 	  �� ��� ����
 �(� #
>{6 4 B #��0#1':+:� 4 '*+ � 65+�':+ 68} ( � 68} � ) 68} � $
� B 5 %A! 4 ' � �:#;',+0� 4 ' � 65+�':+ 68} � � 68} � � 68} � �
� B 5 %A! 4 ' � �:#;',+0� 4 ' � 65+�':+ � } )0) � } � � 68} � �

����
� �� �(
 ����
 � �"# �����
�
# ������� �  "	 �(�" 
	 �

"�� 2d�:%7/ ; F ;�B2; F ; O"68)C2 !9).+�� 4W4 � } � $ � } � � � } � �
	 � " #W+07 5 � ; � B
; F ; O"68) 2N!9).+�� 4�4 � } � � � } � � � } � 6
� � 	 #W+07 5 � ; � B � ; � O"68)C2 !9).+�� 4W4 � } � � � } � � � } � 6

-V!9/�+:'�(&} 4N9 -�/�' � 6 = #"!9)-!$%(� F 'E)-' 5 7�+ % 5 2d�:%7/ Y@%(' 5 %z#�).6 4 )(! = 5
����
 �(� � � � � � � ��	 �  "��� � � 
!�����  "#��(
 �  ���


 �� "��� ��	� ��#��
� 	� �� "��� ����
 � �"#

>z6 4 B #��0#1':+:� 4 '*+ � 6>+&':+ � ) $ $ � 68} � �
� B 5 %(! 4 ' � �0#1':+:� 4 ' � 6>+&':+ � � � $ ( 68} � �
� B 5 %(! 4 ' � �0#1':+:� 4 ' � 6>+&':+ �0( � � � � } ) �

����
� 
� �(
 � � 
��(�"# �����
�
# � ����� �  	 �(�  �	 �

"�� 2d�:%8/ ; F ;�B
; F ; O"68) 2N!9)-+&� 4�4 �D6 � � � � } � 4
	 � " #�+:7 5 � ; � B2; F ; O 69) 2N!9)-+�� 4�4 � � 6 63) � } � �
� � 	 #�+:7 5 � ; � B � ; � O"68) 2N!9)-+&� 4�4 4 ) � )D6 � } � �

-V!9/�+0' (>} � 9 -�/&' ).' 5 7W+:% 5 2d� %8/H%8/�'�<�/�) 3N5 %(6 4 'T#�)-6 4 )(! =
�SY�� � mO` � m ���_iVcfxhoO` � �qx � �qt �

� 5 2N',+[+ ! 5 %(' 5 %(� 4�4 %8/&' = 65+�',+ 5 � 4 %8/&� 5 #�).6 M.' � %�2d�:%7/ 5 = !*+[+ � 5 5 ' = /�+ 3 ! 4 +�Y � )-6 B
4 )-! =2= � 4W4�D ! 4�4 7"! 4 ' 5:R %8/�' � <+= ��� @ - ��> ; � AN' 4�� / = !9) 8�� ).6 4 )-! = = = 69)-' +&'*%A!$�[+ 5
!9).' 4 � F ' 4 � 4 �{#�#;' 4 +�� S<A�D�2N! 5 7 5 '<+ %(6S' F !*+:7"!$%(' %8/�'~#1'<) BK68) = ! 4�� '~69B 'J! � / = 65+�',+ }
<�/�) 3 5 %(6 4 '2� 5 #&)-68/"!$/�+ 3 %7/�' 5 = !K+[+0' 5 %T#�).6 4 )-! = %8/�!$% � ! 4 )-'J! 5 6 4 !$/�+0'h/;' � +0!9� = '<+O%-6
)-' ? ' � %U%7/�',#1'<) BK68) = ! 4�� ' 69B�+Q!9) 4 ' Y !9#�#�+:� � !I%(�06 4�5 )-'<!*+0� 5 %(� � !*+1+ 3 }P-�/�' )-' 5 7�+ % 5 !$)-'C#�)-'QB
5 ' 4 %('<+ � 4 -M!9/W+0'�(&}��&} =z'<)-' R ! 5 /1'*BK68).' R %7/�' = 65+��:?"'*+ = 65+�':+ 5 2!/�� � / = !$+�'S7 5 '_69B
BK68)C2 !9).+�� 4W4 #&)-6 F 'E%(6h/1' 5 7�#1'<).�068)�%(6~%7/�'T� 4 � %(�Q!K+ = 6>+&':+ }



���������	��
 � � �	��� ��� ��� ����% ���N��&H�������T��� ) $

�SY�� � gCtyu �Ot cqe*x2o

� �*� 68).+�� 4W4 %(6 @ ' � %-�06 4 � } $�R %7/�' �*35� +0'P%(� = 'hBK68) %7/�' 4 6 4 B #��:#;',+0� 4 '<+ R %8/�' %7/�)-'*'TB 5 %A! 4 '
#��:#;',+0� 4 ' ! 4 + %8/�'_? F 'QB 5 %A! 4 'n#&�0#1':+0� 4 ' = 65+�',+ 5 !9)-' 4 � %(6 � � R 6 � � 'QS>%-)(!�%-� = '_BK68)
= ' = 68) 3 ! �<� ' 575 ! 4 + 6 � %(� = 'S7 4 � % 5 )-' 5 #1' � %-� F ':+ 3 } -�/�' Y � : 69BU%7/�' 4 6 4 B #&�0#1':+0� 4 '<+
= 6>+�',+W',Z57�!*+ 5 %-6 69}'O 69)N%8/�'|%7/�)-'*'TB 5 %A! 4 'E#��0#1':+:� 4 ' = 65+�':+1%8/�'�Y � : � ! 4 /1' � !*+ � 7�+0!$%('*+
� 6 = #"!$)(!$%-� F '|%-6~%8/�' Y � : 69BV%8/�' 4 6 4 B #��:#;',+0� 4 '<+ = 65+�':+a! 5 /1':+:632 9

������� = 4 � �	� � �GD
6 ��
 6
� � � � 6�� ( �	� 4

-�/�� 5 Y � : 4 7 = /;'*) = 'TS � +07�+�� 4�4 %8/�'T'TS5%-)(!~%(� = 'UBK68) = ' = 68) 3 ! �*� ' 5 5 Dd� 5�5 � = �1+Q!9) %(6�%8/&'
4~� +06 �98�5 #1'<)d� 4�5 %-)-7 � %(�06 4 69B ������� � � � � ) � ! � R ! 5.354�� /�).6 4 687 5 %8/�).'<'TB 5 %(! 4 'C#��0#1':+:� 4 '
= � � ).68#�).6 � ' 575 68)<} @ � = �[+Q!$)7+ 3*R %8/&' Y � : 69BL%8/�'|? F 'TB 5 %A! 4 'T#��0#1':+:� 4 ' = 65+�':+ � ! 4 /1' � !*+ � 7 B
+Q!I%('<+_! 5 BK60+1+0632 5:9

������� = 4 � �	� � �GD
6 ��
 4 � 6
� 4 � �	� 6
�J( �

-�/�' Y � :U4 7 = /1'<)T� 5E� +06 5 '~%(6H%8/�' 68} � F !K+07�'~69B ������� � � � � ) � / � R 2!/�� � /�� 5 ! 5 354 B
� /�).6 4 687 5 ? F 'TB 5 %A! 4 'C#&�0#1':+0� 4 ' = � � )-68#�).6 � ' 5 5 68)*}

-�/�' ! 5.354�� /&)-6 4 697 5 #��:#;',+0� 4 '<+ +�' 5 � 484 � 5 = 7 � /�B ! 5 %('<)�%8/�! 4 %7/�' 4 6 4 B #��0#1':+:� 4 '*+ F '<) B
5 �:6 4 2!/�� � /n68#1'<)(!I%(' 5�5 ':Z�7�' 4 %(�Q!K+[+ 3 }�-V62%A! 8 '�!9+ F ! 4 %A! 4 ',69Bq%7/�'~#��0#1':+:� 4 'T+�' 5 � 484 R � %|� 5
� = #168).%(! 4 %�%(6 ' 4�5 7&)-',%7/"!$%{'J! � /O#&�0#1' 5 %A! 4 ' � 5 /"!*+0! 4�� '<+G}!-�/�� 5 = ! 8 ' 5 %7/�' ? F 'TB 5 %A! 4 '
#��:#;',+0� 4 'UB ! 5 %-'<) %7/"! 4 %8/�'E%8/&)-'<'QB 5 %A! 4 'T#��:#;',+0� 4 '9} � +:�:%.%8+0'{6 F '<) /�'J!$+ � ! 4 /1'C!$%-%-)-�0/&7&%('*+
%(6�%8/&'T? F 'TB 5 %(! 4 'C#��0#1':+:� 4 '�+:� = �:%(� 4�4 %8/�' = ! S&� = 7 = %8/�).687 4 /&#�7&% RE5 � 4�� 'C� 4 5 6 = ' � ! 5 ' 5



���������	��
 � � �	��� ��� ��� ����% ���N��&H�������T��� ) �

%8/&� 5 #��:#;',+0� 4 'X/"! 5 %(6 2N! 5 %-'_%-� = ' %(6�#"! 5 5 +"!$%A!OBK).6 = %8/&'5; F ; 5 %(! 4 'H%8/�).687 4 / %8/&'
� ; � 5 %A! 4 'd� 4 68)-+&'<)f%(6 8 '<'<#h%8/�'d#��:#;',+0� 4 ' 5 � = #W+0'N%-6C+&' 5 � 484 }	-�/�� 5 � ! 4 /1' 5 '*' 4 2!/&' 4
� 6 = #"!$)-� 4W4 %7/�'T)-' 5 7�+ % 5 69BM%7/�'C%7/�)-'*'TB 5 %A! 4 ',! 4 +_? F 'TB 5 %(! 4 'C#��0#1':+:� 4 � 4�4 = 65+�',+ 5 BK68)�%8/&'
� � � � � ����� #�)-6 4 )(! = } � /�� 4 /�'<) #1'<).BK69) = ! 4�� 'z#��:#;',+0� 4 '�+�' 5 � 484 2N697�+0+2/;'{!9/�+:'d%-6,).'<+�7 � '
%8/&' 5 'T%(� = ' 5 }

-L6 � = #&)-6 F '�%7/�'n#1'<).BK69) = ! 4�� '�69B %7/�'O? F 'TB 5 %A! 4 '�#&�0#1':+0� 4 ' R�5 6 = ' = 65+��:?�'<+ = 6>+&':+ 5
2 '<)-' � = #�+0' = ' 4 %('<+ %(6�)-'*+�7 � ' %8/�'_#��0#1'�/"! >J!$)-+ 5 / 3 !9+&+�� 4�4 5 6 = ' = ' � /"! 4 � 5 = 5 %-6
5 7&#�#;69).% BK68) 2N!9).+�� 4�4 }�-�/�'*)-'z!9)-' 5 ' F '<)(!K+ 8 � 4 + 5 69B1BK68) 2N!9)-+&� 4�4 } ; ! � /26$B;%7/�' 5 '{).' 5 6*+ F ' 5
!~+��1L;'<).' 4 % 8 � 4 +S69BM+"!$%A!~+�'*#;' 4 +�' 4��*3 ! 4 +�/"! 5 !�+�� LW'*)-' 4 % � 6 5 %d%(6�� = #�+:' = ' 4 %J}

-�/�'�)-' 5 7�+ % 5 5 /&6 2 %8/"!I%E%8/�' ; F ;�B2; F ;wBK68) 2N!9).+�� 4�4 #"!I%8/ � 5 %7/�' = 6 5 % � 6 5 % B ',L;' � %(� F '
/1' � !$7 5 ' � %M� 5	5 � = #�+0' %(6{� = #�+0' = ' 4 %M! 4 +y� 5 !9#�#W+0� � !9/�+:' %-6U%8/&' = 6 5 %VBK)-':Z�7�' 4 %8+ 3 ' 4�� 687 4 B
%('*)-'*+�+�!$%A!P+�'*#;' 4 +�' 4�� �:' 5 } -�/�' 5 ' � 6 4 + = 6 5 % � 6 5 %CB 'TLW' � %(� F 'yBK68)C2 !$)-+�� 4�4 = ' � /"! 4 � 5 =
� 5 %7/�' � ; � B2; F ; BK68) 2N!9)-+&� 4�4 } � ; � B � ; � BK69) 2N!9)-+�� 4�4 � 5 7 5 '<+�� 4 BK).':Z�7�' 4 %7+ 3 ! 4 +
#�).6 F �:+�' 5 +0� %-%7+0'U#1'<) BK68) = ! 4�� 'E� = #�)-6 F ' = ' 4 %!2!/�' 4 7 5 '*+G}

={632 ' F '<) R ' F ' 4 � BE� 4 5 6 = ' � ! 5 ' 5 %8/�'_BK68) 2N!9).+�� 4�4 5 '*' = 5 %(6�/;' 7 5 ',+0' 5 5 =I2!/&' 4 %8/&'
BK68)C2 !9).+�'<+H).' 5 7�+:% 5 !9)-' 4 69% 7 5 '<+S/ 3 ! 4�3 � 4W5 %().7 � %-�06 4 D R �:% � 687�+:+P/;'|! 575 7 = '*+PBK)-6 = %8/&'
%(' 5 %,)-' 5 7�+:% 5 %7/"!$%C%8/�'hBK68) 2N!9).+�� 4�4 = ' � /"! 4 � 5 = � 5�F '<) 3 7 5 '*BK7W+ %-6�� 4&� 68).#;68)-!$%('�� 4 %8/&'
+�' 5 � 494 } : B 7 4�4 ' � ' 5 5 !9) 3 BK68) 2N!9)-+&� 4�4P� 687�+:+n/;'y',+0� = � 4 !$%('*+�68)U!$%�+:'J! 5 %E)-'*+�7 � '*+ R %8/&' 4
%8/&'_#&�0#1':+0� 4 '<+ = 65+�':+V2d� %8/ BK68) 2N!9).+�� 4�4 5.� /�' = ' 5 2N697�+0+ /;' � 6 = ' = 68)-' � 6 = #1'*%-�:%-� F '



���������	��
 � � �	��� ��� ��� ����% ���N��&H�������T��� )*(

%8/�! 4 %8/&'U69%7/�'<) 5 } -L6y68/&%(!9� 4 %8/�'{68#&%(� = !K+"#;'*).BK68) = ! 4&� ' R %8/&' = 6>+�',+[+:'<) = 7 5 %N%()-!9+�'QB 6*L
2!/�� � / = ' � /"! 4 � 5 = 5 !9).' = 6 5 % � 6 5 % B ',L;' � %-� F ' � 4 %8/�'E%A!$) 4 ' %U!$#�#�+0� � !$%-�06 4 }

: 4�5 7 =2= !9) 30R !K+:%8/&687 4 / 6 4 ' 69B&%8/�' ).' 5 7�+:% 5 BK)-6 = %7/�� 5 #�)-6 M.' � % 5 /�632 5 %7/�'�! 5 3>4&� /�)-6 4 687 5
? F 'TB 5 %A! 4 'P#��0#1':+:� 4 '�+�' 5 � 484 %(6 /;' 5 +:6 2 '<)C%8/"! 4 %8/�'h%8/�).'<'QB 5 %(! 4 'H!$#�#�)-68! � / R � = #�).6 F 'TB
= ' 4 % 5 %-6S%7/�� 5 +�' 5 � 484 !9).' +0� 8 ':+ 3 %-6S)-'<+&7 � '~%8/&� 5�4 !$#G} -L6 4 ' %8/�'*) R %8/&' 5 ' 5 7 404 ' 5 %E%8/"!I%
BK7&%-7�)-'U! 5.354�� /�).6 4 687 5 ? F 'QB 5 %(! 4 '{� = #�+0' = ' 4 %(!$%(�:6 4�5q� 687�+0+2/;' � 6 = #1'*%(� %(� F '!2d�:%8/h%8/�).'<'QB
5 %(! 4 'y+&' 5 � 484�5,R !*+:%7/�687 4 / %8/&' 3 !9)-' 5 +0� 4 / %8+ 3 = 68).' � 6 = #�+:� � !$%('*+_%-6H� = #�+0' = ' 4 %<} =z632AB
' F '<) R #;'*).BK68) = ! 4&� 'h� 5,4 69% %7/�' 6 4 + 3 � 575 7&' 2!/�� � /�+�'*%-'<) = � 4 ' 5 %7/�' F !*+:7�'h69Bz! +�' 5 � 484
5 % 3 +:'9} � 4 69%8/&'<) � 5 5 7�'d� 5 %7/�'d'J! 5 'd69BW+&' 5 � 484 } ��+:%7/�687 4 /~� % � 5f� 7�)-).' 4 %8+ 3 /"!9).+�%-6T#�)-'*+�� � %
%8/&'�#1'<).BK69) = ! 4�� 'S69B|'J! � / BK69) 2N!9)-+�� 4�4 +&' 5 � 484 /1' � !97 5 'O�:%h+�'*#;' 4 + 5 6 4 %8/�' ) /�! >J!9).+
+�' 4�5 � % 3 ) = � } '$}U%8/�'y! F '<)-! 4 ' 4 7 = /1'<){69Bq%(� = ' 5 ! /"!�>J!9).+n� 5 +:� 8 ':+ 3 %-6P6 �<� 7&) D R 6 = � %-%-� 4�4
BK68)C2 !9).+�� 4W4 !*+:%-6 4 '*%7/�'<) 5 '*' = 5 %-6 3 �0':+:+S! = 7 � / 2 68) 5 'C#1'<) BK68) = ! 4�� '9} -�/�'E+&' � � 5 �:6 4 69B
� /�656 5 � 4�4 68)�)-' M.' � %(� 4W4 ! 4 3 #�!9).%-� � 7W+Q!9) = ' � /�! 4 � 5 = )-' 5 % 5 2d� %8/H%8/&'C+&' 5 � 484 '*)<}

�SY X � � � � t ���

@ ' F '<)-!*+ +��1L;'<).' 4 %C#��0#1':+:� 4 '*+n#�)-6 � ' 575 68)T+�' 5 � 484�5 /"! F '2/1'<' 4 %(' 5 %-'<+G} : 4 68)-+�'*)E%(6 4 !9� 4
! /;' %-%('*)�� 4�5 � 4 / %�� 4 %-6�%7/�'<�:)~68#;'*)(!$%-�06 4 R %7/�' +&' 5 � 484�5 2 '<)-'_?") 5 %�%(' 5 %('*+.2d�:%7/ 5 � = #�+0'
#�).6 4 )(! = 5 2d)-� %('T� 4 ! 5 5 ' = /�+ 3 +0! 4�4 7�! 4 '9} �{B %-'<) = 65+�� ? � !$%-�06 4 R %8/&' 3 2N'*)-'C%(' 5 %('*+ 2d�:%7/
#�).6 4 )(! = 5 2d)-� %-%(' 4 � 4 Y 2!/�� � /$2 687�+:+R/;' = 69)-'h)-':+:' F ! 4 %,%-6�%8/&'<�0)CBK7&%(7&)-' 7 5 '9} -�/�'
= 6>+�� ?"'<+ +�' 5 � 484�5 = ! 8 'O7 5 'n6$BCBK69) 2N!9)-+�� 4�4 %-' � / 4 �1Z�7�' 5 2!/�� � / /�! F 'n#�)-6 F ' 4 %(6R/1'
/1' 4 ' ? � �0!*+GBK68) %8/&'C69#;'*)(!$%-� 4�4 5 #;'*'<+ 5 }



� � ��� ���	� �

� � � � �q� � �V� � �

; F ' 4 %7/�687 4 /�! 5.354�� /�).6 4 687 5 +:6 4 � � +&' 5 � 484 /"! 5 /;'*' 4 )-' 5 7�).)-' � %('*+26 4 + 3 !UBK',2 3 'J!9) 5 ! 4 6 R
�:% � ! 4 #;69%-' 4 %(�0!*+[+ 3 #;'*).BK68) = �:% 5 %(! 5 8 ! 5 2N',+[+ ! 5 68) ' F ' 4 /;' %-%('*)q%8/"! 4 5.354�� /&)-6 4 697 5V5 3 5 B
%(' = 5,R ! 4 +S�:%d� 5�� 6 4 %-� 4 7"!*+1+ 3 = 6 F � 4�4 BK68)C2 !$)-+G}

-�/�� 5 #�)-6 M.' � %�/"! 5 5 /�632 4 /�632�! 4 ! 5.354�� /&)-6 4 697 5 #&�0#1':+0� 4 '<+ #&)-6 � ' 5 5 68) � ! 4 /;'n� = B
#�+:' = ' 4 %('*+ � 4 /169%8/�%8/�).'<'QB 5 %(! 4 '{! 4 +h? F 'QB 5 %(! 4 '{#��0#1':+:� 4 ' 5 } � 4 ! 4 !*+ 3N5 � 5 69BW%7/�'{#1'<) BK68)CB
= ! 4�� '~6$B 5 ' F '<)(!K+ +&�1L;'<)-' 4 %T+�' 5 � 484�5 /"! 5 /;'*' 4 #�)-' 5 ' 4 %-'<+ R ! 4 +�! 4 !$%.%(' = #&% = !9+�',%-6
� = #�).6 F '|%8/�'E%7/�)-687 4 /�#�7&%dBK68) %7/�'C! 5.354�� /&)-6 4 697 5 ? F 'TB 5 %A! 4 'T#��0#1':+:� 4 '*+S!9#�#�).6 ! � /G}

� Y[Z � ifiM`|ifi � `EoPc x���� x ���

<|7�'|%-6y%8/�' 5 � = #�+0� � �:% 3 6$BV%7/�' < DGF !9) � /&�:%(' � %-7�)-' R /;69%7/S! 5.354�� /&)-6 4 697 5{4 6 4 B #&�0#1':+0� 4 '<+
! 4 +S#��:#;',+0� 4 '<+6= %8/�).'<'QB 5 %(! 4 'T! 4 +S? F 'TB 5 %(! 4 '3D +�' 5 � 484�5 2 '<)-' 5 7 �<� ' 575 BK7�+[+ 3 � = #�+:' = ' 4 %('*+

) �



���������	��
 � � ��������&H�����T����� ) �

! 4 + ! 4 !*+ 3N5 '<+G} -�/�� 5�5 � = #W+0� � �:% 3n� 6 4 %().�0/�7&%-'<+�%-6O%8/�' 2 68) 8 / 3 ).' 5 %()-� � %-� 4�4 %7/�' � 6 = B
#�+:'TS>�:% 3 69BL%8/�'E� 4�5 %-)-7 � %(�06 4�5:R ! 4 + 5 /�697�+0+S'J! 5 '|BK7�) %8/�'*)d!$%-%-' = #&% 5 %-6~� = #�)-6 F '{%8/�'E#1'<) B
BK68) = ! 4&� 'E69BL%8/�'T+�' 5 � 484 }

=U! F � 4W4 � /"! 4�4 ':+ � 6 =2= 7 4 � � !$%(�:6 4 ! 4 + /�� 4 / B +:' F ':+"#�).6 4 )(! =2= � 4�4 BK'J!$%-7�)-' 5:R>D � ��< 2N! 5
BK687 4 +T%-6�/;' ! 5 7��:%(!9/�+0'	+Q! 4W4 7"! 4 'VBK68) = 6>+�',+[+:� 4�4 /;6$%8/E%8/�' ! 5.354�� /�).6 4 687 5L4 6 4 B #��:#;',+0� 4 '<+
+�' 5 � 494 ! 4 + ' F ' 4 = 68).' 5 6nBK68),%7/�'_! 5.354�� /&)-6 4 697 5 #��0#1':+:� 4 '*+R+�' 5 � 484 !$%�! 4 !$/ 5 %-)(! � %
+0' F ',+ } : %T� 5E4 69% 4 ' � ' 5 5 !9) 3 %(6 = 6>+�',+M%8/&'h).':Z�7�' 5 %,! 4 +�! �98�4 632!+0'*+ 4 ' 5 � 484 !*+ 5 7 5 '*+�� 4
� 4 %-'<)CB /�+06 �98R� 6 =2= 7 4 � � !$%(�:6 4 'TS>#�+0� � � %8+ 3 ! 5 � % � 5 � 4 69%7/�'<)2#�)-6 4 )(! =h= � 4�4 +Q! 4W4 7"! 4 ' 5 }
��+ %8/�697 4 / D � ��<�� 5 /"!9).+�'<)�%(6�+�'</&7 4 %8/�! 4 R BK68)�'QS�! = #�+:' R Y 68) � =�< D 632d� 4�4 %-6
%8/&' � /"! 4&4 ':+ � 6 =h= 7 4 � � !$%-�06 4 R � %N6KLW'*) 5 'QS � ':+1+0' 4 %N%(6560+ 5 BK68) = !9� 4 %(' 4 ! 4�� 'U! 4 + F �:',2d� 4W4
)-' 5 7�+ % 5 }

: 4,� 6 4�� +07 5 �06 4 R %8/&' ).' 5 7W+:% 5L� '*).%(!9� 4 + 3�5 7 404 ' 5 %M%7/"!$%s%8/&' � = #�).6 F ' = ' 4 %L69B�! 5 � = #W+0' ! 5 3>4 B
� /�).6 4 687 5 ? F 'QB 5 %A! 4 'U#��0#1':+:� 4 '�+�' 5 � 484 � 5 4 6$%N6 4 + 3 #�)-! � %-� � !K+ R /�7&%N!*+ 5 6,#16 5 � %(� F ':+ 3 /1' 4 'QB
? � �Q!*+"%(6 #;'*).BK68) = ! 4�� '$} : % #168� 4 % 5 %-6y#;6 575 �:/��[+:�:%-�0' 5 BK68) BK7>%(7�).'|! 5 3>4&� /�)-6 4 687 5 #��:#;',+0� 4 � 4�4
#�).6 � ' 575 68)d+�' 5 � 484 }

� Y�� � � ����`EiVcfe<xhoni �8x � � � �fcqmO` � � x ���

O"687�)~� 575 7&' 5 )-' = !9� 4 %-6�/1'S)-' 5 60+ F '<+ %(6 = ! 8 'S%8/�' 5 ' = 65+�',+ 5 = 68)-'H).'J!*+:� 5 %-� � ! 4 + %-6
� = #�).6 F '|%8/�'T#1'<) BK68) = ! 4�� 'E69Bf! 4 ! 5 354�� /�)-6 4 687 5 ? F 'QB 5 %(! 4 'T#��:#;',+0� 4 'E!9#�#�).6 ! � /G}



���������	��
 � � ��������&H�����T����� )*)

; OM�:) 5 % 69BE!*+[+ R = 68)-'_)-'<!*+0� 5 %(� � %(� = 'S� 4 BK69) = !$%(�:6 4 5 /�687W+0+ /1'O!9#&#�+0�:'<+�%-6�68/>%A!9� 4
= 68)-'T! �<� 7&)(!$%-'C).' 5 7�+:%<}

; @ ' � 6 4 +�+ 3 BK69)NBK7&%(7&)-'T� = #�)-6 F ' = ' 4 %�%(6~%8/&' 5 ' = 6>+&':+ 5 69BV%7/�'�< DGF !9) � /&�:%(' � %-7�)-' R
� 6 = #�!$%(�:/�+0'N%-6>6*+ 5 = !I%P+:'J! 5 % %8/�' 5 %(! 4 +"!9).+ F '<) 5 �06 4 ! �*� 68).+�� 4�4 %(6 � = � )0( � 69B < DaF
! 5 5 ' = /�+0'*) DP!9).'n)-',Z57&�0)-'*+w� 4 68)-+&'<)H%(6 ! F 69�0+ %('*+��0687 5 2 68) 8 � 4 !9+ M.7 5 %-� 4�4 %8/&'
687>%(#�7&% � 65+�'|69Ba%7/�' � 6 = #��[+:'<) %(6 5 7��:% %8/�'�< DaF ! 575 ' = /W+0'<)*} �U%8/�'*) 2d� 5 'E! 4 6$%8/�'*)
2 ':+1+ B 5 7�#�#168).%-'<+�!9) � /�� %(' � %(7&)-' 5 /�687�+:+�/1' � 6 4�5 �:+�'<).'<+G}!-�/�' �5: ��@ !9) � /&�:%(' � %-7�)-' R
2!/�� � /y� 5�5 � = �1+Q!9);%(6�< DGF R � 5 ! 4 69%8/&'<) � /&68� � ' BK68)L� = #�+0' = ' 4 %A!$%-�06 4 /1' � !97 5 ' = ! 4 3
#�)-! � %-� � !*+W%(6560+ 5 BK68) �5: ��@ !K+0)-'<!9+ 3 'TS>� 5 %J}

; : = #�+0' = ' 4 %A!$%-�06 4 69Bq%8/&' ? 6 !$%-� 4�4 B #168� 4 %z� 4�5 %().7 � %-�06 4 5 '*% 5 /�687W+0+n/1',� 4&� +07&+�'<+�%-6
= ! 8 '|%7/�' 5 ' = 65+�':+ 5 = 68).' � 6 = #�+:'*%('$}

; D ! 5 % R /&7&% 4 6$%A+0'<! 5 % R 6$%8/�'*) = ' � /"! 4 � 5 = 5V5 /�687�+:+P/1'|�0+�' 4 %(�:?�'<+2%-6 5 6*+ F 'U#��0#1':+:� 4 '
+�'*#;' 4 +�' 4�� �:' 5 � 4 68)-+&'<)q%(6C!*+1+0632 %8/�'z#��0#1':+:� 4 ' %(6 ! � /��:' F 'z68#&%-� = !*+5#;'*).BK68) = ! 4&� '9}
-�/�' 5 ' � 687�+0+ � 4�� +07�+�'�69%8/�'*) 8 � 4 + 5 69BEBK68)C2 !9).+�� 4W4 ! 4 + /&)(! 4�� /@#�).'<+�� � %-�06 4 ! 5
+�� 5-� 7 575 '<+�� 4 YV/"!9#&%-'<) $ }



� ��� � �V� � �R��� � 


� � � � ) � ! � �{) = � %(+ = � B 5 +"!$%(! 5 /�'*'*%<}
= � � � <�< : � � � $ Y�D R�� 7�+ 3 63)0) � } �{+ F ! 4�� '<+
� :C@ Y � ! � /�� 4 ' 5{D %-+ ="� � � D }

� � � � ) � / � �{) = )$%(+ = �U+�!$%A! 5 /�'<' %J} ="� � � <�< : � � )D6��HB � 4 D R�� ! 4 7"!9) 3 63)0) � } �U+NB
F ! 4�� '<+ � :C@ Y � ! � /�� 4 ' 5zD %(+$="� � � D }

� <|' F ) $ � : ! 4 � }E<|' F '*)-'*7 S;} @�3>4&� /�)-6 4 687 5 ! 4 +_! 5.354�� /�).6 4 687 5 #�).6 � ' 5 5 68)z+�' 5 � 484 B !
� 6 = #�!9)(!$%-� F ' 5 %(7�+ 3 B(} � ! 5 %('*) ) 5 %8/&' 5 � 5:R YN6 = #�7&%-'<) @>� �:' 4�� ' <|'<#>%J}�-�/�'
	z4 � F '<) 5 �:% 3 6$B � ! 4�� /�' 5 %('*) R 63)0) $ }

� ; 4W4 )0( � : } ; 4�4 +Q! 4 +&'<)<}�� � � � � ��� 
 � � � �  ��� �	��
 � ! $  � ���
� " � ��� " ��� ��� ��� � ! � � �	� � �
� " ����� � ����� � � � !#" � 
 � ��� � ��� � ����� '�� � $&$ � � " ��� ��� 6*/ 4 � �[+:' 3 � @ 6 4�5,R
: 4�� } R 6 )0)0(&}

� O 7&)8)0( � @ }�AU}*O 7&)-/1'<)<} � 5 3>4&� /�)-6 4 687 5 +06 4 � � } : /1'<)8YV/��0# RG@ !96 � !97�+06 R AN)-! ><�1+ R O '*/�)-7NB
!9) 3 63)0)*(&}

� ��� ) � � <y} � } �E�[+:/;'*).%z! 4 + � } <y} �C!$) 5 �:+�'9} � ).' 5 7W+:%dBK68) 2N!9).+�� 4�4 = ' � /"! 4 � 5 = BK68)
! 5 354�� /�)-6 4 687 5 #��0#1':+:� 4 '*+ 5.3N5 %(' = 5 } : 4 �
����� 
 � ! $  � ��� � � � 
 ������� � ����� R

#"! 4 ' 5�4�� 6 6 R �U#&)-�[+ 63)0) � }
6 � �



� � � & �T� �!
H������� 6 � 6

� �T�1+ ) � � <y} �,} �T�1+0/1'<) %J}�� � $ ��� ����� � � � � ��� � � � $ � 
 � � � " � � � 
 �(' ��� � � � � � � �
��� � � � �� � � 
 � � � $ � � � ����� � � } � / < %8/�' 5 � 5,R YN6 = #�7>%('<) @>� �0' 4�� ' <|'<#&%<} -�/�'
	z4 � F '<) 5 �:% 3 6$B � ! 4�� /�' 5 %('*) R 63)0) � }

� � � ) � � � } �T6565+ = ! 4 ! 4 +���} � �1+[+0'*)<} � � � � '�� " ! ! ��� � ��� 
 � � �	� 
 � ! $  � ��� � � �
��� 
 � � � �  ����� � 
 � � " ��� � ! 	 � � � " �('  " '�� �
� " ! $ � ��� � � � ! � � � � �
� � � � � 


" � ��� 
 � � � �  ��� } @ !97�+�'*) 5 YN60+[+:' 4 ' � 7&/�+0� 5 /�� 4�4 : 4�� } R 63)0) �>}

� =U!97 ) � � @ } =U!97 �98 } � 5 354�� /�)-6 4 687 5 +�' 5 � 494 = ' %8/�65+�60+:6 4 �0' 5:9 � 4 6 F '<) F �:',2T} = 	 � B

Y @ ;�B ) � B � � B � � D R �{#�)-�1+ 63)0) �&}

� ={6 ! � � � YU} �,} �C}�={68!9)-'$}�YN6 =h= 7 4 � � !I%(� 4W4�5 ':Z�7�' 4 %-�Q!*+5#�)-6 � ' 575 ' 5 } 
 � ! !  ��
 � " � 
 � � �
�	� � � � � 
 � R 4 6�= � D 9 (0(0( � ( � � R �U7 4 7 5 % 63) � � }

� = � )0( � � } D }�=z' 4�4 ' 575 3 ! 4 + <y} � � !$%-%-'<) 5 6 4 } 
 � ! $  � ��� � � ��� 
 � � � �  � ��� ���  " � �
� " � 
 � � � $&$ � � " ��� } � 68) 4 ! 4 �T!97&B = ! 4�4 R 6 )0)0(&}

� �C! 4 � ) � �~}	�T! 4 '$} � �
� � � � � 
 � � ��� 
 � � � �  ��� } � )-' 4 %-� � ' ={!*+[+ R 63) � )&}

� �T6 4 � 6 � � } � }
�E6 404 '9} � � � � � ��� 
 � � � �  � � �	� � 
 $ � � 
 � � � 
 � ! $  � ����� } =z' = � 5 #W/�'<).'
� 7�/�+:� 5 /�� 4�4 YN69)-#168)(!$%-�06 4 R 63) � 68}

� � ! F ) $ � >C} YU} � ! F '<)*} � � ��� ����
 '�� " � � � ! $ � � ! ����� " � 
 � � �	� " � � � � � ��� � � � �� �

� 
 � � � $ � � � ����� � � } � /�< %7/�' 5 � 5:R YN6 = #�7>%('<) @5� �0' 4�� '�<|'*#&%J}�-�/&' 	z4 � F '<) 5 �:% 3
69B � ! 4&� /�' 5 %('<) R 6 )0) $ }



� � � & �T� �!
H������� 6 � 4

� � <�O � ) 4 � >C} YU} � ! F '<) R�� }N<E! 30R @ } AU}NO 7&)-/1'<) R � } <y} �C!9) 5 �:+�' R ! 4 + � } � } � 656>+ 5 }��d' 4 B
� 5 %('*) +:6 �98 � 4�4 � 4 ! 4 ! 5.354�� /�).6 4 687 5 = � � )-69#�)-6 � ' 575 69)<} : 4 � � ��� �
����� � � �
� ��� � " � 
 � � " ��
 � � � ������� � � � � 
 � ! $  � ��� � ����
 '�� ����� � � 
 � 
 � ! $  � �������

� � � � ����� � � � R � � %(69/;'*)+63)0) 4 }

� � =�) � � <y} �,} � !$%.%('<) 5 6 4 ! 4 + � } D } ={' 4�4 ' 575.3 } 
 � ! $  � ����� �
' " ��

	 " � 
 � ��� � ����
 '�� �
� � � � " � ��� " ���
� � �	� � � " ����� ��� ��� � " � � } � 69) 4 ! 4 �T!97&B = ! 4�4 R 63)0) � }

� @ 7&% � ) � : } ;�} @ 7&%8/&'<)7+0! 4 +G} � � � ).68#��0#1':+:� 4 ' 5 } 
 � ! !  ��
 � " � 
 � � � �	� � � � � 
 � R

� 4 = (GD 9 � 4 � � � � � R � 7 4 ' 63) � )&}



� � � � � � � � �

� � � � � � � � � � �a��� � �R� ���

� Y[Z rsoPc �qxSp �nb�cqe<xho

-�/�'�< DaF = #&)-6 4 697 4�� '*+ � +�',+07 S>' � D !9) � /��:%-' � %(7�).'U� 5 ! 5 � = #�+0� ?"'<+ F '<) 5 �06 4 69BG%8/&' �5: ��@
� � � � � #&)-6 � ' 5 5 68) R ! 5 +�' 5-� ).�0/1'<+S� 4 %7/�'U%-'TS5%z/;656 8 
 � ! $  � ��� � � ��� 
 � � � �  � ��� � �  " � �
� 
 � " � 
 � � � $&$ � � " ��� / 3 ={' 4�4 ' 5 5.3 ! 4 + � !$%.%('*) 5 6 4 ! 5 ! 4 � 4�5 %-)-7 � %(�06 4 %(6560+ }�-�/�'�!9) � /�� B
%(' � %-7�)-'E69B	< DGF 2N! 5�� /�6 5 ' 4 /"! 5 '<+S6 4 68/ 5 '<) F !I%(�06 4�5 69BsBK)-',Z�7�' 4 %8+ 3 7 5 '<+S� 4W5 %().7 � %-�06 4W5
BK)-6 = � 6 = #��[+:'<+,#&)-6 4 )-! = 5 }�< DGF #�)-6 F �0+�' 5 ! 4 656>+y!9) � /�� %(' � %(7&)(!*+ = 65+�':+�BK68) 5 %(7&+ 30R 4 6$%
6 4 + 3 /;' � !97 5 'E69BG%7/�'|).' � ' 4 %�#;69#�7�+Q!$)-�:% 3 6$Ba%8/�� 5 % 3 #1'|69B = ! � /�� 4 ' R /�7&%�!K+ 5 6,/;' � !97 5 '|�:%
� 5 '<! 5.3 %-6�7 4 +�'*) 5 %(! 4 +G}

< DGF ' = #�/"! 5 � 5 ' 5 ! 5 � = #�+:' +06 !9+NB 5 %-68)-'S� 4�5 %-)-7 � %(�06 4.5 ' % R +&' 5 � 484 BK69)2#��:#;',+0� 4 � 4�4 ' C B
� �:' 4�� 30R ! 4 'J! 5 �[+ 3 +�' � 65+�'<+S� 4W5 %().7 � %-�06 4 5 '*%z! 4 +H' C � �:' 4�� 3 ! 5 ! � 6 = #��[+:'<) %A!9) 4 '*%<} -�/�'
� 6 = #�+:'*%-' F '<) 5 �06 4 69B�%8/&'A< DGF !$) � /�� %(' � %(7�).'N� 4�� +:7�+�' 5 ! ? 68!$%(� 4�4 B #168� 4 %s� 4�5 %-)-7 � %(�:6 4 5 '*%<}

6 � �



���'�'�'��% � � ��� �	��� %�& � ��
���� �:�	�H�H���	
H� 6 � $

={632 ' F '<) R � 4 68).+�'<)T%(6 5 � = #�+0� B 3 %7/�' = 6>+&':+q%8/�' ? 6 !$%-� 4�4 #168� 4 %�2 ! 5 6 = �:%-%-'<+�� 4 %8/�� 5
#�).6 M.' � %J}'-�/�� 5 !9#&#;' 4 +�� SH+�' 5.� )-�:/;' 5 %8/�'�< DGF !9) � /&�:%(' � %-7�)-' ! 5 �:%�2N! 5 � = #�+:' = ' 4 %('*+G}

� Y�� ����� \ gh` �fg_e<`��

-�/�' < DGF !9) � /&�:%(' � %-7�)-' R 2!/�� � /O� 5 7 5 '*+n� 4 %8/�� 5 � = #�+:' = ' 4 %A!$%-�06 4 R /"! 5 %8/��:).% 3 B % 2 6 � 4 B
/�� % 4 ' 4 '<)-!*+ B #�7�).#;6 5 'y)-' 4 � 5 %('*) 5 = � � � 5 D RW4 ! = '<+ � � %7/�)-697 4 / � �D68}�-�/&' F !*+07�' 69B � �
� 5 !K+12N! 3N5 ':Z�7"!K+s%-6 ><'<).6�}

-�/�'S+"!$%(!�% 3 #;' 5 !$)-' � B /��:%,/ 3 %-' 5:R 63( B /��:% /"!*+:B!2 68)-+ 5 ! 4 + � 4 B /&�:% 2 68).+ 5 BK68)y� 4 %-' 4 '*)
+"!$%(!&} -�/�' < DGF 68#;'*)(!$%-�06 4W5 2 68) 8 6 4 � 4 B /��:% � 4 %-' 4 '*) 5 }<A 3 %-' 5 ! 4 + /"!*+:BV2N68).+ 5 !9).'
+068!9+�'<+�� 4 %(6�)-' 4 � 5 %('<) 5 2d�:%7/ '*�:%8/&'<) >*'<).6 5 68)h%8/�' 5 � 494 /��:%2)-'*#�+0� � !$%-'<+ %(6�? +1+�%8/�' � 4
/�� % 5 69B %8/&'~)-' 4 � 5 %-'<) 5:R +�'<#1' 4 +�� 4�4 6 4 %7/�'~68# � 65+�'9} � 4�� '�+06 !9+&'<+ R %7/�' 3 !9)-'~68#1'<)-!$%('*+
6 4 2d�:%7/n%8/�' � 4 B /�� %|� 4 %-' 4 '*)E68#;'*)(!$%-�06 4W5 }�-�/�'�6 4 + 3 +"!$%A!S!9+&+�)-' 575 � 4�4 = 65+�' 5 !9)-'~� = B
= '<+��0!$%('S! 4 + +&� 5 #W+Q! � ' = ' 4 % R /;6$%8/ 2d�:%8/ 63( B /�� %y?"':+:+ 5 } -�/�' < DGF = ' = 69) 3 � 5 / 3 %-'
!9+�+&)-' 5 5 !9/W+0'y� 4 AN� 4 ; 4 +��Q! 4 = 65+�' 2d� %8/n! � 4 B /�� %|!$+�+�)-' 575 } � 5 �:%U� 5 !U+06 !9+NB 5 %-68)-',!9)CB
� /�� %(' � %(7�).' R !*+1+ = ' = 68) 3 ).'*BK'<).' 4�� ' 5 !9)-'2%8/�).687 4 / +:6 !9+ 5 68) 5 %-68)-' 5 /;' % 2N'*' 4 = ' = 69) 3
! 4 +�%8/�'�� � � 5 } @ 7�#�#168) %(� 4W4 %8/&'P+"!$%(! % 3 #;' 5 = ' 4 %-�06 4 '<+R!9/16 F ' R = ' = 68) 3 ! �<� ' 575 ' 5
� 4GF 60+ F � 4W4 %8/&' � � � 5U� ! 4 /;',%-6S! / 3 %(' R %-6S! /"!*+ B 2N69)-+n68)z%(6S!U2 68)-+W} ��+[+ = ' = 69) 3
! �*� ' 5 5 ' 5 = 7 5 %z/;'C!*+:� 484 '*+G}



���'�'�'��% � � ��� �	��� %�& � ��
���� �:�	�H�H���	
H� 6 � �

Encodes: Loads and stores of bytes, words, half words

All immediate (rd <- rs1 op immediate)

Conditional branch instructions (rs1 is register, rd unused)

Jump register, jump and link register 

             (rd = 0, rs1 = destination, immediate = 0)

Jump and jump and link

Trap and return from exception

6

Opcode

26

                  Offset added to PC

6

Opcode rs1 rd

55 16

immediate

Register-register ALU operations: rd <- rs1 func rs2

             Function encodes the data path operations: Add, Sub,...

             Read/ write special registers and moves

6

Opcode rs1

55

rs2

16

funcrd

5

I-type instruction R-type instruction

J-type instruction
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