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Without Prefetching
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Load B

Fetch B

Time

Load A

Fetch A

Fetch A
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Prefetch B
Prefetch A

Executing Instructions

Stalled Waiting for Data

With Prefetching
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b|NQf � ]=]`�6]~b1�ePc]���RJW�P^LO]1� �OUIf)( PzL�N �I]HNXf�� �O]~_�]~f��O]~fOb1]X5r<�U.S^�O_O_�UI\FPEPcLe]DUI�ePEUXW�UI\ �O]~\z]`�6]~b1�ePcRJUIf
PcLe]©>!7|{X� L�NXS N Z?RJf��OU¯Z±UXW!j�4 RJfOSVP^\^�Ob`PcRTUXfOS P^L�NQP%b~NXf ��]¡S^bdLO]��O�O�J]�� �e��f�NX��RTb~NX�T�8� WaUI\ ��]~SFP
_�]~\VWaUX\^� NXfOb~]Q5?<�LORTSu� RJb~\VUI_O\^U�b~]1S^SVUI\=LONXS �O�eRT�JPF³[RJf�P^LO] �O\^SVPD�T] �I]~�¦UXW�b~NXbdLO]Q5=9«P+NX�TSVU�RT��_O�J]~��]~f�PcS
PcLe] b1UIf�Pc\^UX���OfORJPHWaUI\+P^LO]�fO]`��PG�T]��X]~�¤5 <�LO]1S^]�P[ZEU
�T]��X]~�JSGNQ\^] 4 ZEN|� S^]1PGNXSVS^U�b~RTNQPcR �I]X5�<�LO] ��\^SFP
�T] �I]1� L�NXS*j�4 ����Pc]~S�_�]~\E�TRTfe]uZ?LORJ�T]uWaUI\zP^LO]+S^]1b~UIf��y�J]��X]~� R8PEb~NXf ��]+bdLOUISV]~f � ]`P[ZE]1]~fy�Xw}UX\+7�4X� ��RJP
�O]1_ ]1f��OSDUXfyP^LO]HRT��_O�T]1� ]1f�P^]���SV��SFPc]~�y5E<�Le]G\V]~_O�TNXb~]1� ]1f�P=NX�JgIUI\VRJPcLe� RJS=�¨>*BµWaUI\���UXP^L
b~NXbdLO]~S15
9[f%UI�e\Eb|NQS^]DP^LO]DSV]~b~UXf�� �T] �I]~��b|NQbdLO]+RTSzw�x
]1g�N�����Pc]1S?NXf��%L�NQSD7�4X� ����P^]~S�_�]~\z�TRTfe]X5 <�Le]+� ]1� UX\V�
� N�Pc]~feb1� ��]1P[Zz]~]1f¡PcLO] ��\VSVPDNXf���PcLO]!S^]1b~UIf����T]��X]~��UXW b|NXbdLe].RTS?j�b1��b1�T]~S15*<�LORJSu�TNQPc]1fOb1��RJS?]~fOUI�egIL
�TU¯Z P^U � ]zLOR ���e]~f ���.P^LO]*UI�eP UXW�UI\ �e]~\ ]��e]1b~�eP^RTUIf 5 <�LO]��TNQPc]1fOb1�!WaUI\�P^LO]*� NXRTfG� ]1� UX\V�!RTS NX\^UI�ef��
w�{Hb1��b~�J]~S �O�ePrRJPqb~NXf � ]u� NX\VgI]~\
�O�O]?PcUHPcLO]�W�NXb`PcUI\�PcLONQPqZE]=NX\^]�ZzUI\^��RJfOgGUXf�N!nO²)9�n6RJ�TRJb~UIf�@+\^RJgIRTf
4X{I{X{�P^L�NQP?RJS?N��eRTSVP^\^R �O�ePc]���S^L�NX\V]��
� ]1� UI\F���.�O�JP^RT_O\VU6b1]~S^SVUI\*b1UI� _e�ePc]1\~5
� 9Fn6siWaUI\%_e\^]1Wa]`PcbdL¶@+fMP^LO] x
9;prno9 5 9Fn6s PcLO]1\^]3NX\V]¡P[ZEU RTfeSVPc\V�Ob1P^RTUIf�WaUX\ _O\^]`Wa]1PcbdLMZ?LOUISV]
��fO]~��UIfORJb)NX\^]�(�_O\^]`W�(ONXf�� (�_O\V]1W � (�\^]1S^_�]~b`PcR �X]~�8�I5r<�LO]~RJ\*WaUI\^� NQP�RJS*PcLO])WaUI�J�TU¯Z?RTfOg��
pq>=mq� LORTf�P
�OU � S^]1P 9 ��NQS^] ;�pq>umr���´LeRTf�P �OU � SV]1P 9 ��NXSV] ;
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<�LO]�UIfO�8� �OR�� ]1\^]~feb~]�RTS+PcLe] N ���O\^]1S^SVRTfOg
� U��O]X5�<�Le]�N����O\^]1S^S!RTf©PcLO]�RTfeSVPc\V�Ob1P^RTUIf3RJS)b|NX�Jb~�O�TNQPc]��
N����eRTfOg PcLO] 7¯��³ �ORJP�SVRTgIfe]��¶f��O� � ]1\ 9aU � SV]1P2; P^L�NQP
RTS�RTfOSVR �O]©P^LO] RJfOSVP^\^�Ob`PcRJUIf Z?R8PcLMPcLO] �QNX�T�O]
b~UXf�PcNXRTfe]��¡RJfyP^LO].\V]~gIRJSVPc]1\�9 ��NXSV] ;`5=��UI\?PcLO].pr>umq� �´RTfOSFPc\^�eb1PcRJUIf�RJSuP^LO].S^NX��] �O�6PDPcLe].U � S^]`PDRJS
RTf
N�\^]~gXRTSVP^]~\���S^U P^LO]!N����O\V]~SVSDRTS?b~NX�Tb1�O� NQP^]��yN����eRTfOg�PcLO])P[ZzU%\^]1gIRTSFPc]1\^S~5z<�LO]!LORTf�P ��]~� �
SV�O_O_O�JRT]1S
RTf6WaUI\^� NQPcRJUIf�N���UI�ePuPcLO] ��NQPdN�RTSu]`�6_�]~b1P^]��¡P^U � ]G�OS^]���5u<�LO]}LORJf�P ��]1� �¡RJf��ORTb~NQPc]1SuZ?LeRTbdL¡SVUI\VP=UXW
_O\V]1Wa]1P^bdL©S^LOUX�O� � � ] �OUIfO] � �e]~_�]~f��ORJfOg�UQW PcLO]GLORTf�P=RJPub~UX�O� � � ] �OUIfO].NXS=N�:+@)p¦5 5rNX�J�O]~SuUXW�PcLORJS
LORJf�P ��]1� ��NX\V] �¦{ 9a�TU�N�� ; ��7 9�SFPcUI\V] ; �Qw 9��JU�N�� � SFPc\^]~NX��]�� ; �I��9aSVP^UI\^] � SFPc\V]|NX��]�� ; �I� 9a�TU�N � � \^]1PcNXRTfe]�� ;NXf���� 9�SVP^UI\^] � \^]1PcNXRTfe]�� ;�5 ��UI\�P^LO]?{+NXf�� 7 �QNX�T�O]1S 9��JU�N��.NXf���SVP^UI\^] ;�_O\V]1Wa]1P^bdL�RTS �OUXfO]*�TRJ�X]zfOUI\^� NX���]~��UI\V��RTfeSVPc\V�Ob1P^RTUIfeS 9�]��6b~]~_6PuWaUX\EfOU}ZzUI\^��Z?RJP^L%\^]1gIRTSFPc]~\VS2;�5q��UX\*w�NXf��y�GP^LO]���N�PdN}RTSz]`�6_�]~b1P^]��
PcU ��]�fOUXPH\^]1�OS^]�� ]��6P^]~fOSVR �X]~�J�X5���UX\+PcLO]��yNXf�� ��PcLO]���N�PdN RTS)]��e_�]~b`Pc]�� PcU ��]�\^]1PcNXRTfe]��3RTf©PcLe]
b|NQbdLO].NQf���\^]~�eS^]��
]`��Pc]1fOS^R �I]1�J�I5u7I5k465k4�<�Le]}nO²)9qW¤�I��x
9;prn6_O\^U�CEUI��_ORT�J]~\
K ]HZzUI\V�%Z?RJPcL P^LO]!W¤�X��xy9;pzn�_O\^U%CEUI� _eRT�T]1\~5 <�LeRTS?b~UI��_ORJ�T]~\ELO]~�J_OS?�OSuP^U�N����yb~UI��_ORT�JRTfOg �ORT\V]~b`³
PcR �I]1SHP^L�NQPHPc]1�T� Z?Le]~\^]�PcUy_O�ePHP^LO]�_O\^]`Wa]1PcbdL RTfOSFPc\^�eb1PcRJUIf NQP)PcLe]��JU¯Z��T] �I]1��b~U��O]X5�<�LO]�b~UI��_ORT�J]~\
NX�JS^U+b~NXf�N����}_e\^]1Wa]`PcbdL�NX�eP^UI� NQPcRJb|NX�J�J�I5�KMR8PcL.P^LO]~SV] �ORJ\^]~b`PcR �I]~S���S^UXWYP[ZENX\V]�_O\^]`Wa]1PcbdLeRTfOg)RJS NX�JS^UD_�UIS;³
S^R �O�T].RTf©LORJgIL6³[�J]��X]~�¦b~U��O]~S!NXf��¡P^LO]��OSV]~\H��N|��N����3_O\V]1Wa]1P^bdLORTfeg�Z?R8PcLOUX�ePHNXf��¡��fOU¯Z?�J]��OgI]�N � UI�6P
NXSVS^]~� �O�T]1\~5.@)feb~]}PcLe]��OS^]1\!LONXS��O]1b~R �e]��©Z?LO]~\V]�PcU �OU _O\V]1Wa]`PcbdLORJfOg�LO]��}�OSFP!N����¡PcLe]�b~UI��_ORT�J]~\
�ORJ\^]~b`PcR �I]~S15�s �ORT\V]~b`PcR �X]�RTSHb~UI��_�UIS^]�� UXWzPcLO]�\^]`Wa]~\V]~fOb1] PcUy_O\V]1Wa]1P^bdL NXf�� NySFPc\VR �O]Q5�<�LO]�SVP^\^R �e]
RTSuPcLO] �eRTSVPcNXfOb1]}RTf¡�JU6UX_�RJP^]~\^NQPcRJUIfOS ��]1P[Zz]~]1f �eR�� ]~\^]1f�P)]`�6]~b1�ePcRJUIfOS)UXW�P^LO]�_O\V]1Wa]1P^bdL3RTfOSFPc\^�eb1PcRJUIf�5
m �eNX� _e�T])UXW N�b~U��O])Z?RJPcL P^LORTS �ORJ\^]~b`PcR �I] �

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

� �! "��#�$�%�&!%�' �!(�) $�%�&"�*���+���,�-�/.����0���1�32�4�50�/6"7!�!�
8 �����������:9!.*���+�0�����

%�;������

9[f P^LORTSH]��ONQ� _O�J]�ZE]�b|NXf Ny_e\^]1Wa]`PcbdL �ORT\V]~b1P^R �X] RJf3Z?RJbdL Zz] PcNX�X]�_O\^U �OP!UXWEP^LO] SV_�NQP^R NX� �JU6b~NX�TR8P[�
UXW�PcLO]!\^]`Wa]~\^]1fOb~] � 9�w � R ;�5z<�LO]G\^]`Wa]~\^]1fOb~]G�}�OSFP ��]H_O\^]`Wa]1PcbdLe]��¡Z?RJP^L
]1fOUI�OgXL
PcRJ� ])RJf�N ���QNXfOb~] ��RJf
PcLeRTS�b|NXSV]yjIj R8Pc]1\cNQP^RTUIfOS.UXWDP^LO]��TU�UI_�5 KMRJP^L P^LO]�SVP^\^R �e]yw©Zz]
RJf��ORJb|NQP^]%PcU3PcLO]�b~UX� _ORJ�T]1\.PcL�N�P
PcLe]G_O\V]1Wa]`PcbdL¡�}�eSVP � ]H]`�6]1b~�eP^]��©UIfO�8� ]��X]~\F��w�RJP^]~\cN�PcRTUXfOS�UXW P^LO]!UI\^RJgIRTf�NQ���TU�UI_�S^U�PcL�N�P=Zz]GUXfO�J�
_O\V]1Wa]1P^bdL UIfOb~] ] �I]1\V�o7�4Q� ����P^]~S 9aP^LO]%R8Pc]~� S^R�
~]%RJS}� ����Pc]1S2;`53KMLO]1f Zz] _O\V]1Wa]1P^bdL·NQf RJP^]~� NX�T�
PcLe]Gb~NXbdLO]!�TRTfe]+PcLO]!RJP^]~� ��]~�JUIfOgIS?RTS?�JU�N��O]��yRJfyP^LO]Hb|NXbdLe].S^U�UIfO�8� UIfO]!_O\V]1Wa]1P^bdL
WaUI\?]~NXbdL��JRTfO])RJS
_�]~\VWaUX\^��]���5
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@+�O\+gIUINX� RJSDPcU RJ� _O�J]~��]~f�PDN�PcU�UI��P^L�NQP)RJfOS^]1\VPcS)_e\^]1Wa]`PcbdLORJfOg RTfeSVPc\V�Ob1P^RTUIfeSDWaUI\)N%f��O��]~\VRTb}b1U �O]1S
RTf N
LORJgIL �J]��X]~�E�TNXfOgI�ONXgI]�NXS}��UI\FPc\^NXf�5�<�U��Of��O]1\^SVPcNXf�� ��]1PVPc]~\!PcLO] � ]1L�N ��RTUI�O\GUXW*P^LO] P^U6UI��Zz]
�}�OSFP �OR�� ]~\V]~f�PcRTNQPc])P[ZzU�P[��_�]~SDUQW \V]1Wa]~\V]~fOb1]~S15*<�LO] ��\^SFP=P[��_�]GRJS*PcLO]!SVPcNQPcRJb!\V]1Wa]1\^]~feb~]X5zsDfySVPcNQPcRJb
\^]`Wa]~\V]~fOb1]!��]|NQfOSEPcLe])\^]1Wa]1\^]1fOb~])PcLONQP�RTSzZ?\^RJPVPc]1fyRJf�PcLe])b~U��O]X5q<�LO])SV]~b~UXf��yP[��_�])RTSEP^LO] �e��f�NX��RTb
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\^]`Wa]~\V]~fOb1]X5·s �e��f�NQ� RJb \^]1Wa]1\^]1fOb~]
RTS�NXf ]`�6]~b1�ePcRJUIf·UQW+NXf SVPcNQPcRJb UIfO]Q5 <�LORJS�fOUI��]~fOb1� NQP^�O\^] RJS
NX�JS^U�PcNX�X]1f3WaUX\+_O\^]`Wa]1P^bdL RJfOSVP^\^�Ob`PcRJUIfOS~5H<�LO] �ONXS^RJb}NX�JgIUI\^R8PcLO� RJS��OR �6R �O]���RTf¡P[ZzUy� N#"VUI\u_OL�NQS^]~S15
<�LO] ��\VSVPq_OL�NQS^]�b~UXfOS^RJSVPcSqRJf�N+�TU�b|NX�JRJP[�!NXf�NQ�J��S^RJS PcL�N�PqRTS fO]1b~]1S^ScNQ\V��WaUI\ ��fOU¯Z?RJfOg)Z?LORTbdL�\^]`Wa]~\V]~fOb1]~S
_O\VU �O�eb~]~S���RTSVS^]1S~5 <�LO]�SV]~b1UIf���_OL�NXSV]�RTS P^LO]*_O\V]1Wa]1P^bdL RJfOS^]1\VP^RTUIf �QZE]�fO]1]���PcU+P^\cNXfeSVWaUI\V� �e��f�NX��RTb
_O\V]1Wa]1P^bdLO]~SuRTf�P^U}SVPcNQPcRJb+UIfO]1S~5q<�LORTS���]|NQfOSEPcLONQP�RJW¨Zz])L�N �I]!N}\^]`Wa]~\V]~fOb1]HP^L�NQP�_e\^U��O�Ob~]1S?UIfO])��RTS^S
_�]~\�WaUX�O\��6�6fONX� RJbz]��6]~b~�6PcRTUXfOS Zz]EZ?RT�J��L�N �I]EP^U+RTSVUI� NQP^]�PcLO] �e��f�NX��RTbr\^]1Wa]1\^]1fOb~] 9a]X5�gO5
���G�OfO\VUI�T�JRTfOg
PcLe]E�TU�UI_.NXf��}SVUDPcLO]zSVPcNQPcRJbE\^]`Wa]~\V]~fOb1]EZ?RT�J����]~b1UI��]ERTf�P^U=WaUI�O\<; � �O�eP RJS�feUXP fO]1]��O]���PcU �eUDPcLORJS SVRTfOb1]
PcLe]+b~UI��_ORJ�T]~\��ORJ\^]1b1PcR �I]1S*NX�J�TU¯Zo�OSrPcU��OUGPcLORJS*NX�eP^UI� NQPcRJb|NX�J�J�!Z?RJPcLeUI�eP�NQf�� �TU�UI_�Pc\^NXfOSVWaUX\^� NQPcRJUIf�5
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<¦U�� ]DS^�O\V]DPcL�N�P*_O\V]1Wa]1P^bdLO]~S?NQ\^]DfeUXP*�OfefO]~b1]~S^S^NX\V��ZE]+fe]~]�� P^U.��fOU¯Z Z?LeRTbdL �e��f�NQ� RJbD\^]`Wa]~\V]~fOb1]~S
��RTS^SV]~S RJfMP^LO]3b|NXbdLe]X5�<�U ��fOU¯ZiP^LO]©\^]`Wa]~\^]1fOb~]1S¡N �TU�b|NQ�TRJP[� NXfONX�J��S^RJS%RTS fe]~]��e]���5�KMRJP^L�PcLORJS
NXf�NQ�J��S^RJSDZE]�SV]~�T]1b1P)P^LO]�\^]`Wa]~\^]1fOb~]1S)PcU � ]�_e\^]1Wa]`PcbdLO]���5}<¦U �OU PcLORJS)NXf�NX�8��S^RTS=ZE]��OSV]�UI�O\+PcU�UI�¦UXW
SVPcNQPcRJb��TU�b|NX�JRJP[�GNXf�NQ�J��S^RJS�9�nepq��s�<�;`5�<�LO] ��\VSVPrSVP^]~_�UXW P^LO]?�TU�b|NX�JRJP[�GNXf�NQ�J��S^RJS�RTS PcLe] �XUI�T�e� ]�_OLONXS^]Q5
9[f P^LORTSq_OLONXS^]?ZE]=b~UIfeS^R �e]~\qPcLO] �IUI�J�O��]�UXW ��N�PdN!P^L�NQPqPcLe]=�JU6UI_�NXb1b~]1S^S^]1S~5�KMRJP^L�P^LORTSqRJfeWaUI\^� NQP^RTUIf
Zz]�LON �X]�N gIU�U��3NX_O_O\VU¯�6RJ��NQP^RTUIf�UXWzP^LO] ��NQPcN%PcL�NQP)Z?RJ�T��� ]��TUIN��O]��©RJf©PcLO]�b~NXbdLO] � ]`P[ZE]1]~f P[ZzU
�e��f�NX��RTb \^]`Wa]~\^]1fOb~]1S�UXW�PcLe]%ScNX��]%\V]1Wa]~\V]~fOb1]�NXf�� R8W�PcLORJS ��N�PdN�� N|� \V]~_O�TNXb~]�PcLO]%�JRTfO]�PcLONQP}PcLe]
\^]`Wa]~\V]~fOb1]�NXb1b~]1S^S^]1S~5 s(� UI\V]�_O\^]1b~RJS^]�NXf�NX�8��S^RTS+ZzUI�O� �3\^]�$��ORJ\^]�NXf RTf�Pc]1\VWa]1\^]~feb~]�NXf�NX�8��S^RTS15}KMRJP^L
PcLeRTS!NXf�NX�8��S^RTS+Zz]�b|NXf ��fOU¯Z(RJWENy_e\^]���RJUI�OSH� RJS^SHUXWENy\V]1Wa]1\^]~feb~]�\V]~_O�TNXb~]1S!Nyb~NXbdLO]��TRTfe] � ]1b|NX�OSV]
S^]`P}UXW?b1UIf
	�RJb1P^S~5
��UX\!P^LO]���UI��]~f�PGZz] NX\V]�fOUQP}N��e�T]�PcU©NX_e_O�J� NXf RTf�Pc]1\VWa]~\V]~fOb1] NXf�N|���TRJS~5�<�LORJS
NXf�NQ�J��S^RJS�fe]~]��eS PcU U �ePcNXRTf PcLe] ��NXSV]�N ���O\^]1S^SV]~S%UXW=PcLO] ��NQPcN SFPc\^�eb1Pc�e\^]~S �O�eP�WaUI\�PcLO]y� UX� ]1f�P
Zz]�NX\^]GfOUXPDN��O�J]!P^U%U �ePcNXRTf�PcLORJSDRJfeWaUI\^� NQP^RTUIf�5zsD�JS^U P^LO]}RJf�P^]~\FWa]~\^]1fOb~].NXf�NX�8��S^RTS?PcLONQP+� NX�X]1SDUI�e\
�TU�b|NQ�TRJP[��NXf�NQ�J��S^RJS�RTS*WaU�b~�OSV]��
P^U �eRT\^]1b1Pu� NX_O_�]���b|NXbdLe]~S+NQf��yP^LO]HPdNX\VgI]1P?_O\VU6b1]~SVS^UI\uL�NXS?P[ZEU�³«ZEN¯�
NXSVS^U�b~R N�PcR �X]?b|NXbdLO]1S~5qluU�Zz]��X]~\EZz]uL�N �I]ufOUXPcRJb~]���P^L�NQPqPcLO]u� NXRTf�f��O����]~\rUXW PcLO]?RTf�P^]~\VWa]1\^]1fOb~]1S*NX\V]
_O\VU �O�eb~]�� RTf N S^LeUI\VP!RTf�P^]~\ �QNX� UXWzP^RT��].Z?LO]1\^]�PcLO]�_O\V]1Wa]`PcbdL b~NXf)( PHLOR �e] NQ�T��P^LO]�� NQP^]~fOb`�©NXf�� RJf
� NXf���b~NXS^]1S)RJP)N ���OS+U �I]1\^LO]~N��3PcU�P^LO]�]`�6]~b1�ePcRJUIf�5H<�LO]1\^]1WaUX\^] � PcLO]�RJf�P^]~\FWa]~\^]1fOb~]�NQf�NX�J��SVRTSDRJSDfOUQP
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SVP^]~_yRTf PcLe]!b1UI��_ORT�JRTfOgG_O\^U�b~]1S^S �I]~\F���}�ObdLy�TRJ�X]DP^LO]H�OS^��NQ�¨NX�ePcUX��NQP^RTb+_ONX\cNX�J�T]1�TR 
1]~\VS~5 9«P?RJS���NXSV]��
UIf NXf NX_O_O\VU|�eRJ��N�PcRTUXf¡UXWrPcLO]�NX\VbdLORJP^]~b1P^�O\^]���U �e]~�
�e�ePHPcLO]�_O\VUIg�NX\V� ��]~\+b~NXf3S^_�]~b1RJWY�¡P^LO\^UI�egIL
�ORJ\^]~b`PcR �I]~S�_e\^]~SV�O��]�� �TUIN��%� N�Pc]~feb1��WaUI\*S^UX� ]+��]~��UI\F��NQb~b~]1S^S15Elu]~fOb1] ����N�PdN}_O\V]1Wa]1P^bdLORTfeg�b|NXf ��]
b~UXf�P^\^UI�J�T]���RTf�S^UXWYP[ZENX\^]~NXf��©b1UI���ORJfO]���Z?R8PcL¡SVUXWYP[ZENX\^]}_eRT_�]~�TRJfORTfegO5*K ]._O\^]1S^]~f�PHLO]1\^].P^LO].<u@)prn
PcU�UI� WaUX\�S^UI�O\Vb~])PcU�S^UX�O\^b1]!SVUXWYP[ZENX\^]!_ORT_�]~�JRTfORJfOg}NQS?Zz]~�J��NXS?_O\V]~�TRJ� RJf�NX\F� ]��6_ ]1\^RT��]~f�PcNX��\^]1S^�O�8PcS~5
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9«P}RJS!Z?R �O]~�8� \^]~b1UIgIfOR�
~]�� PcL�N�P}�TU�UI_OSH_O\VU �6R �O] P^LO]%�TNX\^gI]1SVPGS^UI�e\^b~]�UXW�UI_eP^RT��R 
~NQPcRJUIf©RTf b~UI��� UXf
f��O��]~\^RJb|NX�¨_O\VUIgI\^NX� S�� NQf��¡�TU�UI_y]`�6]~b1�ePcRJUIf �OUX� RJf�NQPc]1SDNQ�T��UISVP?PcUQPdNX�¦]`�6]~b1�ePcRJUIf�P^RT��]!UQWrNXf©NX_6³
_O�JRTb|N�PcRTUXfG_O\VUIgI\^NX�
5¦s��JUXP UXW�\V]~S^]~NX\^bdLe]~SqL�N �I]?\^]1S^�O�8Pc]���RTf�PcU �O] �I]1�TUI_O��]~f�P�UQW �QNX\VRTUI�eS�Pc]1bdLOfOR'$��e]~S
WaUI\�]��e_e�TUIR8PcRTfeg}_�NX\^NX�T�J]~�TRJS^� NXf�� ��NQPcN��TU�b|NX�JRJP[��Z?RJP^LORTf fO]1SVP^]����JU6UX_OS~5
<�LO]3b~UINX\^SV]©gI\cNXRJfo_�NX\^NX�T�J]~�TRJS^� _O\V]~SV]~f�PyRTfo�}�O�8PcRJ_O\^U�b~]1S^S^UX\^S%b~NXf ��]©]`�6_O�JUIRJP^]�� ���MN \V]~SVP^\^�Ob�³
Pc�e\cNQP^RTUIf UXWHfO]~SFPc]�� �JU6UX_OS�RJf·PcLO]�S^UI�O\Vb~]¡b1U �e] ��Z?LO]~\V]|NXS ��fe]¡gI\cNQRTf·_ONX\cNX�J�T]1�TRTSV� 9¤NQ�TS^U b|NX�J�T]��
9[fOSFPc\^�eb1PcRJUIf ��]��X]~��p�NX\cNX�J�T]1�TRTSV� ��>u� �Ij��ESV�O_�]~\^SVb|NX�TNX\}UI\-5)��9«K ;GRTf PcU���N|� (�S}LORJgIL _�]~\FWaUI\^� NXfOb1]
��UIfOUI_O\VU6b1]~SVS^UI\VS=RJS=\^NQPcLO]1\=]��6_O�TUIR8Pc]���NQPuPcLe].NXSVS^]1���O�J�yb1U �O]!�T] �I]1�����y�TU�UI_�S^UXWYP[ZENX\V]._ORJ_ ]1�TRTfeRTfOg
� s��I��s�������5
x
]1� UI\F� � NXf�NXgI]1� ]1f�P�RTS}PcLe]yUQPcLO]1\�RJ� _�UI\FPdNXf�P}Wa]~NQPc�O\V] UXW+LeRTgIL _�]~\VWaUX\^� NXfOb~]�NQ\^bdLOR8Pc]~b`Pc�O\V]~S15
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9«P)RJS)NX�TSVU%L�NXf��O�T]�� �OR�� ]~\V]~f�Pc�8�
RJf©�}�O�8PcR8³ENXf��©� UIfeUQ³[_O\VU6b1]~SVS^UI\VS~5H9[f x
9Fx�A NX\^bdLeRJPc]1b1P^�O\^]1S
��PcLe]
_O\VU �O�T]1� RTS�P^U _�NQ\VPcR8PcRJUIf%PcLO] ��N�PdN�S^]1PDNX��UIfOg�PcLe]G�JU6b~NX����]~��UI\^RJ]~S�UXW¦PcLO] �OR�� ]1\^]~f�P=_O\^U�b~]1S^SVUI\^S��
PcLeRTS?RTSu�OS^�ONX�T�8� �OUIfe].RTf�PcLe]GSVUI�O\^b1]Gb1U �e]X5�9[f
P^LO]!� UIfeUQ³[_O\VU6b1]~SVS^UI\VS
��PcLO]!_O\VU �O�T]1� RTS�P^U�]`�6LOR �ORJP
gIU�U �©P^]~��_ UI\^NX� UX\!SV_�NQP^R NX� �ONQPdN��TU�b|NX�JRJP[�yRTf©P^LO]�b~U��O]}³=P^LORTS)b~NXf � ]�_�]~\VWaUX\^��]�� RTf©PcLO]�SVUI�O\^b1]
b~U��O]*³¦UI\ P^U!]	��b~RT]1f�Pc�J�}�OS^]�PcLe]u\V]~gIRJSVP^]~\^SrN �QNXRT�TN��O�J]r³¨PcLeRTS�RTS��eS^��NX�J�J�._ ]1\VWaUI\V� ]���RJf�PcLO]uNXSVS^]~� �O�J�
b~U��O]Q5
KML�NQP+RTSD_e\^UI_�UIS^]��©RTfyPcLORJSD_�NX_�]~\DRTS+N ��\^SFP)SVP^]~_©PcU¯ZENX\ �OS+N�b~UI����UIf
Wa\^NX� ]`ZEUX\^��WaUI\DSFPc���e��RJfOg
PcLe]�b~UI���eRTf�NQP^RTUIf�UXWzP^LO]~SV]��OR�� ]~\V]~f�PHUI_eP^RT��R 
|N�PcRTUXfOS~5+K ]�L�N �I]�RT��_O�T]1� ]1f�Pc]���S^UI�O\Vb~]�PcU�SVUI�O\^b1]
S^UQWYP[Z*NX\V]�_ORT_�]~�JRTfORJfOg ��NXS^]���UIf�A+mrnep � K m ��n��Xw �eRTf.P^LO]uneNXgI]�
�
 � 
 
�²!n��Xw �Ob~UX� _ORJ�TRJfOg=]1f �6RJ\^UIf�³
fO]1� ]1f�P~5rn6UXWYP[ZENX\^])_eRT_�]~�TRJfORTfegGRJS*N}�TU�UI_�Pc\cNQfOSVWaUI\V��N�PcRTUXf PcLONQP�RTfeb~\^]~NXS^]1S*PcLO]D_�NX\cNQ�T�T]1�TRJS^�vZ?R8PcLORJf
PcLe]=�JU6UI_ ��U �e������b~UX���ORTfeRTfOgHRTfeSVPc\V�Ob1P^RTUIfeSrWa\VUI� �OR�� ]1\^]~f�PERJPc]1\cNQP^RTUIfeS�RTf�PcUHPcLO]=ScNX��]u�TU�UI_�� U��e�I5

E]1b|NX�OSV] PcU���N|� (�S���RTb~\VUI_O\VU6b1]~S^SVUI\^S.L�N �I] �e��f�NX��RTb Wa]|NQP^�O\^]1S.PcL�N�P���NQ�X]%PcLe]~� N �O�T]�PcU©]`�6_O�JUIRJP
�TU�b|NQ�E_�NX\^NX�T�J]~�JRTS^� ³HZz] � ]1�TRT] �I]%P^L�NQP�PcLeRTS�NX_O_e\^U�NXbdL � NX�X]1S�S^]~feS^]X5 K ]yLON �X]yNX�TSVU N ���O]�� PcLe]
_�UIS^SVR �ORJ�TRJP[�yWaUI\)PcLe] _O\VUIgI\^NX� ��]~\+P^U
SV_ ]1b~R8WY�3_O\^]1S^�O��]�� �TNQPc]1fOb~RJ]~SHUXWES^UI��]�� ]1� UI\F�©\^]`Wa]~\V]~fOb1]~S
���©��]|NXfOS)UQW �ORJ\^]1b1PcR �I]1S~5�<�LORJSGNQ�T�TU¯Z?S �O\^SVP)P^U��X]~]1_ ��N�PdN _O\^]`Wa]1P^bdLORTfOg��Of��O]~\!b~UIf�P^\^UI��NQf��3S^]~b�³
UIf�� �*S^UXWYP[ZENX\V]�_ORJ_ ]1�TRTfeRTfOg¡\V]~SVbdLO]��O�e�T]~S�RTf�Pc\V�Ob1P^RTUIfOS�RJf UI\ �O]~\�PcU PdNX�Q]
RJf�PcU NXb~b1UI�Of�P�P^LORTS���NQPcN
_O\V]1Wa]1P^bdLORTfegO5 9[f�PcLO]=x�lusu@)<?mqBMWa\cNX��]1ZzUI\^�����TUIN���� NQP^]~fOb1RT]1S�b|NXf � ]?U �6PdNXRJfO]���������NQPcNH�JU6b~NX�TR8P[�
NXf�NQ�J��S^RJSHP^L�NQPG_ UXRTf�P!UI�ePG� ]1� UI\F�¡\V]1Wa]~\V]~fOb1]~S.P^L�NQPG� RJS^SHRTf3PcLe]�b|NQbdLO]X5%K ] ��\VSVP �O]~SVb~\VR ��] PcLe]
<u@)prn�PcU�UI�eWaUX\�S^UI�O\Vb~]?PcUHS^UX�O\^b1]=SVUXWYP[Z*NQ\^]?_ORT_�]~�JRTfORJfOg)NXf���P^LO]~f�gIR �X]?_O\^]1�TRT��RTfONX\V�!]`�6_�]~\VRT��]~f�PdNX�
\^]1S^�O�8PcS�Z?RJP^LyNXf���Z?RJPcLeUI�eP?S^_�]~b1RJWY��RTfeg��JU�N�� �TNQPc]1fOb~RJ]~S~5
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<�LO]1\^]%NQ\^]���NQf��©ZEN|��SGWaUI\HRT��_O\VU ��RJfOg PcLO]�]`�6]~b1�ePcRJUIf P^RT��]�UXW�NXf NX_O_e�TRTb~NQPcRJUIf©_O\VUIgI\cNQ�
5%@)fe]
NX_O_e\^U�NXbdL �XPc]1\^��]���
����	�������������	�����! " $#&%(' �XNXf���NQfOUXPcLe]~\
�QPc]~\V� ]��� ��*),+-�.�/�	�������0���1 $ "#&%0'�UI\��2���!��3&34�13
�����0���1 " $#&%('O5qn6UXWYP[ZENX\^]u_ORJ_ ]1�TRTfeRTfOg+RJSrN!SVUXWYP[Z*NQ\^]u_O\^U�b~]1S^S^RJfOgGP^]~bdLOfeR&$��O]?Z?LORTbdL \^]~SFPc\V�Ob1P^�O\^]1SE�TU�UI_OS
��� b~UX���ORTfeRTfOg}RJfOSVP^\^�Ob`PcRJUIfOSEWa\VUI� �OR�� ]1\^]1f�P?R8Pc]1\cNQP^RTUIfOSERTf�PcU}P^LO])ScNX��])�TU�UI_ ��U �6�I5q��UI\*]��e]1� _e�T] �
�T]`P!�OS.b1UIfOS^R �O]~\GNXf NX\^bdLOR8Pc]1b1Pc�e\^]�b1UIfOSVRTSVP^RTfOgyUXWzWaUI�O\HWa�OfOb1P^RTUIfONX���OfOR8PcS �.UIfO]�9[f�P^]~gI]1\}BufORJP
��UIfe]
��U�N���5Xn�PcUI\V]?B=fOR8P ��NXf���P[ZzU.���TU�NQP^RTfOg+p�UIRJf�PrBufORJP^S~5 soSVRT��_O�T]ERTfOfO]1\��TU�UI_�NXf���RJP^S�b~UI\V\^]1S^_�UIf��ORJfOg
S^RJ�}�O�TNQPcRJUIf�NXSVS^]~� �O�J��b1U �O]=NX\V]uSVLOU¯Z?f%RTf�� RJgI�O\V]!7 9¤N ; NXf���7 9 � ;`5 KMR8PcLOUX�ePrNXf���Pc\^NXfOSVWaUX\^� NQPcRJUIf �
]|NQbdL �JU6UX_·RJP^]~\^NQPcRJUIf \V]�$��ORJ\^]~S � b1��b~�J]~S%PcU ]`�6]~b1�ePc]3UIfoN gIR �X]~fo9;�¨p _e\^U�b~]~SVS^UI\15#9«W)PcLO]¡�JU6UX_
RTS!S^UQWYP[Z*NX\V]%_ORJ_ ]1�TRTfe]�� 9¤� RJgI�O\^]y7 9ab ;'; � ]~NXbdL �TU�UI_ RJPc]1\cNQP^RTUIf RTf PcLO]76��!�"%8�!3D\^]*$��ORT\V]~S.w�b1��b~�J]~S}RJf
N �I]1\cNXgI]Q5}<�LO]�RTfeSVPc\V�Ob1P^RTUIfeS!4%NXf�� { b|NXf ��]�]`�6]~b1�ePc]�� RTf©S^NX��]�b1��b~�J] �¨NXS+Zz]~�J��NXS)RTfeSVPc\V�Ob1P^RTUIfeS
��³[��³d7��6wQ³;j ����³F��5

<�LO] U � "V]1b1PcR �I]3UXW.S^UXWYP[ZENX\^] _ORJ_ ]1�TRTfeRTfOg RTS PcU RTfeb~\^]~NXS^]©P^LO] 9;�¨p�RJfOS^R �O]©]|NQbdL¶RTfefO]~\ �JU6UI_ 5(9«P
9 \V]~��U �I]~S,: �e]~_�]~f��O]1fOb~]1S�� ]`P[ZE]1]~f RTfOSFPc\^�eb1PcRJUIfOS!Z?RJPcLeRTf ]~NXbdL RJP^]~\cN�PcRTUXf NXf�� \V]~_O�TNXb~]1S.PcLe]~� ���
�O]1_ ]1f��O]~feb~]yNXb~\VUIS^S�R8Pc]1\cNQP^RTUIfOS15¡<�LORJS}\^]1� U �QNX�EUQW �O]~_�]~f��e]~fOb1]~S���NX�Q]~S}��UI\V]%RTfOSFPc\V�Ob1P^RTUIfOSGRTf6³
�O]1_ ]1f��O]~f�PHWa\^UX�±]~NXbdL3UXPcLe]~\)NXf��¡PcLO]1\^]����©RJfOb~\V]|NXSV]~S+P^LO]}f��O����]~\+UQWzRJfOSVP^\^�Ob`PcRJUIfOS=P^L�NQP)b~NXf ��]
]`�6]1b~�eP^]��¡b1UIfOb~�e\^\^]1f�Pc�J�X5
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DO I = 3, N
0 T1[I] = A[I]

T2[I] = A[I+1]
T3[I] = T1[I] + T2[I]
T4[I] = A[I+3]
T5[I] = T3[I] + T4[I]
T6[I] = A[I+4]
T7[I] = T5[I] + T6[I]
T8[I] = T7[I] / D

B[I] = T8[I]

ENDDO

1
2
3
4
5
6
7

8

(b) Simulation Assemble code

0
1
2
3
4
5
6
7
8
9

Inst. cycle

r71 = r52 + r61
r31 = r12 + r22
r11 = A[I]
r51 = r31 + r42
r21 = A[I+1]
r81 = r71 / D
r41 = A[I+3]
r61 = A[I+4]
B[I+1] = r81
r72 = r51 + r62
r32 = r11 + r21
r12 = A[I+1]
r52 = r32 + r41
r22 = A[I+2]
r82 = r72 / D
r42 = A[I+4]
r62 = A[I+5]

B[I] = r82 1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

IF ( I > 6 )
prelude instructions

ENDDO

DO I = 1, N, 2

10
11

1
2
3
4
5
6
7
8
9

12
13
14
15

r31 = r21 + r22

r21 = r41
r81 = r71 / D
r41 = r62

r71 = r52 + r42

r72 = r51 + r62

B[I+1] = r81

r32 = r22 + r21
r52 = r32 + r41
r22 = r42
r82 = r72 / D

r62 = A[I+5]

r51 = r31 + r42

B[I] = r82

r42 = A[I+4]

DO I = 1, N, 2

ENDDO

prelude instructions

IF ( I > 6 )

postlude instructions

remainder iterations

ELSE

sequential loop

postlude instructions
remainder iterations

ELSE

sequential loop

2 loads, 2 stores / 2 iterations8 loads, 2 stores / 2 iterations

DO  10  I = 3, N

B[i] = (A[I-1] +A[I-2]

+ A[I+1] +A[I+2])/D

10  CONTINUE

(a) Original Loop

3

02

4
7

68

5

1

(c) Schedule of pipelined loop (d) Pipelined Loop (e) After Optimizing

� RTgI�e\^]Hje587��r@+_ePcRJ� R�
|NQP^RTUIf SVP^]~_OS
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<�LO] �O\^SVP}_O\^U �e�T]~� RTS!PcU¡SVRT�}�e� NQP^]�P^LO]%�TU¯Z��J]��I]1�*j�³[N����O\V]~SVS}RTfOSFPc\V�Ob1P^RTUIfOSGRTf P^LO]%SVUI�O\^b1] b~U��O]X5
<�LORJS%RTS �eUIfO] ����SV_O�TR8P^P^RTfOg RTfOSFPc\^�eb1PcRJUIfOS RTf�PcU ��RT\FPc��NQ�Dj�³[N����O\V]~SVS RTfOSFPc\^�eb1PcRJUIfOS15#��UX\%N �IUIR �ORTfeg
NXf��3_O\V]~�TRJ� RJf�NX\F�©NXSVS^�O��_ePcRJUIfOSHUIf Z?LO]~\V] PcLe]�P^]~��_ UI\^NX\V� �XNQ\^R N �O�T]1SGNQ\^]�PcU � ]�SVP^UI\^]�� ��Zz]��OSV]
Pc]1� _�UI\^NX\V�.NX\^\^N|�6S15 9«PqS^LeUI�O� � ��]�fOUXP^]���PcLONQP PcLeRTS ]��e_ONXfOS^RJUIf�UXW�S^b~NX� NX\VS RTf�P^UHNX\^\^N¯��S�RJS �OUIfO]�UXfO�J�
RTf�P^]~\^fONX�J��NQf�� �OU�]~SufOUXPD\^]~� NXRJfyRJf
P^LO] �Of�NX�¦_O\^U��O�Ob1]��¡_O\VUIgI\^NX�
5�<�LO]1f
PcLe].�OSV��NX� �O]~_�]~f��e]~fOb`�
gI\^NX_OLoRTS�b~UI��_O�eP^]�� ���MneNQgI] 
�
}5´<�Le]©�TU�UI_�RTS S^UXWYP[ZENX\V]©_ORT_�]~�JRTfO]�� ���oA+mrnep �*WaUI�T�JU�Zz]�� ���
N�_OLONXS^] UXW?\^]1gIRTSFPc]~\.NX�T�JU6b~NQPcRJUIf¡Z?RJP^L _�UIS^SVR �O�J]��Ofe\^UI�J�TRTfegO5 <�LO]~f P^LO]�]1�TRJ� RJf�NQPcRJUIf©UXW�\V]��O����NXf�P
�TUIN���5QSFPcUI\V])UXW SV���OSVb~\^RJ_ePc]�� �QNX\VR N��e�T]~S ��A+m���� �¨RJS�_ ]1\VWaUI\V� ]���5
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9[f UI�O\}NX_O_O\VU�NXbdL �qNX�J�zSFPdNQP^]~��]~f�PcS.UXW?LORTgXL �T] �I]~�E� NXfOgX��NXgI] NX\^] ��\^SFP}Pc\^NXfOSVWaUX\^��]�� RTf�P^U ��RT\VP^��NX�
j�³[N����O\V]~S^SHRJfOSVP^\^�Ob`PcRTUXf�5GK ]��OS^]�P^]~��_ UI\^NX\V�¡NX\^\^N|� �QNX\^RTN��O�J]GWaUI\)\V]~_O�TNXb~RJfOg%]��X]~\F�3]`�6_O\^]1S^SVRTUIf UXW
UI\VRTgIRJf�NX��SVPdN�Pc]~��]~f�P
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