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_�aIT�R?SP}p_?_m¨5u�R?S�u!W { XpV?W5_ { �
×°u�v?XpV?^�]�T�u�T*S�W�T�R5X�]SRØXZT¾X�]tV5_ { XpV?T*S�U�S�]�T*XpV?^[T*_ol�_mVi](XpW?S�UGT�R?SLj�_m]�](Xp�5Xp}pXpT*�oT�R­u�T¾]�R?_mw5}pW�u!V`XpV5]�T�U�w?l�T*Xp_%VY��SLS��?S�l�w\T*S�W
ð�ð ÿ£ö#÷��iòA�]ò[ó��Bò[õló�
	�
ôºõ��*����öiòvù��iñwò[#qù���ö���òq÷��Sò:=oófý��[òvùKùfý]ófù��Sõ]ø#õºù���ö�8�
�ò:=��	=oò�
	��öiòvø¤��þoö��[÷���ýlöSõ2
iþoö���÷�;ð�< ÿp��ñÍóEô�÷��Sò�ö#÷��iòqô
õ��*����öiòI��ù�öoýl÷5õ2â�
�ò^÷Kýºùf÷£õ]óf÷:��öoùf÷Kófþ��[÷���ýlöoùUýlö>õ�
	
?��÷Kù���þoö��[÷���ýlöSõ�
oþoö���÷fù���ö>÷��SòqùKõlôºò^÷���ô
òqùK÷£ò�=?�oõlöiø#óKòvùfýlþoó��[òvùõlóKòqþoöSøiò[ó�)£þo÷��	
 �öõ�òvøm;
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I-stream:

Time step

2

3

4

1

d a b

d a b

b c t

c

c

c t w x y z u

t w

t w

w x y5
Á:Xp^mwiU�SLB�µ�íAf*V5_%U�W?S�U�S��?S�l�w?T*Xp_mV

W5�?V5u�bdXZl�u�}p}p��_%w?T*«*_�a�«*_mU�W\S�USR¤XpT�]�R\_%w5}pW�V5_%T���SY����·�S��?S�l�w?T*S�W u�]GT�R?S�j5U�_m^mU2u�b l�_mw?V?T*S�U�u!W5vmu�V5l�S�]Lu�]L]�R\_ { V�XpV�T�R\S
S��5u�bdj5}pSm��f*V�Á:XZ^%w5U�StB�Â { S0U�w?VLT�R\S0]2u�bLS�XpV5]�T�U�w\l�T*XZ_%VL]�T�U�S�u!b u!]�XpV¡Á:Xp^mwiU�StB�µ´R!_mVLu>b�u!l2R5XpV\S { XZT�RLT�R5U�S�S�a�w?V5l�T*Xp_mV5u!}
w?V5XpT*]SR&�iw\Ttl�u!j�u��5}pSt_�as_%w?T*«*_�a�«*_mU�W\S�U°S��\S�l�w?T*XZ_%V`T�R5X�]�T*XpbLSm�¤®0T°T*XpbLS�]�T*S�jY³UR���_mT�RoXpV5]�T�U�w?l�T*Xp_mV5]wµPu!V?W5 °u�U�SPX�]�]�w5S�W�R
�5w?T0V5_%T�£�Ä?R?S�V5l�SYR* sU�S�b�u�XpV5]t��XpV5RiXZ�iXZT*S�W� .XpV�T�R?St]�l�_�j�Stw\V?T*Xp}�£�X�]¤X�]�]�w5S�W5R�u�]0XpV?W5Xpl�u�T*S�W��?�LT�R\S¾]�R5u�W?S�Wo��_��?S�]0XpV�T�R\S
¢�^%w5U�Sm�

d a b

d a b

b c t

c w

c w

x y z

x y z

y z u

c t w x y z uI-stream:

Time step

2

3

4

5

6

7

1

Á:Xp^mw5U�SLB�Â5íIÏ�w?T*«*_�a�«*_mU�W\S�U°S��\S�l�w?T*XZ_%V { XZT�R?_mw?T>l�_mb�j�u�l�T*Xp_mV

Q¤�\jiXZl�u�}p}p�-R�R5u!U�W { u�U�SPXpb�j5}pS�bGS�V?T�u�T*X¼_%V5]su�T�T*S�b�j5T¤T*_�]�_m}pvmS�T�RiX�]0j5U�_%�5}pS�b±XpV�_mV?St_�a�T { _�W5X£¦&S�U�S�V\T { u!�?]>u�V?W { S { Xp}p}
�5U2XpS2ë��dU�S�v?XpS { S�u�l2RoXpV�T*w5U2VLa�_%U0l�_mbdj5}pS�T*S�V?S�]�]��

÷ b ÷ b., I¿V�:i\qXfklL':ÇklO�VoL´Z=kv\�_�k"ø�/nM%ù�k�j0/ng21^_�:ok
f*VoT�R?SPS�u�U�}pXZS�U>]2S�T�T*XZV?^%]>a�_mU0b�u�l2R5XpV?S�] { XZT�Ro}p_?_m¨5u�R?S�u�W5R5T�R\S¾j5U�_%�5}pS�b¯_!asu�vm_mXpW5XpV?^GXZVil�_mU�U�S�l�TtS��?S�l�w\T*Xp_%V5]�¿ ]�w?l2R`u!]
U�S�S��?S�l�w?T*XpV\^GXpV5]�T�U�w?l�T*Xp_mV± IXpV�T�R?S0j5U�S�v?Xp_mwi]$S��­u!b�j5}pSI¿ { S�U�S0W?S�u�}£T { XpT�RL�?�oÆ�T�u�^m^%XpV\^ Ç T�R?S�b[�A®�]�T�R\S�æNçÚu�W5vmu!V5l�S�]SR
T�R\S¾R­u!U�W { u�U�StW5_?S�]0V5_%T0S��?S�l�w?T*SGT�u�^m^%S�WdXpV5]�T�U�w?l�T*Xp_mV5]��5w?T0U(u�T�R?S�U>]�¨\Xpj5]�_�vmS�U0T�R?S�b`�
Ái_mU>T�R?SPj5w5U�j�_%]2SL_�a�j5U�S�]2S�V?TPW5X�]�l�w5]�](Xp_%V�R { S { Xp}p}Au��5]�T�U(u!l�TPT�R5X�]�V5_mT*Xp_mV�_!aÈT�u!^m^%XZV?^�u!V\W§U�S�j5U�S�]2S�V?TPXpT�l�_mV5l�S�j5T*w�u!}Z}p�
u�]Gu�]2XZV?^%}ZS����m�i��¶��������m��¶����IT�R5u�TPX�]Pu�]�]�_?l�X�u�T*S�W { XpT�R�u!VYXZVi]�T�U�w?l�T*Xp_mVYXpV`]�l�_�j�SmÄIV5_mT*SLT�R5u�TPT�R5X�]PX�]tbLS�u!V?T°_%V5}p�`u�]Gu
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bLS�l2R5u�V5X�]�bßa�_mUGS��?j5}�u�XpV5XpV?^oT�R?SdV5_mT*Xp_mV�u�V?W�V?S�S�W�V5_mTGU�S�ë�S�l�TdT�R?Sou�l�T*w�u�}¤XZbdj5}pS�bGS�V?T�u�T*XZ_%VA�df*V�T�R5X�]L]2S�T�T*XZV?^nR�T�R\S
XpV5]�T�U�w?l�T*Xp_mV[u�} { u!�?]0U�S�b�u!XZVi]0XZV�T�R?S�]�l�_�j�S { R\S�T�R?S�UtXpT>R5u�]���S�S�VoS��?S�l�w?T*S�WY_mU�V5_mT��0×>_ { S�vmS�USR�XpT>X�]0V5_%T>U�S�S��?S�l�w?T*S�W
X£a$XpT*]0XpV5R5Xp�5XpT*Xp_mVL�5XpT0X�]¤]2S�T��
É>j�_mV�X�]�]�w5XpV?^�uG]�w5j�S�U�]�l�u�}�u�U�XpV5]�T�U�w?l�T*Xp_mV5]iR5T�R?S"æwç X�]¤U�S�u!W�ì2w5]�T*S�W[T*_�j�_mXpV?TsT*_dT�R?S��i�Jú%�AXpV5]�T�U�w\l�T*XZ_%V�XZV�T�R?SP]�T�U�S�u!b
T�R­u�T0R5u!]0V5_mT0��S�S�V�X�]�]�w5S�Wo�mS�TSR�u!]0]�R?_ { V�XpV�Á:Xp^mw5U�S¡B�Â5�
®ÚW5X�](u�Wivmu�V?T�u�^%Ss_!aAT�R?S°u���_�vmS0Xpbdj5}pS�b�S�V\T�u�T*X£_mVPX�]$T�R5u�T�Æ�W?S�u�W Ç XpV5]�T�U�w?l�T*Xp_mVi]sU�S�b�u�XpVPXpVLT�R\S�XpV5]�T�U�w?l�T*Xp_mVd]�T�U�S�u�bÜu�V?W
w5]2S�wij�u�j�u�U�T�_!a>T�R?Sdl�w5U�U�S�V?T�]�l�_�j�Sm�`h¤_%V5]2S�¥?w5S�V?T�}p��RI_mV5}p�`uêj�u�U�T�_!acT�R?S�XpV5]�T�U�w?l�T*Xp_mVi]�XpVYT�R\Sdl�w5U�U�S�V?TL]�l�_�j�SG¿
T�R\_%]2S { R\_%]2S�XpV5R5Xp�5XpT*Xp_mVd�5XpT*]Pu�U�SGV5_%T>]2S�T�¿àu�U�SGw5]2S2a�wi}$T*_�T�R?S�U�w\V­«¬T*XpbLSt]�l2R?S�W?w5}pS�U��P×�_ { S�v%S�USR�T�R?S�l�wiU�U�S�V\T¾T�U�S�V\W
XpVYj5U�_?l�S�]�]�_mULW?S�](Xp^%V { XpT�RYXpV5]�T�U�w\l�T*XZ_%V�l�u!l2R\S�]GX�]PR?S�}pj5XpV?^o_�vmS�U�l�_mbLSGT�R5X�]PW5U2u { ��u!l2¨�Ä { S { Xp}p}��5U2XpS2ë��[U�S�v\XpS { T�R5X�]
u�j?j5U�_\u!l(R�V5_ { �

÷ b ÷ b + j0/ng21^_�:oklXKM�Pckv\5LÁûxM�Z]kiVoOê:ok]X-/´M�9CkiVoLU_Ug
f*V�T�R?S[j5U�S�]2S�V5l�SY_!a°T�R?SoXpV5]�T�U�w?l�T*Xp_mVÚl�u�l2R?SYR0T�R\S§j5U�_?l�S�]�]�_mUobd_�vmS�]LXZVi]�T�U�w?l�T*Xp_mV5]|a¬U�_mb j5U�_m^%U(u�b bLS�bd_mU��[T*_YT�R\S
l�u!l(R?SYRia*U�_%b { R?S�U�SPT�R?S��[u�U�StS��?S�l�w\T*S�WA�Ph¤_%V5]2S�¥?w5S�V?T�}p��R5T�R?SPl�w5U�U�S�V?Tt]�V5u�ji]�R?_mTt_�a�T�R?SPXpV5]�T�U�w?l�T*Xp_mVo]�T�U�S�u�b T�R5u�T0T�R\S
j5U�_\l�S�]�]�_mUGS��?S�l�w?T*S�]�X�]0T�R?SGj�u�U�T°T�R5u�T>X�]�U�S�]2XZW?S�V?TtXpVol�u!l(R?Sm�tf*V§T�R5X�]>]2S�T�T*XZV?^nR&W5X�]�j�u�T*l2R5XpV\^�uL]�wm�5]2S�TP_!a�XZVi]�T�U�w?l�T*Xp_mV5]
T*_Yl�u!l(R?Sou�V?W�S��?S�l�w?T*XpV\^�T�R?S�b ��}p_%^mXpl�u�}p}p�5 �S�}pXZbdXpV­u�T*S�]PT�R?S�b a*U�_mb T�R?S�l�w5U�U�S�V?T�]�l�_�j�Sm�ªÏ�V5}p�YT�R?_m]2S�XZVi]�T�U�w?l�T*Xp_mV5]
T�R­u�TGR5u�vmSdV5_mTG��S�S�V�S��?S�l�w?T*S�WÑ�mS�TGU�S�b�u!XpVYXZVYl�u�l2R?Sm�ªh¤_%V5]2S�¥?w5S�V?T�}Z��RIXpV�T�R5X�]Lu�j?j5U�_\u�l2R�R0²!���IT�R?S�XpV5]�T�U�w?l�T*Xp_mV5]GXpV
T�R\Sdl�w5U�U�S�V?TL]�l�_�j�S�u�U�SdS�}pXp^mXp�5}pS���X*� S%��V5_mTGXpV5R5Xp�5XpT*S�W� Pu�V?WYR?S�V5l�S�j�_mT*S�V?T*X�u�}.l�u�V?W5XpW5u�T*S�]¾a�_%U�S��?S�l�w\T*Xp_%VA�[®>]GV5_mT*S�W
XpVo_mwiU>j5U�S�v?XZ_%w5]tU�S�]�w5}£T*]���g?S�l�T*Xp_%V`ém ]R&l�_mbdj�u�l�T*XZ_%V�_!¦�S�U�]Pj�S�U*a�_%U�b�u!V5l�S�u!W5vmu�V?T�u�^%S�]�]2XZVil�SPV5_dj�u�U�T°_!asT�R\SG]�l�_�j�SGX�]
{ u�]�T*S�W�_%VLW?S�u�WdXZVi]�T�U�w?l�T*Xp_mV5]��I®>VLXp}p}Zwi]�T�U2u�T*XpvmS¤S��5u�b�ji}ZS.X�]�]�R?_ { VLXpVLÁAXp^%w5U�SGB�¹UR { R\S�U�S>T�R?S>j5U�_m^%U(u�b±u!]���S�a�_mU�S { u!]
U�w?VY_%V`udb�u�l2R5XpV?S { XpT�R`T�R5U�S�SGa�w?V5l�T*Xp_mV5u!}$w?V5XpT*]iR$u!V\W§_mw?T*«*_�a�«*_mU�W?S�UPS��?S�l�w?T*Xp_mV { XpT�R[l�_%b�j�u!l�T*Xp_mVA��¬>_%T*S�T�R5u�T { XpT�R
l�_%b�j�u!l�T*Xp_mV�R%XpV�l��?l�}pS�éeR?XZVi]�T�U�w?l�T*Xp_mV� cX�]sV5_L}p_%V\^%S�U0XpV�T�R?SP]�l�_�j�Sm�

I-stream:

Time step

2

3

4

5

6

7
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d a b

d a b

b c t

c

c

c t w x y z u

w

w

x

x

x y z

x y z

y z u

Á:XZ^%w5U�SLB�¹5í�Ï�w?T*«*_�a�«*_mU�W\S�U>S��?S�l�w?T*Xp_mV { XZT�R�]�l�_�j�SPl�_mbdj�u�l�T*XZ_%V

ü D�E5z&FIHIMLN�F&O�J¾EþýLNêÅ��tKLM5v�O�E�Äÿt�F��ÞJw� ��O�v>���?F&O>�¼�

f*V5]�T�U�w?l�T*Xp_%VL]�l2R?S�W?w5}pXpV?^°X�]$U�S�l�_%^mV5Xp��S�WLT*_P��Scu!V�Xpb�j�_mU�T�u�V?T&]�T*S�jLXZV¾j5U�_?W?w?l�XpV\^¾_�j5T*Xpb�Xp��S�W°l�_\W?S�a�_mUIe0f�g5h�j5U�_?l�S�]�]�_mU�]
{ XpT�RLf�x:y0Ä�T�R5X�] { u�]IS�]�j�S�l�X�u�}p}p�GT�U�wiS0_�a&T�R?S0S�u!U�}p��jiU�_?l�S�]�]�_%U>W?S�](Xp^%V5]�T�R­u�T.W5XpW�V5_%T�XpV5l�}pw5W?S>u�V?�PR5u!U�W { u�U�S0]�l2R?S�W?w5}pXpV?^
]�wij\j�_mU�T��:®>]Iu¤U�S�]�w5}£TSR%_�j5T*Xpb�Xp��XpV?^�l�_mbdj5Xp}pS�U�]�XpV5l�_mU�j�_%U(u�T*S�W¡u!VtXZVi]�T�U�w?l�T*Xp_mVP]�l(R?S�W?w5}pXZV?^0j5R5u!](S¤u�]A]�R?_ { V°XpVPÁ:Xp^mw5U�S>B�ºi�
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(Language Dependent) 

Optimizations

Parsing + Target Independent

Scheduling Register Allocation

Source Program Front End

                    Intermediate Form

    Back End
Object Code

Á:Xp^mw5U�SLB�º5íIf*Vi]�T�U�w?l�T*Xp_mV�]�l2R?S�W?w5}pXpV?^Lj5R5u�]2St_�a�T�R\Stl�_%b�j5Xp}pS�U

f*V?a�_%U�b�u!}Z}p��R?T�RiX�]tj5R5u�]2SLT*�?j5Xpl�u�}p}p��XZV?v%_m}pvmS�Wou�U�U2u�V?^mXpV?^oT�R?SLXZVi]�T�U�w?l�T*Xp_mV5]P]�T�u�T*Xpl�u�}p}p�ou�T°l�_mb�jiXZ}pS2«*T*Xpb�St]�_�T�R5u�TPX£asT�R\S
XpV5]�T�U�w?l�T*Xp_mVi]Èu!U�S¤S��?S�l�w?T*S�WLXZV¾T�R5X�]A]2S�¥?w5S�V5l�S0_mVGT�R?S¤T�u�U�^%S�TAb�u!l2R5XpV\S�R�T�R\S¤_�vmS�U(u�}p}?l�_%b�j5}pS�T*Xp_mV�T*XpbLSAX�]:b�XpV5XpbLXp��S�W:��®�V
S��5u�bdj5}pS0_�a�uG]�l2R?S�W?w5}pSta�_%UsT�R?SPj5U�_m^mU2u�b { XpT�R�T { _G��u�]2Xpl2«*�5}p_?l(¨?]¤XpVêÁ:Xp^mwiU�SLB�é©a�_mU0uGb�u�l2R5XpV?S { XpT�R�T { _Ga�w?V5l�T*Xp_mV5u!}
w?V5XpT*]>X�]0]�R?_ { VoXpVêÁ:Xp^mwiU�SLB�Ãi��f*V�T�R?SGU�S�]�T�_�a�T�RiX�]0]2S�l�T*Xp_mV { S { Xp}p}&W5X�]�l�w5]�]�T�R?SPVi_mT*Xp_mV�_�a�]�l(R?S�W?w5}pXZV?^�uGT�U(u�l�SYR&u�]>X£a
XpT { S�U�SPW5_%V?S°XpVdX�]�_%}1u�T*Xp_%V�R�T�R­u�T0X�]SR5u�]0X£aI_mV5}p�LT�R\StT�U(u�l�SPX�]¤S��?S�l�w?T*S�WY_%V�u!}Z}&U�w?V5]>_!a$T�R\S¾j5U�_%^mU(u!bcQ�p��
Ái_mU�b�u!}p}Z��R:^mXpvmS�VÚu[T�U(u�l�S�U�R0u����2�5�2�m�%�Z� � X�]�u[j�u!XZUd_�a�a�w?V5l�T*Xp_mV5][���uHI�k lR { R?S�U�S��I��î� |W\S�V5_mT*S�]�T�R?SY���2�5�2�m�%�Z�2�
����²%���t����~��G_�atXpV5]�T�U�w?l�T*Xp_mVÚîL����í%`	� �o ]Rsu!V\W�����î� GW?S�V5_mT*S�]�T�R?S�a�w?V5l�T*Xp_%V­u!}0w?V5XpT¡u!]�]2Xp^mV?S�W�T*_YXpV5]�T�U�w?l�T*Xp_%V�î
�¦� í'` �
� F\Bmïpïpï � K� ��
ÙÚR?S�Vt]�l2R?S�W\wi}ZXpV?^°u¤T�U(u!l�S�_mVtT�R?S�T�u�U�^mS�T:b�u�l2R5XpV?SYR { SIV?S�S�W�T*_0S�V5]�w5U�SsT�R5u�TAT�R?S�W5u�T�u�«*W\S�j�S�V?W?S�V5l�S�]>��XpV\T*S�U*«*XZVi]�T�U�w?l�T*Xp_mV5u�}
}�u�T*S�V5l�XpS�]( Gu�V?W[T�R?S�U�S�]�_mw5U�l�Sou�vmu�Xp}�u��5Xp}pXZT���XpVYT*S�U�b�]P_!acT�R?S�V%w\bG��S�Ut_�a0a�w?V5l�T*Xp_%V­u!}�w?V5XpT*]SR�u!U�S�u!}p}$_%��S��mS�WA�og?w?l2R�u
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Instruction being movedBranch Instruction

SPECULATION

REPLICATION
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