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;(� ���d� `�������� Q Dd�����d��#CQYÛ�ÛJQnØ�Ûh×���×�Û�×"�ML²×>�d� KQÛ�Ú��D4Ú=# BQ× Q,�ÇÜ*×�K��PD4Ú=# BÇ×
ÊY�{K � IHDHF'DHFGK�x w <?SUDGNQDHFHD�<A~o@{KrFHK1I|PRNTS{NQS{µ�FH�{K­NTS{NTFGNQ>�MOBN���>�FHNO<?S��.>�MQz{K�D$~�<?I�>AI|IH>§¸
IHKi~�K1IHK1S w K1D1½��EF;NQD�¿;KrMTM��?SU<.¿�S
FH�U>AF�� �"!$#&%('*) +-,�./,0+21�.�34.�365ÌNTDv·U>ADHK1@Ö<JS879�4:<;"1=�>�@?BA�+C:<;"1ED.�3F5�PRK1FH�{<{@»½�G¦<{@Uz{MT<�D w �UK1@Uz{MTNQS{µ�DGK1MOK w FHD�>ÑD w �{K1@UzUMOK~�<JIk<?S{K
NTFGK1I|>�FHNO<?S�<�~�FH�{K�MT<C<JxºD|z w ��FH�U>AFr�3¿��{K1SºF|�U>�F
D w �UK1@Uz{MTK�NTD
IHK1x9K1>AFGK1@��$S{<ºIGK�DG<?zUI w K�>AS�@´@{K�x�K�SU@{K1S w K
w <?SUDGF|IH>ANTS?F|D}>AIHK��?NT<AMQ>�FHK1@»½��ÖS w K�>�x{NTx9KrMTNQS{NTSUµ�D w �UK1@CB
z{MTK��U>ADk·9KrK�S�~�<?zUSU@­~�<JI�MT<C<Jx�·�<{@{¸J�v¿;K
S{KrK�@�FG<�>A@U@
>yxUIG<JMO<JµJz{KÖ>ASU@'K1xUNOMT<Aµ?z{KL~�<?I w <?PRxUMOK1FGNQS{µyK1S?FGNQIGKÖMT<?<?x»��8PR<JIHK}@{K1FH>�NTMQD�NTS!Û Ü§Ý��m½�qS{NTFGNQ>�MTN��1NTSUµØxUIH<AMT<Aµ?z{K w <{@{K IGKCH?zUNTIHK1D!F|�{K�xUIGK w NQDGK
@U>�F|>
@{K1x9K1S�@{K1S w K}NQSC~�<JI|Py>�FGNT<JS�D�FG<�@{K1FGK1I|PRNTSUKkNTS{NTFGNQ>�MOBN���>�FHNO<?SI�§>AMTzUK1D�~�<?I�>AMOMo>JIHI|>§¸ IHKi~�K�IGK�S w K�Dr½KJ­KÚ�U>L�AK
DH�U<.¿�S^F|�U>�F�@�>�FH>NM�<.¿Ú>ASU>AMO¸{DHNTD w >AS^µAN��AKYzUD�F|�{K1DHK�xUIHKiB
w NQDGKÌNTS{~�<JI|PR>AFGNT<JSUD1�C>AD�¿;KrMTMa>AD�F|�{KLMQ>ADHF$¿�IHNTFGKÌIHKi~�K�IGK�S w K~�<JIY>RIGK�>A@�<Jx9K1I|>�FGNT<JS�½��LMOµJ<JIHNOF|�UP ¼U½ÆÅ^@{KrFHK1I|P^NQS{K�D�F|�{K
NTSUNOFHNT>AM<�.>�MQz{K�D$<A~»>JIHI|>§¸oIHKi~�K�IGK�S w K�D�NQS�xUIH<AMT<AµJzUK�>JSU@
NQSCBDGK�IGF|DRMT>JDGFyDGFH<JIHK�NQSUDHFH>AS w K1DRNQS K�x{NOMT<Aµ?z{KÑ·J¸ z�DGNQS{µ�F|�{K
xUIHK w NQDHK�@�>�FH>y@{K�x�K�SU@{K�S w K}NQSC~�<?IHPy>�FHNO<?SUD1½

;(� ��� � IPOQ×��"BEORQ�×$Û/Ú0�@B��&Û�Ú DPDd�¤��#KSUTFÚ����*�
Ù QYÛh×WVX�PK�×NDd�d���¤��# DDÚFÚ K�qS <?IH@UK1I�FH<�<?·{FH>ANTS ~)z{MTM�x�>AI|>�MTMOK1MONQDHP��Ö>X��K�IHSUKrMÖMO<C<Jx

¿�<?z{MQ@ ·�K�zUSUIH<AMTMOK�@�FH�{KÚPR>�¶{NTP^zUP S?z�Po·9K1I¦<A~�1�.�YL+)Z'[365F+.���{<.¿;K\�AK�ILF|�{NQDk¿YNOMTM�NQS w IHK1>JDGKRFH�{K
IHKrµJNTDHFGK�IÖx�IGK�DqBDHz�IGKJ½^]�<?SUDHNT@{K�IGNQS{µºFH�UK­SCzUPo·9K1I�<�~}IGK1µANQDGFHK1I|DyNTS F|�{K
FH>JIGµJKrFvPy> w �{NTSUKA�.¿;K�D|�{<Jz{MQ@ w �U<?<?DGK�>_�C;".�#�'a`L1=+$S?z�Po·9K1I
<�~YzUSUIH<AMTMONQS{µ9½9��~;F|�{K�SCzUP^·�K�Ik<�~YzUSUIH<AMTMONQS{µÑNQD}DHPy>AMOMTK1I
FH�U>JS�1�.�YL+�)Z'[365F+.��¿�KÌDH�{<?z{MQ@^NQSUDHK1IHFb�ZAF.�!$#�<Jx9K1I|>�FGNT<JS�D�FG<��K1K1x�FH�{Kc�.>AMTz{K�D�NTSÑIHKrµJNTDHFGK�IHD�~�<JIYIHK1z�DGKJ½�qS�<Jz�I�>AxUx�IG<?> w �»�1¿�K�zUDHK��ÖÍ�Éed¦>AMOµJ<JIHNOF|�UP FH< � SU@k>
x{NQx�K1MONQS{NQS{µRD w �{K�@Uz{MTKA½�ÊY�{K�x�<?DGNTFGNT<JS
<A~�K1> w �
<Jx9K1I|>�FHNO<?S
NTD � ¶{K�@¦NQS¦>'Py>AFHIHNÇ¶�¿��{N w �¦xUIHK1DHK1S?FÌ>JS¦<?x�K�IH>AFGNT<JS�·?¸

IH<.¿!S?z�Po·9K1I��8 §�v�=>JSU@ w <AMQzUPyS}SCzUPo·9K1I��8°m�v�m½vÊY�{K�MON��AK
I|>AS{µJK�<�~9K1> w �f�§>JIGNQ>A·UMOK�NTD�@{K1FGK1I|PRNTSUK1@o·?¸ w �{K w �?NTS{µÌFH�{KIH<.¿�B�SCzUP^·�K�I}>AS�@ w <JMTzUPySCBESCzUPo·9K1I1½g�9<JIoKi¶U>APyx{MTKA��NO~
>��.>AIHNQ>A·{MTKkNTD w IHK1>�FHK1@Ñ·?¸'<?x�K�IH>AFGNT<JS
hmÓ�ikD w �{K�@Uz{MTK1@Ñ>�F
°m����hmÓ�i1�a>ASU@Ö §���jhmÓ-i1�m�.>ASU@ÖFH�UK�MT>JDGFvzUDGK�<A~?F|�{NQD��.>AIHNT>J·{MTK
NQD
MT< w >�FHK1@ >�F�°m����hmÓak§�R>ASU@Ú §���jhmÓ<k§�m½ÀÊY�CzUD
F|�{K�MON��AK
I|>AS{µJK^�c�$Ï}�$NTD�KlHCzU>�M»FH<�V

�$Ï Õ °m���jhmÓ-i1�v¹º°m����hmÓak.��m!¯
¯ Õon ¾  �����hmÓ�i��>p´ §����hmÓ9ÅJ�q hLrBs�¡� Lt�u ² ¡

ÊY�UK zUSUIH<AMTMONQS{µ SCzUPo·9K1I¦NTD­@{KrFHK1I|P^NQS{K�@ ·?¸�Py>.¶{NÇB
P^zUP�MTN��JKkIH>JS{µAKÖ<�~v�.>AIHNT>J·{MOK�Dr½

%'&)(+*�,.-�/�0v2xwv6)7+6>�qS{NOFHNT>AMON��rNQS{µ
xUIH<AMT<Aµ?z{KÖ>JSU@'K1x{NTMO<JµJz{K�V.y3F.&#=.E'"1�.�zl.�365{,�) �L1=�C5-;|+0}
:vKrFL®�~*�o·�KkF|�{K}DGK1F�<�~�NTSUDHFH>JS w K�D�NTSÑxUIH<AMT<Aµ?z{K
:vKrF�hmÓ<�© ·9K}>AS'NTSUDHFH>JS w K�<A~vhmÓ © >�F_��NOFHK1I|>�FGNT<JS
��*9,��]��hmÓ��© �

-)�Y�E���jhmÓ ©b� hmÓF��>AS�@�hmÓF���¦®��H��/103£?¤
w <?PyxU>AIHKÖ°��jhmÓ © «�hmÓF�§��¿YNOF|���
-)����~)>�MQDHK§��/103£C¤
NQS{NOFHNT>AMON��rK}IHKi~�K�IGK�S w Kk��¡.Ä3��hmÓ6����NTSÑxUIH<AMT<Aµ?z{K

£C¤v�3-)�
£C¤3�v��*9,
��*9,��]��hmÓ��© ��®�~[�§�

w �U>ASUµAKÖNTSU@UKi¶'<A~�>JIHI|>§¸
IGKr~�K1IHK1S w K1D;NQS�hmÓ © ·?¸P�
>A@U@'FH�UNTDYF|IH>JSUDG~�<JI|P^K�@�<?x�K�IH>AFGNT<JS�NTSÑxUIH<AMT<Aµ?z{K

£C¤3�v��*9,.y3F.&#=.E'"1�.�zl.�365P+Z,<.�1=�C5-;|+�}
:vKrFL®�~[�}·�KkF|�{K}DGK1F�<�~�NTSUDHFH>JS w K�D�NTS�K�x{NOMT<Aµ?z{K��*9,��]��hmÓ9©´�¦®��

-)�Y��hmÓ�©Ú�¦®3ÎÌ��Ï�Ð^���}03£?¤
w �{K w �y¿�K1NOµ?�JFHK1@P�.>�MQz{Kk<�~3<Jx9K1I|>�FGNT<JS�hmÓ�©G�AÓ��j�9« ² �
-)���	��
 q ��/�0v£C¤
� SU@�<?x�K�IH>AFGNT<JS ² >AD|DG< w NT>AFGK1@'¿YNTFH�Ñ>yDGFH<JIHK� *9,��8N Õ ¾kFH<��{�
>J@U@ ² NTS�F|�{KkK1SU@�<A~vK1xUNOMT<Aµ?z{K
NQSUDHK1IHF�>
DHFG<?IGKÌ~�<JI ²

£?¤3�3�c*9,
£C¤v�3-)�

£C¤v�3-)�
£C¤3�v��*9,
��*9,��]��hmÓ �© ��®�~[���

w �U>ASUµAKÖNTSU@UKi¶'<A~�>JIHI|>§¸
IGKr~�K1IHK1S w K1D;NQS�hmÓ © ·?¸P�
>A@U@'FH�UNTDYF|IH>JSUDG~�<JI|P^K�@�<?x�K�IH>AFGNT<JS�NTS�K1xUNOMT<Aµ?z{K

£C¤3�v��*9,

-



;�� �6� < I
×NO*K�ÚKÛ$QRÛhØXÛ�×���×�Ûh×U�ZLn×iÛ�×NKED QVL²×�OÉ×U�N���Ai×9#N�DÝ��h×$Û Q DPD4Ú"L Qc���4ÚN�
ÊY�{KÖS{Ki¶{F�DGFHK1x�NTS w <{@{KLµJK1S{K�IH>AFGNT<JS
NQD�FG< w IHK1>�FHKÌD w >AMT>JI�.>AIHNQ>A·{MTK1D
FH<�IHK1x{MQ> w K¦FGK�Pyx�<?IH>JIG¸ >AI|IH>§¸ÚIGKr~�K1IHK1S w K¦FG<x9K1IG~�<JI|PÒ@U>AFH>¦IHK1z�DGKJ½��ÌS >AxUx�IG<?> w �­<�~�IGK1µANQDGFHK1I}>AMOMT<�B
w >�FGNT<JS ~�<JIyD|zU·UD w IHNTx{FHK1@ �.>AIHNT>J·{MOK�DR¿;>JDR@UK\�AK1MO<?x�K�@´·?¸];>AMOMQ>A�U>JS»�6+*#0'*1 � Û �AÝc½�ÊY�{NQD;>AxUxUIH<J> w �R¿��{N w �yNQD;zUDGK�@
NQS<?zUI;FGK w ��S{N�HCz{KJ��·9KrµANQSUDY·?¸ w >�M w z{MQ>�FHNTSUµRF|�{K}SCzUPo·9K1I�<A~
D w >AMT>JIv�§>JIGNQ>A·UMOK��r©H�CS{KrK�@{K1@yFH<o�{<AMQ@yK1> w �{�§>JIGNQ>A·UMOK�µJK1SCB
K�IH>AFGK1@ ·?¸ FHK1Pyx�<?IH>JIG¸ >AI|I|>§¸�IHKi~�K1IHK1S w K�Î»©|Û �JÝc�Ì¿��{N w �
>JDHDH< w NQ>�FGK�D�¿YNOF|�ÑFH�{K^PR>�¶{NTP^zUP @UK1x9K1SU@{K�S w K^@{NTDHFH>JS w K
�c¢C�m��N8½ KA½T���r© Õ Py>�¶a�c@9�9m ¾A½ �9<JI
Kr¶U>APyx{MTK¦NTS ��NTµ�B
zUIHKkÅ{�)K.�t�{F|�{K�FGK1Pyx9<JI|>AIH¸�>AI|IH>§¸yIHKi~�K1IHK1S w KÖÎ��?Û �JÝ=S{K1K1@UD
F|�UIGK1K8�§>JIGNQ>A·UMOK�D�¿��UN w � w >AMOM�Ï i�� ��Ï i�i >JSU@ÑÏ iBk ½
ÊY�{K � SU>AMOMT¸ IGK�DHz{MTF�~�<?I�<?zUI�Kr¶U>APyx{MTK¦NTD�D|�{<.¿�S NQS

� µ?zUIHK^Å{�)~t�t½
	LK�IGKJ�+F|�{K���
 ��@{K1MONQPRNOFHK1IÖDGK�xU>AI|>�FHK1D�<?x�K�IqB
>AFGNT<JSUD;FH��>�F�>AIHK�Ki¶{K w z{FGK�@�NTS�xU>AI|>�MTMTKrMc½

A[I] = A[I] + A[I-2] 

A[I+1] = A[I] + A[I-1] 

ENDDO

T1[I] = A[I]

T2[I] = A[I-2]

T3[I] = T1[I] + T2[I]

A[I] = T3[I]

T5[I] = T3[I] + T4[I]

A[I+1] = T5[I]

ENDDO

1:

2:

3:

4:

5:

6:

7:

DO  I = 3, N DO  I = 3, N

T4[I] = A[I-1]

(d) Optimized PDDG

1

3

4

6

7

0

0

52

0

1

0

0

0

(c) PDDG

(2,I>4)

(1,I>3)

(3,I>5)

(2,I>4)

(1,I>3)

(e) Corresponding Code (f) Pipelining Code

(a) Original Loop

3 6

0

0

74

(2,I>4)(2,I>4) (1,I>3)input dep

true dep

output dep

(1)

(2) (1)

(1)

R11 = R20 + R12

R21 = R11 + R22

;

;

;

;

;

R22 = R12 + R20

R12 = R21 + R10

R10 = R22 + R11

R20 = R10 + R21

;

A[I] = R10

A[I+1] = R11

A[I+2] = R12

R12 = A[2]

R22 = A[3]

R20 = R10 + R21

DO I = 3, N, 3

A[I+3] = R10

ENDDO

A[I+4] = R20

R10 = R22 + R11

R21 = A[2]

R11 = A[1] ;

;

;

(b) Code with Temporaries

DO I = 3, N

T3[I] = T5[I-1] + T3[I-2]

A[I] = T3[I]

T5[I] = T3[I] + T5[I-2]

3:

4:

6:

ENDDO
A[I+1] = T5[I]

T3[1]=A[2]
T3[2]=A[3]
T5[1]=A[1]
T5[2]=A[2]
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�Kä 5V�K�
�qS�FH�{NQDkDGK w FHNO<?S»�»¿�KyIHK1x9<JIHFÌ<?zUILKr¶Ux�K�IGNQPRK1S?FH>AM�IHK1D|z{MTFHD
·?¸^z�DGNQS{µk<Jz�I�<Jx{FHNTPRN��1>AFGNT<JS
PRKrF|�{<{@»½�ÊY�{K�DG<?zUI w K���<?IqB
F|IH>JS � MTK1DY>JIGKÖ~)IH<JP :vN��JK1I|PR<JIHKÖ·9K1S w ��PR>JI��
D|z{NTFGKJ½(J­K

µJN��JK^Kr¶Ux�K�IGNQPRK1S?FH>AM�IGK�DHz{MTFHD�F|�U>�F}@UK1PR<JSUDHFHI|>�FHK^F|�{K
Ki~]B
~�K w FHN��JK1S{K�DHD�<A~vMT<J>A@{B�DHFG<?IGK�IGK�@UzUSU@�>AS?F�KrMTNTPRNQSU>�FHNO<?S»½
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�qS FH>J·{MTK�Å{�$¿�K'µAN��AK�F|�{KÑ@{¸{SU>APRN w'w <JzUS?Fo<A~LMT<J>A@�D·9Ki~�<?IGK^>ASU@�>�~�FGK1IL<Jx{FHNTPRN��1>AFGNT<JS»�+¿��{K1IHK������ NTDLFG<JFH>�M
SCzUP^·�K�I�<A~UMO<?>A@UD1��>JSU@��ÚNQDvx9K1I w K�S?FH>�µJK�<�~UK1MONQPRNTSU>AFGNT<JS»½�9<JI w <?PRx�>AIHNTS{µ­<JzUIRPRKrF|�{<{@ Í$:�É �LÉed �8Í$MTNTPRNQSU>�FHNO<?S
<A~�:=<?>A@!>AS�@�É?FG<?IGK!�;Kr~�<JIHK�É?<A~�FE¿;>JIGK9d�NTx9KrMTNQS{K§�}¿YNOF|�
Û "1Ý��Y¿�K­@{K � SUK1@ FH�UK�DH>JPRK�NOFHK1I|>�FGNT<JS SCzUP^·�K�IHD1½ ÊY�UK
SCzUP^·�K�IY<�~�MT<J>J@UD�@Uz{KoFG<�>JIHI|>§¸�IGKr~�K1IHK1S w K1DY¿�>ADL@{KrFHK1IGB
PRNQS{K1@�·?¸!Ki¶U>APRNQS{NTSUµ­F|�{K�>JDHDHK1P^·{MT¸ w <{@{K'<?z{FHx�z{Fy<�~
F|�{K w <JPyx{NTMTK1I1½NJ�K^FHK1DHFÌ<?S{MT¸ÑDH<JPRKRS?z�Po·9K1IÖ<�~�:vN��JK1IGB
PR<?IGKYMT<C<JxUD1½0G­>AS?¸oMT<C<JxUD�@UNT@�SU<AF w <?S?FH>�NQSy<Jx�x�<?IGF|zUS{NOB
FHNOK�D�~�<JI�x{NQx�K1MONQS{NQS{µy<JI w <?SJF|>�NQS
NQSUS{K1IGB�MO<C<Jx w <?SU@{NTFGNT<JSU>AM
w <JS?FHIH<AM>M�<.¿ ¿��{N w ��¿;KÑ@U<�S{<JF
�U>ASU@UMOKJ½ �ÌDy¿�K w >ASDHKrKJ�J<?zUI�PRKrF|�{<{@UD w >ASyK1MONQPRNTS�>�FGKÌFH�{KÖDH>JPRKLSCzUPo·9K1I$<�~
MT<J>J@UD}>JD#��<{@{N��%$ DoPRKrF|�{<{@»½&�Yz{F}NTFoNQDRP^<?IGK
K('+K w FHN��JKF|�U>AS^<AF|�{K1I�PRK1FH�{<{@UD�~�<?I�NTPyxUIH<"�CNTSUµÌF|�{K�x�K�Iq~�<?IHPy>JS w KJ½
Í$¶{NTDHFGNQS{µ�PRKrF|�{<{@UDÖKrMTNTPRNQSU>�FHKR>AMOM�IHK1@UzUS�@U>AS?FLMT<J>J@�<Jx{B
K�IH>AFGNT<JSUD1�C·Uz{F�NTS?F|IG<{@Uz w KÖD|�{NO~�F�<Jx9K1I|>�FGNT<JS�D�FH<{�AKrK�x�FH�UK�.>AMTz{K^~�<JI�IHK1zUDHKA½^�ÖS�FH�{K w <JS?FHI|>AIH¸A�+<JzUI�PRKrF|�{<{@ � I|DHF
K1MONQPRNTS�>�FGK�D�IHK1@UzUS�@U>AS?F
MT<J>A@�Dr�;FH�{K�S ¿�K­zUDGK¦DH<�~�FE¿�>AIHK
xUNTx9KrMTNTSUNTS{µkFH<�µAK1SUK1I|>�FGK�>�x{NQx�K1MONQS{NQS{µ}D w �UK1@Uz{MTKY>ASU@RzUSCBIH<AMTMYFH�UKÑxUNTx9KrMTNTSUK1@R��K�IHSUKrMYMT<?<?x»½ ÊY�{K1IHKi~�<?IGKÑS{<!D|�{NÇ~�F
<?x�K�IH>AFGNT<JSUD�>JIGKkS{K1K1@{K�@»½�3NTµJz�IGK ¼U�c>?�­DH�U<.¿�DºFH�{K x9K1IG~�<JI|PR>JS w K�D�<�~ÑFGK1DHFGK�@
MT<C<JxUD1½ Í;> w � MO<C<JxÀNQD w <JPyx{NTMTK1@ >ASU@ Ki¶{K w z{FGK�@À>AF'B
��ÅÖ<?x{FGNQPRN���>�FHNO<?S^MTK\�JKrM9<�~-��<JIHFHI|>AS w <JPyx{NTMOK�I�<JS � MOF|IH>�B
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