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

- ./01 23456785293 : ;<28< =>8<?3@=4 ? A?B7= 23 C =C96D ; 25< ? A?B7= 23 ?

6=@245=6 : 24 ?A?2B?EB= 93 C ?3D ?68<25=8576=4 F G<= H62C ?6D ?HHB28?5293 9I ? 4;?H

23456785293 <?4 E ==3 I96 H698=44 4D38<6932J?5293 F G<24 5<=424 4<9; 4 5<?5 ? 4;?H

23456785293 8?3 9I5=3 E= 74=K 59 89?B=48= B9?K4 ?3K 4596=4 23 ? A?62=5D 9I ?HHB28?52934 F

G<= 5<=424 K=4862E =4 5<= ?3?BD424 3=8=44?6D 59 K=5=85 9HH96573252=4 59 =>HB925 ? 4;?H

?3K 5<= 56?34I96C ?5293 6=L726=K 59 89?B=48= ? B9?K ?3K ? 4596= 2359 ? 4;?H 23456785293 F

G<= 6=47B54 4<9; 5<?5 E95< 5<= 37CE=6 9I ?88=44=4 59 5<= C =C96D 4D45=C MK?5? 8?8<=N

?3K 5<= 37CE=6 9I =>=875=K 234567852934 ?6= 6=K78=K F O3 ?KK25293 : 5<= 56?34I96C ?5293

6=K78=4 5<= 6=@245=6 H6=4476= ED 93= 6=@245=6 ?5 5<= H9235 5<= 4;?H 23456785293 24 74=K :

;<28< 49C =52C =4 =3?EB=4 95<=6 89K=P2CH69A23@ 56?34I96C ?52934 59 E = H =6I96C =K F

Q423@ ? 4;?H 23456785293 8?3 ?B49 ?BB9; ?KK25293?B ORS 48<=K7B23@ 9HH96573252=4 ED

=B2C 23?523@ 45678576?B <?J?6K4 59 C =C96D ED 6=K7823@ 5<= 37CE=6 9I C =C96D ?88=44=4

H =6I96C =K F
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��'��� �(��!�! �
�����' �������� ) *++ ,



G<= C =CE=64 9I 5<= �9CC 255== ?HH69A= 5<= 5<=424 9I -H?3 �?4=C K=I=3K=K 93
�-��� �� : ���� F

� ?A2K 	 F 
 <?BB=D
S69I=4496 � 26=8523@ G<=424

�9E =65 A?3 �3@=B=3
�9CC 255== � =CE=6

� 23 
7?3
�9CC 255== � =CE=6
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O ;?35 59 =>H6=44 CD @6?5257K= 59 � 6 F � ?A2K 
 <?BB=D: CD C?
 96 H69I=4496 : I96 <24
@72K?38= : 47HH965 ?3K H?52=38= K7623@ CD 6=4=?68< F O ;97BK ?B49 B2�= 59 5<?3� CD
89CC 255== C =CE=64 � 6 F �9E =65 A?3 �3@=B=3 ?3K � 6 F � 23 
7?3 I96 H69A2K23@ A?B7?EB=
47@@=452934 ?B93@ 5<= ;?DF

222
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���� �� ��� %�� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �  
���� �� � �'���� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �  �
�������� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �  ��
,# ���	���
���� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ,

* # 	
���
� ��	� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

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

� # � 
��
 ����	�� ��� �	�����	������ �� 
������
��
 ���� ����	�
���� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ,,
	 F� �347623@ � =C 96D -KK6=44=4 -6= �L72A?B=35 
 6 - 6= � 2� =6=35 F F F F F F ��
	 F� 
 23K23@ ? R98?5293 59 SB?8= 5<= �;?H O3456785293 F F F F F F F F F F F F F F F F ��
	 F� �>HB92523@ � 96= 
HH96573252=4 I96 5<= �;?H O3456785293 ED � =3?C 23@

� =@245=64 F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F ��

� # 	
����� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � *�

� # 
��
������ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � *�
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� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � *�
"���	��� �
�� ��
�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �+
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	 F� - �7E4=5 9I 5<= �7B=4 Q4=K I96 � =C 96D � 24?CE2@7?5293 F F F F F F F F F F F F ��

� F� G=45 S69@6?C 4 F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F �	
� F� � =47B54 F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F ��

A



� ��� �� � �	����

� F� �9356?4523@ 5<= ��=854 9I R9?K : �596= : ?3K �;?H O34567852934 F F F F F F F �

� F� �9K= �=@C=35 23 S9BD39C 2?B -HH69> 2C ?5293 I69C �<=ED4<=A �9 =� 82=354 �
� F� �>?CHB= 9I �>8<?3@23@ 5<= �?B7=4 9I G;9 �?62?EB=4 F F F F F F F F F F F F F F F �

� F� �>?CHB= 9I Q369BB23@ ? R99H 59 S69A 2K= ?3 
HH9657325D 59 �>HB925 ?
�;?H O3456785293 F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F �

� F	 �H =87B?52A= Q4= 9I ? �;?H O3456785293 F F F F F F F F F F F F F F F F F F F F F F F F F �

� F� �>?CHB= � =H28523@ 
 <D 5<= �;?H O3456785293 �<97BK 	= �>HB925=K ?4
? R9;PR=A=B �9K=POCH69A23@ G6?34I96C ?5293 F F F F F F F F F F F F F F F F F F F F ��

	 F� � 2CHB= �>?CHB= 9I �9?B=4823@ ? R9?K ?3K �596= 2359 ? �;?H O3456785293 ��

	 F� �>?CHB= 9I �>8<?3@23@ 5<= �?B7=4 9I G;9 �?62?EB=4 F F F F F F F F F F F F F F F ��

	 F� -B@9625<C I96 �9?B=4823@ ? R9?K ?3K ? �596= 2359 ? �;?H O3456785293 F F ��
	 F	 �>?CHB=4 9I � =5=8523@ OI � =C96D -KK6=44=4 - 6= 5<= �?C= 96 � 2�=6 F F F ��
	 F� -B@9625<C I96 
 23K23@ ? R98?5293 59 S B?8= G<= �;?H O3456785293 F F F F F ��

	 F� �>?CHB=4 9I 
 23K23@ ? R98?5293 59 SB?8= 5<= �;?H O3456785293 F F F F F F F ��

	 F� G<= �?B7= 59 E = �596=K �745 �95 	 = Q4=K ?I5=6 5<= �596= F F F F F F F F F F ��

	 F� �>?CHB=4 9I 
 23K23@ ? R98?5293 59 SB?8= 5<= �;?H O3456785293 F F F F F F F ��

	 F� �>?CHB=4 9I 
 23K23@ ? R98?5293 59 SB?8= 5<= �;?H O3456785293 F F F F F F F ��

	 F�� �>?CHB= 9I -HHBD23@ � =@245=6 � =3?C 23@ 59 S=6C 25 5<= Q4= 9I ? �;?H
O3456785293 F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F ��

	 F�� -395<=6 �>?CHB= 9I -HHBD23@ � =@245=6 � =3?C 23@ 59 S=6C 25 5<= Q4= 9I
? �;?H O3456785293 F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F F ��

A2
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- ./01 23456785293 : ;<28< =>8<?3@=4 ? A?B7= 23 C =C96D ; 25< ? A?B7= 23 ? 6=@245=6 :
24 ?A?2B?EB= 93 C?3D ?68<25=8576=4 F G<= H62C ?6D ?HHB28?5293 9I ? 4;?H 23456785293
<?4 E ==3 I96 H698=44 4D38<6932J?5293 F G<24 5<=424 4<9; 4 5<?5 ? 4;?H 23456785293 8?3
9I5=3 E= 74=K 59 89?B=48= B9?K4 ?3K 4596=4 23 ? A?62=5D 9I ?HHB28?52934 F G<= 5<=424
K=4862E =4 5<= ?3?BD424 3=8=44?6D 59 K=5=85 9HH96573252=4 59 =>HB925 ? 4;?H ?3K 5<=
56?34I96C ?5293 6=L726=K 59 89?B=48= ? B9?K ?3K ? 4596= 2359 ? 4;?H 23456785293 F G<=
6=47B54 4<9; 5<?5 E95< 5<= 37CE=6 9I ?88=44=4 59 5<= C =C96D 4D45=C MK?5? 8?8<=N
?3K 5<= 37CE=6 9I =>=875=K 234567852934 ?6= 6=K78=K F O3 ?KK25293 : 5<= 56?34I96C ?5293
6=K78=4 5<= 6=@245=6 H6=4476= ED 93= 6=@245=6 ?5 5<= H9235 5<= 4;?H 23456785293 24 74=K :
;<28< 49C =52C =4 =3?EB=4 95<=6 89K=P2CH69A23@ 56?34I96C ?52934 59 E = H =6I96C =K F
Q423@ ? 4;?H 23456785293 8?3 ?B49 ?BB9; ?KK25293?B ORS 48<=K7B23@ 9HH96573252=4 ED
=B2C 23?523@ 45678576?B <?J?6K4 59 C =C96D ED 6=K7823@ 5<= 37CE=6 9I C =C96D ?88=44=4
H =6I96C =K F

A22



������� �

��������� ���

O3 5<= 6=8=35 H?45 5=8<39B9@28?B 2339A?52934 23 H69 8=4496 K=42@3 <?A= 975H?8=K
?KA?38=4 23 C =C96D 4D45=C 4 F - 4 ? 6=47B5 : H69 8=4496 4H ==K4 ?6= 2386=?423@ ?5 ? I?45=6
6?5= 5<?3 C=C96D 4H ==K4 F G<24 2386=?423@ H=6I96C ?38= @?H E =5;==3 H698=44964 ?3K
C=C96D 4D45=C 4 86=?5=4 ? C =C96D E955B=3=8� I96 C ?3D ?HHB28?52934 F G9 ?KK6=44
5<24 H69EB=C C?3D ?55=CH54 <?A= E ==3 C?K= E95< ?5 5<= <?6K;?6= ?3K 5<= 49I5;?6=
B=A=B F �?6K;?6= 49B752934 <?A= C ?23BD I9 8744=K 93 86=?523@ ; 2K=6 K?5?H?5<4 E =5;==3
5<= H698=4496 ?3K 5<= C=C96D 4D45=C F 
3 5<= 95<=6 <?3K : 49I5;?6= 49B752934 <?A=
?BB9;=K C7B52H B= ?88=44=4 59 5<= C =C96D 4D45=C 59 98876 42C7B5?3=974BDF G<24 5<=424
H69H 94=4 ? 89CH2B=6 9H52C 2J?5293 5<?5 C ?�=4 74= 9I ? 4;?H 23456785293 59 89CE23=
B9?K4 ?3K 4596=4 59 K=86=?4= 5<= 595?B 37CE=6 9I C =C96D ?88=44=4 23 ? H69@6?C F

-3 23456785293 5<?5 =>8<?3@=4 ? A?B7= 23 C =C96D ; 25< ? A?B7= 23 ? 6=@245=6 <?4
E ==3 74=K 93 ? A?62=5D 9I C ?8<23=4 F G<= H62C ?6D H76H94= I96 5<=4= ./01 234567852934
24 59 H69A2K= ?3 ?59C 28 9H=6?5293 I96 6=?K23@ I69C ?3K ;62523@ 59 C=C96D: ;<28<
<?4 E ==3 74=K 59 893456785 C757?BP=>8B74293 C =8<?324C 4 23 49I5;?6= I96 H69 8=44
4D38<6932J?5293 F O3 I?85 : 5<=6= ?6= 95<=6 I96C 4 9I <?6K;?6= 234567852934 5<?5
<?A= E ==3 74=K 59 47HH965 C757?B =>8B74293 : ;<28< 238B7K= 5<= 8B?4428 ��. ��0���. ��
23456785293 F G<24 5<=424 K=4862E =4 <9; ? 4;?H 23456785293 8?3 ?B49 E = 74=K ED ?
B9;PB=A=B 89K=P2C H69A 23@ 56?34I96C ?5293 59 89?B=48= B9?K4 ?3K 4596=4 2359 ? 423@B=
23456785293 F

- 4;?H 23456785293 K=4862E =K 23 5<24 5<=424 =>8<?3@=4 ? A?B7= 23 C =C96D ; 25< ?
A?B7= 23 ? 6=@245=6 F G<24 24 2BB7456?5=K 23 
 2@ F � F� : ;<28< K=H2854 ? B9?K 23456785293 :

�



(b) Store Instruction (c) Swap Instruction(a) Load Instruction

r[2] = M[x]; M[x] = r[2]; r[2] = M[x]; M[x] = r[2];

� �'��� ,#,F �9356?4523@ 5<= ��=854 9I R9?K : �596= : ?3K �;?H O34567852934

? 4596= 23456785293 : ?3K ? 4;?H 23456785293 7423@ ?3 �GR M6=@245=6 56?34I=6 B245N
395?5293 F �?8< ?442@3C =35 23 ?3 �GR 6=H6=4=354 ?3 =�=85 93 5<= C ?8<23= F G<= B245
9I =�=854 ; 25<23 ? 423@B= �GR ?6= ?889CHB24<=K 23 H?6?BB=B F G<74 : 5<= 4;?H 23456785293
24 =44=352?BBD ? B9?K ?3K 4596= ?889CHB24<=K 23 H?6?BB=B F

- 4;?H 23456785293 8?3 E = =� 82=35BD 235=@6?5=K 2359 ? 893A=35293?B � O�� ?68<2P
5=8576= F 
 2645 : 25 8?3 E= =389K=K 7423@ 5<= 4?C= I96C ?5 ?4 ? B9?K 96 ? 4596= 4238=
?BB 5<6== 234567852934 6=I=6=38= ? 6=@245=6 ?3K ? C=C96D ?KK6=44 F 
3BD ?KK25293?B
9H 89K=4 ?6= 6=L726=K 59 47HH965 5<= =389K23@ 9I ? 4;?H 23456785293 F

�=893K : ?88=44 59 ? K?5? 8?8<= 8?3 H95=352?BBD E = H =6I96C =K =� 82=35BD I96 ? 4;?H
23456785293 93 C945 � O�� C?8<23=4 F - K26=85PC ?HH=K K?5? 8?8<= 8?3 4=3K 5<= A?B7=
59 E = B9?K=K I69C C=C96D 59 5<= H69 8=4496 I96 ? B9?K 96 ? 4;?H 23456785293 23
H?6?BB=B ; 25< 5<= 5?@ 8<=8� F G<24 A?B7= ; 2BB 395 E = 74=K ED 5<= H69 8=4496 2I ? 5?@
C 24C ?58< 24 B?5=6 K2489A=6=K ��� F - K?5? 8?8<= 24 395 7HK?5=K ; 25< 5<= A?B7= 59 E =
4596=K ED ? 4596= 96 ? 4;?H 23456785293 7352B ?I5=6 5<= 5?@ 8<=8� ��� F G<74 : ? 4;?H
23456785293 897BK E = H =6I96C =K ?4 =� 82=35BD ?4 ? 4596= 23456785293 93 ? C?8<23= ; 25<
? K26=85PC ?HH=K K?5? 8?8<= F O3 I?85 : ? 4;?H 23456785293 6=L726=4 5<= 4?C = 37CE=6 9I
8D8B=4 23 5<= H2H =B23= ?4 ? 4596= 23456785293 93 5<= � 2869�S-�� O ���� F 
3= 4<97BK
395= 5<?5 ? 4;?H 23456785293 ; 2BB B2�=BD H =6I96C B=44 =� 82=35BD ;<=3 25 24 74=K I96
H69 8=44 4D38<6932J?5293 93 ? C7B52H698=4496 C ?8<23= 4238= 25 6=L726=4 ? 42@3?B 9A=6
5<= E74 59 H6=A=35 95<=6 ?88=44=4 59 C =C96DF


 23?BBD: 25 24 H 9442E B= 5<?5 ? C ?23 C=C96D ?88=44 897BK ?B49 E = H =6I96C =K
=� 82=35BD I96 ? 4;?H 23456785293 F � =?K4 59 ��-� ?6= K=4567852A= : C =?323@ 5<?5
5<= A?B7= 6=?K C745 E = ; 6255=3 E?8� ?I5=6;?6K4 F - ��-� 96@?32J?5293 897BK E =

�



893456785=K ;<=6= 5<= A?B7= 5<?5 24 ; 6255=3 E?8� 897BK K2� =6 I69C 5<= A?B7= 5<?5 ;?4
6=?K ?3K 4=35 59 5<= H69 8=4496 F G<74 : ? B9?K ?3K ? 4596= 59 ? 423@B= ;96K 9I C ?23
C=C96D 897BK 9 8876 23 93= C ?23 C =C96D ?88=44 8D8B= F

G<= 6=C ?23K=6 9I 5<24 5<=424 <?4 5<= I9BB9; 23@ 96@?32J?5293 F �<?H5=6 � 23569K78=4
6=B?5=K ;96� 5<?5 ?BB9; 4 C7B52H B= ?88=44=4 59 C =C96D 59 98876 42C7B5?3=974BDF �<?HP
5=6 � K=4862E =4 ? A?62=5D 9I K2� =6=35 9HH96573252=4 I96 =>HB92523@ ? 4;?H 23456785293
5<?5 89CC93BD ?HH=?6 23 ?HHB28?52934 F �<?H5=6 	 H6=4=354 5<= 893K252934 3=8=44?6D
59 89?B=48= ? B9?K ?3K 4596= H?26 2359 ? 4;?H 23456785293 ?3K K=4862E =4 2447=4 6=B?5=K
59 2CHB=C =3523@ 5<24 89K=P2C H69A 23@ 56?34I96C ?5293 F �<?H5=6 � H6=4=354 5<= 6=47B54
9I ?HHBD 23@ 5<= 89K=P2CH69A23@ 56?34I96C ?5293 93 ? A?62=5D 9I ?HHB28?52934 F 
 23?BBD:
5<= 8938B742934 ?6= 45?5=K 23 �<?H5=6 � F

�
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	 =8?74= C =C96D 56?� 8 HB?D4 478< ? 862528?B 69B= 23 H69@6?C H=6I96C ?38= 5<=6=
<?4 E ==3 ? B?6@= ?C 9735 9I ;96� 5<?5 I9 874 93 6=K7823@ 5<= C =C96D E?3K; 2K5<
6=L726=C =354 9I ? H69@6?C F - 37CE=6 9I ?B@9625<C 4 <?A= E==3 H69H94=K I96
H =6I96C 23@ 6=@245=6 ?BB9 8?5293 F � =@245=6 ?BB9 8?5293 24 ? 56?34I96C ?5293 5<?5 ?BB9 8?5=4
A?62?EB=4 59 6=@245=64 F 
 <=3 ? A?62?EB= 24 ?BB9 8?5=K 59 ? 6=@245=6 : 5<= B9?K4 ?3K
4596=4 H6=A 2974BD 3=8=44?6D 59 9E5?23 5<= A?B7= 9I 5<?5 A?62?EB= 24 =B2C 23?5=K F G<24
56?34I96C ?5293 42@32�8?35BD 6=K78=4 5<= 595?B 37CE=6 9I C =C96D ?88=44=4 23 ?
H69@6?C F

�?8<= EB9 8� 23@ 24 ?395<=6 9H52C 2J?5293 5<?5 24 74=K I96 6=K7823@ 5<= 37CE=6 9I
?88=44=4 59 <2@<=6 B=A=B4 9I C =C96DF G<24 5=8<32L7= 24 74=K I96 37C=628?B ?B@9625<C 4
5<?5 ;96� ; 25< B?6@= K?5? 4=54 F G<= K?5? 4=54 I96 37C=628?B ?B@9625<C 4 ?6= 9I5=3 49
B?6@= 5<?5 93BD ? I6?85293 9I 5<= 4=5 �54 2359 5<= K?5? 8?8<= F O3 5<=4= 8?4=4 : =A=3 2I 5<=
K?5? ?6= 6=74=K 5<=D C?D E = K24HB?8=K I69C 5<= 8?8<= E =I96= 5<=D ?6= 6=74=K F �?8<=
EB9 8� 23@ 56?34I96C 4 5<= 89K= 49 5<?5 ? EB98� 9I K?5? 24 6=?K 2359 5<= 8?8<= : 5<=3
74=K ? 37CE=6 9I 52C =4 E =I96= 25 24 6=HB?8=K ED ?395<=6 EB9 8� F G<74 : 5<24 5=8<32L7=
2CH69A=4 5<= 9A=6?BB H =6I96C ?38= 9I ? H69@6?C ED 6=K7823@ 5<= 37CE=6 9I 8?8<=
C 244=4 ��� F

� =@245=6 EB9 8� 23@ 24 ? 42C 2B?6 5=8<32L7= 5<?5 56?34I96C 4 5<= 89K= 49 5<?5 73P
3=8=44?6D B9?K4 59 ?66?D =B=C =354 ?6= =B2C 23?5=K F G<24 5=8<32L7= 24 9I5=3 74=K 23
89CE23?5293 ; 25< 8?8<= EB98� 23@ 59 6=K78= 5<= 37CE=6 9I C =C96D 6=I=6=38=4 F

	



-B5<97@< 5<=6= <?4 E ==3 ? B?6@= ?C9735 9I ;96� 93 5=8<32L7=4 5<?5 6=K78= 5<=
C=C96D E?3K; 2K5< 6=L726=C =354 93BD ? I=; 9I 5<=4= <?A= I9 8744=K 93 6=K7823@
C=C96D E?3K; 2K5< 6=L726=C =354 ED ?BB9; 23@ C7B52HB= ?88=44=4 59 5<= C =C96D 4D45=C
59 98876 23 ? 423@B= 8D8B= F �7H=648?B?6 ?3K �RO
 C?8<23=4 <?A= E ==3 K=A=B9H =K
;<=6= ? ; 2K=6 K?5?H?5< E=5;==3 5<= K?5? 8?8<= ?3K 5<= H698=4496 <?4 E ==3 74=K
59 ?BB9; C7B52H B= 42C7B5?3=974 ?88=44=4 59 5<= K?5? 8?8<= F R 2�=; 24= : ? ; 2K=6
K?5?H?5< <?4 E ==3 2CHB=C =35=K E=5;==3 5<= K?5? 8?8<= ?3K C ?23 C =C96D 59 ?BB9;
C7B52H B= 42C7B5?3=974 ?88=44=4 59 C ?23 C=C96D 5<697@< 5<= 74= 9I C =C96D E?3�4 F
- 42@32�8?35 ?C 9735 9I 89CH2B=6 6=4=?68< <?4 E ==3 4H =35 93 56D23@ 59 48<=K7B=
234567852934 49 5<?5 C7B52H B= 23K=H =3K=35 C =C96D ?88=44=4 59 K2� =6=35 E?3�4 8?3
E= H=6I96C =K 42C7B5?3=974BD ��� F

� =C96D ?88=44 89?B=4823@ 24 ? 89K=P2C H69A23@ 56?34I96C ?5293 5<?5 @697H4 C7B52P
H B= C =C96D 6=I=6=38=4 59 8934=8752A= C =C96D B9 8?52934 2359 ? 423@B= B?6@=6 C =C96D
6=I=6=38= F G<24 56?34I96C ?5293 ;?4 ?889CHB24<=K ED 6=89@32J23@ ? 89352@7974 ?88=44
H?55=63 I96 ? C =C96D 6=I=6=38= ?86944 25=6?52934 9I ? B99H : 7369BB23@ 5<= B99H : ?3K
6=48<=K7B23@ 234567852934 49 5<?5 C7B52H B= B9?K4 96 4596=4 897BK E = 89?B=48=K �	 � F

� 26=85 <?6K;?6= 47HH965 9I C7B52HB= 42C7B5?3=974 C =C96D ?88=44=4 23 5<= I96C 9I
47H =648?B?6 96 �RO
 ?68<25=8576=4 6=L726=4 5<?5 5<=4= 42C7B5?3=974 C =C96D ?88=44=4
E = 23K=H =3K=35 23 5<?5 5<=D ?88=44 K2� =6=35 C =C96D B98?52934 F R2�=; 24= : C =C96D
?88=44 89?B=4823@ 6=L726=4 5<?5 5<= 89?B=48=K B9?K4 96 4596=4 ?88=44 89352@7974 M?3K
K2� =6=35N C =C96D B9 8?52934 F O3 89356?45 : 5<= 74= 9I ? 4;?H 23456785293 ?BB9; 4 ? 4596=
?3K ? B9?K 59 5<= 4?C = C=C96D B98?5293 59 E = 89?B=48=K 59@=5<=6 ?3K H =6I96C =K
42C7B5?3=974BDF O3 ? C ?33=6 42C 2B?6 59 5<= C =C96D ?88=44 89?B=4823@ 56?34I96C ?5293 :
? B9?K ?3K ? 4596= ?6= 89?B=48=K 59@=5<=6 ?3K =>HB2825BD 6=H6=4=35=K 23 ? 423@B=
23456785293 F

�



������� �

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

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

- 4;?H 23456785293 8?3 H95=352?BBD E = =>HB925=K ;<=3 ? B9?K 24 I9BB9;=K ED ? 4596=
59 5<= 4?C = C=C96D ?KK6=44 ?3K 5<= A?B7= 4596=K 24 395 89CH75=K 7423@ 5<= A?B7=
5<?5 ;?4 B9?K=K F 
= 23A=452@?5=K <9; 9I5=3 5<24 4257?5293 988764 ?3K ;= <?A= I973K
C?3D K26=85 9HH96573252=4 23 ? 37CE=6 9I ?HHB28?52934 F �9342K=6 5<= I9BB9; 23@ 89K=
4=@C=35 23 
 2@ F � F� I69C ?3 ?HHB28?5293 5<?5 74=4 H9BD39C 2?B ?HH69> 2C ?5293 I69C
�<=ED4<=A 89=� 82=354 ���� F

...

sv = d[k]

= 2.0*d[k-1] - dd[k];

;

d[k]
...

� �'��� � #,F �9K= �=@C=35 23 S9BD39C 2?B -HH69> 2C ?5293 I69C �<=ED4<=A �9 =� P
82=354

G<=6= 24 �645 ? B9?K 9I 5<= � ��� ?66?D =B=C =35 I9BB9;=K ED ? 4596= 59 5<= 4?C =
=B=C =35 : ;<=6= 5<= 4596= K9=4 395 74= 5<= A?B7= 5<?5 ;?4 B9?K=K F �9CH?6?EB= 89K=
4=@C=354 8935?2323@ 478< ? B9?K I9BB9;=K ED ? 4596= ;=6= I973K 23 95<=6 K2A=64=
?HHB28?52934 : 478< ?4 �?744P�96K?3 =B2C 23?5293 ���� ?3K 56== 56?A=64?B4 ��� F

- C96= 89CC93 9H =6?5293 ;<=6= ? 4;?H 23456785293 8?3 E = =>HB925=K 24 ;<=3
5<= A?B7=4 9I 5;9 A?62?EB=4 ?6= =>8<?3@=K F �9342K=6 
 2@ F � F� M?N : ;<28< K=H2854 5<=
=>8<?3@= 9I 5<= A?B7=4 23 	 ?3K 
 ?5 5<= 49768= 89K= B=A=B F 
 2@ F � F� ME N 23K28?5=4 5<?5
5<= B9?K ?3K 4596= 9I 	 8?3 E = 89?B=48=K 59@=5<=6 F R2�=; 24= : 
 2@ F � F� M8N 23K28?5=4 5<?5
5<= B9?K ?3K 4596= 9I 
 8?3 ?B49 E = 89?B=48=K 59@=5<=6 F �9;=A=6 : ?4 ;= ; 2BB K 2489A=6

�



23 �<?H5=6 	 93BD ? 423@B= H?26 9I B9?K ?3K 4596= 234567852934 23 ?3 =>8<?3@= 9I A?B7=4
E =5;==3 A?62?EB=4 8?3 E= 89?B=48=K 59@=5<=6 F

(a) Exchange of Values 

Source Code Level
in x and y at the

t  =  x;
x  =  y;
y  =  t;

(b) The Load and Store 

Coalesced Together
of x Can Be 

t  =   ;
   =  y;
y  =  t;

(c) The Load and Store 

Coalesced Together
of y Can Be 

t  =  x;

   =  t;
x  =   ;y
y

x
x

� �'��� � #* F �>?CHB= 9I �>8<?3@23@ 5<= �?B7=4 9I G;9 �?62?EB=4

G<=6= ?6= 37C=6974 ?HHB28?52934 ;<=6= 5<= A?B7=4 9I 5;9 A?62?EB=4 ?6= =>8<?3@=K F
�?62974 49654 9I ?3 ?66?D 96 B245 9I A?B7=4 ?6= 9EA 2974 ?HHB28?52934 23 ;<28< ?
4;?H 23456785293 897BK E = =>HB925=K F �9C = 95<=6 ?HHB28?52934 6=L72623@ ?3 =>HB2825
=>8<?3@= 9I A?B7=4 E =5;==3 5;9 A?62?EB=4 238B7K= 56?34H 9423@ ? C?562> : 5<= 56?A=B23@
4?B=4H =6493 H69EB=C : 49BA 23@ B23=?6 ?B@=E6?28 =L7?52934 : I?45 I9762=6 56?34I96C 4 : ?3K
5<= 235=@6?5293 9I K2�=6=352?B =L7?52934 F G<= ?E9A= B245 24 93BD ? 4C ?BB 47E4=5 9I 5<=
?HHB28?52934 5<?5 6=L726= 5<24 E?428 9H =6?5293 F

G<=6= ?6= ?B49 9HH96573252=4 I96 =>HB92523@ ? 4;?H 23456785293 ?I5=6 95<=6 89K=P
2CH69A23@ 56?34I96C ?52934 <?A= E ==3 H=6I96C =K F �9342K=6 5<= 89K= 4=@C=35 23

 2@ F � F� M?N I69C ?3 ?HHB28?5293 5<?5 74=4 H9BD39C 2?B ?HH69> 2C ?5293 I69C �<=ED4<=A
89=� 82=354 ���� F

   d[j] = d[j-1]-dd[j];

(a) Original Loop

for (j = n-1; j > 1; j--)

}

          = d[j-2]-dd[j];d[j-1]

  d[j] =       -dd[j];d[j-1]

for (j = n-1; j > 1; j -= 2) {

(b) Loop after Unrolling

� �'��� � #� F �>?CHB= 9I Q369BB23@ ? R99H 59 S69A2K= ?3 
HH9657325D 59 �>HB925 ?
�;?H O3456785293

O5 ;97BK ?HH =?6 23 5<24 89K= 4=@C =35 5<?5 5<=6= 24 39 9HH9657325D I96 =>HB92523@
? 4;?H 23456785293 F �9;=A=6 : 89342K=6 5<= E 9KD 9I 5<= B99H =>=875=K ?86944 5;9

�



25=6?52934 : ;<28< 24 4<9;3 23 
 2@ F � F� MEN ?I5=6 7369BB23@ 5<= B99H ED ? I?8596 9I 5;9 F

96 42CHB2825D: ;= ?6= ?447C 23@ 23 5<24 =>?CHB= 5<?5 5<= 962@23?B B9 9H 25=6?5=K ?3 =A=3
37CE=6 9I 52C =4 F �9; 5<= A?B7= B9?K=K I69C � ��� �� 23 5<= � 645 ?442@3C=35 45?5=C =35
23 5<= B9 9H 24 7HK?5=K 23 5<= 4=893K ?442@3C =35 45?5=C =35 ?3K 5<= A?B7= 89CH75=K 23
5<= � 645 ?442@3C=35 24 395 74=K 59 89CH75= 5<= A?B7= 4596=K 23 5<= 4=893K ?442@3C=35 F

= <?A= 9HH96573252=4 I96 =>HB92523@ ? 4;?H 23456785293 ?86944 B9 9H 25=6?52934 ED B9 9H
7369BB23@ 23 ? 37CE=6 9I ?HHB28?52934 : ;<28< 238B7K=4 B23=?6 H6=K285293 : 235=6H 9B?5293
?3K =>56?H9B?5293 : ?3K 49B75293 9I B23=?6 ?B@=E6?28 =L7?52934 F

R99H 7369BB23@ 2386=?4=4 5<= 9HH96573252=4 I96 =>HB92523@ C96= 4;?H 234567852934
23 ? B99H ED 89?B=4823@ B9?K4 ?3K 4596=4 ?86944 B99H 25=6?52934 F 
 <=3 5<= K245?38=
A=8596 9I 5<= ?352PK=H =3K=382=4 9I ? H?26 9I ?66?D 6=I=6=38=4 23 ? 93=PK2C =34293?B
B99H 24 49C = H94252A= 235=@=6 � �����	
 : ?3K ;= ?447C = 5<?5 5<= B99H 7369BB I?8596 24
? C7B52HB= 9I � �����	
 : 5<?5 24

���
 � ����� � �	��� � � � � �����	
 M� F�N

I96 49C = H94252A= 235=@=6 89345?35 � : 5<=3 25 8?3 E= 4<9;3 5<?5

� ����	 � 
� ��� �
� 
�
�	
� � �� 
� � ��
� � � � �����	
 M� F�N


96 =>?CHB= 23 
 2@ F � F� : ;= <?A= � �����	
 � � ?3K � =L7?B4 5<= B99H 7369BB I?8596 F
G<74 : 93= C=C96D 6=I=6=38= 24 4?A=K =?8< 52C = 5<= B99H 24 7369BB=K 5; 28= F

- 4 5<= B99H 7369BB I?8596 2386=?4=4 : C 96= C =C96D 6=I=6=38=4 8?3 E= 4?A=K ED
89?B=4823@ B9?K4 ?3K 4596=4 2359 4;?H 234567852934 F �9;=A=6 : 5<= 89K= 42J= 2386=?4=
K7= 59 2386=?4=K B9 9H 7369BB23@ C ?D 395 
7452ID 5<= 6=K785293 23 C =C96D 6=I=6=38=4
H =6I96C =K F 
 I 89764= : B99H 7369BB23@ H69A 2K=4 ?KK25293?B E =3=�54 : 478< ?4 6=K78=K
B99H 9A=6<=?K ?3K E=55=6 9HH96573252=4 I96 48<=K7B23@ 234567852934 F


 23?BBD: ;= <?A= ?B49 K2489A=6=K 9HH96573252=4 I96 4H =87B?52A=BD =>HB92523@ ? 4;?H
23456785293 ?86944 E?428 EB9 8�4 F �9342K=6 5<= 89K= 4=@C =35 23 
 2@ F � F	 : ;<28< ?442@34
A?B7=4 59 ?3 2C ?@= ?8896K23@ 59 ? 4H =82�=K 5<6=4<9BK ��� F � � � ��� 24 B9?K=K 23

�



   for (i = 0; i < m; i++) {
for (i = 0; i < n; i++)

      else

   }

      if         <= t)
                 = 1;

                 = 0;

p[i][j]
p[i][j]

p[i][j]

� �'��� � #� F �H=87B?52A= Q4= 9I ? �;?H O3456785293

93= EB9 8� ?3K ? A?B7= 24 ?442@3=K 59 � � � ��� 23 E 95< 9I 254 4788=4496 EB9 8�4 F G<=
B9?K 9I � � � ��� ?3K 5<= 4596= I69C 5<= ?442@3C=35 59 � � � ��� 23 5<= ���� 96 ����

H9652934 9I 5<=  � 45?5=C =35 8?3 E = 89?B=48=K 2359 ? 4;?H 23456785293 4238= 5<=
A?B7= B9?K=K 24 395 74=K 59 89CH75= 5<= A?B7= 4596=K F G<= 4596= 9H =6?5293 8?3 E =
4H =87B?52A=BD H =6I96C =K ?4 H?65 9I ? 4;?H 23456785293 23 5<= EB9 8� 8935?2323@ 5<=
B9?K F 
= <?A= I973K 5<?5 4596=4 8?3 E= H=6I96C =K 4H =87B?52A=BD 23 ? 37CE=6 9I 95<=6
2C ?@= H698=4423@ ?HHB28?52934 : ;<28< 238B7K= 8B2HH23@ ?3K ?625<C =528 9H =6?52934 F

�9C=52C =4 ?HH?6=35 9HH96573252=4 ?5 5<= 49768= 89K= B=A=B I96 =>HB92523@ ? 4;?H
23456785293 ?6= 395 ?A?2B?EB= ?I5=6 95<=6 89K=P2C H69A23@ 56?34I96C ?52934 <?A= E ==3
?HHB2=K F � ?3D 89K=P2CH69A23@ 56?34I96C ?52934 =25<=6 =B2C 23?5= C =C96D 6=I=6=38=4
M= F@ F 6=@245=6 ?BB9 8?5293 N 96 C 9A= C =C96D 6=I=6=38=4 M= F@ F B9 9HP23A?62?35 89K=
C95293 N F �9?B=4823@ B9?K4 ?3K 4596=4 2359 4;?H 234567852934 4<97BK 93BD E = H =6I96C =K
?I5=6 ?BB 95<=6 89K=P2CH69A23@ 56?34I96C ?52934 5<?5 8?3 ?� =85 5<= C =C96D 6=I=6=38=4
<?A= E ==3 ?HHB2=K F 
 2@ F � F� M?N 4<9; 4 ?3 =>8<?3@= 9I A?B7=4 ?I5=6 5<= 5;9 A?B7=4 ?6=
89CH?6=K 23 ?3  � 45?5=C =35 F 
 2@ F � F� ME N 4<9; 4 ? H9442E B= 56?34B?5293 9I 5<24 89K=
4=@C=35 59 C ?8<23= 234567852934 F �7= 59 89CC93 47E =>H6=44293 =B2C 23?5293 : 5<=
B9?K4 9I 	 ?3K 
 23 5<= EB98� I9BB9; 23@ 5<= E6?38< <?A= E==3 K=B=5=K 23 
 2@ F � F� M8N F
G<74 : 5<= 4;?H 23456785293 8?3395 E = =>HB925=K ; 25<23 5<?5 EB9 8� F G<24 =>?CHB=
2BB7456?5=4 ;<D 5<= 4;?H 23456785293 4<97BK E= H=6I96C =K B?5= 23 5<= 89CH2B?5293

�



r[1] = M[x];
r[2] = M[y];
IC = r[1] ? r[2];
PC = IC <= 0, L5;
M[x] = r[2];
M[y] = r[1];

Due to Common Subexpression Elimination
(c) Loads Are Deleted in the Exchange of Values

M[y] = r[1];
M[x] = r[2];

PC = IC <= 0, L5;
IC = r[1] ? r[2];
r[2] = M[y];
r[1] = M[x];

   y = t;
}

if (x > y) {
   t = x;
   x = y;

r[1] = M[x];
r[2] = M[y];

(a) Exchange of Values 
in x and y at the

Source Code Level

(b) Loads are Initially
Performed in the Exchange

of Values of x and y

� �'��� � #� F �>?CHB= � =H28523@ 
 <D 5<= �;?H O3456785293 �<97BK 	 = �>HB925=K ?4
? R9;PR=A=B �9K=POCH69A23@ G6?34I96C ?5293

H69 8=44 ;<=3 5<= ?857?B B9?K4 ?3K 4596=4 5<?5 ; 2BB 6=C ?23 23 5<= @=3=6?5=K 89K= ?6=
�39;3 F
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 2@ F 	 F� M?N 2BB7456?5=4 5<= @=3=6?B I96C 9I ? B9?K I9BB9;=K ED ? 4596= 5<?5 8?3
E= 89?B=48=K F G<= C =C96D 6=I=6=38= 24 59 5<= 4?C = A?62?EB= 96 B9 8?5293 ?3K 5<=
6=@245=6 B9?K=K M� ��� N ?3K 6=@245=6 4596=K M� ��� N K2� =6 F 
 2@ F 	 F� ME N K=H2854 5<= 4;?H
23456785293 5<?5 6=H6=4=354 5<= 89?B=48=K B9?K ?3K 4596= F �95= 5<?5 5<= 6=@245=6 B9?K=K
<?4 E ==3 6=3?C=K I69C � ��� 59 � ��� F G<24 6=3?C 23@ 24 6=L726=K 4238= 5<= 4;?H
23456785293 <?4 59 4596= I69C ?3K B9?K 2359 5<= 4?C= 6=@245=6 F

(a) Load Followed by a Store (b) Coalesced Load and Store

...
r[a] = M[v];

M[v] = r[b]; r[b] = M[v]; M[v] = r[b];

� �'��� � #,F � 2CHB= �>?CHB= 9I �9?B=4823@ ? R9?K ?3K �596= 2359 ? �;?H O3456785293


 2@ F 	 F� M?N : B2�= 
 2@ F � F� M?N : 4<9; 4 ?3 =>8<?3@= 9I 5<= A?B7=4 9I 5;9 A?62?EB=4 :
	 ?3K 
 : ?5 5<= 49768= 89K= B=A=B F 
 2@ F 	 F� ME N 4<9; 4 42C 2B?6 89K= ?5 5<= �S-��
C?8<23= 89K= B=A=B : ;<28< 24 6=H6=4=35=K 23 �GR4 F G<= A?62?EB= � <?4 E ==3 ?BB9 8?5=K
59 6=@245=6 � ��� F � =@245=6 � ��� 24 74=K 59 <9BK 5<= 5=CH96?6D A?B7= B9?K=K I69C 


?3K 4596=K 23 	 F -5 5<24 H9235 ? 4;?H 897BK E = 74=K 59 89?B=48= 5<= B9?K ?3K 4596=
9I 	 96 5<= B9?K ?3K 4596= 9I 
 F 
 2@ F 	 F� M8N 4<9; 4 5<= �GR4 ?I5=6 89?B=4823@ 5<= B9?K
?3K 4596= 9I 	 F 
3= 4<97BK 395= 5<?5 � ��� 24 39 B93@=6 74=K 4238= 254 B2A= 6?3@= <?4
E ==3 6=3?C=K 59 � ��� F �7= 59 5<= 6=3?C 23@ 9I 5<= 6=@245=6 : 5<= 6=@245=6 H6=4476= ?5
5<24 H 9235 23 5<= H69@6?C �9; @6?H< <?4 E ==3 6=K78=K ED 93= F � =K7823@ 5<= 6=@245=6

��



H6=4476= 8?3 49C =52C =4 =3?EB= 95<=6 89K=P2CH69A23@ 56?34I96C ?52934 5<?5 6=L726= ?3
?A?2B?EB= 6=@245=6 59 E = ?HHB2=K F �95= 5<?5 5<= K=824293 59 89?B=48= 5<= B9?K ?3K 4596=
9I 	 H6=A=354 5<= 89?B=4823@ 9I 5<= B9?K ?3K 4596= 9I 
 F

(a) Exchange of Values 

Source Code Level
in x and y at the

t = x;
x = y;
y = t;

(b) Exchange of Values 

Machine Code Level
in x and y at the

r[1] = M[x];
r[2] = M[y];
M[x] = r[2];
M[y] = r[1];

(c) After Coalescing the
Load and Store of x

M[x] = r[2]; r[2] = M[x];
M[y] = r[2];

r[2] = M[y];
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5<= 5;9 C=C96D 6=I=6=38=4 59@=5<=6 2359 ? 423@B= 4;?H 23456785293 2I 5<= I9BB9; 23@
893K252934 ?6= C =5 F
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M�N G<= 6=@245=6 5<?5 ;?4 B9?K=K <?4 59 E = ?EB= 59 E = 6=3?C=K 59 5<= 6=@245=6 5<?5
;?4 4596=K F O3 49C = 8?4=4 6=@245=6 6=3?C 23@ 8?3 E= 74=K 49 5<?5 5<24 893K25293 24
C =5 F G<24 24 K 28744=K 23 K=5?2B 23 �=85293 	 F� F
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3= 9I 5<= 6=L726=C =354 I96 ? B9?K ?3K 4596= 59 E = 89?B=48=K 24 5<?5 5<= B9?K ?3K
4596= C745 6=I=6 59 5<= 4?C = ?KK6=44 F 
 2@ F 	 F	 M?N 4<9; 4 ? B9?K 7423@ 5<= ?KK6=44
23 6=@245=6 � ��� ?3K ? 4596= 7423@ 5<= ?KK6=44 23 � ��� F G<= 89CH2B=6 C745 =3476=
5<?5 5<= A?B7= 23 � ��� 24 5<= 4?C = ?4 5<?5 23 � ��� F G<24 H69 8=44 9I 8<=8� 23@ 5<?5
5;9 ?KK6=44=4 ?6= =L72A?B=35 24 89CHB28?5=K K7= 59 5<= 89K=P2C H69A23@ 56?34I96C ?5293
E=23@ H =6I96C =K B?5= 23 5<= 89CH2B?5293 H698=44 F �9CC93 47E =>H6=44293 =B2C 23?5293
?3K B99HP23A?62?35 89K= C95293 C ?D C9A= 5<= ?442@3C=354 9I ?KK6=44=4 59 6=@245=64
I?6 I69C ;<=6= 5<=D ?6= ?857?BBD K=6=I=6=38=K F

(b) Load and Store to the Same(a) Same Addresses after
Expanding the Expressions Variable with an Intervening Store

r[2] = r[3] << 2;
r[2] = r[2] + _a;
r[5] = M[r[2]];
...
r[4] = r[3] << 2;
r[4] = r[4] + _a;
M[r[4]] = r[6]; M[v] = r[b];

...
M[r[c]] = r[d];
...
r[a] = M[v];

� �'��� � #� F �>?CHB=4 9I � =5=8523@ OI � =C96D -KK6=44=4 - 6= 5<= �?C= 96 � 2�=6
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56?8�=K 5<=4= =>H?3K=K ?KK6=44=4 ; 25< 5<= C =C96D 6=I=6=38=4 5<697@< ? A?62=5D
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6=I=6=38=4 F � =5=6C 2323@ 5<= =>H?3K=K ?KK6=44=4 =?6BD 42CHB2�=K 5<= H698=44 9I
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�� 24 395 5<= ?KK6=44 9I 5<= A?62?EB= � F
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?3K 4596= 9I 5<= 4?C = C=C96D B98?5293 F �9;=A=6 : 23 C ?3D 4257?52934 5<=6= C ?D E =
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r[a] = M[v];
...
... = ... r[a] ...;
...

M[v] = r[b];

...

... = ... r[a] ...;

...

r[b] = M[v]; M[v] = r[b];

(b)  r[a] Has Incorrect Value When

The First Reference to r[a]
Load and Store Coalesced After 

r[b] = M[v]; M[v] = r[b];

...

... = ... r[b] ...;

...

(a) Use of r[a] Appears
between a Load and a

Store to the same location

(c) Coalesced Load and Store Placed 
Before First Reference to r[a] and

r[a] renamed to r[b]

� �'��� � #� F �>?CHB=4 9I 
 23K23@ ? R98?5293 59 SB?8= 5<= �;?H O3456785293

(a) Use of r[b] Following Store

...
M[v] = r[b];

r[a] = M[v];

...
r[c] = r[b];

(b) Illegal Coalescing

r[b] = M[v]; M[v] = r[b];
...

r[c] = r[b];
...

� �'��� � #� F G<= �?B7= 59 E = �596=K �745 �95 	 = Q4=K ?I5=6 5<= �596=

Q3B2�= 5<= ?E 9A= 4257?5293 : ? 6=I=6=38= 59 5<= 4596=K 6=@245=6 E =I96= 5<= 4596=
K9=4 395 67B= 975 5<= H 9442E 2B25D 9I ?HHBD23@ 5<= 56?3I96C ?5293 89CHB=5=BDF �9;=A=6 :
23 478< ? 8?4= ;= 3==K 59 E = 8?6=I7 B ?E975 ;<=6= ;= HB?8= 5<= 4;?H 23456785293 F
G<24 B=?K4 74 59 5<= 4=893K 893K25293 5<?5 C745 E = 4?524�=K I96 234=6523@ ? 4;?H
23456785293 F

����  �  �� � � 	
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96 =>?CHB= : 89342K=6 5<= 4=L7=38= 9I �GR4 23 
 2@ F 	 F� M?N F - 74= 9I � ��� ?HH =?64
E =5;==3 5<= B9?K ?3K 4596= 9I A?62?EB= A F R=54 89342K=6 5<?5 23456785293 59 E = 5<=
23456785293 ; 25< 5<= B?45 6=I=6=38= 59 � ��� E=I96= 5<= 4596= 59 5<= B9 8?5293 9I A?62?EB=

��



A F �9; 2I ;= HB?8=K 5<= 4;?H 23456785293 E=I96= 5<= 23456785293 8935?2323@ 5<= B?45
6=I=6=38= 59 � ��� ;= ; 2BB =3K 7H ; 25< 5<= 89K= 5<?5 ?HH=?64 23 
 2@ F 	 F� ME N F � =6=
?B49 ;= 39528= 5<?5 5<= 23456785293 8935?2323@ 5<= 6=I=6=38= 59 � ��� ; 2BB 8935?23 ?3
238966=85 A?B7= F - I5=6 89?B=4823@ 5<= B9?K ?3K 4596= : � ��� ; 2BB <?A= 5<= A?B7= 9I
A?62?EB= A F �9;=A=6 : 5<=6= 24 39 @7?6?35== 5<?5 5<24 24 5<= A?B7= � ��� ;?4 47HH94=K
59 <?A= ?5 5<?5 H9235 23 5<= =>=875293 9I 5<= H69@6?C F

r[a] = M[v];
...

...

M[v] = r[b];

...

...

between a Load and a
Store to the same location

(c) Coalesced Load and Store Placed 

...  = ... r[b] ...;
r[b] = M[v]; M[v] = r[b];

(a) Use of r[b] Appears (b)  r[b] Has Incorrect Value When
Load and Store Coalesced before 

The Last Reference to r[b]

...  = ... r[b] ...;

...
r[b] = M[v]; M[v] = r[b];

...  = ... r[b] ...;

...

After Last Reference to r[b]

� �'��� � #� F �>?CHB=4 9I 
 23K23@ ? R98?5293 59 SB?8= 5<= �;?H O3456785293


= <?A= B99�=K ?5 5;9 893K252934 5<?5 <?A= 59 E = C=5 ;<=3 ;= ?6= 56D 23@ 59 �3K
? B98?5293 I96 234=6523@ 5<= 4;?H 23456785293 F 
96 8B?625D: 23 5<= H6=A 2974 =>?CHB=4 ;=
<?A= 56=?5=K 5<=4= 5;9 893K252934 4=H?6?5=BDF �9;=A=6 : 25 24 B2�=BD 5<?5 23 C ?3D 8?4=4
E95< ����  �  �� � ?3K ����  �  �� � ; 2BB 3==K 59 E = 4?524�=K F 
= 8?3 89CE23= 5<=4=
5;9 893K252934 59 89C= 7H ; 25< 5<= I9BB9; 23@ C96= @=3=6?B 893K25293 I96 234=6523@ ?
4;?H 23456785293 F
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96 =>?CHB= : 89342K=6 5<= =>?CHB= 23 
 2@ F 	 F� M?N F - 74= 9I � ��� ?HH=?64 E =I96=
5<= B?45 6=I=6=38= 59 � ��� E =I96= 5<= 4596= 23456785293 F O3 5<24 4257?5293 25 ;97BK E =
2BB=@?B 59 C ?�= 5<= B9?K ?3K 4596= 9I A?62?EB= A 89352@7974 F

r[a] = M[v];
...
... = ... r[a] ...;
... = ... r[b] ...;
...
M[v] = r[b];

...

r[a] = M[v];
M[v] = r[b];
... = ... r[a] ...;
...

... = ... r[b] ...;

r[b] = M[v]; M[v] = r[b];

r[a] = M[v];
...
... = ... r[b] ...;
... = ... r[a] ...;
...
M[v] = r[b];

(b) First Use of r[a]
Appears after the Last

Reference to r[b]

...

... = ... r[b] ...;

...

... = ... r[b] ...;

(d) After Coalescing the Load
and Store and Renaming

r[a] to r[b]

(c) Load and Store
Can Now Be

Made Contiguous

(a) Use of r[a]
Appears before a
Reference to r[b]

� �'��� � #� F �>?CHB=4 9I 
 23K23@ ? R98?5293 59 SB?8= 5<= �;?H O3456785293


 2@ F 	 F� ME N 4<9; 4 5<?5 5<= 89CH2B=6 24 49C =52C =4 ?EB= 59 6=48<=K7B= 5<= 2345678P
52934 E =5;==3 5<= B9?K ?3K 5<= 4596= 59 C ==5 5<24 893K25293 F �9; 5<= B9?K ?3K 5<=
4596= 8?3 E= C9A=K ;<=6= 5<= B9?K ?HH=?64 2CC=K2?5=BD E =I96= 5<= 4596= : ?4 4<9;3
23 
 2@ F 	 F� M8N F 
38= 5<= B9?K ?3K 4596= ?6= 89352@7974 : 5<= 5;9 234567852934 8?3 E =
89?B=48=K F 
 2@ 	 F� MK N 4<9; 4 5<= 89K= 4=L7=38= ?I5=6 5<= B9?K ?3K 4596= <?A= E ==3
K=B=5=K : 5<= 4;?H 23456785293 <?4 E ==3 234=65=K : ?3K � ��� <?4 E ==3 6=3?C=K 59 � ��� F
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 	�� ���	��������� �	� ��� ����
���������	� �
 � ���� ��� � ��������


= =389735=6=K ?395<=6 89CHB28?5293 K7= 59 89?B=4823@ B9?K4 ?3K 4596=4 2359
4;?H 234567852934 B?5= 23 5<= 89CH2B?5293 H698=44 F S4=7K9 6=@245=64 : ;<28< 8935?23
5=CH96?6D A?B7=4 : <?A= ?B6=?KD E==3 ?442@3=K 59 <?6K;?6= 6=@245=64 ;<=3 5<=
89?B=4823@ 56?34I96C ?5293 24 ?55=CH5=K F G<= 89CH2B=6 6=74=4 <?6K;?6= 6=@245=64
;<=3 ?442@323@ H4=7K9 6=@245=64 59 <?6K;?6= 6=@245=64 23 ?3 ?55=CH5 59 C 232C 2J=
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r[a] = M[v];
...
M[v] = r[b];
...
r[b] = ...;
...
... = ... r[a] ...;
...
... = ... r[b] ...;

r[a] = M[v];
...
M[v] = r[b];
...
r[c] = ...;
...
... = ... r[a] ...;
...
... = ... r[c] ...;

(b) Live Range of r[b] after Store
Has Been Renamed to r[c]

...
r[b] = M[v]; M[v] = r[b];
...
r[c] = ...;
...
... = ... r[b] ...;
...
... = ... r[c] ...;

(c) After Coalescing the Load and Store
and Renaming the Live Range of r[a] to r[b]

(a) r[b] Is Set in the
Live Range of r[a]

� �'��� � #,+ F �>?CHB= 9I -HHBD23@ � =@245=6 � =3?C 23@ 59 S=6C 25 5<= Q4= 9I ? �;?H
O3456785293
5<= 37CE=6 9I <?6K;?6= 6=@245=64 74=K F G<= 2CHB=C =35?5293 9I 5<= 89K=P2C H69A23@
56?34I96C ?5293 49C =52C =4 6=3?C=K B2A= 6?3@=4 9I 6=@245=64 59 H =6C 25 5<= 74= 9I ?
4;?H 23456785293 F �9342K=6 5<= =>?CHB= 23 
 2@ F 	 F�� M?N : ;<28< 8935?234 ? 4=5 9I � ���
?I5=6 5<= 4596= ?3K E=I96= 5<= B?45 74= 9I 5<= A?B7= ?442@3=K 59 � ��� F O3 5<24 4257?5293 :
;= ;97BK 673 2359 H69EB=C 4 2I ;= 562=K 59 6=3?C = ?BB 9 8876=38=4 9I � ��� ?I5=6 5<=
4596= ; 25< � ��� F G<= 6=?493 I96 5<24 24 5<?5 5<= B2A= 6?3@= 9I � ��� 9A=6B?H4 ; 25<
?395<=6 B2A= 6?3@= 9I � ��� F �9 : 2I ;= 6=3?C =K � ��� ; 25< � ��� ?BB 234567852934 5<?5
74= 5<= A?B7= 9I � ��� ; 25<23 5<= B2A= 6?3@= 9I � ��� ;97BK 8935?23 ?3 238966=85 A?B7=
23 5<= 6=3?C =K 6=@245=6 F 
 <=3 ;= 6=3?C= 98876=38=4 9I � ��� ?I5=6 5<= 4596= ; 25<
� ��� ;= ;97BK B2�= I96 � ��� 59 8935?23 5<= A?B7= 5<?5 ;?4 B9?K=K I69C 5<= B9 8?5293 9I
A?62?EB= A F �9;=A=6 : 23 5<24 4257?5293 5<= 6=3?C =K 6=@245=64 ;97BK 8935?23 5<= A?B7=
8966=4H93K23@ 59 5<= 4=5 9I � ��� 5<?5 I9BB9; 4 5<= 4596= F

- B5<97@< 5<24 4257?5293 H94=4 ? H69EB=C 23 ?HHBD23@ 5<= 56?34I96C ?5293 ;= ;=6=
?EB= 59 ?A92K 5<24 H69EB=C ED ?55=CH523@ 59 6=3?C = 5<= 4=893K B2A= 6?3@= 9I � ���

59 ? K2�=6=35 ?A?2B?EB= 6=@245=6 F 
 2@ F 	 F�� MEN 4<9; 4 5<24 B2A= 6?3@= E =23@ 6=3?C =K 59

��



� �
�� F 
 2@ F 	 F�� M8N K=H2854 5<?5 5<= B9?K ?3K 4596= 8?3 39; E= 89?B=48=K 4238= � ���

8?3 E= 6=3?C =K 59 � ��� F

for (j = n-1; j > 1; j -= 2) {

   d[j] = r[1];

   r[1] = r[1]-r[2];

   r[2] = dd[j];

   r[3] = r[3]-r[4];

   r[4] = dd[j-1];

   r[3] = d[j-2];

}

for (j = n-1; j > 1; j -= 2) {

}

          = r[3];

  r[2] = dd[j];

  r[1] = r[1]-r[2];

  d[j] = r[1];

  r[1] = d[j-2];

  r[2] = dd[j-1];

  r[1] = r[1]-r[2];

d[j-1]         = r[1];

  r[1] =       ;d[j-1]

(c) After Scheduling the Instructions

(a) After Loop Unrolling (b) After Register Renaming

(d) After Coalescing the Load and Store

for (j = n-1; j > 1; j -= 2) {

  r[1] = d[j-1];

  r[2] = dd[j];

  r[1] = r[1]-r[2];

  d[j] = r[1];

r[3]

       = d[j-2];r[4]

  r[3] = r[3]-r[4];

  d[j-1] =     ;

}

for (j = n-1; j > 1; j -= 2) {

}

   r[3] = d[j-2];

   r[4] = dd[j-1];

   r[3] = r[3]-r[4];

   r[2] = dd[j];

   r[1] = r[3]-r[2];

   d[j] = r[1];

d[j-1]d[j-1]   r[1] =       ;

d[j-1]

d[j-1]   r[3] =       ;        = r[3];

       = dd[j-1];

r[3]

� �'��� � #,,F -395<=6 �>?CHB= 9I -HHBD23@ � =@245=6 � =3?C 23@ 59 S=6C 25 5<= Q4=
9I ? �;?H O3456785293

�9C=52C =4 ;= <?K 59 C9A= 4=L7=38=4 9I 234567852934 H?45 95<=6 234567852934 23
96K=6 I96 5<= B9?K ?3K 4596= 59 E = 89?B=48=K F �9342K=6 5<= 7369BB=K B99H 23 
 2@ F � F� ME N F

 2@ F 	 F�� M?N 4<9; 4 5<= 4?C = B99H : E75 23 ? B9?K�4596= I?4<293 : ;<=6= 5<= 5=CH96?62=4
?6= 6=@245=64 F G<= B9?K ?3K 4596= 8?3395 E = C ?K= 89352@7974 K7= 59 6=74= 9I 5<= 4?C =
6=@245=64 F 
 2@ F 	 F�� ME N 4<9; 4 5<= 4?C= 89K= ?I5=6 5<= 89CH2B=6 6=3?C=K 5<= 6=@245=64
93 ;<28< 5<= A?B7= 59 E = 4596=K K=H=3K4 F �9; 5<= 234567852934 8?3 E = 48<=K7B=K 49
5<?5 5<= B9?K ?3K 4596= 8?3 E= C?K= 89352@7974 ?4 4<9;3 23 
 2@ F 	 F�� M8N F 
 2@ F 	 F��MK N
4<9; 4 5<= B9?K ?3K 4596= 89?B=48=K ?3K 5<= B9?K=K 6=@245=6 6=3?C=K F
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G?EB= � F� K=4862E =4 5<= 37C =6974 E =38<C ?6�4 ?3K ?HHB28?52934 5<?5 ;=6= 74=K
59 =A?B7?5= 5<= 2C H?85 9I ?HHBD23@ 5<= 89K=P2CH69A23@ 56?34I96C ?5293 59 89?B=48=
B9?K4 ?3K 4596=4 2359 ? 4;?H 23456785293 F G<= 89K=P2C H69A 23@ 56?34I96C ?5293 ;?4
2CHB=C =35=K 23 5<= �1 � 89CH2B=6 ��� F �1 � 24 ? 89CH2B=6 E?8�=3K 5<?5 24 H?65 9I 5<=

� �1 
�� 4D45=C : ;<28< 24 47HH965=K ED 5<= �?5293?B �9CH2B=6 O3I6?45678576= H69
 =85 F
G<= H69@6?C 4 K=H285=K 23 E 9BKI?8= ;=6= K26=85BD 9E5?23=K I69C 5<= �7C=628?B � =82H =4
23 � 5=>5 ���� F G<= 89K= 23 C ?3D 9I 5<=4= E =38<C?6�4 ?6= 74=K ?4 752B252=4 23 ? A?62=5D
9I H69@6?C 4 F G<74 : 89?B=4823@ B9?K4 ?3K 4596=4 2359 4;?H4 8?3 E = H =6I96C =K 93 ?
K2A=64= 4=5 9I ?HHB28?52934 F

��� %� � #,F G=45 S69@6?C 4
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� =?476=C =354 ;=6= 89BB=85=K 7423@ 5<= �0. � 4D45=C 5<?5 24 ?A?2B?EB= ; 25< 5<= �1 �
89CH2B=6 F O3 49C = 8?4=4 : ? 4;?H 23456785293 ;?4 =C7B?5=K ;<=3 25 K2K 395 => 245 F 
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2345?38= : 5<= �S-�� K9=4 395 <?A= 4;?H 234567852934 5<?5 4;?H4 ED5=4 : <?BI;96K4 :
�9?54 : 96 K97EB=;96K4 F G<= �0. � 4D45=C H69A2K=4 5<= ?E2B25D 59 @?5<=6 C =?476=C =354
93 H69H94=K ?68<25=8576?B I=?576=4 5<?5 K9 395 => 245 93 ? <945 C ?8<23= ����� F �95=
5<?5 25 24 49C =52C =4 H9442E B= 59 74= 5<= �S-�� 4;?H 23456785293 : ;<28< =>8<?3@=4 ?
;96K 23 ?3 235=@=6 6=@245=6 ; 25< ? ;96K 23 C=C96D: I96 =>8<?3@23@ ? �9?523@PH 9235
A?B7= ; 25< ? A?B7= 23 C =C96DF 
 <=3 5<= �9?523@PH9235 A?B7=4 5<?5 ?6= B9?K=K ?3K
4596=K ?6= 395 74=K 23 ?3D 9H=6?52934 : 5<=3 5<=4= A?B7=4 897BK E = B9?K=K ?3K 4596=K
7423@ 235=@=6 6=@245=64 2345=?K 9I �9?523@PH 9235 6=@245=64 ?3K 5<= 4;?H 23456785293
897BK E = =>HB925=K F

G?EB= � F� K=H2854 5<= 6=47B54 5<?5 ;=6= 9E5?23=K 93 5<= 5=45 H69@6?C 4 I96 89?B=4823@
B9?K4 ?3K 4596=4 2359 4;?H 234567852934 F 
= 7369BB=K 4=A=6?B B99H4 23 5<=4= H69@6?C 4
ED ?3 7369BB I?8596 9I 5;9 59 H69A2K= 9HH96573252=4 I96 89?B=4823@ ? B9?K ?3K ? 4596=
?86944 5<= 962@23?B 25=6?52934 9I 5<= B9 9H F O3 5<=4= 8?4=4 : 5<= � �� ��0 ��. ��� 89B7C3
238B7K=4 5<= 7369BB23@ 9I 5<=4= B9 9H4 59 H69A2K= ? I?26 89CH?62493 F G<= 6=47B54 4<9;
K=86=?4=4 23 5<= 37CE=6 9I 234567852934 =>=875=K ?3K C=C96D 6=I=6=38=4 H =6I96C =K
I96 ? ; 2K= A?62=5D 9I ?HHB28?52934 F G<= ?C9735 9I 5<= K=86=?4= A?62=K K=H =3K23@ 93
5<= =>=875293 I6=L7=38D 9I 5<= B9?K ?3K 4596= 234567852934 5<?5 ;=6= 89?B=48=K F - 4
=>H=85=K 5<= 74= 9I ? 4;?H 23456785293 K2K 395 K=86=?4= 5<= 37CE=6 9I K?5? 8?8<=
C 244=4 F �9;=A=6 : 5<= K?5? 8?8<= ;96� K=86=?4=K ED � F� �� : ;<=6= =?8< <25 6=L726=K
93= 8D8B= ?3K =?8< C 244 6=L726=K �� 8D8B=4 F �7= 59 =C7B?5293 9I 49C = 9I 5<= 4;?H
234567852934 =>=875293 52C = C=?476=C =354 897BK 395 E = 9E5?23=K F G<= =�=85 93 5<=
=>=875293 52C = ;97BK K=H=3K 93 5<= 2CHB=C =35?5293 9I 5<= 4;?H 23456785293 ?3K 5<=
6=B?52A= 52C = 6=L726=K I96 5<= =>=875293 9I ? 4;?H A=6474 5<= 52C = 6=L726=K I96 ? B9?K
?3K ? 4596= F
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