
1 (C) 1999 R.P.Martin 

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

� 	 � �  � � � 	 �
� � � � � � � �

�

2 (C) 1999 R.P.Martin 

� � � � � 	 � �

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

44444444

3 (C) 1999 R.P.Martin 

5 � 6 	 � � �

7 8 � � � � � � ' � � � � �  ' � � ' � . � % �  # � " 9. �  � 1 1 � 1 : ( � � �  � ! # � � ( � � % � � � �; " ( � * < � � �  2 �  � % " � � � � � " 9 � � � * .  " % � � � "  � ,� � � �  % " � � � % � � , � � � "  � � � � � � ( � " ' � � � �  � � � �� ( = � " % � � � � �  > # � � � � " � � � � � � � � % 1 � � � ?@ A A B C A B D E F G E A A H D I E F D C J K LM N O P C F N G B LQ B C R B E S S D J R S C T G H K LU J D V D G T E B I N D F G I F W B G LU J D V D G T X Y L

4
4

4 ZZZZZ

4 (C) 1999 R.P.Martin 

[ \ � � \ ] 
 	 ^ � 5 � � ^ � ] ^ � _ � � � 	 ^ � ] ^ � _
 � � � ` � ] ^ � � � � � � � � a

; � % � � " 1 " ' * ;  � � ( ?b c d e f g g d c g h c f g d e i f h j k e h l j m n o l h l p n i o l qr i h n s d f g n i o g t f h l u d c g f v f c g w
� � ( �  � � ' � " 9 � � % � � � � % 1 � � � � � x � � � � # 1 � � . 1 �1 � 2 � 1 � " 9 .  " % � � � "  � : � � � "  � � �y C S A W F G B K D J K D T G I C S A W F G B Kz E D T K { T D E R J C K F D I K O K F G S K { A E I | G F V D H F G B K { G F I

3 # 1 � � . 1 � 1 � 2 � 1 � " 9 � " 9 � x �  �b c d q c h t t o l q s o u u o e m } n

4 ~~

4 ZZ

4 ~

5 (C) 1999 R.P.Martin 

� � � � � � � ^ ^ � � � 6 	 � � 	 � � � 	 �
� � 6 	 � � �

+ � � ' � " 9 � % � 1 � ! 1 � � �  2 �  � ?Y O S S G F B D I � W H F D A B C I G K K C B K � Y � Q �� E K K D � G H O Q E B E H H G H Q B C I G K K C B K � � Q Q �� E F E P E K G S E I N D J G K� E W H F F C H G B E J F S E I N D J G Ky H W K F G B K� G T G B E F G T @ B I N D F G I F W B G0 * � � � � : .  " '  � � � � � ' � � � �  9 � % � �- . . 1 � % � � � " � � � � x " � � � � � � �b f c u d c t h l e f� h m } n � d } f c h l e f

4 ZZZZZZ
44 ~~

6 (C) 1999 R.P.Martin 

� � � 6 � � \ � � � � � ^ � � �

0 % � 1 � � ' � �  ( x �  � � � � � � � * � 9 "  � � � % 1 � � � " 9� � % � � � � � x � < 1 1 � � # ( *
) " x � " .  " '  � � � % " � 9 � ' #  � � � " � � � � �� 8 �  � � � 1 * ( � 9 9 � % # 1 � � � � &

> ? � � � � < � � � � �  � ' � � � � �  ( x �  � : � " 9 � x �  �% " � 9 � ' #  � � � " � 9 "  � ' � 2 � � � � � & �� h l g p g n f t g d u n � h c f t h � f n i o g f h g o f c w

4

4

4 ~



7 (C) 1999 R.P.Martin 

� � � � ` � \ 
 � �

� � � � x �  � � 1 1 � � " � � � � % � � � � � � ' � � � �Y O S S G F B D I � W H F D A B C I G K K C B K � Y � Q �� E K K D � G H O Q E B E H H G H Q B C I G K K C B K � � Q Q �y H W K F G B K� E F E P E K G S E I N D J G K� E W H F F C H G B E J F S E I N D J G K� G T G B E F G T @ B I N D F G I F W B G
7 8 �  � % � � � ' � � � � 1 �  � � � � � : ( � 9 9 �  � � % � �

4 ZZZZZZ

4

8 (C) 1999 R.P.Martin 

 \ � � ^ \ � �
� � � 	 � � ^ � \ 6 � 
 � � �

� � � � � � � � � �   ¡ � ¢ � �   � � £¤ ¥ ¦ § �   ¡ � ¡ � ¨ �
©   ª ¢ ¡ � ¤ ¥ ¦« ¬  ¤ ¥ ¦ ® ¯ ° « ±

² ¡ � � ¨ � � ¦ ¤ ¥ ¦ ® ³ ² ¯ ±interconnect

memory
CPU

$

graphics networkdisk

9 (C) 1999 R.P.Martin 

´ µ ¶ ¶ · ¸ ¹ º » ¼ ½ ¾ · ¸ ¿ À
5 � 6 6 � � � 	 �  
 ^ � 	 Á � \ � � � � \ �

memoryCPU
$

graphics

CPU
$

CPU
$

CPU
$

disk

interconnect

networkdisk

y Q U Â K N E � G G Ã W E HE I I G K K F C S G S C B OE J T Ä Å X T G � D I G K

10 (C) 1999 R.P.Martin 

Æ ¾ µ Ç Ç È µ ¶ ¶ · ¸ À
 � � � 	 � � ^ � Á � � � ^ ^ � ^ Á � \ � � � � \ �

CPU
$ memory

network

CPU
$ memory

network

CPU
$ memory

network
CPU

$ memory
network

networkdisk

É D R N Ê � G J K D F O Ë C T G K

Ä Å X Ë C T G K

Y I E H E P H GD J F G B I C J J G I F

Ì C M C B H T

� E I N D J G K K I E H G TF C Í Î Î Î Â K C V J C T G K

11 (C) 1999 R.P.Martin 

 Á Á 5 \ � � � � � �

Ï " ( � � " 9 � � � % # � � " � ( � � � ' �y Q U Å S G S C B O I C S S C T D F OË G F Ð C B | D J F G B V E I G V W H H Ê I W K F C SÑ # � � " �
µ

= & �  � � 1 " � � " ( � �� 0 . � % � � � �  � � ' � � � % � � � � � * . � % � 1X J G A B C R B E S C J E K G F C V J C T G K E F C J I G0 " � � % " �  � � � � � � � � �  � � ' � Ñ 3 = Ò �Ó : Ô � " ( � � � 8 � % # � � & �  � � 1 % " ( � " � 1 *3 � � � � ' � . � � � � � ' 9 "  % " � � # � � % � � � " �

4 ZZ
44 Z
444

12 (C) 1999 R.P.Martin 

Õ � � � � � � � � Ö × ^ 
 � � � �

interconnect

memory
CPU

$

disk
networknetwork

fast

interconnect

memory
CPU

$

disk
networknetwork

fast

Y I E H E P H GÄ J F G B I C J J G I F

z G A H D I E F G Ð N C H Gy C S A W F G B E J T X Y

Ì C M C B H T



13 (C) 1999 R.P.Martin 

Ø � � � ] � � � 6 � � � 	 � �
Ù Ú · ¸ Û Ü Û ¾ Û Ý ´ Þ ß

disk disk

³ � �   ¦ ¦ © ¢ à ¥ �   ¯ ¡ ¢ �   ¦ ¦ ¢ ¡ ¦

disk disk

° ¢ ª � ¥ � � � � ¢ � � � á   � â ¢ ¡ ã ¦® � ¡     ¦ ±

° ¢ ª ª ¥ � � � � � � ¢ � ¦ ¯ ¡ ¢ �   ¦ ¦ ¢ ¡

network

CPU
$ memory

network
A B CPU

$ memory

network
A B CPU

$ memory

network
A B

Ì C M C B H T

14 (C) 1999 R.P.Martin 

� � 
 ^ � � \ ^ � � � � �  � � � 	 � �
ä Ú Û å Ü · » æ º å ¿ ¾ º ¼ ç ç ß

CPU
$ memory IOP

CPU
$ memory IOP

CPU
$ memory IOP

° ¢ ª ª ¥ � � � � � � ¢ � ¦ ¤ ¥ ¦   ¦

disk networkdisk

è ³ á � ¢ � � ¡ ¢ � �   ¡

è ³ á � ¢ � � ¡ ¢ � �   ¡

à � ¦ ã � ¢ � � ¡ ¢ � �   ¡

à � ¦ ã � ¢ � � ¡ ¢ � �   ¡

« ¬  ¤ ¥ ¦

15 (C) 1999 R.P.Martin 

é 6 � � ` 	 � `
� � � � � � � � � � � � � 	 � � � � 
 � �

interconnect

memory
CPU

$

graphics
IOP mem

network

IOP mem
IOP

mem

disk

z G R W H E B I C S A W F G BC J F N G C W F K D T G
« ¬  � ¡ ¢ �   ¦ ¦ ¢ ¡ ¦ � ¡   ¦ ª � � � � ¢ ª � ¥ �   ¡ ¦� � � ã   � ê � � �   ¡ ¦�   ë � ¥ ¡   ª � � � � � ìà � ¦ ã ¦ � ¨   à ¥ � � � ì¡   ª ¢ �   ª � � � ì   ª   � �

●

→

→

→

→

16 (C) 1999 R.P.Martin 

� � � 	 � � � í � � � � � � � � � í

3 � � � �  Ñ î ï < � � � ( Ô 0 % " � �  " 1 � % % � � � � � (( � � � . � � �
Ó : Ô .  " % � � � "  � % " � �  " 1 % � % � � � ' � � ( � " 2 � � � �( � � � � �  " # ' � 1 " % � 1 � # ! = � * � � � � �

Ô # � � � ( � : Ó � � � ( � ! " 8 ! � % " � � � � "  � ! 1 #   � (� � � � � � � " ( � * < � � � % � � � � � x � � � # � � 9 � � ( % " � �  " 1� " ( � 1

4

4

4

17 (C) 1999 R.P.Martin 

� � 	 � � [ 	 � � \ � �

� � * � � # ( * � � � � "  * �ð v h } m h n f o s f h g o l e d l n f ñ n d u n i f f c h òr i p h c f g d t h l p o s f h g c f e p e } f s wr i h n o g n i f ó f g g f l e f ó d u h l o s f h w
; �  � � % " � � # � � � � � � ( � � 1 x � � � � � � � # 1 � � � � " # � �.  " '  � � � � � ' � 7 7 � " " ô �b h c h } } f } j c d q c h t t o l qõ o g n c o ö m n f s g p g n f t ÷ ø ùõ h n h ö h g f

4 ~~~

4 ~~~

18 (C) 1999 R.P.Martin 

Á � � � ^ ^ � ^  � � � 	 � � �
ú � � � Õ � û � � �

ü " % # � " � % " � . # � � � � " �
î �  � 1 1 � 1 .  " ' ý x � 1 1 : � # � � ! � % " � � � � � � � �  � � �
Ï " % " � � � � � # � " � �  % � � � � % � #  � "  .  " '  � � � � � ' � " ( � 1b i p g o e h } t h e i o l f h c e i o n f e n m c f t o c c d c f sj c d q c h t t o l q t d s f }Ñ  � * = þ ' " � � ' � " � � � � 2 �  * " � � < � 1 # � % �

4
4
4 ~

4



19 (C) 1999 R.P.Martin 

Á � � � ^ ^ � ^  � � � 	 � � �
� û � � 	 � � � ` � � � �

ÿ � 2 �  ' � � � � " ( � 1 � � � ( � � % � � � � �� f } o q o d m g � h c g4 ~

³ � � � � � � � � ¢ � � ¢ ê � â � ¡  
� � ¦ �   ª � ¢ ê � â � ¡  

³ ¡ � ¨ � �   � � ¥ ¡  
� � ¦ � ¢ � � �³ ¡ ¡ � �

�   � � ¢ ¡
� « © �

� ¨ � ¡   à ©   ª ¢ ¡ �
©   ¦ ¦ � ì   ¯ � ¦ ¦ � � ì

� � � � ê � ¢ â

20 (C) 1999 R.P.Martin 

Á � � � ^ ^ � ^  � � � 	 � � �
é � � ^ � Õ � � � � �

Ñ  � * = þ ? $ # � 1 � � ý Ï " � � & �  � ý0 Ó 3 ÿ ? ; " " � �  ( � " & � � . # � � � ' � . � % � � 1 � � 0 Ó� � � 	 
 � � �
ÿ - 0 ) ? ÿ � � " < � (  � � 1 � � �  � ( � � � "  * � % � 1 � � '

; �  � ( � � � � ; � � ( � � � " � � . �  � 1 1 � 1 � � % � � � � � � d n q f l f c h } k d l } p c m l s h n h ö h g f h j j g
3 î î < � ? � � � '� � � k � � õ i h s i m q f o l u } m f l e f

44 ~

4
4 ~

4 ~

21 (C) 1999 R.P.Martin 

Á � � � ^ ^ � ^  � � � 	 � �
× \ � � � � ` � � � �

- � � � " 9 % " � . 1 � � � % " � . # � �  � % " � � � % � � ( 2 � �� � � ' � . �  9 "  � � � % � � � � �  % " � � � % � ô4

° ¯ � ©   ª ¢ ¡ �� �� ��° ¯ � ©   ª ¢ ¡ ��
á   � « � ê �

�� ��
¤ ¥ ¦� �

° ¯ � ©   ª ¢ ¡ �� �� ��° ¯ � ©   ª ¢ ¡ ��
á   � « � ê �

�� ��
¤ ¥ ¦� �

á   � â ¢ ¡ ã

22 (C) 1999 R.P.Martin 

Á � � � ^ ^ � ^  � � � 	 � � �
 	 � Õ � � � � �

3 î î < � � " 2 � � " % � � . � �  � �� i o l � o l q � h e i o l f g k � ù � ö h l � c m j n� l n f } e } d g f g g m j f c e d t j m n o l q s o v o g o d l� } m g n f c g f h n o l q n i f o c } m l e iY D S D H E B G J C W R N N E B T Ð E B G E B I N D F G I F W B G V C B � � Ê Í Î Î
+ � � � " 9 ! � ' % % = Ï ï 3 - 0 3 î < �K I E H E P H G F C  ! Ê Í � "I I Ë U � @ A B C R B E S S D J R S C B G H D | G � Q Q F N E J Y � Q

Ñ 1 # � � �  � 7 � �  ' � � '

4 ~~~ Z

4 ZZ

4

23 (C) 1999 R.P.Martin 

� � � � � � � � � � � a

î �  � 1 1 � 1 % " � . # � � � ' � � 2 �  x � � � � � � � �  � � �b c d ö h ö } p � o } } h } � h p g ö f g j f e o h } o # f s
� � * ! " � � �  �

3 "  � � � � " � � ( � � � � � � " � � � " � � � % � 1 � � '  # 1 � �u h g n f c f ñ f e m n o d l u d c e d l g n h l n j c d ö } f t g o # fö o q q f c s h n h g f n h g � f q c d � t h e i o l fo l e c f h g f s n i c d m q i j m n $ n c h l g h e n o d l g ÷ i d m c %t d c f c d ö m g n f ñ f e m n o d l w@ T T J C T G K Ê Ê & H G K K T C Ð J F D S G

4 ~

4
4 ~~~~ Z

24 (C) 1999 R.P.Martin 

Á � � � ^ ^ � ^ × \ 6 � 
 � 	 � `
5 
 � � � � � � �

$ � % & " 9 9 � % � ! # � � � � � � � . . � ?ù � b ' g c m l l o l q ( � ) s h n h ö h g f gÌ B E J K E I F D C J K Å K G I � * D K E { Y E P B G { + , F B E T G { - Ì Q y Ê y - �� G I D K D C J K W A A C B F � M E H Ê � E B F { @ S G . { - Ì Q y Ê � - �3 # 1 � � � � ( � �õ ù b h } q d c o n i t g h c f h c c h p ö h g f s/ f e n d c g e d t t o l q ö h e � $ � � 0 k / � ù %� ü  " � � � � ( � � �  2 � % � � . . 1 � % � � � " � � ?( d c l d l e } m g n f c g $ 1 h i d d ÷ � l � n d t o ÷ õ f 2 h %

4 ~ ZZ
4 ~~
4 ~



25 (C) 1999 R.P.Martin 

Ø 	 � � � 	 ] 
 � � � × \ 6 � 
 � 	 � `

+ " " � � � � % 1 � � � � : � �  2 �  �  % � � � � % � #  � x "  1 ( " 9� � � � 3 4 5 < �ó j c d n d e d } g ó� D H G K O K F G S K 6 Ë � Y� E F E P E K G K 6 X � 7 yð ñ h t j } f ø j f c h n o l q ù p g n f t gY A B D F G { @ S C G P E { 8 C I W K { + S G B E H T9 B E A G � D J Gü � # 1 � � " 1 �  � � � � * � � � � �� h l s f t� g o g k : d c m g

4 ~ ZZ~ ZZ
4 ~~

26 (C) 1999 R.P.Martin 

Ø � � � ] � � �  � � � 	 � � �

+ � 1 � � � " � � 1 ÿ � � � ! � � � .  " 2 � ( � ( � # � � 9 � � (� " ( � 1ó f v f c p n i o l q o g h n h ö } f ó0 > � .  " 2 � ( � ( � � � � ( �  ( 1 � � ' # � ' �ù t h } } g f n d u e } d g f s d j f c h n d c g� t j } o e o n j h c h } } f } o g t- 1 1 " x � � * � � � � ( � � � ' �  � � � * x � * � � " � 8 . 1 " � �. �  � 1 1 � 1 � � � 9 "  . �  9 "  � � � % � ôÏ " � � � � � � � � � # % % � � � 9 # 1 � � ; �  � ( � � � � �

4 ~
4 ~~
4
4

27 (C) 1999 R.P.Martin 

5 � 6 	 � � � 5 � � 
 � � 
 � �

; = þ  � � ( � � ' � � 2 �  * x � � &
� Ô ! � �  2 � � � " � � � ( # � " �  � � ( � � ' " � % � � x � � &
î  " / � % � � � � � ( " 9 � � � % 1 � � �

< = j h q f j h j f c d l h g p g n f t g j c d 2 f e n ÷ f ñ j f c o t f l n� s f h g s m f o l ø e n d ö f cb c d q c f g g e i f e � j d o l n f l s d u  d v f t ö f c� o l h } � c o n f m j s m f f l s d u n i f g f t f g n f c

4
4
4 ~~~~

28 (C) 1999 R.P.Martin 

� ] � � � � � � 	 \ � �

� : ; = � . � ' � x  � � � # . " � * " #  � � " # ' � � � " � � � � � � ( � � ' � 9 "  � � � x � � & ýÿ " � < � / # � � � # � � �  � > � � � � � ! � �  � % � � � (% " � % 1 # � � " � �
? " " ( � � � � � � ?� i p s o s n i f o s f h g m e e f f s ÷ u h o } wc f } h n f s h l e f s d n f gh } n f c l h n f t f n i d s n d n f g n n i f o s f h� f h � l f g g f g o l n i f j h j f ce c d g g 	 e m n n o l q o g g m f gu m n m c f � d c �

4
4
4 ~~~~~~

29 (C) 1999 R.P.Martin 

Á � \ @ � � �

0 # ! � � � � � � � 1 � * � � � � �  � 1 � � � ( .  " / � % �� "  & � � � � � 1 1 '  " # . � � ; = þ �7 8 � � . 1 � � ?b h c h } } f } o # f h l o t j d c n h l n h j j } o e h n o d l d l h l� } m g n f c ÷ ù � b ÷ � � AB m h l n o u p u h o } m c f ÷ c f e d v f c p d u e f c n h o l h j j } o e h n o d l gù f j h c h n f j h c n d u ø ù o l n d o l s f j f l s f l ng m ö 	 g p g n f t u d c j f c u d c t h l e f ÷ u h m } n n d } f c h l e fõ f v f } d j h g d } o s t d s f } u d c t h l h q o l q e } m g n f c g

444 ~
~~
~

30 (C) 1999 R.P.Martin 

� � � � � \ 
 � � \ 
 ^ � � � \ � ] � � \ � �
� \ 
 � � � � � � 	 � � ^ � � �

0 � � � "  "  '  � ( " . �  � � � � ' � * � � � � �0 �  " � ' # � ( �  � � � � ( � � ' " 9 Ó : Ô �  % � � � � % � #  � �� � ( � " x Ó : Ô x "  & � � � �  � � 1 � � % � � � �0 " � � . �  � 1 1 � 1 .  " '  � � � � � '
µ

	 C m o # D r i h n h c f n i f u d } } d � o l q w� � @Ä J F G B B W A F� B E S G P W V V G BY C I | G F7 E B B D G BY A D J H C I |

44
4 ~ ZZZZZZ



31 (C) 1999 R.P.Martin 

� � � � � � E F E a

G " # <  � � � � � � � ' � � * " #  ( � � & � � ( � � 2 � �x � � ( " x " � . � # 1 2 � � � � 1 � � � :  1 " ' � � ý G " # � * . �� � � 1 � � � �  � - � ý ÿ � � %  � ! � � � � � � � . � � � & � � ! * � 1 1� � � � * � � � � � � � 2 " 1 2 � ( � � � � � .  " % � � � 9  " �x � � � * " # � � � � � � & � * # � � � 1 � � � % � �  � % � �  � � " x � # . " � * " #  � %  � � � ý
3 "  � ( � � � � 1 � � ! � � � �  � � . � ' � "  � x " � � � " � � �7 � � � 1 � " � � ! * � � 8 � % 1 � � � ý

4

44

32 (C) 1999 R.P.Martin 

5 � � ^ � ] 	 ^ 	 � � _ � � � 	 ^ � ] 	 ^ 	 � � _
 � � � ` � � ] 	 ^ 	 � �

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

44444444

33 (C) 1999 R.P.Martin 

5 � � ^ � ] 	 ^ 	 � �

Ï � x �  � �  2 � % � �  � H # �  � 9 � � � '  " x � � � � " #  � �x � � 1 � � � � � �  2 � % �  � � � � � � � 2 � � 1 � ! 1 �� � ù � f ö g o n f A j c o } I J n iø e n d ö f c t h c � f n e c h g i d u ' < Kð L n c h s f e c h g i f g
3 # � � � % � 1 � ( " x � � " " ý

0 � "  � � �  � 0 3 î � % � 1 � ! � 1 � � * �ó � d c � } o u n ó m j q c h s f

4 ~~~

4
4 ~

34 (C) 1999 R.P.Martin 

� � � � � \ � � � � � ^ � ] 	 ^ 	 � �
6 � � � a

î  " ! 1 � � Ñ " � � �  � � � � ( � î 0  # 1 � �� o ñ f s j c d ö } f t k t d c f c f g d m c e f g3 � � "  * Ñ " � � �  � � � � ( � 3 0  # 1 � �A s s c f g d m c e f g 	 
 ö o q q f c j c d ö } f t; � � � Ñ " � � �  � � � � ( � ; 0  # 1 � �ð ò q ò : d � t m e i e h l p d m g d c n o l h t o l m n f wï � �  ( � 9 � � � ( � . � ' � � , " . � : � � % , � � % �ð ò q ò � b � 	 � ÷ ù b ð � g n p } f g e h } o l q c m } f g� C B G C A K Å K G I Ê & I C J K F E J F B G K A C J K G F D S G Ð D F N H E B R G BT E F E K G F

4 ~
4 ~
4 ~
4 ~ Z

35 (C) 1999 R.P.Martin 

� � � 	 � 5 � � � � 
 � � \ � 6 
 ^ �

î �  9 "  � � � % � � � � "  & : ; � � �0 " � . � � ( # . " 9 î � "  � # � � � � � � � � � � � % � � � �" 2 �  � # � � � � � ?
44

Speedup =

Work(P)
Time(P)
Work(1)
Time(1)
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Speedup
pc

= Work(C)
Time(P) Χ Time(1)

Work(C)=Execution t ime(1)
Execution time(P)
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Speedup
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=
Work(P)
Time(t) Χ Time(t)

Work(1)=
Work(P)
Work(1)
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Speedup
mc

=
Work(P)
Time(P) ΧTime(1)

Work(1)=
Increase in Work
Increase in Time
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