
�� �� �� � �� 	




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

� � � � � � �� � � !

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

-

1 23

4Blocked

Running

Ready

1. Process blocks for input

2. Scheduler picks another process

3. Scheduler picks this process

4. Input becomes available

.

/� 0 �1 � � � � � 21 �� � �3 4 /5 3 �6 � 0� 3 6 � 3 � 3 6 6 � 2� 7� 0

8 9 :

Long CPU burst

Short CPU burst

Waiting for I/O

(a) 

(b) 

Time

; � < = "> #� � � �

; # <? @A #� � � �

B



:� �� 6 6 � � �

� � � � � � � � � �� $ �

•

�� � � � � � � ; � � � � � � <

•


� � � �� � � �� � �� $ � � �

•

$ � �	� = "> � � �? @ A � � � � �
 � � �� �

� � � �� $ � � �� � � �

•

$ � �	� � � � � �  � 
 � �

•

$ � � � � � � � � � � � � �

•

$ � �	� = "> � � � � �
 � � �� �

� � � �� $ � � � �� � � � � �
 �

•

$ � � � �� $ 
 � � � � � � 
� � ��

� � � �� $ � � � � ��� � � $ �

•

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

�

�� 3 � � 1 � �� � � � 2� 	� �6 1 � 1 2� �� �� � �� 	 �

� � � � � � 
 �� � � @ � � � � � �
 �� � � � � � � � �� 
 � 
 � � �� � ��

� � � � 
 � � �� � �� � � # �� � �� 
 � � �� � � ? @ A

� � � � � �
 � � � � � �� � � � 
 � 
 � � ? @A

� � � �� � � � � �� � � � 
 �

� � ;� � � � � < � � �� � � � � �� � � � � � �� � �� $ �� � �

�

� � �
 � 
� � � � 
 �� � � ; �� �� 
� � � $ 
 � �
 � <�

� � 
 � � �� � �� � ��  � � � �� � � � � �� � �� � � 
 � �� � �� � � � $ � � �� � �

= " >
=� � 
 � � � � 
 �� � � ; 
� � � $ 
 � �
 � <�

� � 
� � �� � �� � � � �� � � 
 �� � � 
 � � � � �� � � # �� � �� �� � � � � � A �
�

�� �� �� � �� 	 3 6 0� � � �� � � �

� � � � $ � � � �� � � � � � � � � � � ; # � � � � � � � � <

� � $ � $� � � � � � � � � � � �

� � = "> � � � � � � � � �

CPU

Main

Memory

Arriving

job

Input

queue

Admission

scheduler

Memory

scheduler

Disk

CPU scheduler 

 



�� �� �� � �� 	 �� � 3 6 � � 2� 26 � � 2 8

�* � % � &� � ��� � � % � % � �	 � � ; �� � 
 � 
 � � � � 
 �� � � <

? � 
� � �� � �� � ��  � � � �� � � � � �� � � � # �� � ��
 
� � �� � � � � �

�� � �� � � � � �� � �

•

�� � � � � � � � $ 
 � � $ � � �� � �

•


� � # � � $ � � � � 
� � �� � �� = "> #� � � � � � � � � � �� � � � 
 � � �

�� � � �? @ A #� � � �

�

�� �� �� � �� 	 �� � 3 6 � � 2� 26 � � 2 8 8

� '� � � � % � 
� � � � % � ; �� �
 � 
� � � � 
 �� � � <

" � � � � $ � � $� � � �� �� � �� � � � � � � � � � � 
� � � � � � � �� � � � 
� � �� � � �

=� $ � � � % � &� � � � � � % � % � �	 � � $ � � � �� � � � � � � � � � �� 
 � �

� � � � �� � � � � �� � ��


�

� � 1 06 � 26 � 1 � � 0 26

; � 
 � � �� � � � 
 � � � �� � ��  � � � � � � � � � � � � � � � � � � � � � <

(a)

8


A

4


B

4


C

4


D

(b)

8


A

4


B

4


C

4


D

� 
 � � �  � � � � � � � � � � � � � $ �

(a) 4+8+12+20
4 = 11

(b) 8+12+16+20
4 = 14


 


� � �� �� � �� 	 �� �� 6 � 03 � 6 � �� 2� 26 � � 2

�� ( + ��� �� � *+

(a)

Current

process

Next

process

B F D G A

(b)

Current

process

F D G A B

� � � �� � � 
 � � �� � � � � �� ��

� � � � �� � � 
� � �� � �� � �� � � � � �� � �� ( � + �� �� � � � � � �� � �� � � � �

� � � ��


 -



/ 0 � 1 0 �6 � 2� �� �� � �� 	

� � ��  � � $� � � � 
� �� � � � � � � 
� � �� � � �

� ��  � � � $� �� $ 
� � � � 
� � �� � �� � � 
� �� � � � � $ � � � � $ �

" � � # � � $ � � � �� � 
 � � �� �

⇒


� �� � � � � � � � � $ � � � �

•


 � �
 � � �  � � � � � 
� � �� � � �? @A #� � � �


 .

/ 0 � 1 0 �6 � � �3 2 2� 2

Priority 4


Priority 3


Priority 2


Priority 1

Queue

headers

Runable processes

(Highest priority)

(Lowest priority)


 B

/1 � � � � �� 0 2� 2 � � � �3 � � 2 �

? � �� � � � � � $ 
 � � $ � � �� � � $ � � �� � � � $� � � � � � � � � � � �  
 � � � $ � �

� � �
 
 � # � � �

? 
� � �� � � � 
� � �� �� $� � � � �� � � � 
 � � � $ � � � � ; 
� � � �� <

� �� 
� � � � � � $ �
 
 � � � � � 
 � � �� � $ � � �� �� �� � �� � �� � � �� $ 
� � �

�� $ � � �� � � � 
� � �� � � �


 �

� � �� �� � �� 	 �� 5 � 8�


 �



Highest

priority

Lowest

priority

-4

-3

-2

-1

0

0

1

   	2

3

Waiting for disk I/O

Waiting for disk buffer

Waiting for terminal input

Waiting for terminal output

Waiting for child to exist

User priority 0

User priority 1

User priority 2

User priority 3

Process queued

on priority level 3

Process waiting

in user mode

Process waiting

in kernel mode




� � �� �� � �� 	 �� 5 � 8�

=� � � $ � � � � 
 � � � � � � � � �� 
 � � � �*� �* � �

� � � � � � $� � � � � � � � � # � � � � � � � � �� � �� � � � � � �� � �

� � � � �� � � �� $ 
�


 �

5 � 8� � 43 � � 1 � 1 �� � �3 7 0 � 1 0 �6 �

� � �� � �� � � �� �  � � �� �� � ��


� �� � � �� � = "> � ��  � � � � �� � # � ��

= " > � ��  �

•

� � � � � $ � � �� �� � � �  � � � �� � � � � � �

•

� � $ � � � � � �� �� � �� $ 
�

� � ��

•

� � � � � � � � � � �

•

� � �� � � � 
 � � � � �

•

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

# � ��

•

�� � 
 � � � � � � 
 � �� � � � � � � 
 � � � � � � �� � � � � $� � �


  

� � �� �� � �� 	 �� � �� � �

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

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

•

	 � � ��� � � $ � 
? 
A ; � = �� � 
? 
A <

•

	 � � ��� � � $ � � � � � � � � � # � � ; � = � � � 	 	 <

•

� � $ � � � � � � �  ; � = �� � A � �� 	 <

; � � � � � � �� � � %� 
 � � � � ��� � � $ � � <


 �



� �� � � 21 � 0� � � 1 �� 1 0 	3 � �� 3 6 � 1 �

kernel

process.c

mm

...

...

sched.h sched.c

/usr/src/linux

arch drivers fs include kernel lib mm net

alpha m68k i386 um

-�

� � �� 0 � �� �3 � 6 � 7� 0 � 1 2� �� �� � �� 	
•

� � � � � � � @ � � � � � � �

•

�� � � � � @ � � � � � � �

•

� � � � @ � �� � @ �� � � � � @ 
� � �� � � � �

- 


8 6 � 0� 3 � �� � �� � �

�  � � � � � � � � � �

•

� � � � �*� �* � �

•

� � � � � � ��

1 ≤ priority ≤ 40


 � � � � �� � � 
 � �� � � � � � �*� �* �� $ � � �� � � � � �� � 
 �
 ��

� � �� � � �� � �

- -

�3 � � �3 �3 6 3 � � 2 � 26 � �3 � � � � �� �

�� 	 � �
 � � �� 	 �� 
 
��

+ * & � � � � % *+ & �� � ' � + * & � 	 � )( � 
� � � ' � & � ) ) *+ , � * ��� �� )� � , �

+ * & � 	 � )( � � �� + % � )� � � �*� �* �� � � � $ � � � � � � � � � � �� ; � <

� � � �� � �� � � � � �� ; � < �

priority := 20 − n

- .



8 �� � 3 � 6 1

� ( � + �( �� � � $ � � � � � � �� � � � � � � 
 � � � � � � � � � � � � � 
 � � 
 � � �

��  � � � �

� �� � � � � � �� � � $ �

- B

43 � � 1 � 1 �� � �3 � � � �� �� �


 �� � �� �� � � �� �

�� �	� 
 � � 
 � �
 � �� ��� 	 �� � 


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

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


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

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


� 
 
 �� �
 
 � �

#� � � � 
 � � 
 � � �� � � � � � � � ��  �� �� � � � � � � �� � �� = ">

#� � � � 
 � � � � � � � � $� 
� � �� � �� � � � � � � ��  � � ��

- �

43 � � 1 � 1 �� � �3 � � � �� �� �

� $ 
 � � $ � � �� �� � � �� � � � � @ � � � � � � �

�� �  !" # " # $ ! % &' () $" * ( $ ! + $ , % )" , % # ! *- , % #" . + /0 % + 1 . * ) % # # " #2 2� 3 *' ) + ( - %" 4! ," & & % . % ( $ 1 . * ) % # # % # + 4 +" ( # $ % +) ! * $ ! % . , % 1 % ( ," ( 4� * ( - ! + $ 56 7 $ ! %8 9: % .' ( * ( 0 + $ % 0 8 % $ ) $ * $ .8 $ * ! + ( ,0 % ) +) ! %� + ( ,  ; < =" # # 1 % ( +0 $" % #2�>� ? % $' . ( : +0 ' % #@� A BC C C @ ( %: % . # % 0 % ) $ $ !" #� C @ *' $ * & $" = %D . % ) +0 ) ' 0 + $ % ) *' ( $ % . # E /' $ " $ =" 4! $ # $" 0 0 / %� # % 0 % ) $ % , F� G: %@ H 4 * * , ( % # # H : +0 ' % E $ ! % 0 + . 4 % .D $ ! % / % $ $ % . F� G BC C C @ . % +0 $" = % 1 . * ) % # #D # % 0 % ) $ $ !" # 2� �# $ + $" ) " (0" ( % " ( $ 4 * * , ( % # # E # $ .' ) $ $ + # IKJ # $ .' ) $ � 1D " ( $ $ !" # J ) 1' D 2 2 2 FL " ( $ - %" 4! $ M A BN

- �

��O� P * ( A ?  1 . * ) % # # A ( * . = +0 ) + # % &" . # $ 2� �" & E 1 A Q 1 * 0" ) 8 M M R 5S TU J V  S T ? F L� �>� W" : % $ ! % 1 . * ) % # # + &" . # $ A + 1 1 . *X " = + $" * ( 4 * * , ( % # # : +0 ' %� +) ) * . ," ( 4 $ * $ ! % (' = / % . * & ) 0 * ) I A $" ) I # " $ ! + # 0 % & $ 2�>� U * ( 9 $ , * + (8 * $ ! % . ) +0 ) ' 0 + $" * ( # " & $ ! % $" = % # 0" ) % " #� *: % .2 2� �- %" 4! $ M 1 A Q ) *' ( $ % .N" & EY - %" 4! $ F4 * $ * *' $N

Z" & , % & 5 V P[\ W J R] 6 � � W" : % + 0 + . 4" # ! + ,: + ( $ + 4 % $ * $ ! % # + = % 1 . * ) % # # * .2 2 2 � �� � E $ !" # " # %^ ' " : +0 % ( $ $ * 1 % ( +0" _" ( 4 * $ ! % . 1 . * ) % # # * . # F � �

" & E 1 A Q 1 . * ) % # # * . M M $ !" # J ) 1' F

- %" 4! $ G M 6 ? V 5 J 5S ` P W T J 6 T P `;  3NZ % ( ," & - %" 4! $ G M aC A 1 A Q (" ) %N4 * $ * *' $Nb

- �



� ��
� � �� � 	 � � � � � 

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

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

 �
 
 �


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


 � 	


� � 	 � �� � � � � � 	��

-  

�1 0� �3 � 1 3 � �
 3 � 	 1 0 �6 � 1 � � 2� �� �� � �� 	 � � � �� � ��� � �

? � �  � � � � �� � ���� � � � ��  � � � � � � � � � � � � � � � � � � $ � � �� � ,� � � �

+ � % %
� � �  � � � � � �� � � � � � � � $ � � �� � � � � � � ��

� � � � �� � � � � � � � � � � � � � �� �� � � � �� � � � � � � $ � � �� � � �� ���

�� �� �( � � * � � � � � � �

quantum = quantum/2 + priority

- �

/ 01 7 0 �� 6 � �� � �
 3 � 	 1 0 �6 � 1 � � 2� �� �� � �� 	

� 
 � � �� � � �? @ A #� � � � 
 � � � �� 
� � �� � � � �

� 
� � �� � � � = "> #� � � � 
 � �  � �� 
� � �� � � � � � � 
� � 
� � 
 �� � � � � � �


� �� � � ��

.�

41 � � � 3 � � �3 0� �3 71 � � � � �� � 7 01 � � 2 21 �

" ( $ # ) ! % , # % $ # ) ! % ,' 0 % . E 1" , $ 1" ,D " ( $ 1 * 0" ) 8 D # $ .' ) $ # ) ! % , 1 + . + = � 1 F N

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

+� � � � � � �!-, � �� %� � �� . �� � � �� � � �� �� �� � �� �  � � �� �� � "� � ��   � � �� � � � #��� / �� �0 1 2 +3 45 67 6 8, 2 +3 45 9 9, " � � 2 +3 45 8: 3 4 9; � �� ��

� � �  � � � �< � �� $ " � � �� � � � �� ��� � �� � �� �� .' ' '

= >?@ A? BC D EFG HC D F C IF G HC D A BCJ KL M

. 




8 � � � 1 �1 3 � 	 1 0 �6 � 1 � � 2� �� �� � �� 	

O(1)

� � � � � � � � � � � � �� � �� � 
 � � � $ � � �� �� � �� � ��

� � � � � � � � � � � � � �

� ��  � � � � �� $ 
�

O(N)� N =

� � $ � � � � � � 
 � � �� � � �

�� # � � � 
 � � � �� � � � � �� 
� $ � �� # � � � 
 � �  � � � � � �� � 
 � �

⇒

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

? � � � � � � � �� � � �� � � � � � �� � � � � � � � � �

O(1)

� � � � � � � � � �
. -

� � � 1 � 7 � �3 � �1 � � � �� 26 3 � �3 � �1 � � �� � �� 0� � �

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

� � � ��  � � � � � $ � �� � �� � � � � � $ � �� $ � � � �� � � � 
 � �

�� � � � � � � �

� � �� $ 
 � � � � � �� � � $ � �� #
 ? $ �  � �

� � �� 
 � � � � � � � � � � � � �� � � � � � � � � � � @ � �� � @ #� � � @ #
 ? $ �  � �

@ #� � � @ � �� $ �� � �� � � � �

� � � � � �� � � @ � � � @ � � �� � �� � �

� � � ��  � � � � � � � �� �

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


 � � � � � �� � � � � �� � A 	 �A � 
 � � $ �   �� � � � � � ��  � �

. .


