Static Allocation, Demand Paging

 Number of page frames 1s static over the
life of the process

* Fetch policy 1s demand

* Since S(m) =S, ,(m) O {r,} - {y}, the
replacement policy must choose y -- which
uniquely 1dentifies the paging policy




Random Replacement

* Replaced page, y, 1s chosen from the m
loaded page frames with probability 1/m

Let page reference stream, @=2031203120316457

Frame 2 0 3 1 2 0 3 1 2 0 3 1 6 4 5 7
0

1
2



Random Replacement

* Replaced page, y, 1s chosen from the m
loaded page frames with probability 1/m

Let page reference stream, @=2031203120316457

Frame 2 0 31 2 0 31 2 0 3 1 6 4 5 7
0 2 2 2
1 0 0
2 3



Random Replacement

* Replaced page, y, 1s chosen from the m
loaded page frames with probability 1/m

Let page reference stream, @=2031203120316457

Frame 2 0 31 2 0 31 2 0 3 1 6 4 5 7
0 2 2 2 2
1 0 0 1
2 3 3



Random Replacement

* Replaced page, y, 1s chosen from the m
loaded page frames with probability 1/m

Let page reference stream, @=2031203120316457

Frame 2 0 31 2 0 3 1 2 0 3 1 6 4 5 7
0 2 2 2 2 2 2
1 00111
2 33 30



Random Replacement

* Replaced page, y, 1s chosen from the m
loaded page frames with probability 1/m

Let page reference stream, @=2031203120316457

Frame 2
0 2
1
2

1 20 3 1 6 4 5 7

o N O
Lo © N W
W~ N
w P NN
o - N O
O |w w



Random Replacement

* Replaced page, y, 1s chosen from the m
loaded page frames with probability 1/m

Let page reference stream, @=2031203120316457

Frame 2 0 31 2 0 31 2 0 3 1 6 4 5 7
0 22 2 2 2 2 333
1 00111111
2 3330002



Random Replacement

* Replaced page, y, 1s chosen from the m
loaded page frames with probability 1/m

Let page reference stream, @=2031203120316457

Frame 2 0 31 2 0 31 2 0 3 1 6 4 5 7
0 22 2 222 3330
1 001111111
2 33300021



Random Replacement

* Replaced page, y, 1s chosen from the m
loaded page frames with probability 1/m

Let page reference stream, @=2031203120316457

Frame 2 0 31 2 0 31 2 0 3 1 6 4 5 7
0 22 2 222 33300
1 o001 1111113
2 333000211



Random Replacement

* Replaced page, y, 1s chosen from the m
loaded page frames with probability 1/m

Let page reference stream, @=2031203120316457

Frame 2 0 31 2 0 31 2 0 3 1 6 4 5 7
0 22 2 2223330000
1 001 11111133P6
2 33300021111



Random Replacement

* Replaced page, y, 1s chosen from the m
loaded page frames with probability 1/m

Let page reference stream, @=2031203120316457

Frame 2 0 31 2 0 31 2 0 3 1 6 4 5 7
0 222 222333000014
1 0011111113 3@%66
2 333000211111



Random Replacement

* Replaced page, y, 1s chosen from the m
loaded page frames with probability 1/m

Let page reference stream, @=2031203120316457

Frame 2 0 31 2 0 31 2 0 3 1 6 4 5 7
0 22 22 22 3330000414
1 0011111113326 ¢6375
2 3330002111111



Random Replacement

* Replaced page, y, 1s chosen from the m
loaded page frames with probability 1/m

Let page reference stream, @=2031203120316457

Frame 2 0 31 2 0 31 2 0 3 1 6 4 5 7
0 2 2 22 22 333000044147
1 0011111113356 62525
2 333 00021111111



Random Replacement

* Replaced page, y, 1s chosen from the m
loaded page frames with probability 1/m

Let page reference stream, @=2031203120316457

Frame 2 0 3 1 2 0 3 1 2 0 3 1 6 4 5 7

0 222 2223330000447

1 001111111336¢655

2 333000211 11111
13 page faults

* No knowledge of @ [ not perform well

* Easy to implement



Belady’s Optimal Algorithm

* Replace page with maximal forward
distance: y, = max g mF WD(X)

Let page reference stream, @=2031203120316457

Frame 2 0 31 2 0 31 2 0 3 1 6 4 5 7
0 2 2 2
1 0 0
2 3



Belady’s Optimal Algorithm

* Replace page with maximal forward
distance: y, = max g mF WD(X)

Let page reference stream, @=2031203120316457

Frame 2 0 31 2 0 31 2 0 3 1 6 4 5 7
0 2 2 2
1 0 0
2 3
FWD,(2)=1
FWD,(0) =2

FWD,(3) =3



Belady’s Optimal Algorithm

* Replace page with maximal forward
distance: y, = max g mF WD(X)

Let page reference stream, @=2031203120316457

Frame 2 0 31 2 0 31 2 0 3 1 6 4 5 7
0 2 2 2 2
1 000
2 31
FWD,(2)=1
FWD,(0) =2

FWD,(3) =3



Belady’s Optimal Algorithm

* Replace page with maximal forward
distance: y, = max g mF WD(X)

Let page reference stream, @=2031203120316457

Frame
0
1
2
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2
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Belady’s Optimal Algorithm

* Replace page with maximal forward
distance: y, = max g mF WD(X)

Let page reference stream, @=2031203120316457

Frame 2 0 31 2 0 31 2 0 3 1 6 4 5 7
0 2 2 2 2 2 2 2
1 0 0O0O0O03
2 31111
FWD,(2) =2
FWD,(0) =3

FWD,(1) = 1



Belady’s Optimal Algorithm

* Replace page with maximal forward
distance: y, = max g mF WD(X)

Let page reference stream, @=2031203120316457

Frame
0
1
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2
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Belady’s Optimal Algorithm

* Replace page with maximal forward
distance: y, = max g mF WD(X)

Let page reference stream, @=2031203120316457

Frame 2 0 31 2 0 31 2 0 3 1 6 4 57
0 22 2 2 2 2222000
1 00000333333
2 3111111111
FWD,;(0) = 00
FWD,;(3) = o

FWD, (1) = o0



Belady’s Optimal Algorithm

* Replace page with maximal forward
distance: y, = max g mF WD(X)

Let page reference stream, @=2031203120316457

Frame 2 0 3 1 2 0 31 2 0 3 1 6 4 5 7

0 2222222220000 444

1 000003333336 62%6717

2 3111111111115 F5
10 page faults

» Perfect knowledge of @ [ perfect performance

* Impossible to implement



Least Recently Used (LRU)

* Replace page with maximal forward
distance: y, = max ,g;mBKWD(x)

Let page reference stream, @=2031203120316457

Frame 2 0 31 2 0 31 2 0 3 1 6 4 5 7
0 2 2 2
1 0 0
2 3
BKWD,(2) =3
BKWD,(0) =2

BKWD,(3) = 1



Least Recently Used (LRU)

* Replace page with maximal forward
distance: y, = max ,g;mBKWD(x)

Let page reference stream, @=2031203120316457

Frame 2 0 31 2 0 31 2 0 3 1 6 4 5 7
0 2 2 21
1 000
2 3 3
BKWD,(2) =3
BKWD,(0) =2

BKWD,(3) = 1



Least Recently Used (LRU)

* Replace page with maximal forward
distance: y, = max ,g;mBKWD(x)

Let page reference stream, @=2031203120316457

Frame 2 0 31 2 0 31 2 0 3 1 6 4 5 7
0 22 211
1 000 2
2 3 3 3
BKWD,(1) =1
BKWD,(0) =3

BKWD,(3) =2



Least Recently Used (LRU)

* Replace page with maximal forward
distance: y, = max ,g;mBKWD(x)

Let page reference stream, @=2031203120316457

Frame 2 0 31 2 0 31 2 0 3 1 6 4 5 7
0 222111
1 00022
2 33 30
BKWD(1) =2
BKWD(2) =1

BKWD,(3) =3



Least Recently Used (LRU)

* Replace page with maximal forward
distance: y, = max ,g;mBKWD(x)

Let page reference stream, @=2031203120316457

Frame 2 0 31 2 0 31 2 0 3 1 6 4 5 7
0 22 2111333000686 6¢06°7
1 000222111333 41414
2 333 000222111055



Least Recently Used (LRU)

* Replace page with maximal forward
distance: y, = max ,g;mBKWD(x)

Let page reference stream, @=2031203120316457

Frame 2 0 31 2 0 31 2 0 3 1 6 4 5 7
0 2 2 2 2 2 2 2 322 2266 66
1 0000O0OO0OO0OO0OCOOOOA44 4
2 333 33333333355
3 1111111111117

« Backward distance 1s a good predictor of
forward distance -- locality



Least Frequently Used (LFU)

* Replace page with minimum use:
Yy = M yoq 1 FREQ(X)

Let page reference stream, @=2031203120316457

Frame 2 0 31 2 0 31 2 0 3 1 6 4 5 7
0 2 2 2
1 0 0
2 3
FREQ,(2)=1
FREQ,(0)=1

FREQ,(3) =1



Least Frequently Used (LFU)

* Replace page with minimum use:
Yy = M yoq 1 FREQ(X)

Let page reference stream, @=2031203120316457

Frame 2 0 31 2 0 31 2 0 3 1 6 4 5 7
0 2 2 2 2
1 0 0 1
2 3 3
FREQ,(2)=1
FREQ,(0)=1

FREQ,(3) =1



Least Frequently Used (LFU)

* Replace page with minimum use:
Yy = M yoq 1 FREQ(X)

Let page reference stream, @=2031203120316457

Frame 2 0 31 2 0 31 2 0 3 1 6 4 5 7
0 2 2 2 2 2 2
1 00111
2 33 30
FREQ((2) =2
FREQ((1) =1

FREQ,(3) = 1



Least Frequently Used (LFU)

* Replace page with minimum use:
Yy = M yoq 1 FREQ(X)

Let page reference stream, @=2031203120316457

Frame 2 0 31 2 0 31 2 0 3 1 6 4 5 7
0 2 2 2 2 2 2
1 00111
2 33 30
FREQ-(2)="?
FREQ-(1)=7?

FREQ-(0) = ?



First In First Out (FIFO)

» Replace page that has been 1n memory the
longest: y, = max ,.q jmAGE(X)

Let page reference stream, @=2031203120316457

Frame 2 0 31 2 0 31 2 0 3 1 6 4 5 7
0 2 2 21
1 000
2 3 3



First In First Out (FIFO)

» Replace page that has been 1n memory the
longest: y, = max ,.q jmAGE(X)

Let page reference stream, @=2031203120316457

Frame 2 0 31 2 0 31 2 0 3 1 6 4 5 7
0 2 2 2
1 0 0
2 3
AGE,(2)=3
AGE,(0)=2

AGE,(3)=1



First In First Out (FIFO)

» Replace page that has been 1n memory the
longest: y, = max ,.q jmAGE(X)

Let page reference stream, @=2031203120316457

Frame 2 0 31 2 0 31 2 0 3 1 6 4 5 7
0 2 2 21
1 000
2 3 3
AGE,(2)=3
AGE,(0)=2

AGE,(3)=1



First In First Out (FIFO)

» Replace page that has been 1n memory the
longest: y, = max ,.q jmAGE(X)

Let page reference stream, @=2031203120316457

Frame 2 0 31 2 0 31 2 0 3 1 6 4 5 7
0 2 2 21
1 000
2 3 3
AGE((1)=7?
AGE40)=7?

AGE(3)=?



Belady’s Anomaly

Let page reference stream, @= 012301401234
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e FIFO with m = 3 has 9 faults
e FIFO with m =4 has 10 faults



Stack Algorithms

* Some algorithms are well-behaved

* Inclusion Property: Pages loaded at time t
with m 1s also loaded at time t with m+1

Frame O 1 2 3 0 1 4 0 1 2 3 4
LRU 0 000 3

1 111

2 2 2

Frame O 1 2 3 0 1 4 0 1 2 3 4

0 000 0

1 111

2 2 2

3 3



Stack Algorithms

* Some algorithms are well-behaved

* Inclusion Property: Pages loaded at time t
with m 1s also loaded at time t with m+1

Frame O 1 2 3 0 1 4 0 1 2 3 4
LRU 0 000 33

1 1111

2 2 20

Frame O 1 2 3 0 1 4 0 1 2 3 4

0 00000

1 1111

2 22 2

3 3 3



Stack Algorithms

* Some algorithms are well-behaved

* Inclusion Property: Pages loaded at time t
with m 1s also loaded at time t with m+1
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Stack Algorithms

* Some algorithms are well-behaved

* Inclusion Property: Pages loaded at time t
with m 1s also loaded at time t with m+1

Frame O 1 2 3 0 1 4 0 1 2 3 4
LRU 0 0003334

1 111000

2 22211

Frame O 1 2 3 0 1 4 0 1 2 3 4

0 00 0O0O0O00©O0

1 1 1 1 1 11

2 22224

3 333 3



Stack Algorithms

* Some algorithms are well-behaved

* Inclusion Property: Pages loaded at time t
with m 1s also loaded at time t with m+1

Frame O 1 2 3 0 1 4 0 1 2 3 4
LRU- 9 0003334442272
1 1110000003 3
2 2221111114
Frame O 1 2 3 0 1 4 0 1 2 3 4
0 000000000004
1 11111111111
2 2222444433
3 333333222



Stack Algorithms

* Some algorithms are well-behaved

* Inclusion Property: Pages loaded at time t
with m 1s also loaded at time t with m+1

Frame O 1 2 3 0 1 4 0 1 2 3 4
FIFO 0 000333 M 44 4 4
1 111000800222
2 222 181 11 3 3
Frame O 1 2 3 0 1 01 2 3 4
0 00 0O0O00¢O0 4 4 4 3 3
1 11111880000 4
2 2222882 111 1
3 3338033222



