2 ATHE2] ofati, ZFESS

HAAFA

- O -



Page replacement

® Find some pages in physical memory, but not really in use, page it out
o MEXI ZZEHO||H|= page AIARIO| HO|X| 95A| SHCE
® Page fault 7} S l3HS 2| X2

® |.Find the location of the desired page on disk
2. Find a free frame:
- If there is a free frame, use it

- If there is no free frame, use a page replacement algorithm to select a
victim frame

- Write the victim frame to disk if dirty

3. Bring the desired page into the free frame; update the page and frame
tables

4. Continue the process by restarting the instruction that caused the trap

o CIASIO| 0| S 2y => BHHS TS HIS 1f, SHAS OIS )



Page replacement

valid—invalid

1] load M
PC —»
2 J i 2 D
v
3l M i 3| H B
logical memory page table 4| load M
for user 1 for user 1
5 d
6 A
valid—invalid 7 E
0 A frame bit
¥ physical
1 B 6 v memory
2 D |
2 |v
3 E & [y
logical memory page table

for user 2 for user 2

o) H frame bit O | monitor
N ' <
3 |v 1 ,l, .
4
5




Page replacement

frame valid—invalid bit

N ¥
change
0 |i to invalid
flv
reset page
page table table for
new page

swap out
victim

=

<
M

victim \
@ swap
desired
page in
physical

memory

\
- e



Page and frame
replacement algorithm

® Frame-allocation algorithm
o Zt T=MA0A R IHS| Za|tlE gEe ARIVh
® Page-replacement algorithm
o OH Z2|JUZ victim = MEHSE Zi017h
o Page RXNE0| 7I& H2 A0| gt
o H|OJX| WX E1e|F2| 95 E7t
® reference string
o CPU7| &ZE5tH= H|0[X]| HE 9| =ME LEH = EXIE

o Ij|O]X| &Xx{<]

>+°|-

= =%
= —/1 O



Page fault vs. number of
frames

16 =
314—
=
8 12}
D
S 10|
o
S 8}k
2
e 6
-

[ 4_

2._.




FIFO

e Refrence string: 7,0, 1,2,0, 3,0,4,2, 3,0, 3,0,3,2,1,2,0,1,7,0, |
® 3 frames
® 3 pages can be in memory at a time per process

® Belady’s anomaly

o TN A0 ZAYUS Cf FU=CIE HO|X| £X7} S}
reference string

GUBOHOCOCCOOICOLE

Ol (O] |0 3| [3]| |3 |2] |2] |2 1] |1 11 |0f |0
1| (1 1( 10 |0] (O] [3] |3 3| |2 20 12| |1

page frames




e
o N

number of page faults

N A~ OO ®

Belady’s anomaly

1 2 3 4 5
number of frames




Optimal algorithm

® Replace page that WILL not be used for longest period of time
o oA F30| 27t

o QZX| HWEHII CHHLE At

reference string
7 01 2 0 3 0 4 2 3 0 3 2_1 2

/

7\ (7| 7«27 |

o
o
w\o | |

21
7|
3

7o) [ =) [ ey

0
1 (1]

page frames




LRU

® Use past knowledge rather than future

o JtE LEIFON AFEE|X| 52 H|O[X|E x|

® No Belady’s anomaly

reference string
/7 o0 1 2 0 3 0 4 2 3 0 3 2 A1

e e 2 4| 4| (4| |O 1
g (O] o 0 O |0 |3] |3 3
il 3 il 2 2 (= 2

page frames




LRU

e Counter implementation
o I|O[X| FZ20| et HOICt counterE FA|
e Counter 210 7} M2 H|O|X[Z u |
e L= H|O|X| E|0]== Ct F{XOf &
® Stack implementation
e Doubly liked list2| FEfZ ABS RX]|
o AEHOf| HO[X| HE S ME
o M2El H|O|X|2 HSE top2E 0|F
o &t bottomOf| XISt page?} victim
o HO|X| E|O|Z2E FIE ERQ7I S
o HIEA| MMU/TLBS| =28 2HOOF ot

® Page tableS FIX|7L} stackS FIX|= WLIE CPUZ HZ [0 M (&
A5HA [ X|LHEl 22| FHEE Qlsl A[AR] Hs0| 0 HoE



LRU - stack
implementation

reference string
4 7 o 7 1 0 1 2 1 2

2 7

1 2

0 1

7 0

4 4
stack stack
before after



LRU approximation
algorithm

F LRUS| A2 04%5| =2l

-

e MMUQITLBE E

rol

® Additional-reference bits algorithm

® Access history

o X7| BE H{O|X|=

00000000 (8 bit 21 Z)
o FXTIEHSIH ST H[O|X|2| reference bits = 10000000
o JI& &2 reference bitsE 2= H|O|X|7} victim

® Second-chance algorithm
o 7|2XOZ FIFO

o -ZIA|ZH0] 7}& @El=l reference bitZF 00|84 11 X|, 10|84 0@ 2 H}
1 (=2MA[ZH0] S 2 T AHE) M2 2] ||



Second-chance algorithm

reference pages
bits

0o

o

next :’
victim L

el R

v

\/

circular queue of pages

(a)

reference pages
bits

0o

0o

0o

e & & ©

Y
\/

circular queue of pages

(b)




Counting-based
algorithm

o 7 M &gl HO[X|E WX
MFU
o 1Y O] &ZEE HO[X|E WX

e O|0| BHO| RtXE|QOOZ QtO 2 XX E

oL =
Cto uH:P

LFU, MFU 2% 450| EX| &=

5120

=1

| A
A



Page-buffering algorithm

® Free frame2| pool2 & RX|

o H|O[X| £XHA| WA|E m|O|X[Z C|AZ0| 27| TO| free frame O S

o IZM|AT} 7tsEHot HWal AIZSIER 8

o 12|11, WH|E HO|X|E C|AI0 Ct ADLIH 1 H[O|X|7} free frame pool0i| =7}
=

=]
=]

2!
0Ty

o H

—

o C|ATT SRAENLM SOt CIAZ0]| dirty pageE 7|Sot1l 18 HIEE 022 reset, Mxt
|

80| ZdistH HE H

o HO|X| £x{7} LH=[AHS mff, HAH|EZt 02171 OFFLt overwrite
d

?ln

® Free frame poolS ®XISE| free E|7| Z10|| O Z2MAT} AZ3M=X| 7|F (WO|X| HE2} of

HI)
o ZHOF OO AFZRHTEH Z2MAVF Z2 H|O|X|HE S 2= frameO| poolOf|A] RAEICHH, L=

(=1
=

-



Application and page
replacement

o £ SE= flet HIO[X| ux| E1E|F

® Database
e MFU’| LRUL} LFU ELC} O 8L £~
AS
o CHZ2l O[O |E1§—$ Mo 2 HE2|2 ©
01':O| 22 277 SOE= [[H,XHIf

01§0|71I 2=



Allocation of frames

o Zt T2 N AT} 7PKOFSt |4 Zaj|lo| £

=
o olLo| BHO 7| & ZotA = H[O|X|7t B& =S¢
H| =2 2[0f] A OF BT}

ags —’F—* 7(P‘*o %0| —)01| olslf 28



Fixed allocation

® Equal allocation
o D= I MAOH S5 £
e 93712 =&Y, 57HS| Z2M|A
o Zt T2 M[AT} 18702 =&Y, LIHHX| 37H= free frame2 2 H 2t
® Proportional allocation
® 62 free frames, | KB frame size, |OKB process and [27KB process
o 3|70 SE5HH |OKB processH Al EEE 217 L]
® 62 * |0KB/ (I0KB + 127KB) = 4

® 62 * [27KB / (10KB + [27KB) = 57

o T i DT SA0] ASEQI TRAAC| 47} BOK|H I um Ho{X|el o it
3 it



Global vs. local
replacement

o Tk
o H|O|X| EXHA[ victim
o of IEM|AOH =
o O L2 OZ22| ArEE, SHX|TH 28 ZEM|AL| H|O|X| 2EXHZ0| A|A[Z

7} b

o K| x|
o victim= AMO|A e Y02 H=A

o 3t TRA A0 BEHE T3 47t nHE
o o

r
o

—

o Z=MAS| HO|X] BEXiE0| €F,

o [MEfA, WA UK|E AHEe



Non-uniform memory
access (NUMA)

= AHE A|ABIOM CPU= CHE AFE(0
= H22]e] B2 Lt 42 ARE = HZ2E
H20| O WS

Frame &1 T2 MA A7 =S

58 €2 ARE = HEZ2[ofM =5
C

= O
o 262 ZEE0|M A& AIME|=E 3t => cache



