9F. 7hd M| =2

o
e

JHAL 0| 2 2| 2] O] (benefits) 2 7H
27 Ho|E, Ho|X| mA| MM, Ho|X| Za|Y s HiE MY
working-set model2| 2| =9]

=9 0|2 2|2 memory mapped file 2tA| &t

9.1 H|Z X|Al

B AlSHE| = instruction

o

= =

2| M =22|of AO{OF 2t

0| RTEAYY FF wye?
1. Z2 Mol XA =2
2. =X ™ 7J(dynamic loading) — programmer’s work

o /1 T

T4 37 B2l K220 X 3 MY

T+ o1

3. 7hE HIEE| AHE - 2o Baot FET 2| H22[0f ?{X]

B JtA O 2 2| (Virtual memory)

virtual
memory ~~_

physical
memory

disk

file

backing
store

7k

At 2 2| (Virtual memory)

® Virtual memory
» D2 =2 HZEet 22N HEEE 22
Z2 M2V 25| 220 AR K| Hote Z2MHA 4 58
=28 2220t 377t 2 7ty M 22 M 7hs
(virtual memory size < physical memory size+ backing store size)
» ZEOW ATV FEH HEEEC 2 5 US
H|O| X| £H2| 9| swap-in/swap-out > &3 37| Za

W Virtual memoryQ| 13 HitH
= 27 5 o|%& (Demand paging)
» 97 M[I1HE| 0| M(Demand segmentation)> 7tH 37| 20| o %




=c|¥ Hze|Hot 2 7hg Hze

page 0

page 1

— —

—1ood
\ _~ 000
_ 000y
e = o] (][]
OO0
o 1
page n i 2 &£ 1| 0| X| = backing store
’ off /%]

wvirtual
memory

7hd HiZE[et H2E SR

B UM 2R ZENASO| W22 Y 2R E IS &
» 29 2}0|E2{2|(shared library)
» 28 02 2|(shared memory)

- fork(Ol Sl TRA|IA MY SOt Lo RATEN AT HOIX 3
> 2ol TN By

virtual address space shared library using virtual memory
Max
stack stack stack
physical
l l memory l
sparse
adpdress shared shared shared
space library pages library
heap heap heap
data data data
0 code code code
6

9.2 2 7 1j|0| X (Demand Paging)

B Q7 10| & (Demang Paging)
» page’t ER¢ [Ijf pageE M2 2|2 71 Z - HR%H pageSTH AT
(cf) swapping - Z2MAE Al [0 EEHIA HH StS H=Z2[of
IS, M2 6?.*2 H|'r—|§ oy MM S+ EIAHE olset

» @7 HO|NE Sl T2 12 S lazy swapper EE&= pagergtd B &

S= T3
o7 Oojge ¥H
w UEE 44 > swap AZH A
» 2 22 AME > 022 S EY
- |:||:||-E OEF Al?_}
O B2 AEXASE

[k

23 Ho|% ¥ - Valid Bit Al

B I QAFE — valid bit2 AF2 3l page table, & & 7| O EHK|

= paging StEQ|0l2t 2 &
frame no.

® valid bit — Z} page table entry0j| = s} T ——

PP <

= 1= inmemory page frame no.

= 0 = notin memory

(1) ClA30] e (valid), £l (2) 958X %S [page #on disk | O

» X7\ BE valid bit =

= page”| O 2 2| Of J51?(HEE' o 12 4%
B Demand paging 7+

= paging tableg A3t FA Bzt IIHY M (hardware S2F)
« ifvalid bit = 1 (| 22|0f] MXj= S &S HO|X|) D> H22| X
« if valid bit = 0 (| 22| 0f| 8!-2) = page fault trap 24l

= page fault trap M 2| (2 M| X| trap handler)
« O22[of §X|CH ClAT0 JA2H > &l pageE H 222

N = WA

O ZSHA| U2 A x(invalid reference) = T Z M| A FCh(abort)




H 22| off HxH x| x| Rf2 H|O|X]| S %

0
1
2
valid - invalid
bit 3|
4
5
6

Zt = page table

| 0| X| ELX}{(Page Fault) X 2|

B Page fault 2| 2t
1. page tableQ| sl & entryE ZTALSHY] invalid & Q1S Ot
= Invalid reference = abort.
= not in memory, but on the disk = page itin.
2. free(empty) frameS &2
3. C[|A30| = pageE page frame2 2 swap in > disk read S&AHZE
4. disk read7} 2t = &| ™ page table 244!
« M7} =l pagel| page table entry0j| A{ valid bit =12 M7
5. page fault trap0f| 2|38 & &HE| R} H instructionS TYA|E
B &= 97 10| & (Pure demand paging)
« 27 97| Mo pageS M 2 2|0 MAYBIX| 2 - HAYSHA| 42 AEY
oM =212 ASHS A|RHSH
- 20| XS AU o] 2E H|0|X|of Cis page fault7} Ay st
B 22| &ZX9| XYM (Locality of reference) =X}
= Q7 HO|AZ AR & DtEEH0MSHreasonable) M52 E ¢

10

Page Fault X 2| 2}7d

(3 Pageison
! backing store

operating
system —_
L2)
reference =
.‘._I

trap

physical
memary

E | |
restart page table
instruction I
free frame - —_— B
(5) (a
reset page bring in
table missing page

11

Page Fault X 2| =

instruction X &!3H

B M2|5H7| {2 o
» 3FAHHAON (0)add A, B, C
= 0P HHO Q1E > AQE > BRIE > B > Co| HF
B X2[5t7]| of2f=z of
= block move instruction C
= page fault trapO| A1 sIH 0| 2 2| Of
trap 2 O|Mo| B2 LHES =
8l OF & — overwrite 20j|= 22 7=
= AL O page fault & 7ts54 S &2l
> 0| 7551 H page fault trap 244
= auto increment/decrement mode operation
©f) MOV (r2)+, —(r3) F
= FHOIE T AZSH7| Hoil =& r2, 1352 2l &

not in memory

} page boundary

12




Demand Paging?| d&

B I 0| X| £ X}&(Page Fault Rate): p (0<p<1.0)
= if p=0, no page faults
= if p=1, every reference is a fault
p7h 00 2HSI=5F SHOF &
B Effective Access Time (EAT)
= EAT = (1 - p) x [memory access] + p x [page-fault time]

= page-fault time = [page-fault trap X{2|]+[swap page in]+[processXjA| %]

H (0f]) memory access time=200ns, & page-fault time=8ms
= EAT = (1-p)x200 + px8,000,000 = 200 + 7,999,800xp
= p=0.001 = EAT = 8,200 = 8.2ms
» d5 10% 0|2tS 2 XSHEAT < 220)A|7|= page fault rate ?
EAT < 220 - 7,999,800xp < 20 - p < 0.0000025 = 0.00025%
= HO|X| &I & pE A FX[I5h= A0 T L.
X o™ EATE 243 37t = US

13

9.3 #7| A] EAHCopy-on-Write)

B Copy-on-write (COW)

n fork()E A3 T2 M| A M A A|0]| child process parent process2}
Z2 page 372 - page table L& S A}, pages SAISHA| g5
= exec()E 2EY [ SIS page7t £2 QA &= =X E 32
» 3R HOIX|E =7 (write) 2L}, = &= pageRt SAISH 20 =Hg
(Ct& &2t0|= 1 8)

» PE I O|X| 2 SAL[ 22 ZEX QI process ‘4o

B Zero-fill-on-demand

» free page frame2 e 0| 022 {9 O|H L8 2 X2 = 2
» stack I== heapO| SHZEHE|HLE, copy-on-writeE =32 [ 0] free page
frame S A|Of| A

14

Copy-on-Write
physical
process; memory process;
Before | [
modification | page A 1
{ !
[ R S pageB — I
. ! |
'_I—'I _pageC —
physical
process; memory process;
After L
modification | . page A
(Copy on write) | | L=

~ modify  —— | ' ;

15

9.4 1j| 0| X| 11 X|(Page Replacement)

free page frameO| ¢l = 4 2 (over-allocation)2| of 2 %
1. multiprogramming?| M= & Y&
» TZ2MA SR EE T2 M A swap out 2 page frame S ff K| &t
2. page replacement
I O| X| 1 A|(Page replacement)
= free frameO| O™
H2z2o & °"— A8 &0| Ot page frameS MEHSHO swap outdtil
MZ 2 pageE H|R| %l page frame2 £ swap ingl
» demand paging®| 7|&0| &
» =2 W22 S2|H HEe e 227t HdE
HO|X] X Le2lE
» N CfMOZ MEHE| = page framegS AXSI= 12|
= victim frame
» page fault =& £[A 35 02| ECE MA

ol

>

16




Ho|X| mH|2] 7]= AP

B page replacementS Z 36T = Page-fault service routineS =7
1. C|A30|M ER3t page X E &S
2. free frameS %2
(@ A2H, OAS A EE
(b) 912, page replacement ¢ 12|52 ALE3}0 victim frame A E4
- victim frame& C|A 30| X%t page tablelt frame table =7
3. T Q3 pageE free frame0d]| 7} 211, page tablel} frame table $=
4. page faultZ7f 2HA St instruction X§A| 2
H free frameO| Q/CHH 2HH 9| page M& & 2 (swap out, swap in)
B Modify bit (Dirty bit)E A2t page & ZHA HHH
= Modify (Dirty) bit — H|O|X| 7} £ M £ 22 HA|
» I O|X| WA AlOf| =7 &l HO|X|Tt M7 E =

page’t HAL|X| UYL H swapout 2EER :
2.swapin

17

Page Replacement View

frame | ; valid—invalid bit

swap out
change vietim

0 |i to invalid @}
g
@ f| victim
reset page \
table for @
new page swap %__ ‘[:l
desired i

page in

page table

physical
memory

18

Demand Paging and Page Replacement

ol

B Q7 IO 720 BastF 7K 52 €ig|
« frame & A 1N2|F

= page WX X102|F

B Frame &% 21 2|=
» O ZEMATEENSHE B2, 24 ZEMNA0|AH Ok B2 frame
o C
=

St

2B OF Bt= 7t

19

Page-Replacement ¢ 12| &

rx
oz

B OO|X| £IHE20| H2 A=
m An2|E Eot
» EF 022 H¥EG@WOIX|Zt H#ARE|l= &=AM)0ll ChHiAM =25t
page fault =& At
« & (reference string) pa@lg# %ﬁset

0100, 0432, 0101, 0612, 0102, 0103, 0104, 0101, 0611, 0102,/0103, (page=7|=100)
0104, 0101, 0610, 0102, 0103, 0104, 0101, 0609, 0102, 0105

=> reference string: 1, 4,1,6,1,6,1,6,1,6,1
B Page-Replacement &1 2|&
» FIFO: 7% @2 =l IO X| & K|
= LRU (least recently used) : | 20| AFE E|X| 2 H|O|X|E w A
= LRU Approximation
= Counting-based : LFU(least frequently used), MFU(most FU)
= Page-buffering

20




718 frame $=2} page fault}o| ZtA|

FIFO Page uA|

B 7}2 frame =7 S7t2 £~ page fault == 2442 74O 2 o A B 7% 22 El page frameS WK
reference string
16\ 7 01 2 0 3 0 4 2 3 0 3 2
14 1 €
g o\ 2| @[ [ @
S 3| (9] {2 2 [2]
TN @ [o] [l @ [2]
5 8 b frames
page
% 6 \--.
" 4
2 15 page faults
1 2 3 4 5 6
number of frames
21 22
FIFO i A| & 112|= - Belady 2= &M 715 Belady’s Anomaly

m (0) Reference string: 1,2, 3,4,1,2,5,1,2,3,4,5
= 3 frames/ process

1 45 1,2,3,4,1,2,5,1,2,3,4,5
2 1 3 = 9page faults
3

32 4

= 4 frames / process

1 5 4
2 1 5 = 10 page faults
3 2
4 3

1,2,3,4,1,2,5,1,2,3,4,5

23

B FIFO Replacement — Belady’s Anomaly 2f4 7t=

16

14

; L1

number of page faults

ST O = - B

1 2 3 4 5
number of frames

24




Optimal Algorithm

B % QiSO AFE L X| &S pages WA

= 0|23 pagesS &7| of 43 (SIFCPU AAEE ZE|E0t FAD
B2 dag|EoHu EHOZ ALEH
m (0f)

reference string

t

i

25

Least Recently Used (LRU) Algorithm

gz Az El) pageS WA
2o MAHE 7k Ol2he] MK 2 =7
frames: reference string: 1,2,3,4,1,2,5,1,2,3,4,5

20l ArEE (1S 22 Tof £

=> 8 page faults

B LRU 713 9 3}CEQ0 = 20| ZQ
= counter — page table entryQj| counter &,
» D22 FZOLC} clockE 57t
« I O|X| &=0O}IC} clockS counter2 £ A}
« counterg}O| XA QI page WA
= sStack — Ij|O|X| HS HEE stackE §X|
« I{|O|X| &Z=0OCt, &=xEl Ij|0|X| HS £ stack top2 2 0| =

= stack bottomQ| I{|O| X| I A

26

0 3 0 4 2 3 0 3 2 1 2 0 17
EE@E [ -
lo] [o] [o] |o 0
R REI NI
|_page frames
9 page faults
LRU Z AL 22| &
B %X H| E(Reference bit)
022 X£7|5t

Zt page entry0f 1H| E reference bit A},
» page/t FXxEH, 12 27

= page’t AFEE|E wAM = EX| =

AR E|X] Q2 (A X H|E=0) page  8}LtS MEASIO] T K|

At H| E (Additional-Reference-Bit) algorithm
XX HIO|E AR — 97 A|ZtOFCH & X HFO| E £ shift right

AL

reference bit  history bits

(LRU) 00000000 < 01110111 < 10000000 < 10001110 (MRU)

27

LRU ZAl 2 02|S - 2%} 7|3 2 0|=

B 2X} 7|2| (Second chance) &1 2|&
» XX (reference) H{EQH AL
= page==2 circular queueZ 3¢ (next slide)
= WM pageE =AMUZ ZAL
« X HEJH10|H 02 MY . 73| EStH O &
« R H|EZ}00|H SHEt I O] K| A
clock WX &1 2|=0|2fnE &
| 7HM E LRU A LS
(reference bit, modify bit) A&
« 47X =3t
(0,0) : neither recently-used nor modified (! A| Cif&F I O] X|)
(0,1) : not recently-used but modified
(1,0) : recently-used but not modified
(1,1) : recently-used and modified

28




Second-chance(clock) page replacement

reference pages reference pages
bits bits

o

[o]

[o]
next

victim *_1!

[ e r‘)

e

& [

v
3]
circular queue of pages circular queue of pages

(a) (b)

[=]
0 -0
(
s

29

Counting Algorithms

B Counting Algorithm
= Zf page entry0f| &= 2= A= 2| counter AL
» BE3IFE 7|HCE WK page B - O] AL E[X| § S
» LFU(least frequently used) Algorithm
= MFU(most frequently used) Algorithm
B Page-Buffering Algorithm
= 78 frameQ| pool& §X|
» If|O|X| & T free frame2 2 |2 0], He|ot A|F O
victim | O| X| £ C|A 30 A Z&tst
B =7d &l page-buffering algorithm
» modified page list 8 X|%t. paging deviceZ}idle ! ff OtCt, =7 =l page
£ MEISH] C|A30| M > victim pageg M&Ee BRIt 9
» free frameS A2 E pageE 7| et
O frame2 THALEA|O| C|A3 YHS & HR7L S

)

30

9.5 Frame &¢t

W processOf| 4| & & 35t= frame 5=
= XA frame 3= — O} |El K Of oA 2™
= Z|0f frame = - 7t =2 H 22| 7|0 25iA 2F

B (0f) IBM 370 — SS MOVE instruction2 6 page 0|4t 2 &
= instruction is 6 bytes, might span 2 pages.
= 2 pages to handle from.
= 2 pages to handle to. ]

instruction
- source
m oSG AneE ]
destination

= fixed allocation
- e
« Hggd

= priority allocation

31

Allocation Algorithms

B #S% % (Equal allocation)
» DE ZZNAOA FZ0 2
(0f) 100 frames, 5 processes > 2t T 2 M| A 0f| A| 20 pages?! gt &t
B H| 2| &Y (Proportional allocation)
» ZENMA0 37|0) H25to] 2
= Let m = total # of frames, s;= size of process p;
allocation for process p;, &= (s;/S) xm
,wWhere S=3s;

(0f) m = 64, s1=10, s2=127 > S =sl+s2 =137
al = (10/137) x64 =5, a2 = (127/137) x64 = 59
B M| e (Priority allocation)
. 2 MAQ| 37| CAIO| priority EE= 37| Y priority2| 28t
AE5H0] HIHZE AL

32




Global C}| Local Allocation

B ™S K| (Global replacement)
o 2= frame H 0| BHE frameS T
CHE T2 MAZEEH frameS 7IMHE £ U2

B X|guw 1|(Loca| replacement)
= 4 ZERNAE AOA 2 EE frame TN DAY frameS &Y

B QubX O 2 M MK 7} A|AE throughputO] G S

FE

33

9.6 2 2{| A (Thrashing)

B T2 NATHSESHpageE 2 HX| XSHH, page-fault rate 7}
O % =OLX| A &
= T2 M ATt swap-infoutd] A|ZHS AH| D>
. ',-JE CPU utilization. =
. XA 7t multiprogramming?| =& F7tA|7| & T >
. f: ZEMAZEAAEO F7HE D>
» O BE2 page faults 284 >
= CPU utilization  23}=!
(See next slide)

[ | Thrashing
» HIH3 page WA 2 T2 A AT} HHEX O 2 swap infout S} =2}
HpE Azt

34

Thrashing Diagram

I thrashing

CPU utilization

degree of multiprogramming
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x|/ mE(Locality Model)

B thrashing & X| £ 9|5l
« ZEANA0H TR 0t 0| frame K| S3HoF &

m ZEAA 4O XY B
= X[GY(locality) : SH2 2 e/ AHEE|= H|O|X| 52| Tt
- TRIYS WO 2 XAYEE THE
» ZZNAT7FAJEO Mt X Yd 2 ol
- NYYE2 FHY 4 AU
B thrashing 24 210l
= X size of locality > allocated memory size & [If thrashing 24
= SPH AL &= HO|X| S 25 H22|of MAHE 4= 917 W0

36




memory address

memory addross

ks 4 " 1
VTN LD ;
ll / .:| wllf : s

— et | il (e

page numbars

B il e | — time

exacution time ——
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Working-set model

B working-set window : A
» DHE Z14=0| I 0| X] = (0f]) 10,000 instructions
B working set (locality) : WS(t)
= 7FY E| 2ol ABO| T O|X] =0 S0{UA= M2 LHE page et
= working set size : WSS; = [WS(t)|
if A too small, will not encompass entire locality.
if A too large, will encompass several localities.
if A = oo, = will encompass entire program.

page reference table

... |2615777751623412|1344434344413234443444...
3

A A
- -—
!1 r2 A=10
WS(t,) = {1,2,5,6,7) WS(t,) = (3,4}
WSSi=5 WSSi =2

38

Working-set model(2)

B TKH| frame 72 D=3 WSS,
= if D> m, thrashing 244 (m: # of available frames)
B Working-set strategy

» fD>m, 3t ZZMAE X502 0| ZENAQ| pages=2 LHE =2

M A0 Al 2HEtsto] thrashingS 2HX| &t

39

Working Set =X

B working set =% df & memory

» 07 A|ZtZHA EFO|QL 2H|E E & H|E ALE B
= (0) A=10,000
« 2t T|O| X|OCt O 2 2| Of) 2-bit history H| E 27}
= 5000 time unit OFCt timer QIEHEE
- reference bitE history2 £ At & clear
« XtX H|EQ} history HE & MO & 1H|EJ} 19l Ij|O| K| =
working set0f| Y= A<l

1** | *1* I **1

40




Page-Fault Frequency(PFF) Scheme

increase number
of frames

\ upper bound

lower bound
\ decrease number

of frames

page-fault rate

number of frames

B Thrashing H| 0 g4
= "acceptable" page-fault rate A
« If page-fault rate too low, T2 A= frame =& &
= If page-fault rate too high, ZZ M| A= frame =&

41

9.7 Memory-Mapped Files

B Memory-mapped file I/O

» C|AT EE(ELfile)2 220 9= pageo]| M

> file /o= 25| K22 HZ2Z M
- Jh4 Fa B0 YRE =2lHoR miYn
= mmap() system call At (UNIX2} Linux)
B Memory-mapped file operations

« IO Q=32 open(), read(), write() A|A
o Eowjl E}Agl.ol-

» demand paging= AHESI0] It S S

« IO paged 7| EEO| file systemO| A E2|H

- ASHQI I gl7|/m | s BEo| H =2
B o2 Z2MAVHHOIXIEE S

== &wot0 &2 Lheof HE

—

AAA| 2

E LG R RS

pageZ

Mooz KNz

-
I_
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Memory Mapped Files

T I

g

Gty Bt 3

1 F--=a 1 4

F] b 144 5

3 L4 -1 4 ]
4 I+
5 =T
6 =

process A

process B
virtual memory

virtual memory

disk file
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