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27 HO|d, HO|X| WX FM HO|X] =g & 7iE 4F
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8.1 H{ 4 X| Al

B A= instruction2 2| H 22| LO{0F
B O PO SF U272

O -Hd -
1. Z2O/MO| WM =2| 4 S¢S 22| HZ2|0f MM = &
2. && X Xf(dynamic loading) — programmer’s work

3. 7MS HIEE| ALE - 240 2Rt F28 =2| H 22| 2{X|

B Ut O[22 (Virtual memory)

disk
B — _—
virtual | phsiEl 1 - file
memory ~~_ _Memory —
........................... -
\\ backing

. STOYE



7+ 0| 2.2 (Virtual memory)

B Virtual memory
«» ZEIOHO =2 K22t =2|H HZ22E =2
» ZEMATF 2T K220 HAHE[X] Ot Z2MA 2l 5{E
« =S| 2220 A7 2 7t W22 HS 7ts
(virtual memory size < physical memory size+ backing store size)
«» Z2O- A7 =28 HEZEL 2 5+ US
« I O|X| Tt O] swap-in/swap-out > ¥=3 37| LA

B Virtual memory2| 7+ B
« 827 10| (Demand paging)
« 27 MI1HH O] M(Demand segmentation)> 7tH 37| 20 O %t



=c|d HE22| 20t 2 7S M2

page 0

page 1

page 2

page n

virtual
memory

memory
map

physical
memory

2 2 1| O| X| = backing store

off K]



7Hd H 22|t HR2E| S+

B UMY HEEE ZENASO| HEE QLY SFE 7IsotAl &
» & 20| B 2 2|(shared library)
» & 2 2|(shared memory)
« fork()Oll 2|2t Z2MA M SO R EQF APA T E M ATELO|X] S5
> BENO ZTZMA MY

virtual address space shared library using virtual memory

Max
stack stack stack
physical
l l memory l
sparse

adpdress s.hared shared s.hared
space library pages library

heap heap heap

data data data

0 code code code




8.2 21 H|0]%

o (Demand Paging)

B 2 0| (Demang Paging)
« page’t 2R I pages HE 22 7t = - ER9F page=TH H XY

(cf) swapping — ZZA|
Mk, HEe &

. 27 HO|YES %S
m 27 Ho|Fo| AH
Olz= 3 ZtA > swap A|ZH ZHA

=]

2 ST A7

o

OFro
LS —

AM-EX &

ﬁg Aalish Mo Z2MA ©AH 57H2 02 2] 0

= HIRE Mo 8A st CIA3 2 0| 5T

l= T2 1M S |lazy swapper EE= pagergtd £

HZ22 AHE > 22| S2H 2

F

[I|ﬂJ



2+ Ho]d & - Valid Bit AIE

B ZeAS — valid bitE AHE Sl page table, 2= 7| Q&K
= paging SIES 0|2t &=
frame no.

B valid bit — Zf page table entry0| L& page frame no.

= 1= in memory page frame no.

= 0= notin memory

(1) C|230| S (valid), £= (2) F25HX| %S | page # on disk

a X7|ZF BE valid bit=0

= page’t M2 2|0 X2 o 1= 478
B Demand paging T3
= paging table= ALETH =4 B2t IPH 0 A (hardware S2})
= if valid bit =1 (2 2|0 MY =l = ot L[O[X]) > HE2| &=
= if valid bit = 0 (2| 0f| 8l=) = page fault trap &4
= page fault trap M 2| (2 Z*XA| trap handler)

« H22[0 SiX|TH C{AF0 Y™ > Fl|E pagee o222
I—IXH XHAIOH

« FROHA| &2 EHX(invalid reference) & ZZM A ZCthabort)
8



M| 22| of] HIHE|X] B2

0 A
1 B
2 C
3 D
4 E
5 F
6 G
7 H
logical
memory

O] X| & =

2t = page table

0
1
2
valid—invalid 3
frame bit
0 4 |v
1 i 5
2 6 vV 6 C
3| —H
I A el R
4| _|i
509 [v|] T8
7 i
10
page table
11
12
13
14
15

physical memory




1| 0| X| &£ X}{(Page Fault) X{ 2

B Page fault 2| 1Y
1. page table2| S entryE ZA}SHO] invalid & 21 & O} E
= Invalid reference = abort.
= not in memory, but on the disk = page it in.
2. free(empty) frame= &S
3. C|A 30| = pageE page frame2 £ swap in > disk read S&AHZE
4. disk read?} 22| ™ page table 44!
= NI =l pagel| page table entry0| A valid bit=12 &7
5. page fault trap01| O|8ff ZEHE| A H instruction=S XA A
B == 2 0| & (Pure demand paging)
» 27 7| H0|= pages M 220 I SHX| g — KR SHX| RE2 FEl
A =220 MaHS A|AHSH
» ZE2130| X Z AW E o == IO X|Of| CHSH page faultZF Zel 2t
m 022 #xO| X|HM(Locality of reference) = XY
« 27 HO|HE AR = BtE52 St reasonable) 88 £ ¢

10



Page Fault A{ 2| 2}

page is on
backing store

operating
system

reference

0

load M

N — |

restart
instruction

page table

(@)

trap

®

reset page
table

free frame |4

physical
memory

@

bring in
missing page
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Page Fault X{2| £ instruction Xl !4

B X2|ot7| ¢ O
« 3T HHO (0)add A, B, C
« It HHO 91F 5> ACIE > BOE > G > Cco| &
B X2|ot7] 012 O

= block move instruction C
= page fault trapO| ZMSIH 0| 22| — page boundary
trap &8 O|MO| O 22| LHES & = not in memory
5l OF & — overwrite £0= =& =27t J
= A0 page fault &4 7HsH & =0l
> 20| 7t53FH page fault trap A4 D
= auto increment/decrement mode operation 1
(o)) MOV (r2)+, —(r3) F 390 &3
« BHOE M A XS | ©o| =& r2, r3dks Rl 422 =3

12



Demand Paging?| 85

m I O|X| & X}&(Page Fault Rate): p (0<p<1.0)
= if p =0, no page faults
= if p=1, every reference is a fault
p’t 00 Z™St=5 SHOf 2t
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]+[processXi A|E]

B (0]) memory access time=200ns, H* page-fault time=8ms
= EAT = (1-p)x200 + px8,000,000 = 200 + 7,999,800xp
= p=0.001 = EAT =8,200 = 8.2ms
« 5 10% 0|2t 2 MSHEAT < 220)A|7| = page fault rate ?
EAT <220 - 7,999,800xp <20 - p < 0.0000025 = 0.00025%
» HO|X| X & pE RA |XIst= 40| 2.
OZX R HEATE 843 7t += U

Lo — L—

13



8.3 27| Al 5 Al(Copy-on-Write)

B Copy-on-write (COW)
« fork()2 ALETH Z2AM|A M- A0 child process= parent process 2t
&2 page 57 — page table L{& E A}, pages= SAISHK| %Z
- exec()2 2= Wl EAIS page?t 22 A &= XM E o2
« S HO|X|E *x*(wrlte)OHZf , =3 E|= pageTt SASH 20| =gt
(CtS £2t0| = )
« FYE LO[X| 2 SAE 22 28 9l process &S
B Zero-fillFon-demand
« free page frame= &2 M0 02 = x| O[T LfE
2

Py R

L
» stack == heapO| 2 E|HL}, copy-on-writeE =
frame 2 A0 *f%

o
K=
=2
3
@
e
&
<
G

14



Copy-on-Write

physical
process; memory process,
Before
modification [ pageA
- page B 1 |
» page C — ]
physical
process; memory process,
After
modification [ PageA
(Copy on write)
- page B 1
modify

page C — ]

copy of C|

15



8.4 || O] X| u X|(Page Replacement)

B free page frameO| gl= &% (over-allocation)2| 5l &4

1. multiprogramming®| d =& Y&
« TENA BSE L= T2 M A swap out 2 page frameS ol M| &
2. page replacement
B I O|X| W X|(Page replacement)
= free frameO| Sl 2™
H 220 U= AFR 50| Ot page frame= ME
MZE 2 page= H|% %! page frame2 = swap in
= demand paging?| 7| 20| &
«» =2 HEZ[et E2|H H2E|o Z
m OO|X| uK H2[&
» WX MO = MERE|E= page frame= 2785= E12|E
= Victim frame
= page fault =& Z[2215l= Y252 M

=

SH0] swap outdtl,

oot |

u

7!. FA £

[ — O O

16



g o] x| wH[e] 7]= IS

——l—_l_

B page replacement= E 35l =& Page-fault service routine= =48
1. C|A30|A 23t page RIXE HF
2. free frame= &S
(a) QUOM A4S AtEE
(b) B1 2™, page replacement €11 2|52 ALESIH victim frame 1 Ef
- victim frame= C|A 30| JHIFo}ﬂ page table1f frame table == *7‘*
3. ERTtpageE free frameli| 7} 211, page tablef frame table =7

4. page fault?t 2’45t instruction X{ A| &
B free frameO| QICHH 2H 9| page M & & L (swap out, swap in)
B Modify bit (Dirty bit)& A8t page H& &A B
= Modify (Dirty) bit — H|O| X| 7} =HE[}USZ HA
= I O[X| WAl AlOf =7 &l H|O|X|Tt MT|E 4=
« IO|X[e Y&Z0| CjA30f US Mof

A =2

1. swap ou
page’l HE X[ AU H swap out = E R ——— PO \
2. swap in

17



Page Replacement View

frame\ J valid—invalid bit

0 |i
f Vv
page table

change
to invalid

®

reset page
table for
new page

swap out
victim

@ page

victim
swap
desired
page in

physical

memory

18



Demand Paging and Page Replacement

m et Jl|0|7§>' 0 2Rt F /M 8 EAEE

||
O
3
Q)
ok
onl
|'|JO
I—J
T

» O ZEMLTFEMSHE 89, 4 ZEA L0 20t &2 frame

19



Page-Replacement € 12| &

B §O|X| Xf&0| 2 Aoz M
m 2SI
» 578 022 HEEWO|X|7F EXE= =A)0 CHH A =50

page fault & =& A4t
» EEH(reference string) paqg# %ﬁset

0100, 0432, 0101, 0612, 0102, 0103, 0104, 0101, 0611, 0102,[]3, (pageﬂ7| =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: 7td 22 & HO[X|E uA
= LRU (least recently used) : Z| 20| AFEZ[X| 22 H|O|X[E X
= LRU Approximation
= Counting-based : LFU(least frequently used), MFU(most FU)
= Page-buffering

20



718 frame T2} page fault2}2| 24|

B 7t2 frame 7t 37t =5 page fault == 244 HAOZ o &
16
. \
8 12
[0b]
@ 10
o
S g
[eb]
0
E 6
g S —
4
2
1 > 3 4 5 6

number of frames

21



FIFO Page 1A

m 7I% 22fEl page frame= WA

reference string
2

-

(

(&)

0

-

)

1

(2] ]

page frames

(

EIEI®)

0

(O w[m]

(o]

EISES

(@[T =]

B

(@ z]o]

OEE]

NN
N\
\—n)cn ~

15 page faults
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FIFO i1 N| ¥ E|F - Belady 2= &M 75

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

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

2|2 | 1 3 = 9page faults

3|3 |2 4

= 4 frames / process

1|1 | 5 4 i, 2,3,4,14,2,5,1,2,3,4,5
2|2 | 1 5 = 10 page faults

3|3 | 2

414 | 3

23



Belady’s Anomaly

B FIFO Replacement — Belady’s Anomaly &M 7ts

number of page faults

16
14
12
10

N A o0

2 3 4 5 6

number of frames

24



Optimal Algorithm

n O|E P
R F2 203|Zo HI SHOR ALRE
m (O

reference string
7 0 1 2 0 3 0 4 2 3 0 8 2 1 2 0 1 7

7 7| @ 2 2 B 2 2
0| |0 0 (4] () 0 0
- = 7
1] 1) 3 3 3| (1) 1

page frames
9 page faults

25



Least Recently Used (LRU) Algorithm

Bty 2 20 AEE (7HY 22 HOf| H=Fl) pages WA

a X0 MHE IR 0|22 2AK|Z =

B (0) 4 frames: reference string: 1,2,3,4,1,2,5,1,2,3,4,5
: 5 | ' | ‘ ‘
2
3|5 4 =>» 8 page faults P
4 | 3 :
top r

= counter — page table entryOll counter =&t
o<
« 022 &Z0OCt clock= 7t

= countergfO| X429l page WX
= stack — H|O|X| H= MEHE stacke FA|

!

i

|

T

|

T

|

T

|

T

. T 0|X| &x0iCH & X5 T0|X| M E stack topQ 2 0|

= stack bottom2| I{|O| X| il A|

26



LRU Z2AF €112 F

m XX H| E(Reference bit)
= 2t page entry0f| 1H| E reference bit AF2, 022 =73}
= page’/ H=E|H, 1§ =ps
= page’t A E[= =M= YA Z&.
» LR %*%(’é.*z H| E=0) page = &}Lt= MEHSIO] WA

m 27Ut E X H| E(Additional-Reference-Bit) algorithm
I HIO|E AtE — 278 A|ZHOLCE EHE HEO|EE shift right

u [ PR

/
e — >

reference bit  hijstory bits

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



LRU At F1E|F - 24} 7|2 & E|S

B 2Xt 7|2| (Second chance) €11 2|&
= XX (reference) H|ETt AtE
= page== circular queueZ ¥ (next slide)
WH|E pageE =ACHE ZA}

« X HEJIO|H 02 HF 7|3 ESHHE F

« X H|EZF0O[H i H{O]X| w A
= clock WA 2 2|FO0|2t 1 &
mME LRU 2AF 2|E
= (reference bit, modify bit) AFH&
. 471X X3

(0,0) : neither recently-used nor modified (4| Cif4f If| 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
bits
0
v
0
v
next
victim * 1
v
1
v
0
1
v
1

N

circular queue of pages

(a)

reference pages
bits

0

v
0

\ 4

\ 4

v
= 0
1

\ 4
1

N

circular queue of pages

(b)

29



Counting Algorithms

B Counting Algorithm

» Zf page entryQ| =X 2= Al+=E I counter AFHE

—

« MESIFE J|HIOZ WK page MEH — BEO| AFE E|X| %S

- LS LS O
= LFU(least frequently used) Algorithm
= MFU(most frequently used) Algorithm
B Page-Buffering Algorithm
« 71 framel| poolE £X|
« I|O|X|E HAK free frame2ZE A2 0], WSt A|HO
victim H|O|X| & C|AA0f| &gt
B 7 & page-buffering algorithm
= modified page list 3 X| 2. paging device”t idle [ OFCH ==
£ MEiEI0] C|AT 0| MHE > victim page= M T 27t 9
« free frame= ALEU H pageE 7|9

=
Ol frame% XHA'.%A'O.” Elﬁﬂ olgi= ot Elﬂjl. O,

A=)
H==2 2 2 HAT



8.5 Frame &gt

processO|| Al & dt= frame =
» Z|2 frame == — OF7 B O 2|5 27

« X[CH frame = -7t =2 22| 270 2|SiA Z278
(0) IBM 370 — SS MOVE instruction= 6 page 0| & ZQ

= instruction is 6 bytes, might span 2 pages.
= 2 pages to handle from.

= 2 pages to handle to.

LS L

n fixed allocation
L ESiC}H

E _o=o0o

- HH S

= priority allocation

- instruction

source

destination

31



Allocation Algorithms

B S22 (Equal allocation)
» D= ZEZN20A £E0l YY
(04l) 100 frames, 5 processes 2> Zf L= M| A0 A 20 pages® St
m H|2 2= (Proportional allocation)
« ZE N0 37]0f H[25HA 2
» Let m = total # of frames, s, = size of process p,
allocation for process p;, a, = (s;/ S) xm
, Wwhere S = X s,

(O) m = 64, s1=10, 2=127 > S =s1+s2 = 137
al = (10/137) x64 =5, a2 = (127/137) x64 = 59
B M=% Y (Priority allocation)

T2 MA9 37| LA priority E= 37| U priority2] 2EHS
AESHY B S AE

32



Global Ll Local Allocation

B T <Y K|(Global replacement)
« 2= frame 2 O|AM WML frame= 4 EH
» CFE ZEMAZRH frames 7182 = US

B X| Y H|(Local replacement)
o 4 Z2NAE KPAOAH S E frame EEOIA DHE frameS A E

N
ne
i

M o 2 MM 7 A|AE throughputO| T £

33



8.6 2A2]|/d(Thrashing)

O

B ZEMNATESES pageE Y 2K
DH @) _'-|—_O|.X|7-” =
s T2 M AT} swap-infoutdl| A|ZtS AH| >
« =2 CPU utilization. =2

5 6}H, page-fault rate 7t

« 2GH X7t multiprogramming?| ME & S7tA|7| 22 THEL D

» CFE ZENMATFA|AHO F7HE >
« O B2 page faults 24 >

= CPU utilization & 2t3}=!

(See next slide)

B Thrashing

« BIHSHpage WHE ZEMATLHIEAEOC

HE o

Z swap infout dt=2}

34



Thrashing Diagram

CPU utilization

thrashing

>

degree of multiprogramming

35



X" B (Locality Model)

B thrashing 2 X| & ¢/o}0
« ZEMA0AH 223 HZE 9| frames= K|S SHOF &

m TENA A XYY 2
« X9 (locality) : HEH 22 B7H A8 &|l& H|O|X[E2| T
« ZROWS HIHOICHE XAMYER THE
. T2 N AT ASE et X DML o|FE

= =~ A o
NS S 4 US

F

rot

B thrashing &4 & 2l
= Y size of locality > allocated memory size & Il thrashing &4
« 24 A E= HO|X[ 22 25 02 2|0 75ﬂH% = 7| =0

36



memory address

memory address

page numbers

34

32

30

28

26

24
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g g mluurnml”|||rnll||||||"'||||'||‘ll|'||||||”|'|“-.”|' "””“"”‘ — time

execution time ————»
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Working-set model

B working-set window : A
« 8=l 30| I[O|X] EZ (0f]) 10,000 instructions
B working set (locality) : WS(t)
o 7P Z| 2] AR I O] X| EZO| S0 U= A2 CHE page T
» 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 =0, = will encompass entire program.

page reference table

A A
-} - i
f1 tg A=10
WS(t,) = {1,2,5,6,7) WS(t,) = {3,4}
WSSi=5 WSSi=2

38
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Working-set model(2)

B HX frame 272 D =X WSS,
« if D>m, thrashing & (m: # of available frames)

B \Working-set strategy
« fD>m, St TZMAE FX|SID
N 20| A & E5H0] thrashing= &

39



Working Set X

B working set =X HH

. 1 A|ZHZbZ Efo|mol o E Bz H|E AR oo

-] < P
= (0)A=10,000

« 25 O] X| OtCt Of| 2 2| Of 2-bit history H|E =7}

= 5000 time unit OFC} timer QB B E
> reference bitS history2 2 At Z clear

« &X H|EQ} history H E & B0z 1H|EV} 121 If| O] X| =
working set0 A= .

1** *1* **1 ‘
now
SRl R=l Sl g
= history bit = 57} 3 EtO|H QIHEHE HlE S}

40



Page-Fault Frequency(PFF) Scheme

% increase number
g of frames
=3
o upper bound
o
[@)]
4y
o
lower bound
decrease number
of frames

A

number of frames

B Thrashing A0 &t
= "acceptable" page-fault rate 27
= If page-fault rate too low, ZEM A= frame T2 &
= If page-fault rate too high, ZZM|A = frame =& =&

41



8.7 Memory-Mapped Files

B Memory-mapped file 1/0
» |23 SF(E=file)g HZE|0 U= pagelf EE
> file /0= 282 HZ2| 222 K|
o bt TS0 LR E =e[He 2 nraf HEAZL
=« mmap() system call AFE (UNIX2} Linux)
B Memory-mapped file operations

« IO AZEEZ open(), read(), write() A|AHl S = CHAIY O 22| BEZ

= &0ot0 the=2let
= demand paging= AtE
» LFYO| paged 7| £&0]| file systemO M Z2|& page= 245
« ASEQ OO Q7[/MT|= EEO HEE| 2o E N
B 02 ZENATVLIO[X| &2 3700 &2 mHo| s =

o THelg 9l

2 o

s



Memory Mapped Files

>
@]
ol
S O
—|N|jd (= |n|© o £
3
g 2
T T 1T T 1 >
I -1t raQTTTTEsEsEsEEEEEEs 1
I | ==~ —=—=—=—======- ;!
—m === — [
1 [ 1
o e e e - I L
r r L. L
v W el
v v R J AR}
>
S
e
Q
™ © ~|w <oy m
©
RS
W
>
h
Q.
Y S S Y Y M Y Y
-I- -II- — — _—
Pmmp === 1 T
| 1 |||_||||_||||__
I I lr=F===1 ;
| r==f == ———— - - - -
I N O >
O
< £
20
~ ||| |v|o wm
O ®
S 2
S

L1l2]3]4]5][6]

disk file
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8.9 Other Consideration

B Program structure

= demand paging is transparent to the user program.
however, system performance can be improved if the user(compiler)
has an awareness the demand paging

B Example
= int A[1024][1024] /[ array
page size=128 word
Each row is stored in one page frames

= Program 1 forj:=0to 1023 do
fori:=0to 1023 do
A} := 0;
1024 x 1024 page faults
= Program 2 fori:=11to 1023 do
forj:=110 1023 do
Al = 0;

1024 page faults
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Other Consideration (Cont.)

B |/O interlock
= Pages must sometimes be locked into memory.

= Pages that are used for copying a file from a device must be locked
from being selected for eviction by a page replacement algorithm.

B Another solution of I/O buffer problem

= never to I/O to user memory; Instead, |/O takes place only between
system memory and I/O device

buffer

copy

user overhead | system /O
memory| | memory
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