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8.1 3 X[ 4]

B D20 CAI0N K222 MAE S ME > T2 A

memory

disk PCB

load
program } “— process

B CPU7I A8 2 7tsgt 7|9EX| - CPU register, main memory
= CPU registers — 1 CPU clock0f| ™ 7t
= main memory — 20| 0/2{ CPU cycleO| &8 > processor stall 24
= cache |2 2|E CPU2t main memory AHO| 0| E=7}810]
processor stall 21 =& ZHAA|Z
B 0| 22| 23 (Protection)
«» =HIE &2 257 /oA 02e| E27t Hest
» HE2E| E2F 5 stEfof X[ 20| B, 2N A= O|F £t

—

!

Mok



H 22| 25 — Basell Limit Registers Al

m 022 23 & E
B base register® limit register= Al

- ZRA A0 SHE T BUS NS

» ZENMAO A Ql(legal) TS

0

256000

300040

420940

880000

1024000

operating
system

process

process

F 3

process

300040

base

limit

—/ 4
g3t

- O
Zt : base < address < base+limit

TEN20A SEHC T2
sts MEo5H| fleliM=
A Z7t0| M2 ESH X LA
E T2 M A9 base/limit &
= .

= ™ol{of gt

120900



H22| 235 - Basell Limit RegistersE A28t F£4 A
B SIEQ0E St T4 dA
o RHXQIOtLl FA0| M= trapS LEAAM D22 E BT
base base + limit
address
SR >

B base? limit registers&= £

| |
o
T

trap to operating system
monitor—addressing error

A YOI IS XY

2 SH Aol 2l 2 HEY 7ts

SHAM= H 22

ALEAL O 22

o 1,

—

SAE 20 Mol Sl
ol 9o

SHA HEE Y 25 &

AL



F=4 HiOI2l(Address Binding)

rot

B A0 H
prog.o prog
source |Pr99-¢ .| prog.obj | linkage editor| Prog.exe
compiler
program _l r _l r or loader
symbolic relocatable absolute
address address address
(count) (start+14) (74014)
m =2 HQIE(Address Binding)
- O FA JUON CHE 4 3202 BASHE 2
« T2 O] HAHO/HO|E FAE 2| HRE| FAZ “HEQIE

(logical address) (physical address)

m 2! 7{(linker, linkage editor)2t £ (loader)
SHH 2O A AISHIIQS A A3}

a
ME L olH=
T - 2T =

x linker: 2E== 2
loader ; =212 AU S 2[S|A] ZTE O]

| 22| o 7‘*XHC’*



ALEXT =2 of ChEHAl X 2] 2P

compile _|
time

—

source
program

A 4

compiler/
ssemble

A 4

relocatable
object code

other
object codes

library
cddes

'

inkage editor
(linker)

load
time

executable
binary file

in memory |
loader ' binary
image

secondary storage

dynamically
loaded
library

A
N

v dynamic

! linking

execution
time

main memory



F4 Hl

JLIPNE:

-

B Compile time:

i
=
Ho
L]
-0
>
M
|
u
o
Al
[E

ALt A|HO|AM Z2220] M X
A1} 2= absolute codeS M
MM E AR X7 HE=ICHH 3

B Load time:

ALY A|HOA =220 MR E K| E X ZSHH,
102 2| = relocatable code 24 A3} O} &t

T2 H2I'E 2 load timelf| A& - 22| X[= HX| A0 2=

B Execution time:

TNl S50 022 2|X|S O]lsgh 4= ACHH,
ol &l

Z=2 HRIH 2 load timed & = 8112, run timelf| =& &

=A OIS o5t EQ 0] X|0| TE = MMU

T =
222 2EMA7F O] RS ALE
C

o
|
o

m g HQl T (Static Binding)t =% HEQl E(Dynamic Binding)

Compile time, Load time binding = static binding
Execution time binding > dynamic binding



B =2| =2 (logical address)2} =2| T2 (physical address)
= logical address(virtual address): Z2 10| AtESt= T4
= physical address: Sc|X H| 22| HX|7} At =4

m 022 22| FX[(MMU)

A

——

A ZHOf| =~

» =2 FAE FE| FAE Y= HPE AHY ey
» ZZ2EE2 =2 AT ALESIH, 2N 2|8 FAF S X
m T2 HIE AEN =E|/FE| T2
= compile-timeX} load-time Ht2!E - logical addr = physical addr
= execution-time H QI & - logical addr # physical addr
recent processor
logical physical
address= MMU address=
CPU | Memory
" logical = physical

................................... : addreSS address



X Hll X| (relocation) 2| X| AE{ & Al&¢ct &X T Hl X|

relocation register = base register

relocation
register

14000
logical physical
address address
CPU + > memory
346 14346

MMU

m (O] Intel 80x86 family:
= 4 = 6 relocation registers (CS, DS, ES, SS/FS, GS)



&H HXl|(Dynamic Loading)

B SA XX (Dynamic loading)
» AN 2EE[7] Mo 4 FEZ2 HEE| 2 HNEX] RS
«» S Mo HE2|of MR O UKX| 2™ relocatable linking loader
£ 2ESIY Qots FEIS 0220 Mt = AH
g
» SE ORE] S EE; ALESHK| e FEIZ M EX] 2
» W2 Yo ZEVE HIRG| ABE= B3R & (0) 2F N2l R E
B s A= 2N S8 X|ds 222 K| &
» ZEONHILSHE MY E et 2AZ HAH
» 2EHN = SE I E K| JSHE library FEIS M3 = AS

11



& A% &+ clo| BT

m ‘g8 2 3 (Static linking)2t &% 2 3 (Dynamic linking)
A &3 —linkage editor0fl 2|3l libraryZ} A& O|O|X|0f &3 E
=8 23 —libraryQ| 37} HAA|ZH7HX| O] F 0
B Stub
« libraryE 0|27 &= X2 Le{F== &2 2E
= library FEIO| 220 ZXYSIX| ™ CIAF 0| A E Xt
» library &8 2=55tH HZ0|= stubZE7 2 =&
« stube= AA| library 22| FAE O K[ Of,
CHe 2= AlO|= library 22 2™ 25510 A
B Shared library: &% 23 2t0| E 2| 2|(dynamic linked library:DLL)
= 535 2O|ERE|E ARSE BE T2 M| A= 3719 library 2 E Lt
SOt ALE
= library ROO|EVF &0|gt - BT HE ALESHY L&
m 8 NI D= 88 42 2N =20 2e
« SN0l B 2| FEIO| HEE|0 U= K| O FEE HASHH
«» 2] Z2MATLE0[EEE SRE T+ U .

12



8.2 2 2}'E (Swapping)

B A2t (Swapping)
» HASASE = 0 2" 2E O7) Z2MAE H 220 A
UAHS 2 OfH] MEEX]|(backing store)Z Lif £ L 1T (swap out),
HAS AL = s Z2MAE OH HEEX| oA HEE 2 =8
12 A &= }AA St A (B2 & 18)

m OfH| M&&X|(Backing store)
« ZETZNAC HRE| imagel| EXES
ME 22k2 JHE| B2 C|ATZ ALS -
= H2S QM MEE H 22| imaged] CHdl 2™ HZ0| 7Hs)

n HHl-I_ HL_ =

KAISH & 0/2 Mo

O|: ot
m AQrZlol o}
. "RE Z2NA0 B2|H F4 B2 B > 22| 022 27"
2l 7400“53 E)\ﬂ*ﬂ%*l@ﬂ*e'%' El= A0 7ts

13



Schematic View of Swapping

operating
system

user
space

main memory

@ swap out
@ swap in

process

process

backing store

14



2 o1 1} Context switching A| Zt

m AoE SN

1. CPU scheduler?} ready queued|A] Ct2 T ZMA A™S D

dispatcherZ

2=

2. Dispatcher= L& ZZ2 M| A7} H22[0f Y= X| EE&= O|H] A Z2X[of

ol S
A= XA 22

. WEECH ol g O0Ee HO O*E'E,UHEEIOH 91%3._*E§
NI ES HE'—H-T-'(swap out), °JOP ZEMAE HEZE 2227

(swap in)& = > swap out 2 swap in —|—°”
X[ O F O[22 BHO| JUCHH, ASt= ZENAE O

- HZ2(0f §

== §E127|(swap in)S & > swap inZk =3

3. Dispatcher=

B Context switch

A|ZH

context switching2 3

= context switch time > swap in time + swap out time
= swap A|ZFS| O R E0| C|A3 & AlZH(transfer time) &

M AlZHS AgtEls

H =22 Fof Blefe

o AlZH A 8O AN E ANEE= EE0 =2{27] (swap in)
« HE2| 27AS Hal 2l Ao A|AEI0f 22{Z=0{0F 2t

15



Aobuat S
B AR | =(swap out) ZEMA= 273 idle 2FElf0|0{OF &
m T3 F9l(pending) II0E Z& Z2NA
« AQPHSHA] RIZ
« O H'ILL1 2l (double buffering)
« =HKHA bufferE S5 U= AL =2

! &EHIﬁW swap in 2 [Iff, 2 SHH| HIet Z= M 0 22f ZHof
=3 HOIH M&

OS {
memory

process
memory

» 1/0O

A

16



0{2{ 7 X| Swapping

m 7|2 AQtE(Standard Swapping)
« RR 2AHZEZ - quantumO| TR E T ZMAE swap out,
O HEZE CIE ZZ2MA0AH &Y
» SUER 2AHEE -EH2 FUEF ZEMNAE swap out,
=2 e ZEAAE0A Y
. | 2 XA O AHRSHA| =
B H&E El(modified) 22+
n 2 AAENA E2| AFR — UNIX, Linux, Windows
« HEHAA|0|= Swapping H| 2 3}
« O]9 02| &0| Y 7|F(threshold)O|5}7t &| H Swapping A%
« O HE2[] Y0|] 57I5tH Swapping= CHA| HX| &
m ECHE HYE AotY

» ZE2MAO| URT AR S swap AlZFHA

17



D HFE A 2B 0 M2] Swapping

B 2HFY AAEL2 TH7H swapping2 K| &SHA| %=
S MYEK 2 otE £|23 D40 FeA HRE[E A
. 291EE 8K 9 0% - ZahA| HR2E 08 E4S
= (1) S A (2) 8l 227 sl=9f M|t

B Swapping Cii & AFESH= 2

- O H-

. 8

7t

= i0SE 0|8 M| 2 2|7} threshold 2Ct ZH0IX|H 28
o2 B EE 2 5 27| M2 [ 0|H Bt HA
> S20HEZE BISSHX| A2 SESL TZMAE TEAZA

=« Android= G5 H22|7t 23X UAo™ S8 T2 MO MEHE &
cHA| K2 2|0 S Z2MAE ZEAZL > HE AR 7ts

|El

EIO-OA HZ2

18



8.3

A £ (Contiguous) M| 22| &2

B T 0EE=EFREElE AR N-1
T 2EAAH B
. OIE{3E HEZ Taste 9| AFR Droesses
« CH7H 3HQ| O 2 2] (low memory)oi| €%
. ABRtZRAMA 8 oS
« &9 M2 2[(high memory)0f %] oUintr vector

B OENAGEZ S S
= ¥ (contiguous) 22| &
= H|¥=Z(Noncontiguous) M| 22| 22

contiguous noncontiguous

19



H2c| W ES

m T U X] 2| X| AE{(Relocation register) &

« 0 22] 22| ZX[(MMU: memory management unit)=
S F el X AHE ArESH0 K 22| 4 BE
- KB X|(Relocation) register: T2 M A7} HIX| =l S2|X F
NESEESAPSES;
« A OHLimit) register: =2 FA(0FEH AL HR[E HE
m P2 ES

>
10

« 2| 32 HPE L= 0 E AESHH BN HP 2 Hetoto]
£ ZEMAQ 2SHAHE +8otes A= LA

o] T2 M AV} Elr
« (CS £210|E)
B MMU= sH2E =2| 28 2| 22 B8
» SN ZENA TTE SHOE HZ
(O4l) transient OS code and buffer

20



Hardware support for relocation and limit registers

limit relocation
register register

0 < logical address < limit l

logical
address

physical
address

CPU »  memory

no

trap; addressing error

- protection



H 22| 2%H(Memory Allocation)

~ (Fixed partition scheme)
|EE|% 9"& el n g 37| EYe=z ¢
7|(equal size) 2
7|(unequal size) 2%

B
o
o 02
A
ﬂJOJ

2reh = R
= degree of multiprogramming < the number of partition
m U 2 tc'>“i.(Var|abIe partition scheme)
== /tH 20| 8l /& 7t
= 3M A= Ot B2 E 2t
» allocated partitions

= free partitions (holes) — available
» TEMNAE 8 £ = 379 holeO| A HEEE &

O

= holeO| {57 AW, o B7 5 st LIHX| £22 hole2| &

st

22



: : . g m Operating
Operating system Operating system d =
SM &M Fixe partltlon system
TTTTTTT et
M T b
M M TT—
6M T
iM
MNew
TTTTTTT e
&M PrOCEsSES
M
T TTTTTT et
M
iM
12M T TTTTTT g
iM
MNew
processes NERINERE
iM
160
iM
ia) Equal-size partitions (b) Unequal-size partitions

23



Variable Partition Scheme

os | os |fos | os |]os | [os |]os [OS |
P1 P1 P1 P1 P1 P2 P2

(20M)| | (20M)| | (20M)| | (20M)[ | (20M)| | (20M)| | (14M) | (14M)
(6M) s merging
P2 P2 (14M) P4(8M P4(8M P4(8M (20M) of holes
(14M)| | (14M) (6M) | | (M) | | (6M)
hole P3 P3 P3 P3 P3 P3
(36M)| | (22m)| | (18M)| | (18M)| | (18M)| | (18M)| | (18M)| | (18M)
@M) | [ @M) | | @My | [ @My | [ @My | | @m)

24



SHOHZE &Y =X

(=H|) free holel| 2| AEO|A 27| n| O 22| 27
B First-fit:
» QHZE 8% 4= /Y= firstholeS &2

a M AR QK| — (1) E|AEQ| A|ZL request 70K
(2) O first-fit 40| S == £/X[2| hole
" Bestit ) ) first-fit | 100K
» 87 ; T8 = U= smallest hole =29
2 AETFIY| =ME FEE Y JUX| Ho ™ -
" A B4R el o best-it |JEi
» P A2 A7(9] H2 hole 7S 50K
B \Worst-fit:
» 2FE 8 5 U= largest hole = worst-fit| 150K
« MK 2|AEE AMGOF T

B Performance
. Flrst fit 2} best- fit ':”—IO| AMA|ZEA 7| AHAZX| O| B E

25



H 2 2| THESHMemory Fragmentation)

B Memory Fragmentation
» AFEE T Ble A2 M 22| EF0| EXe

O = T HALC 1=
m 022 EHESO[ BF
. 25 E._T.E§P(External fragmentation)
- Rt AV|EO A2 H2e =550 EX
> MH HE2 37| o] QS AT|HL 2 A0 &
QeI HEEE Y + SlS
« LHE THE3(Internal fragmentation)
- RSt A EOEH 2 MEEE 2
> YoE o 2alo] YRIE AR E R 28

req size

| __\ external internal
req size 7 fragmentation fragmentation

26



CHH S (Fragmentation) A 0| 2K

B External fragmentation
= 50-percent rule: N7i2| 50| ZH Y
first-fit 24/ 2 0.5N7H 2| =E0| Q& ttH
> HZ22|2] 138 EH]
= holes FH5t= QUG E7HF

= U,
otZ AMEE

|:I>'

B Internal fragmentation

AL
T

» HE2E 0FE 372 S 522 2 - hole2| FX0|

. YYE MR 2FS RO H 2 5 US>
O| I':| o:No: Ko} A|--9-E|X| oro

O 71— (=]

A
HA

o
=

27



L=

2= (Compaction)

9= CHH 2R of Tk o) 2

1. 2= (compaction)
2. HAE Z2| HE2E S5&
= paging

= Segmentation
B Compaction
» 2 E free memoryE StLIS| 2 2E2 .
= Compaction relocationO| &% 0|10 HHA|7HO| = E O Tt 7ts

e Co M 1|

Free list |_® o [N < [ < JNTIAMARA:
header
b 5

28



8.5 Ij| 0| & (Paging)

B Paging

» H|®=%(noncontiguous) =2|& M 22| & & F SfLt
=
=

o
= page frame : 2|8 22| F 1HE 37|9

(27|= 20, ti7H 512B ~ 8KB).
« page: =c| HE2EE Z2 F7[Q] EEC=E L=

= page= page frameOf| &

—— page

~NOoO O, WN-20O

logical address space

| 0. page frame

mapping

AL WN -

physical address space

29



nl

>
rE
fok
1
>

r
0
d

T
i)
o )
>
(Il
—||_I—
gjo
=
IN
o
-
i

=
2 - page number
=
L

||
Ot 0>

—_—

A -
ik 4o Ho

A LT

i
ok [

>

0| page tableS AL

O| page numberE =¢2| 22| page frame number=

logical address | page no. (p)

physical address

offset (d)
Cimapping >
page frame no. (f) | offset (d)
> 5 S

page size= SIE2 00| A i &

(page size = 29)

. pagelf{O| A{2| page offset (page size=2¢0|™ d H|E)

H 3}

—

30



Paging hardware: page table

B Page Table
« 25 I[O| X[ 2| base address(page frame number)

== Mgch =28 M 22[0f A= HOIS

= page number”} page table2| indexZE At E

physical
memory

logical physical
address address
I v
CPU M p d f d
A
p{
_> f
page page frame
number (p) | — [ number()
page table

31



Paging 0f

page 0
Of 1
Pagel T——— 1| 4
page 2 213
3(7
page 3 page table
logical
memory

page table=

= =2 20ff AHK]

frame
number

page 0

page 2

page 1

page 3

physical
memory

32



Paging 0{|(2)

Process A

page 0

page 1

page 2

page 3

logical
memory

Process B

page 0

page 1

page 2

L= M| A0 Xp29] p
Ao =2 T4 St 7HY

frame
number
0
0Ol 1
1| 4 1
2 3 5
37
page table 3
4
5
0|2 6
110
2|6 7

B-page1

page 0

B-page0

page 2

page 1

B-page2

page 3

physical
memory

page table2 7tX| 11

UL

33



Page &3 ...

| Page ol-I:|'
» 2= free frame= T8 > free frame listE ALE
= npage 7|9 “EJE”O HAA|Z|2H n free frame=
pageg 25, 2 E framel| Z21MS M
« T2 HBE 28 A page tableZ 22 E page frame H=
(See next slides)
m L5 ChES)
» M22| S 52| : page frame (178 27|)
> L& CHEot 2, 2 tHEst s
« LS CHHESE 37| T2 MA S 1/2 H|0|X| 27
« A2 O|X| 37| > (HH) &2 L5 CHE|

N J§)

>

() B2 =2 Ho|X|= 2o 2 HO|X| H|[O|= 28

- 2 HO|X| 37| > (FHE) 2 L& CHH g
(RHH) =2 H[0|X| Hlo|2, & |23 /0
m 25 CPURt AHZEZ2 52| L O|X] A7|F X[ &
» Solaris : 8KB, 4MB
= Pentium : 4KB, 4MB

34



Free frames

free-frame list
14
13
18
20
15

new process

(a)

before allocation

13

14

15

16

17

18

19

20

21

free-frame list
15

new process

0114
1113
2118
3] 20

new-process page table

(b)
after allocation

13

14

15

16

17

18

19

20

21

page 1

page 0

page 2

page 3




Frame tablel} Page table

B Frame table
= physical page frame & 3t A E 2]
= frame?2| free/allocated G 5 FEA|

« LIEULH O 2N 2(F)2| Ol = H|O|X| 0| M BEERU= X
= 712
= =/

B 23NKN= 4 Z2MA00E XA O] HOfX] HIOlE= 7+

« OFEQ page table= AIE5t= 8% context SWItChlng Al
page table= B} 25} OF 52 2 context-switch time S 7t

LGPY PCB
" ' state
PC PC
registers | - ] registers
......................................... vage table
hardware /
page table

36



Page Tablel| 7+ =

B Page table2| SIE90] T+
1. page table ™& &f| X[ AH Zgt
= page tableO| 2= [0 2H(< 256) R&
2. page table= T M 220 |FX|
= page-table base register (PTBR) : page table A|2f =24
= page-table length register (PTLR) : page table 27|

(1) (2)

page table
registers

memory

registers

' page
——| | table

PTBR

\\\\ ///’ PTLR

loaded/modified by
privileged instruction

37



H 220 Y= Page Tablel} TLB

B T = datalinstruction 20| &= Ho| Hj22| 82 2R

= the page.table | AMZ 58 £ 92
= the data/instruction
B Translation Look-aside buffer(TLB)
«» H2E| 22 B2 =X Z siZ3t7| /5t
TLBE}11 8l= page table entry% INAIE AFE
= L7 Associative memoryE Ar250| 4
= MZR page tableg A& M{OIC TLB L &2 flushE|0{Of &t
« 22 TLBE= address-space identifier(ASIDs)E &4 X &5
TLB flushE 22 A &

memory

TLB | page
table




Translation Lookaside Buffer(TLB)

m TLB 74
= Associative memory — parallel search(fully-associative mapped cache)

page number frame number

p1 f1
L p2 f2
(asid, p) f

» 25 TLBE set-associative mapped cache A&
B Address translation (p, d)
= pisin page number field of TLB, get the frame number > TLB hit

= Otherwise, get frame number from page table in memory - TLB miss
(22|22 page number®} frame number £ TLBO|| =7})

B 2= TLBentry’} AR SO|H 28X|X= A 22 entryE #/oH
W K| CHA entryz MEHSH OF 2t

« N M LRU(least recently used), random ...

39



Paging hardware with TLB

CPU

logical
address |
—» p d
page frame
number number
TLB hit
> physical
. l ¥ address
f d F—»
A
TLB
p
TLB miss
> f
page table

physical
memory

40



H 22| 22 (Memory Protection)

m 022 25 E 2|5l page table entryOfl protection bit2} valid bit =7t

B Protection bits
= read-write / read-only / executable-only 2]
= page £H?l2l memory protection XS

B Valid bit (or valid-invalid bit)

= V=1 (valid): legal page (H|O|X|7} Z2M|A9| =2 F=AFLH0| AF)
= V=0 (invalid): illegal page frameno. P V
0 eo | 1
1 eo [ 1
2 rw | 1
3 ro | 1
4 - 10
page table
i386 page table entry
kY| 12 N 10 9 ] 7 6 5 4 3 2 1 0
05 U R
PAGE FRAME ADDRESS 31..12 RESERVED 0 0 O A 0 0| = =1 P
s | w Present

41



Page Table0l| A 2] Valid/Invalid bit

physical
0
PTBR(page table base register) 1
logical 1
00000 frame number valid—invalid bit
page 0 \ ,/ 3| page 1
> 0.2 v
page 1 1By 4| page 2
2|14V
age 2 5
= 3
page 3 418 |v 6
5/9v
page 4 il 7| page 3
10468 | page 5 - 7 8| page 4
12,287 page table
9| page 5
PTLR(page table length register)
page n

42



&5 | 0| X|(Shared Pages)

B paging? 88 -ZEE &4 57 7ts
B 57 I E(Shared code)
« MZEIY AE(reentrant code)= STE T U=
« MY IEE = SO HSEX| B n
Z(read-only) Z =&
» FIfO|Y ZEMAVIEEZ ZES A0 A o
«» =C[H OEIZE0 U=t 7/eRE s+
2t =2 M A0 HO]X| HO]20|AM Z2 T o
« ZE2MADOC EEO HO|H MHESEALE
B SR I B T2NA9 =2 Fa S0 &
Of ef

43



ed 1

ed?2

ed 3

_

data 1

process P,

ed 1

ed?2

ed 3

data 3

process P,

ok~ |w

page table
for P1

N |~ |Ww

page table
for P,

Shared Pages Example

ed 1

ed?2

ed 3

data 2

process P,

~N|o|h~|w

page table
for P,

10

data 1

data 3

ed 1

ed 2

ed 3

data 2

44



8.6 Page Table T+

B Page Table2| 37|
« (O)32H|E =2|F 4 S7F, 4KB 1| 0| X| 27|
« 232212 =220 (1M) page table entries
= page table entry=7| 7} 32-bit(4B) O| ™
page table 37| 220 * 4B = 222 = 4MB > 1024 page 37|
o E[M HARFHA|AE 2 292 2647 £ O| HLHEN =2 A S ALE
= page table2| 3 7|7} &&95| HLIC}
- O M 22| 3722 AR5 page table2 page size 2Lt &M 2
IR PERS
= Hierarchical Paging
= Hashed Page Tables

45



Hierarchical Page table (Multilevel Paging)

m C}CHA page table

= page table2 S}L9]

SEH HE22 S AFEoHA| (1

« O3 i 22 =Z(H70 1 page 27|)2 2 LI+ ASHLZE ¢

10 10

12

p1

d logical address

PTBR

A 4 A 4

page directory

A 4 A 4

f d

physical address

page table

main memory
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Two-Level Page-Table Scheme

outer-page
table

(page directory)

/\

/

1

100

500

708

900

929

I
P
500
N
<~ V'
929 N
900 ]
page of
page table

(inner) page table

memory
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(Example) Two-level paging - 80386

Virtual Address

3 2221 12 11 0
Page-Directory Page-Table
Offset Offset Page Offset
pal 410 A1z

Page- 4 Kbyte
Directory Page Physical

Table Table Page

-l pre |2
- adiress
—= PDE

31

Page-Directory Base

CR3

= the page table is paged

—> the page number is divided into
(1) a 10-bit index into page directory
(2) a 10-bit index into page table

= page size = 2'2=4KB,
= page table size =
page directory size =
210 x 4B/entry = 4KB
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Multilevel Paging

B Three-level paging 0

2nd outer page outer page

innner page

offset

p1

p2

p3

d

32-bit

10-bit

o 22| ZZO
B 64-bit architecture0i| A| = hierarchical page tableO| £%

A 4

A 4 L 4

10-bit

larger than
page size

= 64-bit logical addressE 32-bit physical addressZ H2ts5I= O 4

=3 A Ol O
2SS 9l

N

»
L

12-bit

__page

page size

»
L
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(Example) x86-64 long mode paging

Virtual Address

63 48 47 3938 30 29 2120 12 11 0
Page-Map , _ :
, Page-Directory- | Page-Directory Page-Table Physical-
Sign Extend Level-d Offset | * pointer Offset Offset Offset Page Offset
PMLA
Page-
Page-Map Directory- Page- 4 Kbyte
Level-4 Painter Directory Page Physical
Table Table Table Table Page
> pTE | £
521
5o —™ PDPE :
™ PML4E cor | | Physical
Address
—»! PDE
— - - —i

*This is an architectural limit. A given processor
implementation may support fewer bits.

CR3

£1 12
rage-wap Level-4
Base Address

Figure 5-17. 4-Kbyte Page Translation—Long Mode
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Hashed Page Tables

B T2 5710| 32H|E 2Lt HX|™ hashed page tableg AtE
B hashed page table

» =2|F2A9| page number?| hash function 4f= hashed page table2|
indexZ A2
= hash table2| Zf entry= &2
= &2 hash function {2
{1 A

ESNE
M= page=2| paging & M%
ge, page frame, next pointer>

A E
L
—

>|\I

« HAZ|AE 214 FHAl <pa
B hashed page table= At T4 B2}
» =C|F22] page number?t Sl =l {{X|2] HEAEZAE RAAS2| page

S EF X2 H| oSt
« matchz|™ pageZ [ 3| = page frame2 = Hatat
B clustered page table

= page table2| Zt entry?} o 72| page?| Ot O 2{ pageOi CHot A&
Hat M E qEst

» =2 FTA LS sparseStA AFRSE 42 828
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Hashed Page Tables(#Al%)

logical address

physical

P

1 address

r d

EEE—

hash table

>IQ|8|'I‘]Ip|r| lT

a chain of elements (virtual, physical)

physical
memory
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clustered page table

Virtual Address

Wirtual Helsh Input | Boff OfFset ° Vlrtual page numbergl Ao}_cl)_l_l?l_%%

vhi hash function2| YO 2 A

« OIEZ2 page table entryS

MEHSEE O block offset@ 2 AtE

|
h {Thi} Clustered Page Table

(]
Eefwhi]

Painter = Tag Mext —||||
—
PTE ETE
PTE ETE
PTE ETE
N PTE FTE
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8.4 Segmentation

B OE0E2 NOHES T Y > ALEA 282 O 2e
« MOBEE Z2IO| =2|F T

main program, procedure, function, local variables,

global variables, common block, stack, symbol table, arrays ...

B A|1HE 0|44 (segmentation)
« =2| FA = <segment number, offset> > 2Xt& FA
» T2 WIHS NIHE CHR| 2 o= O 22| 22| &4

« 2K 3 =2 FAS AR FE| FAE HE
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Logical View of Segmentation

1

subroutine

user space

physical memory space
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Segmentation Tt =

B Segment table

. T2 7 MIAMES Fa H

» table entry &4
« base - |O1HEO
= limit — A 1HEQ]

rtor

R KR

| starting physical address
210|

» MOHE ZO|Z}7IHMO|IEZ 22| 2E2 X

B Segment-table base register (STBR)

s X ZEMAOC

| segment table2| A|ZF F=A

B Segment-table length register (STLR)

s AKX ZEAMAC
= segment number s Of

| segment 7l

CHSHA s < STLR O|H s=

F

ok

Ct
o

Ht
o

EH
=

=2
=

At

=
o
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Segmentation SIEH| 0} =4 H

STBR

CPU

=

—

=2}

[ S

STLR

trap; addressing error

limit | base
segment
table
d

es

< y

no
Y

physical memory
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Segmentation O]

subroutine stack
1400
segment 3 segment 0
2400
symbol
segment 0 table
limit | base
Sgrt segrnent4 0] 1000 | 1400
1| 400 | 6300 3200
main 2| 400 | 4300
program 3| 1100 | 3200 segment3
411000 | 4700

segment table 4300

segment 1 segment 2

segment 2

4700

logical address space segment 4

5700

6300

segment 1

6700
physical memory



8.7 Example - Intel IA-32 (Pentium)

B segmentationt segmentation with paging= X| &
(in protected addressing mode)

m A BB
logical linear physical
CPU address . segmentation address . pagi.ng address N physical
unit unit memory

= logical address : <segment, offset> 2X}& =
= linear address : 1At =2

= paging= AL 5}HX| &2 ™ physical address2t €&
= physical address



Segmentation1} Paging

B segmentation:

= two segment tables

= LDT(local descriptor table)
= GDT(global descriptor table)

s: segment
g: GDT/LDT
p: privilege level

selector

S

g

p

offset

13

12
» translate 46-bit logical address into 32-bit linear address

32

B paging
= atwo-level paging scheme.
dir page offset
10 10 12

» translate 32-bit linear address into 32-bit physical address
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14

32

logical address selector

offset

|A-32 l

descriptor table

GDTR | | — |
LDTR

—p segment descriptor

32
L

page frame

segmentation
32
10 10y 12

linear address | directory page offset

paging
age director age table
CR3 pag y pag
—®  directory entry — page table entry

page directory ‘

base register

o

physical address




IA-32 paging — multiple page sizes

B 4KB, 4MB page

(linear address)

. Ppage directory | page table | offset
31 22 21 12 11 0
32-bit entry,
20-bit page frame page 4-KB _bi
pag - N bage 12-bit offset
page ~
directory
CR3 — u 4-MB 22-bit offset
register page
f
page directory | offset |
31 22 21 0
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Page Address Extensions (PAE)

| page directory page table offset |
31(30 29 2120 12 11 0
2 9
L 3
] ' | 4KB
| page
CR3 X . . R
register  page directory page page
pointer table directory table 12-bit offset
Figure 8.24 Page address extensions.
64-bit entry,

24-bit page frame = 24 + 12 = 36 bit physical address
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ARM paging architecture

B Multiple page sizes

32 bits

outer page

inner page

offset

h 4

4-KB
or
16-KB

page

A

1-MB
or
16-MB
section
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