Jio

H

m 22| StEQNE T E5ts Chet A E Y

O

B ZENA0A HR2E ;%3FE Ciot 7|8 243
m A HRE AIL"0|M paging S2F &Y =2
—
gxt. M| e
2
8.1 HjZ x| Al H 22| 235 — Base?l Limit Registers AI&
B OIE2 M2 LA HE2 2 MIfE S MSE 5 TR A B 022 2 W - Z2MA0A S E F4 SIS S
_ memory B base register?} limit register& AtE % &
PCB » ZZ2 |20 B A Ql(legal) FAS L : base < address < base+limit
: 0
} process operating ZENAOAH SEAQ FA
Al 32 M35H7| shM =
256000 F& 30| M2 SHEX| UA
m CPUZI A HZ 7ts%t 7|9 % AX| - CPU register, main memory process 2E Z2M 29| base/limit £
= CPU registers — 1 CPU clock0| T2 7ts St 300040 =23eHor &
= main memory — ¥ 20| {2 CPU cycleO| &8 - processor stall ‘&4 emee base
= cache M2 2|S CPU2} main memory AHO| 0| 371510 P
processor stall Bl =2 ZtAA|Z 420940 S [0
m 0|2 2| 23 (Protection) A limit
» SHE A2 2HEGH| /i 22 E§7f 2o
» 22 255 /3 stES0] X|/0| 2o, 2FA| = 0| &ald .
1024000




H 22| 2% - Base?} Limit RegistersS A&l

= 2

o ut

M

GAAM HEEE E=

Al ob 20| CHEHA = trap

base ‘

L

trap to operating system

|base st Iimit‘

Y
address S~ yes T es
CPU I—N<2 >y—>( .

T2 HiQIT (Address Binding)

B A0 HH
prog.o prog
source |P°9-¢ .| prog.obj | linkage editor | Prog.exe
compiler
program r r or loader
symbolic relocatable absolute
address address address
(count) (start+14) (74014)
B =2 HFQIE (Address Binding)
. OHFEA % HOM CHE 4 S2te 2 YMEst= A
» D20 FHOYOOIE FAE S5 K22 FAZ “HQE”

monitor—addressing error memory (logical address) (physical address)
- . = m 2FH(i i itor)2} 2C
B base?l limit registers&= S BT 2 M = UAS < -I_(Imker, "’;kigf edﬁ?r) ff¢ 1.“2?290 .
© oI | K| O OJSHATE EXY THs » linker: 22 2 FO{M AT LS M det
loader: T2 AlSHS O|6’HA‘1 EEJEHQI ME L oe=
n 2eds 22l @era oo g8 : e ST ESETS
w ARBXIHEZ S99, 2SN HE22 FY 25 2 ts
5 6
— C = C
APEX =2 Mo CHEHA| K 2| apd T4 HEQIT AH
SeliE B Compile time:
program «» ZATY AIMo|M 20| MY o 22| 9/X|Z 0|2| oot
ZIt Y 2= absolute codeS MAHE = US
» STHE AR X|TF HAEICHH AEE ChA| ZIts|of g
B Load time:
. : - HIY AHOIM T2 0| HTYT 91X S UK 2ot
compile _| | relocatable library ;Ef?'ﬂ relocatable code A48 OF a? =7 A
time object code cddes = 8 =
» T4 HFRIE 2 Joad timed| T & - M 22| f/X[= HX| Alof ZHE =
dy?:arg'::”y B Execution time:
load library . » ZENAV AN S0 HE2| IXE |58 =+ QUCHH,
time ":fijmiglc =4 HEQIE 2 Joad timeOl| & == 10, run time0fl =3 &

secondary storage

main memory

executable in gnznr;)ry
. . L
binary fle image execution

time

» T2 YIS QTHSIEMAO X|-O0] E2 > MMU
» IRE2 2HMH 7Ol HEHE AL
m X HtQlE(Static Binding)1t & HF QI & (Dynamic Binding)
= Compile time, Load time binding - static binding
= Execution time binding = dynamic binding




B =2| F2(logical address)2t = 2| 4 (physical address)
« logical address(virtual address): T2 10| Al2St= T4
= physical address: =2|% 22| X7t ALESH= T4

m 022 22| FX[(MMU)

. =2 FAE 22 FAR YLK TYS HUAIO| Y
- DE2IYS o] FADASHN, AKX 22N FAS UX| 8

B FAHOIE AE D =222 FA
» compile-time load-time HF2I'Z > logical addr = physical addr

= execution-time HQIE - logical addr # physical addr

recent processor

logical physical
address MMU address
CPU Memory
................................... logical = physical

address address

XHul x| (relocation) B X| AE{ S ALt S X|uj K|

relocation register = base register
relocation
register
14000
logical physical
address address
CPU > + - memol
346 \/ 14346 v
MMU

m (0f]) Intel 80x86 family:
» 4 = 6 relocation registers (CS, DS, ES, SS/ FS, GS)

10

B S5 & X}(Dynamic loading)
AN zEE7| Mol= 4 FEI2 HE2 2 MK AS
« ZEE o HZ2|of MR =0 AX| 22 H relocatable linking loader
£ &S 7sts REIS HE2|of XX = HE
.|

&4 g3 S+ efo|He e

m J& A (Static linking)2t &% &3 (Dynamic linking)
» & A3 - linkage editordl| 2|3 libraryZt &% 0|0 X[0f A&
» S8 3 —libraryl| 3Tt HHA| K| O] F0{F
W Stub
» libraryE O{EA &&= X|E LeiFE B2 2
« library £ EIO| B2 2|0 EX|SHK| RS ™ CIATO|A HAE
» library &+ 2 E5H Y20 = stubZEIt =5 &
» stub= A X library 842 FAZ K [,
oS = Z A0 & library 25 2 H = E010] 24

B Shared library: &% 23 20| E 2{2[(dynamic linked library:DLL)
« 57 2H0|EE2[E At8StE BE TE2EMAE o 49| library 2 ETH
=2

SHOL0 ALE
» library 00| EZ} 0% - H{H JE ALEDI0] &2
B SH HNALCEA 55 HE2 2SHA =30 2R
« N7 Ero[=2{2] REIO| H22|0f = K| O] FF AASHH
» 02 Z2MATEEOIEEEE SRE = UM HE.

12




8.2 22} (Swapping) Schematic View of Swapping

B A2 (Swapping)
» HHUSASE U0 @Y 2R 7)) Z2EMAE B2 2[0|AM
UAHo=Z ofH] I-Pg’gxl(backlng store)E LHE LD _'(swap out), operating
HAZS ASE = As Z2MAE o5 MEIXIOAM HEEZ &5 system

L7|(swap in)5t0] 2 S J(H7H°* = A o= A (Ot & 23)
m Of|H| X &% X[(Backing store)
+ BE Z2y2o) 0122 imagec] ST12 8 XY + UB HE () swap out
MNE 222 JHF M2 C|ATE AR i
E M2 fsiM MEE o2 image01| O 217 ™20] 746l
Of ¢t
m AQtEOl S}
» "HEZZMAS FE|H FA O B> S2H M2 27|
Ol ALUE BE Z2M AT} EA0f AslE 20| s -
space

process
P

process

@ swap in

backing store

main memaory
13 14
A 1} Context switching Al Z} 2Q1g} =4
m AotW =&t m AQHH | =(swap out) T2 ML= 2D idle & EHO|O{OF &
1. CPU scheduler?} ready queueO|A| CHS T2 M| A AT m 7% F9l(pending) 10 Z= ZZMH A
dispatchers =& » AQHESEX| A4S
2. Dispatcher= Ch& ZEMAIFHREZ|0f e X E& OfH| MEFX[0

» G2 HI{ Z(double buffering)
2YMH bufferE S5t YEH ALt =3
A A It T2AMA 22| ZHo

ol= x| &ol

- M2 90, ofg Mg Ho| YPCHH HEZ2o REeET=EZZ

= [ = = s TEANA7 ]

H2E L= U2 owap oun), S D228 t2e|= Eoio7] S R ol e
(swap in)E & > swap out = swap in T

- O22]0f] GX[2 o] HE2| HHO| QCHH, Adt= Z2MHAE

D22 E2{27|(swap in)& & > swap inZt = oS { /o
3. Dispatcher= context switchingg % memory
B Context switch A|Zt process {
= context switch time > swap in time + swap out time memory

» swap A|ZtQ| O 0| ClAT ME A|ZH(transfer time) Y
« HE A2 AE= O2E| 20 H|2 &

o AlZH A EOR HXE ML= 220 S2{27] B(swap in)
= HE22| 2 TARE Mo 2l )\|01| A A"O| Ye{Fo0f g

15 16




of2{ 7}X| Swapping

m 7|2 AQtE(Standard Swapping)
» RR2AZEY - quantum0| ZEE T2 MAE swap out,

Ol & HIZ2[E CHE Z2M20AH 2

=2 M ZENASOA ST
« SO SYMAOME AHBSIX] RS
& =l (modified) 22
B2 AIAEION E2] AR — UNIX, Linux,
« HAAIO|= Swapping B2 3t

Mg AAHEY -2 U= ZE2EMAE swap out,

Windows

015 oz 2| &0l Y 7|F(threshold)Ol5t7t | Swapping Al %

» Ol O|22| 20| S7t5+H Swapping2 CHA| HX| &

G CHE W E AT

» ZERNAo LR ANE > swap AlZHE

A

17

S HFY A AR A 2] Swapping

B ZHY A[AEI2 C7H swappings X|2ISHA| &S
» 7 MEEKZ SIE CIAT A0 EfA| HZE|E AHE

» 29HES OH| B Ol - S2HA| H22[= LS S82 7H8

= (1) S HY (2 ABE 27| B2 HT

B Swapping CHA AHESH= 2

« i0SE 07 M Z2|7} threshold 2Ct ZHOHX|H S8 TZ MO A O =2

2| gl 2 28 > 97| & HIO|H T KA

> ST HEZE WA 2 82 Z2MAE TEAY

— - OO - —

= Android= O H22|7t SE5HX| (OB S8 T2 30| JEHE &
Al H22[0 MYStD Z2MAE FSEAIH > ME WAI% 7ts

18

8.3 9% (Contiguous) M| 2 2|

FHEI= £ FE2R FE
» HF 2GHH &
« QIE{HE HIEE Zatsl= QK| AR
« CH7H 32| O 2 2] (low memory)di| 2|
n APRXFZENA

« A2| o2 2[(high memory)ofl ||

ZEMA Oz 2 HE
» %% (contiguous) M| 22| &
« H| ¥ (Noncontiguous) M| 22| &

(=1 4=
= o

3

high

user
processes

OS
intr vector

ow

o

contiguous noncontiguous

19

2 YEu RS

m X HY X| 3| X| AE{(Relocation register) 2} &
« 22| 22| EX|[(MMU: memory management unit)=
O F HXIAHE AR M 22| =4 ME
« AHiX|(Relocation) register: TZMAT} HiX| &l 22| H
MNE FEa MY

=« &OH(Limit) register: =2| FA0FH AlZh)2| HRlE X

m HEE ES
» 22 T -
O] TZM|AT}Ct
. (C}S &2to|E)

B MMUE SHORZ 2| 45 22| F42 YL
Z:

2 3 290{ 2 ARSI Of B
S maHrc SAHHE SHE 2

. SUNH ZRHA TJ|S SHOE WAL LIHN 4Et

(0l) transient OS code and buffer

0z

20




Hardware support for relocation and limit registers

limit relocation
register register

0 < logical address < limit l

m 22| gZHMemory Allocation)

B 17 23t gl (Fixed partition scheme)
Z oijjo| 1N 37| Yooz L3t
« 5 A7|(equal size) 2
2 37|(unequal size) £&t
» 22 HES| St ZEMAS TS £ US
= degree of multiprogramming < the number of partition
g} &l (Variable partition scheme)

o

logical physical =
address address 282 T Zo| U I|=E TR
GRu < g 4 " e - RYNAE IS HEE B2
5 = allocated partitions
= free partitions (holes) — available
» ZEMAE 8 = U 3712 holeO| M 22| E 2F
« holeO| H& A H ot HEZ aEstn LIHX| 222 hole?| EES
trap; addressing error Hts}st
-> protection
21 22
rating system rating system H H™H Operating H '
R O Fixed partition system Variable Partition Scheme
[T ]
M T
M aM
T —
oM P2 P2
o New e (20M)| | (20M)| | (20M)| | (20M)| | (20M)| |(20M)| | (14M) |(14M)
J'}IOCESSES (6M) \ mergmg
o P2 P2 (rann) | P48W) [Pa@w) [Pa@m) | (20M)  of holes
&M T (14M)) | (14M) (6M) | [(BM) | [(BM)
&M hole P3 P3 P3 P3 P3 P3
(36M) | (22m)| | (18M)| | (18M) | (18M)| | (18M)| | (18M)| | (18M)
o 12M T T
(4M) (4M) (4M) (4M) (4M) (4M)
rocesses—IIIITT
M
16M
M
(2} Equal-size partitions (b) Unequal-size partitions
23 24




SH o=z g ZH

(2H) free holel| E|AENM 27| no HE2E 2F
B First-fit:
rst holeg &g

o 22| THHE S} Memory Fragmentation)

B Memory Fragmentation
» AFEY S BlE A2 HEE S0l EXME

» REES F8Y = Ui m 0jzZe2| CHE3Lol BF
a M A|EE Q| |_(1 2| AEQ| A|E request 70K o .
(2) O| & first-fit 7D4;k_r|? ol Z2 =l 9%|9| hole » 2| CHH3ZKExternal fragmentation)
" - Q¥ A |HOH A2 HE2E 25 S0 EXY
= Bestfit - o first-fit | 100K > ®H H2e| 27| go| @S A7|RLH2 H0|E
» 2FE2 +8Y & U= smallesthole 2 2 Qs Ao HEZE|E TetE 4 gle
x D|AEZIA7| £ME HYE|0| UK AOH ) o
Hx| 2l AES AMB|OF 5. best-fit | 80K » Lj5 CHESH(Internal fragmentation)
Pkl -| EE|' |:-| 3 U‘||EE| ol-l:l-
. JHEHERS 37|0| L2 hole A A « 2%
e HE 2718 82 hole 98 50K > BEE b R0 AR ABEX| 2
B Worst-fit:
« REE 2 U= largest hole =g worst-fit| 150K -
« TH 2AEE HAMsfiof B | |
B Performance . = external internal
« Firstfit ©f best-fit 40| ZAMA|ZtD} 7| &X| 0|28 req size .~ fragmentation fragmentation
Ol A M worst-fit YA ES
25 26
= x A
Tt 3K (Fragmentation) 24| 2| 2| &= (Compaction)

B External fragmentation
» 50-percent rule: N7Ho| 20| &S Of,
first-fit 2H A2 0.5N7H2] S50 2| & CHHSE AHEE £+ 3la
> HZ22|Qf 1/38 FH]
» hole2 FHdt= QU =T F

B [nternal fragmentation
« D225 0FE A0 2522 2 > hole| FX0| Q 213

. LYE HEIE Q¥ HRR LG 2 4 US> By
o Y% Foie AZER &S
27

m QF CHHDE ZH 0| CHet 5 &
1. 2= (compaction)
2. Hg% =2 H2e S 5E
paging
segmentation
B Compaction

« 2E free memoryS SILIO| 2 2202 T A AH{X.

2 =822 ¥A
» Compaction2 relocationO| SZ 0|10 HEMA|7HO| =R E UHO}| T 75

(a)
e Lo M < T <N

header

® 5 T

[
[
e [ o MO

o

28




8.5 Ij| 0| & (Paging)

B Paging
« H ¥ (noncontiguous) 22X H 22| SHE g = ShL}
« page frame: =22|d HEZ2|E DHE 7|9 SEE2 Lhs
(7= 2, ti7H 512B ~ 8KB).
« page: =Z| HZZ|E L2 37|90 EEOCZ L&
« pageZE page frameOf ¥ &

0

1

g —— page | 0. page frame
1

4 2

> mapping 3

6 pp! 4

7 5

logical address space physical address space

29

: pagelf{0 M 2| page offset (page size=2¢0|H d H|E)

A S} H
m =2 FAE O30 20| &
« &% 22 : page number
» OtR BE
m A S
. =2 FTA9
« T4 HZ0| page table2 ALE

| page numberE E2| 29| page frame numberZ 2t

logical address | page no. (p)

address ‘ page frame no. (f) | offset (d) ‘

—

physical

| offset (d) ‘

page size= SH= 010 A HaH

d

(page size = 29)

30

Paging hardware: page table

B Page Table

« 2} I 0| X| 2| base address(page frame number)
=2 M 2215 oj=Z2lo = HolE
= page number?} page table®| indexZ AtE =

logical physical
address address

cru [T ] CrTats| e

¥
p{
page

number (p)

page frame
number(f)

page table

31

Paging Gl

page 0

page 1 1

page 2

page 3

page table

logical
memory

page table2 = 0| 22| 0] £[X|

frame
number

page 0

page 2

page 1

page 3

physical
memory

32




Paging 01|(2)

Page &% ...

frame
Process A number B Page &%
page 0 0| B-page1 » ZE free frame2 =X > free frame listE ALE
» npage 7|9 T2 M-S HWA|F|2{H n free frameS X OLA
page 1 1| page© pageS TSt S El framed| T2 1Y S MY
A HBLS O|a o BiChE| sSE=m MM
o 2| Bpageo . T E%FE. 28 A page tablez & & & page frame H=2 2 47
(See next slides)
page 3 page table 3| page2 m L{E CHES)
logical « W22 2 Q| : page frame (27E 37])
4 1 —y —
memory e > W5 CHHat 2 9|2 CHHgt gl S
5 o LHE CHHSE 37| Z2 M A S 1/2 I|0|X| 27|
Process B « 22 HO|X| 27| > (’é”é.*{ 2 Ly 5 CHEgL
0 6| B-page2 (EHE) B2 40| Ho[x| 2 oI5} 2 Ho|X| Bloj2 T
page 0 1/0] « 2 HO|X| 27| > (EHE) 2 L5 CHEHZt
2(6] 7|Rpade S (B2d) 22 mo|X| Hol5, &% /A3 1/0
page 1 —
: ohysical m U= CPUSt AHEe 240 Ho|X| 27|15 X ¥
page 2 memory = Solaris : 8KB, 4MB
. m2 M ADCHRFAIO| page tableS 7HK| T QO = Pentium : 4KB, 4MB
XHalo| =2| FA S22 7+
33 34
Free frames Frame tablel} Page table
free-frame list free-frame list
14 15 B Frame table
13 13 13 1 .
18 i » physical page frame & &t 2 E 2|
14 14 [page 0 = frame2| free/allocated O & HA|
15 15 » SEEQUOH O ZEMAE)Q O I oKX A WHE|A= K|
g 7%
° * B REMN= 2t Z2M|A0HCH XHL o] HO|X| H|O| S 7+
17 17 » StEQ| 0] page table= A SH= 4% context switching A|Of|
page table = 2 213} OF L2 2 context-switch time 57t
18 18 |page 2
PCB
1 19 state
20 20 | page 3 . e
| registers |: registers
21 new-process page table 21 i i
" o S o bl
before allocation after allocation hardware /
page table

35

36




Page Table2| #+=

B Page table2| St=9|0] T+
1. page table © & 2| X|AE gt
= page tableO| 22 Ij0f Zk(< 256) 78
2. page table= F 0| 22|0] FX|
= page-table base register (PTBR) : page table A|&f =2
= page-table length register (PTLR) : page table 37|

(1 )

page table
registers

memory

registers

PTBR
page
-\ / PTLRI/'{ tat?le

loaded/modified by
privileged instruction

37

H 22| = Page Tablel} TLB

B 2 & datalinstruction 20|
= the page table
= the data/instruction
B Translation Look-aside buffer(TLB)
«» O22| 2% 2 2HE siZst7] /5t
TLBZt1 3}H= page table entry8 FHA|E AtE
» L7l Associative memoryE AF25H0] 713
» MZE®R page tableS AHEE MOICH TLB LHE 2 flushk|O{OF &
» Y& TLBE address-space identifier(ASIDs)E &7 X% 5}0]
TLB flushE 282 9A &

Mo g2 ER
A

N2 58 & 8l

—— N

memory

TLB page
table

38

Translation Lookaside Buffer(TLB)

m TLB 4
= Associative memory — parallel search(fully-associative mapped cache)
page number frame number

p1 1
p2 f2

(asid, p) f

» 25 TLB= set-associative mapped cache At

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|12 page number?} frame number & TLBO| 3=7})

B ZE TLBentryZl AHE 50|H 2IX K= ME2 entryS /5l
WA CHA entryS M EHSHOF Bt
« WX FH: | RU(least recently used), random ...

39

Paging hardware with TLB

— logical
address

page frame
number number

TLB hit

physical
y address :
L d physical

—I—I memory

LB

p {
TLB miss

- T —

page table

40




H| 22| B2 (Memory Protection)

Page Table®|A2] valid/Invalid bit

N R physical
m 022 2355 2[5l page table entry0ll protection bit2} valid bit 3= 7} ”
B Protection bits .
) PTBR(page table base register) 1
= read-write / read-only / executable-only 82| . ——
« page £F¢|2| memory protection K|S logical 2| page 0
i i L. i ) 00000 frame number valid-invalid bit
® Valid bit (or valid-invalid bit) page 0 \ / 3| page 1
= V=1 (valid): legal page (H[O|X|7} Z2M A2 =2 FAFZH0| RUS) = o LK B2
« V=0 (invalid): illegal page frameno. PV Bt
0 eo |1 page 307y .
1 eo |1 page 3 4l8lv 6
2 w |1 A E
3 ro |1 page 4 egloli 7| page 3
4 - 1o =
710
page table 10468 | page 5 L 8| page 4
. 12,287 page table
i386 page table entry 9| page5s
A 12 1 10 9 8 7 6 5 4 3 2 1 o :
PAGE FRAME ADDRESS 31.12 | RESERVED olelolalo|o|2ll Pl PTLR(page table length register) -
s|w ™ Present page n
41 42
10 T
S+ 0| X|(Shared Pages) Shared Pages Example
B paging?| Y8 -IEE A SR 7ts _ 4
=10 = ed2 E 1| data1
B 57 T E(Shared code) a
« MZTQY FE(reentrant code)= S HE = US i 7] B S
« EY ZEE= = S #SHX| 3F-=(non-self-modifying) 2177 data1 | page table 3ff edi
&(read-only) 2= . i =
» FUHOEO TEMATIZE AEE SA|0| HAHE o ed?2
. 2215 i=elo Qe 3o 3E B] 0 i
2} Z2M20| I O|X| HO|Z0A 22 HO|X] =2 3R 6] ed3
« ZEMNAOC 20| MO MESTHALE ans | mapang 7| data2
ed 1 pmcassP? 2
8
m SR ACE BE RN A0 =2 Fa FUOA 22 X0 Ao il I .
OF & ed3 %
10
data 3 page table
for F’3
process Py
43 44




8.6 Page Table 1=

B Page Table2| 37|
= (0) 32H|E =2|F4 7t 4KB H|0|X| 27|
» 232/ 212 =220 (1M) page table entries
=« page table entry=7| 7} 32-bit(4B) O| &
page table 37| 220 * 4B = 222 = 4MB - 1024 page 37|
w AN HAFRHA|ARZ 232, 24 L o Ot =2|F A SUS AFE
« page tableQ| 7|7} A5 HZIC

« g% 022 37HS A e page table2 page size 2CH 2X &

I ER
= Hierarchical Paging
= Hashed Page Tables

Hierarchical Page table (Multilevel Paging)

m CHEHA page table
= page table= StLIS| HEX B2 2|2 ALESHX| B
« O HO| Z2 ZZHCHIH 1 page 27])2 2 LIFO{M ASHOZ 113

10 10 12
[ p1 [ p2 [d | logical address
PTBR}— o
| ] . d
page directory i i physical address
page table

main memory

45 46
Two-Level Page-Table Scheme (Example) Two-level paging - 80386
o Virtual Address .
” 5951 1211 o = the page table is paged
; __,,---""'"T Page-Directory |  Page-Table - the page number is divided into
o Offset Ofiset Page Offset (1) a 10-bit index into page directory
/ 500 a 100 s " T (2) a 10-bit index into page table
\ : D:::Efo-w Page ;h:ffb'ﬂel i 212=4KB
sical ™ = =
~al 100 e Table Table Page page size ’
500 = page table size =
= pre L2 page directory size =
"""‘-—-—?ES. 210 x 4B/entry = 4KB
32 L Physical
outer-page g ] Lo Address
‘Iab'l)e : : \ o e
(page directory) gog /><
page of 929 31 12
page table Page-Directory Base | I CR3
(inner) page table
memary
47 48




Multilevel Paging

B Three-level paging Ol
2nd outer page outer page innner page  offset

[p1 [p2 [p3 [d
32-bit 10-bit 10-bit 12-bit
>
N page
larger than \ /

page size page size

= 64-bit logical addressE 32-bit physical addressZ B2t5|= G| 4H

_
CEEE-ENERVEEATE

B 64-bit architecture 0| A= hierarchical page tableO| £X &}t

[= =]

49

(Example) x86-64 long mode paging

Virtual Address

63 48 47 3938 30 28 2120 12 11 0
Page-Map
. Page-Directory- | Page-Directory Page-Table Physical-
Sign Extend Level-4 Offset | bt ier Offset Offset Offset Page Offset
(PML4)
9 9 ] ] 12
Page-
Page-Map Directory- Page- 4 Kbyte
Level-4 Pointer Directory Page Physical
Table Table Table Table Page
PTE 2
52
5o+ PDPE
Ll pMLAE " Physical
52 =
PDE 3 Address

51 12 implementation may support fewer bits.
Fage-Map Level-d

| Base Address
===

\_‘ *This is an architectural limit. A given processor

| crs

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

50

Hashed Page Tables

m =4 S7t0] 32H| E Rt HX|H hashed page table2 AHE
B hashed page table

» =2|F29| page number?| hash function 42 hashed page table2]

indexZ AbE%t
= hash table2| Zf entry= HZ 2

« Z2 hash function 2fS
« GAZIAE D HA:

AES ME
= page=2| paging @& M
<page, page frame, next pointer>

B hashed page table2 A% T4 H3t
St &l

» =2|F22| page number2t
HS S0 X2 2 Hlwg

» matchE|H pageE [ Skl page frame2 2 Hetat
B clustered page table

= page table2| Zf entry?} 3t 7§ 2| page?t OFl {2 pageOfl CHSH =
BSt M2 ;qxror

» =8 T S sparsedtH AtEstE 4

XS] HEE|AE Y2S9| page

51

Hashed Page Tables(A|%)

physical
logical address address

physical
ED) - Ty B

a chain of elements (virtual, physical)

hash table
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clustered page table

Virtual Address

8.4 Segmentation

B TR MIAHES Tt > ALEA 22| H 22

. HOPEE Z2awol alH oy

Picue: tosh fopuc | sore ] offecc ] virtual page numtglerfl = Z—E% main program, procedure, function, local variables,
. =
vhi tl?sT;ugcgonol X bIOEtAr global variables, common block, stack, symbol table, arrays ...
« SR E2 page table entryE N .
MENSH= O block offsetS 2 AFR B A|1HE| 0| M (segmentation)
» =2| T2 = <segment number, offset> > 2Kt T
_ w TA IS NOHE CHQZ 48ists M 22| 2Ha| HHAl
h{vhi) (Clystered Page Table T f ! H= ! Eh
[ ) 2 2K R =2 FAE KR B8 FARE Wt
h{vhi) 1
Painter Tag | Hext —||||
PTE PTE
PIE PTE
H P;E PTE
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Logical View of Segmentation Segmentation =
B Segment table
» ZEOBMOIZIMIOAHES FA e FHE MY
1 » table entry &4
4 = base — M| 1™ E 9] starting physical address
= limit— M| 2HEQ| ZO|
subroutine IZl » MIHE ZO|7t 7HHOIER 22| 22 X S HHS AE
B Segment-table base register (STBR)
2 o X T2 M A9 segment tablel| AR FTA
B Segment-table length register (STLR)
3 « AX) T2 M A| segment S
= segment number s Oi| Ci3HA s < STLR O|H s= St A
user space physical memory space
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Segmentation SIE 9| 0{Q} FA HE

[ —

BN

———— 5
— limit | base
segment
table
CPU s
v
es
< Y :\'l'/ >
no
Y
trap; addressing error physical memory
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Segmentation 0|

_— — |
subroutine stack
1400
—
segment 3 | segment O
| ] 2400
L symbol
segment 0 table
| limit_| base
sart segment 4 0[ 1000 | 1400 :
\ 1| 00 |sago | 3200
main 2| 400 | 4300
program 3| 1100 | 3200 segment 3
4| 1000 | 4700 |
- segment lable 4300
sagment 1 sagment 2 ent 2
4700 1
—— e
logical address space segment 4
5700
6300
segment 1|

6700
physical memaory
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8.7 Example - Intel IA-32 (Pentium) Segmentationi} Paging
B segmentationd} segmentation with paging= XA B segmentation:
(in protected addressing mode) « two segment tables Z- Zesg;;fg';
= LDT(local descriptor table) p privilege level
B =4 B3Oy = GDT(global descriptor table)
logical linear physical selector [ s lelp | [offset |
cPU address | segmentation | address | paging | address | physical 13 12 32
unit unit memory = translate 46-bit logical address into 32-bit linear address
« logical address : <segment, offset> 2AHY F2A W paging
« linear address : 15bS =A = a two-level paging scheme.
« paging= AFE3}X| 9 ™ physical address?t 2= | dir |page  |offset |
= physical address 10 10 12
= translate 32-bit linear address into 32-bit physical address
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14 32

logical address | salector | offsat

1A-32 J

IA-32 paging — multiple page sizes

descriptor table
-GDTR
u 4KB, 4MB page (linear address)
LDTR 32
e T page directory page table offset
— segment descriptor —— + 51 22‘21 12|11 d
segmentation T l l
32 .
10 10 1 32-bit entry,
- ; 20-bit page frame page 4KB i
linear address | directory | page offset | page frame pag table ] page 12-bit offset
paging physical addre directory
directory page table - —
[cR3 | —{— " ] CR3 — ) bi
[cR3 | register ;QQS 22-bit offset
= directory entry - page table entry
I __Page directory offset
page directory | 31 2221 0
base register |
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Page Address Extensions (PAE) ARM paging architecture
B Multiple page sizes
| | page directory | page table | offset | | 32 bits I
313029 2120 121 0 ‘ outer page | inner page offset
2 9 9
_1 4-KB
or
4-KB 16-KB
page > page
CR3 1 4
register  page directory page page
pointer table directory table 12-bit offset
s MY
Figure 8.24 Page address extensions. 153{15
) section
64-bit entry, A
24-bit page frame > 24 + 12 = 36 bit physical address
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