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Chapter 8: Memory Management

O Background

O Swapping

O Contiguous Memory Allocation
O Paging

O Structure of the Page Table

O Segmentation

0 Example: The Intel Pentium
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Background - J| 2 3IE/

O Main memory and registers= CPUJt &2 & =
U= 7 et storage
m =, Disk0fl &= OIH2tE & HZ20 2N load
ElHOF &
m CPUO ol &ldEl=2=Zd2 H22 =40t
Cle== AtEolOFe
O Register VS. Main Memory
= Register : one CPU clock (or less)
= Main memory : Many Clock Tick Cycle
Cache : Register2t Main Memory AtO| 2] = & Xt0| 0l
Olof stall(KlH) ot 8= 2tstAIZ (L1, L2)
o Memory2| 2 S (protection) & & Z R
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Background - J| 2 3IE/

O A pair of base and limit registers define the
logical address space

0
operating
system
256000
process
300040 ‘ 300040
process base
420940 « 120900
limit
process
880000
1024000
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Background — Address Binding

o 22 =20t 8eld &= AlIES
m B Al &E(Compile time):
HIZ2el XA SAXOH, EU /AX 2SS 2=
= & (absolute code) )t A E = U
= BHEAl D F=20A 2HEH, S283F M
s &1 Al&(Load time):
AlE 2O F=AIUHEZ2I O EIE = AEN &8 &=
D:I OEA_I 9—|H_|_OI A'I-lo.” OI-E:'I'X' EDOI-S |X|D|-o
M XIAIZ19] ®I8t 2 E(relocatable code)E M &
m &3l A|E(Execution time):
2ol MEEl=AHE CPUJL A &otL], CPUJL
HZ222 A8 Ei= & AIE 0 binding
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Background — Address Binding

MEA 2182 HHAHE X2ldd

source
_program
compiler or compile
assembler time
object
- o module
other i
object
modules,
linkage
editor
'~ load , load
! : module time
system \
library
i ' loader
/dynamicall
loaded &
. system | |
. library in-memory )
dynamic |  binary Eﬁg?ﬁﬁ
linking memory time)
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Background - =2 &

o =2 FA0 22 F=A
= Logical address — generated by the CPU; also
referred to as virtual address

» Physical address — address seen by the
memory unit

0 Memory-Management Unit (Mmu)
CPUJI 220l E20t= A2
SLERAIN 25
Ot 22 FAE AN HRel =42 BHE
m Relocation Register

In MMU scheme, the value in the relocation
__ register is added to every address generated by a
#7%,  user process at the time it is sent to memory
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A~ ) A~
Background — =24 vs E2|FA
Relocation RegisterE 0l =& MHUH X
relocation

register
14000

logical physical

address address

CPU »  memory
346 14346
MMU
Operating Systém Concepts — 7t Edition 8.8 Silberschatz, Galvin and Gge ©2007



=
0
o
2
oq
[z
I

o 8s 2 €Y
m &Y T2 )/HASEH
m ZE Z=_1eHU/IE = (Fixed Partition)
m ZE 22 )Y /IHHEE (Variable Partition)

oglash2e €
= | 0| & (Paging) J| &

m N[Z12IH Ol & (Segmentation) J| &
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Contiguous Allocation (Cont.)-
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OS 0S OS 0OS
process 5 process 5 process 5 process 5
process 9 process 9
process 8 | > —> process 10
process 2 process 2 process 2 process 2
SIS Sl AES AL 2h 2l A 22|
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BH XI &8 &f - Dynamic Storage-Allocation Problem

How to satisfy a request of size n from a list of free holes

o First-fit: Allocate the first hole that is big enough

O Best-fit: Allocate the smallest hole that is big enough;
must search entire list, unless ordered by size

m Produces the smallest leftover hole

O Worst-fit: Allocate the largest hole; must also search
entire list

= Produces the largest leftover hole

First-fit and best-fit better than worst-fit in terms of
speed and storage utilization
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HA=atd o EM& - Fragmentation

o &3l (Fragmentation)2 &2
m ZZ)ES0[ AtE0HAl Zot= HIL2E

F

0K
rJ

F

e
JJ
alll
MHT

B2 elAEN Sotle 2t AJIJUHSR A0t He =1 &%
_J'\_ o

m LS =3} (Internal Fragmentation )
D Z2030| 7P AP0 M 2 2VS $Y IR YT B2

= (4l) 512byte block0{| Al 100byteBt A= St &<
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o QS HtEHohoffE 2ot
n =2 (Coalescing)
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H 22l 22l - Paging

o Jl=gY
= Divide physical memory into fixed-sized blocks called frames

Frames : size is power of 2, between 512 bytes and 8,192
bytes
= Divide logical memory into blocks of same size called pages

= To run a program of size n pages, need to find n free frames
and load program

m Page table 0| 2 B &!: logical to physical addresses

o Internal fragmentation & &4
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H 22l 22l - Paging

Physical memory

Virtual memor Frame 11
Process —— Y / :
B Page 3 —_— Frame 10
Page 2 Frame 9
Page 1 >< Zf Frame 8
Page 0 Frame 7
\\\ 5
- == Frame 6
Process age :
A Page 5 L mappmg)'/\.,. Frame 5
Page 4 74 Frame 4
Page 3 Frame 3
Page 2 »  Frame 2
Page 1 7 Frame 1
Page 0 [T  Frame 0
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Paging - Address Translation Scheme

O Address generated by CPU is divided into:

= Page number (p) — used as an index into a page table
which contains base address of each page in physical
memory

= Page offset (d) — combined with base address to define
the physical memory address that is sent to the memory
unit

page number page offset

p d

m-n n
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Paging - Paging Hardware

logical physical /
address address fO000 ... 0000
CPU p | d f d >
A

1 R o |

» f

physical
memory

page table

s : yw
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Paging - Paging Model of Logical and Physical Memory

frame
number
page O 0
0f1
page 1 112 1| pageO
. 28
page 2 2
37
page 3 page table 3| page 2
logical 4| page 1
memory
5
6
7| page 3
physical
memory

; "
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Paging - Paging Example

0| a 0
11 b
2| ¢
3|d
4 | e 4 i
5 (Wi j
6 |d 0 k
7 | h 116 i
4 2| 1| 8 B
] n
10| k 3|2 0
11 1 page table p
121 m 12
13| n
14| o
15| p
logical memory 16
20 | @
b
C
| d
24 | ©
f
g
h
28
physical memoryj

32-byte memory and 4-byte pages
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Paging - Free Frames

free-frame list free-frame list
14 15 :
13 13 13 |page 1
18
20 14 14 |page 0
15
T T 15 T T 18
e A N
page O 16 page 0 16
page 1 page 1
page 2 17 page 2 17
page 3 page 3
new process new process
Sl 18 \_,j 18 |page 2
19 19
20 20 |page 3
21 new-process page table 21
(a) (b)
Before allocation After allocation
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Paging — ot=%I{ A&

o PTBR1I PRLREZ 0|&¢S!t Page Table 2 5% &Ha!
= Page-table base register (PTBR) points to the page table
= Page-table length register (PRLR) indicates size of the page table

In this scheme every data/instruction access requires two memory
accesses. One for the page table and one for the data/instruction.

o TLBE O[E¢er ot=AI 0 It
= The two memory access problem can be solved by the use of a

special fast-lookup hardware cache called associative memory or
translation look-aside buffers (TLBs)

o ASIDE O0|Eet TLB & &H4
= Some TLBs store address-space identifiers (ASIDs) in each TLB
entry — uniquely identifies each process to provide address-space
protection for that process
g'c -t
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Associative Memory

O Associative memory — parallel search
Page # Frame #

Address translation (p, d)
= If p is in associative register, get frame # out
= Otherwise get frame # from page table in memory
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Paging Hardware With TLB

logical
address
CPU —r| p | d
page frame
number number
Eg TLB hit physical
E Il | address
LfldF—
TLB )
p
TLB miss
» i
- physical
memory
page table
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TLBE 0| 28t Effective Access Time

O Associative Lookup = ¢ time unit
0 Assume memory cycle time is 1 microsecond

O Hit ratio — percentage of times that a page
number is found in the associative registers;
ratio related to number of associative registers

O Hit ratio = a
O Effective Access Time (EAT)
EAT=(1+¢g)a+(2+¢)(1—a)
=2+e—q
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TLBE 0| 28t Effective Access Time

O Access Time A A2 O
= Jt&E
o TLB § A8 Al 2t - 20nano
0 W22l 82 A2 100nano
= TLBO| JACHH E2 A2t : 120 nano
= TLBO SiCHH E 2 A2t : 220 nano

= Hit Ratio0il (& E2AlZF W=
o Hit Ratio 80%Q! &%
= Access time = 0.8*120 + 0.2 * 220 = 140 nano
o Hit Ratio 98%¢0! &%
= Access time = 0.98*120 + 0.02*220 = 122 nano
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Memory Protection

0 Memory protection implemented by associating
protection bit with each frame

0 Valid-invalid bit attached to each entry in the page
table:
= “valid” indicates that the associated page is in the
process’ logical address space, and is thus a legal
page
= “invalid” indicates that the page is not in the process’
logical address space
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Valid (v) or Invalid (i) Bit In A Page Table

0
1
2| page 0
00000 frame number valid—invalid bit
page O \ / 3| page 1
0|2 |v
page 1 1 ly 4| page 2
- 214 | v
age 2 5
i 37|V
page 3 418 |v 6
59 v
page 4 glo]l 7| page 3
710 i _
10,468 | page 5 : 8| page 4
12,287 page table
9 page.s
page n




Shared Pages

0O Shared code

= One copy of read-only (reentrant) code shared
among processes (i.e., text editors, compilers,

window systems).

= Shared code must appear in same location in the
logical address space of all processes

O Private code and data
= Each process keeps a separate copy of the code
and data
= The pages for the private code and data can appear
anywhere in the logical address space
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Shared Pages Example

ed 1 0
3
ed2 4 1| data
6
ed 3 2| data3
1
data 1 page table 3 ed i
for P, ed 1
process P1 3 4 ed 2
ed?2
i 5
ed3 6
7 6 ed 3
data 2 page table
for P 7 data 2
ed 1 -
process P,
3 8
ed2 n
' 9
ed3 6
= 10
data 3 page table
for F’3 11
process P,

s : yw
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Page Table : JH&

o HOIXl H0l= =20l tiet 2ol =

= Page Table2 ZZHAY 2=

HI Ol Xl 4KBE JtAl= 320IE (1 =dlA S2F2 HIOIAl HIOI=
MOl &= 4MB
m I NAYH OEZ EH0| 3

o 2H6 =S =0l= &8
m AN ANEEE =4 Z22H0 CHoH A Gt S8 S SHEEEH
m M 242 2R Z (Fraction) Al

o HEH ARG S %'E'Oﬂ CHst o
= HIOIX HIOIZS CHOIL}2! 6
U eIndirection EHI%% SHHA - 28 e
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Page Table : &

O Hierarchical Paging

0 Hashed Page Tables

O Inverted Page Tables

Operating System Concepts - 7th Edition

8.31

Silberschatz, Galvin and Gagne ©2007



Page Table : Hierarchical Page Tables

O Break up the logical address space into
multiple page tables

m 2EH3 HIOI Xl HIOI =(Two Level Page Scheme)

Operating System Concepts - 7th Edition

0

P 1

/ 5(:JO N

.
708
.

\‘H 150 7
\

outer page
table

"‘"929\

page of
page table

/

100

500

708

900

900 />< :

929

page table

8.32
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Page Table : Two-Level Paging Example

O A logical address (on 32-bit machine with 1K page size) is divided into:
® a page number consisting of 22 bits
m a page offset consisting of 10 bits

O Since the page table is paged, the page number is further divided into:
= a 12-bit page number
= a 10-bit page offset

O Thus, a logical address is as follows:

page number page offset
Pi P2 d
12 10 10

where p; is an index into the outer page table, and p, is the displacement
within the page of the outer page table
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Page Table : Two-Level Paging Example

« 2CHH IOl X HIOI= 0| A Address-Translation Scheme

Physical memo

ry

Page frame N

Page frame &

Operating System Concepts - 7th Edition

logical address
Pi | P2 | d
P {
P2 {
outer page d 3
table
page of
page table
10 10 12
Master page # Secondary page # Offset
Page frame Dffset *
Physical address
Pl
B
L |
Master
page table secondary page table

8.34

Page frame 5

Page frame 4

Page frame 3

Page frams 2

Page frame 1

Page frame 0

. y o :
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Page Table : Three-level Paging Scheme

outer page Inner page offset
P1 P2 d
42 10 12
2nd outer page = outer page | innerpage , offset
P1 P> P3 d
32 10 10 12

Operating System Concepts - 7th Edition

8.35

H ;-
Silberschatz, Galvin and Gagne ©2007



Page Table : Hashed Page Tables

O Common in address spaces > 32 bits

O The virtual page number is hashed into a page
table. This page table contains a chain of
elements hashing to the same location.

O Virtual page numbers are compared in this chain
searching for a match. If a match is found, the
corresponding physical frame is extracted.
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Page Table : Hashed Page Table

logical address

p | d

k4

@—» -—'~|q|3|’T|J.|r:>|r|_T

A 4

physical
address

r d

hash table

Y

physical
memory

Operating System Concepts - 7th Edition

8.37

' - -2 L.
Silberschatz, Galvin and Gagne ©2007



Page Table : Inverted Page Table

AH HI22l2l HIOIXIDF otLtel AlEE| DI =.
w &M GIZ22| HOIAIC! otLte] HEL|= VPNt
T2 MAEEME O JUS
218t M o2 VPNO| @1 AD} €D 1 LHO 04 E PPNO| D12 =0 0= VPNOI
RIDats 22t 9h20| AER| Dt LR OIX EI0IZ0l HE 0/0] Bl IPTS VPNES

M&otld I AIEPPNOI £ 2= 2 X =2l HZ22l AF0IA B3 2] dEL| 2 &Y
ot /22 HIOIXl 0= AHOIZDJF DS &3

o CHAION HIOIAIE &I #?lol 248 AlZ2H0l =3It
H2c2 20 ZEO0HE.
m 0|02 o2 otJ| 2100 M Hashed Inverted Page
Tables= M Lt TLB2 &2 ot == &=
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Inverted Page Table Architecture

logical
address

physical
cPU {pid]| p | d T d addrese | physical

= memory
search l }i

page table

. . “ ~
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Segmentation

o MIO%HOIAE JgEel &2
m Segment &= HIZ20 2 &2Eot= JIE

O A program is a collection of segments. A segmentis a
logical unit such as:

main program,

procedure,

function,

method,

object,

local variables, global variables,
common block,

stack,

symbol table, arrays
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User’s View of a Program

Operating System Concepts - 7th Edition

subroutine

Sqrt

symbol
table

main

program

logical address
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Logical View of Segmentation

user space physical memory space

- Ny <
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Segmentation Architecture

O Logical address consists of a two tuple:
<segment-number, offset>,

O Segment table — maps two-dimensional physical
addresses; each table entry has:

= base — contains the starting physical address where
the segments reside in memory

= limit — specifies the length of the segment

O Segment-table base register (STBR) points to the
segment table’s location in memory

O Segment-table length register (STLR) indicates
number of segments used by a program;

segment number s is legal if s < STLR
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Segmentation Hardware

limit |base

segment
table

CPU —>|s|d

yes

no

trap: addressing error physical memory
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Example of Segmentation

subroutine stack
1400
segment 3 segment O
2400
symbol
segment 0 table
limit | base
Sgrt segment 4 0| 1000 | 1400
1| 400 | 6300 3200
main 2| 400 | 4300
program 3| 1100 | 3200 segment 3
411000 | 4700

segment table 4300

\segment 1 segment 2

segment 2

4700

logical address space segment 4

5700

6300 — :
segment 1

6700
physical memory

s : yw
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End of Chapter 8
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