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CSE251: System Programming
16. Virtual Memory (2)

Seongil Wi

Department of Computer Science and Engineering



Place of the Page Table? ;
'

Virtual page
number

Page table
Physical page or Physical memory Where does the

Valid disk address page table exist?
Physical memory!
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Place of the Page Table? ;
'

Virtual page
number
Page table
- Physical page or Physical memory Where does the
Valid disk address page table exist?
1 — Physical memory!
3
3
1 =
0 a0
1 ¥ 7 o
1 B
0 o

?_‘? Any problems?

Multiple memory access: one memory access fo obftain
the physical address and a second access to get the data




Problem: Multiple Memo*[y Access

Access to O0x7468

W (Assumption: virtual page number is 0x7, ezl arget data
» page offset is 0x468)

iiiii

mov rax, [rbx]

|

Processor

Ox7 << %
Table

0x2

W
)

Physical memory



-
Problem: Multiple Memo*[y Access

Access to O0x7468

W (Assumption: virtual page number is 0x7, ezl arget data
» page offset is 0x468)

iiiii

mov rax, [rbx] >
{ ] o7 < —Page—
Processor Table
Virtual page # 0X2

(1) Memory access to obtain
the physical address PhysicaTpage # Physical memory
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Problem: Multiple Memory Access

VS
/Oa/ ‘90'0’/6
S

Access to O0x7468

W (Assumption: virtual page number is 0x7, ezt arget data
page offset is 0x468)

iiiii

(2) Memory access

mov rax, [rbx] to get the data
)
[ J 0X7 << AEa‘g'ef
Processor LELLE
virtual page # 0x2

(1) Memory access to obtain
the physical address PhysicaTpage # Physical memory




Problem: Multiple Memory Access ;

Multiple memory accesses cause performance degradation ®

How can we solve this problem?




I
Solution: A Cache for Address Translation

Access to O0x7468

(Assumption: virtual page number is 0x7, 0x2468
page offset is 0x468)

iiiii

mov rax, [rbx]

|

Processor

—
_—_
——
—_

1

__Page
Table

~~~~~~ 0x2

Physical memory



Solution: A Cache for Adgress Translationg

Access to O0x7468

(Assumption: virtual page number is 0x7, ezl i arget data

page offset is 0x468)

iiiiii

Making address
translation fast! ©

—
_——
—

Page table :
Translation 4%

Table

~~~~~~ 0x2

mov rax, [rbx]

Processor

Translation-Lookaside -~
Buffer (TLB) Physical memory




Making Address Translation Fast:
the TLB



Translation-Lookaside Buifer (TLB)

A cache that keeps track of recently used address mappings to
try to avoid an access to the page table

- Small set-associative hardware cache in MMU




Translation-Lookaside Btgfer (TLB) g

A cache that keeps track of recently used address mappings to
try to avoid an access to the page table

- Small set-associative hardware cache in MMU
—Rely on locality of reference to the page table

“When a translation for a virtual page number is used,
it will probably be needed again in the near future”




Translation-Lookaside Bl,gfer (TLB)

TLB
Virtual page Physical page
number Valid Dirty Ref Tag address
| |

101 Y
1711 - Physical memory
11111 ® s P

~ 101 W -
0[0]0
1]0([1 S

Page table
Physical page
Valid Dirty Ref or disk address
i

~1]0]1 —
11010 O s Disk storage
1]0]0 = //_9\
1101 o« S
0 0 O F// = >
110/ 1 « 717 | |
1101 o / 4 |
0/0]0 e
111 (1 s~/ | |
111  / ~—
ojo]o L
1[1]1 o




Translation-Lookaside Bujfer (TLB)

TLB

TLB: a special cache

for address translations

Virtual page

number Valid Dirty Ref Tag

Physical page

Physical memory

.

Page table

Physical page
Valid Dirty Ref or disk address

Disk storage

—|O|—=|—=|O|O|O|O|O|O|O|O

O = | = O = | = | O = OO —




Translation-Lookaside Bujfer (TLB)

TLB

Virtual page

number Valid Dirty Ref Tag

Physical page

Stores the recently used

address mappings

Physical memory

.

Page table

Physical page
Valid Dirty Ref or disk address

Disk storage

—|O|—=|—=|O|O|O|O|O|O|O|O

O = | = O = | = | O = OO —




Translation-Lookaside BL;Efer (TLB) %

Virtual page number le Physical page number

number Valid Dirty Tag

1

TTOS
Physical memory

.\
= |
P
%
7

7>
Tag = virtual page # '//

(— fully-associative)

O|I0O|—=—=O
—_ O = | | —

1
1
- 1
0
1

7

N

Disk storage

1[0 1 <
0[0[0 i I T
1101 « 717 7] |
1101 — 7

0100 = | |
11111 s~/ o |
1(1([1 « / s
0(0/0 s

11101 e




Translation-Lookaside BL;Efer (TLB) ;

Virtual page number le Physical page number
Tag

number Valid Dirty PO S
Physical memory

| | —
= ,
P
%
7

Same with the :
cache “valid” bit %
e

Tag = virtual page # '///

(— fully-associative)

1
.
.
:
0
3

O|O0|O|—=|—=O

7

N

Disk storage

1[0 1 <
010[0 —=z Fomace . e®|
1]0]1 « 717 7] |
BIE 7

0100 7= | |
11111 « </ o |
1(1([1 « / s
010]0 e

BERE e




Case #1: TLB Hits g

> 2
TLB
’\000000 Virtual page Physical page
07(0 Qmber Valid Dirty Ref Tag address
0x100__|
11010 0x200 0x200°.
] 8 8 8)(?8 OOX32000°\ Physical memory
X x20 e ’

T10[0]0x100  [0x400°—
0100 0x40 0x200
11010 0x300 0x800°-

Page table

Physical page
Valid Dirty Ref or disk address

mov [rbx], rax

]
RERGIE —
770]0 v ,
77070 . /D'ikm
71071 T
0]0]0 = i
110/ 1 « 717 'I |
77071 - .
0010 = | |
BERE - ] |
1]1]1 « 7/ ~—
010]0 T
BERE 7




Case #1: TLB Hits ;

> 2
TLB
’\000000 Virtual page Physical page
o0 aumber Valid Dirty Ref Tag address
0x100__|
110[0 0x200 0x200°e-
] 8 g 8)(?8 OOX32000°\ Physical memory
X x20 o -

11010/ 0x100___[0x400°—_
0/10]/0 0x40 0x200
110/0 0x300 0x800°-

mov [rbx], rax

Page table

Physical page
Valid Dirty Ref or disk address

(1) Check if tag matches
0x100 ==== 0x100

(2) Check if valid bit sets
TBL (write) Hit!

N
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1
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Disk storage

\
\

\

14
N
\
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Case #1: TLB Hits ;

> 4
TLB
’\000000 Virtual page Physical page
o0 aumber Valid Dirty Ref Tag address
0x100__|
110/0 0x200 0x200e
] -8- -8- 8)(?8 OOX32000°\ Physical memory
010 x10 [ 0x20 e -
111[1]___0x100
0[O0 0x40 0x
110[0 0x300 0x800-e- Oy,
Page table 200, ;
mov [rbx], rax pbyss] e rbx’s value
Valid Dirty Ref or disk address
i
] 7107 —
(1) Check if tag matches 1]0]0 a—— Disk storage
I 11919 = /’—g\
0x100 === 0x100 TN —— . =
1]0[1 f AV ] |
. g 101
(2) Check if valid bit sets e | |
AEIE :’/ // 7 o |
. . AEE
\_/
TBL (Wl’lte) Hit! 0[0]0 e
111




Case #1: TLB Hits ;

> 2
0 TLB
,\0000 Virtual page Physical page
o0 aumber Valid Dirty Ref Tag address
0x100__|
11010 0x200 0x200e
1[0]0 0x50 0x300e. Physical memory
110]0 0x10 0x20 e——<— ’
1(1][1 0x100_ |
010/0 0x40 0x
11010 0x300 0x800e- Oy,
Page table 0 ;
mov [rbx], rax 9 rbx’s value
(1) Check if tag matches Hoes No Disk storage
F
0x100 == 0x100 o e e >
. 7] |
(2) Check if valid bit sets c Pdye ldbie | |
| |

TBL (write) Hit! —



Case #2: TLB Misses . ;

TLB

0
OAQOQO Virtual page Physical page
O Qumber Valid Dirty Ref Tag address

020040 |

1 0x200 0x200°-
1 0x50 0x300e. Physical memory
1 0x10 0x20 «——< v
(1) 0x100 0x400°¢-
3

0x20 0x200
0x300 0Ox800+e-

Page table

Physical page
Valid Dirty Ref or disk address

—_ O = | | =
OO|O| = —=O

mov [rbx], rax

» - e

TBL (write) Miss ENCIEN
L m—— -
1/0[1]0x600* _~ -
ol ;//y/ 7| |
1]0]1
1101 — 7 .
0[0]0 7 | |
1[1]1 W o |
1111 o 7 S
0[0]o0 $7mnn
1111 7




Case #2: TLB Misses N ;

TLB
QAQOOOO Virtual page Physical page
07(0 Qumber Valid Dirty Ref Tag address
0X0040 |
1]0(1 0x200 0x200e-_
1 1 ] 8X?8 00X32000 i, v, Physical memory
X X ® >

T[0[1] __0x100 _ [0x400°—
0]0]0 0x20 0x200
1/0]1 0x300 0Ox800°-

Page table

Physical page
Valid Dirty Ref or disk address

mov [rbx], rax

i
. , =
Ca.se #2-1 If the page 1 z ; :///? Disk storage

exists in memory, ... 0] T0X600~ < >
) ol 7 "] |
Case #2-2: If the page is i) A | |
not present in memory, ... REAN AL 1\_/)

(page fault) N AN I —




Case #2-1: TLB Misses — Memory Hit ;

TLB

0 Virtual page Physical page
()7(0 Qumber Valid Dirty Ref Tag address

020040 |

1 0x200 0x200°-
1 0x50 0x300e. Physical memory
1 0x10 0x20 o— .
(1) 0x100 0x400°
1

0x20 0x200
0x300 0x800°-

Page table

Physical page
Valid Dirty Ref or disk address

| O = | ==
O|O|O| = —=|O

mov [rbx], rax

/
1. KK il
Cgse #2 1: If the page 0x4Q A —— LA
AT ey
exists In memory, ... 110 1]0x600 >3
1]0] 1 - 71 ] |
1[0]1 */fjjij/// ”
0[0]0 e | l
111 i | |
1111 v e me®
0[0]0 o7
111 ¢




Case #2-1: TLB Misses — Memory Hit ;

00 TLB
QAQOO Virtual page Physical page
()7(0 Qumber Valid Dirty Ref Tag address
020040 |
1]0]1 0x200 0x200°-
] 1 1 8)(?8 OOXBZOOO ‘\\\\ Physical memory
x20 e >
[T10]7 % .
110/ 1 0x40
X X b

Load:thelpage table entry
{{[0AY] [ r‘bX] , raxX (write back depending

ionithe situation)dress

e
Case #2-1: If the page O e ek storage
exists in memory, ... A e o
k/ K_——/
0[1 « 71 ] |
i —— " |
0/0 s
e a4 7| |
111 ¥ 7 ~—_
0]0 ~
1]1 v




Case #2-1: TLB Misses — Memory Hit ;

mov [rbx], rax

Case #2-1: If the page
exists in memory, ...

TLB
Virtual page Physical page
Qumber Valid Dirty Ref Tag address
0X0040 |
A e
X X s i
A 030 T : Physical memory
11{0]1 b
110/ 1 0x40
X X e

0x4

Valid

Load:thelpage table entry
(write back depepding
iopithe situation)dress

—

eV
/

= 1O|=|=|O|O|O (@] (@] Pl o)

b I b |t ] | —

Disk storage
JOC U
J C -



mov [rbx], rax

0X0070 |

Physical page

Physical page

Valid Dirty Ref or disk address

Ox7g

Case #2-2: If the page is

not present in memory, ...

(page fault)

T3

1

N
\\

O ==} ..

O| = O} -

1
\

Tag address

1]0]1 0x200 0x200°-.
JEIE 0x50 0x300°-. Physical memory
1]1]1 0x10 0x20 o< P
[A1o[1 0x100  [0x400°-.
0[0]0 0x20 0x600
1]0][1 0x300 0x800 -

Page table

Disk storage

\
\

\

N
\

L\
\
i

e
A

O == O =k - -

- ] = | =[] =2} - -
‘x\\




’(00000 Virtual page Physical page
07(00 Qumber Valid Dirty Ref Tag address
0X0070 |
1][0]1 0x200 0x200°e-
1]1]1 0x50 0x300e. Physical memory
1]1]1 0x10 0x20 «—< .
ENIE
alld DIt U 2 MO
A (CC C J U
mov [rbx], rax : LT
Valid Dirty Ref,
EIRIE
1: 0 / —— Disk storage
A .
0 o= 4 A
] : ¥ o / | |
Case #2-2: If the page is iVl - L | |
not present in memory, ... REAN AL L,,/l
(page fault) (R I d—




Case #2-2: TLB Misses —fa ;

ge Fault

TL
0700000 Virtual page Physical page
O Qumber Valid Dirty Ref Tag address
0X0070_|
1/0]1 0x200 0x200e
] 1 ] 8)(?8 OOX32000°\ Physical memory
X x20 o -
T10[1]_0x100 __|0x400°—
0[0]0 0x20 0x600
11071 0x300 0x800+-
Page table

mov [rbx], rax

Physical page

Valid Dirty Ref or disk address

Ox7g

Case #2-2: If the page is

not present in memory, ...
(page fault)

K

1

\

\

(KRR
N

3
1
0

Disk storag

\
\

\

14
\
\

e
A

—|O|= O

—
~|lo|=|—|o|o} - |o|lojo}--|o
b [ b | b ] —

‘x\\ Q

Pagin
|

(1)- Ifeitch—“pagelto—tl‘he
physical’memory
(write back depending
on the situation)




Case #2-2: TLB Misses — Page Fault g

0
0070000 Virtual page PhySIcaI page
OX Qumber Valid Dirty Ref Tag address
0X0070 |

1 0x200 0x200°-

1 0x50 0x300e. Physical memory
1 0x10 0x20 «——< v
1 0x100 0x400°-

0 0x20 0x600

1 0x300 0x800°-.

OO|O| = —=O

Page table

Physical page
Valid Dirty Ref or disk address

mov [rbx], rax

01
(:) 0 Disk storag
01
0]0
) M 4
Case #2-2: If the page is ol o7 (2)-Update the address
not present N memory 1171 < translation table _(1)- IFetch—=page=to- the
y = 'BERE « / phwmemow
(page faUlt) (1) ? ? :,—f_/ (write back depending

on the situation)




Case #2-2: TLB Misses — Page Fault ;

m@m
X

0700000 Virtual page Physncal page
07(0 Qumber Valid Dirty Ref Tag address
0X0070 |
1]0][1 0x200 0x200e-
] 1 ] 8)(?8 OOX32000°\ Physical memory
X x20 e -
[1]0][1 0x100 Nx400] =
[:]m

UXoUU & ‘\4'

(3)d:oadthe page table entry, /'/
(wrlte back dependmg

mov [rbx], rax

Disk storag

Case #2-2: If the page IS (-2)-,.Update the address |

not present in memory, ...
(page fault)

franslation table

(1)- Fetch—page—to the
phy&al memory

(write back depending
on the situation)



Case #2: TLB Misses

Case #2-1: If page is in memory
—Load the page table entry from main memory and retry

—Could be handled in hardware or in software
» Raise a special exception, with optimized handler

Case #2-2: If page is not in memory (page fault)
—0OS handles fetching the page and updating the page table
—Then restart the faulting instruction



TLB and Cache Interaction g

*

Physical
address

Physical
addres

TLB hit

i Virtual
P laddress

Page table
entry

TLB
miss Pag e

table



TLB and Cache Interactio*[l

* Physically addressed caches
— Cache tag uses physical address
» Always translate before cache lookup

— Allows multiple processes to have blocks in cache at the same time
— Allows multiple processes to share pages

 Virtual
laddress

Physical
address

TLB hit

Physical
addres

TLB

TLB
miss Page

table

Page table
entry



Multi-level Page Tables



We Have a Problem! ;

%tual memory
VP 0 9

Virtual page (VP)

VP 1023 2K allocated VM pages

number VP 1024 for code and data
VP 2047 |
N
What is the problem? Gap | - 6Kunallocated VM pages
_/
1023
unallocated 1023 unallocated pages
pages
VP 9215 1 allocated VM page

for the stack




We Have a Problem!

Page table %tual memory
#0 PTE O wo |\
#1~1022 e
#1023 PTE 1023 VP 1023 2K allocated VM pages
#1024 | PTE 1024 VP 1024 for code and data
#1025~2046 "
#2047 | PTE 2047 VP 2047 |/
N
#2048~8191 (null) Gap > 6K unallocated VM pages
_/
1023
#8192~9214 (null) unallocated 1023 unallocated pages
pages
1 allocated VM page
#9215 PTE 9215 VP 9215 || £ 8 oA




We Have a Problem!

#0

#1~1022
#1023
#1024
#1025~2046
#2047

#2048~8191

#8192~9214
#9215

Page table

PTE O

PTE 1023

PTE 1024

PTE 2047

(null)

(null)

PTE 9215

Virtual memory

VPO 4
VP 1023 2K allocated VM pages
VP 1024 for code and data
VP 2047 |
N
Gap > 6K unallocated VM pages
_/
1023
unallocated 1023 unallocated pages
pages
1 allocated VM page
VP 9215 for the stack




We Have a Problem!: Space Consumption;

Page table %tual memory
— q
#0 PTE O VP 0
#1~1022 . : =< I
#1023 PTE 1023 VP 1023 2K allocated VM pages
#1024 | PTE 1024 VP 1024 for code and data
#1025~2046 o : —>
1 —
: PTE 2047 VP 2047 |/
Space — A
. —p
consumption N
#2048~8191 Gap > 6K unallocated VM pages
Unnecessary
Space
/
— 1023
#8192~9214 unallocated 1023 unallocated pages
— pages
1 allocated VM page
#9215| PTE 9215 EE VP 9215 for the stack




N e——————
Assumption:

What Is the # of Page Table Entries?|. 35t aaesses

« 4KB pages
* 4-byte PTEs

Page table %tual memory

#0[ PTE 0 A
#1~1022
#1023 [ PTE 1023
#1024 [ PTE 1024
#1025~2046 N
#2047 | PTE 2047

2K allocated VM pages
for code and data

#2048~8191 (null) > 6K unallocated VM pages

#8192~9214|  (null)
#9215 PTE 9215

1023 unallocated pages

1 allocated VM page
for the stack




N e——————
Assumption:

What Is the # of Page Table Entries?|. 35t aaesses

« 4KB pages
Page table %tual memory - _4-byte PTEs
#0)] PTEOQ Page size:
#1~1022 e 4 KB
#1023 | PTE 1023 = 212 bytes 2K allocated VM pages
#1024 | PTE 1024 for code and data
#1025~2046

#2047 | PTE 2047

232

212 = 22Oentries!

#2048~8191 (null) > 6K unallocated VM pages

#8192~9214 (null) 1023 unallocated pages

1 allocated VM page
for the stack

#9215 | PTE 9215

§




What Is the Page Table Size? ‘

#0

#1~1022
#1023
#1024
#1025~2046
#2047

#2048~8191

#8192~9214
#9215

Assumption:
32 bit addresses

220

 4KB pages
%tual memory - _4-byte PTEs
Q
2K allocated VM pages

for code and data

entries!
> 6K unallocated VM pages

1023 unallocated pages

l 1 allocated VM page
for the stack



Limitation of a Single-le\al‘eel Page Table g

* Suppose #1:
— 32 bit addresses, 4KB pages, 4-byte PTEs
- For each program, we need a 4MB page table ®

e Suppose #2:
— 42 bit addresses, 4KB pages, 8-byte PTEs
- For each program, we need a 512GB page table ®

Waste substantial memory because it must allocate entries for the entire

virtual address space, even when most pages are unused




N ———————————
Assumption:

ROOt Cause Of Space Bloating « 32 bit addresses

 4KB pages
Page table %tual memory - _4-byte PTEs
— q
#0 PTE O VP 0
#1~1022 . : =< I
#1023 PTE 1023 VP 1023 2K allocated VM pages
#1024 | PTE 1024 VP 1024 for code and data
#1025~2046 e : —>
=8 =
- PTE 2047 VP 2047 |
Space — A
. —
consumption N
#2048~8191 Gap > 6K unallocated VM pages
Unnecessary
Space
_/
— 1023
#8192~9214 unallocated 1023 unallocated pages
— pages
1 allocated VM page
#9215 | PTE 9215 3 VP 9215 for the stack




Assumption:

Solution: Multi-level Page Tables ; 32bitaddresses

4KB pages

: * 4-byte PTEs
Level 1 Level 2 %tual memory y
page table page tables Y Q
1
PTE 1 VP 1023 2K allocated VM pages
PTE 2 (null) PTE 1023 | VP 1024 for code and data
PTE 3 (null)
PTE 4 (null) PTEO ~I VP 2047 |
PTE 5 (null) A
PTE 7 (null Gap > 6K unallocated VM pages
PTE 8
1023 null
(1 K - 9) PTEs
null PTEs PTE 1023 -/
] 1023
unallocated 1023 unallocated pages
pages
1 allocated VM page
VP 9215 for the stack




Solution: Multi-level Page Tables ; 32bitaddresses

Assumption:

4KB pages
: e 4- PTE
Level 1 Level 2 %tual memory byte >
page table page tables/ VI
PTEO —-— [ P10
PTE 1 VP 1023 2K allocated VM pages
PTE 2 (null) PTE 1023 VP 1024 for code and data
PTE 3 (null)
PTE 4 (null) PTEOQ -~ VP 2047 |
PTE 5 (null) )
2UIE () Gap > 6K unallocated VM pages
PTE 8
3 null
(1K -9)
null PTEs <
1023
unallocated 1023 unallocated pages
- . ed VM page
8 allocated al pagd g tack
eCondad-ievel padge abie AllOCaled



Assumption:

Solution: Multi-level Page Tables ; 32bitaddresses

Level 1 Level 2
page table page tables
— PTEO -
PTE 1
PTE 2 (null) PTE 10237
PTE 3 (null)
PTE 4 (null) PTE O
PTE 5 (null)
PTE 6 (null) PTE 1023
PTE 7 (null)
PTE 8
1023 null
(1K - 9) PTEs
null PTEs PTE 1023 |
Level 1 index | Level 2 index Page offset
10 bits 10 bits 12 bits

Virtual memory

VPO

Q

VP 1023

VP 1024

VP 2047

Gap

AN

4KB pages
* 4-byte PTEs

2K allocated VM pages
for code and data

> 6K unallocated VM pages

1023
unallocated
pages

VP 9215

1023 unallocated pages

1 allocated VM page
for the stack



Assumption:

Solution: Multi-level Page Tables ; 32bitaddresses

4KB pages
* 4-byte PTEs

2K allocated VM pages
for code and data

> 6K unallocated VM pages

Level 1 Level 2 %tual memory
page table page tables 7P 0 Q
PTEO | PTEO |
PTE 1 VP 1023
PTE 2 (null) PTE 1023 | VP 1024
PTE 3 (null)
PTE 4 (null) PTEO | VP 2047 |/
PTE 5 (null) )
PTE 7 (null)
Gap
PTE 8
1023 null
(1K - 9) PTEs
null PTEs DTE 1023 /
- 1023
unallocated
pages
VP 9215
1111111111 011010101101
10 bits 10 bits 12 bits

1023 unallocated pages

1 allocated VM page
for the stack



Solution: Multi-level Page Tables ; 32bitaddresses

Assumption:

4KB pages
: e 4- PTE
Level 1 Level 2 %tual memory byte >
page table page tables/ VYA
PTEO —/ PTEO
PTE1 VP 1023 2K allocated VM pages
PTE 2 (null) PTE 1023 = VP 1024 for code and data
PTE 3 (null)
PTE 4 (null) PTEOQ -~ VP 2047 |
PTE 5 (null) )
2UIE o () Gap > 6K unallocated VM pages
PTE 8 >
1023 null
(1 K - 9) PTEs
null PTEs PTE 1023~ <
1023
unallocated 1023 unallocated pages
pages
VP 9215 1 allocated VM page

for the stack

Allocate lower-level tables only for

used virtual address regions!



Assumption:
Solution: Multi-level Page Tables ; 32bitaddresses
pag
Level 1 Level 2 %tual memor : 4-byte PTEs

page table page tables

4KB '
4KB ‘

4KB

N

Allocate lower-level tables only for

Page table size:
4MB (single-level) —
16KB (multi-level)

used virtual address regions!



Multi-level Page Tables

» Organize page-table entries hierarchically

* Allocate lower-level tables only for used 'T-e;'r' 2
virtual address regions ables

— So that we can save the space of page

/
tables! Level 1

Table

//'

« Example: 2-level page table
— Level-1 table: each PTE points to a level-2

page table

— Level-2 table: each PTE points to a page




Translating with a K-level Page Table

Page table
base register
(PTBR)
n-1 Virtual address o-1

VPN 1 VPN 2 VPN k VPO

the Level 1 a Level 2 a Level k [

page table page table page table
» PPN |}—

m-1 , p-1

PPN PPO
r : ~N Physical address
 VPN: Virtual page number

« VPO: Virtual page offset
 PPN: Phisical page number

\* PPO: Physical page offset (same as VPO)




TLBs and Multi-level Pagf Tables

* TLBs cache the complete virtual to physical mapping

— Regardless of the levels of page tables, the TLB stores the
VPN — PPN



R
Virtual Memory Summary

* Programmer’s view of virtual memory
— Each process has its own private linear address space
— Cannot be corrupted by other processes

« System view of virtual memory

— Uses memory efficiently by caching virtual memory pages
= Efficient only because of locality

— Simplifies memory management and programming
— Simplifies protection



Question?
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