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Virtual Memory

Motivation #1:\Large Address Spacve}for Each Executing

Program
OxfEffffff K | (09)
. : : erne memory
f Ezgﬁbprtogrii? thinks it ha:i (cocle, data, heap, stack) T m:iz;glrgto
VAL € address space|or I1ts
y P/J 0x530000000 PSSR USEr code
! 17( G 6 user stack
i (created at runtime) $sp (stack pointer’
— May not use it all though 1 P pointer,
e Availablelmain memory/may
be much smaller
- E.gl512MB t
: *+— brk
'2 run-time heap
™ T, ‘M“ (managed by malloc)
e ¢
MEM = M “P L read/write segment
010000000 (.data, .bss) loaded from the
i ( read-only segment executable file
0x00400000 (text)
Cache ? Ox 0000 1000 unused VT




Motivation #2: Memory Management for Multiple

Programs

e Atany pointintime, a computer may be

j:@nning multiple programs | processes/Jbbs/Tarl’\S

— E.g., Firefox + Thunderbird

— See discussion on processes in following

lectures

¢ (Questions:

— How do we avoidﬁddress conflicis[?

Jruntime heap (via malloc)

memory
invisible to
kernel virtual memory user code
stack
! P
[ “brk” ptr

— How do we- rograms from each
p g uninitialized data (.bss)

other?

initialized data (.data)

— How do we memory between program text (.text)

multiple programs?

forbidden

/i) (no]LedLe)

* |solation and selective sharing

The Environment

---- Long Latency
---- Low Bandwidth

Dick
DRAM \
SRAM
K t
c:‘\'roller
f < > , < ; N ‘
Ld{n@{ 500 cl1¢|85 chrwcu\ 10 u1<,|<s

Bendwidth |p 6B/, Benduidth 200 MB/¢

(’gdﬂtm&

Tug

VCC+0r.& ...

= T],\;Jf * (TﬂSS rz}ﬁ\ —T':cml’r}

T oa
(i

S TT— A
—~
Big blocks  : spatial locality
Big cache : lower miss rate
Associative : lower miss rate
Write back  : less bandwidth

Multiple levels : lower avg penalty

disk  cartroller

— pre fetdy + wiike boffer
— cache disk ‘olOQ((g
- ScAcJuit re ZUesTs



* New terms
- s called a
* The unit of data moving between disk and DRAM
* |tis larger than a cache block (e.g., 4KB or 16KB)

* Virtual and physical address spaces are divided into virtual pages&and
physical pages (e.g., contiguous chunks of 4KB)

—s called a\'page fault”

* More on this later

MAR

A System with Physical Memory Only

Just Like cache blacks
B'JL/ moch l)l'j/e(\ aﬁ?j‘

648 (Wb 32-bit words)

\4-5&

Page /Rlock number ‘Log?sd' s

/ 1z-bit

HkB (1 k 32-bit wonk)

s Examples:
— most Cray machines, early PCs, nearly all embedded systems, etc.

Memory

Physical
Addresses

BM a QMUm,Q Seﬂu‘v\ﬁ (TM\/

s ald *«f* (wwe L,R)*

mMPL  Time fﬂ meL cemate
accesses . Gen  how

Jo we “MU(CS‘J“ sdmCﬂwj?
What gre *hemea ©

Addresses generated by the CPU point directly to bytes in physical memory




A System with Virtual Memory

* Examples: Fu“(1 Assac.
— workstations, servers, modern PCs, etc. L\
Page Table Cache
Virtual for
MAR = @ Physical
ddresses | Pl Addresses Disk Blockg

faok “p
Bq ‘1'&3

MAR

Tag :' block awtfse’r ,

Address Translation: Hardware converts virtual addresses to
hysical addresses via an OS-managed lookup table (page table

1M \g a\\ cqc»\fn% (RViUO, Rew View 4 old Sfeu)

FA Cac‘qe poin'\'m 6 éjk
separate into Cache ags Cache, Dot
EEmpr: two parts cach
/9 achhe
— TAe | I > ; |M)0rbl } BLo< K
L | ~_."‘>
Mem ﬁ In CAJ\G.
ﬂ“'"’ I~
. Quk )XAI&
MAR E&Loc\ﬂ A)Bress " J ( o «é het o I,\
— e B) 4 M dic
Rlack \ H—1 @

WOR D Td%’
Expand tag storage: 5 Cache, Dot
entry for every possible tag J__’lz_,\_

3 [ cech

tag == block address, aka block Y T | Tword] 3} Bi:c li
number, is redundant, eliminate ST
Block ==> Page <
Tag storage ==> Page Table - WJ; same TNJA) /P'L‘WQ
Cache Data ==> Memory pages !

)oo-thL\' {'6 a’(j;,\,



Locating an Object in a “Cache” (cont.)

. virtual memory)
- f virtual memor page table
— Mapping from virtual pages to physical pages
* One entry per page in the virtual address space

— Page table entry evenm
*( Specifies disk addre

—retrieves and/manages page tablg information
@ menry-

Page Table “Cache”

Pasje Nuwmber
Object Name

JJA block &
ﬂMJ.c "f’a.gg," -
Physicd] “Jerm"

C. Kozyrakis

dds. ponden o M,L,mlz memoy s
Page Faults (Similar to “Cache Misses”) <} “physicdl page Frome

h

e Whatif an object isjon disk rather than in memory?
—‘fEa ge table entry|indicates|virtual address{not in memory Velid bit + dick address
— | 0S)exception handler invoked to move data from disk into memory

* OS has full control over placement

W . . »
mll-associativit to minimize future misses ﬂ/ng ’MCM"; ;[’fame, /Ao()a’s Mﬁ PdJJL
Before fault After fault

Memory (restarT imstruction)

Memory

Page Table P Tabl =
Virtual . age Table
Addresses = ,q';h rg's%a; Virtual ==l Physical | .
BN - Addresses | Addresses | PW L
= e - e

e
Ien
‘..‘
liis

C. Kozyrakis EE108b Lecture 14 24



Does VM Satisfy

* Multiple active programs can
share physical address space|

¢ Address conflicts are resolved

— JAll programgjthink their
code is at 0x400000... |

. TData'from different programs
can befprotected | ko ?

* Pro rammor
codelwhen desired
m Llﬂ"\?

Original Motivations?

P’lyn'ap

Oxffffffff
K;rngl iOSh) mem?ryk memory
(code, data, heap, stack) %, icipe to mem
0x80000000 user code
user stack PR
created at runtime g — |
) " Ssp

|

run-time heap
(managed by malloc)

read/write segment
(.data, .bss)

Ead-only segmeﬂ
0x00400000 (text
n unused

0x10000000

loaded from the
executable file

Answer: Yes using Separate Address Spaces Per

Program

* (Each program has its own virtual address space and o :

— Addresses 0x400000 from(different pro

or same location|as desired

ferent programsai(ap 6 different locations )

— 0S control how virtual pages as assigned to physical memory

Me mo.
Pages . . 4’ |
Virtual 0 Address Translation Physical
Address VP1 — s PP2 Address
Space for Lz ~ Page Space
- Table (DRAM)
Process 1: ]
N-1
\ 557 2 - .5’44/[2.0\ , rccn'lmd'

: r_' s—‘ﬁ' €.q.
Virtual 0 TYanB library code)
Address VP2 st PP 10
Space for_| Ptje

\ Process 2: » ] Teble M-1

Pages




I'v got page table isstIes
--- Where are the page tables, physically?
===> memory? SRAM?
--- If in memory, how many memory accesses to read one data item (ignore cache)?
--- If page tables are read/write
===> Can my program rewrite your page table (or my own, accidentally)?
--- If page tables are not read/write, how do they get pointer values?

===> Need protection bits per page: R/W, User Mode 1: no R/'W
===> Where do protection bits go? How are they accessed?

--- It's nice to share memory, but why bother?

===> Principle of interleaving: long latency task? Go find other work to do.
===> OS has work to do, too.

--- What about I/O?

===> |s that done using virtual addresses? Memory mapped I/O device registers?
--- Speaking of I/O, what about long, slow I/O for disk blocks (pages)?
PROC febch & page Dur Blocksige

R&} o Memory (C"C(w) 1, M‘VMMB +| DSKSK

MEM-TO 2- Recd WIRD frm DkR
- 3. wiite .
'BVS il wory ¥ Men Yl)
MAR

— - Mem-10
Bug
PRrRoC
BYS .} ‘il
MASTER ,_J MEM-I0 1, Command + c«u»‘t + dreces A bl
Bys 2.DMA ctl processor does as shoun above
‘ —_— -
DM mew . DMA is a processor, just does what PROC would have done.
rL bloc PROC does other work (interleaving).

BUS-MASTER interleaves PROC and DMA requests



Protection through|Access Permissions 4dd wore bits
h Fage Table Ev(\'r«/\ (PTE)

* Page table entry contains access rights information

— RW (read-write) permissions, enforced during translation
Page Tables Memory

]
i -
Process i: ——
]

— W %3

E— )

] Aare
]

rn B code

m‘[’ Nr',%ec[?ln

Process j:

C. Kozyrakis

Translation: High-level View gfo pAJCS @ b

o (Fixed-size p@(e.g., 4K) ; oﬂﬂlf ixcto

20 bits K\‘b;;"h:’.

VM ’MCM Virtual addres K'M yAB Paae

Virtual addresses P“J ¥ _ Physical addresses 3180292827 coveerrmneeinnenn 1514 1312111098 «ooocooee 3210
.- E"%WHZ L Virtual page number Page offset AI VMAR
;—E 32-bit
— - 1 73;/ fige s
= .
— B PTE Translation ‘E{S‘d Mdb
e — L
v Frame IP r\,/\j 4B frame

Disk addresses

[ e e ] PMAR

30- b‘f"

Phys dress

* Physical page sometimes called a frame |8-bit M[IICL() frome  humber

% 2'% fremes @ Y4B



Translation: Process

VMAR. 20— — 12— =32-bit 4 KB Pages
Virtual address
Page Table | ~ Page Table
Base Register | g ‘8‘5{'
Valid bit to index Rights{Framg™ 7
i_ndicate if /7 1 PMAR
virtual page 5D = - "
is currently  Access rights to - !
mapped Physical address

Table located in l
physical memory

0x 00000000 | 1‘

USER PT,
SPACE

P ’l'{S‘iCa‘
Memory.
[

After mapping, PTZ \
page tables can be

(B anywhere.

$pate. PTBR set by OS,
fast lookup of PTEs ,____/\

All User's have OS in same virtual area.
All virtual OS space is mapped identically for all users.
OS can turn off virtual addressing to access physical memory.

PTBR holds physical address of PT for fast access.



f\e\ola(emm\T sl ‘.sz l

LRW o.‘aqrox}w\g‘\‘\'a“’ 05

PT

Gi\"]‘«a \ﬁ
aecessed

Set dirty bit on write.
Set accessed bit on read or write.
Clear all accessed bits every k ticks.

Page Miss:
--- evict page (ordered by preference):
---- 1. dirty == 0, accessed == 0
---- 2. dirty == 0, accessed ==
---- 3. dirty == 1, accessed ==
---- 4. dirty == 1, accessed ==

VM: Issues with Unaligned Accesses Page boum‘dﬂa..

Memory access might be aligned or unali nﬂ/
Y g g ! g

| | | AL\'jneA 4B Werd

0 4 8

0

12 16

| |4 T |12 |16 | Uu-altjneA Y8 Wory

I&— Pageq -——>je——— Page. 1 ,__\,\

What happens if unaligned address access straddles a page boundary?

~ What ifGne paggigpresentind the(other is noy?

— Or, what if neither is presenﬁ?

MIPS)architecturé d@&usmligned memory access
Interesting legacy problem on 80x86 which does support unaligned access

How 'W\a.ma Memora rc{"erchcs mem
Lo §77 0500040009

[y

PT

16“\;'* ogg‘g@( <6°f kB f&}Q) C@
[

A $2 4 (#1)

. +|+ : = dc‘l’uk\ . é_b
VMAR :Q‘W“‘
L—\;] (73 [\
dowo #1 , P&:SQ,—T«LIQ- Localion- Poiafer  get addr of PT I
Speed it up:

get PTE 1. PTBR <== Page-table-location-pointer

Do this once at program startup

get data

Jw #571 (fi)

(NOTE: operations in hardware,
not instruction execution.)

2. Cache PTEs!



Fast Translation Using a TLB

M RsiC. cache EFm PTE.

= pase ¥
Physical page 729 P JL
VMA
1101 o | | MEM
. _\_ 111 ao~ Physical memo
Gssocialve i[1]1
look >4 701 ~_
%ok VP —>§010]0 ~1 |
-“%_—
Page table
Physical page
athgg ef ordi
n o -
|1 00 Ll Disk storage
mc)exed 110[0 — L
/memorvd ol —
G[0]0 :T | ]
1101
or dj ?> 1101 ~ .
( lSk' 0g|0]0 -~ Pl I |
1[1]1 [ M |
1111 il
1111 o
TLB Entries

e The TLB is a cache for page table entries (PTE)

e Theldata|for a TLB ent@{== a PTE entry)
g :
— Physical page number fLrameE)

+ Access rights (R/W bits

=+ Any other PTE information tldirty bit, LRU infm)

e The tagsm

i Virtual{page number
* Portion of it not used for indexing into the TLB { St Agm‘{\

W,
— Valid bit

— |LRU bits
e |[f TLB is associative and LRU replacement is used

—




TLB Case Study:
MIPS R2000/R3000

¢ Consider the MIPS R2000/R3000 processors
— Addresses are 32 bits with 4 KB pages (12 bit offset)

— TLB has 64 entries, fully associative (F"\] \)*
— Each entry is 64 bits wide: (‘ valid Lt
.66 20 1 8
Vlrtual Page PID [ﬂ Phy5|cal Page I[m D G 0
PID '
N memory address WCMN'} ’M‘f’p&) I/o :
D Dirty bit
v Valid bit aﬂqmgp ot
G ,Globall[valid regardless of PID) - a ba
M- Lo y)

red pa ikhra
S‘ha P DQ/QS,Ik VJ) m"'c,“ﬂg

TLB Misses = TLB
Read PT, ot PTE excegfion handor

+ ifpage s in memory
—[Load the PTE| s TL® andEcry ims'fruc'hév\]

— Could be handled in hardware
¢ (Can get complex for more complicated page table structures

— Orin software
* Raise a special exception, with optimized handler
* This is what MIPS does using a special vectored interrupt

» If pageis not in memory, (page fault)
— 08 handleqfetching the pagefandfupdating the page table| loas PTE + TLB
— Then(restart]the faulting instruction




TLB & Memory Hierarchies

e Once address is translated, it used to access memory hierarchy
— A hierarchy of caches (L1, L2, etc)

Virtual Addr .

map
entry

Access page tables for
translation
(from memory!)

Cache

TLE
TLE hit

physic Tag CMAR

Virtual address

14 13 12 11 10 8

Valid Dirty Tag TLB Physical page number A

G |
I g PAGE ¥  FRAME XX 1
8 ]
e

Phyzical address 1ag

Cache index \

18

a4

-

Cache

Cache hit -—{ I

ache tmday
%' T‘Ii d s

Dala

Jaz

Dala




TLB Caveats

TLB
* What happens to the TLB when/switching between programs
— The OS must flush the entries|in the TLB

¢ Large number of TLB(misses‘af'ter every swi@ A OQ

— Alternatively, use PIDstrocess IEQ in)eac TLB entry L )
* Allows entries from multiple programs to co=exi ’[/"‘L or

. @'radual replacement ) Liride-beck ?

¢ Limited reach

@ ey DR e { e

— Smaller than many L2 caches in most systems

- m >(L2 miss rateD M'I - aSfoC.

— Potential solutions » = misses
-LultilevelT@[justlike multi-level caches)\ . p)

c@arger pages> (?) ? Bly}ef /)djc.f .

Page Size Tradeoff

 (Larger Pages
- Advantages

* (Fewer page faults)and mormnh larger applications

* (Improved TLB coverag% b’~2 payL
Disadvantages

. Highe/'—\5 el ace ecsed

» (Smaller Pages

- Advantages
* Improved time to Start up small processes)with fewer pages

. Internamﬁfsmall programs)
Disadvantages

* High overhead i

* General trend|toward|larger pages
— 1978:512 B, 1984: 4 KB, 1990: 16 KB, 2000:

Lh—

Pid

= wasted pAym?f men



Multiple Page Sizes

e Many machines support@ltiple page‘sizE
— [SPARC 64KB, 1 MB,(4MB)
- QIPSR4000:4KE-TE MB)

e Page size dependent upon application

B USES(Iarge pages) 08§ /)ejltg MM U

— |Userlapplications use@@maller pages

* |[ssues

—@ftware complexitD
— (TLB complexity )
* How do you do match if not sure about the page size?

Final Page Table Problem: Its Size

address space f‘/(Q’V - N-LF afJJ ress
T
AT LB page

. Pagis proportionallto size o

e Example: Intel 80x86/Page Tables

— Virtual(addresses are 32 bits)(pages are 4 KB) M =/3

~ Total(humber of pages) 232/ 2121 Million ) 2*27%, 20

— Page Table Entry arewide

¢ 20 bit Frame address, dirty bit, accessed bit, valid bit, access bits...

— Total is therefore 220 X 4 bytes m
s But, only a@mall@o_@ofthose pages arelactually used! But N[Io uses QU

132 dJJrcrres.?
e Why is this a problem? f,m{o 4 afisl(/ w,&i.(/...

— The(page table)must be residentgin memork{why?}

- N-
— What happens for the(@4-bit version of x86? \ —I=> 2 " =2
— What about running(multiple programs?

" enfries

4-12 52
= 2\ e,y\l’v).{ s

(2*=1¢) |,
x(2%= jm) 71




Solution: Multi-Level Page Tables

* Use a hierarchical page table structure A 5
- rwo levels are typically suf‘ficierﬂ ? éL[~E'|+J 128-b\T AA ress sPdCC.

. I First level: directory entrie_s]

-Econd level: actual page table entries| + M)yl MS? =3 M’LWJCQ pdje. TQ()ZE

— Only top level must be resident in memory

— Remaining levels can be in memory, on disk, or unallocated

* Unallocated if the corresponding ranges of the virtual address space are
not used

PDE imdu PTE isdey Offset

PD PT
i} FRANE
V1 adowes
Frame N©
Page/\l?)irectory |
-Disadvantages TABLE Page Table Desired Page
—Multiple page faults

*Accessing a PTE page table|can cause a page fault

*Accessing the actual page can cause a second page fault
—TLB plays an even more important role



Real Example: Intel P6

Internal Designation for Successor to Pentium
— Which had internal designation P5

Fundamentally Different from Pentium

Out-of-order, superscalarjoperation

— Designed to handle
* Requires high performance memory system
Resulting Processors
— PentiumPro 200 MHz (1996)
— Pentium Il (1997

¢ |ncorporated MMX instructions
¢ |2 cache on same chip

— Pentium 111 (1999)
. IncorporateagStreaming SIMD Extensions&

Pentium M 1.6 GHz (2003)

. for mobile

Adapted from Computer Systems: APP

— The base for Intel Core and Core 2

Bryant and O’Halloraon

P6 memory system

external

system bus
PCl

bus interface unit

instruction
fetch unit

L1
i-cache

processor package

#| 32 bit address|space

-|4 KB page}size

|1, 12, and TLBs
* 4-way set associative

slinst TLB *\

* 32 entries
sets s 1-wiY
s[data TLB
* 64 entries
* 16 sets H- e
L1li-cacheland d-cache
» 16 KB
* 32 B line size, 8 w"rJS
e 128 sets, Fwin
L2 cache

*128 KB —2 MB, #-way_ |

data

TLB _
d-cache

k



* Components of the virtual address (VA)

- TLBI:TLBindex} Ln 56”-45506 +LB
— TLBT: TLB tag

— VPO: virtual page offset

P6 2-level page table structure

— VPN: virtual page number Page director Up to
*« Components of the physical address (PA) — 1024 4-byte page directory entries (PDEs) 1024

— PPO: physical page offset (same as VPO) that point t_o page tables tl;?ﬂ:s

— PPN: physical page number —@ﬁ)age directory per process.

— CO: byte offset within cache line N ﬁ:g;rgég?gfur:ﬁifgb in memory when I:$E4s

— Cl: cache index — Alwayqpointed to by PDBR

* (Page tables?)

— CT: cache tag

— 1024 4-byte page table entries (PTEs) ;$24
that{point to pages) Es

- Pagé tables can belpaged in and out.

Overview of P6 address translation
'bdj' /st ruc"’im Dy

32

L2 and DRAM [==

20 4 12 .. 5
g\e'FD; virtual address (VA) [ L1
index hit ¥ miss
Dala
‘ §-way SA TAG “
£ ¥ 7 ¥ @ L1 (128 sets, 4 lines/set)
' — cachq
[ S — o ] Index
TLB (16 sets, A ¢ A
4 entries/set) TAG EJ
204 112
PAGE TABLE PPN [PPO) (s L@ co|
BTE ; physical
address (PA)
PDBR®zyrak EE108b Lecture 15 12



P6 pageﬁrectory‘e;wt\nf)(PDE) one 32-bit k)oré
&____\_/'

31 12 11 9 8 7 6 5 4 3 .
. lfP=1

Page table physical base addr]| Avail |(G @T ursligwip=1

X Right 3ere edended t 32 bits

Page table physical base address: 20 most significant bits of physical
page table address (forces page tables to be 4KB aligned)

Avail: available for system programmers

G: global page (don’t evict from TLB on task switch)

PS| page|size{4K (0) or 4M (1)

31 B 1 0 .
) — — - , P=Q
Available for OS IEage tablellc:-catlon in secondary storage) ‘ =0

P6 page tablelentry| (PTE)  one 32-k} Word

)

5 4 3 2 1 _0
A |cD |WT|u/s |RW|P=1 f 0= 1

31 12 11 9 8 7 &
“Page physical baseaddresi] Avail G|0\D

A Right 3eve extended t 32 bits

Page base address: 20 most significant bits of physical page
address (forces pages to be 4 KB aligned)

Avail: available for system programmers

G: global page (don’t evict from TLB on task switch)
D:[dirty|(set by MMU on writes)

5:'accessed (set by MMU on reads and writes)

CD: cache disabled or enabled

WT: write-through or write-back cache policy for this page
U/S: user/supervisor

R/W: read/write

P: page is present in physical memory (1) or not (0)

Available for OS (page location in secondary storage) P=0




Representation of Virtual Address Space
R Vl'f"'ud-l Space

Wﬂ!ﬂ_
P=0,M=0 | » aqe .
= ey Mem

v — = | Pagei3

P=0, M=1

P=0, M=1 ) p
- Sk. rewe ()
Page Directo }-~ » Page P
J i Pl Mo '“Q:‘——\* frame 1
(P=1.M=1)| ® PT 2 P=0,M=0 | ~ - - 1 .
<.P=1: =1 =1, M=1_1 & Page 10 '.
P=0,M=0D|» =0, M=1 F%‘E o L —

pT 0 S=%MI - Page 8
P=0, M=1 ——
dis \Pﬁ M=0 | b |$K Page7? frame
- Page 6
=1 oIsg —— Mem Addr

Page 5

¢ Simplified Example pagesa —» Disk Addr

— 16 page virtual address space

« fla Page 3 In Mem
~ . . Page 2

- Q Is entrg in physical memory: On Disk
Page 1

— M) Has this part of VA space been
e

Ao
Page 0 - Unmapped ALLOCATED




20 12
VPN vPOd s Case 1/1: page table and
VMAKF | . page present.
20 12 * MMU Action:
{Tpnilyenz MAR[ Fen__JPro)- — MMU build physical
; address and fetch data
M word.
em . :
QME iy sl | |* OSaction
— none
PDBR
Page Page Data
directory table page

data.

20 12 e (ase 1;’0:Eage table prese‘n?lbut[p)age missing
| _ven  [vpPo] + MMU Action: o
— l_page fault exception l

y — handler receives the following args:
VPN1|VPN2
[ * VA that caused fault

- * fault caused by non-present page or page-
level protection violation

e read/write
s user/supervisor

re4d Prom

disk

:

Mem

Case
que Teble page
n 'me\vnoru,
Ddta page
O Memrg

— Check for a legal virtual
address.

— | Read PTEIthrough PDE.

Find free physical@\
(swapping out current page if
necessary)

— (Read}virtual pag{from disk
and copy to physical page

- Restart,faulting instruction by

returning from exception

handler.

Check for a legal virtual
address.

Read PTE through PDE.

Find free physical page
(swapping out current page if
necessary)

. data
| Disk
C. Kozyrakis EE108b Lecn.page 23
0OS Action:
vicrlq V1P20 s Case 0/1: page table _
[missing but

* Introduces consistency
Epm issue. -
— potentially every page -

out requires update of
Mem ‘ML@—‘ reab data disk page table.

4 Linux disallows this _

— if a page tableis
swapped out, then swap
out its data pages too.

Read PDE,
Restart;
(after restart: becomes Case 1/1)

find PT disk address;

Read virtual page from disk
and copy to physical page
Restart faulting instruction by

returning from exception
handler.

Read PT page from disk;



20 12

[, VPN [vpo] e (S action:
, — swap in page table.
¥ ¢ (Case 0/0: page table
2 .
E and page missing. — restart faulting
- ab * MMU Action: instruction by
Mem -[PDE[p=0 e — page fault returning from
| exception handler
PDBR :
Page e Like case 0/1 from here
. directory
= %‘ ----- on.
i =l ata
Disk B
Page Data
C. Kozyrakis tableE10a Lecpage 26

Page fault for PT as in case 0/1;
Restart;

(after restart, becomes Case 1/0)






