Virtual Memory (1V)

swap, system, mmap
(OSTEP Sec21, CSAPP e3 9-7. 9-8)



Outline

* Swap
* Practical System Examples

* Memory Mapping

gg‘;i# page fault B}, KXREZER IR LY page EMHE
4?



Swap

* OS HFrE#ENEFTE S Ml EEXTYIEREF

- HE VM T

B RBVEFAL

* Data structure REBZE memory Z[8]IPEH!
* PELF EFREAREZEBMEANTERN, FIEIINERE (HE
IEEIFE KAY)

- TﬁbﬁlIE ™ VPN ZBXF— PPN

[l /}/_\Tﬁjﬁﬁj ’

HEERER I TFF

T RNAB R ENEER E



Swap

* Swap space
- HETFEEFRE—ETE, T JAREHRREFRHNAN
FHRHRA
— Swap space K/NEHERE Vm TEBI AR/
- —RR{RI1& swap T|a] 2%




Swap

* Swap space example
— 4-page physical memory
— 8-page swap space

PFNO PFN1__PFN2  PFN3

Physical | Proc0 | Proc1 | Proc 1 | Proc 2
Memory | [VPNO] | [VPN2] | [VPN 3] | [VPN 0]

Block 0 Block 1 Block 2 Block 3 Block 4 Block 5 Block 6 Block 7

Swap | ProcO | Proc O Proc 1 | Proc 1 ]l Proc 2 JfeleR¢
Space | [VPN1] | [vPN2] | [Free] | vpno) | (vPN 1] ENGNEON (VPN 1] BRI




Page-Fault Control Flow (Hardware)

* RNFIFRRIE

— Eifn)aY VA EBliERL PA , IS RESF e LIBEETH
1a]3Y VA 2 T#@ﬁm@ RAM

— PTE FEHRIC page &5 TE RAM MIFRIE I
— R1E RAM Hllfi % Page Fault Exception




Page-Fault Control Flow (Software)

* page fault
857 PTE , BiR[E]HE

* ¥t Page-Fault BY4b I8

— &

nandler faZ3# page 15#)\ RAM ,

= TR T RIS

R (handler) 52X

NEEHIT disk-io ,

bRE, RENERREES

- EETHE swap space, 5 disk FT3ZEAME I/0 1B

X, E2ERZHT,

XLEEYFF hardware R F & 2=




Page-Fault Control Flow (Software)

Ul = W N =

* MRIEEYIERER T, FEF—TAFFR page

Zl swap space

* cache replacement policy (Z/gi#Z)

* EvictPage() FITIXRHIR(F

PFN = FindFreePhysicalPage ()

if (PFN == -1) //

PFN = EvictPage () //
DiskRead (PTE .DiskAddr, pfn) //
PTE.present = True bl
PTE.PFN = PFN /]
RetryInstruction () //

no free page found

run replacement algorithm
sleep (waiting for I/0)

update page table with present
bit and translation (PFN)
retry instruction

3Pbr L Linux R&FRMBRFREH T 7 1#H{T swap (swap

daemon)




When Replacements Really Occur

* high watermark (HWM)

* low watermark (LWM)

— Y free page HE/VTF LWM B, —N"EEKENTAKX
page , HZ free page #EiXE HWM

* EaRERIFAL:
— to increase efficiency

— to allow for grouping of operations
* B I/O KIEE K, HeeFYF

ReEfERENSNEAEEEZPHBRS




Replacement Policy

* OPT
* FIFO
* Random
* LRU

10



Replacement Policy

* The No-Locality
Workload

— The hit rate exactly
determined by the size of
the cache.

— Optimal performs
noticeably better than the
realistic policies ( IEEX¥],
BES)

Hlt

100% A

80% -

60% -

40% A

20% -

0%

The No-Locality Workload

OPT
LRU
X FIFO

— RAND

0 20 40 60 80, 100
Cache Size (Blocks)



Replacement Policy

* The 80-20 Workload

— 80% of the references are The 80-20 Workload

made to 20% of the pages '9%%7
— LRU does better ( #|HRAEE
B E hot pages) 80% 1
— OPT &=%f, BE LRU N[AE(E
BAETEN © 60%
s
f 400/0'
OPT
20% A LRU
X FIFO
— RAND
OO/O 1 I I I 1 1
0 20 40 60 80 100

Cache Size (Blocks)'?



Replacement Policy

* The Looping-
Sequential Workload

- BEIFEh—1F5%, Bl
page 1->50 fEITEA 2 1&E

— Cache size KXF 50 B, K=
s PREZE 100%

— Cache size /\F 50 B,
FIFO #1 LRURE, EAET
TN AR EIREEXE B &
ERREE (HEREIEH T
#if1a])

— Random RM& LG

100% A

80% A

60%

t Rate

LT 40%-

20°/o 7]

Oo/o =

The Looping-Sequential Workload

.............................................

X

OPT
LRU
FIFO
RAND

20 40 60 8

Cache Size (Blocks)

%

100



Implementing Historical Algorithms

* I LRU EERZT1E:

— /R page access , EEFFH—PMEUELEN (5%
=/ \FIF) , BipinNnZEshE&aimE

— M FIFO , NMIAFEEXIAInIEREFE

!

Eet, RETE

replacement BMZEXBENE] ( replacement #i=Lb

page access E/ME%)

— Ps. LFU EE12R1A/ 0, XPMHEEKR, — KRR

PEAR=(ER LFU XMEREINGIE

- NARRGRGFREEER LRU HEFERERNT

AT

B, RERG (BIFERS. #¥EE) tleids LRUE

RES

14



Approximating LRU

* Clock 3%
— F circular list EI2FrEH page , E— clock
hand {5 ZFIFEA page
— B— use bit 3E{% LRU (AJLAA hardware 52
)
— #IGIREY page, use bitigAN 1 ;

— B, clock hand 5@ Page P 918 use bit=0 , NI
#; BN PBY use biti€H 0, KREEFFT— page P+1

— MR —1 page BAKZIAIA, B4 use bit=0; #E
— page ME# KA, ABA use bit=1
— AA1T LRU BI5EER / PAGIIR(E

15



Approximating LRU

~ —
° ClOC k %7£5& 100% - The 80-20 Workload
— ¥EIRF 80% -
LRU ) E%l\dlg
E1& [4)) 600/0_
S
0C
-:E 400/0'
OPT
20% - LRU
X FIFO
— RAND
® Clock
0% - . . . . .
0 20 40 60 80 100

Cache Size (Blocks)



Approximating LRU

* Clock E£T#
— IEA0— dirty bit , X932 clean page i£& dirty
Page
— % clock hands
— 1 use bit -> multiple use bits
- §x--, BF 0 A4S

* HEFHEA, IER—TCIHRXRBER, X RELEHIERN
hotness 12E

17



Prefetching

* OS EEEYIENEFEZREANEET
replacement

* X 8#E prefetching (read ahead)
— FFEELERK
- FELRMAE (Fla0lnEiGie)
- BIRFRIINEM R

18



Practical System Examples

VAX/VMS, Intel i7, Linux

19



The VAX/VMS Virtual Memory System

* VAX-11
— 1970's, Digital Equipment Corporation
(DEC)
* DEC HFT—&RIRHEKIR, UK PCHIEEMEM
— OS I VAX/VMS

* Dave Culter 2FEFE 22—, BEFXIF MS B Windows
NT InQ

* BITE—RYAFEER (EFRK) BHENL

* How to avoid "the curse of generality"?

20
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The VAX/VMS Virtual Memory Sys

* VMS Virtual Address Space #
— 32-bit VA space per process
— 512-byte page
— VPN: 23-bit, offset: 9-bit

— VPN HJF

— {RfiRY—
F1ER

\

FSLFR{IFRIE segment

231

FHnt= a9 AP &2

* PO: €18 code, heap
* P1: B85 stack

— =I—

(5332

\

+ 4 kernel (system)

232

Page 0: Invalid i

User Code

User Heap

|

|

User Stack

Trap Tables

Kernel Data

Kernel Code

Kernel Heap

|

Unused

- User (P0)

- User (P1)

- System (S)




0

The VAX/VMS Virtual Memory Sys

* Page 3/, WfalE/)N page
table =(g]?
— #1. PO P1 &8 — page
table , XAEFIEB hybrid (E&m1
I\) 7’7‘ Z, heap flstack zjgkx 2
ERMRAREARIEAN page table

— #2. {8 PO # P1 BY page table &
2| kernel BIRTZER
* EI: IJ_'_I kernel W@J\/

Page 0: Invalid i

User Code

User Heap

|

|

User Stack

Trap Tables

Kernel Data

Kernel Code

Kernel Heap

|

* NRYVIERFEH T, kernel ZILED
H—3R 2 A HEACIRE] swap sapce

Unused

232

- User (PO)

- User (P1)

- System (S)



The VAX/VMS Virtual Memory System

* The page table entry (PTE) in VAX contains:
— a valid bit
— a protection field (4 bits)
— a modify (or dirty) bit
— a field reserved for OS use (5 bits)

— and finally a physical frame number (PFN) to
store the location of the page in physical
memory

— no reference bit, FacFREMAFRHE)

replacement
23



The VAX/VMS Virtual Memory System

* Replacement scheme

— Segmented FIFO

s 8N HELSEYIERFNEFELE: resident set size
(RSS)

* BMHEIEAEBIZER FIFO ANk
— second-chance lists

* NTHERFA FIFO BapH=

* M FIFO HEKBIEIBRIN a global clean-page free list T
dirty-page list

* MNEEF—MHTE Q EFEIE page , M clean list HA3REX

* NREFERBHIZ P BRIpIREF page , MEIE] FIFO , EE
disk io

* Second-chance list #A, MER#iEir LRU

24



Intel i7 Haswell (4 1X)

Processor package

____________________________________________________________________________________________

Core x4
. Instruction MMU
B fetch (addr translation)
! 1 64/4wayl=16 64/4way=16
L1 d-cache L1 i-cache setsL1 d-TLB sets L1 i-TLB
32 KB, 8-way 32 KB, 8-wa 64 entries, 4-way| 128 entries, 4-wa

A 4 Y

L2 unified cache
256 KB, 8-way

A A

A4 A 4

L2 unified TLB
512 entries, 4-way

8 MB, 16-way

(shared by all

cores)

A

\ 4

32 GB/s total (shared by ail33

3 x 64 bit @ 10.66 GB/s DDR3- |

cores)
‘ I 4

--------------------------------------------------- 64B—cacherI%nIer,-4rKB---------------*

page
Main memory

64B cacheline —QuickPath———— 1, To

L1l: 32KB/64B+512 interconnect LT —Jother

cachelines, 4 links @ 25.6 GB/s | ;=c%r?['b

512/8way=64 ssets ch ' bridge
L3 unified cache DDR3 Memory controller



DDR

* DDR: Double Data Rate
SDR |+« { &

Single Dat clock cycle
2 signals
4+_+_+_+_+7 per
Soisim e Kclock cyclej

4 signals
per
Quad Data Rate \ clock cycle

clock cycle clock cycle

* DDR3-1333:
* 667MHz memory clock
* 1333MT/s transfer rate
* (1333MT/s)*(64bit/T)=10.66GB/s

FEX7—1R DDR5-5600 A7, bE’J REKX?
i%ﬂ’q%ﬂﬁiﬁf DDR5-4800 4 &2, ENAFEFHRS
?



DDR

K
i)
ED

N TR BTRE, EBREAHEERH
16

XEKEAREFHN IOPS HEEEERS
WEKRERNFE L FERERGE :

N33 0] £ BEA BEA L 1A [B) (£ RERV E EETE R K
B EREREFN, MiZRERSINFIHESEE

it

R



Review of Symbols

* Basic Parameters
— N = 2": Number of addresses in virtual address space
— M = 2m: Number of addresses in physical address
space
— P = 2P : Page size (bytes)
* Components of the virtual address (VA)
— TLBI: TLB index
— TLBT: TLB tag
— VPO: Virtual page offset
— VPN: Virtual page number

* Components of the physical address (PA)
— PPO: Physical page offset (same as VPO)
— PPN: Physical page number
— CO: Byte offset within cache line
— CI: Cache index
— CT: Cache tag



End-to-end Core i7 Address

Translation
32/6
CPU
- Refult - L2-, L3, and
48bit Virtual 3 main memory
VA 3 address (VA) _
| VPN VPO, L1 L1
3 I 4 hi mis
TEBTTLBI t g
| L1 d-cache
' ' ' ' TL (64 sets, 8 lines/set)
> B b
TLB > hit b
mis :
S | - | | |A|A|A|A|A|A|A|A|<_
L1 TLB (16 sets, 4
entries/set)
9 9 9 9 al |1 a 6 6
PN1VPN2VPN3VPN PPN [PPO > &r C.I)C
T T Physi
CR3 > > > gi'ﬁt cal
PTB
;) —>|PTE.| PTEJ PTE LPTE a‘;'gre
(PA)

Page
-l A~



Core i7 Level 1-3 Page Table Entries

63 62 52 51 12 11 9 8 7 6 5 4 3 2 1 0
XD Unused Page table physical base address Unused G | PS A | CD |WT|U/S|R/W|P=1
Available for OS =0

Each entry references a 4K child page table. Significant fields:
P: Child page table present in physical memory (1) or not (0).

R/W: Read-only or read-write access access permission for all reachable pages.
U/S: user or supervisor (kernel) mode access permission for all reachable pages.
WT: Write-through or write-back cache policy for the child page table.

A: Reference bit (set by MMU on reads and writes, cleared by software).

Page size: if bit set, we have 2 MB or 1 GB pages (bit can be set in Level 2 and 3 PTEs only).

Page table physical base address: 40 most significant bits of physical page table address (forces
page tables to be 4KB aligned)

XD: Disable or enable instruction fetches from all pages reachable from this PTE.
30




Core i7 Level 4 Page Table Entries

6 6 55 11 98 7 6 5 4 3 2 1 O0
)?D 2Unuse& I’-Lge physical base addre?ss;]'Unused G D| A |CDWT U/S‘R/V\/F=1
Available for OS (page location on disk) P=0

Each entry references a 4K child page. Significant fields:

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

R/W: Read-only or read-write access permission for child page

U/S: User or supervisor mode access

WT: Write-through or write-back cache policy for this page

A: Reference bit (set by MMU on reads and writes, cleared by software)
D: Dirty bit (set by MMU on writes, cleared by software)

Page physical base address: 40 most significant bits of physical page
address (forces pages to be 4KB aligned)

XD: Disable or enable instruction fetches from this page.



Core 17 Page Table Translation

CR
PBysi
cal

addre
SS

of L1
PT

1 Virtu
VPN 1 VPN 2 VPN 3 VPN 4 VPO al
addr
ess
L1 PT L2 PT L3 PT L4
Page Page Page PT
global 4 upper 4 middle a Pag
lirectory g*director [gtlirectory (o> €
y tabl
e Offset
/1 into
L1 PTE » L2 PTE —» L3 PTE— L4 PTE 2 physical
and
Physi virtual
cal page
512 1 2 4 addre
GB GB MB KB SS
reg reg reg reg of
ion ion ion ion page
per per per 4 per
ent ent nt 9  ent
ry ry ry ry 1 Phvsi
PBN PPO c ayl




LINuX

~ ™
V| rtu a | . Process-specific data structures
Different for < (e.g. task and mm structs,
M emo ry each process L page tables, kernel stack) Kernel
[ virtual
: Physical
SySte m Identical for 2 A memory
each process Kernel code and data
- %
<
User stack
%esp
kernel does not use
paging
Memory mapped region
most of kernel virtual ¥or shisied [Bbrakes
memory is mapped Process
to contiguous brk e o ~virtual
phy sical pages un-time heap (via malloc) memory

Uninitialized data (.bss)

Why?

Initialized data (.data)

Program text (.text)

x08048000 (32)
40000000 (64) (Y | -




Linux organizes VM as a collection of

"areas”
i’;‘;&:ﬁ:&‘ NEEEES vm area struct  Process virtual memory
— mm_struct —> | vm_end
I vim_start
mm bqad vm_prot
Ifimapl — [vm-flags
shared libraries
MIHEEAE 0x4000000
0
T vm_end
. pgd vm start ]
: vm_prot
— page directory vm_flags \ data 080402
address (will be _e—rer 0o
loaded to CR3) / roxt
* vm_prot: " vm_end
. : vm_start 0x0804800
read/write vm_prot 0
permissions for  [vm flags
vm_next 0

this area

34



Linux organizes VM as a collection of
"areas”

task_ struct

mm

* vm_flags

>

mm_struct

pgd

vim_area_struct

—>

— shared with

other processes

or private to
this process

vm_end

vim_start

vm_prot

vm_flags

vim_nhext

shared libraries

vm_end

vim_start

vm_ prot

vm_flags

data

vim_next

"~
-

vm_end

vim_start

text

vm_prot

vm_flags

vim_next

process virtual memory

0x4000000
0

0x0804a02
0

0x0804800
0

0
35



Linux segmentation fault handling

vim_area_struct

process virtual memory

vm_end
vim_start
rlo
shared libraries
vim_hext @
<« read
vm_end
vm start L @
vim_nhext @
< Write
vm_end / text
vim_ start

rlo

vim_next

* Is the VA legal?
—l.e.,,isitin an
area defined by

a
vim_area_struct?

— If not then signal
segmentation
fault (e.qg., (1))

36



Linux segmentation fault handling

process virtual memory

vm_area_struct * Is the operation
vm_end Iegal7
vim_start .
WP — I.e., can the
sharea lipraries
vim_next @ Process
X . . read read/write this
vm_en
vm start | @ area?
_\ data . _read — If not then signal
— ¥ protection
> vm_end / text < write except|0n (eg,
vim_start (2))
* If OK, handle fault
vim_hext

0 - e.g., (3)

37



HIERFIRIRZE

LT E (intel)

* TIERAE valic

HEYEAFH

* FIEHZE: 1 P=0 fi&k page-fault B9,

e

T present , IEREBEEN

/[\

FHIE LT

— RIBARINEM TR, IEIMNAEERT (TRERF
28) , HPEBEZENKERGE, FUFAEZXILRE

kST
6 6 55 11 9 8 7 6 5 4 3 2
)?D 2Unusea Fage physical base addre?ss;]'Unused G D| A |CDWT U/SP/WF 1

Available for OS (page location on disk) P=0

38



Memory Mapping (mmap)

39



Memory mapping

* Linux B LABAEFH area ST E|— N HER

40



Memory mapping

* PFXAEFRR:

—reqular file

- X4¥%8E page X147,
HfY page —IFY

— N7E page B9

N RKBEXFF

N1F area F8Y page FIX &

AYTAYEY page

—anonymous file (i.e., nothing)
- REEEEERS

— B/X1hIR)1% area H

fault A9 Bc page BY=|8]

Y E A page &k page

41



Demand Paging

* No virtual pages are copied into physical
memory until they are referenced
— known as “demand paging”

— crucial for time and space efficiency

42



Memory mapping

— Memory mapping 28GR 22— VM R EHF
FEEEY S

— ¥ VM BYEB 53 XSS PR B R R, B LUR /5 &S
I —Ee1R (k!
— code # data &£

— shared memory

43



Shared object

memory mapping
B), RJRLEIRES share
object

w1 i#iE map B—1
shared object , &
HERF—EEMMTF file
object FYIEATE

1N #Ed mapped
memory Bi%E F{Hr]
W, &3 object =5

Process 1
virtual memory

Physical
memory

Shared
object

Process 2
virtual memory

44



Private object

private object 2, 1EX mapped memory H{EXR &t &
protection fault , ¥ M copy-on-write (COW) , 3}

object &

eSs 1

virtual memory

Physical
memory

~
- ~

I Copy-on-write
~
- & \\\\

Process 2
virtual memory

Write to private

~
~ N ,/
- o T 4
“““““ Y
v 1 [T ek TS ;"-:\
\ -—
\ =~
\ / T
A s
\ ’ 4
A ’
\ ’
\
A \ 2 4
\ \ 45 ’
\ \ ’ i
Ay A\ ’
\ r
b /
\ \ ’ ,
\ \ y
\ /! /
Y ,/ ’
\ \ s
\ ’ /
\ s
\ 4
LS 7/
/
b U4
\
5 /
M ’

copy-on-write object

<+—— COpy-on-write

page
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Memory files

— Linux PR XHA—EREEFINMFF
— Linux kernel A LU AN TF == [BIRHAR — XX H &

%, ftmpfs. ramfs
- NEXHRFRESBEER /0 198
- BREXHRFZFH page AJgERE swap
- A LU AREXEEN file object BRET EHFEHHEZS 8]

A

46



Fork() revisted

* 3#3FIAA fork BY

— kernel EFlIA#HIER mm struct, v area struct,

1 page tables
— R F#HIZUBTHE physical pages

47



Fork() revisted

— Copy-On-Write
* BRFHIEW vm area struct HE area 15N
private “copy-on-write”.
* BRFHIEH writable area Y page tRiE N
read-only

* Z2RXFHREFNEIR{EEH & protection fault

— fault handler €32 page F— MBI Eli2 page MEIZAFH
NEIGESIR

48



Fork() revisted

— Result:

* copies are deferred until absolutely necessary
(i.e., when one of the processes tries to

modify a shared page).

49



Execvel() revisited

process-specific data
structures
(page tables,
task and mm structs
Kernal stack)

same for physical memory
each
process kernel code/data kernel
0xc0000000
%es —b stack <—demand
D v l pré€Ess
t
Memory mapped region |* .data
for shared libraries  [* text
4 libc.so
brk —

Jruntime heap (via malloc)

uninitialized data (.bss)
initialized data (.data)

«— demand-
zero

.data

program text (.text)

A

text

A

forbidden

p

Execvel():

— f% user space A9
FR B

vm_area_structs #l
PTE

—stack, bss, data,
text, shared libs.

50



Execvel() revisited

process-specific data
structures
(page tables,
task and mm structs
Kernal stack)

same for physical memory
each
process kernel code/data kernel
0xc0000000
%es —b stack <—demand
D v l pré€Ess
t
Memory mapped region |* .data
for shared libraries  [* text
4 libc.so
brk —

Jruntime heap (via malloc)

uninitialized data (.bss)

«— demand-

initialized data (.data)

Zero

.data

A

program text (.text)

text

A

forbidden

p

* Execve():
—RHETF area SIEHHN

vm_area_structs #
PTE

—stack, bss, data,
text, shared libs.

51



Execvel() revisited

same for
each
process

0xc0000000

process-specific data
structures
(page tables,
task and mm structs
Kernal stack)

physical memory
‘ kernel

kernel codel/data

stack <—demand

%es
p

.k

pr&&é@s

Memory mapped region

.data

A

for shared libraries

1

brk

Jruntime heap (via malloc)

uninitialized data (.bss)

initialized data (.data)

text

libc.so

«— demand-

Zero

.data

A

program text (.text)

text

A

forbidden

p

* Execve():
—RHETF area SIEHHN

vm_area_structs #
PTE

*text and data
backed by
the .text 1 .data
sections of the
executable object
file.

*bss and stack

INnitialized to zero.
52



Execvel() revisited

same for
each
process

0xc0000000

\ 4

process-specific data
structures
(page tables,
task and mm structs
Kernal stack)

physical memory

kernel codel/data

stack

%es
p

v
1

Memory mapped region
for shared libraries

kernel

<—demand-

.data

l pré€éSs

1

brk

v

Jruntime heap (via malloc)

uninitialized data (.bss)

initialized data (.data)

text

libc.so

«— demand-
zero

.data

program text (.text)

A A

text

forbidden

p

* Execvel():
—-H=EEL shared

object BREY I FHIZHY

Hh3k=S )R

53



Execvel() revisited

process-specific data
structures
(page tables,
task and mm structs
Kernal stack)

same for physical memory
each
process kernel code/data kernel
0xc0000000
%es stack <—demand
D v l pré€Ess
t
Memory mapped region |* .data
for shared libraries |* text
4 libc.so
brk

Jruntime heap (via malloc)

uninitialized data (.bss)

«— demand-

initialized data (.data)

Zero

.data

A

program text (.text)

text

A

forbidden

p

* Execvel):

—set PC to entry
point in .text
*Linux will do

paging for code
and data pages
as needed.

54



User-level memory mapping

void *mmap(void *start, int len,
int prot, int flags, int fd, int offset)

_______________________________ \
___________________________________________________________ -
/ .............................. bytes
_____________________________ I
len <t 0 e
bytes 0l %, by
o(fgsft “ 2
yte
S) 0 O .
Disk file Brovece virtual
memory

specified by



User-level memory mapping

void *mmap(void *start, int len, 1int prot,

int flags, int fd, int offset)

Map len bytes starting at offset offset of the
file specified by file description fd, preferably at
address start (usually O for don’t care).

— prot: PROT_READ, PROT_WRITE

— flags: MAP_PRIVATE, MAP_SHARED

Return a pointer to the mapped area

56




User-level memory mapping

* MAP SHARED
- HRETXIHHE N
FZ X HRIHIZR S
- BRMRIEAZANEEIX 4, B—ELER
— E0FA msync()/munmap() B LAsRSIRIEISC 4
* MAP_PRIVATE
— Create a private copy-on-write mapping
NAARE[LIEIEE, meXA copy on write

-5
- gt

A' 1
T =S

/

O

X ERE R Z A= B o

XN, MmERTFEMR

R AR

57



User-level memory mapping

* MAP_PRIVATE

— X BRET XIS BB N B
=R ME| file object #

— Page 5 file B9R A&
- BERTHEEERNF

LR IZ S (R RYEZA A L, 1

SEMEEX, FETETX

—A\ file , BRGHIZE(ERN private BEY, BHHIZE(EN

shared BREY, =H0AI?
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User-level memory mapping

* FH mmap FEFENXES.

— mmap B XIS XK/ IEYIE IR/ (page_size)
HEEH (32 URZHEBEER 4K FET) ;

— WFRANE, mmap EBERAN—IRELEEEFEST
8] (NFEIFABIXHEFAR])) 5 MIES read/write
AEE—XRBIFXAKNATE buffer ;

- R RN—EEY 3K, REEMSXISSEER

#E, HIEE O LASEEE, Y*DHE’EETL_LHTY#E’WT
INTER

- SN 25, BMESXHFRME], BREJIKAFE. EAIR
SRR, ARXGAE, MR fTEX
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User-level memory mapping

* 1. —XHRYARINE 5000 FT, mmap EKEX
M— X HRvERIR i E IR, ST 5000 F15 EIEHL
7z
~ BRI R 5000 F95;

o pa
W 0 ' 4999

Fi: 0 4999 5000 8181

BE—T |
AR MRS

WE A b [ B L. SIGSBGV

omepQ) K
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User-level memory mapping

* (1) /5815000 ™MFT (0~4999) , =iR[CIHR(E
XHERA

* (2) EFT5000~8191 B¢, ££REL N0, B
5000~8191 BY, #HEA=IRE, ERFIENRNEAREE
NE 4

N N = f AT R N AERI
© (3) ¥/ E 010D NAshDEREL A

SIGSECV§E - 0 v

 xk
ME:. 0 ' 4999
T O w99 5000 @151
AEBRME gggg_é
WEF i F B , {_*g?gsgls%
SR TR 61
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User-level memory mapping

* il 2. —1"XHRIKR/INE 5000 FT, mmap
BREM— X HFRERIA I B IR, MRS 15000
FHEEMRER, BPERGTANEID T RIS

KA
X
s o o mmap () A7»
Féx: 0 4999 5000 8191 8192 14999*
L ECR
LS )
e UGB
~ W 16 7 1 ) *—‘-t SIGBUS ———-+—. SIGSEGV

7%
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User-level memory mapping

(1) HERTLUEE#: / GH#RETAYE] 5000 75 (0~4999) , 5
ERN B2 E—E N 8GR BRTER X HH

(2) F5000~8191 =75, #HIEAILIAITIEEIE, A=k
BEARABEEANEITAN 0, B, EAEBFRERIEXHGFH

(3) XF8192~14999 FT1, HIEAEMNEHNITIES, =ik
SIGBUS ££i%,

(4) 3F 15000 SMNFET, #HIEEREMNHEHIEE, 25|k

SIGSE s
X
WE: 0 4999 mmap () A7
Fés: 0 4999 5000 8191 8192 14999
LR
L )
"""" ICELY

b At el S1GBUS ————=|-» SIGSEGV
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SIGBUS 5

* FEREA:
— HIhEARITE, HEN, BT ELEEFER;
— JAiA mmap region , i T XHE XN (ERIER)
* FRINTTA:

— Core dump
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User-level memory mapping

* Example: fast file copy

— Useful for applications like Web servers that
need to quickly copy files

— mmap allows file transfers without copying into
kernel space
* VM->PM->f1ile, page_fault_handler
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mmap() example: fast file copy

/*
* mmapcopy - uses mmap to copy file fd to stdout
*/

void mmapcopy(int fd, int size)

{
char *bufp;
/* map the file to a new VM area */

bufp = mmap(0, size, PROT_READ,
MAP_PRIVATE, fd, 0);

/* write the VM area to stdout */
write(1, bufp, size);
return ;
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mmap() example: fast file copy

int main(int argc, char **argv)
{
struct stat stat;
/* check for required command line argument */
if ( argc 1= 2 ) {
printf(“usage: %s <filename>\n", argv[0]);
exit(0) ;
}
/* open the file and get its size*/
fd = open(argv[1], O_RDONLY, 0);
fstat(fd, &stat);
mmapcopy(fd, stat.st_size);
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¥ mmap() BYIEEE

EEEREMFERE

* Mmap() BY=

— vfs B read/write &245ARAH,
22 H N2+

22N

FRiZD copies
ﬁ(#lﬂ@ﬂ’ﬁ%m 2%

XX S FEL,(I:IS mmap %7 —XKN

- mmap RERAFPTEINAEFEZN (X THE read/
write 88 )

— mmap W#FEA zero-copy HEAR,

68



IR EHR ]

* BRIRE—THRAXH hello.txt , BFRF

" Hello, world\n"” 2HE%, HE—1 C &%,
5 mmap ¥ hello.txt WARBH A" Jello,
world'\n” .
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1 #include "csapp.h"
2

3 S

4 * mmapwrite - uses mmap to modify a disk file
5 x/

6 void mmapwrite (int fd, int len)

7 A

8 char *bufp;

9

10 bufp = Mmap (NULL, len, PROT_READ|PROT_WRITE, MAP_SHARED, fd, 0);
11 bufp([0] = "J";

12}

13

14 /+ mmapwrite driver «*/
15 int main(int argc, char *xargv)

16 {

17 int fd;

18 struct stat stat;

19

20 /* check for required command line argument =/
21 if (argc !'= 2) {

22 printf ("usage: %s <filename>\n", argv[0]);
23 exit (0);

24 }

25

26 /* open the input file and get its size =/

27 fd = Open(argv[1l], O_RDWR, O0);

28 fstat {fd, &stat):

29 mmapwrite (fd, stat.st_size);

30 exit (0);

31 }
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