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JbAF HI2 2] JHE (1/4)

Q Jty K22l JHE

o I JHO| HMEN U= 22| U222 =182 =8 Al

et 22l g 22
o Jt& Z=A(virtual address)2t 22l =2 (physical address)
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/* test.c */
#include <stdio.h>

int a,b;
int glob = 3;
char buf[100];

main(int argc, char *argv[])
{

inti=1;

int local_var;

a=i+1,
printf(“value of a = %d\n”,a);

}
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otal 22 HE (2/4)

s test.cl Jia K22l 24

4GBJ
kernel space

3GB;

user space

EEEEE

—/ T

argc, argv, i, local_var

RS R

a, b, glob, buf

[* 30

a=i+1,
printf(*value of a = %d\n”,a);
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s Linux HE WA Jtaf HIZ22] 2L

Oxffffffff
0xc0000000 env_en

arg_en
arg_start
start_stack

end_bs
end_dat

end_cod
start_cod

brk
end_dat

end_cod
start_cod

0x0

text

text

text

kernel

stack

shared memory

bss

data other shared library

bss

shared C library

data

bss

data program
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A 22| JHE (4/4)

s =2 22 2L
v 22 22 DE=E 30|19 J|2 &2 RE2EIC.

» J|2 H42E HOIK =4 (page frame)0lct] &, 2= 4/8KB

physical memory
22| H2ele Jl2 & E page frame, It H22lQ J|12 &2 E pagectd SHCH!
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Memory Model(1/2) !

Bus

NUMA

(Source . Unix Internals
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Memory Model(2/2) °

Hybrid NUMA

NORMA

(Source . Unix Internals
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UMA

Bank and Node

Bus

[ pg data t contig page data |

NUMA

zone_t

int

typedef struct Pglist_data {

zonelist_t

struct page

unsigned long
struct bootmem_data *bdata;
unsigned long
unsigned long

unsigned long node_size;

int node_id;

struct pglist_data *node_next;
}pg_data t;

node_zones[MAX_NR_ZONES];

[ pg data t *pgdat list

node_zonelists[GFP_ZONEMASK+1]; >

nr_zones;
*node_mem_map;
*valid_addr_bitmap;

node_start_paddr;
node_start_mapnr;

NULL
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NODE AtE 2 10
typedef struct pglist_data{ ;

zone_t node_zones[MAX_NR_ZONES];
// node & ? &t zone ZONE_HIGHMEM, ZONE_NORMAL, ZONE_DMA 3JH0|C}.
// 2 zoneE Jt2|3|D| ¥st HE
zonelist_t node_zonelists[GFP_ZONEMASK+11];
/7 ((0x0f=15)+1=16) &< Al0ll R4 Al &= zone =A & LIEHE
// free_area_init_core() 02| i

// mm/page_alloc.cliQ build_zonelists()t &% ™ 0| =AE HEoll ==L
int nr_zones;
/7 0l nodelll £IH2| zoneO|UA =Xl LIEIHLHE 1~3AL0[2] gt.
// 0l€ &0 0{™ CPU= ZONE_DMA 0l sf &= 22l EH0| elgsk Y282 &4l 32 OfLITH
struct page *node_mem_map;
// node? 2 physical frame& LIEtLi= struct pagebf S22 H BT page .
// 0l= HEBHE 2l mem_map2 HE Il 012 2 0ICt
unsigned long *valid_addr_bitmap;
// memory node&t 0|l A, &K Z EXotX|IZE= 'holes'E LIEHHD| 28 BITMAP
// N2, Sparcit Sparc64 0l A8t AFS ElH CHE archOll& S AI=
struct bootmem_data *bdata
// boot memory allocatorJt AIE6t= 2=
unsigned long node_start_paddr;
// node?| physical 8t Al & =4
// unsigned long2 PAE(physical Address Extension)& At&3%t= 1A32Lt
// PPC440GPZ 2 PowerPCo HES0A = H3ITH H=otkl E=Ct
// &4 L2 2¥ 2 PFN(Page Frame Number)& JIS6t= 2 0ILY.
// PEN2 2tH3| Lo A page-sizeH S 2 H &&= physical memory2| indexO| Ct
// PFN2 2 & (page_phys_addr >> PAGE_SHIFT)Z &2| & L}.
unsigned long node_start_mapnr;
// mem_mapLi 0l A&l page offsetS LIEIE
// 0l =Xt= ,mem_mapidt Imem_mapO|2t) E2]l= local mem_mapAt0l 2] page2t =& H &tot=,
// free_area_init_core()0l A H&HE
unsigned long node_size;

// 0| nodellQ & page=+
int node_id;
/7 00 A A== Node ID(NID)
struct pglist_data *node_next;
// NULLZ Z2UES &0 /Y=, US nodeE Jiel3| = pointer
i }pg_data_t;
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Node and Zone

11

ZONE

ZONE

v
ZONE_DMA

spinlock_t
unsigned long
unsigned long
int
free_area t

unsigned long
unsigned long

struct page
unsigned long
unsigned long

v v
ZONE_NORMAL  ZONE_HIGHMEM

wait_queue_head_t

struct pglist_data

typedef struct zone_stru ct{

lock;

free_pages;

pages_min, pages_low, pages_high;
need_balance;
free_area[MAX_ORDER];
* wait_table;
wait_table_size;
wait_table_shift;
*zone_pgdat;
*zone_mem_map;
zone_start_paddr;
zone_start_mapnr;

= char *name;
unsigned long size;
ZO::NE } zone_t;
: \

X86 System Ul Al =
ZONE_DMA = 0 ~ 16M

ZONE_NORMAL = 16 ~ 896M
ZONE HIGHMEM =>» 896 ~ end
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Kernel Address Space(2/13) "

CPU
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Physical Address g.‘-

Data
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Kernel Address Space(3/13) H

CPU

>

Physical Address g.‘-

Data
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Physical Memory
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Kernel Address Space(4/13)
Physical Address
> =

> e ]| <
Data

Virtual Address Space 1G

- =

Physical Memory
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Kernel Address Space(5/13) 10

Iﬁ'l

Physical Address

<:> CPU > —

Data
Virtual Address Space . 1G Physical Memory
~ Kernel 0| AlS
3G <
> User APPJ} At
=
o
wlLinux zlmage
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Kernel Address Space(6/13) Y
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Physical Address
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Virtual Address Space 1G Physical Memory
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Kernel Address Space(7/13) '
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Physical Address

<:> CPU > —

Data
Virtual Address Space 1G Physical Memory
Paging
wlLinux zlmage
3G 0
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Kernel Address Space(8/13) "

.
#l

Physical Address

b

CPU >

Data

Virtual Address Space 1G Physical Memory
Linear Address
Offset within OfTset within Offset within Offset within
Process PGD PMD Page Frame PTE Page Frame Data Frame
Y
( ptc_o@—b ple_t -
Page Frame
) — with User Data
A
| pmd_offset() pmd_t >
pte_t Page
| — Frame
d_offset L
( ped_offset() ) pedt pmd_t Page
A [ Frame -
ped_index( Other unrelated
Data Frames
*
Only 1 pgd_t >
Page Frame Other unrelated
PTE Page Frames
Elhcr unrelated 1 M L Z
PMD Page Frames
3G 0
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Kernel Address Space(9/13)

20

CPU

Virtual Address Space

>

Linear Address

Physical

Address_, >

Data

Offset within

Process PGD

Offset within
PMD Page Frame

OfTset within
PTE Page Frame

Offset within
Data Frame

3G

ped_offset() ped_t

Kernel have no
mm_struct !

A
| pmd_o@—‘ pmd_t
J —

Y

1

Y

P

K —

Only 1 pgd_t
Page Fr

“pmd_t Page
Frame

=Y

pte_t Page
Frame

Page Frame

with User Data

-

P

Other unrelated
PMD Page Frames

O—

Other unrelated
PTE Page Frames

-

O

ther unrelated

Data Frames

Physical Memory
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Kernel Address Space(10/13) !

Physical Address

<:> CPU G— —

Data

Virtual Address Space Physical Memory

Kernel=2 28t Page Global Directory &
Master Kernel Page Global Directory

3G swapper_pg_dir
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Kernel Address Space(11/13) =

Physical Address

>

Data

> || cru ||

Physical Memory

Virtual Address Space

Ol Ml Kernel= Physical MemoryOil 2 & == UHl S A}ASLICH

Linux Kernel2 OS&!LILCt.

2 Z Physical Memory0il &2 &6l OF &HLIC}.

wlLinux zImage |
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Kernel Address Space(13/13) +
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> CPU >

Virtual Address Space Physical Memory

Physical Address
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typedef struct zone_struct{
spinlock_t

unsigned long
unsigned long
int

free_area_t

lock;

//concurrent & 82 22 % H zoneE 2 S36t= spinlock

free_pages;

/78 zonell 2| free page=2 & =

pages_min, pages_los, pages_high;

//zone watermarks

need_balance;

/70| E2i= zonel ZEE S5t Aol kswapd 0l Hl pageout2A 2 dl=0 A2l = flagO| Ch
free_area[MAR_ORDER];

//buddy allocator0| AIZ3dli= free area bitmaps

wait_queue_head_t *wait_table;

// Process=0| pagedt freet J|E JICHE T AHE & = wait queues?2| hash tableO|Ct

// 0l= wait_on_page() 2 unlock_page() 0l A Oi 2 %98%[]

// 22 processS2 & 2 queuelllA CHI| & =& UKXICH OI& I 3t CHH

// wake up ot &= oI, 2& process&2 lockZ2|J| XUJPII pageE 0| <« ZH3tA & Ct
//7 013 SRS )| 2l CHF= Z2HAEL 2 AES

// Thundering herdetd £ EC}.

// (thundering herd : 0{&d ZZ2AHIAJEHO LA, OIS, SHLIEH AISE = U= IR S A6t ) B-GH,
// LHHAI ZE2AA= CHAl 2 E SEIZ S0t & 8)

unsigned long wait_table_size;
//hash tablel 2| queueli=8 Z2E&35t=, 22 H=2 +=

unsigned long wait_table_shift;
/72100l B2 & table sizeE A &G0 MEE = 0|8 HIE =8

struct pglist_data *zone_pgdat;
//2 2 pg_data_tE Jtel3|= pointer

struct page *zone_mem_map;
//8 T zoneO| X6t &= Y BHE mem_mapli2 A HR page

unsigned long zone_start_paddr;
//node_start_paddrit RAIGHAH AIEE

unsigned long zone_start_mapnr;
//node_start_mapnrit SASHH AHEE

char *name;
//ZONEE LIEIHLH= 'DMAY, 'NORMAL', '"HIGHMEM'S &tLtel 2XH

unsigned long size;
// page™SIZ B8 &= zonell 3D

}zone_t;
I S=30istw SHsST
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/ONEZ2| watermarks

s Zone Watermarks

Total Size
Fone_t->size

i

Zone balanced.
kswapd woken up kswapd sleeps

Allocating process
frees pages synchronously

zone_l=>page_high

— zone_t->page_low
- = G

& lime

Available Pages
zone=>free_pages

Rate of page consumption GFP_ATOMIC allocations
1s slowed by kswapd but can go below the watermark

still allncatinﬁ too fast

s
K
&
I
S
1=
ol
P



Watermarks H| &
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s Zone Watermarks

v page_low, pages_min, pages_high

v B
" pages_low = pages_min * 2
» pages_high = pages_min * 3

v pages_min 2&=
= free_area_init_core() &= WU A H&HE
= HE (ZoneSizelnPages / 128)
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/ONE 2} PageFrame

ZONE
- typedef struct Page {
; struct list_head list;
struct address_space *mapping;
f unsigned long index;
] struct page *next_hash;
atomic_t count;
unsigned long flags;
struct list_head Iru;
struct page **pprev_hash;
struct buffer_head * puffers;
-‘.“:‘:"f,“:ﬂ“‘m‘u!u’ #if defined(CONFIG_HIGHMEM) | | defined(WANT_PAGE_VIRTUAL)
% void *virtual;
#endif /7* CONFIG_HIGMEM | | WANT_PAGE_VIRTUAL */
} mem_map_ft;
[ Page frame |

Page frame

2r NODES| 2 & page & Xl= £ ZONE_NORMALS| A XS Z
(E2 AHEO0| =ct 2| Rol Kol =2 HZ2l Bt2 CHE)
X0 U= S HIE 2 “mem map”tl R X Ch
I

in
A
&
I
S

i
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Page Frame At =&

typedef struct page{
: struct list_head list;
// page= E2 list0ll £l U

Ir mio

// (IE S0, mapping= 0 U= page= address_spacelil 2ol 22T = Al e |E HIAE RIAE S
// 0l MIJHE 38 23E 2|AE = clean_pages, dirty_pages, locked_pagesO|Ct.
// slab allocatorfil M O|Z2E= =8 2 A0 2o ELEAS T pageE 22I6t0] FIoH
/7 slabO|Lt cache structures22| ZOIHE N &dt= &S St
// 8t free pages? link blocks 0l A< AHEEICE.
struct address_space *mapping
// I 0|L} deviceIl memory mapped&T 0 A2 M, 21=2l inode= address_space2t HZ & UCH.
// B2t 0] pagedt O HZ L0 ACHH 0] 2 E= address spaceE Jtel21LH.
// Btef pageJt anonymousO|H mappingOl setT O ACHH,
// address_space= swap address spaceE 2t2l6t= swapper_spaceO|C}.
unsigned long index;
// 0| BE= SFIHX & E JHXIH, 0li= page?| statedt Z & StCt.
// 2+2F 0] pagedt file mapping?l 2= etH 0= fileli 2l offsetO| Ct

mr

= A1, 0| BE= list headE i AHSECH
I
H

r

ro

// =M, 2t pages2 50| S& processE M freeE/ AUCHH

// 2= HOIM2 &=AJt H&EE A0|Ct Ol= _ free_pages_ok( &= LH0IAM set & Ct
struct page *next_hash;

// T+ DR Sl 2291 page= inode 2t offsetlll 26 hash&! Ct.

// 0] 2E &= Z& hash bucket2 37 6t= HIOIXl £2 linkAlFHF= 2 E0ICH

i
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// Bt2 0] pagedt swap cachel 222t 0|= swap address space(swapper_space)E 2| 8t address_spacell 2 offset0| &



Page Frame Xt& X >0

// page? & =X 340|Ct 2tk 00| & O] HIO|Xl= freeE A 0ILCH.

/7 120 30HY, otL 0l &) ZZ AMIAGIA AL=Z S Ol HLE,

/7 1708 JICt2|D| flst HHYS2=Z 2ol HE HOIM AtS S& & LIEHHLTH
unsigned long flags;

// pagel| MEHE LIEILHE= flagsOILt. Ol= <linux/mm.h>W0 25 H2l T/ Y1, E 2.10] LISdH =ULH.
// bitE test, clear, setdt)| 28t O i (A =ZI 2 & U2, 018 E 2.201 2 ALt
// N 25 Al U= st
struct list_head Iru;
// page WX M2 2o, M = L& pages=
// page_alloc.cUli0ll #2| &l U= active_listlLt inactive list & & oLl =XH ol OF &L}
// 0] 2&&= 0|2f8t LRUZIAEZL] list headE Jtel2 | Al &l C.
struct page **pprev_hash;
// next_hash?2 22240l 0] ZE 2 215 hash= doubly lonked list2 S & &t
struct buffer_head *buffers;
// 2tk pagedt HZ L0 A= block deviceE & bufferg JtAlLD JACHH
// buffer_head0il tist 2 E |FXISHI| N AL EILCE.
/7 Btk (it is backed by a swap file) 0l Z 2 JI AN 2ol mapped& anonymous page?! 2<%
// HZE 0 A= buffer_head E Jiel2 == QUL
// Ol page=, S U= DL A AE A ESH= block sizeH®I 2,
: // REEXNZ HBE = syncEH0| OILIOF 3t22 E L6ICH.
| #if defined (CONFIG_HIGHMEM) | | defined(WAANT_PAGE_VIRTUAL)

void *virtual;

OF|E! M0l 2l =H 0l &40l arch_set_page_uptodate()Z calldl=SetPageUptodate()0|Ct.

// LEIROZ = ZONE_NORMALN &adll A= pagelt0l HLE 0 26 & XIF 0| It s38HCE

// ZONE_HIGHMEM zonell 0l &A= pageE F=AXIE 6tJ| |6H kmapQ&=It AHE&H

// 0| &= pageE kerneldt mapAlHF= H&E 8LLOFUA =23)
: // DEE N2 pageltO] map € £ QUCH 242 pagelt map EIUCHH, 0| 2E= pagell JHAFAZE LIEIHCY.
i #endif /*CONFIG_HIGHMEM | | WANT_PAGE_VIRTUAL */
i }Ymem_map_t;

e
it
=
I
18
0l
=



Buddy

31

s To reduce “external fragmentation”
m Fast allocation and de—allocation of pages

s HA=E=XOI page( block ) &9 E2 22|
v 1, 2, 4, 8.. pages = each one block
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free_area t 2 XX .

/* ~/include/linux/mmzone.h
#define MAX _ORDER 10

typedef struct zone_struct {
1.‘.r.ee_area_t free_area|[ MAX_ORDER];
} zone.::t;
typedef struct free_area_struct {
struct list_head free_list;

unsigned long *map;
Mree_area t;
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Data structure

s free_area.[order].free_list

33

v EH 3|9 free page block=2 0| & 2|AE

s free_area.[order].map

v ((number of pages) =1 ) >> (order + 4)) + 1bytes
v 8t HIED}I LIS HLIS AEHE LIEFHLTH

o o mmat Feex pags blacks
zona-=Ehee_sra
T T1els(o+] 2 mpseitiosa
1
2
3
; W | | Zepimited
;
7
j
T 34 o e ks
Y [MAX ORDER

i
A
o
[T
)
=
ol
=



Memory allocation

34

15
> <:| 2 page alloc
13 RE free
12 4
11 3
10 2 |12
9 8 1
8 0 5 | |0
; free_area.free_list
5 free_areaorder].map
4 Pages o| 1|23 |4 ]|5]|6]|7]|8 |9 10 | 41 | 12 | 13 | 14 | 15
3 order(0) 0 0 1 0 0 1 0 0
2 order(1) 0 0 1>0 0
1 order(2) 0 1
0 order(3) 0
Physical Memory
I CHRCHStn WS



Memory allocation

35

15
13 2 free
12 4
11 3
10 2 | 12

— |
9 14 | 1
8 0 | 5 | | 10

| |

! free_area.free_list
6
5 free area[order].map
4 Pages | 0 [ 1 | 2 |3 |4 |5 |6 |7 |8 |9 (10|11 [12] 13|14
3 order(0) 0 0 1 0 0 1 0
2 order(1) 0 0 0 0->1
1 order(2) 0 1->0
0 order(3) 0

Physical Memory
I

m
A
o
Joi

S
i
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Memory de—allocation

15

14 (&0 11% page HH 2% alloc
13 index = page_idx >=> (order + 1) free
12 4 =>11>>(0+1)=5
11 8 3

10 2 | 12

| I—
9 8 1
8 0 5 | 10
| I—
! free_area.free_list
6
ind =1

5 free_area[order].map ndex ==

4 Pages | 0| 1| 2|3 (4|5 |6 |7 ]| 8|9 |10]11(12] 13| 14
3 order(0) 0 0 1 0 0 1->0 0

2 order(1) 0 0 1->0 0

1 order(2) 0 1->0

0 order(3) 0->1

Physical Memory
I cr=0H

I
S

0%
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struct page #* alloc_page(unsigned int gfp mask)
Allocates a single page and returns a struct address.

struct page * alloc_pages(unsigned int gfp mask, unsigned int
order)
Allocates 2°79°" pumber of pages and returns a struct page.

unsigned long get_free_page(unsigned int gfp mask)
Allocates a single page, zeros it, and returns a virtual address.

unsigned long _get free page(unsigned int gfp_mask)
Allocates a single page and returns a virtual address.

unsigned long _get free pages(unsigned int gfpmask, unsigned int
order)
Allocates 2°79e" pumber of pages and returns a virtual address.

struct page * _get_dma pages(unsigned int gfp mask, unsigned int
order)

Allocates 2°7" number of pages from the DMA zone and returns a struct
page.

Table 6.1. Phvsical Pares Allocation API

vold _free pages(struct page *page, unsigned int order)
Frees an order number of pages from the given page.

vold _free page(struct page *page)
Frees a single page.

void free_page(void #addr)
Frees a page from the given virtual address.

Table 6.2. Phvsical Pages Free API
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Slab Allocator

10

3| HIL2
= HER2 G<E= L= X (proc/slabinfo)
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Slab Allocator 2
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kmem_cache_t

slab

p

' objecti

i
A
[T
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JE

0%
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next = cache_chain
\ ( N\ ( ) (
{ cache_cache . > cache . > cache . > cache } -
y, - y y -
\ kmem_list3 slabj_full slabs?_free slabs_;artlal
4 | P
i Y slab | .-
qoa—— | e slab . 7| (partial)
1> slab | (free) | *,| slab
(£, || {~~edi~l)
\1ull) \pditidl)
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40

m 2B IHA
v HEHRH IHAl : HEO0| AtE0t= LI AT L EF FHAINl CHSt FHAl CIAEH
» cache_cache® 0] 0| CIAZEEHI} SHJUCH
v Z=JF Al 26H(LIGH Xl 260K) : J|ot&rE o2 K22l =0l = ULL.
= 32, 64, 128, 256, 512, 1024, 2048, 4096, 8192, 16384, 32768, 65536, 1301728}0|
E 22 99 F 9 Al CIAZEH
» S = Stub= ISA DMAE, CHE2 dlLis it &S 2
s S 3HAl
v

A== sE oldl = HE2 A= S= et oAl

i
A
o
[T
)
JE

0%



cH 1} 24

= o

i
i

A
T

41

kmem_cache t * kmem cache_create{const char *name, size_t size,
sgize_t offset, unsigned long flags,
vold (#ctor)(void*, kmem cache t *, unsigned long),
vold (#dtor)(void#*, kmem cache t #*, unsigned long))
Creates a new cache and adds it to the cache chain.

int kmem_cache reap(int gfp mask)
Scans at most REAP_SCANLEN caches and selects one for reaping all per-cpu
objects and free slabs from. It is called when memorv is tight.

int kmem _cache shrink(kmem cache_t *cachep)
This function will delete all per-epu obhjects associated with a cache and delete
all slabs in the slabs_free list. It returns the number of pages freed.

vold * kmem cache alloc(kmem_cache_t *cachep, int flags)
Allocates a single object from the cache and returns it to the caller.

vold kmem cache_free(kmem_cache_t #*cachep, void #objp)
Frees an object and returns it to the cache.

void * kmalloc(size_t size, int flags)
Allocates a block of memory from one of the sizes cache.

vold kfree(const void #objp)
Frees a block of memory allocated with kmalloc.

int kmem _cache destroy(kmem cache t * cachep)
Destrovs all objects in all slabs and frees up all associated memory before
removing the cache from the chain.

Table 8.1. Slab Allocator APT for Claches
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= R, St =
et =4 B2 & EH/oH A
m 2R Ita F=A B2t =region = &Y = F2F = vm_area_struct
s 22 S dXl= €2 8ls
s OIFE & P2 H2 AS LR Al BE
'
{a)  Accessrights of intereal to he added are {a) The existing region is enlarged

equal to those of contiguos region

-

(b  Acoessrights of imterval to be added are (b} Amew memary reglon i created
diffesent from these of contiguous regian
{c)  Interval to be removed is at the end of () The existing region is shortened

existing reqgicn

{d]  Interval ta he removed is insids L]

existing region

hiddress space hefore operation
I

Twa smaller regions are craated

Address space after nperation
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Creating a memory region ex.
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case 1

v

v

v

arch_get_unmapped_area
if addr != null
if addr + len < vma->start

next

next

VMA

VMA

VMA

|
\-
\\\\\\\\\*

I

addr

El
i
0l



Creating a memory region ex. 44

m case?
v addr = null
v addr + len > vma->start

v OR addr == null
VMA
next
VMA
next
VMA

return -ENOMEM
If last vm_end + len > 3G




Creating a memory region ex.

»  do_mmap_pgoff

[T,

VMA
ne
> addr
en
next
VMA
next
VMA

I
S
1=
ol




Merging contiguous region

»  do_mmap_pgoff

v merge—able _
G

VMA
addr
next
next
VMA
next
VMA >

I
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Remapping and Moving a memory region

»  do_mmap_pgoff
v memory region growing or shrink
v find another region

VMA
next
VMA
next
VMA
new VMA

]
H
o®
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0l



Delete a memory region 0

»  do_munmap

B G
VMA
next
VMA g
next
VMA _‘

G _
ct=listn s

o
£
_IE
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Delete a memory region

»  do_munmap

.

VMA
next

VMA

next - v
new VMA

next

ne

VMA >

Joi
£
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Linear Address

Oifset within OIiTsel within OITset within Ofiset within
Process PGD PMD Page Frame FTE Page Frame Data Frame
-
( pte_offset() )—D- ple_t -
Page Frame
with User Data
Y
C pmd_ofTset() )—h pmd_t -
pte_t Page
A Frame
d_offset d_t '
( PEt- 0 )_’ PEC pmd_t Page
Frame -
ped_index( Other unrelated
B Dhata Frames
mm_sirucl->pgd
Only 1 pgd_t -
Page Frame Other unrelated
FTE Page Frames
-

Other unrelated
PMD Page Frames
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Linux2| PGD

51

task_struct
mm_struct
mm T include/asm-i386/page.h <<pgd_t=>
_pgd typedef struct { unsigned long long pgd; } pgd_t;
.............................. include/asm-arm/page.h <<pgd_t>=>
typedef unsigned long pgd_t;
v
0
&
@
i
o
=
(0]

Physical Memory

Array of pgd_t type

pgd 247

X86 0|2tH mm->pgdE cr301| A2
(cr3 S A= TLB flushing2 |Sdt= ¢

CtA O
:1

1

;O

Ol= &

5=

=)
(=]

)

> 4

__flush_tlb()
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Linux2| PGD, PMD, PTE

[aSK_STruct
mm_struct
mm >
pgd
; Physical Memory
g o D D
S s : g
5 ) a 3
= » 3 L e » 3
) ) s fFr e 5}
CD ......
<., A
A
T
:.':.‘.':.‘.'.'.‘.'.'.‘.'.'.‘.'.'.‘.'.‘.‘.'.‘.‘.'.‘.(‘.'.‘.‘

pmd_t

pmd_t

pmd_t

pgd_t pmd_tet T pte t |
PGD PMD PTE

Swap outd ZL0=?

Swap entryJt PTEO M&EE N UAS
Fault 2™ 0| swap entryE 0|&0dll do_swap_page() &=t pageg Xl S

I =

Joi
£
1=
0l



= =
= HE =S

Linear Address
BITS PER_LONG

- -
Global (PGD) I Middle (PMD) Table (PTE) Offset
PAGE_SHIFT
e ——
PMD_SHIFT
i} i
PGDIR_SHIFT
i —
Linear Address
BITS _PER_LONG
il P
Global (PGD) I Middle (PMD) Table (PTE) Offset

PAGE_MASK PAGE_SIZE
— >| -
PMD MASK PMD _SIZE
— >l -
PGDIR_MASK PGDIR_SIZE
-~ -

i
A
[T
)
JE
ol

53



=24 gt A 2| 0] ol

54

/* mm/memory.c */
static struct page * follow_page(struct mm_struct *mm, unsigned long address, int write)
{

pgd_t *pgd;

pmd_t *pmd;

pte_t *ptep, pte;

pgd = pgd_offset(mm, address);

if( pgd_none(*pgd) | | pgd_bad(*pgd))
goto out;

pmd = pmd_offset(pgd, address);
if( pmd_none(*pmd) | | pmd_bad(*pmd))
goto out;

ptep = pte_offset(pmd, address);
if(!ptep)

goto out;

pte = *ptep;
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Physical Memory

0 =
=4 Het
Linear Address
31 22 21 12 11
Page Directory Page Table
» entry » entry

( In Physical Memory )

CR3
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26112 == 45 HOIE(x86_64 JI&E)

m 64bit address translation
v 4-level translation

63 48 47 39 38 30 29 21 20 12 11 0
Sign Extended i Offset
PML4 Page-Directory; Page-Directory Page-Table Physical-Address

Pointer Table

entry

.

A 4

A 4

A 4

entry

.

( In Physical Memory )

entry

.

512 PML4 * 512 PDPTE * 512 PDE * 512 PTE = 236 Page frames (256TB)

4K Page

vy

CR3 (PML4)
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IOl JbAF =A AFR(32bit M 2ID] JIE) !

s Kernel address space( 32bit )

Virtual Memory

direct-mapped physical memory e VMALLOC_RESERVE at minimum N
2x  LAST PKMAP x
TASK_SIZE VMALLOC OFFSET PAGE SIZE PAGE SIZE  FIXADDR SIZE
—> “ = = >
process |kernel|struct page| the rest memory pages vmalloc | pages kmap fixed |page

address space|image | mem_map | (for page allocation) | gap [address space| gap |address space[mapping| gap

1 1

0 PAGE OFFSET VMALLOC {TART VMALLOC END PKMAP_BASE FIXADDR_STA FIXADDR_TOP

8MB 16MB

Dynamically allocated Physical Memory

BIOS kernel DMA mem_map
comm code region
area image
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A2 (64bit H2lD| J|1=)
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Oxffff
Oxffff

Oxffff
Oxffff

Oxffff
Oxffff

Oxffff

Oxffff

Oxffff

Oxffff

0x0000

0x0000

ffrf
ffff

ffff
ffff

ffff
e200

c200

cl100

8100

8000

Tt

0000

ffff
fffo

8800
8280

8000
0000

0000

0000

0000

0000

rfrf

0000

ffff
0000

0000
0000

0000
0000

0000

0000

0000

0000

ffrf

0000

tet BI2c

>

kernel
space

user
Space
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mm_struct
= mm struct <linux/sched.h>
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 struct mm_struct {
: struct vm_area_struct * mmap;
/732 B2HH Sl 22 VMA regionsE HZ 8= linked liste] head
rb_root t mm_rb;
//VMAE 2 &M 2 2[5l red_black treeEEN 2| linked list2 24 = CH.
//0] 2= tree®l rootE LIEHHCE
struct vm_area_struct * mmap_cache;
//0HN 2O 2 find_vma()E4Il S TUS [} 2ME VMAE NHEH == 2E
//01= &8 AL E VMADL 2 CHAl Al & 2 0Icks JHE ol D1 8HSHCY.
pgd_t * pgd;
//0] Z2NAE 28 PGD
atomic_t mm_users;
//FA328E RA320 28 AAE RS II2E
atomic_t mm_count;
/710 28 AM&St=,real userE 98t II2E 2&
int map_count;
//ANEZQ2 VMAI ==
struct rw_semaphore mmap_sem;
//0l= VMA list0fl Ci8t R/ZWAIO £ESE ?oil ZXH5H= lockOlLt.
//01E AMEdle SNEE 28 EAIZH AAE6HHLE
/722 2 MHE sleepE+ T A 20 spinlock° ESE=I I ONIRV B
//0| listE readdtd = E0 M= down_read()E Soll NIDIZE O E & =6l OF SHCH
/782t write€ 6t ™ down_write()E SallA 349_*% &| Sl 0F 5HH

//E% VMAE YOOI E oi0F ot= Al&E 0l= page_table_lock Ol gt 0] &2 spinlockE &S oH OF2H SHLY.




mm_struct

spinlock_t page_ table lock;

//70l= mm_struct?2 X &BH| 2 & 235 lockO|LCt.

//Rss2t VMAE =8O 2 2 ESdll= 9&S EYStL.
struct list_head mmlist;

//2E mm_struct XX = 0| EEE Sofl HZE L
unsigned long start_code, end_code, start_data, end_data;

//codeZ H | A& 2, data¥ 2| Al &1 Z2S LIEHS
unsigned long start_brk, brk, start_stack;

/728 EH AIE I 2, stackl] AlE 22 LIEHH
unsigned long arg_start, arg_end, env_start, env_end,;

//command line argumentg =42 A&t 2, environments2 A& 22 LtEHS
unsigned long rss, total_vm, locked_vm;

//rss:0| Z2HIAEI AEF2l page2 =

//global zero page= RSSOl 2Jo It2E &I Xl &=Lt

//total_vm: 0| Z2 N A0 2ol 3R] A= EA 22 S22t S&

//locked_vm: B 22|40l lockE 0 A= pagel i
unsigned long def_flags;//VM_LOCKED®S!JIA| gt2t0| Jts &

//0|=LIZEZ 222 20 2= IHEO| lockEXE Z2&H5t= HEY

unsigned long cpu_vm_mask;

//SMP systemOlAl 2& Jts8 CPUE LIEtWH= HIEDIAS
//701= IP10I2IBH A CPUDL EF &t =E oliOF & Xl ZOt0F X E ZHEM AES
//0l= 2 CPUS| TLBE flushAlZ|= A& 0 SL0tH AIEE

unsigned long swap_address;

//0l= 88X ZEZ2HAIN AZEO HEl ZR0 page out daemonO|

//0CIA swap & RA=XIE J|Sst= O ALEdl= 2 E
unsigned dumpable:1;//prctl()0ll 2|oll setZ|M, O] 2 == processE tracedty) USTHE AHEE
mm_context_t context;//0t3| 0| AH AIZ§ MMU context

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



mm_struct@} Jtat =4 22 21X 61

s mm_struct Atz X =4

include/linux/sched.h

env_en kernel
£ arg_en
“ arg_start stack
start_stack
brk )
SS
end_dat
data
end_cod
text
- start_cod
typedef struct {unsigned long pgd;} pgd_t; /» include/asm-i386/page.h */

SR KBt BTy



task_struct

mm

—>

v pgd:

v vm_prot:

Memory Region

mm_struct

pgd

vm_area_struct

62

—>

vm_end

vm_start

vm_prot

mmap

= page directory address

= read/write permissions

for this area
v vm_flags

= shared with other
processes or private to

this process

vm_flags

vm_next

shared libraries

A 4

vm_end

vm_start

vm_prot

vm_flags

data

vm_next

N
-

A 4

vm_end

vm_start

text

vm_prot

vm_flags

vm_next
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vm_area_struct A}

struct vm_area_struct {

struct mm_struct * vm_mm;
unsigned long vm_ start;
unsigned long vm_end;

struct vm_area_struct *vm_next;

pgprot_t vm_page_prot;
unsigned long vm_flags;
rb_node_t vm_rb;

//0l= S5

al

?5 63

//0] VMAJ} &6l = mm_struct

//regions8| Al & =4

//regions?| end F4

//F A2 2 B E VMAE 0| 2=8 S0l single linked list2 HZ &

//0| VMALHS| PTEO| & & &l = protections bit. 3.1 &=X
//VMAS| S4 1 protections2 LIEIH & flags

//list2 AT U=s VMAZZO0A HFE 242 26 VMAE red-black treeZ 22| 8tCt.
| CHE 2 S210| BHEEHUE=E HEU M HOIX SEI L5

//t 20 ekt regionss 2 =210| SQEER SR6HH AAEE = UL
el
=2

struct vm_area_struct *vm_next_share;
struct vm_area_struct **vm_pprev_share;
struct vm_operations_struct * vm_ops;

unsigned long vm_pgoff;
struct file * vm_file;
unsigned long vm_raend;

void * vm_private_data;

//shared libraryX & Ot
// vm_next_share®| Bl =
//0open(), close(), nopage()0llCH St & = XL Ol
//disk®t datag& sync& il AtSE
/7022 YWEH A= TRl AR paget? 2 alignedT A= offset
//7WE N U= W Q| struct filedll CHS ZOI1H
//read-ahead window?| end address.
//faultdt 2A5tH A X 2 6t= pagelll S A ZIH2| pagedt 20| Sct2Ct.
//0| SOt X E pagedt BHAM Sct=SXIE Z &S

il
i
o0
N
30
a

//memory manage0l 2tH 80| device driverJdt IHtAHZQ HEE HEE I AHSEICH.
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Linux HE B2 &2 &=+ o

m Interface
v struct page * alloc_pages(unsigned int gfp_mask, unsigned int order)
= 2%order AJI2] HAEE Z2|& HOIXANS2S &Y =, & HOIXCS page &M ZOIHE 2

v void * page_address(struct page *page)
» =2 821 S2lA HOIXKIJFt S 285 U=

v Wrapping Function

= Page-level allocator : get_free_page()
QEE 02O ASE HREEE &

1

<X

cl & =20 O

o
"
i

ele gt

= Kernel-level allocator
SC|HE O HEGHH, 128KBOIo o] 29|09 HiZ2el & : kmalloc()
/&8O =2 H H5F0l M2l &Y : vmalloc

Non-Contiguous Allocation

Contiguous Allocation Slab Allocator
I

Page-level Allocation Buddy System
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