L 1nux

cache
RAM
AR T
TIREE T
P |
: Firir
H&l : 5
2 i
? Efcache
- ¥ cache
LEE ‘
b | 7
§ |
iy
6.1
Linux
6.1 Linux
Linux

6.1

CPU
Intel 386
Linux
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Linux
Intel 386 Linux
Linux 2.0 Intel
Apple DEC Alpha MIPS  Motorola 68k
Intel 386
Linux Linux
[ ]
[ ]
[ ]
[ ]
[
6.1.1 Linux
Linux 6.2
mmap
.
| mremap | | filemap |
\4
swap \ core

|swapfile|| swap | kswapd

| page_ip | | swap_state |

1
1
! i
b —
I ’ :
L ]
00000000 | !
o ! 1
 CVMMU B ! :
o o ! '
00000000 | !

6.2 Linux
6.2 /mm
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1 (mmap)
2 swap
RAM
3 core
4
MMU
6.1.2
Linux
Linux 0 4G Linux 46
16 0xC0000000  OXFFFFFFFF - .
36 0x00000000  OXBFFFFFFF <<
" Linux
4G 6.3
1GB
1 2 n
(3GB) (3GB) (3GB)
6.3 Linux
Linux 0 3 6.3
0 3G
16
1
16
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0x00000000 6.4
0xC0000000 Linux PAGE_OFFSET
4G
3G
—
I
0 0
6.4

include/asm/i1386/page.h
/*
* This handles the memory map.. We could make this a config
* option, but too many people screw it up, and too few need

*it.
*
* A _ PAGE_OFFSET of 0xC0000000 means that the kernel has
* a virtual address space of one gigabyte, which limits the
* amount of physical memory you can use to about 950MB.
*
* If you want more physical memory than this then see the CONFIG_HIGHVEMAG
* and CONFIG_HIGHMEM64G options in the kernel configuration.
*/
#define _ PAGE_OFFSET 0xC0000000
#define PAGE_OFFSET unsigned long _ PAGE_OFFSET
#define __pa X unsigned long X -PAGE_OFFSET
#define _va x void * unsigned long X +PAGE_OFFSET
950MB
CONFIG_HIGHMEM4G ~ CONFIG_HIGHMEM64G
950MB X ““x- PAGE_OFFSET>~
X ““x+ PAGE_OFFSET”~
_paQ)
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2
Kernel Image
Linux 0x00100000 1MB (
)
PAGE_OFFSET
0xC0100000
PGD

CR3 PGD
CR3 _pa0O mm_context.h
asm volatile ““movl %0,%%cr3””: :”?r>> _ pa next->pgd

next_pgd
_paQ) mov CR3
CR3 next PGD
6.1.3
Linux
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
6.5
WIFEIECAIEE 4
=g
9, ®
fib ik 8 5t _— =
TR @ |
D
6.5
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TLB
6.2 Linux
MM MM
6.2.1
Linux
Linux
Linux /arch/i386/kernel/head.S startup_32

1

/*

* The page tables are initialized to only 8VB here - the final page
* tables are set up later depending on memory size.
*/

.org 0x2000

ENTRY pg0

.org 0x3000
ENTRY pgl

/*
* empty_zero_page must immediately follow the page tables ! The
* initialization loop counts until empty_zero_page
*/

.org 0x4000
ENTRY empty_zero_page

*

* Initialize page tables
*/
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movl $pg0-_ PAGE_OFFSET,%edi /* initialize page tables */
movl $007,%eax /* "007" doesn"t mean with right to kill, but
PRESENT+RW+USER */
2: stosl
add $0x1000, %eax
cmp $empty_zero_page-_ PAGE_OFFSET,%edi

jne 2b
EIP pg0 gcc
““$pg0-_ PAGE_OFFSET >~ pgo pgo
0x2000 , 0x00102000 pgl
0x00103000 Pg0  pgl 0x007 0x1007 0x2007
3 1
2.24 0x0 0x1000 0x2000 0
1 2 3 2K 8vMB Linux
8MB empty_zero_page ( )

2

/*
* This is initialized to create an identity-mapping at 0-8M  for bootup
* purposes and another mapping of the 0-8M area at virtual address
* PAGE_OFFSET.
*/
.org 0x1000
ENTRY swapper_pg_dir
.long 0x00102007
.long 0x00103007
.Fill BOOT_USER_PGD_PTRS-2,4,0
/* default: 766 entries */
.long 0x00102007
.long 0x00103007
/* default: 254 entries */
.Fill BOOT_KERNEL_PGD_PTRS-2,4,0
/*

* Enable paging

*/

3:
movl $swapper_pg_dir-__ PAGE_OFFSET,%eax
movl %eax,%cr3 /* set the page table pointer.. */
movl %cr0,%eax
orl $0x80000000,%eax
movl %eax,%cr0 /* ..and set paging PG bit */
jmp 1f /* flush the prefetch-queue */

movl $1F,%eax
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Jmp *%eax /* make sure eip is relocated */

1:
swapper_pg_dir
cr3 cr0 1
Linux
EIP “<jmp 1f>~
Intel 1386
EIP mov  jmp 2
1 EAX , EIP
“<1MB 7z 2
1 PAGE_OFFSET+ jmp EIP
CPU
swapper_pg_dir pg0  pol
0x00102000  0x00103000 2.22 12
swapper_pg_dir 0 1 0x00102007
0x00103007 pg0 pgl
swapper_pg_dir 2 767 766 0
4KB 4 1024 4KB
768 768x1024x4K 3G swapper_pg_dir
768
768 769 pg0 pgl
770 1023 254 0 256 256x1024x4K 16
swapper_pg_dir 256

swapper_pg_dir

8MB 6.6
4G
1023 0
3G+ 8l
- e
769 | 0x00103007 3
768 | 0x00102007
el
5 8 0
1| 0x00103007 I it it == (8]
o | 0x00102007 -0-
2 400 H b == 1]

TLH FFEswapper_pg_dir
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6.6 swapper_pg_dir
M
CPU startup_32
CPU EIP
Linux
CPU
swapper_pg_dir
CPU
CPU
6.7
empty_zero_page
000104000
0 pgl
00103000
pgd
0x00102000 :
0x00101000 [S¥ 2PPEr_PE_IT
0x00100000
6.7
empty_zero_page
0 “c i ZERO_PAGE
“ ””  setup.c
/*
* This is set up by the setup-routine at boot-time
*/
#define PARAM unsigned char * empty_zero_page

#define SCREEN_INFO * struct screen_info * PARAM+0
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#define EXT_MEM_K * unsigned short * PARAM+2
#define ALT_MEM_K * unsigned long * PARAM+0x1e0
#define E820 MAP_ NR  * char* PARAM+E820NR
#define E820_MAP struct e820entry * PARAM+E820MAP
#define APM_BIOS_INFO * struct apm_bios_info * PARAM+0x40
#define DRIVE_INFO * struct drive_info_struct * PARAM+0x80
#define SYS_DESC TABLE * struct sys_desc_table_struct* PARAM+0xa0
#define MOUNT_ROOT_RDONLY * wunsigned short * PARAM+0Xx1F2
#define RAMDISK_FLAGS * unsigned short * PARAM+0Xx1F8
#define ORIG_ROOT_DEV ~ * wunsigned short * PARAM+0x1FC
#define AUX_DEVICE_INFO * unsigned char * PARAM+0X1FF
#define LOADER_TYPE * unsigned char * PARAM+0x210
#define KERNEL_START * unsigned long * PARAM+0x214
#define INITRD_START * unsigned long * PARAM+0x218
#define INITRD_SIZE * unsigned long * PARAM+0x21c
#define COMMAND_LINE char * PARAM+2048
#define COMMAND_LINE_SIZE 256
PARAM empty_zero_page
E820 MAP E820 MAP struct e820entry
0x2d0

include/i1386/e820.h
struct e820map {

int nr_map;

struct e820entry {
unsigned long long addr;
unsigned long long size;
unsigned long type;

} map[E820MAX];

/* start of memory segment */
/* size of memory segment */
/* type of memory segment */

¥
extern struct e820map e820;
E820MAX 32 e820entry
RAM ROM RAM
€820.h 4
#define E820_RAM 1
#define E820 RESERVED 2
#define E820_ACPI 3 /* usable as RAM once ACPIl tables have been read */
#define E820 NVS 4
#define HIGH_MEMORY 1024*1024
E820_NVS ““Non-Volatile Storage™> “~ 7z ROM EP
Flash
PC 1vB 640KB  0x0~OXx9FFFF
0xA0000 CGA EGA VGA
EGA  VGA 0xF0000 OXFFFFF
4KB EPROM  Flash BIOS BIOS
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nr_map 2 BI0S RAM
1MB
1MB ““HIGH_MEMORY~~
HIGH_MEMORY “€1024x1024~~ 128MB
1MB
6.8
_end
FIT GG B A
_edata
BT 508 A
_etext
M ARG
0x00100000 text
6.8
_text 0x00100000
_etext
_etext _edata
_end
System.map
System.map
6.2.2
BI0S
BIOS
BIOS ““int 0x157~ Linux
BI0S
€820
€820 *?int 0x157~
0xe820
init/main.c start_kernel
start_kernel setup_arch() setup_arch

arch/i386/kernel/setup.c
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1 setup_arch()

setup_arch
setup_memory_region() map ,
e820
parse_mem_cmdline(cmdline_p)
RAM
e820
setup.c
#define PFN_UP x X + PAGE_SIZE-1  >> PAGE_SHIFT
#define PFN_DOWN x X >> PAGE_SHIFT
#define PFN_PHYS x X << PAGE_SHIFT
PFN_UP PFN_DOWN X PFN Page Frame Number
PFN_UP X 1 PFN_DOWN
X 1 PEN_PHYS X
/*
* 128MB for vmalloc and initrd
*/
#define VMALLOC RESERVE unsigned long 128 << 20
#define MAXMEM  unsigned long -PAGE_OFFSET-VMALLOC_RESERVE
#define MAXMEM_PFN PFN_DOWN MAXMEM
#define MAX_NONPAE_PFN 1 << 20
e VMALLOC RESERVE vmalloc 128MB
o MAXMEM RAM 1GB 128MB 896MB -PAGE_OFFSET
1GB
o MAXMEM_PFN
o MAX_NONPAE_PFN 4GB 1 PAE
4GB
/%
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/-k
* Find the highest page frame number we have available
*/
max_pfn = 0;
for i1 =0; 1 <e80.nr_map; i++ {
unsigned long start, end;
/* RAN? */
if e820.map[i].type != E820_RAM
continue;
start = PFN_UP e820.map[i].addr ;
end = PFN_DOWN e820.map[i]-addr + e820.map[i]-size ;
if start >= end
continue;
if end > max_pfn
max_pfn = end;

}
E820 RAM RAM
max_pfn
/*
* Determine low and high memory ranges:
*/

max_low_pfn = max_pfn;
if max_low_pfn > MAXMEM_PFN  {
max_low_pfn = MAXMEM_PFN;
#ifndef CONFIG_HIGHMEM
/* Maximum memory usable is what is directly addressable */
printk KERN_WARNING "Warning only %ldMB will be used.\n",
MAXMEM>>20
if max_pfn > MAX_NONPAE_PFN
printk KERN_WARNING "Use a PAE enabled kernel _\n"
else
printk KERN_WARNING "Use a HIGHVMEM enabled kernel.\n"
#else /* 1CONFIG_HIGHMEM */
#ifndef CONFIG_X86_PAE
it max_pfn > MAX_NONPAE_PFN {
max_pfn = MAX_NONPAE_PFN;

printk KERN_WARNING "Warning only 4GB will be used.\n"

printk KERN_WARNING "Use a PAE enabled kernel .\n"

¥
#endif /* 1CONFIG_X86_PAE */

#endif /* ICONFIG_HIGHMEM */
}

RAM 896MB 4GB CONFIG_HIGHMEM
RAM 4GB CONFIG_X86_PAE PAE

#ifdef CONFIG_HIGHVEM
highstart_pfn = highend_pfn = max_pfn;
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if max_pfn > MAXMEM_PFN  {
highstart_pfn = MAXMEM_PFN;
printk KERN_NOTICE "%ldMB HIGHMEM available.\n",
pages_to_mb highend_pfn - highstart_pfn
}
#endif

CONFIG_HIGHMEM 896MB

* Initialize the boot-time allocator with low memory only
*/

bootmap_size = init_bootmem start_pfn, max_low_pfn ;
init_bootmem

start_pfn
_end
max_low_pfn 0 max_low_pfn
hole
bootmem
bootmem 0 896MB RAM
e

* Register fully available low RAM pages with the
* pootmem allocator.
*/
for 1 =0; 1< e820.nr_map; i++ {
unsigned long curr_pfn, last_pfn, size;

/*
* Reserve usable low memory
*/
if e820.map[i].type 1= E820_RAM

continue;
/*
* We are rounding up the start address of usable memory:
*/

curr_pfn = PFN_UP e820.map[i].addr

if curr_pfn >= max_low_pfn

continue;

/*
* ... and at the end of the usable range downwards:
*/

last_pfn = PFN_DOWN e820.map[i].addr + e820.map[i].size ;
if last_pfn > max_low_pfn
last_pfn = max_low_pfn;
/*
* .. finally, did all the rounding and playing
* around just make the area go away?
*/
if last_pfn <= curr_pfn
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continue;
size = last_pfn - curr_pfn;
free_bootmem PFN_PHYS curr_pfn , PFN_PHYS size ;

}
RAM free_bootmem() RAM
1 RAM
/*
* Reserve the bootmem bitmap itself as well. We do this in two
* steps  first step was init_bootmem because this catches

* the very unlikely case of us accidentally initializing the
* bootmem allocator with an invalid RAM area.

*/
reserve_bootmem HIGH_MEMORY, PFN_PHYS start pfn +
bootmap_size + PAGE_SIZE-1 -  HIGH_MEMORY
bootmem “ ””  HIGH_MEMORY 1MB

paging_init ;

2 setup_memory_region()

BI10S €820
o sanitize_e820_map() BI0S
o copy_e820_map()
. 0 640K 1M

3 copy_e820 _map()
static int __init sanitize €820 map struct e820entry * biosmap, char * pnr_map
1 2 BIOS RAM
if nr_map <2
return -1;
2 BIOS
do {

unsigned long long start = biosmap->addr;
unsigned long long size = biosmap->size;
unsigned long long end = start + size;
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unsigned long type = biosmap->type;

3
/* Overflow in 64 bits? Ignore the memory map. */
if start > end
return -1;
4 BI0S 640KB 1MB RAM
0xA0000
0xA0000 1MB 0xA0000
1vMB
/*

* Some BI0Ses claim RAM in the 640k - 1M region.
* Not right. Fix it up.
*/
if type == E820_RAM {
if start < 0x100000ULL && end > OxAOOOOULL  {
if start < OxAOOOOULL
add_memory_region start, OxAOOOOULL-start, type
if end <= 0x100000ULL
continue;
start = 0x100000ULL;
size = end - start;

}

add_memory_region start, size, type
} while biosmap++,--nr_map ;
return 0;

4 add_memory_region()

€820

1 e820
int x = e820.nr_map;
2 32
if x == E820MAX {
printk KERN_ERR "Oops! Too many entries in
the memory map!\n" ;

return;
}
3 e820 nr_map 1
e820.map[x].addr = start;
e820._map[x].size = size;

€820.map[x]-type = type;
e820.nr_map++;

5 print_memory_map()

B10S RAM
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B10S-e820:
B10S-e820:
B10S-e820:
B10S-e820:

6.2.3

0000000000000000
00000000000f0000
0000000000100000
00000000 FFFF0000

1 UMA
Architecture ”~ UMA
PCI
CPU
CPU
CPU
Architecture NUMA
UMA
RAM ROM
RAM
RAM
NUMA
NUMA
s & ( )’,
CPU
5
Linux 3
3

CPU

BI0S

00000000000a0000  usable
0000000000100000  reserved
000000000c000000  usable
0000000100000000  reserved

Linux

NUMA

CPU
“ Uniform Memory
CPU
CPU
CPU
CPU

Non-Uniform Memory

CPU
RAM UMA

UMA
Linux 2.4
NUMA —_—

CPU 1 5

Node Zone Page
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2 Page
include/linux/mm.h
/*
* Each physical page in the system has a struct page associated with
* it to keep track of whatever it is we are using the page for at the
* moment. Note that we have no way to track which tasks are using
* a page.
*
* Try to keep the most commonly accessed fields in single cache lines
* here 16 bytes or greater . This ordering should be particularly
* beneficial on 32-bit processors.
*
* The first line is data used in page cache lookup, the second line
* is used for linear searches eg. clock algorithm scans
*
*

TODO: make this structure smaller, it could be as small as 32 bytes.

*
~

typedef struct page {

struct list_head list; /* ->mapping has some page lists. */
struct address_space *mapping; /* The inode or ... we belong to. */
unsigned long index; /* Our offset within mapping. */
struct page *next_hash; /* Next page sharing our hash bucket in
the pagecache hash table. */
atomic_t count; /* Usage count, see below. */
unsigned long flags; /* atomic flags, some possibly
updated asynchronously */
struct list_head Iru; /* Pageout list, eg. active_list;
protected by pagemap_lru_lock !l */
wait_queue_head_t wait; /* Page locked? Stand in line... */
struct page **pprev_hash; /* Complement to *next_hash. */
struct buffer_head * buffers; /* Buffer maps us to a disk block. */
void *virtual; /* Kernel virtual address NULL if
not kmapped, ie. highmem */
struct zone_struct *zone; /* Memory zone we are in. */
} mem_map_t;

extern mem_map_t * mem_map

page map
index
index
Cache Line 16
32
Page mem_map_t
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Page mem_map
3 Zone
Linux
. DMA ZONE_DMA 16MB ;
. ZONE_NORMAL 16MB 896MB  ;
. ZONE_HIGME 896MB
DMA DMA 1 0
1386 CPU
CPU CPU MMU DMA
MMU
I1SA DMA
DMA
DMA CPU MMU
DMA
zone_struct( zone_t)
4 Node
pglist_data Include/Iinux/mmzone.h

typedef struct pglist data {
zone_t node_zones[MAX_NR_ZONES];
zonelist_t node_zonelists[GFP_ZONEMASK+1];
int nr_zones;
struct page *node_mem_map;
unsigned long *valid_addr_bitmap;
struct bootmem_data *bdata;
unsigned long node_start_paddr;
unsigned long node_start_mapnr;
unsigned long node_size;
int node_id;
struct pglist_data *node_next;

} pg_data_t;
pglist_data node_next
node_mem_map page
3
pglist_data node_zonelists

typedef struct zonelist_struct {
zone_t *zone[MAX_NR_ZONE+1]; //NULL delimited
Int gfp_mast;
} zonelist_t

zone[]

zone[0] zone[1]

node_zone[]
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CPU
1 5 DMA ZONE_DMA 3
ZONE_DMA 5 zonelist_t
pglist_data zonelist_t
NR_GFPINDEX 100
6.2.4
Linux bootmem (Bootmem
Allocator)
start_pfn _end
896MB 0 896MB
bootmem_data mm/numa.c
typedef struct bootmem_data {
unsigned long node_boot_start;
unsigned long node_low_pfn;
void *node_bootmem_map;
unsigned long last_offset;
unsigned long last_pos;
} bootmem_data_t;
node_boot_start bootmem
node_low_pfn 896MB
node_bootmem_map bootmem
last_offset last_pos

last_pos
__alloc_bootmem_core()
bootmem

1 init_bootmem()

unsigned long __init init_bootmem

{
max_low_pfn = pages;
min_low_pfn = start;
return

}

mm/bootmeme.c

unsigned long start, unsigned long pages

init_bootmem_core &contig_page_data, start, 0, pages ;

bootmem

init_bootmem_core()
pages
contig_page_data
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int numnodes = 1; /* Initialized for UMA platforms */

static bootmem_data t contig_bootmem data;
pg_data_t contig_page data = { bdata: &contig_bootmem data };

contig_page_data pg_data_t pg_data_t
UMA
contig_page_data NUMA UMA
pg_data_t node_next
pgdat_list contig_page_data
pg_data_t
pg_data_ t bdata contig_page data bootmem_data_t
init_bootmem_core
/*
* Called once to set up the allocator itself.
*/

static unsigned long __init init_bootmem_core pg_data_t *pgdat,
unsigned long mapstart, unsigned long start, unsigned long end

{
bootmem_data_t *bdata = pgdat->bdata;
unsigned long mapsize = end - start +7 /8;
pgdat->node_next = pgdat_list;
pgdat_list = pgdat;
mapsize = mapsize + sizeof long - 1UL & ~ sizeof long - 1UL ;
bdata->node_bootmem_map = phys_to_virt mapstart << PAGE_SHIFT ;
bdata->node_boot_start = start << PAGE_SHIFT ;
bdata->node_low_pfn = end;
/*
* Initially all pages are reserved - setup_arch has to
* register free RAM areas explicitly.
*/
memset bdata->node_bootmem map, Oxff, mapsize ;
return mapsize;
}
o mapsize (end - start) 7
8 8
o pgdat_list
pgdat_list
o memsize 4 4 CPU 40
memsize 5 5 4
1 ~(4-1) (00001000&11111100) 0 8

-167 -



Linux

memsize 4
e phys_to virt(mapstart << PAGE_SHIFT)
) node_boot_start 0x00000000
) node_low_pfn
° 1
[ ]
2 free_bootmem( )
0
void __init free_bootmem unsigned long addr, unsigned long size
{
return free_bootmem core contig_page_data.bdata, addr, size
}
free_bootmem free_bootmem_core()

static void __init free_bootmem_core bootmem_data_t *bdata, unsigned long addr, unsigned

long size
{

unsigned long i;

unsigned long start;

/*

* round down end of usable mem, partially free pages are
* considered reserved.

*/
unsigned long sidx;
unsigned long eidx = addr + size - bdata->node_hoot_start /PAGE_SIZE;
unsigned long end = addr + size /PAGE_SIZE;
if Isize BUG :

if end > bdata->node_low_pfn

BUG ;
/*

* Round up the beginning of the address.

*/
start = addr + PAGE_SIZE-1 / PAGE_SIZE;
sidx = start - bdata->node_boot_start/PAGE SIZE ;
for i = sidx; 1 <eidx; i++ {

if Itest and_clear_bit i, bdata->node_bootmem_map
BUG ;
}
}
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o eidx

o end

.

e start sidx(start index)
node_boot_start

o sidx eidx

3 reserve_bootmem()

bootmem

void __init reserve_bootmem unsigned long addr, unsigned long size

{
reserve_bootmem_core contig_page data.bdata, addr, size ;
}
reserve_bootmem reserve_bootmem_core

static void __init reserve_bootmem_core bootmem_data_t *bdata, unsigned long addr,
unsigned long size

{
unsigned long i;
/*
* round up, partially reserved pages are considered
* fully reserved.
*/
unsigned long sidx = addr - bdata->node_boot_start /PAGE_SIZE;
unsigned long eidx = addr + size - bdata->node_boot_start +
PAGE_SIZE-1 /PAGE_SIZE;
unsigned long end = addr + size + PAGE_SIZE-1 /PAGE_SIZE;
if Isize BUG ;
if sidx <0
BUG ;
if eidx <0
BUG ;
if sidx >= eidx
BUG ;
if addr >> PAGE_SHIFT  >= bdata->node_low_pfn
BUG ;
if end > bdata->node_low_pfn
BUG ;
for 1 = sidx; 1 < eidx; i++
if test and_set bit i, bdata->node_bootmem map
printk "hm, page %08Ix reserved twice.\n", 1*PAGE_SIZE
}
e sidx (start index) node_boot_start
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. eidx
. end
. sidx eidx 1

4 __alloc_bootmem()

1386

void * __alloc_bootmem unsigned long size,
unsigned long align,
unsigned long goal ;
void * __alloc_bootmem_core bootmem data_t *bdata,
unsigned long size,
unsigned long align,
unsigned long goal ;

__alloc_bootmem() __alloc_bootmem_core

__alloc_bootmem core
unsigned long i, start = 0;
void *ret;
unsigned long offset, remaining_size;
unsigned long areasize, preferred, incr;
unsigned long eidx = bdata->node_low_pfn -
bdata->node_boot_start >> PAGE_SHIFT ;

eidx

if Isize BUG ;

if align & align-1
BUG ;

/*

* We try to allocate bootmem pages above "goal”

* first, then we try to allocate lower pages.

*/

if goal & goal >= bdata->node_boot_start &&

goal >> PAGE_SHIFT < bdata->node_low_pfn {

preferred = goal - bdata->node_boot_start;

} else

preferred = 0;

preferred = preferred + align - 1 & ~ align - 1 >> PAGE_SHIFT;

1 goal 0 preferred 0

align preferred

areasize = size+PAGE_SIZE-1 /PAGE_SIZE;

incr = align >> PAGE_SHIFT ? : 1;
4KB 1
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restart_scan:
for i = preferred; i < eidx; i += incr {
unsigned long j;
if test bit i, bdata->node_hootmem_map

continue;
test_bit()
1 1
for j=1i1+1; J<i+areasize; +tj {
if j >= eidx

goto fail_block;
if test bit J, bdata->node_bootmem_map
goto fail_block;

fail block
start = i;
goto found;

] fail _block
fail_block:;
}
if preferred {
preferred = 0;
goto restart_scan;

}
return NULL;

preferred

preferred 1 NULL
found:

if start >= eidx
BUG ;
/*
* Is the next page of the previous allocation-end the start
* of this allocation®s buffer? If yes then we can "merge”
* the previous partial page with this allocation.
*/
if align <= PAGE_SIZE && bdata->last_offset
&& bdata->last_pos+l == start {
offset = bdata->last_offsettalign-1 & ~ align-1
if offset > PAGE_SIZE
BUG ;
remaining_size = PAGE_SIZE-offset;

4KB
last_offset 0 0
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3
remaining_size
if size < remaining_size {

areasize = 0;

// last_pos unchanged

bdata->last_offset = offset+size;

ret = phys_to_virt bdata->last_pos*PAGE_SIZE
+ offset + bdata->node_boot_start

last offset last pos
ret phys to virt()
} else {
remaining_size = size - remaining_size;
areasize = remaining_size+PAGE_SIZE-1 /PAGE_SIZE;
ret = phys_to_virt bdata->last_pos*PAGE_SIZE
+ offset + bdata->node_boot start
bdata->last_pos = start+areasize-1;
bdata->last_offset = remaining_size;

last offset

9KB 3
page_offset 1KB 3KB 1KB
10KB
PAGE_SIZE-1)/PAGE_SIZE 2 page_offset 3KB
%data—>|ast_offset &= ~PAGE_MASK;
} else {

bdata->last_pos = start + areasize - 1;

bdata->last_offset = size & ~PAGE_MASK;

ret = phys_to virt start * PAGE_SIZE +
bdata->node_boot_start

}
last offset last_pos
page_offset
PAGE_MASK>~ PAGE_MASK 0x00000FFF PAGE_MASK
/*
* Reserve the area now:
*/

for i = start; i < start+areasize; i++
if test and_set bit i, bdata->node_bootmem map
BUG ;
memset ret, 0, size ;
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return ret;
test_and_set_bit()
0 0 1 1
RAM 0

5 free_all_bootmem()

bootmem

void free_all_bootmem void ;
void free_all_bootmem_core pg_data_t *pgdat ;

free_all_bootmem
free_all_bootmem_core free_all_bootmem_core

struct page *page = pgdat->node_mem_map;
bootmem_data_t *bdata = pgdat->bdata;
unsigned long i, count, total = 0;
unsigned long idx;

if !bdata->node_bootmem_map  BUG ;

count = 0;
idx = bdata->node_low_pfn - bdata->node_boot_start
>> PAGE_SHIFT
idx
for 1 =0; 1 < idx; i++, paget+ {
if [Itest bit i, bdata->node_bootmem_map {
count++;
ClearPageReserved page
set_page_count page, 1 ;
__free page page ;
}
}
bootmem mem_map set_page_count()
page count 1 __free_page() buddy

total += count;

/*
* Now free the allocator bitmap itself, it"s not
* needed anymore:

*/

page = virt_to_page bdata->node_bootmem_map ;

count = 0;

for 1 =0;1¢< bdata->node_low_pfn- bdata->node_boot_start

>> PAGE_SHIFT /8 + PAGE_SIZE-1 /PAGE_SIZE;
i++,paget+ {
count++;
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ClearPageReserved page ;
set_page _count page, 1 ;
_ free page page ;

}

bootmem

total += count;

bdata->node_bootmem map = NULL;

return total;

bootmem_map NULL

6.2.5

paging_init()
pagetable_init()

1 paging_initQ)

CR3

~174-

asm__

setup_arch()
pagetable_init

"movl %%ecx,%%cr3\n" ::"c" _ _pa swapper_pg_dir ;
pagetable_init() swapper_pg_dir

#iTf CONFIG_X86_PAE
/*
* We will bail out later - printk doesnt work right now so
* the user would just see a hanging kernel.
*/
if cpu_has_pae
set_in_cr4 X86_CR4_PAE
#endif

__flush_tlb_all ;

TLB TLB
TLB
#ifdef CONFIG_HIGHVEM
kmap_init ;
#endif
CONFIG_HIGHMEM , 896MB
{

unsigned long zones_size[MAX_NR_ZONES] = {0, 0, 0};
unsigned int max_dma, high, low;
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max_dma = virt_to_phys char * MAX_DMA_ADDRESS
>> PAGE_SHIFT;
16MB DMA 16MB
low = max_low_pfn;
high = highend_pfn;

if low < max_dma
zones_size[ZONE_DMA]
else {
zones_size[ZONE_DMA] = max_dma;
zones_size[ZONE_NORMAL] = low - max_dma;
#ifdef CONFIG_HIGHVEM
zones_size[ZONE_HIGHMEM] = high - low;
#endif
}

3 zones_size 3
e ZONE_DMA 0 16MB
e ZONE_NORMAL 16MB 896MB

e ZONE_DMA  896MB
free area_init zones size ;

}

low;

return;

2 pagetable_init()

swapper_pg_dir
unsigned long vaddr, end;
pgd_t *pgd, *pgd_base;
int i, j, k;
pmd_t *pmd;
pte_t *pte, *pte_base;

/*
* This can be zero as well - no problem, in that case we exit
* the loops anyway due to the PTRS_PER_* conditions.

*/
end = unsigned long _ va max_low_pfn*PAGE_SIZE ;
max_low_pfn end
pgd_base = swapper_pg_dir;
pgd_base ( ) swapper_pg_dir

#if CONFIG_X86_PAE
for i =0; i < PTRS_PER PGD; i++

set_pgd pgd_base + i, _pgd 1+ _pa empty_zero_page ;
#endif
PAE PTRS_PER_PGD 4 swapper_pg_dir
set_pgd() include/asm-i386/pgtable-3level .h
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OFFSET

1024

i = _pgd_offset PAGE_OFFSET ;
pgd = pgd_base + i;

__pgd offset() __pgd_offset PAGE_
0x300 768 pgd
768
for ; i < PTRS_PER_PGD; pgd++, i++ {

vaddr = 1*PGDIR_SIZE;
if end & vaddr >= end
break;
CONFIG_X86_PAE PTRS_PER_PGD 4
PGDIR_SIZE RAM
4MB CONFIG_X86_PAE 1GB vaddr
#if CONFIG_X86_PAE
pmd = pmd_t * alloc_bootmem low_pages PAGE_SIZE
set_pgd pgd, _pgd _pa pmd + Ox1 ;
#else
pmd = pmd_t * pgd;
#endif
CONFIG_X86_PAE 4KB bootmem
if pmd = pmd_offset pgd, O
BUG ;
for j = 0; j < PTRS_PER_PMD; pmd++, j++ {
vaddr = i*PGDIR_SIZE + j*PMD_SIZE;
if end & vaddr >= end
break;
if cpu_has pse {
unsigned long _ pe;
set_in_cr4 X86_CR4_PSE ;
boot_cpu_data.wp_works_ok = 1;
__pe = _KERNPG_TABLE + _PAGE_PSE + _pa vaddr ;
/* Make it "global™ too if supported */
if cpu_has pge {
set_in_cr4 X86_CR4 PGE ;
__pe += _PAGE_GLOBAL;
}
set_pmd pmd, _pmd _ pe ;
continue;
}
PAE
PAE  PMD_SIZE 0 vaddr = 1 * 4MB 0x300
0x300 * 4MB = 3GB PSE Page Size Extension)
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Pentium 11 PGE (Page Global Enable)
PGE CR3
3GB

pte_base = pte = pte_ t *
alloc_bootmem_low_pages PAGE_SIZE ;
PSE 4KB
for k = 0; k < PTRS_PER_PTE; pte++, k++ {
vaddr = i*PGDIR_SIZE + j*PMD_SIZE + k*PAGE_SIZE;
if end & vaddr >= end

break;
1024 PAE 512 4KB 1
*pte = mk_pte_phys _ pa vaddr , PAGE_KERNEL ;
}
mk_pte_physQ) __pa(vaddr)

PAGE_KERNEL

set_pmd pmd, _ pmd _KERNPG_TABLE + _ pa pte_base ;
if pte_base I= pte_offset pmd, O

BUG ;
}
}
set_pmd()
PAGE_OFFSET
/*
* Fixed mappings, only the page table structure has to be
* created - mappings will be set by set_fixmap
*/
vaddr = __fix_to_virt __end_of fixed_addresses - 1 & PMD_MASK;
fixrange_init vaddr, 0, pgd_base ;
(4GB  128MB)
/include/asm/fixmap.h __end_of fixed_addresses
__fix_to virt() fixrange_init()

set_fixmap()

#1f CONFIG_HIGHVEM
/*
* Permanent kmaps:
*/
vaddr = PKMAP_BASE;
fixrange_init vaddr, vaddr + PAGE_SIZE*LAST_PKMAP, pgd_base ;
pgd = swapper_pg_dir + _ pgd offset vaddr ;
pmd = pmd_offset pgd, vaddr ;
pte = pte_offset pmd, vaddr
pkmap_page_table = pte;
#endif
CONFIG_HIGHMEM 896MB
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PKMAP_BASE 0xFEO00000
4064MB  LAST_PKMAP 1024 4064MB fixrange_init()
4MB 4MB pkmap_page_table
#iT CONFIG_X86_PAE
/*

* Add low memory identity-mappings - SMP needs it when
* starting up on an AP from real-mode. In the non-PAE

* case we already have these mappings through head.S.

* All user-space mappings are explicitly cleared after
* SMP startup.

*/
pgd_base[0] = pgd_base[USER_PTRS_PER_PGD];
#endif
6.2.6
3 ZONE_DMA  ZONE_NORMAL
ZONE_HIGHMEM struct zone_struct

include/Iinux/mmzone.h
typedef struct zone_struct {
/*
* Commonly accessed fields:
*/
spinlock_t lock;
unsigned long free_pages;
unsigned long pages_min, pages_low, pages_high;

int need_balance;
/*
* free areas of different sizes
*/

free_area_t free_area[MAX_ORDER];

/*
* Discontig memory support fields.
*/
struct pglist_data *zone_pgdat;
struct page *zone_mem_map;

unsigned long zone_start_paddr;
unsigned long zone_start_mapnr;
/*
* rarely used fields:
*/
char *name;
unsigned long size;
} zone_t;
#define ZONE_DMA 0
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#define ZONE_NORMAL 1

#define ZONE_HIGHMEM 2

#define MAX_NR_ZONES 3
struct zone_struct

e lock

o free pages

e pages min pages low  pages_high
e need_balance kswapd

o free area

e zone_pgdat

e zone_mem_map

e zone_start_paddr

e zone_start_mapnr mem_map

e name

e size

free area_ t
#difine MAX_ORDER 10
type struct free_area_struct {
struct list_head free_list
unsigned int *map
} free_area_t

zone_struct free_area[MAX_ORDER]
1
4 8 16 2 MAX_ORDER 4M

struct page

typedef struct page {
struct list_head list;
struct address_space *mapping;
unsigned long index;
struct page *next_hash;
atomic_t count;
unsigned long flags;
struct list_head lru;
wait_queue_head_t wait;
struct page **pprev_hash;
struct buffer_head * buffers;
void *virtual;
struct zone_struct *zone;

} mem_map_t;

e Jist

include/linux/mm.h
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e mapping inode
e index
e next_hash
e count
o flags
e Iru active_list
o wait
e pprev_hash next_hash
e Dbuffers
e zOne
3

o free_area_init()
e build_zonelists()
e mem_init()

1 free_area_init()

mm/page_alloc.c

void free_area_init unsigned long *zones_size ;

void free_area_init_core int nid, pg_data_t *pgdat,
struct page **gmap,
unsigned long *zones_size,
unsigned long zone_start_paddr,
unsigned long *zholes_size,
struct page *Imem_map ;

free_area_init free_area_init_core

struct page *p;
unsigned long 1, j;
unsigned long map_size;
unsigned long totalpages, offset, realtotalpages;
const unsigned long zone_required_alignment = 1UL << MAX_ORDER-1 ;

if zone_start_paddr & ~PAGE_MASK
BUG ;

totalpages = 0;

for i = 0; i < MAX_NR_ZONES; i++ {
unsigned long size = zones_size[i];
totalpages += size;

realtotalpages = totalpages;
if zholes_size
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A W N

for 1 =0; i < MAX_NR_ZONES; i++
realtotalpages -= zholes_size[i];
printk "On node %d totalpages: %lu\n", nid, realtotalpages ;

INIT_LIST HEAD &active list ;
INIT_LIST HEAD &inactive list ;

/*

* Some architectures with lots of mem and discontinous memory
* maps have to search for a good mem_map area:

* For discontigmem, the conceptual mem map array starts from

* PAGE_OFFSET, we need to align the actual array onto a mem map
* boundary, so that MAP_NR works.

*/
map_size = totalpages + 1 *sizeof struct page ;
if Imem_map == struct page * 0 {

Imem_map = struct page *

alloc_bootmem_node pgdat, map_size ;
Imem_map = struct page * PAGE_OFFSET +
MAP_ALIGN unsigned long Imem_map - PAGE_OFFSET ;

sizeof(mem_map_t)

*gmap = pgdat->node_mem_map = Imem _map;
pgdat->node_size = totalpages;
pgdat->node_start_paddr = zone_start_paddr;
pgdat->node_start _mapnr =  Imem_map - mem_map ;
pgdat->nr_zones = 0;

/*
* Initially all pages are reserved - free ones are freed
* up by free_all_bootmem once the early boot process is
* done.

*/
for p = Imem_map; p < Imem_map + totalpages; p++ {
set_page count p, 0 ;
SetPageReserved p ;
init_waitqueue_head &p->wait ;
memlist_init &p->list ;

count 0

offset = Imem_map - mem_map;
mem_map struct pages mem_map
0 0
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mem_map
zone_mem_map node_mem_map
mem_map
offset mem_map
offset O 1386
for j =0; j < MAX_NR_ZONES; j++ {
zone

zone_t *zone = pgdat->node_zones + j;
unsigned long mask;

unsigned long size, realsize;
realsize = size = zones_size[j];

if zholes_size
realsize -= zholes_size[j];

printk "zone %lu : %lu pages.\n", j, size ;

256MB
zone 0 : 4096 pages.
zone 1 : 61440 pages.
zone 2 : 0 pages.
2 0 256MB  RAM.
zone->size = size;
zone->name = zone_names[j];
zone->lock = SPIN_LOCK_UNLOCKED;
zone->zone_pgdat = pgdat;
zone->free_pages = 0;
zone->need_balance = 0;
if Isize
continue;
0
pgdat->nr_zones = j+1;
mask =  realsize / zone_balance_ratio[j] ;
if mask < zone_balance_min[j]
mask = zone_balance_min[j];
else if mask > zone_balance_max[j]
mask = zone_balance_max[j];
zone->pages_min = mask;
zone->pages_low = mask*2;
zone->pages_high = mask*3;
zone->zone_mem_map = mem_map + offset;
zone->zone_start_mapnr = offset;
zone->zone_start_paddr = zone_start_paddr;
mem_map

—-182 -



Linux

zone_mem_map

mem_map

if zone_start_paddr >> PAGE_SHIFT &
zone_required_alignment-1
printk "BUG: wrong zone alignment, it will crash\n" ;

for 1 =0; 1 <size; i++ {

struct page *page = mem_map + offset + i;
page->zone = zone;
if j != ZONE_HIGHMEM

page->virtual = __va zone_start_paddr ;
zone_start_paddr += PAGE_SIZE;

}
struct page
zone , ZONE_HIGHMEM
+ PAGE_OFFSET

offset += size;
offset size mem_map
for 1=0; ; i++ {

unsigned long bitmap_size;
memlist_init &zone->free_area[i].free_list ;
if i == MAX_ORDER-1 {
zone->free_area[i].map = NULL;
break;

¥

free_area[] free_area[]

/*

* Page buddy system uses "index >> i+l ",
* where "index" is at most "size-1".

*

The extra "+3" is to round down to byte
size 8 bits per byte assumption . Thus

we get " size-1 >> i+4 " as the last byte
we can access.

The "+1" is because we want to round the
byte allocation up rather than down. So

we should have had a "+7" before we shifted
down by three. Also, we have to add one as
we actually _use_ the last bit it"s [0,n]
inclusive, not [0,n[

So we actually had +7+1 before we shift
down by 3. But n+8 >3 == n>3 +1
modulo overflows, which we do not have

Finally, we LONG_ALIGN because all bitmap
operations are on longs.

L T I S S T I T S T R D S T

*/
bitmap_size = size-1 >> i+ ;
bitmap_size = LONG_ALIGN bitmap_size+l

zone_start_mapnr

zone

NULL
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zone->free_area[i].map = unsigned long *
alloc_bootmem_node pgdat, bitmap_size

alloc_bootmem_node
}

build_zonelists pgdat ;
2 build_zonelists

static inline void build_zonelists pg_data_t *pgdat
int i, j, k;

for i =0; 1 <= GFP_ZONEMASK; i++ {
zonelist_t *zonelist;
zone_t *zone;
zonelist = pgdat->node_zonelists + i;
memset zonelist, 0, sizeof *zonelist ;

1=0;
k = ZONE_NORMAL;
if i & _ GFP_HIGHVEM
k = ZONE_HIGHMEM;
if & _ GFP_DVA
k = ZONE_DMA;
3 R

switch
switch k {
default:
BUG ;
/*
* fallthrough:
*/
case ZONE_HIGHMEM:
zone = pgdat->node_zones + ZONE_HIGHMEM;
if zone->size {
#ifndef CONFIG_HIGHMEM
BUG ;
#endif
zonelist->zones[j++] = zone;

}
case ZONE_NORMAL:

zone = pgdat->node_zones + ZONE_NORMAL;
if zone->size
zonelist->zones[j++] = zone;
case ZONE_DMA:
zone = pgdat->node_zones + ZONE_DMA;
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if zone->size
zonelist->zones[j++] = zone;

switch
__GFP_DMA zonelist DMA __GFP_HIGHMEM
ZONE_HIGHMEM  ZONE_NORMAL  ZONE_DMA
zonelist->zones[j++] = NULL;

}
NULL

3 mem_init()

start_kernel ()

arch/i1386/mm/init.c
int codesize, reservedpages, datasize, initsize;
int tmp;
int bad_ppro;

if  Imem_map
BUG ;

#ifdef CONFIG_HIGHMEM
highmem_start_page = mem_map + highstart_pfn;
max_mapnr = num_physpages = highend_pfn;

HIGHMEM HIGHMEM
#else
max_mapnr = num_physpages = max_low_pfn;
#endif

high_memory = wvoid * _ va max_low_pfn * PAGE_SIZE ;

/* clear the zero-page */
memset empty_zero_page, 0, PAGE_SIZE ;

/* this will put all low memory onto the freelists */
totalram_pages += free_all_bootmem
reservedpages = 0;
free_all_bootmem() bootmem
/*
* Only count reserved RAM pages
*/
for tmp = 0; tmp < max_low_pfn; tmp++
if page is_ram tmp && PageReserved mem_map+tmp
reservedpages++;
mem_map
#ifdef CONFIG_HIGHVEM
for tmp = highstart_pfn; tmp < highend_pfn; tmp++ {
struct page *page = mem_map + tmp;
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if Ipage_is_ram tmp {
SetPageReserved page ;
continue;
}
if bad_ppro && page kills_ppro tmp {
SetPageReserved page ;
continue;
}
ClearPageReserved page ;
set_bit PG_highmem, &page->flags ;
atomic_set é&page->count, 1 ;
__free_page page
totalhigh_pages++;

}
totalram_pages += totalhigh_pages;
#endif
PG_highmem
_ free_page()
codesize = unsigned long & etext - unsigned long & text;
datasize = unsigned long & edata - unsigned long & etext;

initsize = unsigned long & init_end -

unsigned long & _init_begin;
printk "Memory: %luk/%luk available %dk kernel code,
%dk reserved,
%dk data, %dk init, %ldk highmem \n",
unsigned long nr_free_pages <<
PAGE_SHIFT-10 ,
max_mapnr <<  PAGE_SHIFT-10 ,
codesize >> 10,
reservedpages <<  PAGE_SHIFT-10 ,
datasize >> 10,
initsize > 10,
unsigned long totalhigh_pages
<< PAGE_SHIFT-10 ;

3GB

6.3
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Linux CPU
6.3.1
1
Linux
0 2°
9 2° 512
128
128
128
512 128
256
512
2
6.2.6

Linux
10
1
256
512
384
128

struct zone_struct

Buddy

256

256

256
128
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free_area_t free_area[MAX_ORDER];

free_area t
#difine  MAX_ORDER 10
type struct free_area_struct {
struct list head free list
unsigned int *map
} free_area_t

list _head mem_map_t
struct page Map free_area k
2 0
1
2k+1 6.9
Free_area
9
map
—»—1
mem_map_t mem_map_t 3
map
> I i
56 4 map

\ 4

~;0—|map
0

6.9
6.9 free_aea 0 0 2
4 4
56
DMA
512 2KB
6.3.2
alloc_pages() Linux 2.4
alloc_pages() mm/numa.c mm/page_alloc,c

CONFIG_DISCONT IGMEM
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1 NUMA
CONFIG_DISCONT IGMEM “ 77 Linux
NUMA
NUMA
pg_data_t mm/numa. ¢ alloc_page()
/*

* This can be refined. Currently, tries to do round robin, instead
* should do concentratic circle search, starting from current node.
*/
struct page * _alloc_pages unsigned int gfp_mask, unsigned int order
{
struct page *ret = 0;
pg_data_t *start, *temp;
#ifndef CONFIG_NUMA
unsigned long flags;
static pg_data_t *next = 0;
#endif

if order >= MAX ORDER
return NULL;
#ifdef CONFIG_NUMA
temp = NODE_DATA numa_node_id ;

#else
spin_lock_irgsave &node_lock, flags ;
if Inext next = pgdat_list;
temp = next;
next = next->node_next;
spin_unlock_irgrestore &node_lock, flags ;
#endif
start = temp;
while temp {
if ret = alloc_pages_pgdat temp, gfp_mask, order
return ret ;
temp = temp->node_next;
}
temp = pgdat_list;
while temp != start {
if ret = alloc_pages_pgdat temp, gfp_mask, order
return ret
temp = temp->node_next;
}
return 0 ;
}

gfp_mask order
l 2 3 2MAX70RDER—1
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CONF1G_NUMA NUMA NUMA_DATA
CPU pg_data_t temp
UMA pg_data_t pgdat_list pgdat_list
0 alloc_pages_pgdat
2 (UMA)
UMA alloc_page() include/Iinux/mm.h

#ifndef CONFIG_DISCONTIGMEM
static inline struct page * alloc_pages unsigned int gfp_mask, unsigned int order

/*
* Gets optimized away by the compiler.
*/
if order >= MAX_ORDER
return NULL;
return __alloc_pages ¢fp_mask, order,
contig_page_data.node_zonelists+ gfp_mask & GFP_ZONEMASK ;

}
#endif

alloc_page() _alloc_pages
_alloc_pages mm/page_alloc.c

_alloc_pages zonelist
2 order

swapper  bdflush
__alloc_pages() VM
M

/*
* This is the "heart” of the zoned buddy allocator:
*/
struct page * __alloc_pages unsigned int gfp_mask, unsigned int order, zonelist_t *zonelist
{
unsigned long min;
zone_t **zone, * classzone;
struct page * page;
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int freed;

zone = zonelist->zones;
classzone = *zone;
min = 1UL << order;
for ;; {
zone_t *z = * zone++
if 1z

break;

min += z->pages_low;
if z->free_pages > min {
page = rmqueue z, order
if page
return page;

page

classzone->need_balance = 1;
mb :

if waitqueue_active &kswapd wait
wake_up_interruptible &kswapd_wait

zone_t
need_balance 1 kswapd

need_balance kswapd
zone = zonelist->zones;
min = 1UL << order;
for ;; {
unsigned long local_min;
zone_t *z = * zonet++
if 1z

break;

local_min = z->pages_min;

if 1 gfp_mask & _ GFP_WAIT
local_min >>= 2;

min += local_min;

if z->free_pages > min {
page = rmqueue z, order
if page

return page;

4 z->free_pages > min

rmqueue

rmgueue
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/* here we"re in the low on memory slow path */

rebalance:

if current->flags & PF_MEMALLOC | PF_MEMDIE {
zone = zonelist->zones;

for ;; {
zone_t *z = * zonet+t+
if 1z
break;
page = rmqueue z, order ;
if page
return page;
}
return NULL;
}
PF_MEMALLOC
PF_MEMDIE task_struct flags
kswapd PF_MEMALLOC 1 0

PF_MEMDIE 1

/* Atomic allocations - we can"t balance anything */
if ! gfp_mask & _ GFP_WAIT
return NULL;

page = balance_classzone classzone, gfp_mask, order, &freed
if page
return page;

kswapd
balance_classzone

page
zone = zonelist->zones;
min = 1UL << order;
for ;; {
zone_t *z = * zonet++
if 1z

break;

min += z->pages_min;
if z->free_pages > min {
page = rmqueue z, order
if page
return page;
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/* Don"t let big-order allocations loop *

if

order >

3

return NULL;

/* Yield for kswapd, and try again */
current->policy |= SCHED_YIELD;
__set_current_state TASK _RUNNING ;

schedule ;

goto rebalance;

}

1 rmqueue

rmqueue

static struct page * rmqueue zone_t *zone, unsigned int order

{

free_area_t * area = zone->free_area + order;
unsigned int curr_order = order;

struct list head *head, *curr;

unsigned long flags;

struct page *page;

spin_lock_irgsave &zone->lock, flags ;

do {

head
curr

it

&area->free_list;
memlist_next head ;

curr 1= head {

unsigned int index;

page = memlist_entry curr, struct page, list ;
if BAD _RANGE zone,page

BUG ;
memlist_del curr ;
index = page - zone->zone_mem_map;
if curr_order !'= MAX ORDER-1

MARK_USED index, curr_order, area ;
zone->free_pages -= 1UL << order;

page = expand zone, page, index, order, curr_order, area ;

spin_unlock_irgrestore &zone->lock, flags ;

set_page count page, 1 ;
if BAD_RANGE zone,page

BUG ;

if PagelLRU page
BUG ;

if PageActive page
BUG ;

return page;
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}

curr_order++;

areat+;
} while curr_order < MAX_ORDER ;
spin_unlock_irgrestore &zone->lock, flags

return NULL;

}
zone order 20
do free_area order page
spin_lock_irgsave
memlist_entry(curr, struct page,
list) 1 BUGQ)
memlist_del(curr)
frea_area MARK_USED
expand
2 expand
static inline struct page * expand zone_t *zone, struct page *page,
unsigned long index, int low, int high, free area t * area
{
unsigned long size = 1 << high;
while high > low {
if BAD_RANGE zone,page
BUG ;
area--;
high--;
size >>= 1;
memlist_add_head & page ->list, & area ->free_list ;
MARK_USED 1index, high, area ;
index += size;
page += size;
}
if BAD_RANGE zone,page
BUG ;
return page;
}
zone page index
mem_map low 2™ high

2"" area free area struct
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2Iow
2
order 3 8
800
page == mem_map+800
index == 800
low == 1
high == 3
area == zone->free_areathigh frea_area 3
size ( size = 1<<3 == 8)
while size
low = high
2 high>2I0w
area--;high--; size>>=1 , memlist_add head
MARK_USED
1 800 4 M
frea_area[2] low<high 2
804 2 frea_area[1] page 806
high=low 1 806 2

__free_pages(page struct *page,

unsigned long order) 20"
void _ free_pages page struct *page, unsigned long order
¢ if !PageReserved page && put_page testzero page
__free_pages_ok page, order
}
put_page_testzero() 1
1 0 1
PageReserved
PageReserved
__free_pages() __free_pages_ok()
__free_pages_ok
expand()
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6.3.3 Slab
Linux 2.0 13 32 132056
Linux 2.2 MM Slab 1994
Sun Microsystem Solaris 2.4 Slab
get_free_page() 0
Slab
Slab
Solaris
Slab
Linux Slab
Linux
Linux Slab
task struct
Linux
Linux 2.2
Linux 2.0 2
Slab Cache
Slab “c Slab *~

6.10
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—  » slab >

slab >

6.10 Slab
inode 300
8 inode inode Linux
512
Slab
Slab Slab
Slab
1 Slab
Slab kmem_cache t
Slab kmem_slab_t
1 Slab
Slab  Slab
mm/slab.c
/*
* slab_t
*
* Manages the objs in a slab. Placed either at the beginning of mem allocated
* for a slab, or allocated from an general cache.
* Slabs are chained into three list: fully used, partial, fully free slabs.
*
/
typedef struct slab_s {
struct list_head list;
unsigned long colouroff;
void *s_mem; /* including colour offset */
unsigned int inuse; /* num of objs active in slab */
kmem_bufctl_t free;
} slab_t;
Slab Slab colouroff
Slab S_mem inuse Slab
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free kmem_bufctl_t
Slab 6.11
Slab slab_t Slab Slab
Slab
Slab “ Coloring Area ~~
Slab “ Cache Line ~~
80386 16 Pentium 32 Slab
1 32 Slab
Slab
Slab
Slab Slab
Slab
prev — — T next
6.11 Slab
Slab
Slab
Slab
Slab
2
Slab Slab 3 1 Slab
2 Slab Slab
Slab
Spinlock kmem_cache_ s mm/slab.c
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struct kmem_cache_s {

/* 1 each alloc & free */

/* full, partial
struct list_head
struct list_head
struct list_head
unsigned int
unsigned int
unsigned int
spinlock_t
#ifdef CONFIG_SMP
unsigned int
#endif

/* 2 slab additions /re
/* order of pgs
unsigned int

/* force GFP fla
unsigned int

size t

unsigned int
unsigned int
kmem_cache_t
unsigned int
unsigned int

/* constructor f
void  *ctor

/* de-constructo
void  *dtor

unsigned long

/* 3 cache creation/rem
char
struct list_head
#ifdef CONFIG_SMP
/* 4 per-cpu data */
cpucache_t
#endif

};”

first, then free */

slabs_full;

slabs_partial;

slabs_free;

objsize;

flags; /* constant flags */
num; /* # of objs per slab */
spinlock;

batchcount;
movals */
per slab 2*n */

gfporder;

gs, e.g. GFP_DMA */

gfpflags;

colour; /* cache colouring range */
colour_off; /* colour offset */
colour_next; /* cache colouring */
*slabp_cache;

growing;

dflags; /* dynamic flags */

unc */
void *, kmem_cache_t *, unsigned long ;

r func */
void *, kmem_cache_t *, unsigned long ;

failures;
oval */

name [CACHE_NAMELEN];
next;

*cpudata[NR_CPUS];

kmem_cache_t

static kmem_cache_t cache
slabs_full:
slabs_partial:
slabs_free:

_cache = {

LIST HEAD INIT cache _cache.slabs_full ,
LIST_HEAD_INIT cache_cache.slabs_partial ,
LIST_HEAD_INIT cache_cache.slabs_free |,
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objsize: sizeof kmem_cache t ,
flags: SLAB_NO_REAP,
spinlock: SPIN_LOCK_UNLOCKED,
colour_off: L1 CACHE_BYTES,
name: "kmem_cache",
}
3 slabs_full slabs partial slabs_free Slab
Slab Slab next
objsize
kmem_cache_t num Slab gfporder
Slab Slab 2 #™""
Slab
colour_off colour
Slab
colour Slab
colour_next colour_next 0
colour_offxcolour colour 5 colour_off
8 Slab 0 Slab 0
Slab 8 16 24 32 0
cache_cache
kmem_cache_t Slab Slab
6.12
6.12 Slab Slab
Slab Slab

Slab

kmem_cache_create
kmem_cache_t *kmem_cache_create const char *name, size t size, size t offset,
unsigned long c_flags,
void  *ctor void *objp, kmem_cache_t *cachep, unsigned long flags |,
void  *dtor void *objp, kmem_cache_t *cachep, unsigned long flags
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Slab <

v

p Slab

6.12 kmem_cac

1 name (19 )
2 size

3 offset

4 c_flags

e SLAB_HWCACHE_ALIGN

e SLAB_NO_REAP

e SLAB_CACHE_DMA Slab

ctor NULL
dtor NULL
objp

cachep

0 N o O

kmem_cache_create
Slab
Slab “c i
kmem_cache t
cache _cache next
kmem_cache_create

Slab

Slab

vl

Slab

he_t SI

DMA

Slab

»

ab slab_t

Slab

|

Slab

16

Slab

slab t

ctor dtor

Slab

kmem_cache_grow

Slab kmem_gatepages()

32

Slab

kmem_cache_t

Slab
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kmem_cache_slabgmt() Slab
Slab
Slab
Linux

vm_area_struct
vm_area_cachep = kmem_cache_create

kmem_cache_init_objsQ)
kmem_slab_link_end()

NULL

vm_area_cachep
"vm_area_struct",

sizeof struct vm_area_struct , O,
SLAB_HWCACHE_ALIGN, NULL, NULL ;
NULL Slab
net/core/buff.c
void __init skb_init void
{
int i;
skbuff_head _cache = kmem_cache create ''skbuff_head cache",
sizeof struct sk buff ,
0,
SLAB_HWCACHE_ALIGN,
skb_headerinit, NULL ;
if Iskbuff_head_cache
panic ‘'"cannot create skbuff cache" ;
for i=0; i<NR_CPUS; i++
skb_queue_head_init &skb_head pool[i].list
}
skb_init kmem_cache_create
sk_buff ““skbuff_head_cache””
proc/slabinfo/ offset 0
flags  SLAB_HWCACHE_ALIGN Slab
skb_headerinit
Slab
kmem_cache_destroy() Linux 2.4.16
3
32 64 128 128KB
Slab

void *kmalloc size t size, int flags ;
Void kree const void *objp ;
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kmallo()
alloc_page()
kmallo()
Linux 2.0 kmallo()
6.3.4
CPU
Linux 4GB
3GB 4GB 6.13
high_memory
PAGE_OFFSET l VMALLOC_START VMALLOC START
- //
8MB 4KB ////
6.13 PAGE_OFFSET
6.13 PAGE_OFFSET 3GB  high_memory
VMALLOC_START include 1386/pgtable.h
#define VMALLOC_OFFSET  8*1024*1024
#define VMALLOC_START unsigned long high_memory + 2*VMALLOC_OFFSET-1 & \~

VMALLOC_OFFSET-1
8MB  VMALLOC_OFFSET

4KB 4096

struct vm_struct include/linux/vmalloc.h
struct vm_struct {
unsigned long flags;
void * addr;
unsigned long size;
struct vm_struct * next;
t:

struct vm_struct * vmlist;
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size

get_vm_area
struct vm_struct * get_vm_area

{

unsigned long addr;

vmlist
4096( )

mm/vmalloc.c
unsigned long size, unsigned long flags

struct vm_struct **p, *tmp, *area;

area =
if larea
return NULL;
size += PAGE_SIZE;
addr = VMALLOC_START;

write_lock &vmlist lock
for p = &vmlist;
if
goto out;
if
break;

addr = tmp->size +
addr > VMALLOC_END-size

if
goto out;

}
area->flags = flags;
area->addr = void *
area->size = size;
area->next = *p;
*p = area;

struct vm_struct *

tmp =
size + addr

size + addr <=

kmalloc sizeof *area , GFP_KERNEL

*» ; p = &tmp->next {
< addr

unsigned long tmp->addr

unsigned long  tmp->addr;

addr;

write_unlock &vmlist lock ;

return area;

out:

write _unlock é&vmlist lock

kfree area ;
return NULL;

, vm_struct
3

vmalloc

static inline void * vmalloc

{

kmalloc()

/include/linux/vmal

unsigned long size

return __vmalloc size, GFP_KERNEL | _ GFP_HIGHMEM, PAGE_KERNEL ;

}
~204 -
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vmalloc __vmalloc mm/vmalloc.c
void * __vmalloc unsigned long size, int gfp_mask, pgprot_t prot

{
void * addr;
struct vm_struct *area;

size = PAGE_ALIGN size ;

if Isize || size > PAGE_SHIFT > num_physpages {
BUG ;
return NULL;

}

area = get vm_area size, VM_ALLOC ;

if larea

return NULL;

addr = area->addr;

if vmalloc_area_pages VMALLOC_VMADDR addr , size, gfp_mask, prot {
vfree addr
return NULL;

}

return addr;
}

size 4096
get_vm_area
vmalloc_area_pages
inline int vmalloc_area_pages unsigned long address, unsigned long size,
int gfp_mask, pgprot_t prot

{

pgd_t * dir;

unsigned long end = address + size;

int ret;

dir = pgd_offset_k address

spin_lock &init_mm.page_table_lock ;
do {

pmd_t *pmd;

pmd = pmd_alloc &init_mm, dir, address ;
ret = -ENOMEM;
if Ipmd

break;

ret = -ENOMEM;
if alloc_area_pmd pmd, address, end - address, gfp_mask, prot
break;

address = address + PGDIR_SIZE & PGDIR_MASK;
dir++;

ret = 0;
} while address & address < end ;
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spin_unlock &init_mm.page_table_lock
return ret;

address
end
1 pgd offset k
2 pmd_alloc
3 alloc_area pmd
pte_alloc_kernel ()

4 vmalloc_area pages

4 kmalloc() wvmalloc()
kmalloc() vmalloc()

size

alloc_area pte

3GB 4GB
vmalloc()
kmalloc()
1/0

include/asm-i1386/module.h

kmalloc() 3GB  high_memory
VMALLOC_START 4GB
vmalloc()
#define module_map x vmalloc x

kmalloc() vmalloc()

6.4

6.14
6.5
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A
A 4

A 4

A

6.14
6.4.1
Node Zone Page
free _area
mm_struct
vm_area_structs mm_struct
vm_area_truct
1 MM_STRUCT
mm_strcut /include/linux/sched.h

struct mm_struct {

struct vm_area_struct * mmap; /* VMA */

rb_root_t mm_rb; * red_black */

struct vm_area_struct * mmap_cache; /* */

pgd_t * pgd; * */
atomic_t mm_users; /* */
atomic_t mm_count; /*  "struct mm_struct" */

int map_count; /* */

struct rw_semaphore mmap_sem;

spinlock_t page_table_lock; /* mm->rss */

struct list_head mmlist; /* active mm */

unsigned long start_code, end_code, start_data, end_data;

unsigned long start_brk, brk, start_stack;

unsigned long arg_start, arg_end, env_start, env_end;

unsigned long rss, total_vm, locked _vm;
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unsigned long def_flags;
unsigned long cpu_vm_mask;
unsigned long swap_address;

unsigned dumpable:1;

/* Architecture-specific MM context */
mm_context_t context;

}:
mm
mm_struct task struct
mm_struct
vm_area_struct
mmap
“c red black tree ~~ mm_rb 2.4.10
AVL AVL
mmap_cache
pgd )
CR3
P V mmap_sem
page_table_lock
mm_struct mm_user mm_count
atomic_t “c i
mm_context t 1386
2 VM_AREA STRUCT
vm_area_struct /include/linux/mm.h
struct vm_area_struct
struct mm_struct * vm_mm; /* */
unsigned long vm_start; /*  vm_mm */
unsigned long vm_end; /*  vm_mm */

/* linked list of VM areas per task, sorted by address */
struct vm_area_struct *vm_next;
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pgprot_t vm_page_prot; /* */
unsigned long vm_flags; /* */

rb_node_t vm_rb;

/*

* For areas with an address space and backing store,

* one of the address_space->i_mmap{,shared} lists,

* for shm areas, the list of attaches, otherwise unused.
*/

struct vm_area_struct *vm_next_share;

struct vm_area_struct **vm_pprev_share;

/* */
struct vm_operations_struct * vm ops;

/* Information about our backing store: */

unsigned long vm_pgoff; /* Offset within vm_file in PAGE_SIZE
units, *not* PAGE_CACHE_SIZE */
struct file * vm_file; /* File we map to can be NULL . */
unsigned long vm_raend; /* XXX: put full readahead info here. */
void * vm_private_data; /* was vm_pte shared mem */
>
vm_flag 6.1
6.1

VM_DENYWRITE

VM_EXEC

VM_EXECUTABLE

VM_GROWSDOWN

VM_GROWSUP

VM_I0 1/0

VM_LOCKED

VM_MAYEXEC VM_EXEC

VM_MAYREAD VM_READ

VM_MAYSHARE VM_SHARE

VM_MAYWRITE VM_WRITE

VM_READ

VM_SHARED

VM_SHM IPC

VM_WRITE

vm_area_struct
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vm_area_struct

Linux
vm_ops
Linux vm_area_struct
vm_operation s-stract
include linux mm.h
/

* These are the virtual MM functions - opening of an area, closing and
* unmapping it needed to keep files on disk up-to-date etc , pointer
* to the functions called when a no-page or a wp-page exception occurs.
*/
struct vm_operations_struct {
void  *open struct vm_area_struct * area ;
void  *close struct vm_area_struct * area ;
struct page * *nopage struct vm_area_struct * area, unsigned long address, int unused ;
}:
vm_operations open close
nopage “ i

6.15

vm_area_struct

vm_end .
vm_start
vm_flags
vm_inode
vm_ops
open()
vm_next close()
nopage()
6.15
3
Linux 2.4.10 AVL
AVL
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3G

6.16

include/linux/rbtree.h

typedef struct rb_node_s
{

struct rb_node_s * rb_parent;

int rb_color;

#define RB_RED 0
#define RB_BLACK 1

struct rb_node_s * rb_right;

struct rb_node_s * rb_left;
} rb_node_t;

6.4.2

3G

3GB

data

6.17

bss

static
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6.17

task struct

6.18

-212 -

J
6.17
mmap
Linux
mm_struct
pgd

vm_area_struct

3GB

Linux

Linux

mm_struct
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Task_struct

mm_struct

count

mm

pgd

vm_area_struct

)

Red_black

Linux

mmap

mmap_avl

mmap_sem

6.18

vm_area_struct

vm_end

vm_start

vm_flags

vm_inode

vm_ops

vm_next

vm_area_struct

vm_end

vm_start

vm_flags

vm_inode

vm_ops

vm_next

vm_area_struct

vm_area_struct

vma_area_struct

* Look up the first VMA which satisfies addr < vm_end,

Linux

find_vma

mem_map
0x8059BB
0x104800
0x000000
Linux
Linux
Linux
vm_area_struct
Linux
mm/mmap.c

NULL if none. */

struct vm_area_struct * find_vma struct mm_struct * mm, unsigned long addr

{

struct vm_area_struct *vma = NULL;
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if mm {
/* Check the cache first. */
/* Cache hit rate is typically around 35%. */
vma = mm->mmap_cache;
if ! vma & vma->vm_end > addr && vma->vm_start <= addr {
rb_node_t * rb_node;

rb_node = mm->mm_rb.rb_node;
vma = NULL;

while rb_node {
struct vm_area_struct * vma_tmp;

vma_tmp = rb_entry rb_node, struct vm_area_struct, vm_rb ;
if wvma_tmp->vm_end > addr {

vma = vma_tmp;
if vma_tmp->vm_start <= addr

break;
rb_node = rb_node->rb_left;
} else
rb_node = rb_node->rb_right;
}
if wvma
mm->mmap_cache = vma;
}
}
return vma;
}
mm_struct
35 mm_struct mmap_cache
AVL
rb_rode
mmap_cache
vm_area_struct
insert_vm_struct() vm_struct

6.4.3

Linux
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vm_area_struct
vm_area_struct
do_mmap()
vm_area_struct
Linux

do_mmap()
do_mmap()
do_mmap() include/linux/mm.h
static inline unsigned long do_mmap struct file *file, unsigned long addr,

unsigned long len, unsigned long prot,
unsigned long flag, unsigned long offset

{

unsigned long ret = -EINVAL;

if offset + PAGE_ALIGN len < offset

goto out;
if ! offset & ~PAGE_MASK
ret = do_mmap_pgoff file, addr, len, prot, flag, offset >> PAGE_SHIFT ;

out:

return ret;
}
file file
offset\

off
len
addr
prot: PROT_READ
PROT_WRITE PROT_EXEC PROT_NONE 3 VM_READ VM_WRITE VM_EXEC

PROT_NONE 3
flag
MAP_GROWSDOWN MAP_LOCKED MAP_DENYWRITE  MAP_EXECUTABLE

6.1

MAP_SHARED MAP_PRIVATE

vm_area_struct VM_SHARED
MAP_ANONYMOUS

MAP_FIXED
addr
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MAP_NORESERVE

do_mmap() offset do_mmap_pgoff
do_mmap_pgoff mm/mmap.c

unsigned long do_mmap_pgoff struct file * file, unsigned long addr, unsigned long len,
unsigned long prot, unsigned long flags, unsigned long pgoff

{

struct mm_struct * mm = current->mm;
struct vm_area_struct * vma, * prev;
unsigned int vm_flags;

int correct_wcount = 0;

int error;

rb_node_t ** rb_link, * rb_parent;

if file & Ifile->f_op || !file->f_op->mmap
return -ENODEV;

if len = PAGE_ALIGN len =0
return addr;

if len > TASK_SIZE
return -EINVAL;

/* offset overflow? */
if pgoff + len >> PAGE_SHIFT < pgoff
return -EINVAL;

/* Too many mappings? */
if mm->map_count > MAX_MAP_COUNT
return -ENOMEM;

do_mmap()

/* Obtain the address to map to. we verify or select it and ensure
* that it represents a valid section of the address space.
*/
addr = get_unmapped_area file, addr, len, pgoff, flags
if addr & ~PAGE_MASK
return addr;

get_unmapped_area
PAGE_MASK OxFFFFF0O00 ““addr & PAGE_MASK~>” 0 addr
12 0 addr addr
12 0

/* Do simple checking here so the lower-level routines won"t have

* to. we assume access permissions have been handled by the open

* of the memory object, so we don"t do any here.

*/

vm_flags = calc_vm_flags prot,flags | mm->def_flags | VM_MAYREAD | VM_MAYWRITE | VM_MAYEXEC;
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/* mlock MCL_FUTURE? */
if vm_flags & VWM_LOCKED {
unsigned long locked = mm->locked_vm << PAGE_SHIFT;
locked += len;
if locked > current->rlim[RLIMIT_MEMLOCK].rlim_cur
return -EAGAIN;

}
flag

task_struct rlim[RLIMIT_MEMLOCK].rlim_cur

if file {
switch  flags & MAP_TYPE {
case MAP_SHARED:
if prot & PROT_WRITE && ! File->f_mode & FMODE_WRITE
return -EACCES;

/* Make sure we don"t allow writing to an append-only file..

if IS_APPEND file->f _dentry->d_inode && Tfile->f mode & FMODE_WRITE
return -EACCES;

/* make sure there are no mandatory locks on the file. */
if locks_verify locked file->f _dentry->d_inode
return -EAGAIN;

vm_flags |= VM_SHARED | VM_MAYSHARE;
if ! file->f_mode & FMODE_WRITE
vm_flags & ~ VM_MAYWRITE | VM_SHARED ;

/* fall through */
case MAP_PRIVATE:
if ! file->f_mode & FMODE_READ
return -EACCES;
break;

default:
return -EINVAL;
}
} else {
vm_flags |= VM_SHARED | VM_MAYSHARE;
switch  flags & MAP_TYPE {
default:
return -EINVAL;
case MAP_PRIVATE:
vm_flags &= ~ VM_SHARED | VM_MAYSHARE ;
/* fall through */
case MAP_SHARED:
break;

*/
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file 0
file 0

/* Clear old maps */
error = -ENOMEM;
munmap_back:
vma = find_vma_prepare mm, addr, &prev, &rb_link, &rb_parent
if vma && vma->vm_start < addr + len {
if do_munmap mm, addr, len
return -ENOMEM;
goto munmap_back;

}
find_vma_prepare find_vma

vm_area_struct addr 1
addr
do_munmap
addr

/* Check against address space limit. */
if mm->total_vm << PAGE_SHIFT + len
> current->rHim[RLIMIT_AS].rlim_cur
return -ENOMEM;
total_vm

rlim[RLIMIT_AS].rlim_cur
/* Private writable mapping? Check memory availability.. */
if vm_flags & VM_SHARED | VM_WRITE == VM_WRITE &&
I flags & MAP_NORESERVE  &&!vm_enough_memory len >> PAGE_SHIFT
return -ENOMEM;

flags MAP_NORESERVE

vm_enough_memory

/* Can we just expand an old anonymous mapping? */
if Ifile & ! vm flags & VM_SHARED && rb_parent
if vma_merge mm, prev, rb_parent, addr, addr + len, vm_flags
goto out;
file
vma_merge()

out out

/* Determine the object being mapped and call the appropriate
* specific mapper. the address has already been validated, but
* not unmapped, but the maps are removed from the list.
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*/
vma = kmem_cache_alloc vm_area_cachep, SLAB_KERNEL ;
if !vma

return -ENOMEM;
vma->vm_mm = mm;
vma->vm_start = addr;
vma->vm_end = addr + len;
vma->vm_flags = vm_flags;
vma->vm_page_prot = protection_map[vm_flags & 0x0f];
vma->vm_ops = NULL;
vma->vm_pgoff = pgoff;
vma->vm_file = NULL;
vma->vm_private_data = NULL;
vma->vm_raend = 0;

vm_area_struct

Slab kmem_cache_alloc

if file {
error = -EINVAL;
if vm_flags & VM_GROWSDOWN]VM_GROWSUP
goto free_vma;
if vm_flags & VM DENYWRITE {
error = deny _write_access file ;
if error
goto free_vma;
correct_wcount = 1;
}
vma->vm_file = file;
get_file file ;
error = file->f_op->mmap file, vma ;
if error
goto unmap_and_free_vma;
} else if flags & MAP_SHARED {
error = shmem_zero_setup vma ;
if error
goto free_vma;
}
free_vma:
kmem_cache_free vm_area_cachep, vma ;
return error;

}
flags VM_GROWSDOWN  VM_GROWSUP 1
free_vma
vm_area_struct Slab
flags VM_DENYWRITE 1
deny write_access
get file file
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fiel_operation mmap

generic_file_mmap( )

vm_area_struct vm_ops VM_SHARED 1
file_shared_mmap file_private_mmap
i_mode
i_op readpage( )
update_atime( ) i_atime
flags MAP_SHARED 1 shmem_zero_setup
do_mmap()

/* Can addr have changed??

*

* Answer: Yes, several device drivers can do it in their
* f_op->mmap method. -DaveM

*/

addr = vma->vm_start;

addr
addr

vma_link mm, vma, prev, rb_link, rb_parent
if correct_wcount
atomic_inc &File->f_dentry->d_inode->i_writecount

vma_link
3
vima
vima
3 vam inode
atomic_inc X ** 1
atomic
out:
mm->total_vm += len >> PAGE SHIFT;
if wvm_flags & W_LOCKED {
mm->locked_vm += len >> PAGE_SHIFT;
make_pages_present addr, addr + len ;
}
return addr;
do_mmap()

make_pages_present
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unmap_and_free_vma:
if correct_wcount
atomic_inc é&file->f _dentry->d_inode->i_writecount ;
vma->vm_file = NULL;
fput file ;

/* Undo any partial mapping done by a device driver. */
zap_page_range mm, vma->vm_start, vma->vm_end - vma->vm_start

generic_file_mmap( )

3G

Linux

zap_page_range

6.5
Linux
Linux
arch 1386 mm fault.c
do_page_fault
6.5.1
3
1 TASK_SIZE
Linux SIGSEGV
2
3
SIGSEGVY

Copy On Write cow
proc/stat
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6.5.2

(swapfile)

error_code

bit 0 == 0 means no page found, 1 means protection fault

bit 1 == 0 means read, 1 means write
bit 2 == 0 means kernel, 1 means user-mode
0 0
present 0 0

0

CR2
AVL

/* CR2

_asm__ "movl %%cr2,%0":"=r" address

vma = find_vma current, address

Linux

vma = find_vma current, address
if lvma
goto bad_area;
if vma->vm_start <=
goto good_area;
vma->vm_flags & VM_GROWSDOWN
goto bad_area;
if error_code &4 { /* */
/* */
if address + 32 < regs->esp
goto bad_area;

address

if !

}

if expand_stack vma, address
goto bad_area;
bad_area: /* */
{
if error_code & 4
current->tss.cr2 = address;
current->tss.error_code = error_code;
current->tss.trap_no = 14;
force_sig SIGSEGV, current
return;

; /*
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die_if _kernel "Oops", regs, error_code ; /* */
do_exit SIGKILL ; /* */
}
6.5.3
Linux
Linux
address do_page fault( ) good_area

good_area:
write = 0;
if error_code &2 {/* */

if ! wvma->vm_flags & VM_WRITE
goto bad_area;
writet+;
} else /* */
if error_code & 1 ||
! vma->vm_flags & VM _READ | VM_EXEC
goto bad_area;

bad_area
write 1
User/Supervisor
bad_area
handle_mm_fault( )
if lhandle_mm_fault tsk, vma, address, write {

tsk->tss.cr2 = address;

tsk->tss.error_code = error_code;

tsk->tss.trap_no = 14;

force_sig SIGBUS, tsk ;

if ! error_code & 4 /* */
goto no_context;

}
handle_mm_fault( ) 1
do_page_fault( ) SIGBUS
handle_mm_fault( ) 4 tsk CPU vma
address write tsk
address 1 tsk address 0
handle_mm_fault address
address
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pgd = pgd_offset vma->vm_mm, address ;
pmd = pmd_alloc pgd, address ;

if Ipmd
return -1;
pte = pte_alloc pmd, address ;
if Ipte
return -1;
pgd_offset address 1386
pmd_alloc( )
pte_alloc( ) pte

address handle_pte fault( ) address

return handle_pte_fault tsk, vma, address, write_access, pte
handle_pte_fault( )

6.5.4
CPU
1
0 pte_none 1
2

0 Present
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0

handle_pte_fault address
entry = *pte;
if Ipte present entry {

if pte_none entry

return do_no_page tsk, vma, address, write_access,
pte ;
return do_swap_page tsk, vma, address, pte, entry,
write_access ;

}
(do_swap_page( ) )
do_no_page( )
vma nopage
nopage
RAM
1 vma->vm_ops->nopage NULL
nopage
2 vm_ops NULL vma->vm_ops->nopage NULL

do_no_page( )

do_anonymous_page( )
if lvma->vm_ops || !vma->vm_ops->nopage
return do_anonymous_page tsk, vma, page_table,
write_access ;

do_anonymous_page
if write_access {
page = _ get_free_page GFP_USER ;
memset void * page , 0, PAGE_SIZE
entry = pte_mkwrite pte_mkdirty mk_pte page,
vma->vm_page_prot ;
vma->vm_mm->rss++;
tsk->min_flt++;
set_pte pte, entry
return 1;

__get_free page( ) memset
0 tsk  min_flt (
) vma->vm_mm  rss

0 Linux
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empty_zero_page 1024
0x00005000

entry = pte_wrprotect mk _pte ZERO_PAGE, vma->vm_page_prot ;
set_pte pte, entry ;

return 1;
6.5.5
UNIX
[ ]
[ ]
[ ]
[ ]
CPU
UNIX Linux
Page count
count count NULL
Linux cow handle_pte fault( )

if pte_present pte {
entry = pte_mkyoung entry
set_pte pte, entry ;
flush_tlb_page vma, address ;
if write_access {
if Ipte write entry
return do_wp_page tsk, vma, address, pte ;
entry = pte_mkdirty entry ;
set_pte pte, entry ;
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flush_tlb_page vma, address ;

}
return 1;
}
pte_mkyoung( ) set_pte( )
handle_pte_fault( ) do_wp_page( )
User/Supervisor 0
do_wp_page( ) page_table pte
pte = *page_table;
new_page = __get_free_page GFP_USER ;
o pte *page_table
o Present 0
o Read/Write 1
do_wp_page( ) 1
page_map
tsk->min_flt++;
page_map = mem_map + MAP_NR old_page
1 page count

if page_map->count == {
set_pte page table, pte_mkdirty pte_mkwrite pte ;
flush_tlb_page vma, address ;
if new_page
free_page new_page ;
return 1;

(old_page)
(new_page)

if old_page == ZERO_PAGE

memset void * new_page, 0, PAGE_SIZE ;
else

memcpy void * new_page, void * old _page, PAGE_SIZE ;
set_pte page table, pte_mkwrite pte_mkdirty

mk_pte new_page, vma->vm_page_prot ;

flush_tlb_page vma, address ;
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_ free_page page_map

return 1;
memset 0 memcpy
__free _pages( )
6.5.6
1 fork
2
exit
3
6.6
Linux
kswapd
6.6.1
3GB
MB KB KB
Linux
1 UNIX
UNIX Linux
Linux
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Linux

6.18
mmap ()

kmalloc() vmalloc()

alloc_pages()
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page
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dentry
inode
4KB
present
Cache
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0
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Inactive
/ page
free area

1 page

(Zone) free_area count 1

2 __alloc_pages() __get_free_page()

count 1
3 page
Iru active list
4 < 7z page Iru
e 7 inactive_dirty_list
count 1
5 €< 7 page < 7z
inactive_dirty list “c i
6 “ 7z page Iru “
i “c 72 inactive clean list
7
8 (X3 7
4
CPU
Linux
Linux kswapd
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6.6.2 kswapd
kswapd task_struct
kswapd
“ 7z kswapd
kswapd mm/vmscan.c 6.19 kswapd
kswapd()
kswapd_balance() swap_out_mm()
Try_to_free_pages() swap_out_vma
v
shrin_cache() swap_out_pdg
v
Swap_out() refill_inactive() swap_out_pmd()
try_to swap_out()
Rw_swap_page()
Brw()_page()
6.19 kswapd
kswapd
1 kswapd
Linux 2.4.10 kswapd
int kswapd void *unused
{
struct task_struct *tsk = current;
DECLARE_WAITQUEUE wait, tsk ;
daemonize ; * */
strcpy tsk->comm, “kswapd" ;
sigfillset &tsk->blocked ; * PCB 1*/
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/*

* Tell the memory management that we"re a "memory allocator”,
* and that if we need more memory we should get access to it
* regardless see "__alloc_pages . "kswapd" should

* never get caught in the normal page freeing logic.
*

*  Kswapd normally doesn"t need memory anyway, but sometimes
* you need a small amount of memory in order to be able to
* page out something else, and this flag essentially protects
* us from recursively trying to free more memory as we"re
* trying to free the first piece of memory in the first place

*/
tsk->flags |= PF_MEMALLOC; * kswapd */
/*
* Kswapd main loop.
*/
for ;; {
__set_current_state TASK_INTERRUPTIBLE ;
add_wait_queue &kswapd_wait, &wait ; * kswapd *
mb ; * */
if kswapd_can_sleep * */
schedule ; * */
_set_current_state TASK RUNNING ; * kswapd */
remove_wait_queue &kswapd_wait, &wait ; * kswapd */
/*
* If we actually get into a low-memory situation,
* the processes needing more memory will wake us
* up on a more timely basis.
*/
kswapd_balance ; * kswapd */
run_task_queue &tg_disk ; * tg_disk */
}
}
kswapd
static int __init kswapd_init void
{
printk "Starting kswapd\n" ;
swap_setup ;
kernel_thread kswapd, NULL, CLONE_FS | CLONE_FILES | CLONE_SIGNAL ;
return 0;
}

kswapd_init
module_init(kswapd_init)
kswapd
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2 kswapd_balance()

static void kswapd_balance void

{
int need_more_balance;
pg_data_t * pgdat;
do {
need_more_balance = 0;
pgdat = pgdat_list;
do
need_more_balance |= kswapd_balance pgdat pgdat ;
while pgdat = pgdat->node_next ;
} while need_more_balance ;
}

kswapd_balance_pgdat
static int kswapd_balance_pgdat pg_data_t * pgdat

{
int need_more_balance = 0, 1i;
zone_t * zone;
for i1 = pgdat->nr_zones-1; i >= 0; i-- {
zone = pgdat->node_zones + 1i;
if unlikely current->need_resched
schedule ;
if !zone->need_balance
continue;
if Itry to_free_pages zone, GFP_KSWAPD, 0 {
zone->need_balance = 0;
__set_current_state TASK_INTERRUPTIBLE ;
schedule_timeout HZ ;
continue;
}
if check classzone_need_balance zone
need_more_balance = 1;
else
zone->need_balance = 0;
}
try to_free pages
need_balance 1

check_classzone_need_balance()
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try_to_free_pages

3 try _to _free pages

int try_to_free_pages zone_t *classzone, unsigned int gfp_mask, unsigned int order

{
int priority = DEF_PRIORITY;
int nr_pages = SWAP_CLUSTER_MAX;
gfp_mask = pf_gfp_mask gfp_mask ;
do {
nr_pages = shrink_caches classzone, priority, gfp_mask, nr_pages
if nr_pages <=0
return 1;
} while --priority ;
/*
* Hmm.. Cache shrink failed - time to kill something?
* Mhwahahhaha! This is the part I really like. Giggle.
*/
out_of_memory ;
return 0;
}
DEF _PRIORITY 6
L 6 L 2°
6 nr_pages SWAP_CLUSTER_MAX 32

shrink_caches
static int shrink_caches zone_t * classzone, int priority, unsigned int gfp_mask, int
nr_pages
{
int chunk_size = nr_pages;
unsigned long ratio;

nr_pages -= kmem_cache_reap gfp_mask ;
if nr_pages <=0
return 0;

nr_pages = chunk_size;
/* try to keep the active list 2/3 of the size of the cache */
ratio = unsigned long nr_pages * nr_active_pages / nr_inactive_pages + 1

refill_inactive ratio ;

nr_pages = shrink_cache nr_pages, classzone, gfp_mask, priority
if nr_pages <=0
return 0;

shrink_dcache_memory priority, gfp_mask
shrink_icache_memory priority, gfp_mask ;
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1 #ifdef CONFIG_QUOTA

shrink_dqcache_memory DEF_PRIORITY, gfp_mask ;

#endif

return nr_pages;

kmem_cache_reap “ (reap)”” slab

slap nr_pages

refill_inactive

shrink_dcache_memory shrink_icache_memory

shrink_cache

shrink_dgcache_memory

dentry inode
LRU
dentry inode
4
swap_out shrink_cache
shrink_cache “ ”” LRU
“ *” FIFO struct page

° LRU
[ ]
[ ]
. ( )
6.6.3
Linux swapon  swapoff

swap_info_struct

struct swap_info_struct {

unsigned int flags;

kdev_t swap_device;

spinlock_t sdev_lock;

struct dentry * swap_file;

struct vfsmount *swap_vfsmnt;

unsigned short * swap_map;

unsigned int lowest_bit;

unsigned int highest_bit;

unsigned int cluster_next;
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unsigned int cluster_nr;

int prio; /* swap priority */
int pages;
unsigned long max;
int next; /* next entry on swap list */
j
extern int nr_swap_pages;
flags (SWP_USED  SWP_WRITEOK) swapoff
SWP_WRITEOK off swapon
SWP_USED (nr_swapfiles)

lowest_bit highest_bit

mkswap 10
0 1
swapon() swap_map
swap_map 0 128
swap
get_swap_page
1 31
do_no_page) 7 24
swap_duplicate() copy_page_tables() fork()
swap_map count
swap_free() swap_map count count 0
get_swap_page) (swap_in)
free_one_table swap_free()
filemap.c
6.6.4
1

$ dd if=/dev/zero of=/extra-swap bs=1024 count=2048
2048+0 records in
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2048+0 records out
4KB
8K

82

$ mkswap /extra-swp 2048

2048KB
4K

extra-swap

mkswap

Setting up swapspace, size = 2088960 bytes

$

Linux

mkswap

127MB

8*4096 = 133890048 Byte = 127.6875MB

2GB

swapon

$ swapon /extra-swap
$
/etc/fstab

/dev/hda5 none swap sw 0 0
/extra-swap none swap sw 0 0

swapon —a

free

$ free

total used free shared buffers
Mem: 15152 14896 256 12404 2528
-/+ buffers: 12368 2784

Swap: 32452 6684 25768

$

Mem:

used

Swap:

top
swapoff

/proc

—-238 -
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swapoff —a /etc/fstab
3

1

4

5

6.7

6.7.1 Linux

1

free ps

MB

Linux

Linux

dirty
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2
1/0
read( ) write( ) mmap( )
170
3
3

Linux

/ linux/mm/swap_state.c
extern unsigned long init_swap_cache unsigned long, unsigned long ;
extern void show_swap_cache_info void

int add_to_swap_cache unsigned long index, unsigned long entry
index index entry

extern void swap_duplicate unsigned long ;

copy_page_tables() fork()

delete_from_swap_cache page nr ;
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6.7.2
Linux “ 7z
buffer_head
page buffer_head buffer
sync Linux
update dbflush
sync sync
30s
sync sync()
dbflush Linux update
/sbin/update
1
6.20 page_hash_table
mem_map_t( struct page ) Linux
Linux 6.20
Linux page_hash_table VFS
inode VFS
VFS inode
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find_page struct inode * inode, unsigned long offset

page_hash_table

mem_map_t mem_map_t
»> inode 12 inode 12
offset 0x8000 offset 0x8000
Next_hash Next_hash
Prev_hash Prev_hash
6.20 Linux
mm_map_t

for page = page_hash inode, offset ; page ; page = page->next_hash

/* page_hash */
{if page->inode != inode
continue;
if page->offset I= offset
continue;
/* */
atomic_inc &page->count ;
set_bit PG_referenced, &page->flags ;/* */
break; }
return page;
}
Linux
Linux
“ 7z ( filemap.c
generic_file_readahead )

Linux
Linux
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add_to_page_cache()

static inline void add_to_page_cache struct page * page,
struct inode * inode, unsigned long offset

{ /* */
page->count++;
page->flags &= ~ 1 << PG_uptodate | 1 << PG_error ;
page->offset = offset;
add_page_to_inode_queue inode, page ;/* inode */
add_page_to_hash_queue inode, page ;/* page_hash_table[]*/}
inode

page_hash_table[]
extern struct page * page_hash_table[PAGE_HASH SIZE];

static inline void add_page_to_inode_queue struct inode * inode, struct page * page

{ struct page **p = &inode->i_pages;/* */
inode->i_nrpages++;/* 1*/
page->inode = inode; /* */

page->prev = NULL;
if page->next = *p 1= NULL
page->next->prev = page;

*p = page; }

static inline void add_page_to_hash_queue struct inode * inode, struct page * page
{ struct page **p = &page_hash 1inode,page->offset

page_cache_size++;/* 1*/

set_bit PG_referenced, &page->flags ;/* */
page->age = PAGE_AGE_VALUE;/* “< ”

*/

page->prev_hash = NULL;

if page->next_hash = *p 1= NULL

page->next_hash->prev_hash = page; *p = page;
}
remove_page_from hash_queue page ; /* */
remove_page_from_inode_queue page ; /* inode */
6.7.3 (TLB)

cpu

- 243 -



Linux

TLB( Translation Lookside Buffer),
(Associative Memory) 6.21 MMU
6 80386 32

98%
LD2 LD1 |OFFSET TLB y
j 2%
LD2 LD1 OFFSET
6.21
TLB
6.22
1 7 RW 5 1
7 16 RW 1 1
0 33 RX 4 1
4 72 RX 13 0
8 17 RW 2 1
7 34 RX 2 1
6.22 TLB
MMU TLB ( )
TLB TLB
TLB
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MMU TLB
TLB TLB
TLB
TLB
CR3 flush_tlb()
TBL
8 64
0.85 120 TLB
0.85> (15+120)+(1-0.85) > (15+120+120)=153
6.7.4
1 TLB
TLB TLB MMU
RISC MIPS Alpha
TLB
MMU
TLB
TLB (
TLB
CPU
TLB
TLB
RPC
RPC
TLB TLB
TLB
TLB
TLB

TLB

80386

TLB

15

HP PA
TLB
TLB

TLB

64 )
MMU

TLB

TLB
TLB

TLB
(  4KB)TLB
TLB
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2
TLB TLB

Linux ( TLB
¢y
2

write()

3

Linux ,

flush_cache_foo
flush_tlb_foo ;

flush_cache *
MMU
; MMU
80386 ——1386 MMU
TBL
TLB

void flush_cache all void ;
void flush_tlb_all void ;

void flush_cache_mm struct mm_struct *mm
void flush_tlb_mm struct mm_struct *mm ;

mm_struct

flush_cache_range struct mm_struct *mm,unsigned long start, unsigned long end ;
flush_tlb_range struct mm_struct *mm,unsigned long start, unsigned long end

void flush_cache page struct vm_area_struct *vma,unsigned long address
void flush_tlb_page struct vm_area_struct *vma,unsigned long address ;

void flush_page_to_ram(unsigned long page);/* 1386
*/
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, 6.23 0x2000 1 2 3 2
0x1000, 2 0x2000
0x2600,
0x1000 0x2000
0x1000  0x2600 2 0x2600
0x2000 3 0x2000

flush_page_to_ram

copy_cow_page old_page,new_page,address
flush_page_to_ram old_page
flush_page_to_ram new_page
flush_cache_page vam,address

free_page old_page
flush_tlb_page vma,address

1

0x2000

) 0x1000
0x2600

0x2000

6.23
4
include/asm/pttable.h i386 __ flush_tIb()

#define _ flush_tlb
do {
unsigned int tmpreg;
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_asm__ _ volatile__
"movl %%cr3, %0; # flush TLB \n"
"movl %0, %%cr3; \n"
D "=r" tmpreg
oo "memory™ ;
} while O
CR3 TLB
6.8.1
fork() clone()
task_struct Linux
task_struct
task_struct task_struct
Linux
6.24
-,
A AR
IR
file g
7]
Fiia 7
Bl et
J
6.24
vm_area_struct
mm_struct
Linux
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, kernel_thread() , kernel_thread()
clone() p->mm = NULL
fork() clone do_fork()

kernel/fork.c

* 0Ok, this is the main fork-routine. It copies the system process

* information task[nr] and sets up the necessary registers. It also
* copies the data segment in its entirety. The "stack start” and

* "stack_top" arguments are simply passed along to the platform

* gpecific copy_thread routine. Most platforms ignore stack top.

* For an example that"s using stack_top, see

* arch/ia64/kernel/process.c.

int do_fork unsigned long clone_flags, unsigned long stack_start,
struct pt_regs *regs, unsigned long stack_size
{
int retval;
struct task_struct *p;
struct completion vfork;

retval = -EPERM;

/*

* CLONE_PID is only allowed for the initial SMP swapper

* calls

*/
if clone_flags & CLONE_PID {

if current->pid
goto fork out;
}

retval = -ENOMEM;
p = alloc_task_struct ;
if 1Ip

goto fork out;

*p = *current;

retval = -EAGAIN;

/*

* Check if we are over our maximum process limit, but be sure to

* exclude root. This is needed to make it possible for login and

* friends to set the per-user process limit to something lower

* than the amount of processes root is running. -- Rik

*/

if atomic_read &p->user->processes >= p->rlim[RLIMIT_NPROC].rlim_cur
&& lcapable CAP_SYS_ADMIN  Tcapable CAP_SYS_RESOURCE
goto bad_fork free;
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atomic_inc &p->user->_count ;
atomic_inc &p->user->processes ;

/*
* Counter increases are protected by
* the kernel lock so nr_threads can"t
* increase under us but it may decrease
*/
if nr_threads >= max_threads
goto bad_fork_cleanup_count;

get_exec_domain p->exec_domain ;

if p->binfmt && p->binfmt->module
__MOD_INC_USE_COUNT p->binfmt->module ;

p->did_exec = 0;
p->swappable = 0;
p->state = TASK_UNINTERRUPTIBLE;

copy_flags clone_flags, p ;
p->pid = get_pid clone_flags ;

p->run_list_next = NULL;
p->run_list.prev = NULL;

p->p_cptr = NULL;
init_waitqueue_head é&p->wait_chldexit ;
p->vfork_done = NULL;
if clone_flags & CLONE_VFORK  {
p->vfork_done = &vfork;
init_completion &vfork ;

}

spin_lock_init &p->alloc_lock ;

p->sigpending = 0;
init_sigpending &p->pending ;

p->it_real_value = p->it_virt_value = p->it_prof_value = 0;
p->it_real_incr = p->it_virt_incr = p->it_prof_incr = 0;
init_timer &p->real_timer ;

p->real_timer.data = unsigned long p;

p->leader = 0; /* session leadership doesnt inherit */
p->tty_old_pgrp = 0;
p->times.tms_utime = p->times.tms_stime = 0;
p->times.tms_cutime = p->times.tms_cstime = 0;
#ifdef CONFIG_SMP
{
int i;
p->cpus_runnable = ~0UL;
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p->processor = current->processor;

/* ?? should we just memset this ?? */

for 1 =0; 1 < smp_num_cpus; i++

p->per_cpu_utime[i] = p->per_cpu_stime[i] = 0;
spin_lock_init &p->sigmask_lock ;
}
#endif

p->lock_depth = -1; /* -1 = no lock */
p->start_time = jiffies;

INIT_LIST_HEAD ¢&p->local_pages ;

retval = -ENOMEM;
/* copy all the process information */
if copy _files clone_flags, p
goto bad_fork _cleanup;
if copy_fs clone_flags, p
goto bad_fork_cleanup_files;
if copy_sighand clone_flags, p
goto bad_fork cleanup_fs;
if copy_mm clone_flags, p
goto bad_fork_cleanup_sighand;
retval = copy_thread 0, clone_flags, stack_start, stack_size, p, regs ;
if retval
goto bad_fork_cleanup_mm;
p->semundo = NULL;

/* Our parent execution domain becomes current domain
These must match for thread signalling to apply */

p->parent_exec_id = p->self_exec_id;

/* ok, now we should be set up.. */
p->swappable = 1;

p->exit_signal = clone_flags & CSIGNAL;
p->pdeath_signal = 0;

/*
* "share" dynamic priority between parent and child, thus the
* total amount of dynamic priorities in the system doesnt change,
* more scheduling fairness. This is only important in the first
* timeslice, on the long run the scheduling behaviour is unchanged.
*/
p->counter = current->counter + 1 >> 1;
current->counter >>= 1;
if lcurrent->counter
current->need_resched = 1;

/*
* Ok, add it to the run-queues and make it

* visible to the rest of the system.
*
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* Let it rip!

*/

retval = p->pid;
p->tgid = retval;

INIT_LIST HEAD ¢&p->thread_group ;

/* Need tasklist lock for parent etc handling! */
write_lock_irq &tasklist lock

/* CLONE_PARENT and CLONE_THREAD re-use the old parent */
p->p_opptr = current->p_opptr;
p->p_pptr = current->p_pptr;
if 1 clone_flags & CLONE_PARENT | CLONE_THREAD {
p->p_opptr = current;
if ! p->ptrace & PT_PTRACED
p->p_pptr = current;

}

if clone_flags & CLONE_THREAD {

p->tgid = current->tgid;

list_add &p->thread_group, &current->thread_group ;
}

SET_LINKS p

hash_pid p ;

nr_threads++;

write_unlock_irq &tasklist_lock ;

if p->ptrace & PT_PTRACED
send_sig SIGSTOP, p, 1 ;

wake_up_process p ; /* do this last */
++total_forks;
if clone_flags & CLONE_VFORK
wait_for_completion é&vfork ;

fork_out:
return retval;

bad_fork_cleanup_mm:

exit.nm p ;
bad_fork_cleanup_sighand:

exit_sighand p ;
bad_fork_cleanup_fs:

exit_ fs p ; /* blocking */
bad_fork_cleanup_files:

exit_files p ; /* blocking */
bad_fork_cleanup:

put_exec_domain p->exec_domain ;

if p->binfmt && p->binfmt->module

__MOD_DEC_USE_COUNT p->binfmt->module ;

bad_fork_cleanup_count:
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atomic_dec &p->user->processes ;
free_uid p->user ;
bad_fork free:
free_task struct p
goto fork_out;

}
fork
do_fork()
-ENOMEM task_struc
clone_flags CLONE_PID -EPERM
CLONE_PID 1
task_struct pid 0
alloc_task_struct()
task_struct
*p = *current task_struct
task_struct user user_struct
user user_struct
count
task_struct user 0 task_struct
rlim rLim[RLIMIT_NPROC]
fork()
max_threads
“ *? Linux X86
UNIX iBCS2 Solaris
Solaris PER_SOLARIS Linux
Linux task_struct exec_doman exec_doman
exec_doman module module Linux
module count
get_exec_domain(p->exec_domain) module
a.out elf
Java
task_struct linux_binfmt binfmt __MOD_INC_USE_COUNT

TASK_UNINTERRUPTIBLE
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get_pid()
copy_flags
get_pid
pid

start_time

clone_flags
clone_flags

pid
task_struct

local_pages

copy_Ffiles(Q)

clone_flags CLONE_FILES 0
task struct
0 tty
copy_Ts() clone_flags
task struct fs struct
root pwd

copy_sighand

CLONE_SIGHAND

task struct

include/linux/sched.h

mm
CLONE_VM 0
mm_struct

copy_mm()

mm_struct

vm_area_struct

task struct
copy_thread

arch/i386/kernel/process.c

parent_exec_id
swappable

pdeath_signal

counter
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p->flags
CIONE_PID ( )

task_struct

Jiffies
files fiel struct
3 stdin stdout stderr

CLONE_FS 0

fs_struct

umask

0

sig signal_struct

task struct

mm_struct clone_flags

dum_mmap()

copy_thread
copy_thread

copy_thread

p->self_exec_id
exit_signal

exit()
exit
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task_struct thread_group
thread thread
SET_LINKS task_struct
hash_pid() pid
wake_up_process()
clone_flags CLONE_VFORK 1
execve()
exit() wait_for_completion
CLONE_VFORK 1
mm_struct
fork()
fork()
6.8.2
UNIX Linux
shell shell shell PATH
shell shell fork
shell
Linux ELF a.out Linux
1 ELF
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ELF == 7
a.out
ECOFF ELF
ELF
ELF
#include <stdio.h>
main
{
printf ““Hello world!\n”~
}
6_25
ELF ELF
3 “ET =L~
e_phnum
e phentsize
p_flags
FP_X FPR
p_offset
p_vaddr p_filesz
0x68533
0x68532
ELF
2200
ELF 2048
Linux
exec ()
ELF ELF
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UNIX Linux
ELF
e_ident LE, ‘Ly LF,
e_entry 0x8048090
e_phoff 52
e_phentsize 32
e_phnum 2
p_type PT_LOAD
p_offset 0
p_vaddr 0x8048000
p_filesz 68532
p_memsz 68532
p_flags PF_R,PF_X
p_type PT_LOAD
p_offset 68536
p_vaddr 0x8059BBS8
p_filesz 2200
p_memsz 4248
p_flags PF_R,PF_W
6.25 ELF
e_entry
ELF i
2 e phyoff
p_flags
p_memsz
C printf
shell fork O
exec()
ELF
file f_count
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1 0
ELF
ELF
2 shell
shell
$ Is -1 /usr/bin
/usr/bin shell
/bin/ls shell
3 Is -1 /usr/
C main( )
main()
int main int argc, char *argv[]
/bin/ls argc 3 argv[0]
argv[1] -1 argv[2?] /usr/bin argv
argv[3] NULL
C main() 3
main( )
int main int argc, char *argv[], char *envp[]
envp
VAR_NAME=something
VAR_NAME €=
envp argv
execve( )
6.26
NULL
NULL PAGE_OFFSET
env_end
env_strat
—
arg_strat
envell &envp[0]
argvil &argv[0]
argc

start_stack
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6.26
3
C C
void main void {}
main( ) C exit( )
C
C UNIX
Linux 50
libm X11  libX11
X11
UNIX
UNIX
GCC -static
Linux ELF
ELF Linux
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/lib Id.so.1 1libc.so.1 Id-linux.so.1
6.8.3
fork()
execve() execve()
Demand Pageing Loading
inode
Linux linux_binfmt /Jinclude/linux/ binfmt_h
Linux exec()
linux_binfmt EXT2,dos

binux_binfmt
linux_binfmt

6.27
struct linux_binfmt {
struct linux_binfmt * next;
long *use_count;
int  *load_binary struct linux_binprm *, struct pt_regs * regs ;/*
*/
int  *load_shlib int fd ; /* */
int  *core_dump long signr, struct pt_regs * regs ;

formate  ux_binfmt linux_binfmt linuz_binfmt
- = next = next - next
use_count use_count use_count
*load_binary *load_binary *load_binary
*load_shlib *load_shlib *load_shlib
*core_dump( *core durmp() *oore durmnp()

6.27 linux_binfmt

vod binfmt_setup
init_elf binfmt() init_aout_binfmt()
init_java binfmt() init_script_binfmt()
register_binfmt(struct linux_binfmt * fmt)

*formats *formats
static struct linux_binfmt *formats = struct linux_binfmt *  NULL
ELF
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load_elf _binary struct linux_binprm * bprm, struct pt_regs * regs ;
static int load_elf library int fd ;
elf_format
static struct linux_binfmt elf_format = {#ifndef MODULE
NULL, NULL, load_elf binary, load_elf library, elf_core_dump#else
NULL, &mod_use_count_, load_elf _binary, load elf _library, elf_core_dump#endif }
search_binary_handler()

linux_binprm

struct linux_binprm{
char buf[128];/* */
unsigned long page[MAX_ARG_PAGES];
unsigned long p;
int sh_bang;

struct inode * inode;/* */
int e_uid, e _gid;
int argc, envc; /* */
char * filename; /* */
unsigned long loader, exec;
int dont_iput; /* binfmt handler has put inode */
}:
do_exec()
Linux execve(), C
execve() execlp() execle() execv() execvp()
execve()
execve() sys_execve() arch/i386/kernel/
process.c
/*
* sys_execve executes a new program.
*/
asmlinkage int sys_execve struct pt_regs regs
{
int error;
char * filename;
filename = getname char * regs.ebx ;
error = PTR_ERR filename ;
if IS_ERR TFilename
goto out;
error = do_execve filename, char ** regs.ecx, char ** regs.edx, &regs ;
if error ==
current->ptrace &= ~PT_DTRACE;
putname filename ;
out:
return error;
}
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regs.ebx 1
getname()
do_execve do_execve fs/exec.c
/*
* Sys_execve executes a new program.
*/

int do_execve char * filename, char ** argv, char ** envp, struct pt_regs * regs
{
struct linux_binprm bprm;
struct file *file;
int retval;
int i;
file = open_exec filename ;
retval = PTR_ERR file ;
if IS ERR file
return retval;

bprm.p = PAGE_SIZE*MAX_ARG_PAGES-sizeof void * ;

memset bprm.page, 0, MAX_ARG_PAGES*sizeof bprm._page[O] ;
bprm.file = file;

bprm.filename = filename;

bprm.sh_bang = 0;

bprm.loader = 0;

bprm.exec = 0;

if bprm.argc = count argv, bprm.p / sizeof void * <0 {
allow_write_access file ;
fput file ;
return bprm.argc;
}
if bprm.envc = count envp, bprm.p / sizeof void * <0 {
allow_write_access file ;
fput file ;

return bprm -envc;

retval = prepare_binprm &bprm ;
if retval <0
goto out;

retval = copy_strings_kernel 1, &bprm.filename, &bprm ;
if retval <0
goto out;

bprm.exec = bprm.p;
retval = copy_strings bprm.envc, envp, &bprm
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if retval <0
goto out;

retval = copy_strings bprm.argc, argv, &bprm
if retval <0
goto out;

retval = search_binary_handler &bprm,regs
if retval >=0

/* execve success */

return retval;

out:
/* Something went wrong, return the inode and free the argument pages*/
allow write_access bprm.file ;
if bprm.file
fput bprm_file ;

for 1 =0; i <MAX_ARG_PAGES ; i++ {
struct page * page = bprm.page[i];
if page
__free_page page ;

}
return retval;
}
filename argv envp
open_exec open_exec
file
linux_binprm
MAX_ARG_PAGES 32 memset() 0
bprm bprm.p
bprm.sh_bang Shell Shell Sript
1 Shell 0 0
count() argv[] bprm.p / sizeof(void *)
count() 0 fput()
allow_write_access
prepare_binprm bprm
128 linux_binprm
buf ELF a.out
128 6.25
copy_strings bprm
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copy_strings_kernel

get_name()
search_binary_handler
search_binary_handler exec.c alpha
/*
* cycle the list of binary formats handler, until one recognizes the image
*/

int search_binary_handler struct linux_binprm *bprm,struct pt_regs *regs
{

int try,retval=0;

struct linux_binfmt *fmt;
6 #ifdef __alpha__

#endif
/* kernel module loader fixup */
/* so we don"t try to load run modprobe in kernel space. */
set_fs USER DS ;
for try=0; try<2; try++ {
read_lock &binfmt lock ;
for fmt = formats ; fmt ; fmt = fmt->next {

int *fn struct linux_binprm *, struct pt_regs *
fmt->load_binary;
if Ifn
continue;
if Iltry_inc_mod_count fmt->module
continue;

read_unlock &binfmt lock ;

retval = fn bprm, regs ;

if retval >=0 {
put_binfmt fmt ;
allow_write_access bprm->file ;
if bprm->file

fput bprm->file ;

bprm->file = NULL;
current->did_exec = 1;
return retval;

read_lock &binfmt_lock ;
put_binfmt fmt ;
if retval = -ENOEXEC
break;
if lbprm->file {
read_unlock &binfmt_lock ;
return retval;
}
}

read_unlock &binfmt_lock ;
if retval !'= -ENOEXEC {
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break;
#ifdef CONFIG_KMOD
Yelse{
#define printable c c ="\t" || c ="\n" || O0x20<= ¢ && c <=0x7e

char modname[20];
if printable bprm->buf[0] &&

printable bprm->buf[1] &&

printable bprm->buf[2] &&

printable bprm->buf[3]

break; /* -ENOEXEC */
sprintf modname, "binfmt-%04x", * unsigned short *
&bprm->buf[2]

request_module modname ;

#endif
}
}
return retval;
}
exec.c formats:
static struct linux_binfmt *formats
formats 6.27
do_exec() 128 bprm
bprm search_binary_handler
formats
formats
for formats
load_binary() load binary()
0 CPU execve()
load binary()
-ENOEXEC
load_binary() -ENOEXEC
CONFIG_KMOD 2 3 binfmt
request_module() for
linux_binfmt 3 load binary load_shlib

core_dump load_binary

a.out load aout binary(),ELF load elf binary(),

fs/binfmt_aout.c fs/binfmt_elf
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