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/* PAGE_SHIFT determines the page size */
#define PAGE_SHIFT 12

#define PAGE_SIZE (_AC(1,UL) << PAGE_SHIFT)
#define PAGE_MASK (~(PAGE_SIZE-1))
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include/linux/mm_types.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, though if it is a pagecache page, rmap structures can tell us
* who is mapping it.
*/
struct page (
unsigned long flags; /* Atomic flags, some possibly
* updated asynchronously */
atomic_t _count; /* Usage count, see below. */

struct list_head lru; /* Pageout list, eg. active list
* protected by zone->lru lock ! */

anchen@ustc . ed 5 i »#Chapter 8 WK October
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mem_map| |

physical memory

mm/memor .C

#ifndef CONFIG_NEED MULTIPLE NODES

/* use the per-pgdat data instead for discontigmem - mbligh */
unsigned long max_mapnr;

struct page *mem_map;

EXPORT_SYMBOL (max_mapnr) ;
EXPORT _SYMBOL (mem_map) ;
#endif

anchen@ustc.edu.cn) T i R AE 7 / October 31



mailto:xlanchen@ustc.edu.cn

T 4 L A

o mem_mapZk 48649 % |8 5B Ae 4744 4L » mm/page_alloc.c

static void __init_refok alloc_node_mem map(struct pglist_data *pgdat) {
/* Skip empty nodes */
if (!pgdat->node spanned_pages)
return;

#ifdef CONFIG_FLAT NODE_MEM_MAP
/* iab4 gets its own node_mem_map, before this, without bootmem */
if (!pgdat->node_mem map) {
unsigned long size, start, end;
struct page *map;

/*
* The zone s endpoints aren’ t required to be MAX_ORDER
* aligned but the node_mem_map endpoints must be in order
* for the buddy allocator to function correctly.

*/

start = pgdat->node_start_pfn & ~(MAX_ORDER_NR_PAGES - 1);

end = pgdat->node_start_pfn + pgdat->node_spanned_pages;

end = ALIGN(end, MAX_ORDER NR PAGES);

size = (end - start) * sizeof(struct page);

map = alloc_remap(pgdat->node id, size);
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if (!map)
map = alloc_bootmem node(pgdat, size);
pgdat->node _mem map = map + (pgdat->node start pfn - start);

}
#ifndef CONFIG_NEED _MULTIPLE_NODES

/*

* With no DISCONTIG, the global mem map is Jjust set as node 0’ s

#*
/
if (pgdat == NODE_DATA(0)) {
mem_map = NODE DATA(0)->node mem map;
}
#Hendif

#endif /* CONFIG_FLAT NODE MEM MAP */
}
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enum pageflags {
PG_locked, /* Page is locked. Don’ t touch. */
PG_error,
PG_referenced,
PG_uptodate,
PG_dirty,
PG_1ru,
PG_active,
PG_slab,
PG_owner_priv_1, /* Owner use. If pagecache, fs may use*/
PG_arch_1,
e_meremed),
PG_private, /* If pagecache, has fs-private data */
PG_writeback, /* Page is under writeback */
#ifdef CONFIG_PAGEFLAGS_EXTENDED
PG_head, /* A head page */
PG_tail, /* A tail page */
#else
PG_compound, /* A compound page */
#endif
PG_swapcache, /* Swap page: swp_entry_t in private */
PG_mappedtodisk, /* Has blocks allocated on-disk */
PG_reclaim, /* To be reclaimed asap */
PG_buddy, /* Page is free, on buddy lists */
#ifdef CONFIG_IA64_UNCACHED_ALLOCATOR
PG_uncached, /* Page has been mapped as uncached */
fendif
NR_PAGEFLAGS
I
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@ ZONE DMA (0-16MB)

@ ZONE_NORMAL ( 16MB-896MB )

© ZONE_HIGHMEM (>896MB)

@ ZONE_MOVABLE ( #4 W.Documentation/memory-hotplug.txt)

0 16MB 896MB MAX

ZONE_DMA ZONE_NORMAL ZONE_HIGHMEM

WEAH
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B4R 4% Winclude/1inux/mmzone.h::struct zone

struct zone {
/* Fields commonly accessed by the page allocator */
unsigned long pages_min, pages_low, pages_high;

/*
* free areas of different sizes
*/

spinlock_t lock;

struct free area free area[MAX ORDER];

xlanchen@ustc.edu.cn it 5 5 B ber 31, 2014



mailto:xlanchen@ustc.edu.cn

5% X (Memory Zones)

Y

/* Fields commonly accessed by the page reclaim scanner */
spinlock_t 1ru_lock;

struct list_head active_ list;

struct list_head inactive_list;

unsigned long nr_scan_active;

unsigned long nr_scan_inactive;

unsigned long pages_scanned; /* since last reclaim */
unsigned long flags; /* zone flags, see below */

/~
* Discontig memory support fields.
=/
struct pglist_data *zone_pgdat;
/* zone_start_pfn == zone_start_paddr >> PAGE_SHIFT */
unsigned long zone_start_pfn;

cacheline_internodealigned_in_smp;
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include/1inux/gfp.h

#define alloc_pages(gfp_mask, order) \
al1oc_pages_node(numa_node_id(), gfp_mask, order)
#define alloc_pago_vma(gfp_mask, vma, addr) alloc_pages(gfp_mask, 0)

#define alloc_page(gfp_mask) alloc_pages(gfp_mask, 0)

static inline struct page *alloc_pages_node(int nid, gfp_t gfp_mask,
unsigned int order) {
if (unlikely(order >= MAX_ORDER)) return NULL;

/* Unknown node is current node */
if (nid < 0) nid = numa_node_id();

return _alloc_pages(gfp_mask, order, node zonelist(nid, gfp mask));

mm/page_alloc.c

| v
A\

struct page *

__alloc_pages(gfp_t gfp_mask, unsigned int order, struct zonelist *zonelist) {
return _ alloc_pages_internal(gfp_mask, order, zonelist, NULL);

}

anchen@us ed S i »#Chapter 8
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mm/page_alloc.c

unsigned long  get free pages(gfp t gfp mask, unsigned int order) {
struct page page;
page = alloc_pages(gfp _mask, order);
if (!page)
return 0;
return (unsigned long) page address(page);

=

include/linux/gfp.h

#define  get free page(gfp mask) \
__get free pages((gfp_mask),0)
#define  get dma pages(gfp_mask, order) \
__get free pages((gfp mask) | GFP_DMA, (order))

-~
A\
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mm/page_alloc.c

unsigned long get zeroed page(gfp_t gfp mask) {
struct page * page;
/*
* get zeroed page() returns a 32-bit address, which cannot represent
* a highmem page
*/
VM_BUG_ON((gfp_mask & _ GFP_HIGHMEM) != 0);
page = alloc_pages(gfp mask | _ GFP _ZERO, 0);
if (page)
return (unsigned long) page_address(page);
return 0;
}
v

o INMFHIE get free page i K& EZFETEATHSER
AE G T AR AR FO o
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TR EE > 12X Z@ORBETREST ARG - KEGEZE -
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XA e L Bk B F LR AL R AR, o
—RAEFHRERG ~ THHRoFfe LT RERGHETIEA
@ GFP_KERNEL »
BALAE BN 0 AR o
— R P #ARTREAMIGAZJIZFIER » AR HA
T AR A RE R Y
@ GFP DMA »
X &R FH A2 )7 F ZDMAR A& B¢

o *Tefp maskP # %4 E4L694 3L » % Minclude/linux/gfp.h
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mm/page_alloc.c

void  free pages(struct page *page, unsigned int order) {
if (put_page testzero(page)) {
if (order == 0)
free_hot_page(page);
else
_free pages ok(page, order);

A\

void free pages(unsigned long addr, unsigned int order) {
if (addr !'= 0) {
VM_BUG_ON(!virt_addr_valid((void *)addr));
__ free pages(virt_to _page((void *)addr), order);

#define  free page(page) _ free pages((page), 0)
#define free page(addr) free pages((addr),0)

anchen@ustc.edu.cn)
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page = _ get free page(GFP_KERNEL,3);
If (!'page){
[ REAERE > yEREAK > bR X EATEIIA KK/
}
/*M A page T F45 6 T 84N 42 T AE 69 AL 4b S M R hE "/

free pages(page,3);
/* A RAEBAER > TR 7% A 2t page T 4 A 8 Kotk Huhk 2 AT 421/
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Q@ Linux# & zonelt F & B Ik 2 694 A4 - BAMKAE A Gde R 89
FEHEZMA . EEBEERNRIEFT I Afree_area

include/1linux/mmzone.h

struct free area {
struct list_head free 1ist[MIGRATE_TYPES];
unsigned long nr_free;

b8
struct zone {

struct free area free area[MAX ORDER];
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© MAX_ORDERF{A

/* Free memory management - zoned buddy allocator. */
#ifndef CONFIG_FORCE MAX_ ZONEORDER

#define MAX_ORDER 11

#Helse

#define MAX_ORDER CONFIG_FORCE_MAX_ ZONEORDER

#Hendif

#define MAX ORDER NR PAGES (1 << (MAX_ORDER - 1))

@ mem mapZX 42

o PR M » AP HEA N MAFHL T RIE
o A mem mapZr ARG BT A zone P M A A
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o PRA¥ A YR X FLE 454 09 S b ke AL

mm/page_alloc.c

static void _ meminit zone init_ free lists(struct zone *zone) {
int order, t;
for_each_migratetype order(order, t) {
INIT LIST HEAD(&zone->free area[order].free list[t]);
zone->free_arealorder].nr_free = 0;

o fkA¥ & by A X451k

arch/x86/mm/init _32.c

void _ init mem_ init(void) {

/* this will put all low memory onto the freelists */
totalram pages += free all bootmem();

2 (xlanchen@ustc.edu.cn
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o NAMHEEEIL :
1548 X AKX > mm/page_alloc.c

o X4 :nr free
o B3 : free one page « free one page < _ free page ok <

__free pages
P __rmqueue < buffered_rmqueue <
get page from freelist < _ alloc_pages_internal <«

__alloc_pages

/*
* This is the ~ heart’ of the zoned buddy allocator.
*/
static struct page

Aiallocipagcsiintcrnal(gfp_t gfp_mask, unsigned int order,

struct zonelist *zonelist, nodemask_ t *nodemask ) {

%

get_page from freelist(gfp mask| GFP_HARDWALL, nodemask, order,
zonelist, high zoneidx, ALLOC_WMARK LOW|ALLOC_CPUSET);

page =
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/*
* get_page_from_freelist goes through the zonelist trying to allocate
* a page.
*/
static struct page * get page from freelist(gfp_t gfp mask, nodemask t *nodemask,
unsigned int order,

struct zonelist *zonelist, int high zoneidx, int alloc_flags) {

page = buffered rmqueue(preferred zone, zone, order, gfp mask);
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/*
* Really, prep_compound page() should be called from _ rmqueue bulk(). But
* we cheat by calling it from here, in the order > 0 path. Saves a branch

* or two.

*/
static struct page *buffered rmqueue(struct zone *preferred zone,
struct zone *zone, int order, gfp t gfp flags) {

;;(likely(order ==0)) {

} else {
spin_lock_irgsave(&zone->lock, flags);
page = _ rmqueue(zone, order, migratetype);
spin_unlock(&zone->lock);
if (!page)

goto failed;
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/*
* Do the hard work of removing an element from the buddy allocator.
* Call me with the zone->lock already held.
*/
static struct page * rmqueue(struct zone *zone, unsigned int order, int migratetype) {
struct page *page;

page =  rmqueue smallest(zone, order, migratetype);
if (unlikely(!page))
page = _ rmqueue_fallback(zone, order, migratetype);

return page;
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@ _ rmqueue_smallest()

fifree_area PRI B R ERGELFRAIE

/*
* Go through the free lists for the given migratetype and remove
* the smallest available page from the freelists
*/
static struct page * rmqueue smallest(struct zone *zone, unsigned int order,
int migratetype) {
unsigned int current_order;
struct free_area * area;
struct page *page;

/* Find a page of the appropriate size in the preferred list */

for (current_order = order; current_order < MAX_ORDER; ++current_order) {
area = &(zone—>free_area[current_order] hH
if (list_empty(&area—>free_list[migratetype])) continue;

page = list_entry(area->free_list[migratetype].next, struct page, lru);
1ist7de1(&page*>lru);
rmv_page_order(page);
area->nr_free—;
__mod_zone_page_state(zone, NR_FREE_PAGES, - (1UL << order));
expand(zone, page, order, current_order, area, migratetype);
return page;
}

return NULL;
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o expand ()4 4% 3| 69 & 4 %2 I TAE & B R 9 s AKAE
o MI—F BRI BE—FREEZRET

static inline void expand(struct zone *zone, struct page *page,

int low, int high, struct free area *area, int migratetype) {
unsigned long size = 1 << high;

while (high > low) {
area—;
high—;
size >>= 1;
VM_BUG_ON(bad_range(zone, &page[size]));
list_add(&page[size].lru, &area->free list[migratetype]);
area—>nr_free++;
set_page order(&page[size], high);

(xlanchen@ustc.edu.cn
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@ _free one page()BH—NEL TIEHLE| free_aread
o HEAH

static inline void Aifrccioncipagc(struct page *page,
struct zone *zone, unsigned int order) {

page_idx = page_to_pfn(page) & ((1 << MAX ORDER) - 1);
while (order < MAX_ORDER-1) {

buddy = _ page find_buddy(page, page idx, order);
if (!page_is_buddy(page, buddy, order)) break;

/* Move the buddy up one level. */
1ist_del(&buddy->1ru);
zone->free_arealorder].nr_free—;
rmv_page_order (buddy) ;
combined_idx = _ find_combined_index(page_idx, order);
page = page + (combined_idx - page_idx);
page_idx = combined_idx;
order++;

}

set_page_order(page, order);

list_add(&page->1ru,
&zone->free_arealorder].free_list[migratetype]);

zone->free_arealorder|.nr_free++;

xlanchen@ustc.edu.c i % #rChapter 8


mailto:xlanchen@ustc.edu.cn

WA B )2

o T #it fF FfoMem_map#k 42

@ Zone

o TR MIENEHE : MIEE

Zone_normal
|

Zone_highmem -

o~

Mem_map %k 28

16}

% AR E

% RAE & 2

896MB

= TAE 2

HEAR G
ZONE_DMA

ZHEE M (<36)

MEARE
ZONE_NORMAL

HEA G
ZONE_HIGHMEM

M (3GB~4GB-1)

(xlanchen@ustc.edu.cn

3GB 3G+16MB

3G+896MB 4GB-1

r 31, 2014

26 / A7



mailto:xlanchen@ustc.edu.cn

proc UM & 4 09 A4 & 4uE &

B2 7E‘/proc/buddy1nfo :
e cat /proc/buddyinfo

@ % N.Documentation/filesystems/proc.txt

o Kernel memory allocator information

@ Memory fragmentation is a problem under some workloads, and
buddyinfo is a useful tool for helping diagnose these
problems. Buddyinfo will give you a clue as to how big an
area you can safely allocate, or why a previous allocation
failed.

e Each column represents the number of pages of a certain
order which are available.
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@ SLOB Allocator: Simple List Of Blocks
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Figure 7-3. The slab allocator components
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include/linux/slab_def.h

/* Size description struct for general caches. */
struct cache_sizes {
size t cs_size;
struct kmem_cache *cs_cachep;
#ifdef CONFIG_ZONE_DMA
struct kmem_cache *cs_dmacachep;
#endif
b8

extern struct cache sizes malloc_sizes|[];

mm/slab.c

|
*
A\

* These are the default caches for kmalloc. Custom caches can have other sizes.
*/
struct cache sizes malloc sizes[] = {
#define CACHE(x) { .cs size = (x) },
#include <linux/kmalloc_sizes.h>
CACHE(ULONG_MAX)
#undef CACHE

xlanchenau edu.cn) S i »#rChapter 8 M 74 ober 31,
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/*
* struct slab
E3

* Manages the obJjs 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.
*/
struct slab {

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;

unsigned short nodeid;
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/*

* The slab lists for all obgjects.

*/

struct kmem 1ist3 {

struct list_head slabs_partial; /* partial list first, better asm code */
struct list_head slabs_full;

struct list_head slabs_free;

unsigned long free_obgjects;

unsigned int free limit;

unsigned int colour_next; /* Per-node cache coloring */
spinlock_t list_lock;

struct array_cache *shared; /* shared per node */
struct array_cache **alien; /* on other nodes */
unsigned long next_reap; /* updated without locking */
int free touched; /* updated without locking */
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7% /proc/slabinfo

@ Documentation/filesystems/proc.txt

@ The slabinfo file gives information about memory usage at
the slab level. Linux uses slab pools for memory management
above page level in version 2.2. Commonly used objects have
their own slab pool (such as network buffers, directory
cache, and so on).
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include/linux/vmalloc.h

struct vm_struct {
/* keep next,addr,size together to speedup lookups */
struct vm_struct *next;
void *addr;
unsigned long size;
unsigned long flags;
struct page **pages;
unsigned int nr_pages;
unsigned long phys_addr;
void *caller;

%

DEFINE_RWLOCK(vmlist_lock);
struct vm_struct *vmlist;

@ mm/vmalloc.c

o Vmalloc% %-fe—/~3F i 4 5 ff R
o VfreeB A EHELEMR A
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vmalloc() @ mm/vmalloc.c

Q@ vmalloc() - B—AN3EHELEMR

* vmalloc - allocate virtually contiguous memory

* @size: allocation size

* Allocate enough pages to cover @size from the page level

* allocator and map them into contiguous kernel virtual space.

* For tight control over page level allocator and protection flags
* use _ vmalloc() instead.
*/
void *vmalloc(unsigned long size) {
return _ vmalloc node(size, GFP_KERNEL | _ GFP_HIGHMEM, PAGE KERNEL,
-1, _builtin return_address(0));

xlanchene@u
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vmalloc() @ mm/vmalloc.c

@ _ vmalloc_node

WA __get vm_area_node() 4 fvm_structiE#y 7 4 B &L Mk % 7]
A vmalloc_area node() B4 IE T 15748 £ T A4t % 4

static void * vmalloc node(unsigned long size, gfp t gfp mask, pgprot t prot,
int node, void *caller) {
struct vm_struct *area;

size = PAGE_ALIGN(size);
if (!size || (size >> PAGE_SHIFT) > num physpages)
return NULL;

area = _ get vm area node(size, VM ALLOC, VMALLOC START, VMALLOC END,
node, gfp mask, caller);

if (larea)
return NULL;

return __vmalloc_area_node(area, gfp_mask, prot, node, caller);
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vmalloc() @ mm/vmalloc.c

@ set vm area node()%-Eovm_struct#y 7 9B &bk Ho ik F )

static struct vm_struct *  get vm area node(unsigned long size, unsigned long flags,
unsigned long start, unsigned long end, int node, gfp_t gfp_mask, void *caller) {

struct vm_struct **p, *tmp, *area;
unsigned long align = 1;
unsigned long addr;

BUG_ON(in_interrupt());

addr = ALIGN(start, align);
size = PAGE_ALIGN(size);

area = kmallocinode(sizeof(*area), gfp mask & GFP_RECLAIM MASK, node);

/* * We always allocate a guard page. */
size += PAGE_SIZE;

write_lock(&vmlist_lock);
for (p = &vmlist; (tmp = *p) != NULL ;p = &tmp->next) {
if ((unsigned long)tmp->addr < addr) {
if((unsigned long)tmp->addr + tmp->size >= addr)
addr = ALIGN(tmp->size + (unsigned long)tmp->addr, align);
continue;

, 2014
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vmalloc() @ mm/vmalloc.c

@ _ set vm_area_node() % Fvm_struct g 7 4Bl &M Huht % 7]

if ((size + addr) < addr) goto out;
if (size + addr <= (unsigned long)tmp->addr) goto found;
addr = ALIGN(tmp->size + (unsigned long)tmp->addr, align);
if (addr > end - size) goto out;

}

if ((size + addr) < addr) goto out;

if (addr > end - size) goto out;

found:
area—>next = *p;
*p = area;
area->flags = flags;
area->addr = (void *)addr;

area->size = size;
area—->pages = NULL;
area—>nr_pages = 0;
area—>phys_addr = 0;
area->caller = caller;
write_unlock(&vmlist_lock);
return area;

, 2014
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vmalloc() @ mm/vmalloc.c

@ _vmalloc_area node()

Q@ U—ANTIEH LILH BT EMER
O A Jmap_vm_area() % AR T & B4t

static void * vmalloc area node(struct vm_struct *area, gfp t gfp mask,
pgprot_t prot, int node, void *caller) {
struct page **pages;
unsigned int nr_pages, array_size, 1i;

e

nr_pages = (area->size - PAGEileE) >> PAGE _SHIFT;
array size = (nr_pages * sizeof(struct page *));

area—>nr_pages = Nr_pages;
/* Please note that the recursion is strictly bounded. */
if (array_size > PAGE_SIZE) {
pages = _ vmalloc_node(array_size, gfp mask | _ GFP_ZERO, P
AGE_KERNEL, node, caller);
area->flags |= VM_VPAGES;
} else {
pages = kmalloc node(array size,
(gfp_mask & GFP_RECLAIM MASK) | _ GFP_ZERO, node);
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vmalloc() @ mm/vmalloc.c

@ vmalloc_area node()

area->pages = pages;
area->caller = caller;

for (i = 0; i < area—>nr_pages; i++) {
struct page *page;
if (node < 0) page = alloc_page(gfp mask);
else page = alloc_pages_node(node, gfp mask, 0);

area->pages|[i] = page;
if (map_vm area(area, prot, &pages)) goto fail;
return area->addr;

fail:
}
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vmalloc() @ mm/vmalloc.c

@ map_vm_area() TR T & B4t

int map_vm_area(struct vm_struct *area, pgprot_t prot, struct page ***pages) {
pgd_t *pgd; unsigned long next;
unsigned long addr = (unsigned long) area->addr;
unsigned long end = addr + area->size - PAGE_SIZE;
int err;

BUG_ON(addr >= end);
pgd = pgd offset k(addr);
do {
next = pgd _addr_end(addr, end);
err = vmap_pud range(pgd, addr, next, prot, pages);
if (err) break;
} while (pgd++, addr = next, addr != end);
flush_cache vmap((unsigned long) area->addr, end);
return err;

(xlancheneu
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vmalloc() @ mm/vmalloc.c

@ map_vm_area() TR T & B4t

e vmap pud range—vmap pmd_range—vmap pte_ range

static int vmap pte range(pmd t *pmd, unsigned long addr,
unsigned long end, pgprot t prot, struct page ***pages) {
pte_t *pte;

pte = pte_alloc_kernel(pmd, addr);

if (!pte) return -ENOMEM;

do {
struct page *page = **pages;
WARN_ON(!pte_none(*pte));
if (!page) return -ENOMEM;
set_pte_at(&init mm, addr, pte, mk pte(page, prot));
(*pages)++;

} while (pte++, addr += PAGE _SIZE, addr !'= end);

return 0;
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JEE LR M R P ipage fault

o FELZMR FRIAT T ABA
o M : Rutgtinit mm> HMieE - ARTRAER AT

static int vmalloc fault(unsigned long address) {

unsigned long pgd_paddr;

pmd_t *pmd_k;

pte_t *pte_k;

/* Make sure we are in vmalloc area */

if (!(address >= VMALLOC_START && address < VMALLOC END)) return -1;

/*
* Synchronize this task’ s top level page-table

* with the ' reference’ page table.
*
* Do not_ use ~ current” here. We might be inside

*/
pgd_paddr = read cr3();
pmd_k = vmalloc_sync_one(__ va(pgd _paddr), address);

an interrupt in the middle of a task switch..

if (!pmd_k) return -1;

pte_k = pte_offset_kernel(pmd_k, address);
if (!pte present(*pte k)) return -1;
return 0;
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N2

) %ﬂ%ﬁ‘/proc/meminfo

o Provides information about distribution and utilization of
memory

e cat /proc/meminfo

o 2T H—MEM#E » % WDocumentation/filesystems/proc.txt
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The end.
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