Slab Allocator in Linux Kernel
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* Based on kernel 5.11 (x86_64) - QEMU
* 2-socket CPUs (4 cores/socket)

* 16GB memory

* Kernel parameter: nokaslr norandmaps
* KASAN: disabled

* Userspace: ASLR is disabled

* Legacy BIOS



Agenda

Slab & Buddy System

Slab Concept
o “Chicken or the egg” problem

o Will not focus the differences about slab/slub/slob: Lots of info about them in Internet.
o Note: SLUB is the default allocator since 2.6.23.

[Init & Creation] kmem_cache_init(): Let’s check the initialization detail
o How to initialize ‘boot_kmem_cache’ and ‘boot_kmem_cache _node’?
o What are freepointers?
o Data structures: kmem_cache & kmem_cache_node
o [Comparison] Generic kmem _cache_create() & low-level implementation __kmem_cache_create()

[Cache allocation] slab_alloc_node — Allocate a slab cache with specific node id
o Fast path & slow path

=  Will follow kmem_cache_init() flow

[Cache release/free] kmem _cache_free()
o Fast path & slow path

kmalloc & slab



Slab & Buddy System

glibc: malloc/free

brk/mmap User Space

Kernel Space

kmem_cache_alloc/kmem_cache_free
kmalloc/kfree

vmalloc l
l Slab Allocator
4 v
Buddy System
alloc_page(s), __get free_page(s)

[glibc] malloc

Balance between brk() and mmap()
Use brk() if request size < DEFAULT_MMAP_THRESHOLD_MIN (128 KB)

@)
@)

The heap can be trimmed only if memory is freed at the top end.
sbrk() is implemented as a library function that uses the brk() system call.

Use mmap() if request size >= DEFAULT_MMAP_THRESHOLD MIN (128 KB)

©)
©)
©)

The allocated memory blocks can be independently released back to the system.
Deallocated space is not placed on the free list for reuse by later allocations.
Memory may be wasted because mmap allocations must be page-aligned; and the
kernel must perform the expensive task of zeroing out memory allocated.

Note: glibc uses the dynamic mmap threshold

Detail: ‘man mallopt®




Slab Concept

Memory (object) \,

allocation —

* object = data structure

global list_head

}

Slab Allocator

slab Page #N
Slab Cache
(page order = 0)
slab Page #0
[ ]
[ ]
[
Page #N
Slab Cache
(page order = 1)
Page #1
slab
Page #0

slab object

slab object

slab object

slab object

slab object

slab object

slab object

slab object

slab object

slab object

slab object

slab object

slab object

slab object

slab object

slab object

slab object

slab object

slab object

slab object

4 objects
per page

2 objects
per page

1. Allocating/freeing data structures is the common operations in Linux kernel

2. Slab is a generic data structure-caching layer
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Node-based cache: freelist concept is implemented in page struct (not shown)



| h
Sab Cac e

percpu cache
roid init p h init {void
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Slab Allocator Initialization:
(o . )) erc u cache
Chicken or the egg” problem s

\ 4

kmem_cache_cpu (CPU #0)
struct page *page
void **freelist

kmem_cache = NULL struct page *partial
(Slab cache) *
[Slab Allocator Init] Just an example: Not in Linux kernel code __percpu *cpu_slab *
struct kmem cache *kmem cache; *node[MAX_NUMNODES]
kmem cache = kmem cache create ("kmem cache",

(struct kmem cache},
o, SLAE HWCACHE ATIGN, NULL) ;

A 4

kmem_cache node (Node #0)
struct list_head partial

Slab Cache] struct kmem_cache *kmem_cache
Slab Cache] struct kmem_cache *kmem_cache_node = NULL
kmem_cache_cpu (CPU #0)

kmem_cache_cpu (CPU #0)
struct page *page

\ 4

\ 4

struct page *page
void **freelist

kmem_cache \ struct page *partial void **freelist
(Slab cache) o kmem_cache = NULL struct page *partial
__percpu *cpu_slab e (Slab cache) e
__percpu *cpu_slab °

*node[MAX_NUMNODES]
Node-based CaChe A | *node[MAX_NUMNODES] ——
Node-based cache

kmem_cache_node (Node #0)| [Cannot work]] Allocafe from
struct list_head partial ‘kmem_cachq_rjode’ plab cache

A

-

kmem_cache_node (Node #0)
struct list_head partial

A




Slab Allocator Initialization:
“Chicken or the egg” problem

[Example] Slab allocator init for kmem_cache
struct kmem cache *kmem cache:;

kmem cache = kmem cache create("kmem cache",
(struct kmem cache},

0, SLAE HWCACHE ALIGN, NULL);

Slab Cache] struct kmem_cache *kmem_cache

kmem_cache_cpu (CPU #0)
struct page *page
void **freelist

struct page *partial
[ ]

\ 4

kmem_cache \
(Slab cache)
__percpu *cpu_slab
*node[MAX_NUMNODES]

Slab Cache] struct kmem_cache *kmem_cache = NULL

kmem_cache_cpu (CPU #0)

\ 4

kmem_cache = NULL
(Slab cache)

__percpu *cpu_slab

struct page *page
void **freelist

struct page *partial
[ ]

*node[MAX_NUMNODES]

Node-based cache

kmem_cache node (Node #0)
struct list_head partial

A 4

Slab Cache] struct kmem_cache *kmem_cache_node = NULL

kmem_cache_cpu (CPU #0)

\ 4

kmem_cache = NULL
(Slab cache)

__percpu *cpu_slab

R *node[MAX_NUMNODES]

Node-based cache

kmem_cache_node (Node #0)| [Cannot worl]
struct list_head partial

A

‘kmem_cachq_

—

llocage from
de’rab cache

struct page *page
void **freelist

struct page *partial
[ ]

Node-based cache

kmem_cache_node (Node #0)

A

struct list_head partial

— Who initializes global variables ‘kmem_cache’ and ‘kmem_cache_node’? .




Slab Allocator Initialization:

Ch|cken or the egg” problem

it proc_caches_init(
unsigned int mm_size;

sighand cachep = kmem cache create( sighand cache",
(struct sighand | struct),
SLAE HWCACHE ALIGN|SLAE PANIC|SLAE TYPESAFE BY RCU
SLAB ACCOUNT, sighand ctor)
signal

= kmem cache create(’

Slab Cache] struct kmem_cache *sighand_cachep

kmem_cache_cpu (CPU #0)
struct page *page

\ 4

void **freelist

kmem_cache \ struct page *partial
(Slab cache) .

__percpu *cpu_slab

*node[MAX_NUMNODES]

Slab Cache] struct kmem_cache *kmem_cache = NULL

kmem_cache_cpu (CPU #0)
struct page *page

\ 4

void **freelist

kmem_cache = NULL struct page *partial
(Slab cache) *

__percpu *cpu_slab

*node[MAX_NUMNODES]

Node-based cache

kmem_cache node (Node #0)

A 4

struct list_head partial

Node-based cache

T TVUE SNV [ 7 o P s Al MllAac~A~

Slab allocator: statically initialized ‘kmem_cache_boot’
Slob allocator: statically initialized ‘kmem_cache_boot’
Slub allocator: static local variables ‘boot_kmem_cache’ and ‘boot_kmem_cache_node’

I

Slab Cache] struct kmem_cache *kmem_cache_node = NULL

kmem_cache_cpu (CPU #0)
struct page *page
void **freelist

\ 4

kmem_cache = NULL struct page *partial
(Slab cache) e

__percpu *cpu_slab

—)

*node[MAX_NUMNODES]

~ ‘v-nm

Node-based cache




[Init & Creation] kmem cache init():
Let’s check the initialization detail

* How toinitialize ‘boot_kmem_cache’ and ‘boot_kmem_cache_node’?
 What are freepointers?
 Data structures: kmem_cache & kmem_cache node

e [Comparison] Generic kmem_cache_create() & low-level implementation
__kmem_cache_create()

* Call paths are based on SLUB (the unqueued slab allocator)



kmem cache init()

1. Declare two static variables ‘boot_kmem_cache’ and ‘boot_kmem cache_node’
2. Assign the addresses of two static variables to generic/global variables
kmem_cache_node = &boot_kmem_cache_node

A 4

kmem_cache = &boot_kmem_cache

A 4

\ 4

start_kernel mm_init kmem_cache_init

Calculate page order and objects per slab

—> calculate_sizes

’

Allocate/init ‘lkmem_cache_node

Y

structs for all CPU nodes (sockets)
init_kmem_cache_nodes

A 4

__kmem_cache_create

kmem_cache_open —_,|

create_boot_cache(kmem_cache_node, ...) }

Y

create_boot_cache(kmem_cache, ...)

Allocate/init a ‘lkmem_cache_cpu’ struct

kmem_cache = — alloc_kmem_cache_cpus

Y

bootstrap(&boot_kmem_cache)

\ 4

__alloc_percpu

kmem_cache_node =

\ 4

init_kmem_cache_cpus

bootstrap(&boot_kmem_cache_node)

Assign cpu id to

kmem_cache_cpu->tid

Y

setup_kmalloc_cache_index_table

\ 4

create_kmalloc_caches




kmem cache node/boot kme

1  init kmem cache init(void)

static _ initdata struct kmem cache boot kmem cache,
boot_kmem cache node;

kmem cache node = &boot kmem cache node;
kmem cache = &boot kmem cache;

create boot_ cache (kmem cache node, "kmem cache node",
© kmem cache node), SLAB HWCACHE ALIGN, 0, 0):

register hotmemory notifier (eslab memory callback nb);

structures

o allocate the per ncode

m_cache node init

object size = sizeof(struct kmem_cache_node) = 64

object size with alignment (SLAB_ HWCACHE_ALIGN: 64) = 64

calculate_sizes (): order=0

kmem_cache

slab

slab object #63

. 64 objects
per page

Page #0

slab object #0

* object = data structure

Slub allocator: A generic data structure-cache layer



kmem cache

node/boot kmem cache node init

object size = sizeof(struct kmem_cache_node) =

object size with alignment (SLAB_ HWCACHE_ALIGN: 64) =

64

(gdb) bt
#0 (s=<optimized out>)

at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/mm/slub.c:3589
#1 (flags=<optimized out>,

s=slentry=0xffffffffilbebial <boot kmem cache nodeX>)

at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/mm/slub.c:3845
#2 (s=slentry=0xffffffffElbebZal <boot kmem cache node>,

flags=<optimized out>)

at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/mm/slub.c:4451
#3 Oxffffffffelblbidb in (

s=sfentryv=0xffffffffE8lbebiZal <boot kmem cache node>,

| name=name@ ry=0xffffffff819186dc "kmem cache node", size=sizelentry=64,|

Tl c';.::—8192 :5%::::5%:2:5%::?:ea::e:::y=ﬂ,

usersize=userslzefentry=0])

at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/mm/slab common.c
:563
#4 Oxffffffffelblf44d in ()

at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/mm/slub.c:4385
#5 Oxffffffff81b00d4SS in ()

at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/init/main.c:832
#6 ()

at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/init/main.c:905
#7 Oxffffffffolb004%6 in (

real mode data=real mode datallentry=0x13al0 <bts ctxt+2576> <error: Cannot ac
cess memory at address 0x13a310>)

at KP me/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/arch/x86/kernel/
headed . c:525
%8 fofffffffﬂleGElB in (

real mode data=0x13al0 <bts ctx+Z576> <error: Cannot access memory at addres
s O0x13al10>)

at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/arch/x86&/kernel/
hezaded.c:506
#9 Oxfff£f££f££81000107 in ()




kmem cache/boot kmem cache init

+—— 17

init kmem cache init (void)

kmem cache node = &boot_kmem cache node:;
kmem cache = &boot_kmem cache:

"kmem cache

boot cache (kmem cache node,

/* Bble to allocate the per node structures */
slab_state = PARTIAL;

create_boot_cache (kmem_ cache, "kmem cache"™,
offsetof (struct kmem cache, node) +
nr node ids * {struc

SLAB HWCACHE ATLIGN, 0, 0};

lines: kmem cache = bootstrap(sboot kmem cache);

t kmem cache node *),

object size = offsetof(struct kmem_cache, node) +

nr_node_ids * sizeof(struct kmem_cache _node *)
nr_node_ids = 2 (2-socket guest OS)
object size =200+2 *8 =216

object size with alignment (SLAB_ HWCACHE_ALIGN: 64) = 256

calculate_sizes (): order=1

slab

kmem_cache

slab object

slab object
slab object

slab object

Page #1

slab object

slab object
slab object

slab object

16 objects
per page

Page #0

* object = data structure

Slab allocator: A generic data structure-cache layer



kmem cache/boot kmem cache init

3589 for each node state(node, N _NOEMAL MEMOERY) {
(gdb) bt
#0 s=<optimized out>)

#1 (flags=<optimized out>,
lentry=0xffffffff8lbed380 <boot kmem cache>)

flags=<optimized out>)

#3 Oxffffffffolblbi8db in (
=0xffffffffElbed380 <boot kmem cache>,

at fhomefad:;anfj't—”E“’fsz—L_rLA—"ed_—madefs::fl;nux—i.11fmmfslub.

s@
at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.
#2 s=slentryv=0xffffffff8lbad380 <boot kmem cachel>,

at /home/adrian/git-repo/gdb-linux—-real-mode/src/linux->5

Thread 1 hit Breakpoint 2, (s=<optimized out>)
——Type <RET> for more, g to guit, ¢ to continue without paging--
at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5

1

.11 /mm/slub.c:3589

n

:3589

1

11/mm/slub.c:3845

1

.11/ mm/slub.c:4451

#7 Oxffffffff81b004%€ in (
Cess memgry aE address ExlBaiDb]

at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.
headod . c: 525

s 0Ox13310>)

at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.
headed . c:506
#9 OxfffffFffFfE1000107 in ()

at Khomefadz;anfJ_t—:e;:fJQb—L;nux—:eaL—modefs::fl;nux—i

1563
#4 Oxffffffffe8lbifd48e in ()

at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5
#5 Oxffffffff81b00449%9 in ()

at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5
#6 ()

at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5

| name=rnamefentrv=0xffffffff819186ec "kmem cache", siz==216,]
.11/mm/slab common.c

L11/mm/slub.c:4393
.11/init/main.c:832
.11/init/main.c: 905

2fentry=0x132310 <bts_ctxz+2576&> <error: Cannot ac

11/arch/x8&é/kern=1l/

#8 Oxffffffff81bL005S1S in {
real mode data=0x13a3l10 <bts ctx+2576> <error: Cannot access memory at addres

11/arch/x8&é/kern=1l/

object size=200+2 *8=216




init_ kmem cache nodes()

Calculate page order and objects per slab

—> calculate_sizes

Allocate/init ‘lkmem_cache_node’

create_boot_cache(kmem_cache_node, ...)

A

__kmem_cache_create

A

kmem_cache_open |,/

structs for all CPU nodes (sockets)

init_kmem_cache_nodes

init_kmem_cache_nodes

Allocate/init a ‘kmem_cache_cpu’ struct

— alloc_kmem_cache_cpus

A 4

__alloc_percpu

A 4

init_kmem_cache_cpus

Assign cpu id to
kmem_cache_cpu->tid

\ 4

for_each_node_state()

slab_state == DOWN

Generic path

y

early_kmem_cache_node_alloc

n = kmem_cache_alloc_node()

Special (one-shot) path: v
Fix ‘chicken or the egg’ problem |n|t_kmem_fache_node

kmem_cache->node[node] = n




early kmem cache node alloc for ‘kmem cache node’

early_kmem_cache_node_alloc

—> page = new_slab(kmem_cache_node, ...)

\ 4

allocate_slab

Y

page = alloc_slab_page()

Y

page->slab_cache =s

| Update freepointers for
the allocated pages

> n = page->freelist

page->freelist =
get_freepointer(kmem_cache_node, n)

—>  kmem_cache_node->node[node] = n

> init_kmem_cache _node(n)

> inc_slabs_node

—»  add_partial(n, page, DEACTIVATE_TO_HEAD)




allocate slab() — freelist/freepointer configuration

early_kmem_cache_node_alloc

—> page = new_slab(kmem_cache_node, ...)

\ 4

allocate_slab

Y

page = alloc_slab_page()

Y

page->slab_cache =s

| Update freepointers for

the allocated pages

static local variable

boot_kmem_cache_node

—> n = page->freelist

page->freelist =

get_freepointer(kmem _cache_node, n)

—  kmem_cache_node->node[node] = n

> init_kmem_cache_node(n)

> inc_slabs_node

—»  add_partial(n, page, DEACTIVATE_TO_HEAD)

kmem_cache
(kmem_cache_node)

__percpu *cpu_slab

min_partial =5

size = 64

object_size = 64

offset =32

cpu_partial = 30

oo (order objects) = 64

max = 64

min = 64

inuse = 64

align =64

name =
“kmem_cache_node”

list

*node[MAX_NUMNODES]

page struct (slab, slob or slub)

struct list_head slab_list

struct page *next
struct

uolun

(Partial int pages

Page)

int pobjects

struct kmem_cache *slab_cache

void *freelist (first free object)

s_mem: first object - SLAB

counters - SLUB

[ =
> ruct inuse: 16 = 64
= struc - —
(SLUB) objects:15 = 64
frozen: 1=1

Page
@ ||, @
Q| Q
T|T (on
o |Oo «|O
K=y K=ol B K=x
D |0 (1%
ol ko] (@]
~ | ~t
A\

Reference functions: get_freepointer/set_freepointer




allocate slab() — freelist/freepointer configuration

static local variable

boot_kmem_cache_node

kmem_cache

page struct (slab, slob or slub)

(kmem_cache_node)

__percpu *cpu_slab
min_partial =5
size = 64
object_size = 64
offset = 32
cpu_partial = 30
oo (order objects) = 64
max = 64
min = 64

inuse = 64

align = 64
name =
“kmem_cache_node”

list
*node[MAX_NUMNODES]

struct list_head slab_list

c | struct struct page *next
=2
o | (Percpu )
int pages
2 | Partial Pag
Page) int pobjects

struct kmem_cache *slab_cache

void *freelist (first free object)

s_mem: first object - SLAB

counters - SLUB

c
> ruct inuse: 16 = 64
S struc -
(SLUB) objects:15 = 64
frozen:1=1

~
Page S~o

~

S
@ || 8 S
o |o <) *~~
o|oT o Sao
o |O «|O ~
O | T O
LTl Ly e &
o |® )
olo o
e~ | ~+
3UAC)

X + kmem_cache->size

X + kmem_cache->offset

slab o

X + kmem_cache->size * 2

slab object #0

X + kmem_cache->size

e

X

Page address = X

|:| freepointer in slab object: Point to the next slab object
(address: middle of object = avoid buffer overflow or underflow)

Reference functions: get_freepointer/set_freepointer

point to the next
free slab object



early kmem cache node alloc() — Get a slab object
from freelist

static local variable

mmg bOOt_kmem_cache_node

Get a slab object from page->freelist

kmem_cache
(kmem_cache_node)

page struct (slab, slob or slub)

__percpu *cpu_slab

min_partial =5

size = 64

object_size = 64

struct list_head slab_list

< | struct struct page *next
=
o | (Percpu }
int pages
2 | Partial Pag
Page) int pobjects

offset = 32

struct kmem_cache *slab_cache

cpu_partial =30

void *freelist (first free object)

A 4

Page
2 | 2B o8
(<O V) Q
O |T O
o |O «|O
O | T O
or [y Al
@D |0 (¢°]
(ol ko] (@]
& | —

kmem_cache_node

list_lock

nr_partial

struct list_head partial

»
L

oo (order objects) = 64

max = 64

s_mem: first object - SLAB

counters - SLUB

*node[MAX_NUMNODES]

c
min = 64 > uct inuse: 16 = 64 1
- = struc —
inuse = 64 (SLUB) objects:15 = 64
align =64 frozen: 1=20
name =
“kmem_cache_node”
list

nr_slabs

total_objects

struct list_head full

kmem_cache_node->node[node] = n

1 early_kmem_cache_node_alloc ]

—’Lpage = new_slab{kmem_cache_node, )J

L-‘ allocate_slab |

_.l

page = alloc_slab_page()

I

_.{

page->slab_cache =5

l

n = page->freelist

page->freelist =
get_freepointer(kmem_cache_node, n)

kmem_cache_node->node[node] = n 1

|

Update freepointers for the

allocated pages

init_kmem_cache_node(n) I

inc_slabs_node ]

T e e ey

add_partial(n, page, DEACTIVATE_TO_HEAD) |




early kmem cache node alloc() — Get a slab object
from freelist

static local variable

mmg bOOt_kmem_cache_node

Get a slab object from page->freelist

kmem_cache
(kmem_cache_node)

A 4

page struct (slab, slob or slub)

__percpu *cpu_slab

min_partial =5

size = 64

object_size = 64

kmem_cache_node

list_lock

nr_partial =0

struct list_head partial P

offset = 32

struct kmem_cache *slab_cache

cpu_partial =30

void *freelist (first free object)

oo (order objects) = 64

max = 64

s_mem: first object - SLAB
counters - SLUB

c

min = 64 g- truct inuse: 16 =1

- E struc - P
inuse = 64 (SLUB) objects:15 = 64
align = 64 frozen: 1=0

name =
“kmem_cache_node”
list

*node[MAX_NUMNODES]

Page

struct list_head slab_list wlo] [«

QL Q

c | struct | struct page *next alo|..|o

> (Percpu sl5| 15

o ] @D |0 (¢]
int pages

> | Partial pag 5] |2

q q A

Page) int pobjects

nr_slabs=0

total_objects =0

struct list_head full |42

kmem_cache_node->node[node] = n

1 early_kmem_cache_node_alloc ]

—’Lpage = new_slab{kmem_cache_node, )J

L-‘ allocate_slab |

_.l

page = alloc_slab_page()

I

_.{

page->slab_cache =5

l

Update freepointers for the

allocated pages

|

n = page->freelist ]

>

page->freelist =
get_freepointer(kmem_cache_node, n)

—o[ kmem_cache_node->node[node] = n 1

init_kmem_cache_node(n)

—

inc_slabs_node ]

|

add_partial(n, page, DEACTIVATE_TO_HEAD) |




early kmem cache node alloc() — Get a slab object
from freelist

static local variable

BN, 0t kmem_cache_node Get a slab object from page->freelist

A 4

kmem_cache a page struct (.slab, slob or §Iub) Page — kmem_cache_node
(kmem_cache_node) struct list_head slab_list | (o ist_lock
__percpu *cpu_slab c | struct struct page *next g g g nr_partial = 0
min_partial = 5 ) (Perc.pu int pages HEBE struct list_head partial |4
size =64 Partial . . - :: - nr_slabs =01
object_size = 64 Page) ez total_objects =0 64
offset = 32 — struct kmem_cache *slab_cache struct list_head full |4
cpu_partial = 30 void *freelist (first free object)
oo (order objects) = 64 s_mem: first object - SLAB | early_kmem_cache_node_alloc |
max = 64 = counters - SLUB —’Lpage = new_slab{kmem_cache_node, )J
min = 64 g- inuse: 16 =1 L’l:l
inuse = 64 S struct objects:15 = 64 allocate_slab
(SLUB)
align = 64 frozen: 1=0 —{  page = alloc_slab_page() |
”kmemnigz:?]: node” —’{ page->slab_cache =5 l
i < Update freepointers for the
*node[MAX_NUMNODES] aliocated pages
kmem_cache_node->node[node] = n | AR S 7 ]

page->freelist =
get_freepointer(kmem_cache_node, n)

>

—o[ kmem_cache_node->node[node] = n 1

—~I init_kmem_cache_node(n) I

> inc_slabs_node

add_partial(n, page, DEACTIVATE_TO_HEAD) |




early kmem cache node alloc() — Get a slab object
from freelist

static local variable

Y
A

list_head

A 4

kmem_cache [ Pase struct (.slab, slob or §Iub) Page | kmem_cache node
(kmem_cache_node) struct list_head slab_list « ;;, ng_,_ ;j list_lock
__percpu *cpu_slab c | struct struct page *next olo|-|g nr_partial =6 1
min_partial = 5 ) (Perc.pu int pages HEBE struct list_head partial [«
size =64 I;artla)l yy nr_slabs=1
- - age i i
object_size = 64 8 ez total_objects = 64
offset = 32 — struct kmem_cache *slab_cache struct list_head full |42
cpu_partial = 30 void *freelist (first free object)
= : - - I early_kmem_cache_node_alloc ]
oo (order objects) = 64 s_mem: first object - SLAB
max = 64 = counters - SLUB —’[page = new_slab{kmem_cache_node, )J
g > q
min = 64 = truct inuse: 16 =1 L—‘ allocate_slab |
struc - S
inuse = 64 > . objects:15 = 64
(SLUB)
align = 64 frozen:1=0 —»|  page = alloc_slab_page() |
name = —’{ page->slab_cache =5 ]
“kmem_cache_node”
i | Update freepointers for the
allocated pages
*node[MAX_NUMNODES] por
kmem_cache_node->node[node] = n ] n = page->freelist |

page->freelist =
get_freepointer(kmem_cache_node, n)

>

—-I kmem_cache_node->node[node] = n ]

_’I init_kmem_cache_node(n) I

—> inc_slabs_node

H add partial(n, page, DEACTIVATE TO HEAD)! |




early kmem cache node alloc(): configure node #0

A 4
A

list_head
static local variable

boot kmem cache node Get a slab object from page->freelist

\ 4
kmem_cache N page struct (slab, slob or slub) Page o T I ——
. . <- — —
(kmem_cache_node) struct list_head slab_list | (2 it ok
o o|o o
__percpu *cpu_slab c | struct struct page “next olg||e nr_partial = 1
min_partial = 5 o (:erC.P': int pages g' g g struct list_head partial [«
size = 64 Partla) ’y nr_slabs =1
- - age i i
object_size = 64 : Il prelaffecis total_objects = 64 CONFIG_SLUB_DEBUG =y
offset = 32 struct kmem_cache *slab_cache struct list_head full
cpu_partial = 30 void *freelist (first free object)
oo (order objects) = 64 s_mem: first object - SLAB
max = 64 c counters - SLUB
min = 64 g- truct inuse: 16 =1
- = = struc T
inuse = 64 (SLUB) objects:15 = 64
align =64 frozen: 1=0
name =
“kmem_cache_node”
list
*node[MAX_NUMNODES]

kmem_cache_node->node[node] = n

Allocate slab page(s) for kmem_cache node struct allocation: Fix “the chicken or egg problem”



early kmem cache node alloc

configure node #0

(gdb) bt 2
#0

at /home/adrian/git-repc

#1
at /home/adrian/git-repc
(More stack frames follow...]
(gdb) p s—->node[0]
313 = (struct kmem cache node *)
(gdb) p *s->node[0]
514 = {
list lock = {
{
rlock = {
raw_lock = {
{
val = {
counter = 0
T

locked = 0 "\00O0"',
pending = 0 "\00O'
br

tail = 0

T
nr partial = 1,
partial = {
next Ouffffead004001008,
prev = Oxffffeal004001008
T

nr_slabs = {
counter = 1
T
total cbhjects = {
counter = &4
T
full = {
next = 0xffff888100040030,

prev = Oxffff888100040030
}

locked pending = 0,

Sde=1)

linux-real-mc Sr

—DxffffffffBlbebZaD (boot kmem cache node>)

linux-real-mc src

Oxf£f£f£888100040000

A

A 4

list_head

h slab object from page->freelist

\ 4
Page » kmem_cache_node
N | 1 (%]
b o | |o list_lock
5 (o o :
b [o ..o nr_partial =
P 18| |&
3 8 8 struct list_head partial [«
X nr_slabs =1
total_objects = 64 CONFIG_SLUB_DEBUG =y
struct list_head full




early kmem cache node alloc(): configure node #0

static local variable

mmg POOt_kmem_cache_node

kmem_cache <

(global variable: kmem_cache_node)

__percpu *cpu_slab = NULL
min_partial =5

size = 64

object_size = 64
offset = 32
cpu_partial = 30
oo (order objects) = 64
max = 64
min = 64
inuse = 64
align = 64

name =
“kmem_cache_node”

list
*node[MAX_NUMNODES]

page struct (slab, slob or slub)

struct list_head slab_list «
c | struct struct page *next
=}
o | (Percpu )
int pages
> | Partial pag
Page) int pobjects

struct kmem_cache *slab_cache
void *freelist (first free object)

» list_head [«
Get a slab object from page->freelist
\ 4
Page | » kmem_cache_node
(20 B%) (%) .
ol|lo| (o list_lock
O |T (o
L lo |o|..|o nr_partial = 1
Ko Ko B Ko
8 g 8 struct list_head partial [«
7y nr_slabs =1
total_objects = 64 CONFIG_SLUB_DEBUG =y
struct list_head full

s_mem: first object - SLAB
counters - SLUB

c

g- truct inuse: 16 =1

> (SS[::;) objects:15 = 64
frozen:1=0

kmem_cache_node->node[node] = n

(gdb) p s-»node[0]->partial
523 =

next =
prev =

Oxffffead00d4001008,
Oxffffeald004001008
i
(gdb) p (({struct page *)
524 = (struct kmem cache *)
(gdb) p ((struct page *)
525 = (wvoid *)
(gdb)
Dxfff£fE88100040060:

Uxffffeali04001000)->slab cache

Oxffffffff8lbebial <

Oxffffeal004001000) ->»freelist
Oxff£f£fEEE100040040
x /g Oxffff888100040060

Dxff££E88100040080




early kmem cache node alloc(): Fully-configured

list_head

A 4

A

static local variable

mmg POOt_kmem_cache_node

Get a slab object from page->freelist

\ 4
kmem_cache < £z i (S, slely on el Page » kmem_cache_node
(global variable: kr;em_cache_node) A struct list_head slab_list <« oo g Est_lock_
__percpu *cpu_slab = NULL c | struct struct page *next _g g_- . g nr_partial = 1
min_partial = 5 o (Perc.pu int pages oo |2 struct list_head partial [«
size = 64 FEE] ' _ — = nr_slabs=1
e = Page) int pobjects ot lobiec e CONFIG_SLUB_DEBUG =y
offset = 32 struct kmem_cache *slab_cache struct list_head full
cpu_partial =30 void *freelist (first free object) °
oo (order objects) = 64 s_mem: first object - SLAB (]
max = 64 c counters - SLUB » kmem_cache_node
min = 64 g- inuse: 16 =1 list_lock
inuse = 64 > (sstlt;;t) objects:15 = 64 nr_partial =1
align = 64 frozen: 1=0 struct list_head partial
name = nr_slabs=1
”kmem_c;\;:the_node" total_objects = 64

*node[MAX_NUMNODES]

struct list_head full

kmem_cache_node->node[node] = n




early kmem cache node alloc(): Fully-configured

static local variable

mmg POOt_kmem_cache_node

A 4

list_head

A

Get a slab object from page->freelist

A 4

kmem_cache_node

list_lock

nr_partial = 1

A

struct list_head partial

Page >
v (v %8
QL Q
O |T (o
|0 |.«|O
O | T o
el Lty e &
D |0 D
(oN ko) (@]
— | —+

A

nr_slabs =1

total_objects = 64

struct list_head full

A 4

kmem_cache_node

list_lock

nr_partial = 1

struct list_head partial

nr_slabs =1

total_objects = 64

page struct (slab, slob or slub)
kmem_cache i e rosdeab | .
(global variable: kmem_cache_node) struct list_head slab_list
__percpu *cpu_slab = NULL c | struct struct page *next
i ial = o | (Percpu .
min_partial =5 S ( P int pages
T Partial
object_size = 64 Page) int pobjects
O - aa st kmem_cache *slab_cache
#0 (s=0xffffffff81bed380 <boot kmem cache>, d *freelist (first free object)
enamsGentzy=0xEETTILLEB19106ec Mmen cache”, size=216, s_mem first object - SLAB
¥ == £ L = - = B £ L = = ..__._ r
=0) counters - SLUB
cao o/gdb-linux-real-mode/src/linux-5.11/mm/slab common.c inuse: 16 = 1
: struct -
#1 Oxffffffffalblf48e in () (SLUB) objects:15 = 64
at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/mm/slub.c:4393 frozen: 1=0
(More stack frames follow...)
(gdb) p kmem cache node
59 = (struct kmem cache %) OxffffffffilbebZal < >
(gdb) p kmem_cache_node—>node[D]—}partial
510 = {
next = Oxffff=eal004001008, _
prev = Oxffffea0004001008 ache_node->node[node] = n
}
(gdb) p ((struct page *) O0xffffeal004001000)->freelist
511 = (wvoid *) O0xffff8E88100040040
(gdb) p kmem cache node->node [1]->partial
512 = {
next = 0xffffeal002000008,
prev = 0xffffeald009000008
}
(gdb) p ((struct page *) O0xffffeal00%000000)->freelist
513 = (wvoid *) OxffffE888240000040

struct list_head full




[Comparison] Generic kmem_ cache create() & low-level implementation
__kmem cache create()

A 4

start_kernel mm_init

\ 4

kmem_cache_init

A 4

Calculate page order and objects per slab

—>

calculate_sizes

create_boot_cache(kmem_cache_node, ...) }

__kmem_cache_create

v

kmem_cache_open [,/

A 4

create_boot_cache(kmem_cache, ...)

Allocate/init a ‘lkmem_cache_cpu’

Ly

alloc_kmem_cache_cpus

Allocate/init ‘’kmem_cache_node’
structs for all CPU nodes (sockets)

init_kmem_cache_nodes

struct

A\ 4

__alloc_percpu

\ 4

init_kmem_cache_cpus

Assign cpu id to
kmem_cache_cpu->tid

kmem_cache_create

A 4

kmem_cache_create_usercopy

A 4

__kmem_cache_alias

find_mergeable

A

Allocate a ‘kmem_cache’ struct from
a global variable ‘kmem_cache’

—]

kmem_cache_zalloc

A 4

kmem_cache_alloc

y

slab_alloc

A

slab_alloc_node

e

A 4

create_cache

kmem_cache_create

- list_add(&s->list, &slab_caches)




[Cache allocation] slab alloc node —
Allocate a slab cache with specific node id

* Fast path & slow path
o Will follow kmem_cache_init() flow



kmem cache init()

1. Declare two static variables ‘boot_kmem_cache’ and ‘boot_kmem cache_node’
2. Assign the addresses of two static variables to generic/global variables
kmem_cache_node = &boot_kmem_cache_node
kmem_cache = &boot_kmem_cache

A 4

A 4

\ 4

start_kernel mm_init kmem_cache_init

—> calculate_sizes

Allocate/init ‘lkmem_cache_node’

Y

A 4

__kmem_cache_create kmem_cache_open —1,l init_kmem_cache_nodes

create_boot_cache(kmem_cache_node, ...) } structs for all CPU nodes (sockets)

Y

create_boot_cache(kmem_cache, ...)

Allocate/init a ‘lkmem_cache_cpu’ struct

kmem_cache = — alloc_kmem_cache_cpus

Y

bootstrap(&boot_kmem_cache)

\ 4

__alloc_percpu

kmem_cache_node =

\ 4

Y

init_kmem_cache_cpus

bootstrap(&boot_kmem_cache_node)

Assign cpu id to

kmem_cache_cpu->tid

Y

setup_kmalloc_cache_index_table

\ 4

create_kmalloc_caches




kmem cache: init_ kmem_ cache nodes()

\ 4

kmem_cache_cpu

void **freelist

init_kmem_cache_nodes

tid (transaction id) = cpu id

struct page *page

struct page *partial

stat[NR_SLUB_STAT_ITEMS]

boot_kmem_cache
static variable

kmem_cache

(global variable: kmem_cache)

__percpu *cpu_slab

min_partial =5

size = 256

object_size =216

offset =112

cpu_partial =13

oo (order objects) = 0x10020

max = 0x10020

min = 0x10

inuse = 216

align = 64

name = “kmem_cache”

list

*node[MAX_NUMNODES]

for_each_node_state()

slab_state == DOWN

lGeneric path
early_kmem_cache_node_alloc n = kmem_cache_alloc_node()
. . v
SPe,c'a,' {one-shot) pattl. init_kmem_cache_node
Fix ‘chicken or the egg’ problem v

kmem_cache->node[node] = n

Allocate from global variable ‘kmem_cache_node’
* init_kmem_cache_nodes -> kmem_cache_alloc_node

Y

kmem_cache_node

list_lock

nr_partial =0

struct list_head partial

nr_slabs=0

total_objects=0

CONFIG_SLUB_DEBUG =y

struct list_head full

kmem_cache_node->node[node] = n

Y

kmem_cache_node

list_lock

nr_partial =0

struct list_head partial

O

nr_slabs=0

total_objects =0

struct list_head full




kmem cache alloc node/slab alloc node

kmem_cache_alloc_node

node_id

A 4

Y

slab_alloc

v

kmem_cache_alloc

NUMA_NO_NODE

slab_alloc_node

A

A 4

kmalloc_node __kmalloc_node

node_id

Ic->freelist or Y

c->page &&
Ic->freelist

y

lc-> page

__slab_alloc

\ 4

get_freelist-> cmpxchg_double_slab

A 4

Get a slab object from page->freelist

Ic->page && c->partial

Get partial page from percpu cache

slab_alloc

A 4

Get a slab object from c->freelist

this_cpu_cmpxchg_double()

lc->page && !c->partial

\ 4

c->page = slub_percpu_partial(c)

Get partial page from node cache
(kmem_cache_node)

get_partial

» new_slab_objects

new_slab allocate_slab

A

A 4

alloc_slab_page

Allocate pages from
Buddy system




Fast Path

percpu cache percpu cache
\ 4 \ 4
P Page
ol 2 clels] [5
T IR O O |T|T (on
| kmem_cache_cpu olbl..l kmem_cache_cpu il D D I D
(CPU #0) SE| = (CPU #0) R 12
struct page *page = = struct page *page ad kad kad M 5
| . X
void **freelist get a slab object void **freelist
kmem cache struct page *partial v E— struct page *partial v
- . Page [« Page . Page <« Page
(Slab cache) ™ n |un wn w|wn ©n ° w v 7 [N (%) %)
" vl |z ool (& ool |& olo| |
__percpu *cpu_slab | kmem_cache_cpu olo| |o olo| |o kmem_cache_cpu olo| |o olo| |o
=S| 1S =SS (CPU #N) e |e AR
(CPU #N) el e oyt P SE| S| 3
struct page *page 2y pe Q e pe S struct page *page el pot al e pat e
void **freelist void **freelist
struct page *partial struct page *partial

Get a slab object from kmem_cache_cpu->freelist



slab alloc_node(): slowpath #1 — Get an object from node’s partial page

node_id

kmem_cache_alloc_node

A 4

A
y

kmem_cache_alloc slab_alloc slab_alloc_node

NUMA_NO_NODE %

A 4

kmalloc_node __kmalloc_node

node_id

m get_freelist-> cmpxchg_double_slab

c->page && *| Get a slab object from page->freelist
Ic->freelist
Y
. Get partial page from percpu cache
Ic->freelist or Y _ N lc->page && c->partial ,
| __slab_alloc > slab_alloc » c->page = slub_percpu_partial(c)
lc-> page —
N
Get partial page from node cache
(kmem_cache_node)
_y ' Ic->page && !c->partial get_partial
Get a slab object from c->freelist .
: » new_slab_objects
this_cpu_cmpxchg_double()

allocate_slab

\ﬂ new_slab |

alloc_slab_page

A

Allocate pages from
Buddy system




Slowpath #1 — Get an object from node’s partial page

static local variable

—
boot_kmem_cache_node

kmem_cache_cpu

kmem_cache

(global variable: kmem_cache_node)

Allocate a slab object
from node #0

static local variable

T

kmem_cache
(kmem_cache)
*node[]

Allocate slab objects
for node[0] & node[1]

__percpu *cpu_slab

(CPU #N)
struct page *page = NULL
/ void **freelist = NULL

Move node’s partial page

min_partial =5

size = 64

object_size = 64

offset =32

cpu_partial = 30

oo (order objects) = 64

struct page *partial = NULL (slab) to percpu cache

Get a page (slab) from kmem_cache_node

max = 64

min = 64

inuse = 64

align = 64

name =
“kmem_cache_node”

list

*node[MAX_NUMNODES]

» kmem_cache_node (node 0) page struct (slab, slob or slub): node #0
list_lock struct list_head slab_list
nr_partial = 1 § struct struct page *next
struct list_head partial < S | (Partial int pages
nr_slabs = 1 Page) int pobjects list_head |«
total_objects = 64 struct kmem_cache *slab_cache
struct list_head full void *freelist (first free object) — C—
s_mem: first object - SLAB T T "
c counters - SLUB 212 s
kmem_cache_node (node 1) > inuse: 16 = 1 olglgf|e
list_lock > (sst[luJ;t) objects:15 = 64 g g g g
nr_partial = 1 frozen:1=0 A
struct list_head partial
nr_slabs =1 9
total_objects = 64 Get a page (slab) from ‘partial’ member

struct list_head full
*node[MAX_NUMNODES]

Y

page struct (slab, slob or slub): node #1




Slowpath #1 — Get an object from node’s partlal page

static local variable

—
boot_kmem_cache_node

kmem_cache

(global variable: kmem_cache_node)

Allocate a slab object
from node #0

static local variable

T

kmem_cache
(kmem_cache)
*node[]

Allocate slab objects
for node[0] & node[1]

__percpu *cpu_slab

min_partial =

size = 64

object_size = 64

offset =32

cpu_partial = 30

oo (order objects) =

max = 64

min = 64

inuse = 64

align = 64

name =
“kmem_cache_node”

list

*node[MAX_NUMNODES]

struct list_head partial

nr_slabs =1

total_objects = 64

struct list_head full

*node[MAX_NUMNODES]

(gdb) bt 2
Fo (c=0xff£f888237c211a0, flags=3264, n=0xff£££888100040000,
s=0xffffffff8lbebial <boot_kmem cache node>)
at Jhome/adrian/git-repc 1*r—_;::x—_73_—”'i% src/linux-5.11/mm/slub.c:1964
F1 (c=0xff£f£ff888237cillal, le=0, flags=32¢4,
s=0xffffffffBlbebial <boot kmem cache node =)
at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/mm/slub.c:2072
(More stack frames follow...)
(gdk) p kmem cache node
25 = (struct kmem cache *) OxffffffffilbebZal <
(gdb) p kmem cache node->node[0]
526 = (struct kmem cache node *) Oxffff888100040000
(gdk) p kmem cache node->node[l]
27 = (struct kmem cache node *) 0xffffE88240000000
» kmem_cache_node (node 0) page struct (slab, slob or slub): node #0
list_lock struct list_head slab_list
nr_partial = 5 struct struct page *next
struct list_head partial < S | (Partial int pages
nr_slabs = 1 Page) |ntfobjects list_head |«
D m—— struzltﬂljfmerln_c(a:cche]c sIabBcach)e
- Voi reelist (first free object
Sl s_mem: first object - SLAB Pa
(20 K72 %) (%]
c counters - SLUB oo |
kmem_cache_node (node 1) > inuse: 16 = 1 =N <R [N Ry [}
list_lock > (sst[luJ;t) objects:15 = 64 21818 |8
nr_partial = frozen:1=0 A

Get a page (slab) from ‘partial’ member

Y

page struct (slab, slob or slub): node #1




Slowpath #1 — Get an object from node’s partial page

(gdb) p n->partial
| static local variable 535 = {
boot_kmem_cache_node " H next = Uxffffealdi04001008,
> mem_cache_cpu prev = 0xffffea0004001008
CPU #N) }
kmem_cache ( N . .
(global variable: kmem._cache_node) struct page *page = NULL <-':lg-:;q-:i_‘t::j_ o |[ {sz.ru_ct pagfa .:.-:I Oxffffeald004001000)->freelist
/- void **freelist = NULL 36 = (wvoid *) Oxff£f£f888100040040

Allocate a slab object __percpu *cpu_slab / - (gdb) p ((struct page *) 0xffffeal004001000)->inuse

- - struct page *partial = NULL 537 = 1

from node #0 min_partial = 5 i .
size - 64 (gdb) p ((struct page *) 0xffffeall04001000)->cbjects
static local variable bject size = 64 p30 - 62
e =
PRI iR Get a page (slab) from kmem_cache_node
boot_kmem_cache | offset = 32 - -
T cpu_partial = 30
kmem_cache oo (order objects) = 64 » kmem_cache_node (node 0) page struct (slab, slob or slub): node #0
(kmem_cache) max = 64 list_lock struct list_head slab_list
*node(] min = 64 nr_partial = 1 S | struct struct page *next
fAIIocate slab objects inuse = 64 struct list_head partial < S | (Partial int pages
or node[0] & node([1] align = 64 nr_slabs = 1 Page) int pobjects list_head
) name = ) |0 s = (64 struct kmem_cache *slab_cache
kmem_cache_node — void *freelist (first free object) —
list struct list_head full Page
s s_mem: first object - SLAB —To T —
node[MAX_NUMNODES] : counters - SLUB sloly| (@
kmem_cache_node (node 1) > inuse: 16 = 1 olglel|s
, 5 struct ———— %o lz]| [
Ilst_I?ck (SLUB) objects:15 = 64 alala Q
nr_partial = 1 frozen:1=0 A
struct list_head partial
nr_slabs =1 9
total_objects = 64 Get a page (slab) from ‘partial’ member
struct list_head full
*node[MAX_NUMNODES)] » page struct (slab, slob or slub): node #1




Slowpath #1 — Get an object from node’s partial page

static local variable

—
boot_kmem_cache_node
R kmem_cache_cpu
kmem_cache (CPB #N)
(global variable: kmem_cache_node) struct page "page = NULL
- e , )
Allocate a slab object " percpu *cpu_slab / Str\:zltd a ire;el;srtt iaIN=UI\Il-IL-J . Move node’s partial page
from node #0 min_partial = 5 page "p (slab) to percpu cache
size = 64
static local variable biect size = 64
= Get a page (slab) from kmem_cache_node
boot_kmem_cache | offset = 32 — —
f cpu partial =30 (gdb) P *(struct kmem cache cpu *) ({uns igned long) kmem cache node->cpu slab H
= Sgs base)
kmem_cache oo (order objects) = 64 > kmem_csﬁ =
(kmem_cache) max = 64 freelist = 0x0 < >,
*nodel] min = 64 tid = 0,
- - rage = 0x0 < >,
Allocate slab objects inuse = 64 stru{ partial = 0x0 < N
for node[0] & node[1] align = 64 i
) name = ) — _objects —ea struct kmem_cache *slab_cache =1
kmem_c?che_node struct_list head full void *freelist (first free object) —
et [ = s_mem: first object - SLAB = mpi 5 —
node[MAX_NUMNODES] _ p——TT SlE|5| |5
kmem_cache_node (node 1) > ruct inuse: 16 = 1 =N (=N [ L} [
list_lock > (Ss[lu_];) objects:15 = 64 21818 |8
nr_partial = 1 frozen:1=0 4

struct list_head partial
nr_slabs =1 9
total_objects = 64
struct list_head full
*node[MAX_NUMNODES]

Get a page (slab) from ‘partial’ member

Y

page struct (slab, slob or slub): node #1




Slowpath #1 — Get an object from node’s partial page

static local variable

—
boot_kmem_cache_node

kmem_cache
(global variable: kmem_cache_node)

Allocate a slab object
from node #0

static local variable

T

kmem_cache
(kmem_cache)
*node[]

Allocate slab objects
for node[0] & node[1]

__percpu *cpu_slab

min_partial =5

size = 64

object_size = 64

offset =32

cpu_partial = 30

oo (order objects) = 64

max = 64

min = 64

inuse = 64

align = 64

* node[0]: allocated

name =
“kmem_cache_node”

list

*node[MAX_NUMNODES]

kmem_cache_cpu
(CPU #N)

struct page *page

void **freelist

struct page *partial = NULL

—

kmem_cache_node (node 0)

» page struct (slab, slob or slub): node #0
struct list_head slab_list = invalid
5. struct struct page *next )
S | (Partial i e . Re'Furn this
Page) int pobjects /7 object address
struct kmem_cache *slab_cache '\
void *freelist (first free object) = NULL \\ Page
s_mem: first object - SLAB v lv|xn n
QL L Q
= counters - SLUB o oo o
s - olofo]:]|o
5 truct inuse: 16 = 64 % % % %
=] Struc . . _ ala(a a
(SLUB) objects:15 = 64 -
frozen: 1=1

list_lock

nr_partial =0

struct list_head partial

nr_slabs =1

total_objects = 64

struct list_head full

kmem_cache_node (node 1)

list_lock

nr_partial = 1

page struct (slab, slob or slub): node #1

struct list_head partial

[

nr_slabs =1

total_objects = 64

struct list_head full

*node[MAX_NUMNODES]



Slowpath #1 — Get an object from node’s partial page

static local variable

—
boot_kmem_cache_node

kmem_cache
(global variable: kmem_cache_node)

Allocate a slab object
from node #0

static local variable

T

kmem_cache

(kmem_cache)
*node[]

Allocate slab objects

for node[0] & node[1]
* node[0]: allocated

__percpu *cpu_slab

min_partial =

size = 64

object_size = 64

offset =32

cpu_partial = 30

oo (order objects) =

max = 64

min = 64

inuse = 64

align = 64

name =
“kmem_cache_node”

list

*node[MAX_NUMNODES]

» page struct (slab, slob or slub): node #0
struct list_head slab_list = invalid
kmem_cache_cpu S | struct ~ struct p_age *next
CPU #N = i
stru(ct page *F)Jage S | (Partial int pages v Re'Furn this
e Page) int pobjects /7 object address
vol " ree. If struct kmem_cache *slab_cache '\
2vepaechiant SIS void *freelist (first free object) = NULL ‘\\ Page
s_mem: first object - SLAB v lv v n
QL L Q
= counters - SLUB o|o|C o
S — sigle|[s
S struct o | (2
> objects:15 = 64 &5 =
(SLUB) 7'y
frozen:1=1
—:| kmem_cache_node (node 0) |
(gdb) bt 1
#G (s=sBentryv=0xffffffffilbebial <boot kmem cache node>, gfpfla
=gfpfl: lentry=3264, cde=<optimized out>», nodesfen "—G addr=addrlientry=18446&7
44&?15?99?562? :—{optimlzed out>} at /home/adrian/git-repo/gdb-linux-real-mode
sro/linux-5.11/mm/slub.c:2730
(More stack frames follow .
(gdb) p *(struct kmem cache cpu *) ((unsigned long) kmem cache node->cpu slab +
$gs_base)
$1 = {
freelist = Oxff£f£f888100040080,
tid = 1,
rage = Uxffffea0004001000,
partial = 0x0 < >
}
(gdb) p ((struct page *) 0xffffeal004001000)->inuse
52 = 64
(gdb) p ((struct page *) O0xffffeal004001000)->cbjects
53 = 64
(gdb) p ((struct page *) 0xffffeal004001000)->frozen
54 = 1




Slowpath #1 — Get an object from node’s partial page

static local variable

—
boot_kmem_cache_node

0

kmem_cache
(global variable: kmem_cache_node)

Allocate a slab object
from node #1

static local variable

T

kmem_cache
(kmem_cache)
*node[]

Allocate slab objects
for node[0] & node[1]

__percpu *cpu_slab

min_partial =5

size = 64

object_size = 64

offset =32

cpu_partial = 30

oo (order objects) = 64

max = 64

min = 64

inuse = 64

align = 64

* node[0]: allocated

name =
“kmem_cache_node”

list

*node[MAX_NUMNODES]

kmem_cache_cpu
(CPU #N)

struct page *page

void **freelist

struct page *partial = NULL

A 4

page struct (slab, slob or slub): node #0

struct list_head slab_list = invalid

2

percpu page’s node
is mismatch

5. struct struct page *next
S | (Partial int pages
Page) int pobjects
struct kmem_cache *slab_cache
void *freelist (first free object) = NULL Page
s_mem: first object - SLAB v lv|xn n
QL L Q
= counters - SLUB o |T T o
S - ololof..|o
5 truct inuse: 16 = 64 % TOD'. % .r_C;'
=} struc R . _ s} k=N [s} a
(SLUB) objects:15 = 64 -

frozen:-1 =1

—

kmem_cache_node (node 0)

list_lock

nr_partial =0

struct list_head partial

nr_slabs =1

total_objects = 64

struct list_head full

kmem_cache_node (node 1)

list_lock

9;

nr_partial = 1

page struct (slab, slob or slub): node #1

struct list_head partial

nr_slabs =1

total_objects = 64

struct list_head full

*node[MAX_NUMNODES]

eactivate_slab(): Remove percpu slab




Slowpath #1 — Get an object from node’s partial page

static local variable

—
boot_kmem_cache_node

kmem_cache_cpu

A 4

page struct (slab, slob or slub): node #0 e percpu page’s node
c struct list_head slab_list = invalid is mismatch
S | struct struct page *next
S | (Partial int pages
Page) int pobjects
struct kmem_cache *slab_cache
void *freelist (first free object) = NULL Page
s_mem: first object - SLAB ] |2
Q
= counters - SLUB o oo o
S - ololof..|o
5 truct inuse: 16 = 64 % TC‘D'. TOD'. (ED'.
=} struc . . _ s} k=N [s} a
(SLUB) objects:15 = 64 -
frozen:-1 =1

.h:557

kmem_cache (CPU #':l)
_o (global variable: kmem_cache_node) struct page "page
) " void **freelist
Allocate a slab object __percpu *cpu_slab P
- - struct page *partial = NULL
from node #1 min_partial =
size = 64
static local variable object_size = 64
boot_kmem_cache | offset = 32
T cpu_partial =
kmem_cache oo (order objects) =
(kmem_cache) max = 64 — kmem_cache_node (node 0)
*node(] min = 64 list_lock
Allocate slab objects inuse = 64 nr_partial =
for node[0] & node[1] align = 64 struct list_head partial
* node[0]: allocated name =
“ " nr_slabs =1
kmem cache node
(gdb) bt 3
#0 (s=slentryv=0xffffffffilbebial <boot kmem cache node>,
age=pagellentry=0xffffea0004001000, free=sl '5‘—fofffBBBlDDG4DGBD,
—<0pt1mlzed out>, ~=<optimized out>)
at me/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/mm/slak
#1 fofffffffBllll&bf in (

w2

O

at

(More stack frames follow...)

“—DxffffffffBlbebzaG <boot kmem cache node>,
rv=3264, '——<opt1mlzed out>,

jfpflags@ent eRentry=1,

r=a de -'“—18446?440?15?99?562?, —DxffffBBBZB?cEllaG]
home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/mm/slub.c:
ffffffffBllllEbd in (
dentr “—DxffffffffBlbebzaG <boot_ kmem cache node>,
flags=gfpflagsfentrv=3264, o=t sl v=1,
r=z rant “—18446?446?15?99?562?, =<opt1mlzed out>)
home/adrian/git-reg gdb—linux-real-mode/src/linux-5.11/mm/s1lu

2691

c:2781

9;

eactivate_slab(): Remove percpu slab

ge struct (slab, slob or slub): node #1




Slowpath #1 — Get an object from node’s partial page

static local variable

—
boot_kmem_cache_node

0

kmem_cache
(global variable: kmem_cache_node)

Allocate a slab object
from node #1

static local variable

T

kmem_cache

(kmem_cache)
*node[]

Allocate slab objects

for node[0] & node[1]
* node[0]: allocated

__percpu *cpu_slab

min_partial =5

size = 64

object_size = 64

offset =32

cpu_partial = 30

oo (order objects) = 64

max = 64

min = 64

inuse = 64

align = 64

name =
“kmem_cache_node”

list

*node[MAX_NUMNODES]

kmem_cache_cpu
(CPU #N)

struct page *page = NULL

void **freelist = NULL

struct page *partial = NULL

—

kmem_cache_node (node 0)

list_lock

nr_partial = 1

struct list_head partial

nr_slabs =1

total_objects = 64

A 4

page struct (slab, slob or slub): node #0

struct list_head slab_list

struct list_head full

kmem_cache_node (node 1)

list_lock

nr_partial = 1

struct list_head partial

nr_slabs =1

total_objects = 64

struct list_head full

*node[MAX_NUMNODES]

5_ struct struct page *next
S | (Partial int pages
Page) int pobjects
struct kmem_cache *slab_cache
void *freelist (first free object) Page
s_mem: first object - SLAB vlv|xn n
- counters - SLUB sl|o|o| (o
S - O |O |O o
g- struct inuse: 16 =2 -r_C;'. -r_OD'. ‘FC;-' %'.
objects:15 = 64 [=12] &
(SLUB) — X/ )
frozen:1=0 freepointers:
reverse!
» page struct (slab, slob or slub): node #1
struct list_head slab_list
5_ struct struct page *next
S | (Partial int pages
Page) int pobjects Page
struct kmem_cache *slab_cache sls s £
void *freelist (first free object) slalal..ls
s_mem: first object - SLAB 73_' 73-' 73-' Tg'
c counters - SLUB A8 Al A E A
g- inuse: 16 =1
> (SStITJ(I;t) objects:15 = 64

frozen:1=0




Slowpath #1 — Get an object from node’s partial page

(gdb) p ((struct page *) O0xffffeal004001000)->freelist
static local variable 14 = (vold *) Oxfff£ff888100040£fcO
__>>_ (gdb) = /g O0xffff888100040£fe0
bOOt—kmem—caChe—nOde kmem_cache_cpu Dxff££8088100040£=20: Oxff£££888100040£E80
(CPU #N) (gdb) x /g Oxffff888100040fa0
kmem_cache " i OxfEFf888100040£a0; OxfEEFf8E8100040£40
_o (global variable: kmem_cache_node) struct page "page = _—
" b void **freelist = NULL » page struct (slab, slob or slub): node #0
i ercpu *cpu_sla
Allocate a slab ObJeCt —P : P tp| __5 struct page *partia| = NULL struct |ist_head slab_list
from node #1 mlnTpar 9= 5 struct struct page *next
ic local variabl Slze s b4 S | (Partial int pages
static local variable object_size = 64 Page) int pobjects
boot_kmem_cache I offset = 32 struct kmem_cache *slab_cache
f cpu_partial = 30 void *freelist (first free object) — Page
kmem_cache oo (order objects) = 64 s_mem: first object - SLAB vwlala| (v
(kmem_cache) max = 64 — kmem_cache_node (node 0) c counters - SLUB Z-’- Z-’- Zt’ °8’-
*nodel] min = 64 list_lock > inuse: 16 = 2 S| S
Allocate slab objects inuse = 64 nr_partial = 1 = (s‘st[;;t) objects:15 = 64 21212 2!
for node[0] & node1] align = 64 struct list_head partial frozen:1=0 %/ freepointers:
* node[0]: allocated name =
“kmem_cache_node” L dleE =1 reverse!
Tt total_objects = 64
IS <truct ist_head full » page struct (slab, slob or slub): node #1
*node[MAX_NUMNODES] [— = struct list_head slab_list
5_ struct struct page *next
kmem_cache_node (node 1) S | (Partial int pages
list_lock Page) L }:ntf(ibtj)ects - _ mPi e _
o T stru'ct men?_caf: e *sla _?ac e 2 bl
, , void *freelist (first free object) ololol..lo
struct list_head partial E—— SLAR A
total_objects = 64 g coumen - X
: o inuse: 16 =1
struct list_head full S struct -
objects:15 = 64
*node[MAX_NUMNODES] (sLus) —
frozen:1=0




Slowpath #1 — Get an object from node’s partial page

static local variable

—
boot_kmem_cache_node

kmem_cache
(global variable: kmem_cache_node)

Allocate a slab object
from node #1

static local variable

T

kmem_cache

(kmem_cache)
*node[]

Allocate slab objects

for node[0] & node[1]
* node[0]: allocated

__percpu *cpu_slab

min_partial =5

size = 64

object_size = 64

offset =32

cpu_partial = 30

oo (order objects) = 64

max = 64

min = 64

inuse = 64

align = 64

name =
“kmem_cache_node”

list

kmem_cache_cpu
(CPU #N)

struct page *page = NULL

void **freelist = NULL

struct page *partial = NULL

Move node’s partial page
(slab) to percpu cache

—

kmem_cache_node (node 0)

list_lock

nr_partial = 1

struct list_head partial

nr_slabs =1

A 4

page struct (slab, slob or slub): node #0

struct list_head slab_list

total_objects = 64

*node[MAX_NUMNODES]

struct list_head full

kmem_cache_node (node 1)

list_lock

nr_partial = 1

struct list_head partial

nr_slabs =1

total_objects = 64

struct list_head full

*node[MAX_NUMNODES]

5_ struct struct page *next
S | (Partial int pages
Page) int pobjects
struct kmem_cache *slab_cache
void *freelist (first free object) Pa
s_mem: first object - SLAB vlolo| o
- counters - SLUB Qg,' §' Z"' §'
§- ctruct inuse: 16 = 2 SR LN =4
(SLUB) objects:15 = 64 alla Q\/ 2 freepointers:
frozen:1=0 k’T ’
reverse!
» page struct (slab, slob or slub): node #1
struct list_head slab_list
5_ struct struct page *next
S | (Partial int pages
Page) int pobjects Pa
struct kmem_cache *slab_cache sls s £
void *freelist (first free object) slalal..ls
s_mem: first object - SLAB %‘ %‘ %‘ TC.;_'
- counters - SLUB 3 ﬁ g =
§- struct inuse: 16 =1
(SLUB) objects:15 = 64
frozen:1=0




Slowpath #1 — Get an object from node’s partial page

static local variable

—
boot_kmem_cache_node

kmem_cache
(global variable: kmem_cache_node)

Allocate a slab object
from node #1

static local variable

T

kmem_cache
(kmem_cache)
*node[]
Allocate slab objects
for node[0] & node[1]
* node[0]: allocated
* node[1]: allocated

__percpu *cpu_slab

min_partial =5

size = 64

object_size = 64

offset =32

cpu_partial = 30

oo (order objects) = 64

max = 64

min = 64

inuse = 64

align = 64

name =
“kmem_cache_node”

list

kmem_cache_cpu
(CPU #N)

struct page *page

void **freelist

struct page *partial = NULL

—

kmem_cache_node (node 0)

list_lock

A 4

page struct (slab, slob or slub): node #1

nr_partial = 1

struct list_head partial

nr_slabs =1

total_objects = 64

*node[MAX_NUMNODES]

struct list_head full

kmem_cache_node (node 1)

list_lock

nr_partial = 1

struct list_head partial

nr_slabs =1

total_objects = 64

struct list_head full

*node[MAX_NUMNODES]

truct list_head slab_list = invalid Return this
struct list_head slab_list = invali .
c = = /7 object address
S | struct struct page *next ’
<) : - 1
5 | (Partial int pages \
Page) int pobjects s Page
struct kmem_cache *slab_cache sl |2
void *freelist (first free object) = NULL g g g . g-
s_mem: first object - SLAB % ch- % %
Olo|lo (@]
c counters - SLUB il Kl Kl N K
S - A
> struct inuse: 16 = 64
= 2 _
(SLUB) objects:15 = 64
frozen:1=1
page struct (slab, slob or slub): node #0
struct list_head slab_list
‘:fs_ struct struct page *next
S | (Partial int pages
Page) int pobjects
struct kmem_cache *slab_cache
void *freelist (first free object) Page
s_mem: first object - SLAB vlv|vn v
(D) DI D) Q
= counters - SLUB g‘ g‘ g‘ COY
g- truct inuse: 16 = 2 SRy Roa 1od) R o2
” (2[3;) objects:15 = 64 adLd LA L freepointers:
frozen:1=0 X/ VT P )

reverse!



1. Declare two static variables ‘boot_kmem_cache’ and ‘boot_kmem_cache_node’

k m e m Ca C h e | n |t ( ) |2.  Assign the addresses of two static variables to generic/global variables

kmem_cache_node = &boot_kmem_cache_node

A

kmem_cache = &boot_kmem_cache

A 4

A 4

start_kernel

mm_init kmem_cache_init

— calculate_sizes

Allocate/init ‘lkmem_cache_node’

Y

structs for all CPU nodes (sockets)
init_kmem_cache_nodes

__kmem_cache_create

A

kmem_cache_open —_,l

create_boot_cache(kmem_cache_node, ...) i|—'

Y

create_boot_cache(kmem_cache, ...)

Allocate/init a ‘kmem_cache_cpu’ struct
kmem_cache = — alloc_kmem_cache_cpus

Y

bootstrap(&boot_kmem_cache)

A 4

__alloc_percpu

kmem_cache_node =

Y.
A 4

init_kmem_cache_cpus

bootstrap(&boot_kmem_cache_node)

Assign cpu id to

Y

- ->ti
setup_kmalloc_cache_index_table kmem_cache_cpu->tid

A 4

create_kmalloc_caches

Let’s check data structures about kmem_cache & kmem_cache_node after
function call “create_boot_cache”



create boot cache(): 1/2

static local variable

» page struct (slab, slob or slub): node #1 )
boot_kmem_cache_node Pag ( - - )_ . Return this
kmem_cache_cpu struct list_head slab_list = invalid « .
(CPU #N) S | struct struct page *next /’ object address
kmem_cache - 5 | (partial > I
(global variable: kmem_cache_node) struct page "page 5 | (Partia - Int pages “
ST ale) T Page) int pobjects s Page
— : I—_5 struct page *partial = NULL struct kmem_cache *slab_cache slze £
NSNS void *freelist (first free object) = NULL slalal..le
size = 64 s_mem: first object - SLAB Loy oa LN I o
R g _ Olo|lo (@]
object_size = 64 - counters - SLUB alas ,:: o
offset = 32 > inuse: 16 = 64
cpu_partial = 30 > struct objects:15 = 64
oo (order objects) = 64 (SLuB) TR il = Al
max = 64 — kmem_cache_node (node 0)
min = 64 list_lock
inuse = 64 ial =
m—— nr_partial = 1 _,—> page struct (slab, slob or slub): node #0
align = : :
s struct list_head partial struct list_head slab_list
nElE = nr_slabs =1 = *
”kmem_cache_node" = 3, struct struct page *next
st total_objects = 64 S | (Partial int pages
*node[MAX_NUMNODES] |— struct list_head full Page) int pobjects
struct kmem_cache *slab_cache
void *freelist (first free object) — P
age
kmem—caChe—nOde (nOde 1) s_mem: first object - SLAB vlv v w
H QoL |D Q
Lt Vol - counters - SLUB 4l bl Dl I B
nr_partial =1 g inuse: 16 =2 Kop Kon KoN | S
struct list_head partial > (Sst[ll;;'c) Bbjecto s 6a 218181 |8 eenointers.
nr_slabs =1 frozen-1=0 xR/ R/T P : .
total_objects = 64 reverse:
struct list_head full

*node[MAX_NUMNODES]



static local variable

mmmmg OOt _kmem_cache

kmem_cache
(global variable: kmem_cache)

__percpu *cpu_slab

min_partial =5

size = 256

object_size = 216

offset =112

cpu_partial =13

oo (order objects) = 0x10020

max = 0x10020

min = 0x10

inuse = 216

align = 64

name = “kmem_cache”

list

create boot cache(): 2/2

kmem_cache_cpu
(CPU #N)

struct page *page = NULL

void **freelist = NULL

struct page *partial = NULL

—

kmem_cache_node (node 0)

list_lock

nr_partial =0

struct list_head partial

nr_slabs =0

total_objects=0

*node[MAX_NUMNODES]

struct list_head full

kmem_cache_node (node 1)

list_lock

nr_partial =0

struct list_head partial

nr_slabs=0

total_objects=0

struct list_head full

*node[MAX_NUMNODES]




1. Declare two static variables ‘boot_kmem_cache’ and ‘boot_kmem_cache_node’

k m e m Ca C h e | n |t ( ) |2.  Assign the addresses of two static variables to generic/global variables

kmem_cache_node = &boot_kmem_cache_node
kmem_cache = &boot_kmem_cache

A

A 4

A 4

start_kernel mm_init

kmem_cache_init

— calculate_sizes

Allocate/init ‘lkmem_cache_node’

Y

structs for all CPU nodes (sockets)
init_kmem_cache_nodes

__kmem_cache_create

A

kmem_cache_open —_,l

create_boot_cache(kmem_cache_node, ...) }

Y

create_boot_cache(kmem_cache, ...)

Allocate/init a ‘kmem_cache_cpu’ struct
kmem_cache = — alloc_kmem_cache_cpus

Y

bootstrap(&boot_kmem_cache)

A 4

__alloc_percpu

kmem_cache_node =

Y
A 4

init_kmem_cache_cpus

bootstrap(&boot_kmem_cache_node)

Assign cpu id to

Y

. ->ti
setup_kmalloc_cache_index_table kmem_cache_cpu->tid

A 4

create_kmalloc_caches




kmem cache = bootstrap(&boot kmem cache)

bootstrap
Allocate a kmem_cache struct from global variable ‘kmem_cache’: Generic path
> s = kmem_cache_zalloc(kmem_cache, ...)
—> memcpy(s, static_cache, ...)

A 4

__flush_cpu_slab

for_each_kmem_cache_node(s, node, n)

struct page *p;

\ 4

list_for_each_entry(p, &n->partial, slab_list)

p->slab_cache =s

A 4

list_add(&s->list, &slab_caches)

—> return s




slab_alloc_node(): slowpath #2 — Allocate a page from Buddy system

kmem_cache_alloc_node

kmem_cache_alloc

y

node_id

y

slab_alloc

slab_alloc_node

NUMA_NO_NODE

kmalloc_node

A 4

__kmalloc_node

A

node_id

Ic->freelist or
lc-> page

bootstrap
Allocate a kmem_cache struct from global variable ‘kmem_cache’
s = kmem_cache_zalloc(kmem_cache, ...)

c->page &&
Ic->freelist

<
y

__slab_alloc

\ 4

get_freelist-> cmpxchg_double_slab

A 4

Get a slab object from page->freelist

Get partial page from percpu cache

Ic->page && c->partial

slab_alloc

A 4

Get a slab object from c->freelist

th

is_cpu_cmpxchg_double()

\ 4

c->page = slub_percpu_partial(c)

Get partial page from node cache
(kmem_cache_node)

Ic->page && !c->partial

new_slab_objects

>
)
IE
N
Q
o
A

allocate_slab

A 4

alloc_slab_page

Buddy system

Allocate pages from




static local variable

mmmmg POOt_kmem_cache

kmem_cache
(global variable: kmem_cache)

__percpu *cpu_slab

min_partial = 5

size = 256

object_size =216

offset =112

cpu_partial =13

oo (order objects) = 0x10020

max = 0x10020

min = 0x10

inuse =216

align =64

name = “kmem_cache”

list

*node[MAX_NUMNODES]

[slowpath #2] Before: bootstrap(&boot _kmem cache) -> kmem cache zalloc()

kmem_cache_cpu
(CPU #N)

struct page *page = NULL

void **freelist = NULL

struct page *partial = NULL

—>

kmem_cache_node (node 0)

list_lock

nr_partial=0

struct list_head partial

nr_slabs=0

total_objects=0

struct list_head full

kmem_cache_node (node 1)

list_lock

nr_partial =0

struct list_head partial

nr_slabs =0

total_objects=0

struct list_head full

*node[MAX_NUNMNODES]




[slowpath #2] After: bootstrap(&boot_kmem cache) -> kmem cache zalloc()

static local variable e Allocate from Buddy system
By 000t _kmem_cache |
boot_kmem_cache kmem_cache_cpu _ » page struct (slab, slob or slub): order =1
kmem cache (CPU #N) J 9 REtum tg: struct list_head slab_list = invalid
— 1 r c
(global variable: kmem_cache) struct page *page O’vJeCt address g. strut':t StrU(_:t page *next
— void **freelist S 5 | (Partial int pages
kmem_cache_zalloc(k = . struct page *partial = NULL SN Slab Page(s) Page) int pobjects
mem_cache, ...) min_partial =5 gl o struct kmem_cache *slab_cache
- size = 256 slalal..ls void *freelist (first free object) = NULL
object_size =216 SIS 1S s_mem: first object - SLAB
offset =112 ad adl ke = c counters - SLUB
cpu_partial = 13 /[ kmem_cache_node (node 0) | -—— 3 truct LUEE 9= 22
oo (order objects) = 0x10020 st lock > (SSITE(I;) objects:15 = 32
max = 0x10020 nr_partial = 0 frozen: 1 =1
.mm =1zl struct list_head partial )
EE =208 nr_slabs =0
lign = 64 —
align = 6 total_objects=0
name = “kmem_cache” struct list_head full r8)
list
*node[MAX_NUMNODES] [—

kmem_cache_node (node 1)

oo (order objects) "St_l?Ck
nr_partial =0
Page order | objects per slab e 150 G (e 7
1615 0 nr_slabs =0
total_objects =0
struct list_head full 4O

*node[MAX_NUMNODES]

slab_alloc_node(): slowpath #2 — Allocate a page from Buddy system



[slowpath #2] After: bootstrap(&boot_kmem cache) -> kmem cache zalloc()

static local variable

B 200tk mem_cache

kmem_cache

kmem_cache_zalloc(k
mem_cache, ...)

(global variable: kmem_cache)

__percpu *cpu_slab

min_partial =5

size = 256

object_size =216

offset =112

cpu_partial =13

oo (order objects) = 0x10020

max = 0x10020

min = 0x10

inuse = 216

align = 64

name = “kmem_cache”

list

e Allocate from Buddy system

—>

*node[MAX_NUMNODES]

oo (order objects)

Page order | objects per slab

1615 0

kmem_cache_cpu » page struct (slab, slob or slub): order =1
(CPU #N) J 9 Return this struct list_head slab_list = invalid
struct page *page object address S | struct struct page *next
void **freelist ’¢V g (Partial int pages
({ . -
struct page *partial = NULL ~d. Slab Page(s) Page) int pobjects
olole o struct kmem_cache *slab_cache
slalal..ls void *freelist (first free object) = NULL
Tg- 73_ % 73_- s_mem: first object - SLAB
il el A ~- - counters - SLUB
] > ruct inuse: 16 = 32
struc -
> (SLUB) objects:15 =32
kmem_cache_node (node 0) frozen: 1 =1
(gdb) p *(struct kmem cache cpu *) ((unsigned long) kmem cache->cpu slab + 5gs_|
lcase)
517 = {
freelist = 0xf£££888100042100,
tid = 1,
page = O0xffffeal0004001080,
partial = 0x0 < >
}
(gdb) p ((struct page *) O0xffffeald004001080)->inuse
knfz18 = 32
(gdb) p ((struct page *) 0xffffeal004001080)->cbjects
519 = 32
(gdb) p ((struct page *) Oxffffeal004001080)->frozen
S20 = 1
nr_slabs=0

total_objects=0

struct list_head full

*node[MAX_NUMNODES]



[slowpath #2] After: bootstrap(&boot kmem cache)->  flush cpu slab()

static local variable

kmem_cache_cpu X » page struct (slab, slob or slub): order =1
kmem_cache (CPU #N) J c struct list_head slab_list = invalid
(global variable: kmem_cache) struct page *page = NULL g_ struFt struct page *next
" void **freelist = NULL Slab Page(s) 5 | (Partial int pages
kmem_cache_zalloc(k e struct page *partial = NULL Page) int pobjects
mem_cache, ...) mln._partlal =5 X wlofal |o struct kmem_cache *slab_cache
size = 256 olalal..ls void *freelist (first free object) = NULL
object_size = 216 Sy o8 1o2) R 12 s_mem: first object - SLAB
offset =112 a2 |8 c counters - SLUB
cpu_partial = 13 i) g. s 15 = 20
oo (order objects) = 0x10020 > struct s = 5
max = 0x10020 — kmem_cache_node (node 0) (SLtUB) e k=
min = 0x10 list_lock
e =2E nr_partial = 1 1 deactivate_slab(): Remove percpu slab
align = 64 struct list_head partial <
name = “kmem_cache” nr_slabs=1
— ol elbljas o 27 » page struct (sIab,l_sIorI]o o; S|Iubb)|-: order =1| siap Page(s)
002 (PP ITUIIODES | MRS © S | struct T Iszgrueci p:;e;::xt ;i ;’; § é
S | (Partial int pages sl e
oo (order objects) kmem_cache_node (node 1) Page) int pobjects al&l8] |8
Page order | objects per slab list_lock struct kmem_cache *slab_cache X/ R/% freepointers:
1615 0 nr_partial = 0 void *freelist (first free object) reverse!
struct list_head partial O s_mem: first object - SLAB
nr_slabs = 0 < counters —.SLUB
total_objects = 0 S struct nuse: 16=1
struct list_head full O (SLUB) objects:15 = 32
*node[MAX_NUMNODES] frozen: 1=0




kmem cache = bootstrap(&boot kmem cache): after function returns

static local variable

global variable boot_kmem_cache

kmem_cache

kmem_cache_cpu
N - -

kmem_cache (CPB #N)
(global variable: kmem_cache) age = NULL

void **freelist = NULT —

struct page *partial = NULL

__percpu *cpu_slab —

min_partial =5
size = 256
object_size =216
offset =112
cpu_partial =13
oo (order objects) = 0x10020

max = 0x10020 — kmem_cache_node (node 0)
min = 0x10 list_lock
inuse =216 nr_partial = 1
align = 64 struct list_head partial <
name = “kmem_cache” nr_slabs=1
— total_objects = 32 » page struct (slab, slob or slub): order =1 N Slab Page(s)
: truct list_head slab_list v v [« »
o~ || struct list_head full :3 g = = === =
node[MAX_NUMNODES] 5 struct struct page *next o|o|z| |z
S [ (Partial int pages slElEl" &
oo (order objects) kmem_cache_node (node 1) Page) int pobjects al2la| |8
* .
Page order | objects per slab list_lock struct kmem_cache *slab_cache R/ R/2 freepointers:
615 0 nr_partial = 0 void *freelist (first free object) reverse!
struct list_head partial O s_mem: first object - SLAB
P - counters - SLUB
— S -
f - o inuse: 16 =1
total_objects=0 ) struct o ST,
struct list_head full O (SLUB) oot s =
frozen:1=0

*node[MAX_NUMNODES]




kmem cache = bootstrap(&boot kmem cache): after function returns

static local variable

global variable boot_kmem_cache

kmem_cache

e ———

kmem_cache_cpu

kmem_cache

(CPU #N)

(global variable: kmem_cache)

*page = NULL

__percpu *cpu_slab

void **freelist = NULT —

min_partial =5

struct page *partial = NULL

size = 256

object_size =216

offset =112

cpu_partial =13

oo (order objects) = 0x10020

max = 0x10020

kmem_cache_node (node 0)

o
wn

o
o

o
o
oa
©
—
<

1a[q0 qefs

109(qo qes

109(qo qes

103lgo qe|s
x q.CII

g

b freepointers:

min = 0x10 list_lock
inuse =216 nr_partial = 1
align = 64 struct list head partial .
(gdb) p *(struct kmem cache cpu *) ((unsigned long) kmem cache->cpu slab + Sgs_
base) ab, slob or slub): order =1
531 = _ uct list_head slab_list
i’feﬁll;t = 0=0 < > struct page *next
id = 2, :
page = 0x0 < >y - int pgges
partial = 0x0 < = Int pobjects
) pem_cache *slab_cache
(gdb) p ((struct page *) Oxffffeal004001080)->inuse pelist (first free object)
532 = 1 em: first object - SLAB
(gdb) p ((struct page *) O0xffffeal004001080)->cbhjects counters - SLUB
P33 = 32 inuse: 16 =1
(gdb) p ((struct page *) O0xffffeal004001080)->frozen - —
s = objects:15 =32
534 4]
' ) ’ f :1=
*node[MAX_NUMNODES] L | rozen:1=0

reverse!



1. Declare two static variables ‘boot_kmem_cache’ and ‘boot_kmem_cache_node’

k m e m Ca C h e | n |t ( ) |2.  Assign the addresses of two static variables to generic/global variables

kmem_cache_node = &boot_kmem_cache_node
kmem_cache = &boot_kmem_cache

A

A 4

A 4

start_kernel mm_init

kmem_cache_init

— calculate_sizes

Allocate/init ‘lkmem_cache_node’

Y

structs for all CPU nodes (sockets)
init_kmem_cache_nodes

__kmem_cache_create

A

kmem_cache_open —_,l

create_boot_cache(kmem_cache_node, ...) }

Y

create_boot_cache(kmem_cache, ...)

Allocate/init a ‘kmem_cache_cpu’ struct
kmem_cache = — alloc_kmem_cache_cpus

Y

bootstrap(&boot_kmem_cache)

A 4

__alloc_percpu

kmem_cache_node =

Y
A 4

init_kmem_cache_cpus

bootstrap(&boot_kmem_cache_node)

Assign cpu id to

Y

. ->ti
setup_kmalloc_cache_index_table kmem_cache_cpu->tid

A 4

create_kmalloc_caches




slab alloc_node(): slowpath #1 — Get an object from node’s partial page

kmem_cache_alloc_node

node_id

slab_alloc

v

kmem_cache_alloc

Y

slab_alloc_node

NUMA_NO_NODE

A 4

A

kmalloc_node __kmalloc_node

node_id

Ic->freelist or

kmem_cache_node = bootstrap(&boot_kmem_cache_node)

bootstrap
Allocate a kmem_cache struct from global variable ‘kmem_cache’
s = kmem_cache_zalloc(kmem_cache, ...)

c->page &&
Ic->freelist

<
y

lc-> page

__slab_alloc

\ 4

get_freelist-> cmpxchg_double_slab

A 4

Get a slab object from page->freelist

Get partial page from percpu cache

Ic->page && c->partial

slab_alloc

A 4

Get a slab object from c->freelist

this_cpu_cmpxchg_double()

\ 4

c->page = slub_percpu_partial(c)

Get partial page from node cache
(kmem_cache_node)

lc->page && !c->partial get_partial
»> new_slab_objects

\‘l new_slab allocate_slab

A

A 4

alloc_slab_page

Allocate pages from
Buddy system




kmem_ cache node = bootstrap(&boot kmem_ cache node) -> kmem cache_zalloc(...)

global variable

—’»M » page struct (slab, slob or slub): order =1
kmem_cache_cpu Return this struct list_head slab_list = invalid
kmem cache (CPU #N) ObjeCt address s struct struct page *next
ble: struct page *page = NULL S | (Partial int pages
(global variable: kmem_cache) page "pag - :

" s void **freelist = NUJLL Slab Page(s) |/ Page) int pobjects
kmem_cache_zalloc(k —Percpy cpu_sa struct page *partial = NULL Bela] [« struct kmem_cache *slab_cache
mem_cache, ...) min_partial = 5 S void *freelist (first free object) = NULL

size = 256 sl B s_mem: first object - SLAB
object_size =216 215 |25 c counters - SLUB
AR
offset = 112 VN > ruct inuse: 16 = 32
cpu_partial = 13 3 (Ss[t;;) objects:15 = 32
oo (order objects) = 0x10020 frozen: 1= 1
max = 0x10020 —> kmem_cache_node (node 0
min = o0 list_lock et_partial_node() -> acquire_slab()
inuse = 216 nr_partial = 0 get_p - q -
align = 64 struct list_head partial )
name = “kmem_cache” nr_slabs=1
= total_objects = 32 page struct (Slab]-ﬁo: o; sllubb)l: order =1| siap Page(s)
= | struct list_head full ) sl s, el slele 1St 2ol |£
node[MAX_NUMNODES] 5 struct struct page *next ||z >
o . q O|O|O |« |O
s | (Partial int pages kA= t=A I t=x
oo (order objects) kmem_cache_node (node 1) Page) int pobjects 21813 (8
Page order | objects per slab list_lock struct kmem_cache *slab_cache X/ R/% freepointers:
615 0 nr_partial = 0 void *freelist (first free object) reverse!
struct list_head partial O s_mem: first object - SLAB
nr slabs=0 = counters - SLUB
B > inuse: 16 = 1
total_objects=0 o INUSE: 10 =
5 struct biects' 15 = 32
struct list_head full 4O (SLUB) objects:1> =

slab_alloc_node(): slowpath #1 — Get an object from node’s partial page —



kmem_ cache node = bootstrap(&boot kmem_ cache node) -> kmem cache_zalloc(...)

global variable

\ 4

_>m page struct (slab, slob or slub): order =1
kmem_cache_cpu Return this struct list_head slab_list = invalid
kmem cache (CPU #N) object address 5 struct struct page *next
— (o] . .
(global variable: kmem_cache) struct page *page 5 | (Partial - int pages
" lab void **freelist Slab Page(s) / Page) int pobjects
ercpu *cpu_sla *
_p. P .p = struct page *partial = NULL Bela] [« struct kmem_cache *slab_cache
min_partial = 5 = b L T B void *freelist (first free object) = NULL
size = 256 sl B s_mem: first object - SLAB
object_size =216 215 |25 c counters - SLUB
= AR -
offset = 112 VY > truct inuse: 16 = 32
— struc ,
cpu_partial = 13 > e objects:15 = 32
00 (order objects) = 0x10020 frozen: 1 =1
563 = (struct kmem cache *) OxffffE888100042000
(gdb) p *(struct kmem cache cpu *} ((unsigned long) kmem cache->cpu slab + 5gs_
hase) . .
564 = | get_partial_node() -> acquire_slab()
freelist = O0xff£ff888100043=00,
tid = 3,
page = Oxffffeal004001080,
} partial = 0x0 < > pge struct (slab, slob or slub): order =1| gzp Page(s)
(gdb) p ((struct page *) Oxffffea0004001080)->inuse sinvgs Nt es sl |l ololel |2
565 = 32 struct struct page *next ol|o|o| |o
(gdb) p ((struct page *) Oxffffead004001080)->cbjects (Partial int pages slElE| &
[ —
»66 = 32 Page) int pobjects 318138 3
(gdb) p ((struct page *) O0xffffeal004001080)->frozen " il Kl Ky - .
567 = 1 struct kmem_cache *slab_cache R/ R/% freepointers:
(gdb) p ((struct page *) Oxffffeal004001080)->slab list void *freelist (first free object) reverse!
568 = { first obiect -
next = O0xdead000000000100, S—mem'flrSt ObJeCt SLAB
prev = 0xdead000000000122 counters - SLUB
} inuse: 16 = 1
(gdkb) p ((struct page *) O0xffffeal004001080)->slab_cache struct biects:15 = 32
$69 = (struct kmem cache *) Oxffff888100042000 (SLUB) objects:1> =
(gdb) p kmem cache frozen:1=0
570 = (struct kmem cache *) Oxffff888100042000




kmem cache node = bootstrap(&boot kmem_cache node)->  flush_cpu_slab()

static local variable
» page struct (slab, slob or slub): node #1
boot_kmem_cache_node - —
kmem_cache_cpu struct list_head slab_list = invalid
c *
kmem_cache (CPU #I:l) = ::’trut.:tI struc.:t page *next
(global variable: kmem_cache_node) struct page "page > | (Partia : Int pages
percpu *cpu_slab polEhgireet -t Fage) i pobjecs Page
— : I—_5 struct page *partial = NULL struct kmem_cache *slab_cache slze 2
i) Dl = void *freelist (first free object) = NULL g g g . g-
size = 64 s_mem: first object - SLAB SISl =
1 1 — Olo|lo (@]
object_size = 64 - counters - SLUB alas ,:: o
offset = 32 > inuse: 16 = 64
cpu_partial = 30 > struct objects:15 = 64
oo (order objects) = 64 (ELUE) frozen: 1=1
max = 64 — kmem_cache_node (node O)t
min = 64 list_lock deactivate_slab(): Remove percpu slab
inuse = 64 =
pr— ”r_—part'a' =1 : | [*|page truct (slab, slob or slub): node #0
2 — struct list_head partial l struct list_head slab_list
name = nr_slabs=1 c *
“kmem_cache_node” =" S, | ptruct struct page *next
st total_(?bjects = 64 = artial int pages
*node[MAX_NUMNODES] |— struct list_head full Page) int pobjects
/ struct kmem_cache *slab_cache
/ void *freelist (first free object) —
kmem_cache_node (node 1) fe—— . . Page
s_mem: first object - SLAB v v v n
list_lock NN =
= = counters - SLUB N C| |
nr_partial = 1 S s S8 = olglgl|g
o . — |—. |—. —
struct list_head partial S struct objects:15 = 64 218181 |8 .
nr slabs =1 (sLus) ———— X/ VT freepointers:
total_objects = 64 reverse!

struct list_head full
Reference from page #49 *node[MAX_NUMNODES]




kmem cache node = bootstrap(&boot kmem_cache node)->  flush_cpu_slab()

static local variable

boot_kmem_cache_node kmem_cache_cpu

G G (CPU #N) » page struct (slab, slob or slub): node #0
(global variable: kmem_cache_node) struct page *page = NULL struct list_head slab_list
" void **freelist = NULL S | struct struct page *next
__percpu *cpu_slab : o . -
in partial = 5 struct page *partial = NULL 5 | (Partial Int pages
TF) = Page) int pobjects
: SIS - 64 struct kmem_cache *slab_cache
object_size = 64 void *freelist (first free object) — Page
offset - 32 s_mem: first object - SLAB wlofo| [o
cpu_partial = 30 c counters - SLUB slolz| |o
oo (order objects) = 64 =) EEs 15 = ) SIS |S
° . - — e . —
max = 64 — kmem_cache_node (node 0) 3 struct e 1C = al1alal |8
- objects:15 = 64 (al Kl Kl N K . .
min = 64 list lock (sLus) o P RTRA freepointers:
- _ == i 1
inuse = 64 nr_partial = 1 reverse:
align = 64 struct list_head partial
“ name = ” nr_slabs=1
kmem_cache_node = » page struct (slab, slob or slub): node #1
|_obj 64 -
list total_objects = struct list_head slab_list
*node[MAX_NUMNODES] — struct list_head full 5 struct struct page *next
S | (Partial int pages
kmem_cache_node (node 1) Page) I mela 26 Page
list lock struct kmem_cache *slab_cache == |5
ist_loc
= void *freelist (first free object) g 8— g . g
nr_partial = 1 - 5 o |o|o o
- : s_mem: first object - SLAB Do el [
struct list_head partial counters - SLUB alala Q ]
P R < T x/%/5 freepointers:
=, : = |
total_objects = 64 S struct objects:15 = 64 reverse:
struct list_head full (SLuB) frozen.' -

*node[MAX_NUMNODES]



kmem cache node = bootstrap(&boot kmem_cache node)->  flush_cpu_slab()

(gdb) p kmem_cache_node—)node[l].nr_partial
a0 = 1
(gdb) p kmem cache node->node[l].partial
591 = {

next Oxffffeald0s000008,

prev = Oxffffea0005000008
}
(gdb) p ((struct page *) 0xffffeal00%000000)->»inuse
S92 = 2
(gdb) p ((struct page *) 0xffffea000%000000)->cbjects
593 = &4
(gdb) p ((struct page *) O0xffffeall0S000000)->frozen
94 = 0
(gdb) p ((struct page *) O0xffffea000%000000)->slab list
595 = |

next = O0xffff888240000010,

prev = OxffffEE88240000010
}
(gdb) p ((struct page *) 0xffffeal000%000000)->freelist
S9E = fvoidlfl OxffffE88240000£cO

nr_slabs=1

“kmem_cache_node”
list
*node[MAX_NUMNODES]

total_objects = 64
struct list_head full

kmem_cache_node (node 1)
list_lock

nr_partial = 1

struct list_head partial

nr_slabs =1
total_objects = 64
struct list_head full

*node[MAX_NUMNODES]

page struct (slab, slob or slub): node #0
struct list_head slab_list
5_ struct struct page *next
S | (Partial int pages
Page) int pobjects
struct kmem_cache *slab_cache
void *freelist (first free object) — Page
s_mem: first object - SLAB vlolo| |v
Q|| Q
- counters - SLUB g‘ g‘ <
=3 inuse: 16 = 2 Sisio | (S
> s:{t;;t objects:15 = 64 ad kad ko I 22 . .
( ) o P X/ VT freepointers:
reverse!
page struct (slab, slob or slub): node #1
struct list_head slab_list
5_ struct struct page *next
S | (Partial int pages
Page) int pobjects Page
struct kmem_cache *slab_cache clsls 2
void *freelist (first free object) slalal..lS
s_mem: first object - SLAB % 73' ‘r—g' ?g'
< counters - SLUB — = 5Ux/5 freepointers:
g. struct |n'use: -2 reverse!
(SLUB) objects:15 = 64
frozen: 1=0




static struct kmem_cache
*kmem_cache_node

kmem_cache

A 4

__percpu *cpu_slab
min_partial =5

size = 64

object_size = 64
offset = 32
cpu_partial = 30
oo (order objects) = 64
max = 64
min = 64
inuse = 64
align = 64

name =
“kmem_cache_node”

list
*node[MAX_NUMNODES]

kmem_cache_cpu
(CPU #N)

struct page *page = NULL

void **freelist = NULL

struct page *partial = NULL

After ‘’kmem_cache node = bootstrap(&boot_kmem_ cache node)’

—

kmem_cache_node (node 0)

list_lock

nr_partial = 1

struct list_head partial

nr_slabs =1

Y

page struct (slab, slob or slub): node #0

struct list_head slab_list

total_objects = 64

struct list_head full

kmem_cache_node (node 1)

list_lock

nr_partial = 1

struct list_head partial

nr_slabs =1

total_objects = 64

struct list_head full

*node[MAX_NUMNODES]

§_ struct struct page *next
S | (Partial int pages
Page) int pobjects
struct kmem_cache *slab_cache
void *freelist (first free object) Page
s_mem: first object - SLAB wlolo] v
- counters - SLUB olo|o >
S - O |O O |« ]|O
o inuse: 16 =2 %‘. .r_‘?;. .r_‘i'. %’.
> struct objects:15 = 64 ad kad ko I 22 .
(SLuB) o P RTRA freepointers:
: reverse!
» page struct (slab, slob or slub): node #1
struct list_head slab_list
5_ struct struct page *next
S | (Partial int pages
Page) int pobjects Page
struct kmem_cache *slab_cache clsls 2
void *freelist (first free object) slalal..lS
s_mem: first object - SLAB ‘% 73' ‘% ?g'
< counters - SLUB — = 5Ux/5 freepointers:
g. struct |n.use: -2 reverse!
(SLUB) objects:15 = 64
frozen: 1=0




1. Declare two static variables ‘boot_kmem_cache’ and ‘boot_kmem_cache_node’

k m e m Ca C h e | n |t ( ) |2.  Assign the addresses of two static variables to generic/global variables

kmem_cache_node = &boot_kmem_cache_node
kmem_cache = &boot_kmem_cache

A

A 4

A 4

start_kernel mm_init

kmem_cache_init

— calculate_sizes

7

Allocate/init ‘kmem_cache_node

Y

structs for all CPU nodes (sockets)
init_kmem_cache_nodes

A

__kmem_cache_create kmem_cache_open —_,l

create_boot_cache(kmem_cache_node, ...) }

Y

create_boot_cache(kmem_cache, ...)

Allocate/init a ‘kmem_cache_cpu’ struct
kmem_cache = — alloc_kmem_cache_cpus

Y

bootstrap(&boot_kmem_cache)

A 4

__alloc_percpu

kmem_cache_node =

Y
A 4

init_kmem_cache_cpus

bootstrap(&boot_kmem_cache_node)

Assign cpu id to

Y

. ->ti
setup_kmalloc_cache_index_table kmem_cache_cpu->tid

A 4

create_kmalloc_caches

Will talk about this later



slab_alloc_node(): slowpath #3 — Get a partial page from percpu cache

node_id

kmem_cache_alloc_node

\ 4

\ 4

kmem_cache_alloc slab_alloc

NUMA_NO_NODE %

A 4

slab_alloc_node

Y

kmalloc_node __kmalloc_node

node_id

Ic->freelist or

c->page &&
lc->freelist

<
y

Ic-> page

__slab_alloc

slab_alloc

A 4

Get a slab object from c->freelist

this_cpu_cmpxchg_double()

get freelist -> cmpxchg_double_slab

Get a slab object from page->freelist

Get partial page from percpu cache

Ic->page && c->partial N

A

c->page = slub_percpu_partial(c)

Get partial page from node cache
(kmem_cache_node)

lc->page && !c->partial

get partial

» new_slab_objects

new_slab

\ 4

allocate_slab

A 4

alloc_slab_page

Allocate pages from
Buddy system

Let’s talk about another slow path




slowpath #3: Get a partial page from percpu cache

kmem_cache_cpu
(CPU #N)

Slowpath #3: Get a partial page from percpu cache

struct page *page = NULL or valid

void **freelist = NULL or valid

kmem_cache

struct page *partial

__percpu *cpu_slab

*node[MAX_NUMNODES]

kmem_cache_node

(node 0)

struct list_head partial

kmem_cache_node

(node 1)
struct list_head partial

*node[MAX_NUNMNODES]

Page
| K @,
Q| <)
O |T (o
plOo|O|..|O
O | T O
Lory [y {—ry
D | D
(ol Ko] (@]
— | —

page->freelist

\ 4

Page
@ |2 n
[ QU
oo T | page->next
olo|-.-|o
AN Ko B K= —
D | (1] -
el Ke] (@]
+ | —+

page->freelist



When to add a page to percpu partial page? — Case 1 (1/2)

N kmem_cache_cpu
(CPU #N)
struct page *page = NULL
void **freelist = NULL
kmem cache struct page *partial = NULL
__percpu *cpu_slab —
*node[MAX_NUMNODES]
R kmem_cache_node Page Page Page
(node 0) sie = B3 B Bz =
struct list_head partial <—|__»g 8' ] g - 8' g' ) g' - 8’ g’ ] g
o= (& S 18| (& S |Z| &
kmem_cache_node ala| |2 ala| |8 ala| |2
(node 1) '
struct list_head partial Slowpath #1: Get a slab object from node’s partial (new_slab_objects->get_partial-
*node[MAX_NUMNODES] >get_partial_node->put_cpu_partial)

[Just for a scenario] Acquire 3 pages because of the number of kmem_cache->cpu_partial

put_cpu_partial(): Put page(s) into a percpu partial page



When to add a page to percpu partial page? — Case 1 (2/2)

Page
(2 E%] (%)
ol |2
T |T (o
2128
kmem_cache_cpu o |o| [@
5 . i (=
(CPU #N) Page Page
struct page *page wlo| [« wla] [«
Q| Q Q| Q
void **freelist o|o| |o o|o| |o|page->next
struct page *partial ' "ElE| e "SE]|1E L
kmem_cache REEE Y Sl == L
B al2| |a g[2| |a
__percpu *cpu_slab — 3 3 ,
*node[MAX_NUMNODES] page-sfreelist sage->freclist
kmem_cache_node > -
(node 0) e w| [«
Q| Q Q
struct list_head partial e o| |o
oo o O |
ken K=y o (=
D | ™D D
kmem_cache_node a5 a1
(node 1)
struct list_head partial Slowpath #1: Get a slab object from node’s partial (new_slab_objects->get_partial-
*node[MAX_NUMNODES] >get_partial_node->put_cpu_partial)

* [Just for a scenario] Acquire 3 pages because of the number of kmem_cache->cpu_partial

put_cpu_partial(): Put page(s) into a percpu partial page



When to add a page to percpu partial page? — Case 2: slab_free()

Page
(%200 %) (%)
olo| |=
T |T (o
plo|o]|..|o
o (2| (&
kmem_cache_cpu o (@ |;
~ | —+
(CPU #N) Page Page
struct page *page wlo] [a wla] [«
Q| Q Q| Q
void **freelist o|o| (o o |T| |OT|page->next
part | "gleller—sls|ls 1
kmem_cache struct page *partial S 1= =N =N =2 ==
= fo il R 12| |12
__percpu *cpu_slab — 3 3 ,
*node[MAX_NUMNODES] page->freelist page->freelist

kmem_cache_node
(node 0)
struct list_head partial <—|_>

")

age

19(qo ge|s

kmem_cache_node

(node 1)
struct list_head partial

*node[MAX_NUNMNODES]

109[qo qge|s
139.qu> qe|s |

slab_free(): Move page(s) to percpu partial and node partial (if possible)



When to add a page to percpu partial page? — Case 2: slab_free()

Fully-allocated objects of pages

"
Q)
oQ
(¢}
",

age

o
Q)
oQ
2]
"
Q)

oQ
(¢}

15140 Gefs |

A 4

103[qo qgejs

19(qo ge|s
bl 103[00 qejs
103[qo qgejs

=h
=
(1]
(1]
-+
3.
(%]
o
S
(1]
(@]
-+

103[qo ge|s
103[qo qgejs
103[qo ge|s

1aa[q;) qe|s|

| kmem_cache_cpu
(CPU #N)

struct page *page

193[qo gejs
133[q£> qe|s|

133[qu qe|s|

»
P

)

void **freelist age
kmem cache struct page *partial
__percpu *cpu_slab >
*node[MAX_NUMNODES]

put_cpu_partial(): Move this
page to percpu partial

page->next

103[qo ge|s
‘ 1aa[q(.3 qejs |

103[qo qgejs

kmem_cache_node
(node 0)

struct list_head partial

kmem_cache_node

(node 1)
struct list_head partial

*node[MAX_NUNMNODES]

slab_free(): Move page(s) to percpu partial and node partial (if possible)
* Detail will be discussed in section “[Cache release/free] kmem_cache_free()”



slab_alloc_node(): slowpath #4 — Get a slab object page from page->freelist

kmem_cache_alloc_node

node_id

kmem_cache_alloc

A
y

A 4

slab_alloc

NUMA_NO_NODE %

kmalloc_node

A 4

slab_alloc_node

__kmalloc_node

node_id

Ic->freelist or Y

c->page &&
Ic->freelist

y

lc-> page

__slab_alloc

\ 4

get_freelist-> cmpxchg_double_slab

A 4

Get a slab object from page->freelist

Ic->page && c->partial

Get partial page from percpu cache

slab_alloc

A 4

Get a slab object from c->freelist

th

is_cpu_cmpxchg_double()

Ic->page && !c->partial

\ 4

c->page = slub_percpu_partial(c)

Get partial page from node cache
(kmem_cache_node)

get_partial

» new_slab_objects

new_slab

A

allocate_slab

A

y

alloc_slab_page

Allocate pages from
Buddy system




slowpath #4: Get a slab object from page->freelist

kmem_cache_cpu
(CPU #N)

struct page *page

void **freelist = NULL

kmem_cache

struct page *partial

__percpu *cpu_slab

*node[MAX_NUMNODES]

Page Page

o |l 2, @ | Kk 03

[ R Q Q| Q
———P» o |o o o|T o | page->next

plo|o|f-..|o plo|o|..|o
Ko Ko I K= K= KoM I Ko —
o (o ® o (o ® =

(ol el (@] (ol [e] (@)

| [ | —

page->freelist page->freelist

kmem_cache_node

(node 0)

struct list_head partial

kmem_cache_node
(node 1)

struct list_head partial

*node[MAX_NUNMNODES]

}

$10

Thread 1 hit Breakpoint 2,

(gdb) p

(s=slentry=0xffff8E85240002700,
fpflags=gfpflagslentrv=3520, node=nodefentry=-1,
x’i:f%:._1—18446?44G?1589389?6G, ~=0x ffffBBBZS?cZESBG]

|

Il «

drian/git-repo/gdb—-linux-real-mode/src/linux—5. ‘mm/slub.c:2736
2736 slub Eet_percpu_partlalic, page) ;
(gdb) p *((struct kmem cache cpu *) ((unsigned long) s->cpu slab + 5gs_base))
$9 = {

freelist = 0x0 < p

tid = 2320,
page = OxffffealnOs0345%40,
partial = O0xffffeall0%034%40

((struct page *) O0xffffeall05034540)
Oxffffeal00=034580

—>next

= (struct page *)

page descriptor address = virtual memory map = vmemmap_base: page #5 of Decompressed
vmlinux: linux kernel initialization from page table configuration perspective



https://www.slideshare.net/AdrianHuang/decompressed-vmlinux-linux-kernel-initialization-from-page-table-configuration-perspective

slowpath #4: Get a slab object from page->freelist

page = c->page =
slub_percpu_partial(c) slub_set_percpu_partial(c, page)

kmem_cache

__percpu *cpu_slab

*node[MAX_NUMNODES]

kmem_cache_cpu Page Page
(CPU #N) ool o wlo| o
o |o ) o | )
struct page *page ' Bic| T o |o| |T|pgge->next
void **freelist = NULL =§'- _8—_ . g_- =§'- §'_ . -8'- =
o |®D D D | D -
struct page *partial ad kas i ad as =
f f
page->freelist page->freelist
Thread 1 hit Breakpoint 2, (s=slentryv=0xffffEE8E8240002700,
L:;:_::5=::;:_ﬁ;5§e: ryv=3520, node=nodeflentry=-1,
sddr=addriientryv=1844674407158038%760, c=0xffffB888237cZ22590)
kmem_cache_node at fh:ma!ai:;a:;;;:—”~*';J;E—__zux—:aa;—n_;f;:::-__::x— LAl/mm/ slub.c:2736
g (node 0) 2736 slub set percpu partial(c, page):
struct list_head partial jgdb] p *((struct kmem cache cpu *) ((unsigned long) s->cpu _slab + 5gs _base))
= 25 = {
freelist = 0x0 < -
kmem_cache_node tid = 2320,
(node 1) page = 0xffffeal009034940,
struct list_head partial partial = Oxffffeal009034540
*node[MAX_NUMNODES] |
(gdb) p ((struct page *) O0xffffeall0%034540)->next
510 = (struct page *) 0xffffeal009%0345%80




slowpath #4: Get a slab o

kmem_cache
__percpu *cpu_slab
*node[MAX_NUMNODES]

kmem_cache_cpu
(CPU #N)

struct page *page

void **freelist = NULL

struct page *partial

Page
%0 % B I
Q| Q
O |T (on
o |O «|O
‘ K= =2 I K=
o | (1%
(el Ke] (@]
e~ | ~t
page->freelist
Page
ol v
Q| [«)
O |T O
Q|0 |.:|O
K= (= I K=
D | D
(el Ke] (@]
— | —+

page->freelist

page->next

nject from page->freelist

static void *__ slab_alloc(struct kmem cache *s, gfp_t gfpflags,

uns =l '_::t; addr, =

int node,
t lkmem cache cpu *c)

/* must check again c->freelist in case of cpu migration or IRQ */
freelist = c->freelist;
(freelist)
load freelist;

freelist get freelist(s, page):
(1freelist) {
c—>page = NULL;
stat (s, DEACTIVATE BYPASS);
new slab;
}

stat (s,

ATLOC_REFILL) ;

s pointing to the list of objects
c— >freeli5t = get_freepointer (s, freelist);
c->tid = next tid(c->tid);
freelist;

Thread 1 hit Breakpoint 4,

s=<optimized out>)

at /Jhome/adrian/git-repo/gdbh-linux-real-mode/src
2633 } while (! cmpxchg double slab(s,
(gdb) p *((struct kmem cache cpu *) ((unsigned long)
value has been optimized out
(gdb) £ 1
#1 (s=sfentry fofffBBBE4GGG2?GG i_
node=<optimized out>, nodefentry=-1, addr==z r
~=0xff£f£f£f888237c22580)
at /home/adrian/git-repo/gdb-linux-real-mode/sr
2711 freelist = get freelist(s, page):;
(gdb) p *((struct kmem cache cpu *) [ (unsigned long)
511 = {
freelist = 0x0 < =,
tid = 2320,
rage = Uxffffeal005034%40,
partial = O0xffffeal00%034%80

page,

5—

>cpu_slab +

';—18446?44D?158G389?6G

Sgs_base))

s-»cpu_slab + 5gs _base))

ub.c:2633

mm/slub.c

y=3520,

c:2711




slowpath #4: Get a slab ob
Page
vloln| (o
zzl3| |2
N kmem_cache_cpu SS|S] 1S
(CPU #N) 3 3 8 3
struct page *page 7y
void **freelist
struct page *partial
kmem_cache page P Page
* — (2 E%]
_ __percpu *cpu_slab g g ;;
node[MAX_NUMNODES] olgf2
S8 8=
M | |
alal |18

page->freelist

ect from page->freelist

page->freelist = NULL

partial = 0xffffeall0%034%80
}
(gdb

r /x s-»cbject _size

(gdb) bt 2
#0 {5=5ﬁ;:—:3=fofff888240002?00 ;f;f_ag:= fpflags@entry=3520,
node=<optimized out>», nodefentry=-1, addr=addrfentry=1844674407158038%760,
~=<optimized out>)
at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/mm/slub.c:2730
#1 DxffffffffBlllled in (s=slentryv=0xffff888240002700,
gt gfpflagsfentry=3520, node=nodefent
ac 18446744071580389760, c=<optimized out>)
at fﬁ:ﬂﬂfh::_m“/j_v—:a:_fj -linux-real-mode/src/linux-5.11/mm/slub.c:2781
(More stack frames follow...)
(gdb) p *((struct kmem cache cpu *) ((unsigned long) s->cpu slab + Sgs _base))
530 =«
Ifreelist = Oxff££f888240425%00,
tid = Z321,
page = O0xffffeal009034540,

31 i 0x80
(gdb) = /g O0xffff888240d425640 <
Dxffff388240425640: Oxff£ff8868240d425900
(gdb) p ((struct page *) O0xffffeal009034940)->freelist
532 = (wvoid *) 0Ox0 < >
(gdb) £ 1
71 (s=slentryv=0xffff388240002700, gfpflags=gfpflagsBentrv=3520,
ode=<optimized out>, nodsfentry=—1, addr=addrlentryv=1844674407158038%760,
~=0xffffBE8823T7c225%0)
at /home/adrian/git-repo/gdb-linu: ux-real-mode/src/linus 11/mm/slub.c:2711
2711 freelist = get_freellst{S, rage) ;
(gdb) p *((struct kmem cache cpu *) ((unsigned long) s->cpu_slab + 5gs _base))
511 = {
freselist = 0x=0 < -3
tid = 2320,
rage = 0xffffeald0s0345%40,
partial = 0xffffeal00%0345980
}
(gdb) p ((struct page *) O0xffffeall09%034%40)->freelist ‘)
512 = Evoid *i DxffffE88240425600




/proc/slabinfo

# less /proc/slabinfo

slabinfo - wersion: 2.1

# name <active objs> <num cbijs> <cbjsize> <ocbjperslab> <pagesperslab>

ext4 inode cache 0 0 1088 15 4 tunables 0 ] ] slabdata
bio-2 21 21 192 21 1 tunakles 0 0 1] slabdata
bio-1 32 32 256 16 1 tunables 0 o 1] slabdata
bio-0 63 63 192 21 1 tunables 0 0 1] slabdata
filp 32 32 256 le 1 tunables o ] ] slabdata
inode cache 1520 1590 544 15 2 tunables 0 o ] slabdata
dentry 1638 1638 192 21 1 tunables o ] ] slabdata
anon vma_ chain 128 128 64 64 1 tunables 0 ] ] slabdata
anon_vma 92 92 88 46 1 tunables 1] 0 0 slabdata
pid 96 96 128 3z 1 tunables 0 ] ] slabdata
kmem cache node 295 320 64 64 1 tunables 0 '] 1] slabdata
kmem cache 128 128 256 16 1 tunables 0 0 1] slabdata

1]

10€
78

2

0

106
78

[o%]

tunables <limit> <batchcount> <sharedfactor>

0

slabdata <active slabs> <num slabs> <sharedavail>

* active_objs = num_objs - free_objs




[Cache release/free] kmem cache free()

* Fast path & slow path



kmem cache free()

A 4

kmem_cache_free slab_free

A

do_slab_free

page == c->page?

Return the slab object to c->freelist

this_cpu_cmpxchg_double()

fast path: percpu cache

slow path: node cache

Return the slab object
to page->freelist

—p

put_cpu_partial

__slab_free [ cmpxchg_double_slab

\ 4

add_partial

Slowpath#1: Move page(s) to percpu
partial or node partial (if possible)

Slowpath#2: Move pages to node partial

!

remove_partial

Slowpath#3: Slab objects in page slab
are all free: free to Buddy system

>

discard_slab

__free_slab __free_pages




slowpath #1:put _cpu_ partial() — Case 1: Move page(s) to percpu partial

Fully-allocated objects of pages

"
Q)
oQ
(¢}
",
Q)
oQ
(¢}
o
Q)
oQ
2]
"
Q)
oQ
(¢}

103[qo qgejs
»| 103[qo ge|s
1aa[q;) gels
103[qo qgejs
103[qo ge|s
1aa[q;J gels
19(qo ge|s
19(qo ge|s
103[qo qgejs
193[qo gejs
103[qo ge|s

| kmem_cache_cpu
(CPU #N)

struct page *page

[303lqo qeys

free this object

O

Q)
oQ

1]

void **freelist

wn wn (%)
struct page *partial ool |& ut_cpu_partial(): Move this
kmem_cache 55| (& page-snext put_cpu_p () /
~ percpu *cpu_slab Mg lgl gL page to percpu partial
*node[MAX_NUMNODES] ala| |2 -

kmem_cache_node
(node 0)

struct list_head partial slow path: node cache

kmem_cache_node

(node 1) I tial Slowpath#1: Move page(s) to percpu
struct list_head partial Return the slab object put_cpu_partia partial and node partial (if possible)
*node[MAX_NUMNODES] to page->freelist
__slab_free cmpxchg_double_slab —*»  add_partial Slowpath#2: Move pages to node partial

Slowpath#3: Slab objects in page slab

— remove_partial
_P are all free: free to Buddy system

A 4

—» discard_slab

A 4

__free_slab __free_pages




slowpath #1:put _cpu partial() — Case 2 (1/2)

Fully-allocated objects of pages

Page Page Page Page
(2 R%] (%) (2 E%] (%] w |n (%] (2 E%] (%]
oyl |o ola| = ola| |o oly| |o
T |T (on T |T (o O |T (o O |T o
» O O «|O O |O .|O O |O «|O ®® 10 |0 o
Ko Ko I = o (2| (& S8 (& Ko K= B Ko
- kmem_cache_cpu o |® o o |® ® o |® ® o |® ®
al2| (2] [2]2] |2] ||glg] |8 afa| [2
(CPU #N) - A
*
struct page “page \0— free this object
void **freelist
.
kmem_cache struct page *partial Page Page Page
__percpu *cpu_slab oz &S glz| |= = B
O |T O O |T (o O|T (op -
*node[MAX_NUMNODES] slolol..lolslolof..lol—lolo|..|o [Pa8E>next
Ko Ko B =N Ao K20 I Ao DB |&
D | D o | D o |D D —
el pat 9 e}y pel ¥ 22 ol
kmem_cache_node

(node 0)

struct list_head partial

if available objects > kmem_cache->cpu_partial && want_to_drain
call unfreeze_partials() to move percpu partial pages to node partial

kmem_cache_node

(node 1)
struct list_head partial

*node[MAX_NUNMNODES]




slowpath #1:put _cpu partial() — Case 2 (2/2)

| kmem_cache_cpu

kmem_cache

__percpu *cpu_slab

*node[MAX_NUMNODES]

(CPU #N)

Fully-allocated objects of pages

struct page *page

void **freelist

struct page *partial

kmem_cache_node

(node 0)

struct list_head partial

kmem_cache_node
(node 1)

Page Page Page Page
(0 %) (%8 (70 %) (%8 (%N %) (%) [0 %) (%)
ol [@ ol (@ ol [ ol (&
T |T (on T |T (o O |T (o O |T o
» O | O «|O O |O .|O O |O «|O ®® |10 |O o
Ko Ko I = o (2| (& S8 (& Ko K= B Ko
o |®D (1% o |®D (0% o | (0] o |®D (o)
al2| (2] [2]2] |2] ||glg] |8 afa| [2
A L —
\0— free this object
Page
wln] v . :
o] |o put_cpu_partial(): Move this
= g O | page->next - = .
A page to percpu partial
o | ® =
O|ln (@]
~ | —+
Page Page Page
(%20 K%) (%] (7200 %) (%] wnlun (%)
ol [ o] [ ol [
T |T (on O |T (op O|T (o
plo|0]|..|]O |leplO|O]|.-]O |lelO|O]..|]O
S 18] & S 18| (& KON Ko B =N
M | (¢] o | (¢] D |D D
218 ot e} pal gt ol pat S

struct list_head partial

*node[MAX_NUNMNODES]

2

if available objects > kmem_cache->cpu_partial && want_to_drain
call unfreeze_partials() to move percpu partial pages to node partial



slowpath #2: add_partial() — Move a page to node partial

Fully-allocated objects of pages

"
Q)
oQ
(¢}
",
Q)
oQ
(¢}
o
Q)
oQ
2]
"
Q)
oQ
(¢}

A 4

103[qo qgejs
»| 103[qo ge|s

| kmem_cache_cpu
(CPU #N)
struct page *page
void **freelist
kmem cache struct page *partial
__percpu *cpu_slab
*node[MAX_NUMNODES]

103(qo qes
103[qo qgejs
193[qo gejs
103[qo ge|s

19(qo ge|s
Lyt 123[q0 ge|s

=h
=
(1]
(1]
-+
=.
(%]
o
(=2
C—
(1]
(@]
-+

1aa_fq;3 gels

139[qu gels
103[qo qgejs
103[qo ge|s

U CONFIG_SLUB_DEBUG=y && CONFIG_SLUB_DEBUG_ON=y &&
Ipage->freelist (in percpu cache or page is full of objects)

)

kmem_cache _node o add_partial(): Move this page to node partial
g (node 0) . tageT
struct list_head partial [ )
»{ O O «|O
o (o] (=
kmem_cache_node oo [@
(node 1) S . s
struct list_head partial

*node[MAX_NUNMNODES]



slowpath #3: remove partial() and discard slab()

Fully-allocated objects of pages

Page Page Page Page
(2 R%] (%) (2 E%] (%] w |n (%] (2 E%] (%]
oyl |o ola| = ola| |o oly| |o
T |T (on T |T (o O |T (o O |T o
» O O «|O O |O .|O O |O «|O ®® 10 |0 o
Ko Ko I = o (2| (& S8 (& Ko K= B Ko
kmem_cache cpu o |® o o |® ® o |® ® o |® ®
> 5 . = (=] e B B afa| [2
(CPU #N) = ,
struct page *page
void **freelist
kmem cache struct page *partial O All objects in page(s) are available (free) &&
percpu *cpu_slab kmem_cache_node->nr_partial >= kmem_cache->min_partial
*node[MAX_NUMNODES] o remove_partial()
R kmem_cache_node Page Page Page
(node 0) ool o ool o wlo| |o
- X Q| Q Q| Q Q| Q
struct list_head partial oo oo (o oo [T
O |Oo «|O |« o |O |0 €O |O «|O
S 18] & Ko K3 I Ko KON Ko B =N
o | D) ol [ ) o [ o
kmem_cache_node ala| |12 ala| |2 a2 |2
(node 1) A

struct list_head partial
*node[MAX_NUMNODES]

-y
-
(1]
()
-+
2.
w
o
(=2
-—
o
(o]
-+

free page(s): discard_slab -> free_slab -> __free_slab -> __free_pages

Buddy system




kmalloc & slab

 C(Call path

e Compound page



k m a | | O C & S | a b struct kmem_cache

*kmalloc_caches[KMALLOC_NORMAL][]

0 NULL > kmem_cache
> % kkmzﬂloc-l9962 __percpu *cpu_slab
3 maﬁg_c_g *node[MAX_NUMNODES]
4]  kmalloc-16
13[ kmalloc-8192

A 4

kmem_cache

__percpu *cpu_slab

struct kmem_cache

*node[MAX_NUMNODES]
*kmalloc_caches[KMALLOC_RECLAIMI][]

0 NULL
1 kmalloc-96 L) e cadhe
2| kmalloc-192 ~
3 kmalloc-8 __percpu *cpu_slab
struct kmem_cache - 4| kmalloc-16 *node[MAX_NUMNODES]
*kmalloc_caches[NR_KMALLOC_TYPES][KMALLOC_SHIFT_HIGH + 1] BTG

A 4

kmem_cache

GFP_RECLAIMABLE "
— - __percpu *cpu_slab

*node[MAX_NUMNODES]

struct kmem_cache
*kmalloc_caches[KMALLOC_DMA][]

0 NULL -
1 kmallcc9s > kmem_cache
2| kmalloc-192 __percpu *cpu_slab
- 3| kmalloc-8 *node[MAX_NUMNODES]
g 4| kmalloc-16
13[ kmalloc-8192

__GFP_DMA

Check create_kmalloc_caches() &kmalloc_info



kmalloc() & kfree()

__GFP_COMP
(Compound page)

size > KMALLOC_MAX_CACHE_SIZE (8KB)

A 4

A 4

alloc_pages

kmalloc_large kmalloc_order_trace kmalloc_order

kmalloc

A 4

A 4

kmalloc_index kmem_cache_alloc_trace kmem_cache_alloc

* Getindex based on size
* if size <8 2 return KMALLOC_SHIFT_LOW (3)
» if size == 0 = zero allocation

A

size <= KMALLOC_MAX_CACHE_SIZE (8KB)

Not a slab page

A 4

compound_order __free_pages

A

\ 4

kfree page = virt_to_head_page(x)

A 4

slab_free

A slab page
(check PG_slab flag)



Compound page

Compound Page
A 4
Page ~ Page Page Page Page
(head page) (Tail page) (Tail page) (Tail page) (Tail page)
— _compound_pad_1 _compound_pad_1 _compound_pad_1
flags |= PG_head compound_head (compound_head) (compound_head) (compound_head)

é" compound_dtor 5
-+ o .
g - g__:'. hpage_pinned_refcount
3 3
c% compound_mapcount a3
o o .
S compoundine S deferred_list
< <

Compound page — Use Cases

* Mainly used in huge page

* kmalloc: allocation size > 8192 bytes
o Check kmalloc_order()




Compound page

size > KMALLOC_MAX_CACHE_SIZE (8KB)

kmalloc_large

A 4

kmalloc_order_trace

A 4

kmalloc_order

__GFP_COMP
(Compound page)

kmalloc

, » kmem cache alloc trace » kmem cache alloc
size <= KMALLOC_MAX_CACHE_SIZE (8KB) — — — — —
(gdb) bt
#0 (size=sizelentry=8195, flags=<optimized out>,
flags@entry=3264, | Bentry=2)
at /home/adrian/git- inux-real-mode/src/linux-5.11/mm/slab commc

1838

#1 OxffffffffR1b0O2315 in srder=2, flags

at /home/adrian/git-repo/gdb-
ab.h:481

#2 (flags=3264, 5;:%28195)

at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5
ab.h:481
#3 (flags=3264, 5;:%—8195)

at /home/adrian/git-repo/gdb-1lin nux-real-mode/src/linux-5.11

ab.h:545
w4 (
buf=0xffffffff81bfbf50 "070701000002D1000041ED"™, '0O°
0S%EED35", '0' <repeats 15 times>, "300000001", 'O
Odev™, len=512)
at /home/adria
1455
#5 Oxffffffff81b02cd® in )
at /home/adrian/git-repo/gdb-
1608

in/git-repo/gdb-

<repeats 23 times>, "26
<repeats 23 times>,

linux-real-mode/src/linux-5

linux-real-mode/src/linux-5

Allocation size = 8195
order =2 - 4 Pages

"40000000

.11/init/initramfs.c

.11/init/initramfs.c

alloc_pages




Compound page

Compound Page !

Page
(Head page)

A

Page
(Tail page)

flags |= PG_head

compound_head

Page
(Tail page)

compound_dtor

Page
(Tail page)

_compound_pad_1

(compound_head)

compound_order = 2

compound_mapcount

Ajuo a3ed |1e] 35414

compound_nr=4

Ajuo a8ed |1el pug

_compound_pad_1
(compound_head)

hpage_pinned_refcount

deferred_list

(gdb) bt 2
#0

at /home/adrian/gi
: 838
#1 Oxffffffff81b02315 in

ab.h:481

(gdb) p page
550 = (struct page *)

at /home/adrian/git-repc

(More stack frames follow..

(gdb)

p /% page->flags

551 = Ox5fffc000010000 <€

(gdb) p /x ﬁa_head
552 = 0x10

.)

Duffffeal002035b00

T5=3264, s1z==8195)

Ll nNCiude/ L1nNuxs 51

Common . o

First Tail Page

(gdb) p /% (page + 1)->»compound head
540 = Oxffffeall005035b01

(gdb) p /x (page + 1)->»compound order
£41 = 0xZ2

(gdb) p /x (page + 1)->compound nr
42 = Ox4

Second Tail Page

(gdb) p /= (page + Z)-rcompound head

544 = Ouffffeal005035b01

(gdb)
545 =
(gdb)

p /x (page + 2)-> compound pad 1
OxffffeallDo03sbil
p /% (page + 2)->hpage pinned refcount

546

{

counter = 0x0

/% (page + 2)->deferred list

0xdead000000000400,
O=0




Compound page

Compound Page !

Page
(Head page)

flags |= PG_head

A

Page
(Tail page)

compound_head

Ajuo a3ed |1e] 35414

compound_dtor

compound_order = 2

compound_mapcount

compound_nr=4

Page
(Tail page)

_compound_pad_1

Page
(Tail page)

_compound_pad_1

(compound_head)

hpage_pinned_refcount

deferred_list

Ajuo a8ed |1el pug

(compound_head)

First Tail Page

(gdb) p /x (page + 1)->compound head
540 = |0xffffeal00%035b01}

(gdb) p /x (page + 1)->compound order
541 = 0x2

(gdb) p /x (page + 1)->»compound nr
542 = 0Ox4

Second Tail Page

(gdb) p /x (page + Z2)->compound head

bit 0: purpose

S44 =|0xffffeal00%035b01}
(gdb)

next =

O=0

p /% (page + 2)-> compound pad 1
545 = Oxffffeal00%035b01
z (page + Z)->hpage pinned refcount

(gdb) p /
Sde = {
counter = 0x0
}
(gdb) p /x (page + Z)->deferred list
547 = {
0xdead000000000400,

always inline int

LJIl=hd AL

(unlikely(head & 1))
(struct page
rager

uct page *compound head(struct page *page)

long head = READ ONCE (page->compound head) ;

) (head - 1);

PageTail (struc

t page *page)

READ ONCE (page—->compound head) & 1;

include/linux/page—-flags.h




Q1: [SLUB] kmalloc: allocation size =0, 1, 2, or 4 = workable?

struct kmem_cache
*kmalloc_caches[KMALLOC_NORMAL][]
> kmem_cache
2 L percpu *cpu_slab
1| kmalloc-96 = =
struct kmem_cache R > kmalloc.192 *node[MAX_NUMNODES]
*kmalloc_caches[NR_KMALLOC_TYPES][KMALLOC_SHIFT_HIGH + 1] 3 kmalloc-8
4| _kmalloc-16  ——
> kmem_cache
13| _kmalloc-8192 __percpu *cpu_slab
*node[MAX_NUMNODES]

minimum kmalloc cache size = 8 bytes

__GFP_COMP
(Compound page)

size > KMALLOC_MAX_CACHE_SIZE (8KB)
> kmalloc_large

alloc_pages

kmalloc_order

\ 4

kmalloc_order_trace

A 4

A

kmalloc

kmem_cache_alloc

v
Y

> kmalloc_index kmem_cache_alloc_trace

size <= KMALLOC_MAX_CACHE_SIZE (8KB)
¢ Getindex based on size

* if size < 8 = return KMALLOC_SHIFT_LOW (3)
» if size == 0 = zero allocation

» if size <8 = return KMALLOC_SHIFT_LOW (3)

e if size == 0 = zero allocation




Reference

* https://www.cnblogs.com/LoyenWang/p/11922887.html



https://www.cnblogs.com/LoyenWang/p/11922887.html

Backup



Slab Cache percou cache
A
Page
wlo] |ao
(5| |2
| kmem_cache_cpu 1S3
(CPU #0) =Ry 1o e
ol ko] (@]
struct page *page (nall Knall I s
void **freelist 0
global variable struct page *partial ¥
kmem_cache ] : Page Je—{_ Poge
) wlo]| |o wlol fo
kmem_cache_cpu || |o || |=
kmem_cache . | a Sls-|s slsl-ls
(Slab cache) (CPU #N) sEllEl 1] R
percpu *cpu_slab struct page *page 213 |2 a3 |2
*node[MAX_NUMNODES] void **freelist
struct page *partial
global variable
| kmem_cache_node » Page [« Page
(Node #0) - HEE ozl |5
O |T O O |T (on
struct list_head partial [« olo|..|o olo|..|o
clo| |= oat K=o Ko
° o lo| [@ o @ )
2(2]| [a 2(2]| [2
[ |
kmem_cache_node
(Node #N)
struct list_head partial
= b Node-based cache

Node-based cache: freelist concept is implemented in page struct (not shown)



Slab Allocator Initialization: “Chicken or the egg” problem

percpu cache
A\ 4
Page
(7208 k%) (%]
olo| |&
| kmem_cache_cpu olal..1S
(CPU #0) SIE| |8
. \ struct page *page o Las =
[Slab allocator calls this automatically] p— Zﬁreeﬁf 5
kmem_cache_alloc(kmem_cache, ..): P—— Eo—
Allocate a ‘kmem_cache’ object from  global variable >TUC bage partd v
. e ) o Page |[«— Page
global variable ‘kmem_cache o 1ol o aTol o
K h szl (Bl (35| |&
TN kmem_cache ,| KMmem_cache_cpu olal..ls olal..la
(Slab cache) (CPU #N) ool 5 s | (=
percpu *cpu_slab struct page *page 2ol = &l
[User calls this function] *node[MAX_NUMNODES] void **freelist
k_cache = kmem_cache_create(): struct page *partial
create/get a new cache
global variable
[Slab allocator calls this automatically] //'
kmem_cache_alloc_node(kmem_cache_node, ...): a | kmem_cache_node » Page [«— Page
Allocate ‘kmem_cache_node’ objects from global s (Node #0) o5l | 5|5 )
variable ‘kmem_cache_node’ struct list_head partial |« olol|..|o olo]..|o
ole| |= oo |
D |®D (0] M| 0D D
=] [= ala| [2
kmem_cache_node
(Node #N)

Who initializes global variables ‘kmem_cache’ and ‘kmem_cache _node’?



Slab Allocator Initialization: “Chicken or the egg” problem

percpu cache
A\ 4
Page
2| |2k @,
>lz| |&
| kmem_cache_cpu olal..13
(CPU #0) SIE| |8
. ] struct page *page ad Lo 2
[Slab allocator calls this automatically] p— Zﬁreeﬁf 5
kmem_cache_alloc(kmem_cache, ..): P—— Eo—
Allocate a ‘kmem_cache’ object from  global variable >TUC bage partd v
. e ) o Page |[«— Page
global variable ‘kmem_cache o 1ol o aTol o
olo| |= olz| &
N kmem cache | kmem_cache_cpu 3 4
o (Slab cache) (CPU #N) S = BE
percpu *cpu_slab struct page *page ~ e inl Sl B L
[User calls this function] *node[MAX_NUMNODES] void **freelist
k_cache = kmem_cache_create(): struct page *partial
create/get a new cache
global variable
[Slab allocator calls this automatically] //'
kmem_cache_alloc_node(kmem_cache_node, ...): & | kmem_cache_node » Page [« Page
Allocate ‘kmem_cache_node’ objects from global o (Node #0) ;’3 ;’; ‘,;’z ;’; ;’z ;’I
variable ‘kmem_cache_node’ struct list_head partial |« olo]..|o olo].:|o
k=al K=l M K= oo |
° o |o ™ @ |m ®
olo o alo o

Slab allocator: statically initialized ‘kmem_cache_boot’
Slob allocator: statically initialized ‘kmem_cache_boot’
Slub allocator: static local variables ‘boot_kmem_cache’ and ‘boot_kmem_cache_node’




Slab Allocator Initialization:
Ch|cken or the egg” problem

init proc_caches_init (void

igned int mm_size;

sighand cachep = kmem cache create("sighand cache",

{struct sighand_struct), o,
SLAE HWCACHE ALIGN|SLAE PANIC|SLAE TYPESAFE BY RCU
SLAE ACCOUNT, sighand ctor);
signal cache",

:5: signal cachep = kmem cache create ("

Slab Cache] struct kmem_cache *sighand_cachep

kmem_cache_cpu (CPU #0)
struct page *page
void **freelist
kmem_cache \ struct page *partial

(Slab cache) .

\ 4

__percpu *cpu_slab

*node[MAX_NUMNODES]

Node-based cache

Slab Cache] struct kmem_cache *kmem_cache = NULL

kmem_cache_cpu (CPU #0)
struct page *page
void **freelist

struct page *partial
[ ]

\ 4

kmem_cache = NULL
(Slab cache)

__percpu *cpu_slab

*node[MAX_NUMNODES]

Node-based cache

kmem_cache node (Node #0)

A 4

struct list_head partial

Slab Cache] struct kmem_cache *kmem_cache_node = NULL

kmem_cache_cpu (CPU #0)
struct page *page
void **freelist

struct page *partial
[ ]

\ 4

kmem_cache = NULL
(Slab cache)

__percpu *cpu_slab

kmem_cache_node (Noge #0)
struct list_head partial

A

[Cannot worlq]
‘kmem_cachq_

—] | *node[MAX_NUMNODES]
llocate from Node-based cache
de’klab cache » kmem_cache_node (Node #0)

struct list_head partial




