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Agenda
* Four physical memory models
v'Purpose: page descriptor <-> PFN (Page Frame Number)
e Sparse memory model
e Sparse Memory Virtual Memmap: subsection
e page->flags
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* Flat Memory Model (CONFIG_FLATMEM)

v'UMA (Uniform Memory Access) with mostly continuous physical memory

* Discontinuous Memory Model (CONFIG_DISCONTIGMEM)

v'"NUMA (Non-Uniform Memory Access) with mostly continuous physical memory

v'"Removed since v5.14 because sparse memory model can cover this scope
* https://lore.kernel.org/linux-mm/20210602105348.13387-1-rppt@kernel.org/

e Sparse Memory (CONFIG_SPARSEMEM)
v'"NUMA with discontinuous physical memory

e Sparse Memory Virtual Memmap (CONFIG_SPARSEMEM_VMEMMAP)

v'"NUMA with discontinuous physical memory: A quick way to get page struct and
pfn



https://lore.kernel.org/linux-mm/20210602105348.13387-1-rppt@kernel.org/

Memory Model — Flat Memory

define pfn to page (pfn) (mem map + ((pfn) - ARCH PFN OFFSET))
define page to pfn(page) ((unsigned long) ( (page) - mem map) +

ARCH PFN OFFSET)

\ 4

struct page #n page frame #n

struct page *mem_map >
Page structure array struct page #1 *| page frame #1
(Kernel Virtual Address Space) » struct page #0 » page frame #0
Dynamic page structure Physical Memory

(Kernel Virtual Address Space)

1. [mem_map] Dynamic page structure: pre-allocate all page structures based on the number of page frames
v Allocate/Init page structures based on node’s memory info (struct pglist_data)
= Refer from: pglist_data.node_start_pfn & pglist _data.node_spanned_pages
2. Scenario: Continuous page frames (no memory holes) in UMA
3. Drawback
v' Waste node_mem_map space if memory holes
v' does not support memory hotplug
4. Check kernel function alloc_node_mem_map() in mm/page_alloc.c




Memory Model — Flat Memory

IG_FLAT NODE_ MEM MAP
__ref

ifdef CONF

alloc_node_mem_map pglist_data *pgdat)

start ~(MAX ORDER_NE_PAGES — 1);
offset = pgdat->node_start_pfn - start;
/* 1a64 gets its own node _mem map, before this, without bootmem */
(!pgdat->node_mem _map) {
un 1 long size,
page *map;

1 711

igned end;

* The zone's endpoints aren't required to be MAX ORDER
* aligned but the node mem map endpoints must be in order
* for the buddy allocator to function correctly.

x/
end = pgdat end pfn(pgdat);

end = ALIGN (end, MAX ORDER NR PAGES) ;

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

map = memblock alloc neode(size, SMP CACHE BYTES,

pgdat->node id);
{ !map)
panic("Failed to allocate

of@

bytes for node memory

=
Till

size, pgdat->node id);
pgdat->node mem map map + offset;

o

]

> Inem map

Iz NEED MULTIPLE NODES

ifndef CONFI

fE

* With no DISCONTIG, the global mem map is just set as node 0's

(pgdat == NODE_DATA(0)) {
mem_map = NODE_DATA () ->node_mem map;
(page_to_pfn(mem map) != pgdat->node_start_pfn)
mem _map —-= ocffset;

}
endif
else
tatic woid  ref alloc node mem map(struct pglist data *pgdat) { }
endif /* CONFIG_FLAT NODE_MEM MAP */




Memory Model

— D|scont|nuous Memory

struct pglist_data *node_datal]

(Kernel Virtual Address Space)

NUMA Node Structure

[node_mem_map] Dynamic page structure: pre-allocate all page structures based on the

v" Allocate/Init page structures based on node’s memory info (struct pglist_data)
= Refer from: pglist_data.node_start_pfn & pglist_data.node_spanned_pages

1.

number of page frames
2.
3. Drawback

v' Waste node_mem_map space if memory holes
v' does not support memory hotplug

Scenario: Each node has continuous page frames (no memory holes) in NUMA

Physical Memory

fn to page (pfn)
"25_3274 long pfn = (pfn): \
signed long n__ = arch pfn to nid(pfn):
KCEE_BATR(__nid]—>node_mem_map + arch local page offset(  pfn,  nid):\
fdefine page to_:fn[ 7]
({ truct page *_ pg = (pg);
truct g__gt_ iata * pgdat = NODE_DATA (page_to nid(  pg));
1S1gnec ngl(_ pg - _ pgdat->node _mem map) +
pgdat- >no‘e star t pfn;
struct page #n
struct pglist_data * page frame #000
node_mem_map Node #1
. | structpage#0 [~
struct pglist_data * Pag ~| page frame #1000
» struct pglist_data *
node_mem_map struct page #n page frame #999
Node #0
»| struct page#0 |—T1"1__Page frame #0




Memory I\/Iodel — Sparse Memory

fine  page to pfn(pg)
i{ const struct page *  pg = (pg);
int sec = page to_ge::t_oni_g:ug];
( igned 1 ) pg — _ section mem map addr i_n:_to_ge::tioni_ge::] |
L :|
sdefine pfn to page(pin)
({ unsigned long pfn = (pfn) \
struct mem section * sec = pfn to section(_  pfn):
__section mem map_addr(__sec) + _ pfn;
-y :|
struct page #m+n-1
_ | struct mem_section page frame
struct mem_sectlon * Node #1
. 5 struct page #0 (hotplug)
- struct mem_sectlon _ QQ}‘ —l pas Be page frame
struct mem_section * ) . %
— struct mem_sectlon N9,
**mem_section K page frame
— \’b% struct page #n Node #0
L»| page frame

struct page #0

number of available page frames
v' Refer from: memblock structure
2. Support physical memory hotplug
3. Minimum unit: PAGES_PER_SECTION = 32768

4. [NUMA] :

v' Each memory section addresses the memory size: 32768 * 4KB (page size) =
reduce the memory hole impact due to “struct mem_section”

1. [section_mem_map] Dynamic page structure: pre-allocate page structures based on the

128MB

Physical Memory




Memory Model — Sparse Memory Virtual Memmap

/* memmap is virtually contiguous. */
fdefine pfn to page (pfn) (vmemmap + (pfn))
fdefine  page to pfn(page) (unsigned long) ((page) - vmemmap)
struct page #m+n-1
- ] struct mem_section page frame
struct mem_section * Node #1
, % struct page #m
- struct mem_section |— @% T Pag T page frame
struct mem_section : ”
= | struct mem_section M
M Section 2 page frame
emory : %, struct page #n Node #0
(two-dimension array)
L»| page frame
———— struct page 4o P~
P Physical Memory

1. [section_mem_map] Dynamic page structure: pre-allocate page structures based on the number of
available page frames
v Refer from: memblock structure
2. Support physical memory hotplug
3. Minimum unit: PAGES_PER_SECTION = 32768
v' Each memory section addresses the memory size: 32768 * 4KB (page size) = 128MB
4. [NUMA] : reduce the memory hole impact due to “struct mem_section”
5. Employ virtual memory map (vmemmap/ vmemmap_base) — A quick way to get page struct and pfn
6. Default configuration in Linux kernel




Memory Model — Sparse Memory Virtual Memmap: Detail

PFN

PFN

Y 3

\ 4

63 33 2322 1514 0
NR_SECTION_ROOTS | SECTIONS_PER_ROOT | PAGES_PER_SECTION
I

struct page __====""1| page frame
Ny v —
. <,
2551 struct mem_section e 0" Hot add
: 2 STALED R page frame
2047 struct mem_section * % Pag w===zZ2C1, -
> —| 1 0| struct mem_section _%.3 struct page page frame
" (>
o| struct mem_section * e Hot remove
= page frame
* % : ) struct page —===F =
mem_section 255| struct mem_section |[—% et page frame
(two-dimension array) 2, struct page #32767 e 128 MIB
© Hot add
- 2
o| struct mem_section + _ pageframe
> R struct page #0 Pt e .
vmemma - Physical Memory




Memory Model — Sparse Memory Virtual Memmap: Detail

tdefine = VMEMMAP BASE L4 Uxffffeall00000000UL
fdefine vmemmap ((struct page *)VMEMMAP START) #define _ VMEMMAP_ BASE LS Uxffd40000000000000L
#ifdef CONFIG DYNAMIC MEMORY LAYOUT
- # define VMALLOC START vmalloc base
< PRy Gefine wvmarroc _SIZE TB (pgtable 15 enabled() ? VMALLOC SIZE TB L5 : VMA
LLOC SIZE TE L4)
63 33 2322|¢ gefine W VMEMMAP START vmemmap base
relse
NR—SECT|ON—ROOTS SE: define VMALLOC START _ VMALLOC BASE L4
I # define VMALLOC SIZE TB VMALLOC SIZE _TE L4
# define VMEMMAP START __VMEMMAP BASE L4
#endif /* CONFIG DYNAMIC MEMORY LAYOQUT */

255 i > é—;
struct mem_section o u Hot add :
: . truct page Page Trame
2047 struct mem_section * % > Pag w====Z2C21,
> —| 1 0| struct mem_section _%.3 struct page page frame
" .
o| struct mem_section * e Hot remove
= page frame
* % : ) struct page —===F =
rT.lem_s'ectlon 255|  struct mem_section 9‘% — page frame
(two-dimension array) 2, struct page #32767 e 128 MIB
© Hot add
- 2
o| struct mem_section + . pageframe
> R struct page #0 Pt e _
vmemma - Physical Memory




Sparse Memory Model

1. How to know available memory pages in a system?
2. Page Table Configuration for Direct Mapping

3. Sparse Memory Model Initialization — Detail



How to know available memory pages in a system?

BIOS

e820__memblock_setup()

A 4

A\ 4

e820 memblock

__free_pages_core()

A

Zone Page Frame Allocator

[Call Path] memblock frees available memory space to zone page frame allocator

|- mm init
|— mem init

start kernel [init/main.c]

|- memblock free all
|- free
for each reserved mem range (i, &start, send)

for _each free mem range(...)

low memory core early
reserve bootmem region(start, end);

count +=  free memory core(start, end);

| free memory core [mm/memblock.c]
|-  free pages memory
|— memblock free pages [mm/page alloc.c]
|-  free pages core
Clear flag 'PG reserved' of each page struct

Add number of pages to zone.managed pages

Zone page allocator detail will be discussed in another session:
physical memory management




setup_arch() -- Focus on memory portion

setup_arch

Reserve memblock for kernel code +
data/bss sections, page #0 and init ramdisk

¥

¥

e820__memory_setup

Setup init_mm struct for members
‘start_code’, ‘end_code’, ‘end_data’ and ‘brk’

memblock_x86 reserve _range_setup_data

e820__reserve_setup_data

e820__finish_early_params

efi_init

dmi_setup

€820 _add_kernel_range

trim_bios_range

max_pfn =e820__end_of _ram_pfn()

kernel_randomize_memory

early_alloc_pgt_buf

| S O A R A A

reserve_brk

—L___ e820 memblock setup |

€820 _memblock_setup

init_mem_mapping

init_memory_mapping()
* Create 4-level page table (direct mapping) based on
‘memory’ type of memblock configuration.
x86_init.paging.pagetable_init()
* Init sparse
* |nit zone structure

x86_init.paging.pagetable_init




x86 - setup arch() -- init_ mem mapping() — Page Table
Configuration for Direct Mapping

init_mem_mapping radell » END_ADD

—> probe_page_size_mask

v

setup_pcid init_memory_mapping() -> kernel_physical_mapping_init()

e Create 4-level page table (direct mapping) based on
‘memory’ type of memblock configuration.

split_mem_range split_mem_range()

* Split different the groups of page size based on the input
memory range (start address and end address)

2 (o e I s v' Try larger page size first

= 1G huge page -> 2M huge page -> 4K page

—>1 init_memory_mapping(0, ISA_END_ADDRESS, PAGE_KERNEL)

\ 4

\ 4

kernel_physical_mapping_init

A 4

—> memory_map_top_down(ISA_END_ADDRESS, end)

while (last_start > map_start)

init_range_memory_mapping(start, last_start)

\ 4

for_each_mem_pfn_range() 2 memblock stuff

v

init_memory_mapping(start, end, PAGE_KERNEL)

—> early_ioremap_page_table_range_init [x86 only]

v

Ioad=cr3(swapper_pg_dir)

— =qush_th_aII




Pa ge Ta b | e CO nﬂgu rat|o N fo r D| re Ct I\/I a p p| ng Reference: Documentation/x86/x86_64/mm.rst

OxFFFF_FFFF_FFFF_FFFF 1GB or 1.5GB

—

Unused hole (2MB)

Fix-mapped address space
(Expanded to 4MB: 05ab1d8a4b36)

Modules

128TB

Kernel Space

1GB or 512MB =

OxFFFF_8000_0000_0000

Kernel code [.text, .data...]

Kernel text mapping from
physical address O

Empty Space

0x0000_7FFF_FFFF_FFFF

vmemmap_base —p

User Space

128TB

vmalloc_base —

Virtual memory map — 1TB
(store page frame descriptor)

Unused hole (1TB)

vmalloc/ioremap (32TB)

Unused hole (0.5TB)

<«— OXFFFF_FFFF_FFFF_FFFF
<«— OXFFFF_FFFF_FFEO_0000

<— FIXADDR_TOP = OxFFFF_FFFF_FF7F_FO00

<«—FIXADDR_START
MODULES_VADDR

__START_KERNEL = OxFFFF_FFFF_8100_0000

__START_KERNEL_map = OxFFFF_FFFF_8000_0000

*page

0
64-bit Virtual Address

page_offset _base —»

Page frame direct
mapping (64TB)

*page

*page

CDT remap for PIT(U.5TB)

OxFFFF_8000_0000_0000

Guard hole (8TB)

Default Configuration

Kernel Virtual Address

64TB 4
,I
,I
/ ZONE_NORMAL
I/
/
/
U
/
Il
ZONE_DMA32
.._16MB
Sseo ZONE_DMA
0

Physical Memory

page_ofset_base = OxFFFF_8880_0000 0000
vmalloc_base = OxFFFF_C900_0000_0000
vmemmap_base = OxFFFF_EAOO0_0000_0000

* Can be dynamically configured by KASLR (Kernel Address Space Layout Randomization - "arch/x86/mm/kaslr.c")

’
,2 Page Frame

Descriptor

vmemmap_base

Note: Refer from page #5 in the slide deck 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

init_ mem_ mapping() — Page Table Configuration for Direct Mapping

init_mem_mapping

—DI setup_pcid I

probe page size mask I

'I init_memory_mapping(0, ISA_END_ADDRESS, PAGE_KERNEL) I

]
—DI kernel _physical_mapping_init |

|

split._ mem_range |

add_pfn_range mapped |

LI

memory_map_top down(ISA_END_ADDRESS, end) |

0059771
.005579]

init memory mapping: [mem 0x00000000-0x000££f£f£ff]
[mem Ox00000000-0x000fffff] page 4k

while (last_start > map_start)

| init_range_memory_mapping(start, last_start) I

A 4

for_each_mem_pfn_range() = membl

v

| init._ memory_mapping(start, end, PAG

early ioremap page table range init [x86 only] I

load cr3(swapper_pg_dir) I

_ flush_tlb_all |

L B B e T e T e B e B e T e T e B e B e B e T e T e B e B e T e B e B e B e B e B e B e B e M e B e B e B e B e B | ]

0060321
.006033]
.006102]
.006102]
.006172]
0081727
.006202]
.006203]
.006204]
.00B278]
0082781
LO06279]
00628071
.00638¢]
.006387]
.006388]
.006389]
.006389]
.006573]
.006574]
.006575]
.006575]
.006724]
L006725]
.0086773]
L006773]
.006774]
.006852]
.006853]
.006853]

oy o Y o Y s s s s o o s o s o v o o o o o Y Y o | o

Note
2-socket server with 32GB memory

init mMemory mapping: [mem OxB4fa0U000-OxG4EfbEfEEf]
[mem O0x84fa00000-0x84fbfffff] page ZM

init memory mapping: [mem 0x840000000-0x84f9fffff]
[mem 0xB840000000-0x84f9fffff] page Z2M

init memory mapping: [mem Ox820000000-0x83fffffff]
[mem 0x820000000-0x83fffffff] page 1G

init memory mapping: [mem O0x00100000-O0x2fffffff]
[mem O0x00100000-0x001fffff] page 4k
[mem Ox00200000-0x2fffffff] page 2M

init memory mapping: [mem 0x30042000-0x31ldaffff]
[mem 0x30042000-0x301fffff] page 4k
[mem O0x30200000-0x31bfffff] page ZM
[mem O0x31c00000-0x31daffff] page 4k

init memory mapping: [mem O0x32000000-0xa3b29fff]
[mem O0x32000000-0x3fffffff] page 2M
[mem O0x40000000-0xT7fffffff] page 1G
[mem O0x80000000-0xa3%fffff] page 2M
[mem 0xa3al0000-0xa3biSfff] page 4k

init memory mapping: [mem 0xa7855000-0xabfSlfff]
[mem O0xa7855000-0xa79fffff] page 4k
[mem Oxa7al0000-0Oxabdfffff] page ZM
[mem Oxabel0000-0xabf91fff] page 4k

init memory mapping: [mem Oxabfcd4000-Oxabffffff]
[mem Oxabfcd4000-Oxabffffff] page 4k

init memory mapping: [mem Ox100000000-0Oxd44effffff]
[mem 0x100000000-0x43fffffff] page 1G
[mem 0x440000000-0x44effffff] page ZM

init memory mapping: [mem O0x450000000-0x81fffffff]
[mem 0x450000000-0x47fffffff] page ZM
[mem 0x480000000-0x81fffffff] page 1=



init_ mem_ mapping() — Page Table Configuration for Direct Mapping

init_mem_mapping |

—bl probe_page_size_mask |
—bl setup pcid |
—-l init_memory_mapping(0, ISA_END_ADDRESS, PAGE_KERNEL) |
—bl split_ mem_range I

—DI kernel physical mapping init I

|

add pfn range mapped

0059771
.005579]

init memory mapping: [mem 0x00000000-0x000££f£f£ff]
[mem Ox00000000-0x000fffff] page 4k

- -DI memory _map_top down({ISA END ADDRESS, end) I

while (last_start > map_start)

I init_range_memory_mapping(start, last_start) I

L 4

for_each_mem_pfn_range() 2 memblock stuff

I init_memory_mapping(start, end, PAGE_KERNEL) I

early_ioremap_page_table_range_init [x86 only] I

load cr3(swapper pg dir) I

4 4 3

__ flush_tlb_all |

,_,,_,,_|,_,,_|,_,,_,,_,,_,,_|ﬁﬁﬁ‘,—.,_,,—.,—.,—.,—.,_,,—.,_,,—..—..—..—..—..—..—..—.

0060321
.006033]
.006102]
.006102]
.006172]
0081727
.006202]
.006203]
.006204]
.00B278]
0082781
LO06279]
00628071
.00638¢]
.006387]
.006388]
.006389]
.006389]
.006573]
.006574]
.006575]
.006575]
.006724]
L006725]
.0086773]
L006773]
.006774]
.006852]
.006853]
.006853]

oy o Y o Y s s s s o o s o s o v o o o o o Y Y o | o

init mMemory mapping: [mem OxB4fa0U000-OXG4LfbEfEEL]
[mem O0x84fa00000-0x84fbfffff] page ZM

init memory mapping: [mem 0x840000000-0x84f9fffff]
[mem 0xB840000000-0x84f9fffff] page Z2M

init memory mapping: [mem Ox820000000-0x83fffffff]
[mem 0x820000000-0x83fffffff] page 1G

init memory mapping: [mem O0x00100000-O0x2fffffff]
[mem O0x00100000-0x001fffff] page 4k
[mem Ox00200000-0x2fffffff] page 2M

init memory mapping: [mem 0x30042000-0x31ldaffff]
[mem 0x30042000-0x301fffff] page 4k
[mem O0x30200000-0x31bfffff] page ZM
[mem O0x31c00000-0x31daffff] page 4k

init memory mapping: [mem O0x32000000-0xa3b29fff]
[mem O0x32000000-0x3fffffff] page 2M
[mem O0x40000000-0xT7fffffff] page 1G
[mem O0x80000000-0xa3%fffff] page 2M
[mem 0xa3al0000-0xa3biSfff] page 4k

init memory mapping: [mem 0xa7855000-0xabfSlfff]
[mem O0xa7855000-0xa79fffff] page 4k
[mem Oxa7al0000-0Oxabdfffff] page ZM
[mem Oxabel0000-0xabf91fff] page 4k

init memory mapping: [mem Oxabfcd4000-Oxabffffff]
[mem Oxabfcd4000-Oxabffffff] page 4k

init memory mapping: [mem Ox100000000-0Oxd44effffff]
[mem 0x100000000-0x43fffffff] page 1G
[mem 0x440000000-0x44effffff] page ZM

init memory mapping: [mem O0x450000000-0x81fffffff]
[mem 0x450000000-0x47fffffff] page ZM
[mem 0x480000000-0x81fffffff] page 1

Note
2-socket server with 32GB memory




setup arch() -- init_ mem mapping() — Page Table
Configuration for Direct Mapping

.000000]

BIOS—provided physical RAM map:

init_memory_mapping() -> kernel_physical_mapping_init()

[ 0

[ 0.000000] BIOS-e820: [mem 0x0000000000000000-0x000000000009£EEE] usable . .

[ 0.000000] BIOS-e820: [mem 0x00000000000a0000-0x00000000000££££f] reserved * Create 4-level page table (dIFECt mapplng) based on

[ 0.000000] BIOS-e820: [mem 0x0000000000100000-0x000000002£fF£EEE] usable . , . .

[ 0.000000] BIOS-e820: [mem 0x0000000030000000-0x0000000030041£££] ACPI NVS memory’ type of the memblock conflguratlon.

[ 0.000000] BIOS-e820: [mem 0x0000000030042000-0x0000000031daffff] usable

[ 0.000000] BIOS-e820: [mem 0x0000000031db0000-0x0000000031ffffff] reserved

[ 0.000000] BIOS-e820: [mem 0x0000000032000000-0x00000000a3b29££f] usable

[ 0.000000] BIOS—e820: [mem O0x00000000a3b2a000-0=x00000000a5%cefff] reserved

[ 0.000000] BIOS-e820: [mem 0x00000000a59cf000-0x00000000a5b87EEE] ACPI data

[ 0.000000] BIOS-e820: [mem 0x00000000a5b88000-0x00000000a619bEEE] ACPI NVS

[ 0.000000] BIOS-e820: [mem 0x00000000a619c000-0x00000000a7854Eff] reserved

[ 0.000000] BIOS-e820: [mem 0x00000000a7855000-0x00000000abf31E£f] usable

[ 0.000000] BIOS-e820: [mem 0x00000000abf$2000-0x00000000abfc3Eff] reserved

[ 0.000000] BIOS-e820: [mem 0x00000000abfc4000-0x00000000abEffEEE] usable

[ 0.000000] BIOS-e820: [mem 0x00000000ac000000-0x00000000afffffff] reserved

[ 0.000000] BIOS-e820: [mem 0x00000000b4000000-0x00000000bSEEEEEE] reserved

[ 0.000000] BIOS-e820: [mem 0x00000000be000000-0x00000000bEEEEEEE] reserved

[ 0.000000] BIOS-e820: [mem 0x00000000c8000000-0x00000000cSEEEEEE] reserved

[ 0.000000] BIOS-e820: [mem 0x00000000£4000000-0x00000000£5E££EEE] reserved

[ 0.000000] BIOS-e820: [mem 0x00000000£fe000000-0x00000000fffFEEEE] reserved

[ 0.000000] BIOS-e820: [mem 0x0000000100000000-0x000000044efEEEEE] usable

[ 0.000000] BIOS-e820: [mem 0x000000044£000000-0x000000044ffEEEEf] reserved

[ 0.000000] BIOS-e820: [mem 0x0000000450000000-0x000000084fbEEEEE] usable

[ 0.000000] BIOS-e820: [mem 0x000000084fc00000-0x000000084ffffFff] reserved
[ 0.007312] MEMBLOCEK configuration:
[ 0.007312] memory size = 0x00000007f6bb0000 reserved size = 0x00000000146%a522
[ 0.007313] memory.cnt = 0x8
[ 0.007314] memory[0=d] [0x0000000000001000-0=x000000000009£££8], O0x000000000009£000 bytes on node 0 flags: 0=x0
[ 0.00731¢6¢] memory[0=xl] [0x0000000000100000-0x000000002£££FFFF], O0x000000002££00000 bytes on node 0 flags: 0x0
[ 0.007317] memory[0=2] [0=x0000000030042000-0x0000000031daffff], 0x0000000001de=000 bytes on node 0 flags: 0x0
[ 0.007318] memory[0=3] [0=z0000000032000000-02x00000000a3b251Eff], O0xz0000000071b2a000 bytes on node 0 flags: 0O=0
[ J3.007320] memory[0=x4] [0x0000000027855000-0=00000000abE91f£Ff], O0x0000000004734000 bytes on node 0 flags: 0=x0
[ 0.007321] memory[0x5] [0x00000000abfcd4000-0x00000000abEffffff], O0x000000000003c000 bytes on node 0 flags: 0x0
[ 0.007322] memory[0=6] [0x0000000100000000-0x000000044effffFff], 0x000000034£f000000 bytes on node 0 flags: 0x0
[ 0.007323] memory[0x7] [0x0000000450000000-0x000000084fbf££££], 0x00000003££c00000 bytes on node 1 flags: 0x0




x86 - setup arch() -- x86 init.paging.pagetable init()

x86_init.paging.pagetable_init

> native_pagetable_init

Remove mappings in the end of physical
memory from the boot time page table

x86_init.paging.pagetable_init

native_pagetable_init

\ 4

v

pagetable_init

L permanent_kmaps_init

v

__flush_tlb_all

v

sparse_init

\ 4

zone_sizes_init

paging_init
—> sparse_init
=»1 zone_sizes_init

cfg number of pfn for each zone

v

v

free_area_init




Sparse Memory Model Initialization: sparse init()

sparse_init

Mark the present bit for each allocated mem_section

\ 4

memblocks_present

1. for_each_mem_pfn_range(): Walk through available memory range
from memblock subsystem

for_each_mem_pfn_range(..)

\ 4

memory_present(nid, start, end) cfg ms->section_mem_map flag bits

-»1 Allocate pointer array of section root if necessary

pnum_begin = first present section nr();
nid_begin s{sparse_early_nid(__nr_to_section(pnum_begin));

\ 4

for_each_present_section_nr(pnum_begin + 1, pnum_end)

for (pfn = start; pfn < end; pfn += PAGES_PER_SECTION)

sparse_index_init

set_section_nid

cfg ‘ms->section_mem_map’ via [Duging boot]
dpelise ssees sa il el Temporary: Store nid in
section_mark_present ms-Psection_mem_map

\ 4

[During boot]
Temporary: get nid in ms->section_mem_map

sparse_init_nid

\ 4

sparse_init_nid [Cover last cpu node]

1. Allocate a mem_section_usage struct
2. cfg ms->section_mem_map with the valid page descriptor




memory present()

memblock

bottom_up

current_limit

memory

reserved

memblock_type

cnt

max

total_size

»

memblock_region #0

base = 0x1000

size = 0x9f000

flags

PFN

63

33 2322

1514

0

NR_SECTION_ROOTS

SECTIONS_PER_ROOT

PAGES_PER_SECTION

**mem_section

struct mem_section * #2047

nid=0

\ 4

struct mem_section * #0

memblock_region #1

*regions

name

base = 0x100000

size = 2ff00000

struct mem_section #255

flags

nid=0

memblock_region #2

base = 0x3004_2000

size = 0x1d6_e000

flags

nid=0

memblock_region #7

base = 0x4_5000_0000

size = 0x3_ffc0_0000

flags

nid=1

\ 4

struct mem_section #0

[ Initialized object
[ Initialized object
[ Uninitialized object




memory present()

memblock

bottom_up

current_limit

memory

reserved

memblock_type

cnt

max

total_size

»

memblock_region #0

base = 0x1000

size = 0x9f000

**mem_section

PFN

63 33

2322

1514

0

NR_SECTION_ROOTS

SECTIONS_PER_ROOT

PAGES_PER_SECTION

struct mem_section * #2047

flags

nid=0

struct mem_section * #0

memblock_region #1

*regions

name

base = 0x100000

size = 2ff00000

struct mem_section #255

flags

nid=0

memblock_region #2

base = 0x3004_2000

size = 0x1d6_e000

flags

nid=0

memblock_region #7

base = 0x4_5000_0000

size = 0x3_ffcO_0000

flags

nid=1

\ 4

\ 4

struct mem_section

section_mem_map=0

E=0

0=1|M=0] P=1

struct mem_section #0

struct mem_section_usage *usage

P: Present, M: Memory map, O: Online, E: Early

[ Initialized object
[ Initialized object
[ Uninitialized object




memory present()

memblock

bottom_up

current_limit

memory

reserved

memblock_type

cnt

max

total_size

»

memblock_region #0

base = 0x1000

size = 0x9f000

**mem_section

PFN

63

33

2322 1514

0

NR_SECTION_ROOTS

SECTIONS_PER_ROOT

PAGES_PER_SECTION

struct mem_section * #2047

flags

nid=0

A

struct mem_section * #0

memblock_region #1

*regions

name

base = 0x100000

size = 2ff00000

flags

nid=0

A 4

struct mem_section

0=1

section_mem_map=0 | E=0 M=0] P=1

struct mem_section_usage *usage

0 -‘
struct mem_section #255
struct mem_section #5
—> struct mem_section #0

memblock_region #2

base = 0x3004_2000

size = 0x1d6_e000

flags

nid=0

memblock_region #7

base = 0x4_5000_0000

size = 0x3_ffcO_0000

flags

nid=1

\ 4

struct mem_section

0=1

M=0] P=1

section_mem_map=0 | E=0

struct mem_section_usage *usage

[ Initialized object
[ Initialized object
[ Uninitialized object




memory present()

memblock

bottom_up

current_limit

memory

memblock_type

cnt

max

total_size

»

memblock_region #0

base = 0x1000

size = 0x9f000

PFN

63

33 2322 1514

0

**mem_section

NR_SECTION_ROOTS | SECTIONS_PER_ROOT | PAGES PER_SECTION

struct mem_section * #2047

flags

struct mem_section * #0

(@) 4 . 4

nid=0

memblock_region #1

*regions

reserved

name

base = 0x100000

size = 2ff00000

flags

nid=0

struct mem_section #255

struct mem_section

A 4

section_mem_map=0 | E=0 | O=1 | M=0|] P=1

struct mem_section_usage *usage

v

struct mem_section #6

struct mem_section #5

memblock_region #2

base = 0x3004_2000

size = 0x1d6_e000

flags

nid=0

memblock_region #7

base = 0x4_5000_0000

size = 0x3_ffcO_0000

flags

nid=1

A 4

struct mem_section

section_mem_map=0 | E=0 | O=1 | M=0] P=1

struct mem_section_usage *usage

struct mem_section

struct mem_section #0

A 4

section_mem_map=0 | E=0 | O=1 | M=0}] P=1

struct mem_section_usage *usage

[ Initialized object
[ Initialized object
[ Uninitialized object




memory present()

memblock

bottom_up

current_limit

memory

memblock_type

cnt

max

total_size

*regions

-

memblock_region #0

base = 0x1000

reserved

name

size = 0x9f000

flags

**mem_section

PFN

63

33

2322 1514

0

NR_SECTION_ROOTS

SECTIONS_PER_ROOT

PAGES_PER_SECTION

struct mem_section * #2047

struct mem_section * #1

nid=0

struct mem_section * #0

memblock_region #1

base = 0x100000

size = 2ff00000

flags

nid=0

memblock_region #2

base = 0x3004_2000

size = 0x1d6_e000

A 4

struct mem_section

section_mem_map=0 | E=0 | O=1 | M=0|] P=1

struct mem_section #255

struct mem_section #138

struct mem_section #6

struct mem_section #5

flags

nid=0

memblock_region #7

base = 0x4_5000_0000

size = 0x3_ffcO_0000

flags

\ 4

struct mem_section #0 |

struct mem_section #255

struct mem_section_usage *usage

struct mem_section

0=1|M=0] P=1

section_mem_map=0 | E=0

A 4

struct mem_section_usage *usage

\ 4

struct mem_section

section_mem_map=0 | E=0 | O=1 | M=0] P=1

struct mem_section_usage *usage

\ 4

struct mem_section #9

nid=1

\ 4

struct mem_section #0

struct mem_section

section_mem_map=0 | E=0 | O=1 | M=0] P=1

struct mem_section_usage *usage

[ Initialized object
[ Initialized object

[ Uninitialized object




sparse _init nid(): cfg mem_section _map

memblock_region #0

base = 0x1000

size = 0x9f000

flags

**mem_section

struct mem_section * #2047

struct mem_section * #1

nid=0

struct mem_section * #0

memblock_region #1

base = 0x100000

size = 2ff00000

flags

nid=0

memblock_region #2

base = 0x3004 2000

size = 0x1d6_e000

struct mem_section #255

struct mem_section #138

struct mem_section #6

struct mem_section #5

flags

nid=0

memblock_region #7

base = 0x4_5000_0000

size = 0x3_ffcO_0000

flags

v

PEN

63

33 2322

1514 0

NR_SECTION_ROOTS

SECTIONS_PER_ROOT

PAGES_PER_SECTION

struct mem_section

section_mem_map | E=1 | O=1 | M=1] P=1

struct mem_section_usage *usage

struct mem_section

section_mem_map | E=1 | O=1 | M=1| P=0

struct mem_section_usage *usage

struct mem_section #0

struct mem_section #255

struct mem_section #9

nid=1

\ 4

struct mem_section

\ 4

section_mem_map | E=1 | O=1|M=1| P=1

struct mem_section_usage *usage

> struct mem_section

section_mem_map | E=1 ] O=1M=1] P=1

struct page #65535

struct page #32768

struct page #32767

struct page #0

\

y

section #1
section_roots #0

section #0
section_roots #0

vmemmap = VMEMMAP_START =

vmemmap_base

struct mem_section_usage *usage

struct mem_section_usage #n

struct mem_section_usage #0

Per-node basis

Number of available
‘struct mem_section
(map_count)’.

Allocate page structs for each

struct mem_section #0

table (Virtual Memory Map)

mem_section and map them to the page

| Initialized object
[ Uninitialized object




sparse_init nid(): cfg mem section map [ O

NR_SECTION_ROOTS | SECTIONS_PER_ROOT | PAGES PER_SECTION

**mem_section

memblock_region #0

base = 0x1000 SHALEE sling SEEEon - GAag > struct mem_section struct page #8683520 T section #0-9,
. section_roots #1
size = 0x9f000 section_mem_map | E=1 | 0=1 | M=1] P=1 Struct page #8388608 $ -
struct mem_section * #1 . 4 .
flags = struct mem_section_usage *usage struct page #8388607 section #138-255,
struct mem tion * # B section_roots #0
nid =0 Uct mem._sectio L e o o struct page #4521984 v -
ook > struct mem_section
memblock region #1
_ struct mem_section #255 section_mem_map | E=1 ] O=1 M=1] P=0 SUlctpage #229375 1 section #2-6,
base = 0x100000 = ) " v section_roots #0
: struct mem_section_usage *usage StruCt page #65535 A
size = 2ff00000 - section #1,
flags struct mem_section #138 Struct page #32768 | section_roots #0
a
d=0 : struct page #32767 section #0,
nia = —> struct mem_section :
struct mem_section #6 ' E_l 1T _|31 v, Struct page #O | section_roots #0
memblock_region #2 section_mem_map | E= = =1] P=
= struct mem_section #5 vmemmap = VMEMMAP_START =
base = 0x3004_2000 |— struct mem_section_usage *usage vmemmap_base
size = Ox1d6_e000 » struct mem_section #0 ——

- = > ruct mem ion .
flags struct mem_sectio struct mem_section_usage #n Per-node basis
id=0 section_mem_map | E=1 | 0=1|M=1] P=1 Number of available

nia = . ‘struct mem_section
struct mem section #255 ; * I S =
Pa—— — struct mem_section_usage “usage struct mem_section_usage #0 (map_count)".

memblock_region #7

base = Ox4_5000_0000 struct mem_section #9 1 ,
_ Allocate page structs for each LJL_1L_lnitialized object
size = 0x3_ffc0_0000 | prmpres——— mem_section and map them to the [ Allocated & Uninitialized object
flags = page table (Virtual Memory Map) [ Unallocated object

nid=1




64-bit Virtual Address

OXFFFF_FFFF_FFFF_FFFF

Kernel Space

128TB

OxFFFF_8000_0000_0000

Empty Space

0x0000_7FFF_FFFF_FFFF

User Space

128TB

0
64-bit Virtual Address

Default Configuration

1GB or 1.5GB

—

Unused hole (2MB)

Fix-mapped address space
(Expanded to 4MB: 05ab1d8a4b36)

Modules

1GB or 512MB =

Kernel code [.text, .data...]

Kernel text mapping from
physical address O

vmemmap_base —p

Virtual memory map — 1TB
(store page frame descriptor)

Reference: Documentation/x86/x86_64/mm.rst

<«— OXFFFF_FFFF_FFFF_FFFF

<— OXFFFF_FFFF_FFEO_0000
<— FIXADDR_TOP = OxFFFF_FFFF_FF7F_F000

<«—FIXADDR_START

MODULES_VADDR
__START_KERNEL = OxFFFF_FFFF_8100_0000

__START_KERNEL_map = OxFFFF_FFFF_8000_0000

vmalloc_base —

Unused hole (1TB)

vmalloc/ioremap (32TB)

Unused hole (0.5TB)

page_offset _base —»

Page frame direct
mapping (64TB)

LDT remap for PTI (0.5TB)

OxFFFF_8000_0000_0000

Guard hole (8TB)

Kernel Virtual Address

64TB 4
,I
,I
/ ZONE_NORMAL
I/
/
/
U
/
Il
ZONE_DMA32
~._16MB
Sseo ZONE_DMA
0

Physical Memory

page_ofset_base = OxFFFF_8880_0000 0000
vmalloc_base = OxFFFF_C900_0000_0000

vmemmap_base = OxFFFF_EAOO0_0000_0000
* Can be dynamically configured by KASLR (Kernel Address Space Layout Randomization - "arch/x86/mm/kaslr.c")

*page

*page

*page
/' Page Frame
Descriptor

vmemmap_base

Note: Refer from page #5 in the slide deck 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

Re-visit sparse memory . . o

NR_SECTION_ROOTS | SECTIONS_PER_ROOT | PAGES PER_SECTION

struct mem_section struct page #8683520 1 section #0-9,
. section_roots #1
section_mem_map | E=1 | O=1|M=1] P=1 struct page #8388608 v
A
struct mem_section_usage *usage struct page #8388607 section #138-255,

section_roots #0

e o o struct page #4521984 v
struct mem_section

section_mem_map | E=1 | O=1 | M=1| P=0 struct page #229375 1 section #2-6,
. * v section_roots #0
: struct mem_section_usage Tusage struct page #65535 4 coction &1
Sparse Memory: Refer to section_mem_map tion roots H0
#define  page to_pfn(pg) struct page #32768 1 section_roots
({ const struct page * pg = (pg):s struct page #32767 1 section #0
int _ sec = page_to section(_ pg); h 200 . ’
(unsigned long) ( pg -  section mem map addr( nr to section{ sec))); > struct page #0 v section_roots #0
'y vmemmap = VMEMMAP_START =
' vmemmap_base
#define pfn to page (pfn)
({ unsigned long  pfn = (pfn): \
struct mem section * sec = pfn to section( pfn);
__section_mem map_addr(__sec) + _ pfn;
} :|

sdefine pfn to page(pin) (vinemmap + (pfn))
efine page to pfn(page) unsigned long) ((page) - vmemmap)




Sparse Memory Virtual Memmap:
subsection

1. Introduction
2. Subsection users?

3. pageblock flags: pageblock migration type



Sparse Memory Virtual Memmap: subsection (1/4)

" PFN >
63 33 2322 1514 ol
NR_SECTION_ROOTS | SECTIONS_PER_ROOT | PAGES_PER_SECTION
’ N
\ Y ,) 1 \\\
,l \\\
SECTION_SIZE BITS=27 /7 ~

SUBSECTIONS_PER PAGES_PER_SUBSECTION

SECTION
14 98 0
struct mem_section
_—
section_mem_map | E=1 | O=1 | M=1] P=1 e ———— 2
. / struct page #32767 T 1
struct mem_section_usage *usage ™o K4 2
-| \\\ ,/ struct page #32256 veS $
/ 3
\\\ I/ / 5
> struct mem_section_usage / »
= —>38 \l( S/ struct page #511 t <
sparsemem vmemmap *only* || subsection_map[1] (bitmap) ! ot 2
. / ~ ~
4 struct page #0 =,
pageblock_flags[O] subsection #63 /,, > uct pag ve v
/0
¢,

subsection#0 |,/

e subsection_map: bitmap to indicate if the corresponding subsection is valid
* pageblock_flags: pages of a subsection have the same flag (migration type)




Sparse Memory Virtual I\/Iemmap subsection (2/4

63

33

2322

PFN

1514 0

NR_SECTION_ROOQOTS

SECTIONS_PER_ROOT

PAGES_PER_SECTION

|

SECTION_SIZE BITS =27

ifdef CO
ifdef C
'Z-:-:fin\:

define

else
define
define
endif

else /*
*“f‘ne

NFIG X86_

ONFIz_XB86

SECTION ZE BITS
MAX PHYSMEM BITS
SECTION_SIZE_BITS
MAX PHYSMEM BITS

CONFIG XB86 32 */

SECTION

MAX_E

 SIZE BITS

'HYSMEM BITS

27 /* matt - 128 is convenient right now */
(]

(pgtable 15 enabled

? 52 46)

/include/asm/sparsemem.h

Fifdef ¢
#include

#tdefine

includes/

SECTION SHIFT

SECTIONS SHIFT

ONFIG_SPARSEMEM
<asm/sparsemem.h>

(MR
(46 —

#bits space required to store a section #
PHYSMEM BITS

19

27) =

T A
SECTION

SIZE_BITS) =

linux/page—-flags-layout.h

Some macros are expanded manually

fifdef

CONFIG_S

PARSEMEM
/o
* SECTION_SHIFT

* PA _SECTION_SHIFT
* PFN_SECTION_SHIFT

PR SECTION

TION SHIFT

_SHIFT

l“El_‘l_|_ oM

#define NR_MEM SECTIONS
#define PAGES PER_SECTION
#define PAGE_SECTION_ MASK

SECTION BLOCEFLAGS ITS
({1UL << (PFT
= ((1UL << (1
= (64 * 4) =
linux/mmzone.

#define

i _SECTION
5 - 9)) *
256
h

include/

N SHIFT -

4)

#hits space required to store a section #

rhysical address to/from section number
pfn to/from section number

(SECTION_SIZE_BITS) = 27
(SECTION SIZE BITS — PAGE SHIFT) =
(27 - 1z2) = 15
(1UL << SECTIONS_SHIFT) = (lUL << 19)
(1UL << PFN_SECTION_SHIFT) = (1UL << 15)
(~ (PAGES_PER_SECTION-1))
pageblock order)) * NE_PAGEBLOCE_BITS)

0-1

'ARSEMEM EXTREME

}S_JER_R““T (PAGE_SIZE / (struct mem section))
= (40%6 / 1l€) = Z5¢
IONS_PER_ROOT 1
vendif
ine SECTION NR_TO ROOT (sec) ((sec) / SECTIONS PER_ROOT)

#tdefine NR_SECTI DIV_ROUND UP (NR_MEM SECTIONS, SECTIONS_PER_ROOT)
= ((1 << 18) / 256) = 2048
(SECTIONS PER ROOT - 1)




Sparse Memory Virtual Memmap: subsection (3/4)

A

63

33

PFN

2322

a»
>

1514

0|

NR_SECTION_ROOTS

SECTIONS_PER_ROOT

PAGES_PER_SECTION

SECTION_SIZE BITS=27 2
SUBSECTIONS_PER

|

SECTION

PAGES_PER_SUBSECTION

14

struct mem_section

E=1

section_mem_map

0=1

M=1

P=1

8

struct mem_section_usage *usage

\ 4

struct mem_section_usage

subsection_map[1] (bitmap)

pageblock_flags[0]

I

’ struct page #32767 1o
N / @
-| \\ / struct page #32256 v §'
N !,
N ’/
S /, /

\\ / Il A2
[ / struct page #511 c
A, =3
¢ )l §
subsection #63 | /" ;4] struct page #0 =
/ V2 >

Il /’

subsection#0 |,/

uol1J3os

PAGES _PER_SUBSECTION =512 pages
v' 512 pages * 4KB = 2MB - 2MB huge page
in x86_64



Sparse Memory Virtual Memmap: subsection (4/4)

« PFN

\ 4

63 33 2322 1514 o)
NR_SECTION_ROOTS | SECTIONS_PER_ROOT | PAGES_PER_SECTION

Y g ™
SECTION_SIZE_BITS=27 £ .

SUBSECTIONS_PER
SECTION PAGES_PER_SUBSECTION

14 938 0

#define SUBSECTION SHIFT 21
tdefine SUBSECTION SHIFT 21 = = I - SUBSECTION_SIZE
#define SUBSECTION SIZE (1lUL << SUBSECTION SHIFT) -
- - v" (1UL<<21) =2MB - 2MB huge
#define PFN SUBSECTION SHIFT (SUBSECTION SHIFT - PAGE SHIFT) = (21 - 12) = 9 page in x86_64.
S PER _SUBSECTION (1UL << PFN SUBSECTION SHIFT) = 512

h

= I |

AGE
\GE_SUBSECTION MASK (~ (PAGES PER SUBSECTION-1))

|
]
i

1}
i
H Hh Hh
e e
ja}
i

UBSECTION SHIFT > SECTION

L |
Subsection size exceeds sec

1}
n
00N
M

1
I-
' M Hh

[ ¥x]

T 5
#define SUBSECTIONS PER SECTION (1UL << (SECTION SIZE BITS - SUBSECTION SHIFT))

(1UL << (27 - Z21)) = (1UL << &} = b4 B

include/linux/mmzcone.h

Some macros are expanded manually




subsection: subsection _map users?

struct mem_section

. -
section_mem_map | E=1 | O=1 ] M=1] P=1 e . N =
- ’ struct page #32767 1
struct mem_section_usage *usage ™o /7 8
-| \\\ ,/ struct page #32256 ve 9
(@]
S / l,' 5
> struct mem_section _usage S ) 0
— — \1( S/ struct page #511 1 é
subsection_map[1] (bitmap) / ,’“y’ ®
: VRN Q
4 struct page #0 =
pageblock_flags[0] subsection #63 |/ /s pag ve v
R
e

subsection#0 |,/

subsection_map users

* init stage
v' paging_init -> zone_sizes_init -> free_area_init -> subsection_map_init -> subsection_mask_set
» Set the corresponding bit map for the specific subsection
* Reference stage
v' pfn_section_valid(struct mem_section *ms, unsigned long pfn)
» Users
= [mm/page_alloc.c: 5089] free_pages -> virt_addr_valid -> __ virt_addr_valid -> pfn_valid -> pfn_section_valid
= [drivers/char/mem.c: 416] mmap_kmem -> pfn_valid -> pfn_section_valid = /dev/mem ("man mem)




subsection: subsection _map users?

subsection_map users

struct mem_section

. -
section_mem_map | E=1 | O=1 ] M=1] P=1 e . =
: ’ struct page #32767 1T 1t
struct mem_section_usage *usage ™o /7 8
-| A / struct page #32256 ve 3
S r ) S
> struct mem_section _usage S !y
— _usas \1( S/ struct page #511 ' é
subsection_map[1] (bitmap) / ,’“y’ ®
. / N —+
4 struct page #0 =
pageblock_flags[0] ‘ subsection #63 |/ / 2 pag ve v
/s
4 ’

subsection#0 |,/

Hotplug stage
v Add
» #A1 [drivers/acpi/acpi_memhotplug.c: 311] acpi_memory_device_add ->acpi_memory_enable_device ->
__add_memory ->add_memory_resource -> arch_add_memory ->add_pages ->___add_pages -> sparse_add_section
-> section_activate -> fill_subsection_map -> subsection_mask_set
» #A2 [drivers/dax/kmem.c: 43] dev_dax_kmem_probe ->add_memory_driver_managed ->add_memory_resource ->
same with #A1
v' Remove
» #R1 [drivers/acpi/acpi_memhotplug.c: 311] acpi_memory_device_remove -> __remove_memory ->
try_remove_memory ->arch_remove_memory -> __remove_pages -> _remove_section -> sparse_remove_section ->
section_deactivate -> clear_subsection_map
» #R2 [drivers/dax/kmem.c: 139] dev_dax_kmem_remove -> remove_memory -> try_remove_memory ->same with #R1




pageblock flags: pageblock migration type

struct mem_section

L™ — —
section_mem_map | E=1 | O=1 | M=1] P=1 e . =
: Y] struct page #32767 o 1
struct mem_section_usage *usage ™o /7 8
AN / struct page #32256 o | g
N~ U S o
N ¢/ .
, S S S
»l struct mem_section_usage >SS/ »
& 4 ,, struct page #511 5
subsection_map[1] (bitmap) / ,"y o
. / ~ ~
/ struct page #0 =
pageblock_flags[0] ‘ subsection #63 //, }, uct pag s v
/4 /’
,/
subsection#0 |,/

Dynamically allocated

\ 4

unsigned long pageblock_flags[4]

|
I
I
I
 [Ol}a-bitmT| - - - |4-bit MT||4-bit MT || subsection #0: Migration Type
I
I
I
I
I

|
|
|
|
|
[1]|4-bitMT| - - - |4-bit MT||4-bit MT || subsection #16: Migration Type |
[2] | 4-bitMT| - - - 4-bit MTll4-bit MT || subsection #32: Migration Type :
|
|

[3] 1 4-bitmT| - - - 4-bitMT[|4-bitMT | subsection #48: Migration Type

Migration type is configured in setup_arch -> ... -> memmap_init_zone



pageblock flags: pageblock migration type

struct mem_section

. e
section_mem_map | E=1 | O=1 | M=1] P=1 . A ©
: / struct page #32767 o 1
struct mem_section_usage *usage %o /7 8
-| \\ K4 struct page #32256 v g' @
SN / S
> struct mem_section usage /
— _usas \( S s struct page #511 1 é
subsection_map[1] (bitmap) / ,”y’ o
. /4 N —
4 struct page #0 o,
pageblock_flags[0] subsection #63 |/ S pag ve v
4 /'
/ 4
,/
. subsection #0 /
Dynamically allocated ’

unsigned long pageblock_flags[4]

\ 4

[0} 4-bitmT| - - - |4-bit MT|]4-bit MT || subsection #0: Migration Type

[1]]4-bitMT| - - - |4-bit MT[|4-bit MT

subsection #16: Migration Type

21} a-bitmt| - - - 4-bit MTll4-bit MT || subsection #32: Migration Type

[3] 1 4-bitmT| - - - 4-bitM11|4-bitMT]subsection #48: Migration Type

fdefine PB migratetype bits 3
/* Bit indices that affect a whole block of pages */
Enum pageblock_bits |
PB_migrate,
PBE migrate end = PB migrate + PB migratetype bits - 1,
/* 3 bits required for migrate types */
PB_migrate_ skip,/* If set the block is skipped by compaction */

/o
* Assume the bits will always align on a word. If this assumption|
* changes then get/set pageblock needs updating.

x/

NE_PAGEBLOCEK BITS

/linux/pac

#define SECTION_ BLOCKFLAGS BITS \
( (UL << (PFN_SECTION SHIFT - pageblock order)) * NR PAGEBLOCE BITS)
= ((1UL << (15 - 9))
= (64 * 4) = Z

include/linux/mmzone.h

* 4)

1132,21

snum migratetype {
MIGEATE UNMOVABLE,
MIGEATE MOVABLE,
MIGEFATE RECLAIMABLE,
MIGEATE PCPTYPES,

/* the number of types on the pcp lists

MIGEATE HIGHATOMIC = MIGRATE PCPTYPES,

$ifdef CONFIG CMA

lines: MIGEATE CMA migration type
MIGRATE CMA,

#endif

#ifdef CONFIG MEMORY ISOLATION

MIGEATE ISOLATE,

MIGREATE TYPES

/* can't allocate from here */

& f‘l




nage

free_area_init

\ 4

calculate arch=zone={lowest, highest}EpossibIeEpfn[]

—]

print zone ranges and early memory node ranges |

olock: set migration type

subsection_map_init

for_each_mem_pfn_range(..)

print memory range for each memblock

subsection_map_init

for (nr = start_sec; nr <= end_sec; nr++)

subsection_mask_set

\ 4

bitmap_set

mminit verify pageflags layout

setup nr node ids

L

init unavailable mem

\ 4

for_each_online_node(nid)

free_area_init_node

get_pfn_range for_nid

\ 4

\ 4

calculate_node_totalpages

free_area_init_core

for (J =0; J < MAX_NR_ZONES; j++)

memmap_init

memmap_init_zone

A\ 4

for (pfn = start_pfn; pfn < end_pfn;)l

__init_single_page

set_pageblock_migratetype

\ 4

pgdat_set deferred _range

> free_area_init_core .

set_pageblock_migratetype
[System init stage] each pageblock is initialized to MIGRATE_ MOVABLE

node_set_state

check for_memory




pageblock

zone

pageblock size

CONFIG_HUGETLB_PAGE

Number of Pages

present_pages = 1311744 Y

512 =Huge page size

I |
I Page |
I |
|
|

N

1024 (MAX_ORDER - 1)

O

Q)
oQ

()

N = round_up(present_pages / pageblock_size) - 1

/ # cat /proc/pagetypeinfo
Page block order: %
Pages per block: 512

eExamgIe

pageblocks = round_up(1311744 / 512) = 2562

Free pages count per migrate type at order o 1 2 3 4
Node 0, zone DMRA3Z, type Unmowvable ) 1 0 1 0
Node 0, zone DMA3Z2, type Movable 3 4 7 G 4
Node 0, zone DME3Z, type Reclaimable ] 0 0 ] 0
Node 0, zone DMA3Z, type Highatomic ] 0 0 ] 0
Node 0, zone Normal, type Unmowvable o 1 0 1 0
Node 0, zone Normal, type Movable ) 0 0 ) 1
Node 0, zone Normal, type EReclaimable i} 0 1 1 0
Node 0, =zone Normal, type Highatomic 0 1] 1] 0 1]
Number of blocks type Unmovable Movable Reclaimable HighAtomic
Node 0, =zone DME3Z2 1 1535 0 0

| HNode U, zone Normal 16 2344 2 U

€ 16 + 2544 + 2= 2562

L e e e s R Y g

[t I W I e R ) R S )

(gdb) p node datal[0]->node zones[1]
= {
_watermark = {7040, 8800, 105&0},
watermark boost = 0O,
nr reserved highatomic = 0,
lowmem reserve = {0, 0, 0},
node = 0,

zone pgdat = Oxffff8882403f£a000,
pageset = 0xZ14Z8,
pageset high = 378,
pageset _batch = €3,
zone start pfn = 1048576&,
managed pages = {

counter = 1275118

br
spanned pages = 1311744,

present pages = 1311744,
name = Oxfffff£fff818f8ELS "Normal™,

[ e o s L

L I S B I s T Y O A T S

L e = B R T 4
=]




pageblock flags: pageblock migration type

struct mem_section

section_mem_map

E=1 | O=1|M=1

P=1

struct mem_section_usage *usage

v

struct mem_section_usage

subsection_map[1] (bitmap)

pageblock flags[0]

subsection #63

|

Dynamically allocated

subsection #0

\ 4

[0]
[1]
[2]
3]

unsigned long pageblock_flags[4]

4-bit MT 4-bit MT||4-bit MT
4-bit MT 4-bit MT[|4-bit MT
4-bit MT 4-bit MTﬂm

] subsection #48: Migration Type

| subsection #0: Migration Type
subsection #16: Migration Type

[
subsection #32: Migration Type I
[

struct page #32767

struct page #32256 4

struct page #511

struct page #0 v

uoindasgns

uolloasqgns

uol129es

==

I pageblock #0
|

zone

pageblock size

present_pages

CONFIG_HUGETLB_PAGE

Number of Pages

Y

512 = Huge page size

N

1024 (MAX_ORDER - 1)

pageblock #N

I
1
1
1
I
4

N = round_up(present_pages / pageblock_size) - 1

[CONFIG_HUGETLB_PAGE=y]
pages of subsection = pages of pageblock = 512 pages (order = 9)




page->flags layout




page->flags l[ayout

No sparsemem or sparsemem Node Zone flags
vmemmap
No sparsemem or sparsemem
P P . Node Zone | LAST_CPUPID flags
vmemmap + last_cpupid
sparsemem| Section Node Zone flags
sparsemem + last_cpupid | Section Node Zone | LAST_CPUPID flags
sparsemem wo/ node | Section Zone flags

1.
2.

63

last_cpupid: Support for NUMA balancing (NUMA-optimizing scheduler)

sparsemem: Enabled by CONFIG_SPARSEMEM




page->flags layout: sparsemem vmemmap + last_cpupid

Node

Zone

LAST_CPUPID

flags (enum pageflags)

63

54

52

Kernel Configuration: gemu — v5.11 kernel

CONFIG_NUMA_BALANCING=y
CONFIG_NUMA_BALANCING_DEFAULT _ENABLED=y

CONFIG_NR_CPUS=64
CONFIG_NODES_SHIFT=10

CONFIG_SPARSEMEM_MANUAL=y
CONFIG_SPARSEMEM=y
CONFIG_NEED_MULTIPLE_NODES=y
CONFIG_SPARSEMEM_EXTREME=y
CONFIG_SPARSEMEM_VMEMMAP_ENABLE=y
CONFIG_SPARSEMEM_VMEMMAP=y

# CONFIG_KASAN is not set

38

23-bit pageflags

22

(gdb) ptype enum pageflags

PG _active, PG workingset,
h 1, PG reserved,
sk, PG _reclaim,

type = enum pageflags {PG locked,
PG waiters,
PG private,

PG swapbacked,

PG referenced, PG uptodate,
PG error, PG slab,
PG writeback,
P mlocked,

PG private 2,
PG unevictable,

PG head,

LAGS, PG checked = 10, PG swapcache = 10, PG fscache = 14, PG pinned = 10, PG sa
vepinned = 3, PG _foreign = 10, PG _xen remapped = 10, PG slob free = 13, PG _doubl
e map = 6, PG_isolated = 18, PG_reported = 2}

(gdb) p (int) _ NR PAGEFLAGS

$9 = 23

(gdb) p NR_PAGEFLAGS

510 = 23

PG dirty,
PG owner priwv 1,

PG_arch 2, _ NR_PAGEF

PG 1ru,
PG_arc
PG _mappedtodi

(gdb)

ptype enum zone type

ype

enum zone type {ZONE DMA3Z2,

A0NE NOEMAL, AONE MOVABLE,

__MAX NR_ZONES}




page->flags layout - sparsemem vmemmap + last _cpupid

Node Zone

LAST_CPUPID

flags (enum pageflags)

63 54 52 38

22

(gdb)
ype

ptype enum zone type
enum zone type {ZONE DMA3Z,

ZONE_NOBMATL,

Z0NE_MOVABLE,

__MAX NR_ZONES}

(gdb) p (int) _ MAX NR ZONES
13 =3
#if defined (CONFIG_SPARSEMEM) && !defined(CONFIG SPARSEMEM VMEMMAT)

mT AR

wWT
L L AN

SEC WL

T YT
SECTIONS

— L LWL

_SHIFT

ST VT
SECTION

include/linux/page—flags—layout.h

Kernel Configuration: gemu — v5.11 kernel

CONFIG_NUMA_BALANCING=y
CONFIG_NUMA_BALANCING_DEFAULT_ENABLED=y

CONFIG_NR_CPUS=64

CONFIG_NODES_SHIFT=10

(gdb) p SECTIONS WIDTH

53 =0

(gdb) p NODES WIDTH

54 = 10

34,0-1 (gdb) p ZONES WIDTH

55 = 2

(gdb) p LAST CPUPID WIDTH
B S6 = 14

(gdb) p KASAN TAG WIDTH

57 =0

CONFIG_SPARSEMEM_MANUAL=y
CONFIG_SPARSEMEM=y
CONFIG_NEED_MULTIPLE_NODES=y
CONFIG_SPARSEMEM_EXTREME=y
CONFIG_SPARSEMEM_VMEMMAP_ENABLE=y
CONFIG_SPARSEMEM_VMEMMAP=y

# CONFIG_KASAN is not set

j &

define

[SECTION] |

S
PGOFE

Page flags: |

R
SECTIONS

#ifdef CONFIG NODES SHIFT

#define NODES SHIFT CONFIG NODES SHIFT = 1

#else

fdefine NODES SHIFT 0

#endi

include/linux,/numa.h

#if SECTIONS WIDTH+ZONES WIDTH+NODES SHIFT <= BITS PER_LONG
efine NODES WIDTH NODES_SHIFT = 10

-_l’._
L

Felse
#ifdef CONFIG

PARSEMEM WVMEMMAP

ND L

rror "Vmemmap: No space for nodes field in page flags"®
ndif
efine NODE S_WIDTH
ndif

include/linux/page—flags—layout.h

— NR_PAGEFLAGS

define NODES_ PGOFF

#define SECTIONS PGSHIFT
#define NODES_ PGSHIFT
#define ZONES PGSHIFT

ID PGSHIFT

FLRGS | */
5 _WIDTH)

[NODE] |
(1

ZONE | [LAST CPUPID] | ... |

ad ng) *8) —

(unsigned

(e4 - 0)

JIl=id Lol "oy — oL 40T

&4

54

PGOFF — NODES WIDTH) = - 0 -
F — ZONES WIDTH) = 54 - 2 = 52
F — LAST CPUPID WIDTH)

o
1=
PEOFF — EASAN TAG WIDTH)

_TI * (SEC ONS WIDTH != 0)) 0
(NODES_P NODES WIDTH != 0)) = 54
(ZONES P ZONES_WIDTH != 0)) = 52
(LAST CP PEOFF * (LAST CPUPID WIDTH != 0})




page->flags: section field (sparsemem wo/ vmemmap)

sparsemem + last_cpupid ‘Section Node Zone | LAST_CPUPID | ... flags

PFN -

63 33 2322 1514 0|
NR_SECTION ROOTS | SECTIONS PER ROOT | PAGES PER SECTION

#define  page to pfn(pg)

const cruct page # odg = (pdg):
» int sec = page to section( pg); | \
(unsigned long) ( pg -  sectlon mem map addr(  nr to section{ sec))):

#define pfn to page(pin)
({ unsigned long pfn =

( W
struct mem section * sec = pfn to section( pfn);
section mem map addr(__ sec) + pin; A

#ifdef SECTION IN PAGE FLAGS
static inline wvoid set page section(struct page *page, unsigned long section)
{

rage->flags &= ~(SECTIONS MASK << SECTIONS PGSHIFT);

page—>flags |= (section & SECTIONS MASE) << SECTIONS PGSHIFT;

static inline unsigned long page to section(const struct page *page)

(page->flags >> SECTIONS PGSHIFT) & SECTIONS MASK;

1468,1




Memory Model — Sparse Memory (sparsemem wo/ vmemmap)

sdefine  page to pfn(pg)
({ const struct page *  pg = (pg);
int sec = page to_ge::t_oni_g:ug];
( igned long) (_ pg - _ section mem map addr( nr to section(_ sec))):
.:|
#define pfn to page (pfn)
i { unsigned long pfn = (pfn) \
struct mem section * sec = pfn to section(_  pfn):
__section mem map_addr(__sec) + _ pfn;
.:|
struct page #m+n-1
_ | struct mem_section page frame
struct mem_section * Node #1
. 5 struct page #0 |~ (hotplug)
- struct mem_section |~ QQ}‘ —l Pag | page frame
struct mem_section * ) . %
— struct mem_section N,
**mem_section K bage frame
- %, struct page #n Node #0
L»| page frame
m struct page #0 —
Physical Memory

1. [section_mem_map] Dynamic page structure: pre-allocate page structures based on the
number of available page frames
v Refer from: memblock structure
2. Support physical memory hotplug
3. Minimum unit: mem_section - PAGES _PER_SECTION = 32768
v' Each memory section addresses the memory size: 32768 * 4KB (page size) = 128 MB
4. [NUMA] : reduce the memory hole impact due to “struct mem_section”




Reference

* https://www.kernel.org/doc/html/v5.17/vm/memory-model.html



https://wdv4758h.github.io/notes/blog/linux-kernel-boot.html

Backup



/sys/devices/system/memory/block size bytes

Memory hotplug uses SPARSEMEM memory model which allows memory to be divided
into chunks of the same size. These chunks are called "sections™. The size of

a memory section is architecture dependent. For example, power uses 1E6MiB, iag4d
uses 1GiB.

Memory sections are combined into chunks referred to as "memory blocks". The
size of a memory block is architecture dependent and represents the logical
unit upon which memory conline/offline operations are to be performed. The

default size of a memory block is the same as memory sectlon size unless an
architecture specifies otherwise. (see :ref: memory hotr 7 sysfs files™.]

To determine the size (in bytes) of a memory block please read this file::

/sys/devices/system/memory/block size bytes

Documentation/admin—-guide/mm/memory-—hotplug.rst




/sys/devices/system/memory/block size bytes

stem memo N
< 64GB?

Y

\ 4

block_size bytes = 0x800_ 0000 N
- — - IX86_FEATURE_HYPERVISOR?
(MIN_MEMORY_BLOCK_SIZE = 128 MB) - -

Y
\ 4
block_size _bytes = 0x8000_0000 Find the largest allowed block size that
(MAX_BLOCK_SIZE = 2 GB) aligns to memory end (check ‘max_pfn’)
Range: 0x8000_0000 - 0x800_0000
[rootRrhB2 ~1# free -h
total used free shared buff/cache available
Mem : 31Gi 6.5G1 15Gi 1.0G1 g8.9G1 23Gi
Swap: 7.8G1 0B 7.831
[root@rhB82 ~1# cat /sys/devices/system/memory/block size bytes
2000000

* Source code: arch/x86/mm/init_64.c: probe_memory_block_size() * lgnore SGI UV system platform



/sys/devices/system/memory/block size bytes

N
block_size bytes = 0x800_ 0000 N
- — - IX86_FEATURE_HYPERVISOR?
(MIN_MEMORY_BLOCK_SIZE = 128 MB) - -
Y
block_size _bytes = 0x8000_0000 Find the largest allowed block size that
(MAX_BLOCK_SIZE =2 GB) aligns to memory end (check ‘max_pfn’)
Range: 0x8000_0000 - 0x800_0000
:crashS free -h
total used free shared buff/cache available
Mem: 125Gi 4.6G1 20Gi 24Mi 99Gi 119Gi
Swap: 8.0G1 2.0Mi 8.0G1

:crashS grep hypervisor /proc/cpuinfo
:crash$ cat /sys/devices/system/memory/block size bytes

0000000

[

:~5 dmesg| grep "Memory block”
[ 1.586€09] =B&e/mm: Memory block size: Z2048MB

* Source code: arch/x86/mm/init_64.c: probe_memory_block_size() * lgnore SGI UV system platform



/sys/devices/system/memory/block size bytes

stem memo N
< 64GB?

Y
A 4
block_size_bytes = 0x800_0000
- oY - IX86_FEATURE_HYPERVISOR? N
(MIN_MEMORY_BLOCK_SIZE = 128 MB)
Y
A\ 4
block_size _bytes = 0x8000_0000 Find the largest allowed block size that
(MAX_BLOCK_SIZE = 2 GB) aligns to memory end (check ‘max_pfn’)
Range: 0x8000_0000 - 0x800_0000

/ # free —g

total used free shared buff/cache available
Mem: 15 0 15 0 0 15
Swap: 1] 1] 1]
/ # grep -rw hypervisor /proc/cpuinfo | head -1 | fold -w 80
flags : fpu de pse tsc msr pae mce cxfB apic sep mtrr pge mca cmov pat
pse36 clflush mmx fxsr sse ssei ht syscall nx 1Im_constant tsc rep good nopl =top
ology cpuild pni ssse3 cxlé ssed4 1 ssed 2 popecnt Ihypervisor lahf Im pti
/ # cat /sys/devices/system/memory/block size bytes
Soooooo

* Source code: arch/x86/mm/init_64.c: probe_memory_block_size() * lgnore SGI UV system platform



/sys/devices/system/memory/block size bytes

N
block_size bytes = 0x800_ 0000 N
- — - IX86_FEATURE_HYPERVISOR?
(MIN_MEMORY_BLOCK_SIZE = 128 MB) - -
Y
block_size _bytes = 0x8000_0000 Find the largest allowed block size that
(MAX_BLOCK_SIZE =2 GB) aligns to memory end (check ‘max_pfn’)
Range: 0x8000_0000 - 0x800_0000
/ # free —g
total used free shared buff/cache available
Mem : 62 0 62 0 0 62
Swap: 0 0 1]
/S # dmes rep pfn

last pfn = 0x1040000 |max arch pfn = 0x400000000

Tast _pin = Uxbrfdf max arch pfn = 0x400000000

/ # grep hypervisor /proc/cpuinfo | head -1 | fold -w 80

flags : fpu de pse tsc msr pas mce cxB apic sep mtrr pge mca cmov pat
pse36 clflush mmx fxsr sse sseZ ht syscall nx 1Im constant tsc rep good nopl =top
ology cpuid pni ssse3 cxlé ssed4 1 ssed4 2 popent |[hyperviscr|lahf Im pti

/ # cat /sys/devices/system/memory/block size bytes

40000000

* Source code: arch/x86/mm/init_64.c: probe_memory_block_size()

* lgnore SGI UV system platform



