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* Based on kernel 5.11 (x86_64) – QEMU 
* 1-socket CPUs (8 cores/socket)
* 16GB memory
* Kernel parameter: nokaslr norandmaps
* Userspace: ASLR is disabled
* Legacy BIOS
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Physical memory defragmentation (Anti-fragmentation): 
Approaches
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Memory Compaction – Concept & Detail



Memory Compaction – Concept (1/2)
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Memory Compaction – Concept (2/2)

free page allocated page
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Memory Compaction – Detail

Legend

free page

allocated page

suitable_migration_target(): 
MIGRATE_MOVABLE
or MIGRATE_CMA

Migration Scanner

cc->migratepages

isolate_migratepages_block(): Build 
a list of allocated/migrate pages

Free Scanner

cc->freepages

isolate_freepages_block(): 
Build a list of free pages

suitable_migration_target(): 
MIGRATE_MOVABLE
or MIGRATE_CMA

compact_zone(): Run memory compaction



Implementation Detail
1. Call path

2. Direct compaction, proactive compaction (kernel thread), and manual 
compaction



compact_zone() - callers
__alloc_pages_slowpath

kcompactd

__alloc_pages_direct_compact

kcompactd_do_work

proactive_compact_node

kcompactd_wait event is woken up

kcompactd_wait event timeout (500ms) 
and execute this function if necessary

Per-node kernel
thread

compact_zone

sysctl_compaction_handler

compact_node

compact_nodes

sysfs_compact_node

try_to_compact_pages

compact_zone_order

echo 1 >  /sys/devices/system/node/node0/compact

echo 1 >  /proc/sys/vm/compact_memory

Direct compactor: run memory compaction when allocating page(s)

Run memory compaction in background 

Manually run memory compaction via /sys or /proc
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kcompactd

kcompactd_do_work

proactive_compact_node

kcompactd_wait event is woken up

kcompactd_wait event timeout (500ms) 
and execute this function if necessary

Per-node kernel
thread

Run memory compaction in background 

compact_zone

wakeup_kcompactd

balance_pgdat

[per-node] zone->watermark_boost > 0

kswapd
kswapd_try_to_sleep

[Might get the freed memory]
Run compaction to make allocation of the 
requested order possible

wakeup_kswapd

1. From rmqueue()
2. __alloc_pages_slowpath() -> wake_all_kswapds()

Might have plenty of free memory, but too fragmented

Who wakes up kcompactd?

[Call path] Who wakes up kcompactd?

Mainly from kswapd



compact_zone

compaction_suitable

__compaction_suitable

fragmentation_index

watermark checking

compact_zone() – call path

compact_finished while loop

fill_contig_page_info

__fragmentation_index

Calculate how many contiguous 
pages are free in a zone



compact_zone() – call path

compaction_suitable __compaction_suitable

fragmentation_index

COMPACT_SUCCESS: No need to run compaction

COMPACT_SKIPPED: Skip this zone
watermark checking

COMPACT_CONTINUE && order > 
PAGE_ALLOC_COSTLY_ORDER

COMPACT_CONTINUE

COMPACT_SKIPPED

fragmentation

out of memory

0

out of memory

COMPACT_SKIPPED COMPACT_CONTINUE

fragmentation

1000/proc/sys/vm/extfrag_threshold
-1000: enough memory

fragmentation_index(): local variable ‘fragindex’compact_zone

compaction_suitable

__compaction_suitable

fragmentation_index

watermark checking

compact_finished while loop

fill_contig_page_info

__fragmentation_index



zone

present_pages

Page

pageblock #0

Page

pageblock #1

Page

pageblock #N

. . .

Free ScannerMigration Scanner

block_start_pfnblock_end_pfn

Migration Scanner & Free Scanner: concept (1/2)

Migration Scanner: first pageblock -> last pageblock
Free Scanner: last pageblock -> first pageblock



zone

present_pages

Page

pageblock #0

Page

pageblock #1

Page

pageblock #N

. . .

Free ScannerMigration Scanner

block_start_pfnblock_end_pfn

Migration Scanner & Free Scanner: concept (2/2)

.. ..

Scan pages Scan pages

pageblock #Npageblock #0



compact_zone

compaction_suitable

__compaction_suitable

fragmentation_index

watermark checking

while (compact_finished(cc) == COMPACT_CONTINUE)

isolate_migratepages

migrate_pages

isolate_migratepages_block

Migration scanner: Add the migrated pages to cc->migratepages

unmap_and_move

compaction_alloc

__unmap_and_move

isolate_freepages

Free scanner: Add the free pages to 
cc->freepages

isolate_freepages_block

Get a free page from cc->freepages

Iterate each page from cc->migratepages

compaction_free

try_to_unmap

__unmap_and_move() failed: Move a free 
page back to cc->freepages

Reverse mapping

cfg members of struct compact_control

compact_zone() – call path

move_to_new_page

remove_migration_ptes



compact_zone

compaction_suitable

__compaction_suitable

fragmentation_index

watermark checking

while (compact_finished(cc) == COMPACT_CONTINUE)

isolate_migratepages

migrate_pages

isolate_migratepages_block

Migration scanner: Add the migrated pages to cc->migratepages

unmap_and_move

compaction_alloc

__unmap_and_move

isolate_freepages

Free scanner: Add the free pages to 
cc->freepages

isolate_freepages_block

Get a free page from cc->freepages

Iterate each page from cc->migratepages

compaction_free

try_to_unmap

__unmap_and_move() failed: Move a free 
page back to cc->freepages

Reverse mapping

cfg members of struct compact_control

compact_zone() – call path

move_to_new_page

remove_migration_ptes



lruvec

lists[NR_LRU_LISTS]

lru_lock

anon_cost

file_cost

nonresident_age

refaults

flags

pglist_data

__lruvec

per-node

lists[LRU_INACTIVE_ANON]

lists[LRU_ACTIVE_ANON]

lists[LRU_INACTIVE_FILE]

lists[LRU_ACTIVE_FILE]

lists[LRU_UNEVICTABLE]

page page

page

page page

page page page page

page

suitable_migration_target(): 
MIGRATE_MOVABLE
or MIGRATE_CMA

order-0 page list

cc->migratepages

isolate_migratepages_block(): Build 
a list of allocated/migrate pages

Migration Scanner

Migration Scanner: isolate_migratepages_block ()

del_page_from_lru_list



isolate_freepages

fast_isolate_freepages split_map_pages

check migrate type:
must be MIGRATE_MOVABLE or MIGRATE_CMA

Try a small search of the
free lists in a zone

function return

for (; block_start_pfn >= low_pfn;

block_end_pfn = block_start_pfn,

block_start_pfn -= pageblock_nr_pages,

isolate_start_pfn = block_start_pfn) {

isolate_freepages_block

break loop if cc->nr_freepages >= cc->nr_migratepages

split_map_pages

zone

present_pages

Page

pageblock #0

Page

pageblock #1

Page

pageblock #N

. . .

Free ScannerMigration Scanner

block_start_pfnblock_end_pfn

Free Scanner - isolate_freepages(): Iterate pageblock (1/3)



isolate_freepages

fast_isolate_freepages split_map_pages

check migrate type:
must be MIGRATE_MOVABLE or MIGRATE_CMA

Try a small search of the free lists in a zone

function return

for (; block_start_pfn >= low_pfn;

block_end_pfn = block_start_pfn,

block_start_pfn -= pageblock_nr_pages,

isolate_start_pfn = block_start_pfn) {

isolate_freepages_block

break loop if cc->nr_freepages >= cc->nr_migratepages

split_map_pages

suitable_migration_target(): 
MIGRATE_MOVABLE
or MIGRATE_CMA

Migration Scanner

cc->migratepages

isolate_migratepages_block(): Build 
a list of allocated/migrate pages

Free Scanner

cc->freepages

isolate_freepages_block(): 
Build a list of free pages

Free Scanner - isolate_freepages_block(): Iterate free page structs (2/3)

order-0 page list free_area[MAX_ORDER]

free_area[0]

free_list[MIGRATE_TYPES]

free_area[1]

free_list[MIGRATE_TYPES]

free_area[10]

free_list[MIGRATE_TYPES]

...

Iterate free page structs

order-1order-1 order-0



isolate_freepages

fast_isolate_freepages split_map_pages

check migrate type:
must be MIGRATE_MOVABLE or MIGRATE_CMA

Try a small search of the free lists in a zone

function return

for (; block_start_pfn >= low_pfn;

block_end_pfn = block_start_pfn,

block_start_pfn -= pageblock_nr_pages,

isolate_start_pfn = block_start_pfn) {

isolate_freepages_block

break loop if cc->nr_freepages >= cc->nr_migratepages

split_map_pages

Free Scanner

cc->freepages

isolate_freepages_block(): 
Build a list of free pages

Free Scanner - split_map_pages(): Build order-0 page list (3/3)

Free Scanner

cc->freepages

isolate_freepages_block(): 
Build a list of free pages

order-0 page list

split_map_pages

order-1order-1 order-0



suitable_migration_target(): 
MIGRATE_MOVABLE
or MIGRATE_CMA

Migration Scanner

cc->migratepages

isolate_migratepages_block(): Build 
a list of allocated/migrate pages

Migration/Free Scanner: Mission Completed

order-0 page list

Free Scanner

cc->freepages

isolate_freepages_block(): 
Build a list of free pages

order-0 page list

1. Buddy system (free_list): order-N 
2. lru/cc->migratepages/cc->freepages: order-0 basis



free page allocated page

MIGRATE_MOVABLE

Build a list of allocated pages

Build a list of free pages

MIGRATE_MOVABLE

Migration Scanner

Free Scanner

Memory compaction: unmap_and_move

Note
migrate_pages

unmap_and_move

compaction_alloc

__unmap_and_move

isolate_freepages

Free scanner: Add the free pages to 
cc->freepages

isolate_freepages_block

Get a free page from cc->freepages

Iterate each page from cc->migratepages

compaction_free

try_to_unmap

__unmap_and_move() failed: Move a free 
page back to cc->freepages

Reverse mapping

__unmap_and_move()



Page Map 

Level-4 Table

Sign-extend
Page Map 

Level-4 Offset

30 2139 38 29474863

Page Directory 
Pointer Offset

Page Directory 
Offset

Page Directory 

Pointer Table

Page Directory 

Table

PML4E #255

PML4E for 
kernel

PDPTE #511

Physical Memory

PTE #510

stacktask_struct

pgd

mm

mm_struct

mmap

PTE #509
…

PTE #478

Steps: detail

Allocated pages or page table entry

Will be allocated if page fault occurs

PML4E #0
PDE #2

PDPTE #0

PTE #0

.text, .data, …

Linear address of the moved page: 0x7ffff7ff9000 

PTE #188
…

PTE #190

PTE #199
…

heap

PTE #505

mmap

1220 11 0

Page Table

Page Directory 
Pointer Offset

Page Directory Offset

PDE #511

PDE #447

mmap

1
2

3

1 __unmap_and_move -> try_to_unmap
• Reverse mapping: unmap all PTEs associated with this physical page

2 __unmap_and_move -> move_to_new_page: data copy

3 __unmap_and_move -> remove_migration_ptes
• Reverse Mapping: restore a migration pte to a new physical page

Legend

__unmap_and_move(): page table changes



Scenario Creation: gdb observation
1. Migration scanner & free scanner

2. unmap -> copy page -> pte change



Scenario Creation

kcompactd

kcompactd_do_work

proactive_compact_node

kcompactd_wait event is woken up

kcompactd_wait event timeout (500ms) 
and execute this function if necessary

Per-node kernel
thread

compact_zone

Run memory compaction in background 



Scenario Creation: Confirm order-0 page list (1/3)

suitable_migration_target(): 
MIGRATE_MOVABLE
or MIGRATE_CMA

Migration Scanner

cc->migratepages

isolate_migratepages_block(): Build 
a list of allocated/migrate pages order-0 page list

pageblock

Free Scanner

cc->freepages

isolate_freepages_block(): 
Build a list of free pages

order-0 page list

Free scanner stops
if cc->nr_freepages >= cc->nr_migratepages



Scenario Creation: Confirm order-0 page list (2/3)

suitable_migration_target(): 
MIGRATE_MOVABLE
or MIGRATE_CMA

Migration Scanner

cc->migratepages

isolate_migratepages_block(): Build 
a list of allocated/migrate pages order-0 page list

pageblock

Free Scanner

cc->freepages

isolate_freepages_block(): 
Build a list of free pages

order-0 page list

Free scanner stops
if cc->nr_freepages >= cc->nr_migratepages

sizeof(struct page) = 64 = 0x40

addr offset=0x40

addr offset=0x40

addr offset=0x40

addr offset=0x40



Scenario Creation: Confirm order-0 page list (3/3)

suitable_migration_target(): 
MIGRATE_MOVABLE
or MIGRATE_CMA

Migration Scanner

cc->migratepages

isolate_migratepages_block(): Build 
a list of allocated/migrate pages order-0 page list

pageblock

Free Scanner

cc->freepages

isolate_freepages_block(): 
Build a list of free pages

order-0 page list

sizeof(struct page) = 64 = 0x40

addr offset=0x40

addr offset=0x40

addr offset=0x40

addr offset=0x40

• Pages managed by buddy system (free pages or free_area)
✓ Page order-N

▪ page->private denotes order ‘N’

• Once pages are removed from buddy system, page->private 
will be set as ‘0’.
✓ __rmqueue -> __rmqueue_smallest -> 

del_page_from_free_list -> set_page_private(page, 0)
✓ Examples:

▪ lru pages (page cache & anonymous page)
▪ Kernel memory allocation (GFP_KERNEL)

o Kernel data structure, kernel page table…



1. Unmap: try_to_unmap()

Only one pte mapped

pte: physical address



sizeof(struct page) = 64 = 0x40

page= 0xffffea00083d5180
pfn = (0xffffea00083d5180 - 0xffffea000000000) / sizeof(struct page) = 2159942 = 0x20F546
physical address = 2159942 * 4096 = 0x 2_0F54_6000

1. Unmap: try_to_unmap()

• Kernel direct mapping address (64TB – 4-level paging): 
‘page_offset_base’
o Reference: Documentation/x86/x86_64/mm.rst



1. Unmap: try_to_unmap() -> try_to_unmap_one()



1. Unmap: try_to_unmap() -> try_to_unmap_one()



page= 0xffffea00083d5180
pfn = (0xffffea00083d5180 - 0xffffea000000000) / sizeof(struct page) = 2159942 = 0x20F546
physical address = 2159942 * 4096 = 0x2_0F54_6000

newpage= 0xffffea000fba3fc0
newpfn = (0xffffea000fba3fc0 - 0xffffea000000000) / sizeof(struct page) = 4122879 = 0x3EE8FF
New physical address = 4122879 * 4096 = 0x3_EE8F_F000

2. copy page: migrate_page_move_mapping() sizeof(struct page) = 64 = 0x40



page= 0xffffea00083d5180
pfn = (0xffffea00083d5180 - 0xffffea000000000) / sizeof(struct page) = 2159942 = 0x20F546
physical address = 2159942 * 4096 = 0x2_0F54_6000

newpage= 0xffffea000fba3fc0
newpfn = (0xffffea000fba3fc0 - 0xffffea000000000) / sizeof(struct page) = 4122879 = 0x3EE8FF
New physical address = 4122879 * 4096 = 0x3_EE8F_F000

2. copy page: migrate_page_move_mapping()

newpage: access from kernel direct mapping addresspage: access from kernel direct mapping address

migrate_page_copy

* more info for “kernel direct mapping”: page #5 of Decompressed vmlinux: linux kernel initialization from page table configuration perspective

Call path: migrate_page_copy->copy_highpage->{kmap_atomic, copy_page}

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


newpage: access from kernel direct mapping addresspage: access from kernel direct mapping address

migrate_page_copy

2. migrate_page_move_mapping() -> migrate_page_copy()



page= 0xffffea00083d5180
pfn = (0xffffea00083d5180 - 0xffffea000000000) / sizeof(struct page) = 2159942 = 0x20F546
physical address = 2159942 * 4096 = 0x2_0F54_6000

newpage= 0xffffea000fba3fc0
newpfn = (0xffffea000fba3fc0 - 0xffffea000000000) / sizeof(struct page) = 4122879 = 0x3EE8FF
New physical address = 4122879 * 4096 = 0x3_EE8F_F000

2. migrate_page_move_mapping() -> migrate_page_copy()

page: access from kernel direct mapping address

migrate_page_copy



page= 0xffffea00083d5180
pfn = (0xffffea00083d5180 - 0xffffea000000000) / sizeof(struct page) = 2159942 = 0x20F546
physical address = 2159942 * 4096 = 0x2_0F54_6000

newpage= 0xffffea000fba3fc0
newpfn = (0xffffea000fba3fc0 - 0xffffea000000000) / sizeof(struct page) = 4122879 = 0x3EE8FF
New physical address = 4122879 * 4096 = 0x3_EE8F_F000

3. pte change: remove_migration_ptes()
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