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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

Page allocation

failure R Failure
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__________________________ >
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Memory Compaction — Concept & Detalil



Memory Compaction — Concept (1/2)

‘ free page allocated page




Memory Compaction — Concept (2/2)
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Memory Compaction — Detalil

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

l"-I == ---I l"-I
cc->migratepages —»1 ™ -I_ =

Migration Scanner

suitable_migration_target():
MIGRATE_MOVABLE

or MIGRATE_CMA

l—— cc->freepages

isolate_freepages_block():
Build a list of free pages

Free Scanner

\ 4

compact_zone(): Run memory compaction

suitable_migration_target():

MIGRATE_MOVABLE

or MIGRATE_CMA

Legend

free page

allocated page




Implementation Detalil

1. Call path

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



compact zone() - callers

__alloc_pages_slowpath

Y

__alloc_pages_direct_compact

\ 4

try_to_compact_pages

|—> compact_zone_order

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

kcompactd_wait event is woken up

kcompactd [

Per-node kernel
thread

»
»

kcompactd_do_work

and execute this function if necessary

kcompactd_wait event timeout (500ms)

A 4

Run memory compaction in background

» proactive_compact_node

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

sysfs_compact_node

echo 1> /proc/sys/vm/compact_memory

sysctl_compaction_handler

4

compact_zone

A

A 4

compact_node
A

A 4

compact_nodes

Manually run memory compaction via /sys or /proc

page #9 page #9
page #8 page #8
page #7 page #7
page #6 page #6
page #5 page #5
page #4 | ==mmpp| page #4
page #3 page #3
page #2 page #2
page #1 page #1
page #0 page #0
page frame page frame
Legend
Free pages

Allocated pages

Order-2
pages




Who wakes up kcompactd?

kcompactd_wait event is woken up

\ 4

kcompactd_do_work

ompace I > compact_zone
Per-node kernel | Kcompactd_wait event timeout (500ms)
thread and execute this function if necessary

A 4

proactive_compact_node [~

Run memory compaction in background

[Call path] Who wakes up kcompactd?
1. From rmqueue()

2. alloc_pages_slowpath() -> wake_all_kswapds()

Might have plenty of free memory, but too fragmented

wakeup_kswapd

A 4

[Might get the freed memory] wakeup_kcompactd

Run compaction to make allocation of the
requested order possible

kswapd

A 4

kswapd_try to_sleep

\ 4

balance_pgdat

[per-node] zone->watermark_boost >0

Mainly from kswapd



compact zone() — call path

compact_zone

A 4

compaction_suitable
L watermark checking

__compaction_suitable

fragmentation_index

\ 4

Calculate how many contiguous

fill_contig_page_info .
pages are free in a zone

__fragmentation_index

\ 4

compact_finished while loop




compact zone() — call path

compact_zone

\ 4

compaction_suitable

watermark checking

R

___compaction_suitable

A\ 4

fragmentation_index

fill_contig_page_info

__fragmentation_index

Y

compact_finished while loop

fragmentation_index(): local variable ‘fragindex’

-1000: enough memory

<

out of memory

fragmentation

0

COMPACT_SKIPPED

/proc/sys/vm/extfrag_threshold

=1411]

/ # cat /proc/sys/vm/extfrag threshold

COMPACT_CONTINUE

>

1000

compaction_suitable

\ 4

__compaction_suitable

watermark checking

» COMPACT_SKIPPED: Skip this zone

COMPACT_CONTINUE && order >

——» COMPACT_SUCCESS: No need to run compaction

out of memory

fragmentation_index

PAGE_ALLOC_COSTLY_ORDER

fragmentation

» COMPACT_SKIPPED

» COMPACT_CONTINUE




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

zone
present_pages
block_end_pfn %Nﬁk start_pfn
I -T T == I-—-=-== I---—=-=1
I | I |
| Page (I Page | | Page |
I I I I I
| | |
Lpfgfb_'°ikf°_- Lpfgfb_'°:kf1_- Lpfgfb_'°:ka_-
Migration Scanner —» <«—— Free Scanner

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



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

zone

present_pages

block_end_pfn %Nﬁk_start_pfn
——— -——-— ——— —— —— _—————

L pageblock #0 pageblock #1 pageblock #N
Migration Scanner —» <«—— Free Scanner
I====-=-== I 1= =-=-=-== |
' I . . I
I [ N ] I I I
| — I I |
I Scan pages : : Scan pages :
1
| |

—————————————




compact zone() — call path

\ 4

compaction_suitable

compact_zone |cfg8 members of struct compact_control

L watermark checking

__compaction_suitable

A 4

fragmentation_index

isolate_migratepages

while (compact_finished(cc) == COMPACT_CONTINUE)

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

\ 4

isolate_migratepages_block

migrate_pages

A 4

A 4

Iterate each page from cc->migratepages

unmap_and_move

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

compaction_alloc

\ 4

\ 4

isolate_freepages

|—> isolate_freepages_block

\ 4

Get a free page from cc->freepages

—>| __unmap_and_move |

try_to_unmap |Reverse mapping

move_to_new_page |

remove_migration_ptes |

5 __unmap_and_move() failed: Move a free
—>| compaction_free
page back to cc->freepages




compact zone() — call path

compact_zone |cfg8 members of struct compact_control

\ 4

compaction_suitable

L watermark checking

__compaction_suitable

A 4

fragmentation_index

\ 4

while (compact_finished(cc) ==

isolate_migratepages [Migration scann

A 4

isolate_migratepages |

migrate_pages

Iterate each pa

unmap_and_m|

_.[

A 4

compact_control |
struct list head freepages; /* List of free pages to migrate to */
struct list head migratepages; /* List of pages being migrated */

u int nr freepages; /* Number of isclated free pages */
u int nr migratepages; /* Number of pages to migrate */
u long free pfn; /* isolate freepages search base */

7 migrate pfn; /* isolate migratepages search base */
long fast start pfn; /* a pfn to start linear scan from */
zone *zone;

1 ] 7 total migrate scanned;

total free_ scanned;

_____ t fast_search fail;/* failures to use free list searches */

5 t ch order; /* order to start a fast search at */
—onst gfp t gfp mask; /* gfp mask of a direct compactor */
int order; /* order a direct compactor needs */
int migratetype; /* migratetype of direct compactor */

- unsigned int alloc_ flags; /* alloc flags of a direct compactor */

int highest zoneidx; /* zone index of a direct compactor */
migrate mode mode; /* BAsync or sync migration mode */

bool ignore skip hint; /* Scan blocks even if marked skip */
bool no_set skip hint; /* Don't mark blocks for skipping */
bool ignore block suitable; /* Scan blocks considered unsuitable */
bool direct compaction; /* False from kcompactd or /proc/... */
bool proactive compaction; /* kcompactd proactive compaction */
bool whole zone; /* Whole zone should/has been scanned */
bool contended; /* Signal lock or sched contention */
bool rescan; /* Rescanning the same pageblock */
bool alloc contig; /* alloc contig range allocation */

mm/internal.h 209,0-1

Get a free page from cc->freepages

—>| __unmap_and_move |

try_to_unmap |Reverse mapping

move_to_new_page |

remove_migration_ptes |

compaction_free

__unmap_and_move() failed: Move a free

page back to cc->freepages




Migration Scanner: isolate migratepages block ()

pglist_data

__lruvec

A 4

refaults

flags

isolate_migratepages_block(): Build

a list of allocated/migrate pages

Migration Scanner

§~

—

order-0 page list

cc->migratepages —» '—>| '—h ‘—>| '—>

suitable_migration_target():

MIGRATE_MOVABLE
or MIGRATE_CMA

lruvec J_:7 B ™
lists{NR_LRU_LISTS] lists[LRU_INACTIVE_ANON] [« 1 page |»
Iru_lock lists[LRU_ACTIVE_ANON] <J:_
anon_cost lists[LRU_INACTIVE_FILE] |[«—+—{ page — page >
file_cost lists[LRU_ACTIVE_FILE]
nonresident_age lists[LRU_UNEVICTABLE] P3gE [ Page || page | Page [



Free Scanner - isolate freepages(): Iterate pageblock (1/3)

Try a small search of the
free lists in a zone

A 4

fast_isolate_freepages » split_map_pages [ 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 check migrate type:
must be MIGRATE_ MOVABLE or MIGRATE_CMA

\ 4

isolate_freepages_block

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

A 4

split_map_pages

zone

present_pages
block_end_pfn _//N).Ek_start_pfn
—_——ee g = ==& == - —— = =

|
|
I Page
|
|

Page Page

F-=---

Migration Scanner —» <«—— Free Scanner




Free Scanner - isolate freepages block(): Iterate free page structs (2/3)

Try a small search of the free lists in a zone

\ 4

fast_isolate_freepages » split_map pages » 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

check migrate type:
must be MIGRATE_MOVABLE or MIGRATE_CMA

\ 4

Iterate free page structs
isolate_freepages_block — =t = ——— - -

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

\ 4

split_map_pages

[
|
|
[
|
|
Y

isolate_migratepages_block(): Build
a list of allocated/migrate pages order-0 page list |jfree_area[MAX_ORDER]

1 ] 1 ]
cc->migratepages —»i :—»i :—»E }—»i L

free_areal0]

Migration Scanner free_list MIGRATE_TYPES]
suitable_migration_target(): olate § ock(l:
MIGRATE_MOVABLE i ate_freepages_block(): & A free_area[1]
uild a list of free pages e~ -
or MIGRATE_CMA =175 iy I T o =7 free_list[MIGRATE_TYPES]
i A 1 ¢ cc->freepages ¢ — = - — ~ Q%ej( .
v e e e e | v e e e e | p—— | Q
order-1 order-1 order-0  Free Scanner 3~ *

free_area[10]
free_list[MIGRATE_TYPES]




Free Scanner - split map pages(): Build order-0 page list (3/3)

Try a small search of the free lists in a zone

A 4

fast_isolate_freepages [ split_map pages » function return

isolate_freepages

A\ 4

for (; block_start_pfn >=low_pfn;
block_end_pfn = block_start_pfn,

block_start_pfn -= pageblock_nr_pages,
isolate_start_pfn = block_start_pfn) {

check migrate type:
must be MIGRATE_ MOVABLE or MIGRATE_CMA

isolate_freepages_block

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

Y

split_map_pages

— —Split_map_pages =~ _

- - -
- - -
e
isolate_freepages_block():
Build a list of free pages
1=="==5  1=="9q==5 I"-
'<—| '<—| '4— cc->freepages
__________ ___I
order- 1 order- 1 order-0  Free Scanner

1
l<—: I<—| '<—| '<—| '<— cc->freepages

order-0 page list

isolate_freepages_block():
Build a list of free pages

Free Scanner




Migration/Free Scanner: Mission Completed

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

I r 1
cc->migratepages —1 1 1 >

Migration Scanner

suitable_migration_target():
MIGRATE_MOVABLE isolate_freepages_block():
or MIGRATE_CMA Build a list of free pages

1 1 1
1€ &1 &1 e e ce->freepages

order-0 page list Free Scanner

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



~unmap and move()

migrate_pages

I Build a list of allocated pages ==5 ==7==7 1==3
| . 1 L Ly L
| Migration Scanner L__i L__L__.i L_.
|
: MIGRATE_MOVABLE
|
F====5 1==="1==% === 1 1
I i : 1 : 1 E‘ Build a list of free pages
| Lo '__L_.i “__i FreeScanner

\ 4

Iterate each page from cc->migratepages

unmap_and_move

A 4

co

mpaction_alloc

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

A

isolate_freepages

|—> isolate_freepages_block

A 4

Get a free page from cc->freepages

\ 4

unmap_and_move

L,

try_to_unmap Reverse mapping

Y

compaction_free

__unmap_and_move() failed: Move a free

page back to cc->freepages

free page

allocated page




~unmap and move(): page table changes

Linear address of the moved page: 0x7ffff7ff9000

63 48 47

39 38

3029 2120

1211 0

Sign-extend

Page Map
Level-4 Offset

Page Directory
Pointer Offset

Page Directory
Offset

Page Directory
Pointer Offset

Page Directory Offset

Page Directory
Pointer Table

PDPTE #511

\ 4

Page Map
Level-4 Table
task_struct
mm
PML4E for
kernel
PMLAE #255
» mm_struct
mmap |—> PMLAE #0
pgd

— |

PDPTE#0 [(—

[ Allocated pages or page table entry
[_1Will be allocated if page fault occurs

Page Table
Page Directory PTE #510
Table PTE #509
PDE #511 _|_> PTE #478 R stack
PDE #447
> B 32 mmap
PTE #505 |F—.- : )
o--+ mmap
PDE #2
> PTE #199 —E: heap
PTE #190 } L,
text, .data, ...
PTE #188 } |
PTE #0

\ 4

Steps: detail

Physical Memory

o __unmap_and_move ->try_to_unmap
* Reverse mapping: unmap all PTEs associated with this physical page
9 __unmap_and_move -> move_to_new_page: data copy

9 __unmap_and_move -> remove_migration_ptes
* Reverse Mapping: restore a migration pte to a new physical page




Scenario Creation: gdb observation

1. Migration scanner & free scanner

2. unmap -> copy page -> pte change



Scenario Creation

kcompactd_wait event is woken up

> kcompactd_do_work

kcompactd [

kcompactd_wait event timeout (500ms)

/ # ./stress-ng —-——vm 8 ——vm-bytes 50% -t 10m

Per-node kernel : c
thread and execute this function if necessary

proactive_compact_node

Run memory compaction in background

» compact_zone
(gdb) bt
#0

at f“‘iaf 3. : -5.11/mm/rmap.c:1742
#1 Oxffffffff81117249 in (2:11=<optimized out>, £ :

1S WL =0xffffeal0l0ffcdcl, page=0xffffeal0040b07c0)

ne/adrian/git-repo/gdk x-real ' z—5.11/mm/migrate.c:112

2
#2 (ret=0xffffc%00001££fd08, reason=MER COMPACTION,

mode=<optimized ocut>», force=0, page=0xffffeal0040b07c0,

1 -=1544668360057212057¢,

page=0xffffffffE10d4d01a0 <compaction_ free>,
re=0xffffEFfEFE104d0££f0 <compaction alloc>)

at f“'iafhi:_h 1/git-repo/gdb-linux-real-mode/src/linux-5.11/mm/migrate.c:119
4
#3 (from=fromfen v=0xffffc900001ffelny,

et v v=0xffffffFFB10d0££0 <compaction alloc>,
agefentry=0xEff£ffff810d401al <compaction free>,
y—184466836005721205?6 mode=<optimized out>,

re 0)

at f“'iafhiz;mrfj"—"LP'/jﬂh—L_::x—:eaL—m:ie/s::fl;::? 5.11/mm/migrate.c:146
(5]

#4 Oxffffffff810d29?e in (cc=cclentry=0xffffc900001££=00,
>3] - /=0x0 <fixed percpu data>)
-linux-real-mode/src/linux-5.11/mm/compaction.c:

it-repo/gdb

2358

#5 fofffffff810d30ba in {
] at=p “‘”"_Dxffff88843ffdfﬂﬂﬂ)

_nafm;:_urfj repo/gdb-linux-real-mode/src/linux-5.11/mm/compaction.c:

at /:
2604
#6 Oxffffffff810d4345d in (p=0xffff88843ffd4df000)
at /home/adrian/git-repo/gdb-linux-real-mode/src/linux—5.11/mm/compaction.c:
2877
#7 Oxffffffff81058%2c in =
at /home/adrian/git-repo/gdb-linux-
1292
#8 Oxffffffff810011bf in ()

l-mode/src/linux-




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

isolate_migratepages_block(): Build
a list of allocated/migrate pages order-0 page list
i T e T e B
cc->migratepages —»E '—>| I—». '—n l—>
(I T O R S B B
Migration Scanner
suitable_migration_target():
MIGRATE_MOVABLE '
1 .
or MIGRATE_CMA isolate_freepages_block():
pageblock : :
Build a list of free pages
D e B e Y
I :4—: e— :4—: :4—: l&—— cc->freepages
_——l _——l L [ R N S
order-0 page list Free Scanner
(gdb) £ 4
entry=0xffffeal0040b07c0, #4 OxEffffffffB810d2%7e in (coc=cclentry=0xf££ffc900001£fe00,
IGRATION | TTU_ IGNGRE Dﬂ.OCK]) capc=ca ~v=0x0 <f1xed_percpu. data>)
/ ne z Jlt—re fgdb-linux-real-m rc/linux-5.11/ c:1742 at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/mm/compacti
3l Dxffffffff8111?249 in (mc <opt:|_m:|_zed out>, force=0, 2358
lewpa -»__Qxffffeal}gluffcdcgr ffeaggg.ggbg?cg) 2358 err = migrate_pages (&cc->migratepages, compaction_alloc,
at /home/adrian/git-repo/gdb nux-real-mode/src/linux-5.11/mm/migrate.c:112 (gdb) p *cc
> 563 = {
2 (ret=0xff££fc900001££d08, reason=MR_COMPACTION, freePigfsl}:féff 0010fEeans
mode=<optimized out>, force=0, page=0xffffeall040b07cO, ni:v ; Uiffff:ZDoluffgemEi!
- "_;:—'——lB4466836005?21205?6, } B
P P - r
out_new e=0xffffffff310d01al <compaction_free>, migratepages = {
Jet_ =0xffffffFffE10d40£f0 <compaction alloc>] - N next = Oxffffeal0040b07cE,
at / rian/git-repo/gdb-linux-real-mode/src/linux-5.11/mm/migrate.c:119 prev = Oxffffeal0040b000E
B b
43 (from=from@entry=0xf£££c%00001££el0, nr freepages = 34, Free scanner stops
T F =0xfffff£f££81040££0 <Compactlon alloc>, nr_mlgratepages = 32, if Cc_>nr freepages >= Cc_>nr migratepages
yv=0xffffffff810d01a0 <compaction free>, free pfn = 44562485, - -
—184466836005?21205?6 mode=<optimized out>, migrate pfn = 1058872,
fast start pfn = 0,
inux—real-mode/sre/linux—5. 11/mm/miarate.c:146 zone = 0xffff88843££dE580,
- T o T T T T T total migrate scanned = 9378,
i 4 total free scanned = 290,
fast_search_fail = 0,
2] L search_order = 0,
at action gfp mask = 3264,
2358 order = -1,
(More stack frames follow...) migratetype = 0,




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

isolate_migratepages_block(): Build

a list of allocated/migrate pages order 0 page IiSt

cc->migratepages

Migration Scanner

suitable_migration_target():
MIGRATE_MOVABLE

or MIGRATE_CMA

T

pageblock

isolate_freepages_block():
Build a list of free pages

cc->freepages

order-0 page list Free Scanner

b

(gdb) £ 4
¥4 (Oxffffffff810d42%7e in (co=cclentryv=0xffffc500001££f=00,
capc=capclentry=0x0 <fixed percpu_data>)
at /home/adrian/git-repo/gdb-linux-real-mod src/linux-5.11/mm/compaction.c:
2358
2358 err = migrate pages (&cc->migratepages, compaction alloc,
(gdb) p *cc
563 = |
freepages = {
next = Oxffffealll0ffcdis,
prev = Oxffffeal010££5408
br
migratepages = {
next = 0xffffeal0040b07cE,
prev = Oxffffeal0040b0O00S

Free scanner stops

nr freepages =

nr migratepadges

34,

32, if cc->nr_freepages >= cc->nr_migratepages

fast_start_pfn
zone

free pfn = 4456248,
migrate pfn = 1059872,

OxffffEE843££df580,
total_migrate_scanned =
total free scanned = 220,
fast search fail

search order = 0,
gfp mask = 3264,
order = -1,
migratetype = 0,

= 0,
9878,

0,

> addr offset=0x40

> addr offset=0x40

sizeof(struct page) = 64 = 0x40

(gdb) p cc->migratepages->next

568 = (struct 115t head *) O0xffffeall040b07ci
(gdb) p cc->migratepages-»next->next

569 = (struct list head *) Oxffffea00040bL0788
(gdb) p cc- >m1gratepagea *next->next->next
570 = (struct 115t_head *) Dxffffead0040b0748
(gdb) p cc—>freepages—->next

565 = (struct 1i5t_head *} Oxffffeal0l0ffcdBB
(gdb) p cc—>freepages—->next->next

$66 = (struct list head *) 0Oxffffeal010ffcd4s
(gdb) p cc—>freepages—->next->next->next

567 = (struct list head *) Oxffffeal0l10ffcdis

> addr offset=0x40

> addr offset=0x40




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

cc->migratepages

Migration Scanner

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

order-0 page list

Py 1
1 P P e

suitable_migration_target():

MIGRATE_MOVABLE

or MIGRATE_CMA

pageblock

' isolate_freepages_block():

Build a list of free pages

cc->freepages

Free Scanner

order-0 page list

sizeof(struct page) = 64 = 0x40

> addr offset=0x40

> addr offset=0x40

(gdb) p cc->migratepages->next

568 = (struct 1i5t_head *) Dxffffead0d40b07ci
(gdb) p cc->migratepages-»next->next

569 = (struct list head *) Oxffffea00040bL0788
(gdk) p cc-—>migratepages—->next->next->next
570 = (struct 1i5t_head *) Dxffffead0040b0748
(gdb) p cc—>freepages—>next

565 = (struct 1ist_head *#) Dxffffeald0l0ffcdiis
(gdb) p cc->»freepages->next->next

$66 = (struct list head *) 0xffffeal010ffcd4t
(gdb) p cc—>freepages—->next->next->next

567 = (struct list head *) 0xffffeal0l0ffcdis

> addr offset=0x40

> addr offset=0x40

* Pages managed by buddy system (free pages or free_area)
v' Page order-N
= page->private denotes order ‘N’
* Once pages are removed from buddy system, page->private

will be set as ‘0.
v __rmqueue -> __rmqueue_smallest ->
del_page from_free_list -> set_page_private(page, 0)
v' Examples:
® |ru pages (page cache & anonymous page)

= Kernel memory allocation (GFP_KERNEL)
o Kernel data structure, kernel page table...




1. Unmap: try to _unmap

rg&n BT
#0 (pv

w=0xffffcS00001££fb78)
at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/mm/page_vma mapp|
c:19
| js v try=0xf£f£cO00001££b78)
at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/mm/page vma ma
c:217
B2 Oxffffffff8l0ecSbe in (page=0xffffeal0083d5180,
vma=<optimized out>, ac s=<optimized out>, 3”1—<optimized out>)
at /home/adrian/git-r 1 de/src/linux-5.11/mm/rmap.c:1428
3 Oxffffffff310ebbe% in DxffffeaUDDBBdSlBU
rwe=0xffffc500001£f£c50, 1 =
at /home/adrian/git-repo/« e/src/linux-5.11/mm/rmap.c:1873
#4 0xffffffff810ed840 in ,—<opt1mlzed out>, __T—<optimized out>)
d -/ linux-5.11/mm/rmap.c:1943
#5 P ”V=Dxffffea00083d5180
flags= ~ntry=(TTU MIGRATION | TTU IGNORE MLOCK))
at /P ne/ ian/git-repo/gdb-linux-real-mode/sre/linux-5.11/mm/rmap.c:1764
e OxfEfffffff81117249 in (mode=<optimized out>, force 0,
=) "';=Dxffffea000fba3fcﬂ, age=0xffffeal0083d5180)
at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/mm/migrate.c:112
2
#7 (ret=0xffffc900001£ffcf8, reason=MR_COMPACTION,
mode=<optimized out>, force=0, page=0xffffeal008345180,
te=184466836005721205¢€0,
=0xffffffff810d401a0 <compaction free>,
- =0xffEffffff10d40££0 <compaction alloc>)
at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/mm/migrate.c:119|
4
| sl ( =0xffffcS00001£fe00,
e e =0xfffff££f81040££0 <Compaction alloc>,
v=0xffffffff810d01al <compaction free>,
. 18446683600572120560 mode=<optimized out>,
re 1 n )
at /F me/ ad __dF/J t—”e-_/J:f—L_rLA—”ed_—n’ le/src/linux-5.11/mm/migrate.c:146
(8]
9 Oxffffffffa10d297e in (cc=cclentry=0xffffc500001££d4df0,
ar ry=0x0 <fixed percpu data>)
at /klﬂe/dm__dF/J t-repo/gdb-linux-real-mode/src/linux-5.11/mm/compaction.c
2358
ﬂlﬂ OxffffEFFFE10d4321a in (
dat=p tlentry=0xffff88843Lf£d£f000)
at /ho ne/d irian/git-repo/gdb-linux-real-mode/src/linux-5.11/mm/compaction.c
2768
#11 Oxffffffff810d334a in (p=0xffff88843ffdf000)
at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/mm/compaction.c
2563

breakpoint already hit 1 time
I5 hw watchpoint keep v

* (Oxffff8851805c0028) |

(gdb) p *pvmw
511 = {
prage = O0xffffeal008345180,
vma = O0xffffE8381008%c0cO,
address = 1398171ele05%21g,
pmd = Oxffff88810036cell,
pte = O0xff£fffB8881805%c0028,
ptl = 0x0 < >,
flags = 0
}
(gdb) p (({struct page *) 0xffffeal008345180)-> mapcount
512 = {
[counter = 0 ] Only one pte mapped
}
(gdk) p /= *(unsigned long *) Oxffffe888180%c0028
513 = 0xB800000020£546067 Ete:ghxﬁcaladdress
(gdb) info b
MNum Type Disp Enb Address What
1 breakpoint keep v Oxffff£f£f££f81001760 in
at /home/adrian/git-repo/gdb—
linux-real-mode/src/linux-5.11/arch/x86/entry/vsyscall/vsyscall €4.c:131
2 breakpoint keep v OxfEfff£££f81116959 in
at /home/adrian/git-repo/gdb-
linux-real-mode/src/linux-5.11/arch/x86/include/asm/current.h:15
breakpoint already hit 1 time
3 breakpoint keep v Oxffffff£f£f810e5f10 in
at /home/adrian/git-repo/gdb-
linux-real-mode/src/linux-5.11/mm/page vma mapped.c:145




1. Unmap: try to unmap()

sizeof(struct page) = 64 = 0x40

(gdb)
511 =

P *pvmw

{

{page =

Oxffffeal0083d45180, |

V=

pmd
pte
ptl

}
(gdb)
512 =

}
(gdb)
513 =

address =

= ODx=ffffB8881008%c0cO,
1398171¢lc059216,
Oxf£fffB88810036cel0,
Oxf£f£f£B8881805%c0028,
= 0=0 <

flags = 0

P (({struct page *)
{

counter = 0

p /% *(unsigned long *)
0x800000020£54c067

Zy

Uxffffeal0083d4d5180) -> mapcount

OxfffFEE81805cO0ZE

BIOS—=820: [mem
BICOS—=820: [mem
BIOS—=820: [mem
BIOS—-e820: [mem
BIOS—=820: [mem
BICOS—=820: [mem
BIOS—=820: [mem

BIOS—-provided physical RAM map:
0x=x0000000000000000-0x00000000000%f0E1]
0x000000000009£c00-0x000000000009£££1£]
0=x00000000000£0000-0x00000000000E££££F]
0x=x0000000000100000-0x000000000EfdEffff] usable
0xz00000000bEffe0000-0x00000000LELEE£E£FT]
0x00000000£££c0000-0x00000000£££££££1F]
0x0000000100000000-0x000000043 £ 1]

usable
reserved
reserved

reserved
reserved
usable

A 4

page= Oxffffea00083d5180

pfn = (0xffffea00083d5180 - Oxffffea000000000) / sizeof(struct page) = 2159942 = 0x20F546

physical address = 2159942 * 4096 0x 2_0F54 6000 |

‘page_offset_base’

* Kernel direct mapping address (64TB — 4-level paging):

o Reference: Documentation/x86/x86_64/mm.rst

(gdb) = /24g Oxffff88820£546000 |

Oxff£ff88820£f546000: Oxd2d2d2d2d2d2d2d2
Oxfff£f£f808020£54¢010: Oxd2dZ2d2dZd2d2d2d2
Oxffff88820£f546020: OxdZ2dZ2d2dzZ2d2d24d2d2
Oxffff88820£f546030: Oxd2d2d2dZ2d2d24d2d2
Oxffff88820£f546040: 0x3131313131313131
Oxfff£f£f808020£546050: 0x3131313131313131
Oxffff88820f546060: 0x3131313131313131
Oxffff88820£f546070: 0x3131313131313131
Oxff£ff8BEB20£546080: Oxc0c0c0c0clcOclch
Oxfff£f808020£54¢050: OxclOc0cOc0c0clc0ch
Oxffff8E8E820£5460a0: Oxc0cO0c0cOclchclch
Oxff£ff88E820£5460b0: O0xc0c0c0cOclcOclch

Oxd2d2d2d2d2d2d42d2
Oxd2dZ2d2didZd2d2d2
Oxd2dZ2d2d2dZ2d24d2d2
Oxd2d2d2d2d2d24d2d2
0x3131313131313131
0x3131313131313131
0x3131313131313131
0x3131313131313131
Oxc0c0c0c0c0clc0ch
Oxclc0cO0c0c0clclch
Oxc0c0c0clclclchch
O0xc0c0c0c0c0clc0ch




1. Unmap: try to unmap() ->try to unmap one()

(gdb) c

Continuing.

——————————————————————————— [ STACK ]-—-
|0x1ffbig: Error while running hook stop:

Cannot access memory at address O0xlffbls

Thread 4 hit Hardware watchpoint 5: *(0xffff8881805c0028)

01d value = <unreadable’>
Mew value = 0
(vma=vmallentry=0xff£ff8881008%c0cl, = ress=139%9817161609%21¢,
ptep=0xffff80881805c0028)
at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/mm/pgtable—-gener
1c.Cc:96
SE if (pte accessible (mm, pte))

vin_area struct *wvma,

*arg)

page *page,

tatic bool try to unmap one(struct
i address,

S S . |

mm = vIna-—>vVin Inm;

flags)) |

ct mm struct
(should defer flush (mm,

struct

* We clear the

PTE but do not

a remote CPU could still be
If the entry was previously

flush so potentially
writing to the page.
clean then the

that a clear->dirty

architecture must guarantee
transition on a cached TLE entry is written through
and traps if the PTE is unmapped.

/!
pteval =

*
*
*
*
*
*

ptep _get and clear (mm, address, pvmw.pte);

set_tlb ubc flush pending(mm, pte dirty(pteval));

} i
[

L=

teval = ptep clear flush(vma, address, pvmw.pte];l

mm/ rmap.c




1. Unmap: try to _unmap

->try to_unmap _one

{

} i

static bool try to unmap onel(struct page *page, struct vm area struct *vma,
(gdb) < unsigned long address, wvoid *arg)
Continuing.
___________________________ [ STACK ]--- struct mm struct *mm = vma->vm mm;
O0x1ffb30: Error while running hook_stop: } (IS_ENABLED (CONFIG MIGRATION) s&
Cannot access memory at address 0x1ffb30 (flags & (TTU MIGRATION|TTU SPLIT FREEZE)))
swp_entry t entry;
Thread 4 hit Hardware watchpoint 5: * (0xffff8881809%c0028) pte t swp _pte;
0ld wvalue = <unreadable> (arch_unmap_ one (mm, wvma, address, pteval) < 0) {
New walue = -11058%081¢ set_pte_at(mm, address, pvmw.pte, pteval);
(page=0xffffeall083d45180, vma=<optimized out>, ret = false;
= .:;5-—<opt1mlzed out>, i':—<optlmlzed out>] page vma mapped walk done (&pvmw) ;
i git-repo/gdb-linux-real-mc src/linux-5.11/arch/x86/include 7
}
67 WRITE ONCE (*ptep, pte):; p
* Store the pfn of the page in a special migration
* pte. do_swap page() will wait until the migraticn
* pte i1s removed and then restart fault handling.
x/
(gdb) bt 3 entry = make_migrationTentry(subpage,
$0 (page=0xffffeal0083d5180, vma=<optimized out>, o te = o enﬁ?—ﬁ“iﬁéiﬁilp_"
address= ?ptlmlzég_ouF%, '"=<?pf?mi??d Q?F?]_ - _ o ] ] dp?ite sofzpairtyfﬁte;glJ) yihi
at ? rian/git-repo/gdb-linux-real-mode/src/linux-5.11/arch/xB86/includg _swp_ite = pte_swp mksoft_dirty(swp pte);
25m/ g . (pte uffd wp(ptewval))
#1 DxffffffffBlDebbeQ in { =e=0xffffeal0083d45180, _Swpgite = pte swp mkuffd wp (swp pte) ;
rwe=0xffffc900001££fc50, locked=l k false) [Eet_pte at (mm, address, pvow.pte, swp_ptejq
at /home/adrian/git-repo/c src/linux-5.11/mm/rmap.c:1873 L =
#2 Oxffffffff810ed840 in <opt1m12ed out>, rw :'=<optimized out)] * No need to invalidate here 1t will Synchronize on
at /home/adrian/git-repc -mode/src/linux-5.11/mm/rmap.c:1943 * against the special swap migraticon pte.
(More stack frames follow...) */
(gdb) p /= *((unsigned long *) Oxffff5E881805%c0028) } (PageAnon (page) ) {
519 = Oxffffffffbel57200 swp entry t entry = { .val = page private (subpage)

mm/ rmap.c




2. copy page: migrate page move mapping()

sizeof(struct page) =

64 = 0x40

1

Oxffffffff81115bf4 in

newpage=0xffffeall0fba3fcl,

mode=MIGRATE SYNC LIGHT)

(gdb) bt 4

EO (mapping=0x0 {flxed_percpu data>,
:%?;5;e=:%?;5:%?;:—“?=fofffeaﬂﬂﬂfba3fcﬂ
rage=pagelentry=0xffffeal00083d5180, =xtra| count=extra countlentry=0}
at f::mafs”:;a“=:;:—”2_:.; ib-linux-real-mode/src/linux-5.11/mm/migrate

(mappin

=<optimized out>,

page=0xffffea00083d45180,

at /home/adrian fgit-repo/gdb-linux-real-mode/src/linux-5.11/mm/migrate.c:702

Rz fofffffffBlllEB?E in (
newpage=newpagelentry=0xffffeall0fba3fcl,

_—je=;i;%ﬁ%:‘“?=fofffeaGGGB3dSlBG x:i;=x:ie?%:—*?=MIGRﬁTE SYNC LIGHT)

at /Jhome/adrian/git-repo/gdb-linux-real-mode/src/linux—5. ‘mm/migrate.c: 953
B3 Oxffffffff81117267 in fmode=<optimized out}, force=0,

:e?;—,——fofffeaﬂﬂﬂfba3fcﬂ page=0xffffeal0083d451380)

at me/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/mm/migrate.c:112
7
(More stack frames follow...)

.2 401

\ 4

page= Oxffffea00083d5180
pfn =

newpage= 0xffffea000fba3fcO

(Oxffffea00083d5180 - Oxffffea000000000) / sizeof(struct page) =
physical address = 2159942 * 4096 = 0x2_0F54_6000

newpfn = (0xffffea000fba3fcO - OxffffeaD00000000) / sizeof(struct page) =
New physical address = 4122879 * 4096 = Ox3_EE8F_F000

2159942 = 0x20F546

4122879 = Ox3EE8FF




2. copy page: migrate page move mapping()

page: access from kernel direct mapping address

page= Oxffffea00083d5180
pfn = (Oxffffea00083d5180 - OxffffeaD00000000) / sizeof(struct page) = 2159942 = 0x20F546
physical address = 2159942 * 4096 = 0x2_0F54_6000

newpage= 0xffffea000fba3fcO
newpfn = (0xffffea000fba3fcO - Oxffffea000000000) / sizeof(struct page) = 4122879 = Ox3EESFF
New physical address = 4122879 * 4096 = 0x3_EE8F_F000

(gdb) = /24g Oxffff88820£546000

Dxf££ff88820£546000:
Dxffff88820£546010:
OxffffBE8820£54€020:
OxffffB8E8820£54€030:
OxffffB8E8820£54¢€040:
OxffffB88820£546050:
Oxffff88820£546060:
Oxff£ff88820£546070:
Dxf£ff88820£546080:
Dxffff88820£546090:
Oxffff8E8820£54¢€0al:
OxffffE8E8820£54€0b:

OxdZdZdE2diZdEdE2d2dz
OxdZdid2did2d2dz2dz
Oxd2dZd2d2dZd2d2d2
Oxd2dZd2d2dZd2d2d2
0x3131313131313131
0x3131313131313131
02x3131313131313131
0x3131313131313131
OxcO0cO0cOc0c0clclch
Oxc0cO0cOc0c0cOclch
O0xc0c0c0clc0cOclch
O0xc0c0c0clc0cOclci

OxdZdZdE2diZdEdE2d2dz
OxdZdid2did2d2dz2dz
Oxd2dZd2d2dZd2d2d2
Oxd2dZd2d2dZd2d2d2
0x3131313131313131
0x3131313131313131
02x3131313131313131
0x3131313131313131
OxcO0cO0cOc0c0clclch
Oxc0cO0cOc0c0cOclch
O0xc0c0c0clc0cOclch
O0xc0c0c0clc0cOclci

migrate_page_copy

newpage: access from kernel direct mapping address
(gdb) = /24g Oxffff8883e=8££000

I ffffE883eeB8E£000:
P ffffE883ee8f£010:
xffff8883eeBE££020:
I ffffE883ee8E£030:
[l ffff88832=8££040:
pxffffE883eeB8E££050:
pxffffE883ee8ff060:
P ffff8883eeBE££070:
I ffffE883eeB8E££080:
P ffffE883=2e8E££050:
xffEff8883eeB8E££0a0:
P ffffE883ee8ff0bi:

0x3030303030303030
Oxedededededededed
Dx8fBfafofafafafaf
Oxdededéededededede
Dxdededededesdcdeds
Dxbdbdbdbdbdbdbdb4d
0x0303030303030303
0x955595955955859555
Qx77777777777177777
Oxdddddddddddddddd
DxbBbE8bibibibibibE
0x0404040404040404

Dx767e7e7676767676
Dxe262626262626262
O0x0f0f0£f0£f0E0£0£0E
0x7575757575757575
Dxl121212121212121=2
0xd3d3d3d3d3d3d3d43
0x9050909090909090
Oxafafafafafafafaf
Oxffffffffffffffff
Oxcdcdcdcdodedcedoed
0xE8bB8bibibibibibib
Dx1f1£f1f1£1f1£f1£1F

* 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

2. migrate _page move mapping() -> migrate page copyl)

page: access from kernel direct mapping address
(gdb) = /24g Oxffff88820£546000

Dxf££ff88820£546000:
Dxffff88820£546010:
OxffffBE8820£54€020:
OxffffB8E8820£54€030:
OxffffB8E8820£54¢€040:
OxffffB88820£546050:
Oxffff88820£546060:
Oxff£ff88820£546070:
Dxf£ff88820£546080:
Dxffff88820£546090:
Oxffff8E8820£54¢€0al:
OxffffE8E8820£54€0b:

Oxd2dZd2d2dZd2d2d2
Oxd2diZd2d2dizd2dz2dz2
Oxd2dZd2d2dZd2d2d2
Oxd2dZd2d2dZd2d2d2
0x3131313131313131
0x3131313131313131
02x3131313131313131
0x3131313131313131
OxcO0cO0cOc0c0clclch
Oxc0cO0cOc0c0cOclch
O0xc0c0c0clc0cOclch
O0xc0c0c0clc0cOclci

(gdb) <
Continuing.
——————————————————————————— [ STACK ]-——
Ox1ffbfa: Error while running hook stop:
Cannot access memory at address 0xl1ffbfi
Thread 4 hit Breakp01nt T {
=) T iewpagelientry=0xffffeal00fba3fcO,
pad UxffffeaDDUBBdSlBD]
at /home/adrian/git-repo b-linux-real-mode/src/linux—5.11/mm/migrate.c:675
675 1f (PageHuge(page) | | PageTransHuge (page))
(gdb) bt 4
#0 (newpage=newpagelfentry=0xffffeal00fba3fcl,
Jage=pa =ntr —Dxffffea00083d5180]
at /home _‘fJ_h—:a}_,j l-mode/src/linux-5. /mm/migrate.c: 675
#1 UxffffffffBlllScUb in g=<optimized out>Jr
wpage=0xffffeal00fba3fcO, ;—;——0xffffea00083d5180
l=e=MIGRATE _ SYNC _LIGHT)
at /ho 1—5&::;:’ git-repo/gdb-linux-real-mode/src/linux-5.11/mm/migrate.c:708
#2 OxffffffffR1116375 in (
newpage=newpagelentr; —DxffffeaDUbeancU,
J 1/ g =po/gdb I Srcy ate.c:953
3 DxffffffffBlll?26? in (mode=<optimized ocut>», force=0,
;T;—;——UxffffeaUUUfba3ch, ;:;——UxffffeaUUUBSdSlBU)
/ adrian/g3 oo/ gdb 113 l-mode/src/linux—-5.11/mm/migrate 112
)

Oxd2dZd2d2dZd2d2d2
Oxd2diZd2d2dizd2dz2dz2
Oxd2dZd2d2dZd2d2d2
Oxd2dZd2d2dZd2d2d2
0x3131313131313131
0x3131313131313131
02x3131313131313131
0x3131313131313131
OxcO0cO0cOc0c0clclch
Oxc0cO0cOc0c0cOclch
O0xc0c0c0clc0cOclch
O0xc0c0c0clc0cOclci

migrate_page_copy

newpage: access from kernel direct mapping address
(gdb) = /24g Oxffff8883e=8££000

I ffffE883eeB8E£000:
P ffffE883ee8f£010:
xffff8883eeBE££020:
I ffffE883ee8E£030:
[l ffff88832=8££040:
pxffffE883eeB8E££050:
pxffffE883ee8ff060:
P ffff8883eeBE££070:
I ffffE883eeB8E££080:
P ffffE883=2e8E££050:
xffEff8883eeB8E££0a0:
P ffffE883ee8ff0bi:

0x3030303030303030
Oxedededededededed
Dx8fBfafofafafafaf
Oxdededededededede
Dxdededededesdcdeds
Dxbdbdbdbdbdbdbdb4d
0x0303030303030303
0x955595955955859555
Qx77777777777177777
Dxdddddddddddddddd
DxbBbE8bibibibibibE
0x0404040404040404

Dx767e7e7676767676
Dxe262626262626262
O0x0f0f0£f0£f0E0£0£0E
0x7575757575757575
Dxl121212121212121=2
0xd3d3d3d3d3d3d3d43
0x9050909090909090
Oxafafafafafafafaf
Oxffffffffffffffff
Oxcdcdcdcdodedcedoed
0xE8bB8bibibibibibib
Dx1f1£f1f1£1f1£f1£1F

i




2. migrate _page move mapping() -> migrate page copyl)

page= Oxffffea00083d5180

pfn = (Oxffffea00083d5180 - Oxffffea000000000) / sizeof(struct page) = 2159942 = 0x20F546
physical address = 2159942 * 4096 = 0x2_0F54_6000

newpage= Oxffffea000fba3fcO

newpfn = (Oxffffea000fba3fcO - OxffffeaD00000000) / sizeof(struct page) = 4122879 = Ox3EESFF
New physical address = 4122879 * 4096 = 0x3_EE8F F0O00

page: access from kernel direct mapping address
x /24g OxffffB88820£546000

(gdb)
OxffFfE8820£546000:
Oxffffa8820£546010:
Oxffff88820£546020:
Oxffff88820£546030:
Oxffffa8820£546040:
Oxffffa8820f546050:
Oxffffa8820f546060:
Oxffffa8820£f546070:
Oxffffa8820£546080:
Oxffffa8820£546090:
Oxffff88820£5460a0:
OxffffE8820£5460b0:

OxdZd2d2dz2d2dz2dz2d2
OdxdZd2d2dzd2d2dzd2
Oxd2d2d2d2d2d2d2d2
Oxd2d2d2d2d2d2d2d2
0x3131313131313131
0x3131313131313131
0x3131313131313131
0x3131313131313131
0xc0c0c0c0c0c0c0cO
0xc0c0c0c0c0cl0chcO
O0xc0c0cOclclOcOclcl
Oxc0c0clclclclclcl

Oxd2dZd2d2dZd2d2d2
Oxd2dZd2d2dzd2d2d2
Oxd2diZd2d2dzd2d2d2
Oxd2diZd2d2dzd2d2d2
0x3131313131313131
0x3131313131313131
0x3131313131313131
0x3131313131313131
OxcO0cOcOc0c0clclch
OxcO0cOcOc0c0cOclch
O0xcOc0c0cOc0cOclOch
O0xcOc0c0clc0cOclc

migrate_page_copy

(gdb) = /24g O0xffff88B83EEEBFFO00

\ 4

Oxffffo883e=8££000: 0x3030303030303030 O0x7e767676767€7676
OxffffB8883e=8£f£010: Oxedededededededed 0xE6262626262626262
OxffffB8883e=8f£020: Oxofofofofefofafef O0x0f0f0f0f0£0£f0£0E
OxffffB883e=8£f£030: Oxdededededeodedede 0x7575757575757575
OxffffB8883e=8£f£040: Oxdededededededede 0=x1212121212121212
Oxffffo883e=8££050: Oxb4bd4b4b4b4db4b4b4 0xd3d3d3d3d3d3d3d3
OxffffB8883e=8f£060: 0x0303030303030303 0=x%0209090%0909090
OxffffB8883e=8£f£070: 0x9595959595959595 Oxafafafafafafafaf
Oxffffo883e=8£f£080: 0x77777777777777717 Oxffffffffffffffff
OxffffB8883e=8££080: Oxdddddddddddddddd Oxcdecdcecdededededed
Oxffff8883e=8ff0a0: O0xbBbibibibEbibiba 0xE8bB8b8bibEbibibib
OxffffBB883e=8f£0b0: 0x0404040404040404 Oxl1fifififilfififif
(gdb) ¢
Continuing.
—— —_— —_— ———[ STACK ]-—-
Ox1ffcB8: Error while running hook stop:
Cannot access memory at address 0xl1ffcBs
Thread 4 hit Breakpoint 8, (

sld=ocldientryv=0xffffeal008345180, new=0xffffealld0fbaifcO,

loc ~v=false)

at /homs/adrian/git-repo/gdb-linux-real-mode/src/linux—5.11/mm/mig
292 struct rmap walk control rwc = {
(gdb) =% /24g OxffffS88B3EEBFFO00
OxffffB883=e=8£f£000: Oxd2d2d2d2d2d2d24d2 O0xd2d2d2d2d2d2d24d2
OxffffB8883e=8£f£010: O0xd2d2zd2d2d2d2dzd2 Oxd2dZd2did2d2dzd2
Oxffffo883e=8f£f020: Oxd2dzd2dzadzd2dzd2 Oxd2dzd2dzd2d2dzd2
OxffffB8883e=8£f£030: O0xd2d2d2d2d24d2d2d2 O0=xd2d2d2d2d2d2d2d2
OxffffE8883e=8£f£040: 0x3131313131313131 0x3131313131313131
Oxffff8883e=8££050: 0x3131313131313131 0x3131313131313131
OxffffB8883e=8f£f060: 0x3131313131313131 0=x3131313131313131
Oxffffo883e=8££070: 0x3131313131313131 0x3131313131313131
OxffffB883e=eB8f£080: OxcOc0c0cOclOcOc0cO OxcOc0c0c0clOclOc0cO
Dxffff88683e=B8££090: DxclcO0c0cOclclc0ch 0xclc0c0c0clclc0cO
Oxffffo883e=8£f£0a0: 0xc0c0c0cOc0c0clch O0xcOc0c0c0c0c0clch
JxffffE883ec8ff0b0: JxclcOcOclclcOcOcO JxclcOcOcOclcOlcOcO

rate . o
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3. pte change: remove migration ptes()

page= Oxffffea00083d5180
pfn = (Oxffffea00083d5180 - 0xffffea000000000) / sizeof(struct page) = 2159942 = 0x20F546
physical address = 2159942 * 4096 = 0x2_0F54_6000

newpage= Oxffffea000fba3fcO
newpfn = (Oxffffea000fba3fcO - OxffffeaD00000000) / sizeof(struct page) = 4122879 = Ox3EESFF

New physical address = 4122879 * 4096 =|Ox3_EE8F_F000 |

db /x *(unsigned long *) 0Oxffff888180%c0028
521 = Oxffffffffbels57200

(gdb) c

Continuing.

——————————————————————————— [ STACK ]-—-
Ox1ffba0: Error while running hook stop:

Cannot access memory at address 0xlffb30

Thread 4 hit Hardware watchpoint 5: *(0xffff8881805c0028)

(gdb) o JSx *(unsigned long *) Oxffff888180%c0028

S22 = 0xB80000003e=8fFf007

01ld value = <unreadablel
Mew valus = —-Z289255675%3
(page=0xffffealllfba3fcl, vma=0xffff8E8810089c0clO,
addr=<optimized out>, old=<optimized ocut>)
at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/mm/migrate.c:
> &8 if (Pagelnon (new))
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