Page Cache

Adrian Huang | Jan, 2022

* Based on kernel 5.11 (x86_64) - QEMU
* SMP (4 CPUs) and 8GB memory

* Kernel parameter: nokaslr norandmaps
* Userspace: ASLR is disabled

* EXT4 file system

* Legacy BIOS



Agenda

* What is page cache?
* Page cache & buffer cache (struct buffer_head)
* How to find an existed page cache?

* Interaction with generic block layer: methods for bio construction
1. Based on buffer _head
2. [Without buffer _head] Based on page descriptor & file system

* File system block size & sector size

* [Detail Discussion] With or without buffer_head
* File system-based 10
* Block device-based 10



What is page cache?

e page cache (stored in physical memory) = cache disk data
* Speed up disk data access

* Linux kernel refers to the page cache for disk R/W

* If there is enough free memory,

* the page cache is kept for an indefinite time
* can be reused by other processes without accessing the disk

* Open a file with the O_DIRECT flag = Bypass page cache

* Application: Some database applications use their own disk cache algorithm
» Especially for large data access
* Example: Using direct I/O with Oracle

Reference from: Chapter 15. The Page Cache, Understanding the Linux Kernel, Third Edition



http://www.dba-oracle.com/art_orafaq_oracle_direct_io.htm

Page cache & buffer cache
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1. Page cache: Interaction with VFS. (Upper layer)
2. Buffer cache: Interaction with the disk. (Lower layer)



Page cache & buffer cache: relationship

............... _pr|\/a‘te_._._._i
' T : ! [page->flags]
/[ Page Descriptor [§:57 : * PG_private: page cache (fs-private data)
) |
page_address(page) bE_Oa!E%e i
( ) “| Buffer Head [-. buffer_head
Buffer  [et-ii- | ;
) g 'b_this_page ! b_state
i | SR ¥ : b_this_page
Buffer ) i___ ________ Buffer Head ! b_page
1b_this_page ! b_blocknr
Buffer M. N : b_size = 1024
Buffer Head ;
\ . ! b _data
Buffer “T JP_this_page : b_bdev
b .............. :
Page Frame ! lag, - Buffer Head |
-b _this_page |
"""""
I L B B RS > b page
—— _
< D e » b_data
A 4 A 4 A 4 vy v " > b_thls_page
- » private
oo b_dev + b_blocknr:
submit_bh()->submit_bio()

1. Block size = file system-based unit
2. Page cache might *NOT* include buffer_head struct. (File system specific: file data)




Radix Tree (or XArray): How to find an existed

task_struct

files

.

files_struct

fd_array(]

.

file

f _path

mnt

Y

dentry

d_parent

d _name

d_inode

A 4

A 4

inode

A

dentry

f inode

f pos

f _mapping

file

*i_mapping

i_atime

i_mtime

i_ctime

\ 4

i_data

nage cache?

union mapping
u32 hash index
u32len=3 _ T =
- ~~
ub4 hash_len y < radix_tree_root ~ N
name = umntn / helght = 2 \
/ rnode \
, radix_tree_node |«
“| address_space [« count = 1
host / of1]2]3 63
page_tree i slots[0]
- i_mmap l l_ slots[3] .
‘ radix_tree_node radix_tree_node
\ count =2 count=1
\ 0(112]3 .. |63 0(112]3 .. |63
slots[1] slots[3] slots[2]
A v Y
\ [ page ] [ page ] | ReBe | /
N index=1 index=3 index = 19}/
N 7
~ ~
~ -

[v4.20] XArray replaced radix tree



Rac

ix Tree (or XArray): How to find an existed page cache?

task_struct

files

files_struct

fd_array(]

file

f _path

mnt

Y

dentry

d_parent

d _name

d_inode

A 4

A 4

inode

dentry

f inode

f pos

f _mapping

file

*i_mapping

i_atime

i_mtime

i_ctime

\ 4

i_data

A

\ 4

gstr

union

u32 hash

u32len=3

u64 hash_len

page

mapping

index

name = “mnt”

address_space

A

host

page_tree

i_mmap

) page->index . Page frame/Page
) g descriptor
vma->vm_ pgoff
ot
4KB file
vma
r 9 'y r 3
vma->vm_start vma->vm_end

User virtual address pointed to the page
cache/frame: can get it from _ vma_address(..)
* Use case: reverse mapping (mm/rmap.c)




Interaction with generic block layer: bio construction based on buffer _head

JV \ 4

Userspace application ,," fs/buffer.c: extd_fill_super -> ext4_sb_bread_unmovable
/ — .
mount(...) 7 private |
/ <
__________________ I'I page ) bUffer_head
',' m.a;()jplng b_state
index -
VFS sys_mount()/__x64_sys_mount() ,/ b_this_page
/ - < b_page
ext4_mount->ext4_fill_super K Buffer [« b_blocknr
' XArray ) . ’ b_size
Page Cache/Buffer Cache . b data
(fs/buffer.c, mm/readahead.c, mm/filemap.c) ( ) —
I & Buffer b_bdev
buffer_head [«
Block Device Disk Disk Page Frame
File ilesyste ilesyste

Mapping Layer

ext4_read_bh_lock-> ... ->submit_bh -> submit_bio

. . ‘\
submit_bio() \\ bvec iter .
Generic Block Layer \\ bi_sector: 512-byte sector |
| \ bi_size =
\
\
/0 Schedluler Layer \ Solves ST
\
. . \ bi_io_vec
Block Device Driver \ SRS _
\ bv_len
— \ bv_offset
\\ 1 bio_add_page(...)




Interaction with generic block layer: buffer head

* buffer_head cache: per-cpu variable

#define BH LRU SIZE 16

struct bh lru {
struct buffer head *bhs[BH LRU SIZE];

static DEFINE PFER CPU(struct bh lru, bh lrus) = {{ NULL }};

fs/buffer.c

e Scenarios

o File system metadata (file)
= superblock
" inode info
" extent tree

o File hole
o Block device: page cache is not up-to-date



Interaction with generic block layer: bio construction based on page & file system

fd = openat (AT FDCWD, "/mnt/a.txt", O RDONLY) ; ,,' extd_file_read_iter -> generic_file_read_iter
- ) /7 1. Allocate a page descriptor
H,n B re?d{fd’ buf’_ s0ser) > o) ’ 2. Add it to XArray
write(l, buf, n); ,,’ > page
— e — - /' mapping
v /7 index
VFS sys_read()/_x64_sys_read() fle ‘ page_address(page)
'/ e reference * XArray
Page Cache/Buffer Cache
(fs/buffer.c, mm/readahead.c, mm/filemap.c) Page Frame

Block Device
File ilesyste ilesyste ext4 _mpage_readpages -> ext4_map_blocks -> submit_bio

Mapping Layer
S { ext4_map_blocks
submit_bio() \ m_pblk reference
- \ o Iblk bvec_iter
Generic Block Layer \\ en »| bi_sector: 512-byte sector 1 bio
/ n dl | \\\ m_ﬂags bi_size bi_iter
|/O Scheduler Layer \ = bi io vec
[ \\\ bio_vec | -
Block Device Driver \\ bio_add_page(..)——  bv_page
e N bbv_:n




Interaction with generic block layer: bio construction based on page & file system

fa = r::-*_c-enat I:PLT_FDCWD; ".-"'1“.1nt.-"'a .txt "r G_RDGNLY:I ; ,,, ext4_fi|e_read_iter -> generic_file_read_iter
((n = read(fd, buf, 4096)) > 0) /' 1. Allocate a page descriptor
write(l, buf, n); ,,', > page 2. Add it to XArray
—————————————————— ,,, mapp|ng
; /7 index
/ I
VFS sys=read()/=x64_sys_read() ,/ file ‘ page_address(page)
/
! Jpee reference v XArray
Page Cache/Buffer Cache
(fs/buffer.c, mm/readahead.c, mm/filemap.c) Page Frame

Block Device
File ilesyste ilesyste ext4_mpage_readpages -> ext4_map_blocks -> submit_bio

Mapping Layer
PPne Y { ext4_map_blocks
submit_bio() ‘\\ m_pblk reference -
i Block L \ bk bvec_iter
Generic Block Layer \ o len » bi_sector: 512-byte sector bio
| \ - bi_size bi_iter
Vi~ o~ 1 | \ m flags

— 1. No need to allocate buffer_head struct
2. [Scenario] readahead mechanism

A. File read/write (file system)

B. Block device read/write: corresponding page caches are not available yet.




File system block size & sector size

Page Cache | 4KB

Mapping Layer: file system

file system block size

—

Generic Block Layer sector size

B}

Disk




File system block size & sector size

Page Cache | 4KB

Mapping Layer: file system

A 4

file system block size

—
Generic Block Layer sector size
Disk
:imgs dumpeZfs src.img | grep "Block size:™
dumpezZfs 1.45.5 (07-Jan—-2020)
Block size: 40596

:imgs dumpe2fs src-1024-byte-bsz-8MB.img | grep "Block size:

T

dumpeZzfs 1.45.5 (07-Jan-2020)
Block size: 1024




File system block size & sector size

: file system block size = 1024

5 cat /mnt/a.txt

fd = openat (AT FDCWD, "/mnt/a.t=zt"™, O RDONLY);

({n = read(fd, buf, 4
write(l, buf, n);

oge)) > 0)

Page Cache 4KB

Mapping Layer: file system l—

bio
bvec_iter bio_vec
bi_sector bv_page
bi_size = 1024 bv_len = 1024
bv_offset
Generic Block Layer sector size
—_—

Disk



4KB

File system block size & sector size: file system block size = 1024

Mapping Layer: file system l_

#0

(gdb) bt

Ouffffffff311a5f8c in

—<optimized out>, ;%:=_71?'*

gdb—-linux-real-mc src/lin

#1 fofffffffBllande in
%;%?%r—“=—DxffffeaDDD?eD444D,

#2 fofffffffBllBD4a6 in

mized out>, page=<optimized out),
drian/git-repo/gdb-linux-real

#3 fofffffffBllGldSe in

t-repo/gdb-linux-real-mc

““—<opt1mlzed out>)

E—DxffffBBBlG4?lBGCG,

0/ - h:206
1—&Xffff8881ﬂ4?l36€ﬂ;
Fset@entry=0)

1941

——<opt1mlzed out>, rac=<opti
"—DxD {flxed_percpu data)] at =]

S =adpag 1387
at h:me adrian

bio
bvec _iter bio_vec
bi_sector bv_page
bi_size =1024 bv_len =1024
bv_offset
Generic Block Layer sector size

}

(gdb) p bio->bi iter

$7

= {
bi sector = 12828,
bi size = 1024,
bi_idx = 0,
bi bvec done = 0

(gdb) p *bio->bi io wvec
58

= {

bv page = O0xffffeal007=201180,

bv _len = 1024,
bv offset = 0




File system block size & sector size

: file system block size = 4096

5 cat /mnt/a.txt

fd = openat (AT FDCWD,

"/mnt/a.txzt"™, O RDONLY):;

({n = read(fd, buf, 402c¢)) > 1)
write(l, buf, n):
-
"_ ———————
Page Cache | 4KB
Mapping Layer: file system l_
bio
bvec_iter bio_vec
bi_sector bv_page
bi_size = 4096 bv_len = 4096
bv_offset
Generic Block Layer sector size

Disk



File system block size & sector size: file system block size = 4096

Page Cache | 4KkB

Mapping Layer: file system l_

bio
bvec _iter bio_vec
bi_sector bv_page
bi_size = 4096 bv_len = 4096
bv_offset
Generic Block Layer sector size

Disk

(gdb) bt
#0 OxffffffffB11a%f8¢c in (bio=biclentryv=0xffff8881047136cl, page
—<optimized outl>, ;e:=_71§%:T:3=4G96, = Bentry at /home/adrian/git-re
gdb—-linux-real-mc src/linux-5.11/arch/xE clude/asm/bitops.h:2086
71 DxffffffffBllande in (bio=biclen =—fofffBBBlG4?136cG page=
agelent E—Dxffffeaﬂﬂﬂ?eﬂ444ﬂ len=lenfientry=4096, :ffzet=:::5%7§%' ryv=0) at /haom
=/adrian/git-repc lb-linux-real-mode/src/linux-5.11/block/bi 1941
%2 DxffffffffBllBG4a6 in (;::i——<optlmlzed out>», rac=<optli
mized out>, ;i;——{optlmlzed cut>, pagefent =—GxD {flxed_percpu data>] at /home/a
drian/git-regp lb-linux-real-mode/src/linux-5.11/fs/ext4/readpa :387
%3 DxffffffffBllEldEe in {“"” <opt1mlzed out)] at h:me adrian/g
1t-repo/gdb-linux-real-mc src/linux-5.11/fs/extd/1node :32el
(gdb) p bio->bi iter
$4 = |
bi sector = 48%20,
bi size = 4096,
bi idx = 0,
bi bvec done = 0
}
(gdb) p *bioc->bi io wvec
S5 = {
bv page = 0xffffeall07=05fc0,
bv _len = 40%¢,
bv offset = 0
}




File system access & raw block device access

fd = openat (AT FDCWD, "/mnt/a.txt", O RDONLY) ;

(ln = read(fd, buf, 402c)) > 0)
write(l, buf, n);
User Il
Kernel
VFS sys_read()/__x64_sys_read|)

?_+

Page Cache

Mapping Layer: file system

A 4

file system block size

A

Generic Block Layer

—

sector size

Disk

fd = copenat (AT FDCWD,

write(l, buf,

"/dev/sdal"™, O RDONLY);

(in = read(fd, buf, 40%2&)) > 0)

nj;

User
Kernel
VES sys_read()/__x64_sys_read|()
Page Cache| 4KB

A

Mapping Layer: block device file

Generic Block Layer sector size

Disk

Submit 10 with or without buffer _head struct?




With or without buffer head

fd = openat (AT_FDCWD, "/mnt/a.txt™, O _RDONLY):;

(in = read(fd, buf, 40%2&)) > 0)

/ # dd i1f=/dev/loopl of=dd.log bs=512 count=1 skip=2

write(l, buf, n):
User
Kernel

s 1
— Allocate/init page struct(s) readahead path I

I I
> |
| \ 4 |
: file hole? N I
|

N

: Y v |
I Submit 10 with buffer_head struct Submit 10 without buffer_head struct | |
|

Return the page

readpage path

| Invoke mapping->a_ops->readpage() |

[block device: blkdev_readpage()]
Submit IO with buffer_head struct

===

ext4 file system: ext4 readpage()




File hole detection — file system implementation

vfs_read

A 4
read_pages

v

aops->readahead

ext4 readahead blkdev_readahead reiserfs_readahead

A 4
mpage_readahead

\ 4
ext4d_mpage_readpages

\ 4
do_mpage_readpage

A 4

do_mpage_readpage

A 4

blkdev_get block

[special case]
cannot detect file hole

\ 4 A\ 4

ext4_map_blocks

reiserfs_get block

extd reiserfs.



File hole detection — file system implementation

vfs_read

A 4

read_pages

v

aops->readahead

y

ext4_readahead

blkdev_readahead

A

y

mpage_readahead

reiserfs_readahead

blkdev get block(struct inode *inode, sector t iblock,

struct buffer head *bh, 1nt create)
{
bh->b bdewv = I BDEV (inode) ;
bh->b blocknr = iblock;
set buffer mapped(bh):
;
H

fs/block dev.c

\ 4

A

y

do_mpage

_readpage

A

y

do_mpage

_readpage

A 4

ext4_map_blocks

A

y

blkdev_get block

[specia

| case]

cannot detect file hole

A

y

reiserfs_get block

|
|
|
|
|
|
|
|
1
|
|
1 ext4_mpage_read pages
|
T
|
|
|
|
|
|
1
|
|

block device

Detect file hole

Check file hole for specific blocks. Do not set
MAPPED flag if blocks are holes



With or without buffer head: system configuration

Test Configuration mount command
/ # mount /adrian/img/src-10Z24-byte-bsz-8MB.img /adrian/mnt/

* ext4 file system
* block size: 1024 bytes

/ # mount

i /tvp tfs (rw)
* sector size: 512 bytes none on / type rootfs (rw

none on /proc type proc (rw,relatime)

none on /sys type sysfs (rw,relatime)

none on /sys/kernel/debug type debugfs (rw,relatime)
ext4 file system: block size /dev/loopl on fadrian/mnt type ext4d (rw,relatime)

5 dumpeZfs src-1024-byte-bsz-8MB.img | grep "Block size"™ / # blockdev —-getss /dev/loop0

Block size: 1024 512




File size = 1023 bytes

fd = openat (AT FDCWD, argv[l1], © RDONLY);

({n = read(fd, buf, atoil{argv[Z]))) > 0)
write (1, buf, n):

Page Cache | 4KB

!/ # stat fadrian/mnt/files/1023.txt
File: /fadrian/mnt/files/1023.txt

Size: 1023 Blocks: 2 IO Block: 1024
Device: 700h/175%2d Inode: 128 Links: 1
rccess: (Dedd/-rw-r—-—r——) Tid: | 0/ UNENOWN) cid: |

Access: 2022-01-18 09:23:0€.000000000 40000
Modify: 2022-01-18 09:17:15.000000000 40000
Change: 2022-01-18 0%:17:15.000000000 +0000
/ # /read /adrian/mnt/files/1023.t=t 512

regqular file

0/ UNENOWHN)

Mapping Layer: file system l—

bio
bvec _iter bio_vec
bi_sector bv_page
bi_size = 1024 bv_len =1024
bv_offset

—

Generic Block Layer sector size = 512

1. Allocate a page descriptor
- 2. Add it to XArray
> page
mapping
index
|
file page_address(page)
f_pos reference XArray
Page Frame




File size = 2047

bytes

Page Cache | 4KkB

Mapping Layer: file system l_

bio
bvec_iter bio_vec
bi_sector bv_page
bi_size =2048 bv_len =2048
bv_offset

A 4

page

1. Allocate a page descriptor
2. Add it to XArray

mapping

index

file

f _pos

|

|
page_address(page)
v

reference

—

Generic Block Layer

sector size =512

Page Frame

XArray




File size = 4095

bytes

Page Cache | 4KkB

Mapping Layer: file system l_

bio
bvec_iter bio_vec
bi_sector bv_page
bi_size = 4096 bv_len = 4096
bv_offset

A 4

page

1. Allocate a page descriptor
2. Add it to XArray

mapping

index

file

f _pos

|

|
page_address(page)
v

reference

—

Generic Block Layer

sector size =512

Page Frame

XArray




/ # /read /adrian/mnt/files/5119.txt 512

Page Cache | 4KB

File size =5119 bytes

\ 4

page

mapping
index

]
Mapping Layer: file system l
bio
bi_vent =2
bio_vec
bvec_iter bv_page
bi_sector bv_len = 4096
bi_size = 5120 bv_offset
bio_vec
bv_page
bv_len =1024
bv_offset
=—$
Generic Block Layer | sector size =512

A 4

page
mapping v
index

T
page_address(page)
XArray

Page Frame

Readahead mechanism

e Spatial locality
* Default readahead pages: 32
o If file size < “default readahead pages”, read the
number of pages of the file.




Readahead mechanism: default pages = 32

T -
Fae

inc

fine VM_READAHEAD

lude/linux/pagemap.h

struct super block *

super_ setup bdi name (

struct backing dev info *bdi;

nc err;y

va list args;

bdi = bdi alloc (NUMA NO NODE) ;
(1bdi)

—ENCMEM;

by

backing dev info *bdi alloc(int node id)

truct backing dev_info *bdi;
bdi = kzalloc node ( (*bdi), GFP_EERNEL, node id);

(1bdi)
NULL;

(bdi init(bdi)) {
kfree(bdi);
NULL;

bdi->ra pages = VM READAHEAD PAGES;

bdi->ioc pages = VM READAHEAD PAGES;
bdi;

}
EXPORT_ SYMBOL (bdi alloc);

I' m/backing-dev.c

}
bdi->capabilities = BDI_CAP WRITEBACE | BDI CAP WRITEBACE ACCT;




File size = 5119 bytes

Page Cache | 4KB
—]
Mapping Layer: file system l
bio
bi_vent =2
bio_vec
bvec_iter bv_page
bi_sector bv_len = 4096
bi_size = 5120 bv_offset
bio_vec
bv_page
bv_len =1024
bv_offset

—

Generic Block Layer

sector size =512

Thread 2 hit Breakpoint 7,

L = o] LLE 4L

o.hoel
6l if
(gdb) p bio
530 = (struct bioc *)
(gdb) p *bio
531 = {

bi next =

(bioc &&

Oxffff888104714500

D=0 < g
bi_disk Oxffff8881046=0c00,
bi_opf = 524288,
bi flags = 0,
bi ioprio = 0,
bi write hint
bi status = 0
bi partno = 0
__bi remaining
counter = 1
br
bi iter = {
bi sector =
bi size =
bi_idx = 0,
bi bvec done = 0
br
bi end ioc =
bi private =
{
bi integrity =
bs
[bi vent = 2}
bi max vecs = 2,
__bi ent = {
counter = 1

Dxff£fEFE£8117££70 <
D=0 < -

O=0 <

be
[bi io vec = 0xffff88104714963,

bi pool = Oxffffffff81bec3beld <

bi inline vecs = Oxffff888104714%¢8

}

(bio=biofentry=0xffff888104714900)

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

12/ D]

(gdb) p bio->bi io vec[0]
533 = {
bv_page = 0xffffealdl07=00d458,
bv len = 40%¢,
bv offset = 0
}
(gdb) p bio->bi io wvec[l]
534 = {
bv page = 0xffffeald007=200dch,
bv _len = 1024,
bv offset = 0
}

Zr

Zr




File hole — Use buffer head

private
A 4
page < buffer_head [«
mapping /bio_add_page - bio_add_page
index >
buffer_head [*— . puffer head N .
Buffer = fazta;‘;ge o il bio bio
XArray P e b—:"s—page bi_iter bi_iter
Buffer |« — _page — —
: ‘ b_blocknr b blocknr bi_io_vec bi_io_vec
Buffer b_size b_size
Buffer ]\ b_bdev b_bdev
buffer_head submit_bio submit_bio
Page Frame /
—
/
Y y
file-hole-2

hole data hole data

(ext4 file system)
(Dlock# 0 1 2 3 L
Disk




File hole — Use buffer head

private
\ 4
page < buffer_head [«
mapping bio_add_page < bio_add_page
X - - -
index >
buffer_head [« —>  buffer_head ] \
Buffer = fﬁ_smte b_state bio bio
\ J __Tthis_page i
XArray P e b—:":;‘g’zge bi_iter bi_iter
Buffer [« = = i i
. ) b_blocknr b blocknr bi_io_vec bi_io_vec
Buffer b_size b_size
Buffer ]\ b_bdev b_bdev
buffer_head submit_bio submit_bio
Page Frame /
xxd file-hole-2 / >
00000000: 0000 0000 0000 0000 00OO 0000 QOO0 0000 S
00000010: 0000 0000 0000 0000 0000 0000 0000 0000 : file-hole-2
- - hole | data | hole | data )
00000400: 004c 656e 6£76 6£f00 0000 0000 0000 0000 .LENOVO......... (ext4 file system)
00000b£0: 0000 0000 0000 0000 0000 0000 0000 0000 +vsusnvenennnn.. M 0 1 2 3 -~
00000c00: 0000 0041 6472 €961 6e48 7561 6267 .. .AdrianHuang

Disk



File hole — Use buffer head

(gdb) bt
#0  bio add page (bio=biclentry=0xffff8881047120c0, page=0xffffeall07e02bfsg,
len=1 er@ert } =1024, off=offlentry=1024)
at /home/adrian/gi t—?efofgcD—__nux—vea_—moceXS?”f__nux—“ 11/block/bic.c:906
#1 Oxffffffff811a%fde in bio add page (bio=bicfentry=0xffff3881047120c0,
page=<optimized out>, _er—1024 offset=1024)
at /home/adrian/gi t—?eﬂofgcD—L_nux—vea_—moce!sr:f__nux—ﬂ 11/block/bic.c:941
#2 (Oxffffffff8111e8%b in submit ibc {op=oplentry=0,

op_flags=op_flags@entry=0, ﬁk DxffffBBBlDD4aadDD,
write hint=write hintBentry=WRITE LIFE_NOT_SET,
whc=0x0 <fixed percpu data>)

at fhomefadrianfgit—repoigdb—;inux—rea;—modefsr:f;inux—i.1lffsfbuffer.::3034
#3 Oxffffffff81121e51 in submit bh (bh=<optimized out>, op flags=0, op=0)

at fhomefacr_anfg t-repo/gdb-linux-real-mode/src/linux-5. llffsfouffe?.;.SDED
¥4 block full page (page=pagefentryv=0xffffeall07=02bf8,

get ;_ _—Dxffffffff81164860 <extd get block>)

at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/fs/buffer.c:2339
#5 Oxffffffff81180697 in =xtd mpage readpages (inode=<optimized outl>,

rac=<optimized out>, fage—{optlmlzed out>,

pagefentry=0x0 <fixed percpu data>)

at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/fs/extd4/readpage
.c:404
#6 Oxffffffff81161d5e in ext4 readahead (r zc=<optimized out>)

at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/fs/ext4/inode.
3261
#7 Oxffffffff810ab8eld in read pages (rac=raclentry=0xffffcB00002cbcll,

pages=pageslfentry= Dxffffc900002cbb?0 skip page=skip pagef@entry=false)

at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/mm/readahead.c:1
30
#8 Oxffffffff810abed3 in page cache ra unbounded (

ractl=ractl@entry= =0xff£fc300002cbc90, nr to_ read=1,

loockahead size=<optimized ocut>)

at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/mm/readahead.c:2
35
#¥9 (Oxffffffff810abdis in dc _page_cache_ra {

ractl=ractlldentry= Dxffffc900002cbc90, n:_to_:eac=<optimized out>,

lookahead size= <optimized out>)

at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/mm/readahead.c:2
&7

hole data hole data

block # 0 1 2 3
(gdb) bt
0 submit bio (bio=bhiofentrv=0xffff8881047120c0)
at /home/acr_an/g t-repo/gdb-linux-real-mode/src/linux-5.11/include/linux/bi
#1 OxffffffffBlllefec in submit bh wk op=oplentry=0,

op flags=<optimized out>, op f agﬁ@ert v=0, bh=0xzffff8881004aad00,

;te_h;nt=w:;te_h;nt@ent:3—WRITE_LIFE_NOT_SET,

whc=0x0 <fixed percpu_data>)

at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/fs/buffer.c:3054
#2 OxffffffffB1121e51 in submit bh (bh=<optimized ocut>, op flags=0, op=0)

at /home/acr_an/g t-repo/gdb-linux-real-mode/src/linux-5.11/fs/buffer.c:3060
%3 . 1 full page (page=pagelfentry=0xffffeal007=02bfsg,

get ﬁ_;;k Oxffffffff81164860 <extd_get_block>)

at /home/adrian/gi t—ve*o/gco—;_nux—*ea_—moce/SV”/__nux—* 11/fs/buffer.c:2339
#4 OxffffffFfFfE1180697 in extd mpage rezdpages (inode=<optimized out>,

rac=<optimized out>», page= <opt1mlzed out>,

pagefentry=0x0 <fixed percpu data>)

at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/fs/extd/readpags
.c:404
#5 Oxffffffff8ll16ldSe in extd readahead (rac=<optimized out>)

at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/fs/ext4/inode.c:
3261
#6 Oxffffffff810abfel in rezad pages (rac=racfentry=0xffffc%00002cbecd0,

pages=pagesfentry= OxfffchOODOZcbb?O skip_page=skip_pagelentry=false}

at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/mm/readahead.c:]
30
#7 Oxffffffff810abed3 in page cache untk SEN |

ractl=ractll@entry= Oxffff6900002cb690, nr_to read=l,

lookahead size=<optimized out>)

at /home/adrian/git-repo/gdb-linux-real-mode/src/linux—-5.11/mm/readahead.c:2
38
#0 Oxffffffff810abd88 in do page cache ra (

ractl=ractl@entry= =0xfff£c900002cbc90, nr to read=<optimized ocut>,

lookahead size=<optimized out>)

at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/mm/readahead.c:2
&7
¥9 QOxffffffff810abfl8 in ondemand readahead (ractl=0xffffc900002cbcs0,

4 9

ra=0xffff8E88100320398,

hit readahead marker=hit readahead marker@entry=false,

reqg size=req sizefentry=1l}

at /home/acr_an/g t-repo/gdb-linux-real-mode/src/linux-5.11/mm/readahead.c: 5




File hole — Use buffer head

hole data hole data

block # 0 1 2 3

[(gdb) bt
] bio add page (bio=bhiofentryv=0xffff8088104712240, page=0xffffeall07e02bfd,

len= _er@ert y—1024, off=offlentry=3072}

at /home/adrian/gi t—?e*ofgco—;_nux—vea_ -mode/sre/linux-5.11/block/bic.c:906
Bl OxffffffffBlla9fde in bic add _page (bilo=biolfentry=0xffffB888104712240,

page=<optimized out>, _er—1024, offset=3072)

at /home/adrian/gi t—?eﬂofgcQ—L_nux—?ea_—mocefsr:f__nux—ﬁ 1ll/block/bioc.c:941
#2 OxffffffffB111e8%b in submit e {op=oplentrv=0,

op_flags=op_flagsBentry=0, fk Dxffff8881004aa138

_te_h_nt—w:;te_h;nt@ent_y—WRITE_LIFE_NOT_SET,

who=0x0 <fixed percpu data>)

at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/fs/buffer.c:3034
#3 Oxffffffff81121e51 in submit bh (bh=<optimized ocut>, op flags=0, op=0)

at fhonefag__anfg t-repo/gdb-linux-real-mode/src/linux-5.11/fs/buffer.c:3060
#4 0 :_::= full page (page=pagelentry=0xffffeal0l7e0Zbfl,

get_block= Dxffffffff81164860 <extd4 get block>)

at /home/adrian/gi t—?ehofgcD—L_nux—?ea_—mocefsr:f__nux—~ 11/fs/buffer.c:2339
#5 OxfEfffEfFFR1180697 in extd mpage rezdpages (inode=<optimized out>,

rac=<optimized out>, wage—<opt1mlzed out>,

pagefentry=0x0 <fixed percpu data>)

at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/fs/ext4/readpage
.c:404
#6 Oxffffffffol116€l1d5e in =x=td rezdzhead (rac=<optimized out>)

at /home/adrian/gi t—?eﬂofgco—;_nux—?ea_—nocefsr:f__nux—~ 11/fs/extd4/inode.c:
326l
#7 Oxffffffff810abBel in read pages (rac=raclentry=0xffffc200002cbcB0,

pages=pageslfentr y—DxffffCBDDDD2cbb?D, skip _page=skip pagefentry=false)

at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/mm/readahead.c:1
130
#8 Oxffffffff810abed3 in page cache ra unbounded (

ractl=ractlfentr y—DxffffCQDDDD2chQD, nr_to_read=1,

lookahead size= <optimized out>)

at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/mm/readahead.c:2
138
+9 Oxffffffff310abdi8 in dc _page_cache _ra (

ractl=ractlfentr y—DxffEECQDDDDZCbCQD nr to read=<cptimized outl>,

lookahead size= <optimized out>)

at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/mm/readahead.c:2
67

149

(gdb) bt
0 submit bico (bio=blofentry=0xffff888104712240)

at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/include/linux/bi
lo.h:el
#1 Oxffffffff8llleBec in submit bh whe (op=oplentry=0,

op flags=<optimized out>, of f ag=@ert v=0, bh=0xffff88810042al38,

write hint=write hint@entr E_WRITE LIFE_NOT_ SET,

whc=0x0 <f1xed_percpu_data>}

at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/fs/buffer.c:3054
#2 OxfffFFfFFB1121e51 in submit bh (bh=<optimized out>, op_ flags=0, op=0)

at /home/ac:_an/g t—?e*o/gco—L_nux—?ea -mode/src/linux-5.11/fs/buffer.c:3060
ps 11 e frage—roacGentec QuEEEfaa0007a000RER

get h_gdk Dxffffffff81164860 <ext4 get block>)

at /home/adrian/gi t—?e*o/gco—L_nux—?ea_—moce/s::/__nux—* 11/fs/buffer.c:2339
#4 Oxffffffff811806%7 in e=xtd mpage readpages (inode=<optimized out>,

rac=<optimized out>, pags= (optlmlzed out>,

pagefentry=0x0 <fixed percpu data>)

at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/fs/ext4/readpage
.c:404
#5 Oxffffffff81161d5e in =xtd reazadahead (rac=<optimized ocut>)

at /home/adrian/gi t—?e*o/gco—L_nux—?ea -mode/src/linux-5.11/fs/extd4/inode.c:
326l
#6 Oxffffffff810abBel in read pages (rac=raclentry=0xffffc%00002chco0,

pages=pagesfentry= Dxffffc900002cbb70, skip page=skip pagefentry=false)

at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/mm/readahead.c:1
130
#7 Oxffffffff8l0abed3 in rpage cache arik

ractl=ractl@entry= Dxffffc900002cbc90, r

lookahead size=<optimized out>)

at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/mm/readahead.c:2
138
#8 Oxffffffff810abdB8 in do page cache ra

ractl=ractl@entry= DxfffchDDDDZCbCQD, r:_to_:ead=<optimized out>,

lookahead size=<optimized ocut>)

at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/mm/readahead.c:2
7
9 (Oxffffffff810abf08 in cndemand readahead (ractl=0xffffc900002cbcs0,

ra=0xffff888100320398,

hit readahead marker=hit readahead marker@entry=false,

reg size=req_ sizefentry=1l}

at /home/ac:_an/g t-repo/gdb-linux-real-mode/src/linux-5.11/mm/readahead.c:5




Call path with/without buffer head struct

Call path without buffer_head

(gdb) bt
#0 {bio=k page=0xffffea0007=06350,
;a:=;a:@e::"y=1024,
5.11/block/bioc.c:906
#1 DxffffffffBllande in =0xffff888104714840,
8 Oxffffeal007e06350, v=1024,
. ry=0)
at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/block/bioc.c:941
#2 Oxffffffff811804a6 in inode=<optimized out>,
rac=<optimized out>», page=<coptimized out>,
8 lentry=0x0 <fixed percpu_data>)
at /k'ne/dmf_drfj t-repo/gdb-linux-real-mode/src/linux-5.11/fs/extd/readpages
.c:1387
#3 Oxffffffffell161dS5e in (rac=<optimized out>)
at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/fs/ext4/inode.
3261
#4 Oxffffffff810ab8el in (rac= DxffffCQDDDDZTSCBD,
Fentry=0xf£££c90000273b70,
at /k-ne/du:;drfj t-repo/gdb-linux-real-mods c:l
30
#5 Oxffffffff8l10abecd3 in (
=:3::_@%?—*”—DxffffCBDDDDZTSCBD, nr_to_read=1,
5.11/mm/readahead.c:2
38
#6 Oxffffffff810abdig in (
l@entry=0xf£f£f£fc90000273c%0, nr_to_read=<optimized out>,
<optimized out>)
ian/git-repo/gdb-linux-real-mode/src/linux-5.11/mm/readahead.c:2
67
#7 Oxffffffff810abfl8 in (ractl=0xffffc20000273cS90,
:5=Dxffff8881001fhe98,
h re ry=false,
inux-real-mode/src/linux-5.11/mm/readahead.c:5
49
#8
entry=0xffff8881001fbets,
/gdb-linux-real-mode/src/linux-5.11/mm/readahesad.c:5
77

Call path with buffer_head

(gdb) bt
#0 =b1ic y=0xE££f££f888104714180, page=0xffffeall07e00d420,
lan=]1 lentry=1024)

at /k-ne/ddr dr/g t—?e“’/gd:—"rux—*ed —noue/Q*”/__Fux—: 11/block/bioc.c:906
#1 OxffffffffB8lla%fde in bic Sfentryv=0xffff888104714180,

page=<optimized out>, len=1024, c e:—1024]

at /homes/adrian/gi t—?eu_/g b-linux-real-mode/src/linux—5.11/block/bic.c:941
#2 Oxffffffff8111eB8%b in (op=oplentry=0,

] il =0, bh=0xff£ff888100543000,
y=WRITE LIFE NOT_SET,

who=0x0 <f1xed_percpu data>)

at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/fs/buffer.c:3034
#3 OxffffffffellZ2le51 in (bh=<optimized out>, op_flags=0, op=0)

at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/fs/buffer.c:3060
#4 { =pagefentry=0xffffeal007e00d20,

get _block=0xffffffffB1164860 <extd4d get block>)

at /k-ne/dQ:_dr/g t-repo/gdb-linux-real-mode/sr inux-5.11/fs/buffer.c:2339
¥5 Oxffffffff81180&%97 in <optimized out>,

rac=<optimized out>, page=<optimized out>,

L ientry=0x0 <fixed percpu_data>)

at /k-ne/dQ:_dr/g t-repo/gdb-linux-real-mode/src/linux-5.11/fs/extd4/readpage.c:404
#6 Oxffffffff8ll16ldSe in =<optimized out>)

at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/fs/extd4/inode.c:3261
#7 Oxffffffff810ablel in (rac —Dxffffc9DDDDl??C9D,

1 Bentry=0xf£££fco0000177L70, 1

at /k-ne/du:_dr/g t—repo/gdb-linux-real-mode -/ linux-5. A.c:130
#8 Oxffffffff810abed3 in

ractl CcClBentoy=0xf£££c20000177c20, nxr

loaok ze=<optimized out>)

at /k-ne/dQ:_dr/g t—?e“’/gd:—L_rux—*ed_—noue/s:”/__Fu -5.11/mm/readahead.c:238
#9 Oxffffffff810abdB8 in (

ractl=ractl@entry=0xf££fc90000177cB0, nr to read=<optimized out>,

laoaol <optimized ocut>)

at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/mm/readahead.c:267




(in = read(fd, buf, 40%2&)) > 0)
write(l, buf, n);

fd = openat (AT _FDCWD, "/mnt/a.txzt"™, O RDONLY);

VFS sys=read()/=x'64_sys_read()

MM page Cache/Buffer Cache

(fs/buffer.c, mm/readahead.c, mm/filemap.c)

Block Device Disk Disk
File ilesyste ilesyste

Mapping Layer

submit_bio()

Generic Block Layer

|/O Scheduler Layer

Block Device Driver

task_struct

files

.

files_struct

fd_array(]

.

file

f path

mnt

dentry

Y

dentry

d_parent

d name

nteraction between VFS/mm and mapping layer

\ 4

gstr

union
u32 hash
u32len=3

u64 hash_len

d_inode

A 4

\ 4

inode

A

f inode

f pos

f_mapping

file

*i_mapping

i_atime

i_mtime

i_ctime

\ 4

i_data

name = “mnt”

page

mapping
index

4

address_space

host

page_tree

i_mmap

a_ops

mapping layer: file system or raw block disk

address_space_operations

A

readpage

readahead




Interaction between VFS/

task_struct

files

files_struct

fd_array(]

file
f_path

mnt

dentry

\ 4

dentry

d_parent

d name

mm and mapping layer

A 4

gstr

union
u32 hash
ud2len=3

u64 hash_len

d_inode

A 4

\ 4

inode

f inode

f pos

f _mapping

*i_mapping

i_atime

i_mtime

i_ctime

A

\ 4

i_data

name = “mnt”

page

mapping
index

A

address_space

host

page_tree

i_mmap

. readpage
.readahead
.writepage
.writepages
.wWrite begin
.Write end
.set_page dirty
. bmap
.invalidatepage
.releasepage
.direct IO
.migratepage
.is partially uptodate
.€IrOr remove page
.swap_activate

-t address space operations extd4d acops = {

= extd readpage,

= extd4 readahead,

extd writepage,

extd writepages,

extd write begin,

extd write end,

ext4 set page dirty,

ext4 bmap,

extd invalidatepage,

extd4 releasepage,

noop direct IO,

buffer migrate page,

block is partially uptodate,
generic error remove page,
= ext4 iomap swap activate,

a_ops

mapping layer: file system or raw block disk

address_space_operations

A

readpage

readahead

. readpage
.readahead
.writepage
.write begin
.write end
.writepages
.releasepage
.direct IO
.migratepage

= w ) W L W

address space operations def blk acps = {

blkdev readpage,

= blkdev readahead,

blkdev writepage,
blkdev write begin,

= blkdev write end,

blkdev writepages,

blkdev releasepage,

blkdev direct IO,

buffer migrate page norefs,

.1s dirty writeback = buffer check dirty writeback,




Block device access — without buffer head (full-page access)

212

1024

EXT4-fs (loopl):

/ # mount /adrian/img/src-1024-byte-bsz-8MB.img /adrian/mnt/

loopO: detected capacity change from 16384 to 0

mounted filesystem with ordered data mode. Opts: (null). Quota.
extd filesystem being mounted at /fadrian/mnt supports timestamps until 2038 (0x)

/ # blockdev —-getss /dev/loop0

/ # blockdev ——getbhsz /dev/loopl

/ # dd if=/dev/loop0 of=/dd.log bs=512 count=4 skip=512

blkdev_read_iter -> generic_file_read_iter

file

f pos

reference

\ 4

page

1. Allocate a page descriptor
2. Add it to XArray

mapping

index

|
page_address(page)

Page Frame

XArray

read_pages -> blkdev_readahead -> mpage_readahead ->
do_mpage_readpage

get_block -> map_bh

buffer_head

bvec_iter 4—L
b_bdev : ~ bi
= bi_sector =512 10
b_blocknr = 256 B =

bio_add_page(...)

= reference bi_size = 4096 bi_iter
_size = 4096 e e
bio_vec — —
bv_page
bv_len
bv_offset




Block device access — without buffer head (full-page access)

/ # dd if=/dev/loop0 of=/dd.log bs=512 count=4 skip=512

read_pages -> blkdev_readahead -> mpage_readahead ->

do_mpage_readpage

bv len = 40%9¢,
bv offset = 0

}

get_block -> map_bh
buffer_head bvec_iter
b_bdev bi_sector = 512 bio
b_blocknr =256 oo bi_size = 4096 bi_iter
b_size = 4096 . bi_io_vec
bio_vec ]
bv_page
bv_len
bv_offset
(gdb) £
#0 (blo=biofentry=0xff£ffE8E8E8104a1b840)
at /home/adrian/git-repo/gdb-linux-real-mode/q
o.hiel
el if (bio &&
(gdb) p bio->bi iter
5§51 = {
bi sector = 512,
bi size = 4096,
bi idx = 0,
bi bvec done = 0
}
(gdb) p bio->bi wcnt
£52 =1
(gdb) p bio->bi ioc wec[0]
553 = |
bv page = OUxffffea0003%03458,

(gdb) £
#2 (rac

at /home/adrian/git-
395
(gdb) p args.map bh
$56 = {
b_state = 0,

=0xffffc50000333chkbi,

ckBentry=0xfffffFffE1123130 <blkdev_get block>)

epo/gdb-linux-real-mode/src/linux-5.11/fs/mpage.c:395

mpage_bic_submit (REQ OP_READ, REQ RAHEAD, args.bio);

b _this page = 0x0 < e
b page = 0xffffeall03503498,
b_blocknr = 256,
b_size = 4096,
b data = 0=x0 < >y
b bdev = 0x=ff££f8851004a8000,
b _end ioc = 0x0 < >,
b _private = 0x0 < >
b _assoc buffers = {
next = 0x0 < =y
prev = 0x0 < >
br
b _assoc map = 0x0 < >
b count = {
counter = 0

br
b uptodate lock = {

{
rlock = {
raw_lock = {
{
val = {
counter =

br

0

locked = 0 '"S0O0O',

pending =
br

0 '\ooo!

locked pending = 0,

tail = 0




Block device access — with buffer head

Page cache (not up-to-update)

Unread >UPET data | Unread | /dev/loopO
block
block # 0 1 2 3
(gdb) bt
#0 (bio=hicfentry=0xf£ff888104712180, page=0xffffeal003%04f48,
len=lenfentry=1024, off=cffl@entry=0)
at /home/adrian/gi t—?et:chs linux—real-mode/src/linux-5.11/block/bic.c:906
#1 Oxffffffffella%fde in (bioc=biclentry=Uxffff888104712180,
page=<optimized out>, len=1024, offs=et=0)
at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11  hlock/hin ~-941
$2  Oxffffffff8111e89b in (op=cplentry=0, [(gdb) bt ,
flags—op flags@entry=0, bh=0xffff8881004aa618, | ] (bic=biclentryv=0xffffB8881047120cl, page=0xffffea0003504f48,
-.__tta hint=write hint@entry=WRITE_LIFE_NOT_SET, len=lenfentry=1024, off=offfentry=3072) . .
he=0x0 {flxed_percpu data>) at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/block/bic.c:906
at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5 #1 Oxffffffff811a%fde in (bio=biclBentryv=0xffffB881047120c0,
43 OxEffffffff81121e51 in (bh=<optimized out>, _f: page=<optimized out>, len=1024, offset=3072)
at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5. at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/block/bioc.c:941
#4 (page=<optimized out>, #2 Oxffffff£ff3111e8%b in (op=oplentry=0,
get block=get blocklBentrv=0xffffffff81123130 <blkdev_get | k op flags=op flagsBentry=0, bh=0xffff8881004a3a2%0,
at /hc mefac:iarfg t-repo/gdb-linux-real -mode/src/linux-5 1int=write hint@entry=WRITE LIFE NOT SET,
#5 Oxffffffff81123523 in (file=<optimized out Le=0x0 <f1xed_percpu data>)
page=<optimized out>) at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/fs/buffer.c:3034
at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.1#3 Oxffffffff81121=51 in (bh=<optimized out>, op flags=0, op=0)
31 at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/fs/buffer.c:3060
#4 (page=<optimized out>,
get block=get blockBentry=0=xffffffff81123130 <blkdev get block>}
at /hc mefaariarﬁg t-repo/gdb-linux-real-mode/src/linux-5.11/fs/buffer.c:2339
#5 Ouffffffff81123523 in (file=<optimized out>,
page=<optimized out>)
at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/fs/block dev.c:6
31




Backup



[File system] page cache without buffer_head

(gdb) bt
#0 add page iofentry=0xffff888104714840, page=0xffffeall07e206350, len=lenfentry=1024, coff=cfflentrvyv=0)
at /home/acr_an/g t—*eﬁo/gco— ;nux—?ea -mode/src/linux-5.11/block/bioc.c:906
#1 Oxffffffff811a9fde in hbic = lofBentry=0xffffE88104714840, page=pagelentry=0xffffeall07e06350, len=lenfentry=1024, cffset=cffsetlentry=0)}
at /home/adrian/gi t—*eﬁo/gco— -mode/src/linux-5.11/block/bioc.c:941
#2 Oxffffffff811804a6 in ext4 1 jes (inode=<optimized out>, rac=<optimized out>», page=<optimized ocut>, pagefentry=0x0 <fixed percpu_data>)
-mode/src/linux-5. ¢4/fs/ext4/*ea‘page c:387
~ad ~=<optimized out>) at /home/adrian/git-repo/gdb-linuxz-real-mode/src/linux-5.11/fs/ext4/inode.c:3261
(rac=rac@entry=0xffffcB0000273cB80, pages=pagesentry=0xffffc90000273b70, skip_ page=skip_pagelentry=false)
—moce/sr:/__nux—“ 11/mm/readahead.c:130

#3 OxffffffffﬁllﬁldSE in ex
#4 Oxffffffff810abBel in re
at /home/adrian/gi t—*eﬁo/gco—

#5 Oxffffffff810abcd3 in pags L (ractl=ractl@entry=0xffffc90000273¢c%0, nr to_read=1, lookahead size=<optimized out>)
at /home/adrian/git-repo/g 1-mo e/S?:/__nux—ﬂ 11/mm/readahead.c:238

#6 Oxffffffffa8l10abdig in o (ractl=ractllentry=0xffffc90000273c90, nr to read=<optimized out>, loockahead size=<optimized out>)
at /home/adrian/git-re

K l-mode/src/linux-5.11/mm/readahead.c:267
#7 Oxffffffff810abf08 in
at /home/adrian/git-r
#8 Oxffffffff810aclbl in
at /home/adrian/git-r

l-mode/src/linux-5.11/mm/readahead.c:549
(ractl=ractl@entry=0xffffc90000273c90, ra=ralentry=0xffff8881001fbe%8, reg count=reqg_ count@entry=1)
—moce/s*”/__nux—~ 11/mm/readahead.c:577

#9 Oxffffffff810a5?b9 in 5 | unt=1, index=0, f1le=0xffffB8881001fbe00, ra=0xffff8881001fbef8, mapping=0xffff88810044cc00)
at /home/adri r :al-mo e/s::/__nux—~ 11/include/linux/pagemap.h:839
#10 generic fil 1ff 2d get pages [ bEentry=0xffffc90000273e98, iter=iterfentry=0xffffc90000273e70, pages=pagesfentry=0xffffc90000273d30, nr=nrlentry=1)

at /home/acr_an/g_t—_ c/linux-5
#11 Oxffffffff810a60cf in

at /home/adrian/git-r
#12 Oxffffffff810a648a in

at /home/adrian/git-r
#13 0Xffffffff8115?16f in
#14 fil iter

11/mm/filemap.c:2365

Bentry=0xffffc90000273e98, iter=iterf@entry=0xffffc90000273e70, written=writtenfentry=0)

11/mm/filemap.c:2485

@ert v=0xffffc90000273e98, i1ter=iterfentryv=0xffffcS0000273e70)

le 11/mm/filemap.c:2637

read iter (tﬂ=0xffff0900002?39?0 O0xffffc90000273e98) at /home/adrian/git-repo/gdb-linux-real-mode/sr 5.11/fs/ext4/file.c:131
—0xffffc900002?3e98, to=0xffffc90000273e70) at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/fs/ext4/file.c:114

#15 OxffffffffBlOedfd3 in call read iter (f1le=0xffff8881001fbe00, 1ter=0xffffc90000273e70, kio=0xffffc90000273298)
i o/gdb-linux-real-mode/src/linux—5.11/include/linux/fs.h:1895
#16 new sy lplentry=0xffff8881001fbe00, buf=buffentry=0x4c3300 "", len=<optimized out>, ppos=pposlentry=0xffffc90000273e£8)
ne/ad *o/gco—L_nux—*ea_—moce/s*”/__nux—“ 11/fs/read write.c:415
#17 Oxffffffff8i10ef2a’ in 5 1 (file=filefentry=0xff£ff8881001fkbe00, &Lf—hhf@ert y=0x4c3300 "", count=count@entry=512, pos=posfentry=0xffffc30000273=£8)
at /home/adrian/gi t—*euo/g o—L_nux—*ea_—moce/s::/__nux—~ 11/fs/read
#18 Oxffffffff810efTb3 in ksvs =0 (fd=<optimized out>, buf=0x4c3300 "", _JLrt—512) at /home/adrian/git-repo/gdb-linuz-real-mode/src/linux-5.11/fs/read write.c:634
#19 0xffffffff810ef845 in read (count=<optimized out>, buf=<optimized out>, fd=<optimized out>) at /home/adrian/git-repo/gdb-linux-real-modes/s linux-5.11/fs/read_
#20  s= - (count= (optlmlzed out>, buf=<optimized out>, fd=<optimized ocut>) at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/fs/read write.c:642
#21

g ad (r eQQ—<opt1mlzed out>) at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/fs/read write. :.642
#22 Oxffffffff812b05f2 in = (nr=<optimized out>, regs=0xffffc90000273£58) at /home/adrian/git-repo/gdb-linux-real —moce/s*:/__nux—* 11/arch/=z86/entry/common.c:46
#23 Oxffffffff8140007c in ent &4 () at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/arch/x86/entry/entry 64.5:120

(ract1=0xffffc90000273c%0, ra=0xffffB881001fbe%8, hit readahead marker=hit readahead markerfentry=false, reg size=req sizefentry=

1)

write.c:

644




[Block device] page cache with buffer head

/ # dd if=/dev/loop0 of=dd.log bs=512 count=4

(gdb) bt
#0 (bio=bicfRentr V—Dxffff888100246f00, r_—UxffffeaUDDBBfBTCB, len=1024, offset=0) at /home/adrian/gi t—“e~-/gc~ linux-real-mode/src/linux-5.11/block/bio.c:936
#1 DxffffffffBllleBBb in ntry ( 1 : 0, bh=0xffff86881004c44el, T 2 _hint@entry=WRITE_LIFE_NOT_SET, 0x0 <fixed percpu_data>)
at /hume/ac:ian/g_t—:epo/gcg—L_er—“ea -mode/src/linu ll/fS/'Lffe“.: 3034
#2 Oxffffffff81121e51 in (bh=<optimized out), f1 o, =0) at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5. 44/fs/’Lffe“ -:3060
#3 (page=<optimized out>, g=t | ge ry=0xffEfFfFFFFB1123130 <blkdev_get block>) at /home/adrian/git-r inux-real-mo ce/S“”/__er—:.1l/fs/buffe:.::2339
#4 OxffffffffB1123523 in (£11 f—<opt1mlzed out>, <optimized out>) at /home/adrian/git-repo/gdb-linux-real-mode/sr
#5 OxffffffffB810a36%95 in bentry=0xffffc9000015fe98, filp=filplentrv=0xffff88810484ad00,
mapping=<optimized out>) at /home/adrian/git-repo e/S“”/L;rux—:.44/mm/f;'emaﬂ. 12206
#6 OxffffffffB810a5bad in int=<cptimized out>, =0xffffeal0038£87cl, 1ter=0xffffc%9000015fe70, £1lp=0xffffE885810484ad00,
1och=0xff£ffco000019f=98) at /home/ad:ian/git linux-real-mode/src/linux-5.11/mm/filemap.c:2307
#7 DxfffchDDDDleeSB, iter=iterfentry=0xff£fc9000019fe70, pages=r slentry=0xffffc9000019£d58, nr=nr
at /home/adrian/gi t—”e:J/ggg—;_er—“ea_—m-ce/s_u/ 11/mm/filemap.c:2405
#8 Oxffffffff810ac0cf in bAentry=0xffffc9000019fe98, iter=iterfentry=0xffffc9000019f=70, written=writtenfentry=0)
at /home/adrian/git-repo/gdb-linux-real-mode/src/ .11/mm/filemap.c:2485
#9 OxffffffffB10a€48a in (< =0xffffco000019fe98, iter=0xffffc9000019fe70) at /home/adrian/git-repo/gdb-linux-real-mode 11/mm/filemap.c:2637

#10 OxfEffffFfFfFB1123580 in b=<optimized out>», to=<optimized out>) at /home/adrian/git-repo/gdb-linux-real-r
#11 DxffffffffBerdfd3 in Oxff£ff88810484ad00, 1ter=0xffffc5000019fe70, kic=0xffffc9000019f=98)
repo/gdb-linux-real-mode/src/linux-5.11/include/linux/fs.h:1895

le/src/linux c:1714

#1z2 fentry=0xffff88810484ad00, buf=buffentry=0x€94bb0 ™", len=<optimized ocut>, ppos osfentry=0xf£££c9000019fefB)
at /home/ad:ian/g_t—:e o/gdb-linux-real-mode/src/linux-5.11/fs/read write.c:415
#13 Oxffffffff810ef2a7 in (file=fileflentry=0xffff88810484ad00, buf=buffentryv=0x€6%4bb0 "", count=countfentrvy=1024, po fentry=0xffffc9000019f=efB)

at /home/adrian/git-repo/gdb-linux-real- e/src/linux-5.11/fs/read v c:49%6
#14 Oxffffffff810ef7b3 in {(fd=<optimized out>, buf=0x6%94bb0 "", count=1024} at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/fs/read write.c:634
#15 OxffffffffB810ef845 in (count=<optimized ocut>, buf=<optimized out>, fd=<optimized out>) at /home/adrian/git-r /gdb-linux-real-mode/sr _nux—:.1l/fs/:ead_w:ite.::644
#16 ount=<optimized out>, buf=<optimized out>, fd=<optimized ocut>) at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/fs/read write.c:642
#17 gs=<optimized out>) at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5 :

#18 Dxffffffff812b05f2 in (nr=<optimized out>, = Oxffffc9000019£f£f58) at /home/ad
#19 Oxffffffff8140007c in () at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5. Li/a_uk/xEE/ert y/ert Y_ f4 120

5.11/arch/x86/entry/common.c:46




[Block device] page cache with buffer head

/ # dd if=/dev/loop0 of=dd.log bs=512 count=4

(gdb) bt
#0 (bic=bicBentry=0xffffB88104712000) at /hc me/acviar/g t-repo/gdb-linux-real-mode/src/linux-5.11/include/linux/bi 1
#1 OxffffffffellleBec in (o Bentry=0, —(optlmlzed out), _f1 Bentry=0, bh=0xffff88810042a680, write hint=write hintlfentry=

whe=0x0 <fixed percpu data>) at /homes/adrian/git-re 1/fs/buffer.c:3054

#2 Oxffffffff81121e51 in (b F=<opt1mlzed out>, 1 =0, 0} at /k’me/ad:iar/git—“e:’/gd; —linux-real-mode

#3 (page=<optimized out>, get bloc v=0xffffFfFFFB1123130 <blkdev_get block>) at /homs/a

#4 OxffffffffB1123523 in (f_;;—<opt1mlzed out>, a—(optlmlzed out>) at /k-ne/ac:iar/g t—“e“’/gCg—;_er—“ea_—m-ce/5“
#5 Oxffffffff810a3695 in (i entry=0xf£fffc%00001%7e98, £ ntry=0xf£f£ff88810023£fc00,

/src/linux-5.11/mm/fi
=<optimized out>,
/src/linux-5.11/mm/fi

mapping=<optimized out>) at /home/adrian/git-repo/gdb-linux-real-mw
#6 Oxffffffff810aSbad in (
~b=0xffffc%0000197e%8) at /hc me/ac:iar/g t-repo/gdb-linux-real-m

=0xffffeal0038083e8, i1ter=0xffffc%000019
emap.c:2307

#7 yv=0xff£ffc90000197e88, iter=iterfentryv=0xffffc90000197e70, pages=pagesflentry=0=xffffc90000
at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/mm/filemap.c:2405

#8 Oxffffffff8l10a6€0cf in entry=0xfff£fc90000197e98, iter=iterf@entry=0xffffc90000197e70, written=writtenfen
at /home/adrian/git-repo/gdb-linux-real-mode/sr nux-5.11/mm/filemap.c:2485

#9 Oxffffffff8l0a€48a in (1 =0xff£f£fc90000197e98, 1iter=0xffffc90000197e70) at /home/adrian/git-repo/gdb-linux-real-mode

#10 OxfffEffFFFH1123580 in =<optimized out>, to=<optimized out>) at /home/adrian/git-repo/gdb-
#11 Oxffffffff810edfd3 in =0xff£f£f88810023£fc00, 1ter=0xffffc90000197e70, kic=0xffffc90000197=598)
at /home/adrian/gi t—“efﬂ/gc<—L_er—“ea_—m de/src/linux-5.11/include/linux/fs.h:1895

linux-real-mode/src/linux—-5.1

#1z2 ry=0xffff88810023£fc00, buf=buffentry=0x6%4bb0 ™", len=<optimized out>, s=pposlentry=0xffffc90000197e£8)
at /home/adrian/git po/gdb-linux-real-mode/src/linux-5.11/fs/read write.c:415
#13 Oxffffffff810ef2a7 in (file=filefentry=0xffffB88810023£fc00, buf=buf@entry=0x694bb0 "™, count=count@entry=512, pos=poslentry=0xffffc9
at /home/adrian/git-repo/gdb-linux al-mode/src/linux-5.11/fs/read write.c:496
#14 Ouffffffff810ef7b3 in (fd=<optimized out>, buf=0x694bb0 "", count=512) at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11
#15 Oxffffffff810e£845 in (count=<optimized ocut>, buf=<optimized out>», fd=<optimized out>) at /home/adrian/git-repo/gd inux-real
$#16 (count=<optimized out>, buf=<optimized out®», fd=<optimized out>) at / ﬂe/ac__ar/g t—“eh:/g inux-real-mode/src/linux-5.11/f
#17 (regs=<optimized out>) at /home/adrian/git-repo/gdb-linux-real-mode/src/linux 1642
#18 Oxffffff£ff812b0O5E2 in (nr=<cptimized out>, =0xffffc90000197£58) at /home/adrian/git-re mux-real-mo de/S“:/Linux—E.i
#19 OxfffffFfff8140007¢c in () at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/arch/x8¢/entry/entry €64.5:120

#20 0x0000000000000000 in ()

5.11/fs/blo

c:3060
ux-real-mode/src/linux-5.
ck_dev.c:631
dentry=0xffffeal0038083e8,

11/fs/buffer.c:

7e70, f1lp=0xffff88810023£fc00,

197d58, nr=nrientry=1)

try=0)
/src/linux-5.11/mm/filemap.c:2637
1/fs/block dev.c:1714

0000197e£8)

/fs/read write.c:634

-mode/s inux—u.44/fs/:ead_w:ite.::
s/read_ c:642
1/arch/x86/entry/common.c:46

644

2339




[Block device] page cache without buffer head

{gdb) bt

#0

#1
#2

#3
#4

#5

#6

#7

#8

#9

#10
#11
#12
#13
#14
#15 ¢
#16
#17
#18
#19
#20
#21

#22
#23

bio add page (bio=0xffff888104713780, page=pagelentry=0xffffeal0039%04ed8, len=lenfientry=4096, offset=offsetlentry=0)

at /home/aa:_an/g t—"e'o/gco—;_nux—"ea_—moce/s::/__nux—~ 11/block/bioc.c:936

Oxffff£f££f£811285ad in = (args=argslentry= Dxffff0900003?3a40) at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/fs/mpage.c:315
rac=0xff££fc90000373cb8, get_blc =L _block@entry=0xffffffff81123130 <blkdev_get_block>)

OxfEfffFFF81128b0b in =«

at /home/adrian/gi t—*e*o/gco—;_nux—*ea_—moce/s::/__nux—* 11/fs/mpage.
OxfffFffFFFE11234F0 in ! 1e (rac=<optimized ocut>) at /home/adrian/git-rep r i . 1636
Oxffffffff810ablel in - = aclentry=0xffffc90000373cb8, page agesfentr = ) page=: :_page@ent_y—false)
at /home/adrian/git-repo/gdb- ;nux—”ea_—moce/S”:/ inux-5.11/mm/readahead.c:130
0xffffffff810abcd3 in ;5?% 5:1% ra unbc {_a t ractll@entry=0xffffc90000373cbl8, nr to read=3, lookahead size=<optimized out>)
1 1/mm/readahead.c:238
cache ra (_a t_ ractlentry=0xff£ffc90000373cbl8, nr to read=<optimized out>, lookahead size=<optimized out>)
linux-real-mode/src/linux-5.11/mm/readahead.c:267
Oxffffff£ff310abE08 in 1 {ra Oxffffc90000373cb8, ra=0xffffB888100258598, hit readahead marker=hit readahead markerfentry=false, reg size=re izef@entry=1}
at /home/adrian/git-r -mode/src/linux-5.11/mm/readahead.c:549
Oxfffff£ff810aclb0 in page cache sync ra (ractl actll@entr y—DxffffCBODDDSTBCbB ra=rafentry=0xffffB88100258598, req count=regq countfentry=1)
at /homes/adrian/gi t—“e'o/gco—;_nux—“ea_—moce/S“:/ inux-5.11/mm/readahead.c:577
OxffffffffBIOaS?bQ in - 4 z shead {req_ 1t=1, index=6E&, f__. O0xff£f£f888100258500, ra=0xffffB8BB100258598, mapping=0xf£fff8881004a83d8)
i /src/linux-5.11/include/linux/pagemap.h:839

'=0xffffc900003?3998 iter=iterfBentry=0xffffcB0000373e70, pages=pageslentry=0xffffcB0000373d58, nr=nrlentry=1)
11/mm/filemap.c:2365

Bentry=0xffffc90000373e98, iter=iterfentry=0xffffc90000373e70, written=writtenfentry=0}
5.11/mm/filemap.c:2485

at /home/aa__an/g t—
Oxffffffff8l0a6lcf in
at /home/adrian/git-r
Oxffffffff810a648a in
OxfELf££f£F£81123580 in

OxfEfffffff810edfd3 in
at /home/aa“:an/g t-r
(f1lp

(ic
—<optimized out>, to=<cptimized out>} at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/fs/block dev.c:1714
Oxfff£f888100258500, 1ter=0xffffc90000373e70, kic=0xffffc950000373e98)

D ;nux—”ea_—moce/s::/__nux—' 11/include/linux/fs.h:1895
lplentry=0x££££888100258500, buf=buffentry=0x694bb0 "", len=<optimized out>,

osfentry=0xffffc20000373=1£8)

at /home/aa__an/g t-repo/gdb-linux-real-mode/src/linux-5.11/fs/read write.c:415
Oxffffffff810ef2a7 in vis r 1 (file=filefentry=0xffff888100258500, buf=buffentryv=0x€94bb0 "", count=countfentry=512, pos=poslentry=0xffffc90000373eff)
at /home/adrian/gi t—*e*o/gco—;_nux—*ea_—moce/s::/__nux—* 11/fs/read c:496
OxffEff£££310ef7b3 in k= 1 (fd=<optimized out>, buf=0x694bb0 ™", count=512)} at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/fs/read .. 1634
Oxffffffff810ef845 in read ({count=<cptimized out>, buf=<optimized out», fd=<optimized out>) at /home/adrian/git-repo/gdb-linux-real-mode/sr nux-5.11/fs/read
o ys_read ({count= (optlmlzed out>, buf=<optimized out>, fd=<optimized out>) at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/fs/read write.c:642

g read (vpgc=(opt1mlzed out)) at /home/adrian/gi t—“e'o/gcD—L_nux—“ea_—moce/S“”/__nux—~.4¢/fs/ ead write.c:642
Oxffffffff812b05f2 in : 24 (nr=<optimized out>, regs=0xffffc90000373f58) at /home/adrian/gi t—”ego/gcD—__nux—“ea_—moce/s::/__nux—“ 11/arch/x86/entry/common.c:46
OxffffEff££f8140007¢c in 64 () at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/arch/x86/entry/entry €4.5:120

0x0000000000000000 in

=0xffffc90000373298, iter=0xffffc90000373270) at /home/adrian/git-repo/gdb-linux-real-mode/src/linux-5.11/mm/filemap.c:

2e37

WIrl

c:644




