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Motivation

Smartphone is everywhere!

% of Chinese Internet Users Accessing the Web
via Desktop PCs vs. via Mobile Phones, 6/07 - 12/12
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Storage I/O is the performance bottleneck in Android.

Sooman Jeong et al. USENIX ATC'13, SAN JOSE, CA, June 26~28, 2013 4


http://www.google.co.kr/url?sa=i&rct=j&q=emmc&source=images&cd=&cad=rja&docid=Iockj_JXWiaveM&tbnid=p-hYKITZxOW-_M:&ved=0CAUQjRw&url=http://www.samsung.com/global/business/semiconductor/product/mcp/resource&ei=TnyxUeWvOoWpkQWPnYHABg&bvm=bv.47534661,d.dGI&psig=AFQjCNGNh041HwwCE472UOeOr9TkyhAm9w&ust=1370672541374304
http://www.google.co.kr/url?sa=i&rct=j&q=&source=images&cd=&cad=rja&docid=mPNWMVnpCiGcCM&tbnid=tqYom4oa7Y74qM:&ved=0CAUQjRw&url=http://marketmissivae.wordpress.com/category/uncategorized/page/5/&ei=6HuxUZLuCISikQX864HABQ&bvm=bv.47534661,d.dGI&psig=AFQjCNHIGMtFNU_3zCQSObdLbZcFFcAbUw&ust=1370672415556559
http://www.google.co.kr/url?sa=i&rct=j&q=sdcard&source=images&cd=&cad=rja&docid=HhA3_YkeIjiDyM&tbnid=uQPw83Z8bIhSBM:&ved=0CAUQjRw&url=http://www.vcmreplication.com/our-services/replication-duplication/sd-card-replication-duplication/&ei=ynyxUaiDIYWwkAWtloHADQ&bvm=bv.47534661,d.dGI&psig=AFQjCNHN_uU7Nx_NMAcy_HXh-vlgEnH-Ew&ust=1370672668074907

Android Platform

C:i YouRllly| §.2
E s 4T,

("N

Application Framework

Telephony

Android Runtime

Core lib Dalvik VM

Linux Kernel

Display
Block Device driver Key PAD

Storage

Sooman Jeong et al. USENIX ATC'13, SAN JOSE, CA, June 26~28, 2013 5


http://www.google.co.kr/url?sa=i&rct=j&q=sdcard&source=images&cd=&cad=rja&docid=HhA3_YkeIjiDyM&tbnid=uQPw83Z8bIhSBM:&ved=0CAUQjRw&url=http://www.vcmreplication.com/our-services/replication-duplication/sd-card-replication-duplication/&ei=ynyxUaiDIYWwkAWtloHADQ&bvm=bv.47534661,d.dGI&psig=AFQjCNHN_uU7Nx_NMAcy_HXh-vlgEnH-Ew&ust=1370672668074907
http://www.cellularism.com/smaller-faster-64gb-memory-chip-unveiled-by-samsung/

/O stack of Android Platform
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/O characteristics of Android Apps (GS3, ICS)

i_;“éal___it_éfja}ﬁé—l)_‘i —— Others | Metadata wmm Journal! == Data
1=z SQLite(db) f === Resource = = |
— Executable Multimedia o @ @
N @ o =
o < o st
_ 100
(o) w =+
8 8 & & L 80 — -
— 100 1= 60 ] A K I =
£ 80 — ——a--— e
o = I= 40 . . —— o—
280 T 5
5 40 _ e . - 20 | ] - . 55’-
'69 20 o —— e ———— A__ I . by
R W R W R W R W
Facebook Twitter Facebook Twitter
File Types Block Types
== Sequential | mmmmm Random ! _mmm <=16KB 1 <=256KB
"""""""""" | 2 <=4KB | =3 <=64KB [—= >256KB
a
© 2 = @ Te) @
= 3] ™~ = (o] o Ts]
83 S = N B § B
100 i 100 - ; e
3 80 5 o = :
£ 60 S 60 -
© 40 5 40 -
2 20 o 20 .
0
R W R W
Facebook Twitter Facebook Twitter
Locality /O Size

= o]
o Ty
B io
100
80 N
60
40
20
0
W W
Facebook Twitter
/O Modes
_Z==3_WiFi(sdio) =1 Others
. eMMC —— Acc/Gyro
=21 Touch — GPU
100
T..E 80
S B0
S 40
IRQs IRQs
Facebook Twitter

IRQs

Sooman Jeong et al. USENIX ATC'13, SAN JOSE, CA, June 26~28, 2013



/O characteristics of Android Apps (GS3, ICS)
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Metadata & Journal > 40% !

SOLite > 90% !!!

Synchronous Write > 70% !!!
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Journaling in SQLite (Delete Mode)

facebook

‘l, Insert a database entry

fsync () fsync ()
I time

Create journal.

Record the data to journal.

Put commit mark to journal.
Insert entry to DB
Delete journal.
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Journaling in EXT4 (ordered mode)

write(fd, @ )

metadata data journal
®
® |
v o |
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SQLite and EXT4

SQLite

fsync () fsync ()

l l time

EXT4

time

000 00000 -

write SQLite journal to storage.

write SQLite DB to storage.

write EXT4 journal (descriptor, metadata) to storage.

write EXT4 journal (commit) to storage.
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fsync () fsync()

! !

EXT4

time
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IIEHHHHHII

l, insert ()

fsync () fsync()
! !

O random writes to eMMCI!!
o000 00000 -

time
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Summary

facebook

‘L insert (@%e i)
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Journaling of Journal

SQLite maintains DB journal. \'_‘/
EXT4 maintains filesystem journal. L
g

EXT4 journals SQLite journal file.
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Journaling of Journal

SQLite maintains DB journal.

-

"

EXT4 journals SQLite journaling activity.

/0% of the writes are purely for managerial purpose!

EXT4 journals SQLite journal file.
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Journaling of Journal

EXT4 jc . g activity.

70% of the wr A agerial purpose!

EXT4 jo

Sooman Jeong et al. USENIX ATC'13, SAN JOSE, CA, June 26~28, 2013 18



Optimize Android
L I/0 stack |
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SQLite Journaling mode

DELETE WAL

TRUNCATE PERSIST
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Eliminating unnecessary metadata flushes

fsync() vs. fdatasync()

EXT4
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Alternative Filesystems

F2FS
EXT4

NILFS2 BTRFS
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Interrupt vs. Polling

interrupt VS. polling
Q-
=
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External Journaling
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SQLite Journaling Modes

Sooman Jeong et al. USENIX ATC'13, SAN JOSE, CA, June 26~28, 2013 25



Delete (GS3, ICS)

@ open(.db-journal) '® unlink(.db-journal)
®|write() @ :write()
— fsync() @ fsync()
‘C_J X x| 9 x| : |a X X
X 12Y_ 24 4 4 A |
@ 10V EXT4 Journ:aﬁl
) 8 I # 1 X X
5 5 | 16 __ : 4 4
O - :
<£ al .db-journal :W b
S 2+t ] 4
8 0 | L ! X |
N 0 0.5 1 1.5 2
< > < >
SQLite Journaling SQLite DB ops

2 £sync () and 9 writes for one insert() !
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Truncate (GS3, ICS)

truncate(.db-journal)

cog :
E X X xE X X l
a 3 16 4 4 8 4
O _ ® EXT4 Journal @
S g L @ write() o
3 @, fsync() @ write)
<£ 1 ¢ ¢¢ .db-journal :fsync()
o 4 8
0 0 | X 1615 | Yx x .db
O ;
v 0 1 2 3 + 4 5
< > 1<
SQLite Journaling SQLite DB ops

2 £fsync () and 8 writes.
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Persist (GS3, ICS)

@ write() E @ write()
cog Q f fsync() ; B fsync()
— ' 'X X, X X
x 12 ¢¢ 'EXT4 Journal® 4 +¢ 84 ©
2 10 Y - .
@ - :
g g .db-journal awr}tg},)mo“ 4 E db-journal
f 4 | ﬂ& .db E
S 2r : 4 :
8 O | L ! 1 X L : 1
& 0 05 1i 15 2 :25 3
» ' - » . g
SQthe Journaling SQLite DB ops
3 £fsync () and 12 writes.
The worst mode!
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WAL Mode (GS3, ICS)

Sector Address(x1 06)

R
OO O O

0

o 1) 16 x x 4
write() @
B ¢ fiynco EXT4 Journal
16 .db-wal
L_X 1

0 01 02 0.3 04 05 06 07 08

“ st fsync( Time (msec)

Only

1 £sync () and 3 writes.

The best mode!

Sooman Jeong et al.
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SQLite Journaling Mode

Summary

SQLite DELETE | TRUNCATE | PERSIST

Journaling Mode

Number of 5 5 3 1
fsync() calls
Number of 9 3 12 3
IOs
EXT4 Journal size 24 KB 16 KB S KB 16 KB
(metadata)
Total 1O Volume 72 KB 64 KB 72 KB 36 KB
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Filesystems
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“write () followed by £sync ()”
IS the essence of the Android 1I/O.
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EXT4

4 KB write () followed by fsync ()

N fsync()

D | | | |
2 T <)
~— \ J
o | T
¢ 10 r 8 Journal 4
3

< O r

[ Y 4 Data

8 0 | bY4 | | |
)

-

0.2 0.4 0.6 0.8 1

Time (msec)
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NILFS2

S fsync()

E 20 | I' !

% 15 © 'l' X 128

_ag 0L Logical Segment

<

- O

S

8 O | | | |

D 0 0.1 0.2 0.3 0.4 0.5

Time (msec)
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F2FS (Flash Friendly Filesystem)

(DS fSynC()l I I I I I i I
%< 30 r X
“‘%’ Metadata 4
o 20 r

©

©

2 10 }

S Y4 Data

E]-.)) O | l l I l I l I

)

0O 2 4 6 8 10 12 14 16 18

Time (msec)
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write () followed by £sync ()

Summary
= & fsync
S5 Y0 5> 20 . y'i v .
\:7 20 r :4 s A 4: % 15 | X 128
8 15 | ! Duplicated | o Logical Segment
S 10 - ' Treelog ! g 10
< : . -
6 °°F Y4 Data 14 4, Superbjock 5
g 0 ¥ | ">_S_ | — 2(" ] 4 g 0 1 1 ] ]
v 0 5 10 15 20 25 @ 0 01 02 03 04 05
Time (msec) Time (msec)
BTRFS NILFS2
S fsync() & fsyne()
o T i T T T T T T T
x 29 T 30 f X
o 156 X 1 B Metadata 4
o} X 4 Journal @ 20 +
s 10 - D S
Ee; ata o
T 5t < 10 |
S S }4 Data
8 0 I 1 1 1 ] 8 U 1 l l l I 1 1
e 0 01 62 B3 O 0.6 «» 0 2 4 6 8 10 12 18
Time (msec Time (msec)

)
XES M\ F2FS M\
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fsync () vs. fdatasync ()
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Eliminating Unnecessary Metadata Flushes

fsync (£40) fsync (£d1l) fdatasync (£fd0) fdatasync (£dl)
data size data mtime atime Page cache data size data mtime atime
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Eliminating Unnecessary Metadata Flushes

fsync (£40) fsync (£d1l) fdatasync (£fd0) fdatasync (£dl)
Page cache mtime  atime
‘ data size data mtime atime Disk e - |
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External Journaling
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4K random write() followed by fsync()

770

0 20 40 60 80 100 120
Time (Sec)

o)

= 70—+

= Random Data IO

S

< Random!

..

S |
= 7801 sequential m—————s3
I

O

(@)

O

——
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External journaling

Journal on separate partition
- FTL can exploit the locality of I/O!

1170 X s lkq & oK PR
R e e sequential |
W\W”" W\w‘m«.
Data IO 780 s SRR
770 ——— Journal 1O
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Interrupt driven I/O vs. Polling based I/O
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Hardware trend

The number of CPU cores 1

Cores

>

2009 2011 2013 2015 UFS2.0

6Gbps

. JC-64.1 Flash Memory Module,
Multi-core on smartphones 4 Electrical Specifications

Bandwidth

&
Functionality ﬁ

Hs200

< RTC
eMMC4.4 Packed command
eMMC4.41 Sanitize command
I/O latency of eMMC | Sancas B Data g
52MHz Multiple partition
Boot Trim
Sleep HPI
2008 2009 2010 2011 "

Performance of mobile flash storage
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Interrupt driven 1/O Polling based 1/O
[ mmcqd ] 4 [ mmcqd ]§
v
Send I/O request Send I/O request
m Context
Switches
. 0O

Complete 1/O request

[ IRQ handler ]

v

Complete 1/O request PoIIing can reduce
context switching overhead!
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Experiment
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Implementation

Galaxy S3(ICS 4.0.4, Linux 3.0.15)

Specification

CPU Exynos 4412 1.4 GHz Quad-core
RAM 2 GB

Internal Storage 32 GB eMMC

External Storage 16 GB Transcend u-SD Card
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SQLite performance: journaling modes

SQLite Insert

- TRUNCATE(default) > WAL : 116% up
- TRUNCATE, EXT4(default) > WAL,F2FS: 281% up

200
180
160
140
120
100

Insert / sec

NG00
OOOOO0O

5TPW DTPW DTPW D
EXT4  XFS BTRFS NI
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SQLite performance: journaling modes

SQLite Update

« TRUNCATE(default) = WAL : 232% up
« TRUNCATE, EXT4(default) - WAL,F2FS: 348% up
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fsync () VS. fdatasync ()

SQLite Insert

fsync () = £datasync() : 17% up

fsync () = £datasync () and F2FS : 126% up
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fsync () VS. fdatasync ()

SQLite Update

« fsync () 2 fdatasync () : 53% up
« fsync () 2 fdatasync () and F2FS : 250% up
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External journaling

SQLite Insert

: B
% 88 30%
5 O
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SQLite Update
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Polling

4 KB random write+fsync()

Idle HD Record
# of thread Scenario
base poll base poll
KIOPS
1
CPU (%)
KIOPS
10 EEEEEEE
CPU (%) 11.1 12.9

« Marginal gain (1~2%) when CPU is IDLE.

« 13% gain when we record HD video in background.
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Real Workload

Replay Twitter and Facebook by Mobigen

- Twitter
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Combining All the Improvements

fdatasync(), Ext. J, Polling, WAL: 134% up
180 } B:Base 300%
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Finally,

Polling WAL

SQLite
/>

300% up !!
39 = 157 ins/sec F2FS

Ext. J fdatasync
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Finally,

Polling WAL

F2FS

Ext. J atasync
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Conclusion

« Android IO stack is collection of unorchestrated layers.
« Journaling of Journal(JOJ) lies at the core of the problem.
« We optimize Android I/O stack with WAL mode in SQLite, F2FS,

fdatasync (), Externaljournaling, polling based I/O.

What we achieved is...

« With legacy EXT4, SQLite performance improves by 134%.
« With F2FS, SQLite performance improves by 300%

solely via software modification on existing smartphone!
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Thank you...

/7smart@hanyang.ac.kr
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