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) LFS[EIE : 8% ( roll-forward )

RERERERREANEYE

BT R E B mEAYHTinode , IkEFHTRinode
— HinodeF IR IRE

AR#Kinode" AR HISHER AR

- | Bk otk xR SN
R - HA : HiEtR ESHRE 0o %A : inode L. | KR HEER
inodeS : 5 inodesS : 5 e inodeS : n/a inodeS : 8
HIEHRFES 13 FIWFS 1 FS :n/a HUBRRFS : 2
CcP zaiogag Moo | node] ZESAmAE
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) LFS[EIE : 8% ( roll-forward )

- EMRET A RIEinodeAUSHEE—EIE
— 80 : inodefiHFAM , (BEIEEEAIBRIUREIFAK

« BRRLE  BHRIEEEE

- | Bk 2R xR SN
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%node% B 5' inode& .:. 5' ingdfa% :n/a }node% .:: 8
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Flash RIS RSt

) F2FS

FERBAFHITEDHARRHART (IPADS@SITU )
Lee, Changman, Dongho Sim, Jooyoung Hwang, and Sangyeun Cho. F2FS: A new file system for flash storage. In FAST ’15.



) AERRYAER

* (NAND) [NFRBREEH
— A chip/package
=> 1/2/4 dies
=> 1/2 planes
=>n blocks (3R )
=>npages (1)
=>n cells
=> 1/2/3/4 levels

FBRBAFHITEDHARREHARFT (IPADS@SITU )
https://www.extremetech.com/electronics/274944-samsungs-new-v-nand-could-mean-cheap-plentiful-multi-terabyte-ssds
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Bank Control 2

Bank Control 1

- j#1E ( Channel) Ghannel 0
— EHIER I LARRNAREAINIFE F & cname
- ZjEE ( Multi-channel ) Shemet®
— {RimEE2E4NEE
- BiREEsE10MNEE

Channel 3

Channel 4

Channel 5

Channel 6

Channel 7

_____________

NAND Banks and Channels lllustration
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https://www.cactus-tech.com/resources/blog/details/solid-state-drive-primer-8-controller-architecture-channels-and-banks/
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) F2FSHIMLEH1 : NAT

5| A—E indirection : NAT ( nodeltbit4£3#a3E )

— NAT : Node Address Table
—  #iFPnode SEZIER SHIIRET
— NodeSFEEHEIZIBR S A BEEH

F2F SRS S25H4)
— HEifEnode : (RIESUENIEIEHRE

— |8Znode : {(RFnode=
@ EERECY

— #UER - (REFEUE

Inode block

Metadata

direct pointers
or
inline data

>

Inline xattrs

Single-indirect

Y

Y

D Data

|| Direct node
D Indirect node

Double-indirect

Triple-indirect
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- HAER
— Block : 4KB , &/ \UIEEE
— Segment : 2MB

— Section : &/ segment ( LiREEIK/GCHIE )

— Zone : & section

Segment Number
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Multi-stream Sequential Writes
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»
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Node segments
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518 ( Cleaning )

« LlsectionSRIE
- SEEFTLAIGCENZEXISTRY
- U1 ( 5LFS3EIL)
1. EEREEERFHERsection
« Greedy : GFEERERE/DAIsection
» Cost-effective : [ERTE [EEIEIE LAY E]
2. RPIBEREEE
3. BREUEENE|F Fsection BE—T . I+HAAEEFC Hfree ?

4. FroHEERYsection Apre-free
« £ R—iRcheckpointZ [5#FRIC Hfree
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NHRGERA—ERIERE , Ti$section B , FEMESE

F2F SEI AR AE X
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1. BlEEdir1Ffile
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1. EEEdir1Ffile 1
2. IR E RO

3. BEFMEHfile2 , FHAiTfsyncseEe
4. REEM=E

% (roll-back )

RS . 1. ERFSFNEERS (CPO)
— AFEISSdir1F0file
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- |NAT

NAT/SITRIEE

CPO CP1

SIT

SSA

| | | |
| | | |
dir1 file1 file2
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) BEESIRE :

1. BlEEdir1F0file 1
2. BB ERO0

3. BIEEFNEFfile2 , FHH{TfsyncsEEe

4. RERSMN=E

BIi&E ( roll-forward )

WS . 1. EIREIESIAMIEE R (CPO)
— AR dir1Ffilet

2. BNigtkEfsyncidpyfile2

fsynctric

- |NAT

NAT/SITRIEE

CPO CP1

SIT

SSA

| | | |
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dir1 file1 file2
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JRELFS
- BIEFRIRER

F2FS
- EHELEFIEER

— FAWHEUESR B ZEnode , FEEEnode LT

— BIR : IkEMERZEfsynciIRIEHE

B RER TS REREGFHRFT (IPADS@SITU )

FfSynciRic

38



)

B : IRERE R Z Rfsyncid RIZNHE

- BILRIKE

B A fsyncirichIEZnode
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Shingled Magnetic Recording (SMR) Disk

) RIUEER

FERBAFHITEDHARFEHARET (IPADS@SITU )
He, Weiping, and David HC Du. Smart: An approach to shingled magnetic recording translation. In FAST’ 17.
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) RIRR

- (RS EEREELIEF
— BHSKRIZEREMELAR

- ERMEEHEES , EAEESE
— IR SKRIE

Write head width

—

Read head width

Shingling :
i direction i

___________________
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) BEEAYERE - EINS

- S S B S EEENAE T
- REIFSA

‘

' '
' '
' _— '

i Simplified
i diagram

Read head width e :
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) RIVEERAYD : IS

- BN ESEEREHIEREL
- REURFEEA
+ BREMIERBEIRFEA

Shingling
direction

Write head width

I

i Simplified

F+t11Z \}5]2 Y ﬁk =3} i diagram
— MRz Band , Band[EiEKEEE |
Read head width
AN / | |
— 81 BandWAlliEE N
Sector0 Sector1 Sector 79,999 Sector 80,000 Sector 15,625,000,000
Band 0 ~ 30 MiB Band 1 ~ 30 MiB Band 266,666 ~ 30 MiB
| 8 TB |
Logical view of an 8 TB statically mapped drive-managed SMR disk
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) BandAFEHSEAD ?

« BandX/)\ (30MB ) > tRiEFEEMNE ( 4KB )

Sector 15,625,000,000

Sector0 Sector1 Sector 79,999 Sector 80,000

Band 0 ~ 30 MiB Band 1 ~ 30 MiB

Band 266,666 ~ 30 MiB

| 8B

Logical view of an 8 TB statically mapped drive-managed SMR disk
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) BHiE— : BixiEM

« {B{Band XFPHJ4KBZY:

1. #EI=SRHBand Y
2. MBand XpU&E#Z U ZE|Band Y , £ UATIE4KBIEE N

3. ¥Band YHRIEFESZ I [E]Band X
. 4KBFEV.E — 120MBiA|A]

IH

Sector 15,625,000,000

Sector0 Sector1 Sector 79,999 Sector 80,000

Band 0 ~ 30 MiB Band 1 ~ 30 MiB

Band 266,666 ~ 30 MiB

| 8B

Logical view of an 8 TB statically mapped drive-managed SMR disk
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) Gk EEF+EISIRGY

- RBEERFAZERF
— EHESEITRERNXE, , #IEAES , ofETE A
— 5EH ( STL ) BRYh{sER , HMERAET I

oZSBREYT : Shingle Translation Layer (STL)

— M5MEB (248 ) sEURIAER (W0IE ) sEAAVBRET

Sector0  Sector 1 Sectorl79.999 Sector 80,000

Sector 15,625,000,000
[t

L=k W I — L R (PP

RKEEFAEE J
Persistent Cache (invisible to host) Band 0 ~ 30 MiB Band 1 ~ 30 MiB Band 266,666 ~ 30 MiB

«~—-~25GiB | 8B '

Logical view of an 8 TB statically mapped drive-managed SMR disk
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{ZeiBand XHHI4KBEE
1. BIEHNBANERF , fxicBand XJadirty
2. (ZXSTLIEY (LR EIERFANERF )
3. THEY , IRIBEFAS | & dirty Bandi#{T/51E

. AKBBENS — 1EXAKBER

Sector0 Sector1 Sector 79,999 Sector 80,000

N

Band 1 ~ 30 MiB

Band 0 ~ 30 MiB

Sector 15,625,000,000

Band 266,666 ~ 30 MiB

Persistent Cache (invisible to host)
8TB

f«——~25GiB <

Logical view of an 8 TB statically mapped drive-managed SMR disk
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) RIEERTNSE

RS ALE %

Drive-managed SMR Z@RREREO EHEHITEFISE

(DM-SMR)
Host-aware SMR  $%ig<$#E0 BRI TEFFEEE
(HA-SMR)
Host-managed SMR  $57%i§< 1% RIS | BET SRk
(HM-SMR)

TR TEREMESHE |
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) DM-SMR_E{EFHEXxt4

- HFENENRT , Ex4FITEIEEE !

Random 4 KiB writes

@

@ 30 SMR disk

S 10 CMR disk feehl i
=

£ 03 SMR#LE
c 0

> 0.1

2 003

< 001

100 200 300 400 500
Time (s)

BE—T . AAXERETBNSMRIEE FETSERE ?

FERBEBREHFITS,HEGSHARET (IPADS@SJTU )

e,

49



) YIARSGHEXt4RIE M Ui R e ?

- LIDM-SMR#£270 BiF
— HM-SMRHIHA-SMREEN AR FRNRITHTHIS RS
— TERRHIEXA LU | BRI TEES EIERRIBETIE A

- (EEDN
— Ext4 + journaling {3 ~50,000 17
— (UEH ~40 178 , FUEFAZRI0 ~600 LOC fES

— JTCEHRIESUER VAT (<1%) , FESMRELE F51.7-5.4FHRERT
- BRETAIRENET , ZESMRIIEE#EZ L , 52-13(514E8eRTT
- FEDR MARMOEIERERTT

Aghayev, Abutalib, Theodore Ts’o, Garth

Gibson, and Peter Desnoyers. Evolving EBRBREFTESDHXERHARAT (IPADS@SITU )
ext4 for shingled disks. In FAST '17.
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ERFANEFTNERSE | FENERSEAEBand
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AT : Ext4BY7cEiRAFE 6N

- Ext4{ERREA (flex_bg ) HFIGFRF TR XIE
- EMRERT16MBRRIFTTANE | HAMRIFEUR

o BIREUREMTTE SN TTEURRIEN
- 8TBX_EH4,000MR4E |, JoEdEmDEE4,000 Band !
- DERITTEUEMENES — fEband#E| — BIELENKRE| - FitE

|<_ 2 GiB _,| Metadatalreglion ~ 16 MiB Datalregion ~ 2,032 MiB
L] flex bgo E flex bg1 Y| e e eeen L] flex_bg 3999
? e o o ? oooooo
Band 0 Band 49 Band 266,565 Band 266,566

Ext4 partition laid on top of an 8 TB SMR disk
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» Ext4{FFJIBD2IERTEIERE

— 128MBRIHEXI
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— AJIBAS. #riEBug. BIARBINEE......
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» LILFSHZ4EIF10GBHEIBWE TSR ET
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) SCIR - NIEXt4RI(EMT

IEMA~401T1CHD © FBiEKEEL8jbd2

- submit bh(READ | REQ META | REQ PRIO, bh);
+ Jjbd2_submit bh(journal, READ | REQ META | REQ PRIO, bh, _ func );

FESY : jmap.c ( 4EFjmap )

+void jbd2_submit bh(journal t *journal, int rw, struct buffer head *bh, FEEExt43IblockBYiEK

+ const char *func)

+{

+ sector t fsblk = bh->b blocknr; ..

H L - e Eikjmap

+ je = jbd2 jmap lookup(journal, fsblk, func);

+ if (!je) {

+ submit bh(rw, bh); ) N

+ return; Z:E]maqu , BRI Nblock
+ }

+ o oo

+ logblk = je->mapping.logblk; . . sk
+ read block from log(journal, rw, bh, logblk); *E}E jmaptlﬂlaiﬂ’ﬂilﬂijt ! EE"L"‘EF'BkEfyblOCk
+}
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) SCIR - NIEXt4RI(EMT

HHES{H - cleaner.c ( 4EP10GBHEZE )

+static void do clean batch(struct work struct *work)| 1§10GBHEENTHIES R EEExt4sPHNRANE

+{
T struct cleaner ctx *ctx;
T handle t *handle = NULL;
+ int nr live, err;
+ o e
+ nr live = find live blocks(ctx);
s if (nr_live == 0) — 2 et
N goto done; HEBEEREIUR , FHIOActxFIERREF
+ o e
+ read live blocks(ctx, nr live); A0 TBD2 R F BT
N / - N o
T handle = jbd2 journal start(ctx->journal, nr live);
+
+
oo & NV =T4 = 3z
+ attach live blocks(ctx, handle, nr live); } FetxFRIBMIRINAZITBD 2[R F E
+
+ err = jbd2 journal stop(handle); «— "
+done ’ ZERIBD2[RFEHT
+
+}
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Non-volatile Memory (NVM)

) ERKERE

LEERBAFEHITERHIARGHARET (IPADS@SITU )
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) IEZRKIERTE

MRAFEENSIEERREE  EAERE?
BE—T | SBWRLETLL ?
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) NVDIMM

ERTFEE LN EFlashfIBRES

— SPRIEHEEDRAMAF ; WiEB/EH B EIFlashiFA R

=
— —
oram Pt | pram | ‘ Controller lL NAND || | NAND Supercaps

Transfer data upon power failure

Density

Normal Operation

BERERRH

1985 1990 1995

R BREH TS ESARFT (IPADS@SITU )

~DRAM
“=SLC NAND

2000 2005 2010 2015 2020
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) Intel Optane DC Persistent Memory

v RO

v FHIUE

v BAREFENRE
v BEE (512GB/DIMM)

v EEERIYE , (BMEELLNANDIF104E
v' LEDRAMIEHZELLA , EENANDR100015

FERBEBREHFITS,HEGSHARET (IPADS@SJTU )

Figure from Intel



) AEBKMERFERAIFhAE

""""""""""" Memory bus _m

HURERNE WE  CPUER
[ DR”{ NVM J S g I e

--------------------- PCI/IDE bus

HD / Flash

EERBERFHITERHARAHARAT (IPADS@SITU )
Some figures and slides from https://research.cs.wisc.edu/sonar/tutorial/



) AESAIRR

« Writebackt2zLHICPU%ETE

- {RFHRE
- SFTELRFEANIF
STORE A -
CPU
STORE B E n Write-back
Cache
CPU

FEREBREAFITSHAEFSHARAT (IPADS@SJTU )

DRAM
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) IEBKIERES AR

.+ FEIFAE  BAIFREE

STORE data[@] =
STORE data[l] =
STORE valid =1

< Jiviollo

CPU

OxFOOD
OxXBEEF

Write-back
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) IEBKIERES AR

ESIFALE  BAIFREE

STORE data[e]
STORE data[1]
STORE valid =

OxFOOD
OXBEEF

NVM
data GARBAGE
Write-back
- Cache valid
CPU

RIS NIRFFAER R B3R B TR 8 EE |

FERBEBREHFITS,HEGSHARET (IPADS@SJTU )
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BEQ . BMLRRRAGE?

« XIFICPULERE?
o {FEFWrite-throught&(AY4ETE ?
« BIXENGRRENER?



) {EAICLFLUSH{RIEIGRR

- {EACLFLUSHIESREUEZRHET | LMRIEIR

STORE data[@] = ©xFOOD
STORE data[1] = OXBEEF
CLFLUSH data[@]
CLFLUSH data[1]
STORE valid = 1

- {BECLFLUSH
— ImE#R1T , BEZECPURKZ:
— £2¥%Fcacheline 753344,

datalo]
datal1)

. stall (""200ns)
lid ST
vatt & time.




Intel x86 IREISSEE

CLFLUSHOPT
— AJF T THICLFLUSH
— EFEsfencefRitllaF

STORE data[@] @xFOOD .
STORE data[1] = OXBEEFB Implicit

CLFLUSHOPT data[Q] orderings
CLFLUSHOPT data[1]

SFENCE // explicit ordering point
STORE valid = 1

CLWB

datalo)

data[1]

valid

data[e] time
data[1]
valid

time:

— CLFLUSHOPTHYEM L , ~&&cacheline 53814



) 4 : NVM SIS

-




) 4 : NVM SIS

STORE Y’
STORE Z°
CLWB Y’
CLwB Z°
SFENCE

STORE R’
CLWB R’




) 4 : NVM SIS

STORE Y’
STORE Z°
CLWB Y’
CLWB 2’
SFENCE
STORE R’
CLWB R’
SFENCE
STORE X’
STORE Z°°
CLWB X’
CLWB Z°°
SFENCE
STORE R’
CLWB R’




Non-volatile Memory File System

) IERKEREXHRSR

BB REFITE D HNRFEHRET (IPADS@SITU )
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) IEBKEAFREF
o W e

AR
VFS
MRS
BRRE
/0 JAERS

IREEIXT]

/0 Bk

HE ESEE
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) HE%#&IEWT‘ESI FiEte

AAEAH AAEH
VFS VFS
NGESR NVM GRS
ERRE s o
/10 EEES  ——— s
RIS S 5.2\ 1 E—
/10 K&k NE=RZ
Mg @ ESEE .. NVM
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) —HHERARSIERZKEREERTR

- JRF1E< C ALL

. ERTE4%] : BPFSISOSP 091 PMESIEuroSys 14 NOVAIFAST '16]
- H&E (Journaling): PMFS, NOVA

e Log-structured: NOVA

« Soft updates: SoupF SIUSENIXATC *17]

B RER TS REREGFHRFT (IPADS@SITU )
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) PMFS

< PM (in physical address space;
i PMFS-Log ... PMEFES Data Pages ...

¢ ?g NVM*I:”ZIK/ \é:éﬂ:@{jfﬂ't - [l;] File System Root -
~ SMIRFEFHON i

- IFNFABREHEINVM
— DAX mmap

o Wild writes{&$F

B-Tree
Pointers

Inode
_____________________ Pageg
I
\ »

\ ]
Directory ! :
Inode New File File

1

Inode Table B-Tree

Inode Inode

————— 7Z \\.‘ ‘: ¥ : ~
~}-

|
|
|
I -
: Directory Entry
~— for New File
T

|
Directory File Data File
Figure 3: PMFES data layout

N— _

Many slides from the PMFS talk




) PMFSHIRY—EIE(RIE

. MESE % AT S SR ]

- EitEH (Shadow Paging)

_ E,_—L!I:\ Ve
L T T&uEEFT , Winode J

— Log-structured updates

- NVMEERITTIE

- EFESE )
~_=\\\\\“‘*1 AT MR ]




) ERIRFIESHH

« 8FLEH
— CPUIRARFF8F IR FEHT
— EFrinodefSiAIa)ATE]
« 16FEH
— {5 cmpxchg16b 155
— [EIRYEFTinode RIS A/ INFIIE BB E]

« BAFTEHT
— [FEREEFESAEFE (HTM)
— BE#inodePRIZ MR




) LR AEIEBIEINVM

« DAX ( direct access )
— {mmaphY
— BTN U FRBREY
— BEUETIRETLE N A

read/write mmap

P
AV EZN
NVMEFS MMU (DAX)

IEBRERF
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) BSLENVM_EfJwild writes

« FERFBugrmERIwild writesSAEIANVM _ERIZEE

« Supervisor Mode Access Protection (SMAP)
- BElERZSERME SRR NF

«  Write windows (PMFS1EH)
— HEEAT , NVMBRST R RiE

- 5B, CRO.WPIRETIRE A0 , RZATLUSSURIEIRGT

User Kernel
User | Process Isolation SMAP
Kernel | Privilege Levels | Write windows

Table 2:

Overview of PM Write Protection
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