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(HES

ZenFS 1T~ H A/ B4 HL 5§ Zoned Storage SSD R# &5 G455 i, LB T FAE( 01
BAZSIE] SR {3 [ SO 4 v 3 S A PR RE AR, (R HAAGE & ZNS BE4% .
T TR R S A R T LN 4 R R

AquaFS J&—1~PA ZenFS }JR 24 /) i& H T Zoned Storage SSD S {F & 58, #F ik
i) ZenFS #iHefl,, ¥R 35, %0 RAID SEF-#dR 2 M E ok, [FHsnE
ST = S R G ReME AT PERE .

WITER BB LN | B, fEAROR, BATTH4RLESIHL AquaFs RITEZThRE,
P45 NVME 3R, #e8dame . 2 XA aRs%E, L Ry
Mt I R GeK

1 YIRS DL

&

\

HAR SRR TAES

RETA S PEREZ 70% VET T B EES RO R
VET R TR R 207 %

O R U S B ATt — 2 I

O R Rl SO R G0 e 13 2 SR TR
i

A

ET Zone 11 HEARIEREZ) 80% | v 4245 RAID i RAIDO, RAID1, RAID-C
B Hesh A5 X RAID VX RAID #53( Zone WL RAID 2%
A3

v EAESE VA AR

5410 4k HEE 25 60% VIERT io_uring R EEEAL
o K —2P W5 5T spdk. xnvme S5 H

75 nvme K3

e
¥
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MLEISCIERS | A 50% | HET FUSE Al Rust 5E— > Ex2 345
MRS

0 ¥fE— 5T 5 ZenFS 145G 7

o it BRI AR 5 v

SIS SR ) RocksDB BEHLELE M ik M RATD BB 53 i B0 IE 7 ok
(%£0) , 7EARF RAID % F#E4T RocksDB HUH PE 525 AR I HF FL i 15 ]
io_uring AL 10 5§, PATRLEEEMI (£ 1), 1A RAID il FAENS A 0R
E R ST 2 SRR S BT (1 BY), 7 RocksDB BHLE AN Ak
PARIR RGBT SO R B, B R R R B
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1 #hE

AquaFS &—~PA ZenFS KAL) 38 F T Zoned Storage SSD )% fig fb iy U R 5¢,
SN INFEB A PR HE SR VERE L S I 73 R B . SE B B ] 3 S iz AT 28k, A
BRI Z A 4 AquaFsS 155880,

AquaFS 51448 Extd S SR GG, A A MRS

« 5 Ext4 FFHUBH I X RG], AquaFS SRH T HEZ5, DAY Flash 4544
e, B EROR,

o SEFHMNERGEAN, AquaFS Stlhgh &It misett, PBRAGRE A nd R4
FHPERE

o A RS RS, AquaFS R T2 RGBS G, MR RS
1 RV

o Wit T RIS ERZH, PASIESEN A R W) TAERZE,

o Wi THBEMILE B, ANEY TAERZGEY B A R A PR e L[] A H, DA
T RS PERE.

o DAL ml e, A _EBGE BRI, B ]y R i B 2 1) S 3R (e YA
2, AR AR S A,

I ZenFS #H1, AquaFS A DA R4S

« IBRASEEZ: ZenFS {UE TR KGR [E ) ZNS %4, 1 AquaFS 1] DA
T ) @A SO R Ge A SO 0 25 T S E T2 IR RS,

o EMRIE: ZenFS th T HF M SEE /D, HAH LZ3MEERFE, 1 AquaFS
Al PLGHEE SR, G SRS R Y mdm v, R A RS e R
I S s S8,

o EINEEE: ZenFS FL ZHAZREER, M AquaFS il & eeHZ . e RiLs
Ly RART B GBI K, b, AquaFS A n] DU E X RSERITTE. SRS
FEE 4 E . inode ZiA745 T AR A HAE BRAL K F-,

s BINRE: ZenFS 75 AiC%Z AT, (HE X 53 LA B S Bdm #i8 e
BN, T AquaFsS it RAID %57 A2 F+ T 41X Zones HEHE & 414 .

s EINSM: ZenFS (A Direct 10 #iz, [l AquaFS ¥ #f io_uring %5 Wm0 74
10 i,



JESCRE AR SR, F5RK M. KRGkt RGEBE. RGNS T30, XF AquaFS
A TR HEA TR Y 2

2 FKROWMSESR

21 FKRDH

MR H ik, FRATFE LI “HOMEHER Flash SRS,

Flash /75t K7 B R R ReE, 48 2 SUER G R Sl A.. WU RGA
[ R A B, (RIS, Flash P75 AOK . 75w DA 5 I3RS 1 I 45 ) . 28 S 4
RER T H R I —E IR ER . G551 Flash S0 8 58 B0 AR G-l il sk e g A
FKARE, X PAE T FE R, W AIEN) Flash U RS, RGP Flash
PERE SRE M, WA R 7 AR EA R T B g Es (AT RA2 338 VY &
HEVE) . RuAh. AEE. AMES (FTRORERAERIEERY) , Bndakss, HRER,
Cache #Ll

SEETOING, AT E T S R G TR B A DU R .

« 5E4 Flash AR SCF RS T EAENSIE NI 00 Flash 195 Aok, %6, BIIK
SEVESEES Flash FEH4 A A 19 11

« EEBE: XMFRGH M Z NS, TERMERIRR -G YERES A dy

21.1 EESIMOW

ABHE LA B 204 MU 58 i, AEVEUZ I, A TR AI2E 50 H 2047 AT,
fAIBMILTE I T — 3T UBIFS #93% T4 Flash i £ YOUBIFS XU R4, M
LA LA TR H b7 1 Ak

« BEREGARR . (N T IR A IS AR EE SR TR, SRR S A
o 2EgRADARER . SCHLEE M ], CRC+RAIDS P2 5575 5

* Cache #l#: #NINELE Znb

« BIEHEIRA A TR ERIUN R 2B DASR R VO

YOUBIFS (245 k9t [| i, Bk YOUBIFS fy5C 2l i 215 H iy
ok, RENSARATH R 2580 s s LA, (2R & L, YOUBIFS B2 %5081
BAFAE— R 2 A



|/OR&ER
)V
=) GE
VFS HiE 7Flash
=48
crc+RAID5S I w=
B =

= BRI R AR PRI,
L TAREMENHRBEHE—IHRSET

K 1: YOUBIFS &4 454

 Nor Flash [\ FHif=

YOUBIFS fysE8ir, SO RGH) L2 4% T Nor Flash [#), Nor Flash 7E52 81 1
j Nand Flash R KEAE, Ktk YOUBIFS #5230 ARE B # T Nand Flash
b, WA TR .

[]iF, Nor Flash —f T A3k 4, 1M Nand Flash —f F T8 80 i 48 5 M fig
WA, Mk YOUBIFS 1S BHAN e B 3 I T 8l ik a8 5 [ A A8 4% . YOUBIFS
EIXFT Nor Flash [ ZFE A G OUE T 4L, {H2H T Nor Flash 975y, HE,
EESERAE, HFAE GTEH AR ST TAE.

Nor Flash % fiy—fi&#e 10 J7 Yk %45, Tii Nand Flash )75 Gr—BAE 100 J5K 22448,
PH it Nor Flash )7 {Z 1 T BIOS 7#iff, RS A MBI 5. TEIX LR
MY, BT MRS S I E B0 R % X5, 41 Bootloader, R &I
5%, BT R iR e 2k AR & . IR RGUEA H 4 4E Nor Flash _F A%
5, RAfE 53 Nor Flash (4 FAER, NMSRRSETE LTS, &
BCER B/ 54, FrPA Nor Flash R /0 H TAER v T AR o= A i 8ds, &
LB A s h R RETHEE,

Pt, YOUFIBS ()52 U AN GE B3 Y 1 TR sl i A sl A E AL F,  Frét i) Nor
Flash = &5 AR 375 BIER AR . iX5 YOUBIFS B4 F LA AH T i
WRATFRE E PR —1E T Nand Flash B SCH2RSE, DAY TR LN A5,

< TEHEET, BERIENBERE
YOUBIFS (528, i T 2 Mmootk e A ay, (H 2k SeSms AR 2 Atxt
R, FUR RS AREA R R DL UEA T SRemg U . FErh RERSAAIL “RIAE™ nSEILA -

L. A U SC44 B 05 2R P 6 B IR e A IS4, B R4 RIS 2
EREIVA



2. AR R RHOR R A A AR W R AR R, 4 RCR AN ] e H A
ARG S, MR 40
3. R SCIER G node, I HIA HERE SO

R 2UEFRATA X L “BHE” SRS SA RS g2

LSRG LA, B SCHF RGN M APIRAS . MR R R4, AN
%% Flash A RrME, G0 iRoe tE P IRIER THE 5, WA T % B T/ER
B, SRR RS RGN BEARL G, LR, FRMEEILEAEZL, X Flash
I XD AETRA

IS, 3 U SR MR A2 AR 3 ] B e 038 4 . BARIE N S LR TR, FEVERE Z B
R AT R G P BES7E 5 8 1) T3 LU LRI RICR , (HR7EPERE R R K.
IR R G PR BRI, X2 RIS AR B R R MR e Y, R
FRM ARG TR B R VS, X BN A B, R
AR PR, ek RIE, ShZR S, T INAL 21 BB A SR 2 e SHe 3 o T
NS A1) ZR GE RN B 3 R ) TAERRBE.

XA R R ABISE

T Se R MAAFREE T, SR AR P ) I S AL, B AR 2
THEHL_ERY SSD 8035 NAE, ASZY H % & #Y Nor Flash,

WESR 238 T Flash FSCHERSE, BUNVAXGETHFN Flash A ¢ 9%, A x4
RGN Flash fURREME. Hay., BUERIZEEH, (R H2 ALt
7T BRI, SXXE AR RS, SR 7 5 IF AR A AR R BRI, B %
@7 —A Flash (f EFEY, BEIEITEYE Flash TR BH% . MESEE, HHR
Flash it H il B AR FE R 44 H HAK S S

HR, X Flash it Aok AS . AR BN % 5T Flash (5 E, M ARENTTE
N, TENFPRAE— A A F SRR, TREI AT & 52 br i 5 Hh G s 161
K5,

TEDEFRI SCRY 1053 THE LBtk A3 5 R #E— Nor Flash ith i 13247 YOUBIFS
FRIAH SR, (R TR B S ) RS AU, RIS, R W B4 il 3 A
AFF RIS, BT U5 S XD Be IR AR . AR WA 0 AR XA
WA 24, BT ORI H0 03T a WP T, a0 SRV 7R Y e 5k e L0
A B S A A R AR A, anaEks . Gt SR, SEIE RBIRR ). %
A A A AR B R, IR A O AN, MECAUCEASRE . 3K
HORER A E A 3 1IMIB R/NIESE S, 808 B B MiB iRk S
SRS, XAUANREULE AL, i HAR A P SE bR A, #E0R 2 SO e 5



Language files blank comment code

C 48 6044 12432 30124
C/C++ Header 13 713 4033 4173
SUM: 61 6757 16465 34297

2 2: YOUBIFS tig4: it

Hr, KRS W %2 4KiB BEHLELS , XA SCPE R G0 SO R iR A4
Wz —, B BA R,

o ZU$EE5F0 UBIFS KB A KER

UBIFS iz177E UBL JZ22 I, i UBL ZAJE LM T —ZREEMmalss, . L2l
DA LR AR R P RETE AR, SOfi @ — e, — BN IEE N R 5E
ERMB AT RENEH . 1 UBIFS AR B B B T IR A, XA 24
HYATE UBL ZC &M TSN, SEARZRT . MH, UBIFS f4]45 5%
SERET RN, T UBL ZM A E R B T IIN, XA IR
T30 UBIFS [ A4 BB RORANT

It4h, YOUBIFS Hf5 CRC+RAIDS (1245, {H2H Hid ] T 54> Nor Flash £7ifi&%
7%, 7E UBL ZC &R MY TGO T, 2T UBL 2K YOUBIFS B i% 5%
FEABR B 545 BN 1Y) RAID, T AN A2 DA LR A 847 1Y) CRC+RAID,

XA, FADEARA TR, o TR EBRATRY A B, R A
S, B XA R Z AL, FATFEBETTE T AT B4R AR

I XHEERK, SR P FREAEREA I AR, 7RI VR UL A2 AR
BONAREE, DARECA 35 W n B AU BL, FERT A B SCRSE B, ARG
Gy JER UBIFS B 5L ILZ AR ARSI, 53 Sh—T 00 B T Ik S PR AR R
PEATHIVART A B E Ry L LR

2. BAREIBRA. FK UBIFS AU S 1.5 MiB, BT AR ICHS il ise Hif A 7 thAy
Wk, 2BEECIE, MR CLOC it sciisoma B s, Mo
ST B R ST

1E YOUBIFS B 2885 56 ORI H BRIOF T, Fofl 150 255/ S 130t
Tk

R TG AHT, SE RN T T AR B 1 S R GE RO AE 1 5 . YOUBIFS (i 9 2
Nor Flash, 52317 LAJESE Flash 55— e i 02 MEREAG 26 . Nand Flash,
FATHOBFFTEET Nand Flash, ST LA S2 07 7 5 5, R0 H 9 Se b,
T A1 5 RIS L AR SO P R GETR I
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HW, MFANT%ESE T Nand Flash, $E2 17— P HEORSEHLERYIEEE. 28N R
PR AN b, B B AR S 4aX ik iy, 7 Linux Kernel HY, iXFH
P bk ) B WEPR A MTD 345 (Memory Technology Device), [ |” MTD 5%, ik
B — 5 2R R 2 1 SE A MBI B 246 X Rk R, AT 58 OB SIS . Isr
W Il SE B RE . X — 255 Z i FTL (Flash Translation Layer, FLash Hitib 542 ), 7F
2. TGRS A EE mmin A& AR ] FTL, #£ Linux Kernel H1,
R AT I R4S, A2 MTD 45,

MTD (NAND) FTL
Interface Direct interface to NAND Block device interface
controller (SoC) (USB mass storage, SD, ...)
NAND flash Dependent on NAND Dependent on FTL controller
compatibility controller (SoC)
Bad blocks, Not managed Managed by FTL controller
Bit-flips, —>Upper layer must manage  —>Upper layer does not have
Endurance them. to manage them.
File systems JFFS2, YAFFS2, UBIFS, ... FAT, EXT3, EXT4, ...

Kl 2: MTD %45 FIA FTL [ £ X L

MTD ¥4 F145 FTL Mt L el B pes . fesImmi | b, Seflsess 72T
Nand Flash BB 4%, i A 4245 T Nand Flash () MTD 4%, 3CRERT DA A8 525 7
FIASE, BRI M b I, AT USRS MR A S R G A TR

FeAi 134 5L T Nand Flash 55 FTL 930U RS, H Tk s L 7 s 3 15
7K. BE, Nand Flash B9125 B 2 0T, 1M Nor Flash [R5 BN @S, XLE
SRFA TSR RGeS I B FE 3 BT (0 it 5 1058, 349K, Nand Flash 2 [-ft)— 2
FTL, [ FWR40 75kt . BOREG . B Pt 25 5 Flash fE65 7 Fuk
HIZRTT, MRS T S0 R 4 2 i £ % Flash 470040 MEE . &%), Nand Flash [
S I Nor Flash Ht, {H 2454858 B ¥ Nor Flash 18, Stk IR0 30 14 RGeAE %
PRI B X — R, R R IR

5 T DI S 5, F% 715 %] Nand Flash (98- IEFFUEBE, SRS E—FhES T Nand
Flash {13014 R4 00 Al FyEA TR0,

22 HEEAH
FEFA L E T, FAISZZ R 741X Flash SCPERGESEITADT .

2.2.1 Flash B4 S Fn43

N Y SR Flash ALHYSCIERSE, FATTAIIE S 1 f# Flash B4 RhRRVERI 2K,

10



INT7 (Flash Memory) s&H H A5k & -1 (Fujio Muoka) & HIH, AthsrHIT
1966 4EH1 1971 42 )\ H AZR LR~ (Tohoku University) #4527 A1 2407, 1815
W2 JEAMIA T2 (Toshiba) 2AH], FE42 TAEMIE], Ao 7T 1980 4-F1 1988 4%
BH T NOR Flash #/1 Nand Flash,

H i T _E AN AR = 2T AP . NOR Flash Al Nand Flash, 43288 50 53 4 1]
Bk, i, J478: 116 Parallel Flash j&5F NOR Flash [ ifi SSD f#i#%, U 4%,
SD +, eMMC &8 1 =2 5L T Nand Flash [,

NAND NOR

Cell
Array

Layout

Cross-
section

Cell size 4F2 10F2

& 3: Flash 7 5432

2.2.2 Nand Flash

Nand Flash & —Fp k5 KRGS, BA DTS, A% . RARMRIER S .
Nand Flash {1525 #/EER & DA DU A7 -7, T HARIR B/ EAR TR B e R e N 3,
X #115 Nand Flash ¥3& & H TR SRR, T A& H T 30T ARSI [ {24 58 55 1
M. R, Nand Flash P E BN, BAML, & HB KSR AR RAEIERH. 7
V2% B 7 ) R AR

AT Y T f# Nand Flash B2 fRetE, FRATE 114 %—30% M) Nand Flash #£17
T EF, X2k Nand Flash [ %452 K9F1GOSUOF-5IB0, iX ik [ =2 1Y SLC Nand,
#3500 1Gb, H B f R

TEIEE BAE R MET, Nand #5648 55 2 T—So Rk A0 B, 4% Datasheet A9 Ab 2
Jr AP H S 7E NAND Flash f7fifigs o, A H 4 AT BB AR A0 Tl
TS GEhg et AR B bt . BV 2% R DA AT BE R i SRS A S I /5 BE W HE ) R 56
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« Voltage Supply e Command/Address/Data Multiplexed /O Port

-Vgc 133V (2.7V ~3.6V) » Hardware Data Protection

« Organization - Program/Erase Lockout During Power Transitions

- Memory Cell Array : (128M + 4M) x 8bit » Command Driven Operation

- Page Size : (2K + 64)Byte « Unique ID for Copyright Protection

- Data Register : (2K + 64) x 8bit » Package :

- Block Erase : (128K + 4K)Byte - K9F1GOBUOF-Sx"BO : Pb-Free, Halogen-Free Package
* Automatic Program and Erase 48 - Pin TSOP1 (12 x 20/0.5 mm pitch)

- Page Program : (2K + 64)Byte - K9F1GO8UOF-5x")B0 : Pb-Free, Halogen-Free Package
* Page Read Operation 63 - FBGA (9 x 11 /0.8 mm pitch)

- Random Read : 25us(Max.)

- Serial Access : 25ns(Min.) NOTE :

- Data Transfer Rate : SDR 20Mhz(40Mbps) 1) C : Commercial
« Fast Write Cycle Time I+ Industrial

F : Automotive - Grade3

- Page Program time : 400us(Typ.) H - Automotive - Grade?

- Block Erase Time : 4.5ms(Typ.)

& 4: K9F1GO8UOF-5IBO 1k

e R SRR I RS ICR MU I DU T, B AT HeE s, R A7 T T 4 P2 20 R Y Rtk
ARG 23 5 i [R] — B v oAl 00 g 9 80cHhe BT AT DAGE A $R8) — A BRI s e, IF
BB AR 24 B AREE A R e e p AR5y, R PATH . FESE U 2 A0 3 )
ECC, A TIRE NS ERIRER, BIGE T ECC [H10 d1 T A a5 1 S 2 3 g
BUERIG, T ICTR P AT e, BT el b SN G F B e [y e, 55 A B
AL BRI B TR

Nand | T HPATURCA S A BAL R, #1575 AR R BB N & 24,
TEG AR, WUREARR, ST, Josim i mE B s,

F T Nand Flash HBEPATUTE R A AT A, FTDATE— BN, TURIAA IR
LSB (S AIRARLNL) DU B3 MSB. (Femi A 30U00) VORI i, 2% 1k BlATL 0T AT Al
H-gafR, FERXFRE O, LSB UM E 2 B gmfEny iU i) LSB, [, LSB A&
BLZ U 0,

XA T 241 Flash it B4 BECC Thig, fEdmAeifEiiE, Wik ECC 254
i ECC, TEREBURIEMIN], && % AT ECC, SHURAEIATIG, TTRAK HBCk
S AHAERCIRES, BBCRGSHRRFAZ, HERPITHMA M2 . X4 Nand Flash
A DA H &2 IE 4bit 4R,

B, 3X3K Nand its i PO EE 25 BEOS SRUEFE 2 IUR,, BBYS H sl AT ECC, J HAEWS
H 4 Ik 4bit PR, XRE, IR, BEARFTES B R ECC 1]
F, 24 Nand o5 A AT 2SR 2] Jo 3 20 IE A ECC 851, 2R k(s B, SRIg T
DARRIEX AN G IR B, ST, W R, IR A X NS bR ic IR,
AP

H A1, —fi% Nand Jts 5 [ SMRAL AR R 0O 0] AVORIEEE A R 0, AT B2
BRAE ] DA T Nand b8 £ ECC $2 4t Bds IEAf MEARIE . (FU23X /2 7E Nand f# g
T ECC IigeryfE L T, Wk Nand Jt5 A7 fifig ECC Tifig, A4 b 28 g2 A
O ECC B, RAMERBIRRIERME, 1Ak, fE BECC Ihae s o b A NG54

12



s )
1

Write 80h

}

Write Address

|

Write Data

)

Write 10h

l

Read Status Register

1106=1?
orRIB=1?

(Program Completed)

@ : If program operation results in an error, map out
the block including the page in error and copy the
target data to another block.

Figure 4. Program Flow Chart

Kl S: B AR DAL BT AR

13



Block Replacement
Block A

1?t
(n-1)th { @

nth —>» an error occurs.

(page) Buffer memory of the controller.
Block B
1st
2
(n-1)th { @
nth —»
(page)

& 6: Nand BLEs i fe

Page 63 (64) Page 63 (64)
Page 31 (32) Page 31 (1)
Page 2 (3) Page 2 (3)
Page 1 (2) Page 1 (32)
Page 0 (1) Page 0 @)
Data register l Data register ’
From the LSB page to MSB page Ex.) Random page program (Prohibition)
DATA IN: Data (1) —» Data (64) DATA IN: Data (1) —» Data (64)

& 7: Nand 5 A F-hE24 6

14



], AL, QARATREE A AR EOK, AR R LA [EAERERE (' ECC JifE.

2.2.3 Nor Flash

NorFlash & — k) K VEFEitas, RAVIRSEER, S5 Hark, Atk mmire s,
5 Nand Flash AN [F], NorFlash B 3e#5/En] ACAREAL 7 N7, AT LM e bR
e, X5 NorFlash 5 & H T AT AT AN E A BORTE B, 0T DA 3y B ) A
= ARGMERE, SR, NorFlash PR EERAR, BUAR S, ANEGH T RKEEdE.
NorFlash f#j— S At i A4

« SET S Nor Flash W] DASEPUEHE ) vl SEAEaE A2, IF H A & T 581k,

o ATLABITACES: Nor Flash 1] DMENACRS A, BT LA S sl e 42 & R gtk
g, t4h, Nor Flash i 32 f XIP ($UfTNAE), BT CPU EH#: M Nor Flash Hri
RS, mIEFRACEMEE RAM H,

« iEE %48 Nor Flash (35 4 [t Nand Flash K152, HMEHES T HESY
SRR A3 A B R

* $HIRMEZR . Nor Flash SEHARAYEE SMRRARAR, XA EAERIAT (8 M % f )7 Th
i) IEIET

l

Nand flash 0 Nor flash BITBELL R

flash (N7 AEZ) RAF-fRS , AT AR B A7 e B e b T4 5 I L g A, AT An]
flash g0 5 A$RAF L RETE 25 s HERR I BR T N BE-A T, FITRARZEIG LT, ZEE T H A
BAEZ RIS T 5 Bk . NAND g AT HE IR 1842 20 TR BAY , 1T NOR N E5R A
BT BR AT SE 2 H AR NI A B AR S 0, B T4 6% NOR ##{H /2 LA 64 ~ 128KB
PIBRIEATIY, AT B AMEIRIEVERI I N S5s, SIEHH R, #F% NAND #a{f2 A 8~
32KB [HRFEATIY, PATHF B E A2 KRR 4 4ms, PATHEERRISF L RGT A R E—25
FIKT NOR FI NADN Z [y PEREZERE, GeitRM, WT 4 —E5AH#E O
BRSO, B 2 B BR R TR BT NOR [ HoT kAT,

Nand Flash 5 Nor Flash i =32 X 54075 .

« NOR /33235 & . NAND Fgfle—2t
« NAND 5 AGHE L NOR HRAEZ,
e NAND 7] 4ms $#[pr# E7EE NOR [ 5s R,

o REBE NIRRT BOCIAT R R,

15



* NAND HJ#EFREITH /N, FHE PR D,

AT E L2 T Nand Flash EAFRANTHIAERE N, 22 K4 Nand Flash 4%
A, 1M H Nand Flash FBEEE#EFR, HiGEa TGN H 5, RS HABTEAR)
TAEREPRTF—E R X

224 FTL

FTL (Flash Translation Layer, [NfFHulibFEIFZ) J2&) IZfF1ET Nand Flash 17§ )2
N il =32 11| W B = SN g e (S S P SR 2 | ez Ay 7/ B e

FTL i %/ B Nand Flash () F#E ey, Bk, AFE) R FTL SCEA] RE A i
AE, HRENH FEEIREA A F Y, BIMhbm s, JE P& N SR R 8, T
b SRR i b R W) 5 B i i R S B . BT IR RS . BB A IREIR
il (Fdar) . HSEP AR IR (PekEarRnm) SR, FTL 07528531 10
W, B, SRR AR a2,

INFEN TR E ALl B2 Page (4KB), N /> Page 41— Block, FTL fB
HAFEA

1. BRERBRES

KSR HIE T RIS . BRHIIERIER A A2 . BRI ORIFHRAGIRAT K&, B
(A% EAENS LY.

2. DUERRSLE
WS RGP TUR B K AR

3. RG]
F2 LR R B O TR R A R FH DT LR, AR D BRI R A R ) B g
H1R ] Log Structured A B IR ARG RAA7- i 43 M & s (Data Block) H1H &k
(Log Block) , ##lat ll THEAd %R, RAVBLGWLST, H B T A0 T 2o
TR R R R, SR TR, TR ARG 2K SSD. eMMC, UFS )72 5K ik
P, ARYE B AN R AR Y 5 F AT DAS R4 A ety (FAST), Al %
Wit (BAST), AUFH KWL (SAST) 4545, T K2 SAST WU — A7 fil: 24~ H
PR 4 AN, 24 HESUH Se i TR A R A A A8 i H RSk, X1
WP 535, SOl T H GO R A Bl sk TR ny 8, WA UG R
Bl , EREER HAEPAE B B B, BRI T R B A ey H Rk, 3T
KEMVL G5, WFEZRF H B PR EE e i G 2580 58 21 23 PR ey o) B 37
EAE B EES, SRIGHEER IR H AR E RS,
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T FTL — S8 3AE SSD/EMMC £45r, VB8 — P REFTE, Bt B2 ok
3R FTL A9 BRSEEL, ot ki rtifb . 280017, W 28448058 FTL [k
S5 2O TGS, BRAE SR AT AR A/ NSCHE A I I — A RSO, 3k sk T DAY/
FTL WyBREF RN, MIMEEmEtERE, (F2 L2 EE I AHIE FTL BB 5 A
BRI, R TOEHA T s WA SR AT A, SO vl g fil & FTL 1)
B AL A, AT 38 8 B8 K B O R BRI

Ak, FTL WBURHEHRE 28 5 ] — @ it 23], X2 FTL f)— i, hn b
TR b, —3K SSD AR 10% F| 20% 25 [al AT HEY, X2 SSD
At R

B2, WARA—3K SSD WA IRZ R &M FEMA R TR, A
PRI B E RRE ST, WA B O 2R SL 4k FTL,

2.2.5 SSD HyM4EE#RTR

SSD HyPEREM IS e 21> -

6, ARG A B LU 5 AR — N B ERE ST, A N AR R R AN T
AL, (HAX TSR URAE 5, INAFRI LR 5 A B SR A B . Rl X T REALAY
INPUSEE R, NAF R SE SR A B R AT AR

HIWR, IR i R SRR R —WRERT A A, DR — A Mol 5 7R 2 e R A
P B M OE, R THBRERE, XS T EABRENSOMNTEHEMER, JUHAE
WERBAGRT, BEEEAERN A2 dE—23 0,

FiAh, INAE B 5 BR il — AN RE A . NSO B A RIS R, &
WG EAEAR A0 R B 756, 24 HE s B R B R BGA B L RRIN, F5 S i mllk
AR TR A, X 0] e S 2o IE R A RE R FE .

Frfg P il At X, SSD Mtk RERE FHEMEN . A flas s B HINAG . Ab3E
10 353K, PATHT IR A IE (ECC) “FIIRE, BARMERE R F7 i il e vl fE N A~
ARG, BRI T SSD fTEREL I .

B, 1 RLE 2R A7 S BR il 10 AT BE 2 SSD AU BE . % LAY % K1 11 SATA., PCle,
NVME %, HoA T8 F1 A% o BEXT T 50 0 SO B A A — 2 M, WREE DAL
LRI TE YA L SSD HYPERE IR, WTBES PR SSD A ik s Al [ I [8]

FATEEE T FFEMIET Nand Flash fSCHER S0, Ao H I A LRy, RATR
B S R GUZ T ik S 3, (45 S04 RS BeNS B 4T 0 F1 A Nand Flash FURRE,
PSR G MERE,

i, AL T2 A AT Nand Flash i SCFRSE, 41 Bufs, LogFS,
F2FS %, X 8eCE RS HR 28 T f# e Nand Flash MBI RTH, EATEE & 8 08
B, (HRENETEY N EAA 583 M) FTL BLEA0E O R Z g A A,
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WA —Fh SCURRG”, BEMSAE LR T R 2 [ R, LA 4
G E A EIET, IS AT, T84 RS AR L TR E 4 £ R A

TRF, FefiHF T ZenFS, SR MR “SCHERS”, (LT HIRESIE] (s
B A AR, AEMCE 100% HOZs FIRIFIR, REMRI 5 s B R e B 5 v
FIBIRA S IR, WHCRE—Fl “SCERE”, Tl TR 28R, %F ZenFS
RBT, R R SN,

226 NXHRFGES

TR RS R GX AP R G L B R R HEReIr A2 3, oM ENTER
FRARG, BAVFZ I REDT, X e LF-38 H Has T eI £ i, eIk R
girh, BCESERE N EENNE, FHREEE A2 2mEITANSEL, X
SZHOTARER SRS, T K ENSEATT AL B R85gus K, F3hf [ 3hiR
T AR SR T .

KT, 2 HA TG BRI & ZORBUE REINSE, B2 ME NHAR PR
R M G K, S AW 2 R PR R E S T Amse . X2
HSEESR AL E AR AR FR T2 AT iR R £

T, FRATTHU S I — R BE A SR #1544 RocksDB i {414 SC {4 R 58 AquaFsS
HA BEBEAGSEINEE T, MBS SCHREF MR GE, WO RER A IS

ER RS T R BT BT, SRS EOEE,

ESHCRE T, fEMRRETE A2 WA AN S AR5 AT EAL
RGN AR, X AR HERE RO TR, R 2 HUF i R G E A VT 2 AT I
ESECRIE R R, Hilan, Linux /) Exdd 324 T K2y 60 S50,
REELT 1037 FBFERIBLEIRAS . BOARE BT AR ATEY, 8T
SHOT AR R GEMERBR R 2238 9 fi5H,

TR E VT REAIALE, RGN LT A At T4 40T Mk R R
BB HAMAN TSRS, XESERANNSBES ARG R, K,
T H 2338 IS 40k, X Fh T shif 3 B A e i b i g . A7 R S 1 A [R]
SRS EA (EXT4, XFS, Bufs), #ifififf (SSD, SMR, NVM), ZEHIRAF
fiti, MZ N EHRMLZ (U LVM, RAID), A6 RS0 M — D8 LA E RS S 2
BOE A = B A BT RS B T

i, CAATEZ ML Rk B sh A R a0, TeA BRI RIFEE N2l T R
TR PERE R, X8 H SRR R R RGBT, O 2R R B
W 5 AR eRBME, RSB Se a0 E BB e E T2k, A, A2 R EH
TR AME AT B = 4E, I ] BB R BAR K I E] A BB S I ik 58 . AU,
AR PRI At S O ) TR B E AR KA T AT R e
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ML I HE BIe T, B4R AR EER R FE I HOR . AR E ] AN ] T47
it R GE, EARF AR RAS ], HARSFEEA D WA RS, LARTRIBEE P
2, HAEPrA TS LR AT [ FE A PERE S I . — S8 SR HA SR BRI
M, X H IR E RIS AT A B Al S ER e i B e, DA AT A i ik
HHESH,

IAEAFAEVFZ IT VR RO AEBOIHER IR, B R AE T v . BT v 1w DA
R FRAESBURIRFIE I

FEHE SR IO F11F vo 4RI 15050 BIARGE 25 18] 5 5 M T A0 AP L0 5 2 i B A ) e
W ARL MR G . ISR IO VA 4E TR0 A (PCA) . ST R o A £ 40 1)
M. FRESEIOR) — > F2 B AU AR R P B S SRR B FA 2 e B ) ARk
P A ELR, HIL, 5 WARF AR IREOR S SCR g H AR oE . Bl efe—2en] DA
FRAN AR UG AT S 40

FH B, R AL B M IR RAAE PP e —MRAIE 146, H A2 R 4R B S SR RAIE  1F
B YA TT DA R B Bl AR B ¥ . TG I BHRHAE 56 4% , 51 4 Principle Feature Analysis
s ARIERRAE 2 H] B % BRI AL 35 KA BEAME A 75 . AR BOAN 5 I ARAERTG
T HARRYEm . A, A MBS AR — > w] A 8O L H e By 546, H
A G R TSR B SRS 55 .t T RRATA DGR B IR AT AL B AnA B i
240, Pl VO Frrti, PR B RAE v iod G R TR =5 5K T,

H TAEAF i RS T2 BRI B4, R IX 28 B il Eeh 5 il s B ) Joit o ok
E TRHMEIREER R, CFFRA N AMER 2 KBS HEAHN N AR RSB i S
B AR . PRIUASOF A R A lasso [A[JH, lasso [a] 5855 AR =

73— AT AR IR R R EA AR E B e R A B RO VR . XS VR O
By A v HARAZ B ) SR e X — R, W R o ds RS i) 7 2255 . TEARSC
T, AR BT ZR RS 5, 7 2R RGP RR HE ] DA 2t S 4 F
P,

TES BRI, X T SHEEE P EE S BT S BTR,

TEZ BT EcHE PR T B SRS R T iS5 4io e B RAE T3 T3 I, AEDT
Bie AR, A lasso MRS S HHAT R TURBAEZ 5, RA T aird A I 807
FIATSE R . I AR TR — R e R ROR, HIh e -5 TR E M 25 B B e R B0
S = ur A C = RERAE A 1 WN-E S L B N5 e Fect i o b e M RS B R
o, EERE, —S s g R EBOA SR AL E A XA, TR R A TR 5
AR SE, Hoh—Rh @ R T AR 0 P A s I, 3 b — g 2l Ry
BCE . A SOl T %
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2.3 ZenKFS

2.3.1 ZenFS §3455

ZenFS j2—> RocksDB WYL RGLH, EHIH] RocksDB FSCF R GE4% HKFSCF
JRCE S 6 BB B DX o 3 2 R SO 12 A KM 5 A v o 4R
AR I E A B AU f IR RdE, SRS, REEE ATORRR AR
T o ZenFS HifRICIF R GEBRE R EAT G GBI, MRS Ak, R B A
AT EERE (7 B). ZenFS fyEe ket B s B

App (db_bench/mysql/..)

v
RocksDB
v
Composite Env
v
ZenFS FileSystem
Meta I/O File 1/0 kd ?
< =
Zone management 38 §
o Y ¥ \/
é» Posix FileSystem Posix Env
(] [ o
5 | 8
N E_ 5
LibZBD
v v v

Linux kernel

Zoned Block Devices

& 8: ZenFS 2244

ZenFS Jg—FPRFIRIY “SCIFRGE” . SHULE MRS, AWiE—MaEn
BAEPEH R R G i, il SR AR AN LRI FTL RS RIS RS s
FERFESG L2, M5 LR DA AP A SSD MREE. ZenFS i ki 30443 UZ AN X
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1000  rwisiisimmisippritioosripitdert AR SRR ARSI R e

)

a

s 800

5 600

o

ey

2 400

3 — ZNS SSD (0% OP)

£ 200 BIOCK SSD (7% OP) [ i
0 Block SSD (28% OP)

0 2 4 6 8
Data Written (TB)

Kl 9: ZNS ZEAE e e M H 5 A T MR R

I B A i JE A s o 3 [m] 7 457 B A A RUAE i S B, SR Gy ek &
W, BRGEHATHRRKKIEIRT . ZenFS BRI RGBSR A FIA G GRS, M
PRt PR ARG S A ME T P RE

T4 )51, ZenFS T Zoned Storage SSD #il ZNS (Zoned Namespace SSD) ,

ZNS J& NVMe FofitnifE i —i5r, BR% TRk SSD Y ¥ 11, R
5 B2 FHLLE, FIHFEVRINY 7505 Bk SSD iy RE, 1M Zoned Storage
SSD /2% '] ZNS Wit SSD, B4 SSD [ INERLI /2 AN, S~ KR
HHCOWEB A$GE, SRS AR R RN YRS RS A, IS etk
B TR T 45 F I B AR AR IR M, B SSD 1) T4 E 4R T 2 fH ik 2 4 B Ak
s, I BAE FEPA TGO AT R OREH Trim 00 3CR09) , 1
Zoned Storage SSD 13 [FIHL 2 i EALRIE TR, XAEERLAT DA KRR B Hu /)N
B NRKFEE RS, H HARE 52 Rl 2 H], MIM$Em T SSD iy RER
%, Zones -k %S AR 52 AN L0 BT

Zone O Zone 1 Zone 2 Zone X
LBAO /f’/"Write Pointer ‘uu“‘“‘-\_‘_\-h LBA N-1
%ﬁrﬂe} L/égsz . Unwritten LBAs . UnmappedE_B;\s

b -
Zone Size

‘ Zone Capacity

’ 10: B4~ Zone W 524

BE A5 T 2R S 11 ZNS —Ff . FERI A BECFUEFT SSD 7kl fkryF8iE b, A
VP B R B  Intel BB P 2 —, EM 458 3D XPoint AHAE T
fi /i, 5 SSD RS MEREIRTI 2] T — By m . (H2 i ry sl s AR W2, IRl
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AR &, A Intel HZH CPU A BeNE 5¢ & A HEMHUB A RE . 1T ZNS Fl Zoned
Storage SSD WIILHAET, BN 1/E NVMe WUARIE, A1) RER v AR IRARHESRAE ™, T
H. ZNS Fl Zoned Storage SSD 5% i Ak 7= WU AT AN, A4 B =0T BRI T,
WRE T L JFoR I TIEE 25 10], BT AR R 7= 5 AR 2 L BLZERY SSD iR B4k, TR e
DA LIRS, ZNS SSD & H i &,

¥ T %, ¥4 Open-Channel SSD (OCSSD)MI, ‘& #) FEAALSAET, THF SSD
) T2 R 3 [l R S RERB LS T ML L, 17 SSD RSt S4dE ., XAy iTat 2,
FEHLAT AR B ORI 35 5ok e SSD BPERE, 1 H SSD AR &FEAIG, (Hi2ixX
FEMU GRS BB, B AL I 78K, T H ML B 5t 2 32 5 B
ffill, 'B-5 Zoned Storage SSD X H| FHAET, OCSSD ;&¥f FTL FUETE £ MLum, MM
/N SSD 1) DRAM Ji{A%5, i Zoned Storage SSD W g EA L FE 1 4iki L)
FTL, HAEEH KA Zone FLJE_ LM T R HZ MWL A BS54, Mmidt—PHiik SSD
k45 T+ A A B

TERGESE B |, Zoned Storage SSD R] DAY B Zone HJZEAY , Zone 7] PAZ A2 Seq
Zone Fil Conv Zone,, Seq Zone IEANZ HI/TZAR—H4F, AJDAREHLEZE, B2 HAeMTE &)
B0 BE ALWE, 1 Conv Zone WA ] DAIFERE AT SSD, F#EAIIA 4P iX
BB HuAIEY FTL , fr AXER 3 Zones RJ AR AZSE SSD — NS . iXH:432K Zones,
W2 N THRENAW N g5, BABA RN s, LS HE RIS 2IER
Z W, 1M Seq Zone W&k T S 47 #I3E BT Y. 5, AN Hg s, bl
HFERIFAZ, 1 H. Seq Zone FEREH BT,

AT, ZenFS N2 FI ] RocksDB B SCF R Ge# FURFSCAHCE 2 I bk 43 K B ik
2% By,

RocksDB & Facebook IR — 1 KV 1% 5 125, B& LevelDB 19— %, £
M T 1#4if Facebook HYH.E RGERYTCEN . RocksDB i riE, BT LSM-Tree
FIfEES 13, RS REEAER &, T H MRS AR IER K, RocksDB )5 AL
R L2l R 5 AR BRI WA HY MemTable 1, #8515k MemTable H )40
B AF % SSTable H1 RS2 P . RocksDB LB M RERI B A KBS Ew LT, BT
PA'EFE Facebook HVHE ARG HISE] T) Z N H .

RocksDB [) LST-Tree § Z 12K, BAZKENE B &1 SSTable, 7E RocksDB
£~ SSTable #/&—~ (4, M4 SSTable H A EHEE /)7, 7E RocksDB 1,
A~ SSTable # A5 — K /NIBEHI, 24 SSTable [A/NEEIFRFIET, SEE AT A/
SSTable 4T Compact #fE, LSM-Tree F#fERHE (1l [L1]) . L3 P st b e ik
R —F AT H BRI E5H), XFEEE M B FEAE R A B LS MR IR
1M H 5 AR WAEF A,

TE ZenFS v, A~ FiAHLFIfY SSTable ti2— .sst 04, ZenFS % SST S
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Memory Disk

_ h< WAL < < WAL <
o memtable
it P
’/

LO
i sstable
immutable ___}flush

, | —®| memtable
A Ll LLIN compaction
o _W| sstable sstable
\ F 4
N ¥ > g 2 5P, (L
| block cache f—" sstable sstable sstable

i-

K 11: LSM-Tree [#)#5:/E2 45

L, 40 SSTable [5E B IMEB AUnH —#, BIfH WAL (Write Ahead Log) & BESC
189 MetaData FISCAE R, 2SO EMmA . Bk, Frefmpy, # 2 EmsA
1,

2.3.2 ZenFS JERESHT

TEVETF L FE T, FATXT ZenFS ML IEAT T — R SEIEIIAM T, Mgt (1B
1) ZenFS HIRSHER (B [12).

Zone

class Zone {
ZonedBlockDevice *zbd_;
ZonedBlockDeviceBackend *zbd_be_;

std::atomic_bool busy_;

uint64_t start_;//;EIRPHHhE

uint64_t capacity_; /* remaining capacity */
uint64_t max_capacity_;

uint64_t wp_;

Env::WriteLifeTimeHint lifetime_;

std::atomic<uint64_t> used_capacity_;

X HL¥) Zone X W (2 1545 L1 Zone, ANt TE ZenFS T HEK) Zones H1, H T HF
Seq Zone, FrPAiX H ) Zone 1 H 472 Seq Zone,
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ZenFS

superblock meta_zone 10_zone other file system

ZBDiEzR

Zone management

¥

ZBDBackEnd

posix filesystem

ZoneFilefis: (HATRizone) ZonelistiidF: (AFzone#H)

ZBDiEE

& 12: ZenFS RSHER

—A Zone FHEA P IEBLI A, EIHALAIE FREE, A AN SRR KA 4E

Zone WA A EE Zone, FIKr @B AT EE RGN, HEIR EEANEHESEE,
ZonelList

1 class ZoneList {
private:
void *data_;
4 unsigned int zone_count_;

}

i1 F— Zoned Storage SSD "] Zone — XL K, Zone M EFH AL, FrPA
ZenFS ZLREH J5 i ZLRE S A MR fH— 45 7] Zones 7 B8R MFEE, AEHEXA
FRE AT DAL SR B Zones (IfE B, BIANEEA Zone UL in ML, 258, I8, &
TR, BERAITITE,

ZonedBlockDeviceBackend

ZonedBlockDeviceBackend #& H R A2 R AL HFHEAL D, XA MRE
JZI ZoneList 7S BN A7 P IELERY ZoneList H#HATHAE,

{E zbdlib_zenfs.h DAJ zbdlib_zenfs.cc SLHLHE L1 DA _FENTKE zbd 13
],

Trzonefs_zenfs.hPA Mzonefs_zenfs.ccl LI R [JZXT zbd 15 1A 1 1 posix
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&)

S SO AN AR, AT RERZ TS M) 219 ZoneFS L1 J5 1Y SEFR T Zone,

class ZonedBlockDeviceBackend {

public:
uint32_t block_sz_ = 0;
uint64_t zone_sz_ = 0;
uint32_t nr_zones_ = O;
}

backend A RIS 53 G2

enum class BackendType {
kBlockDev,
kZoneFS,

I

28K, TEFRANTSEH T RAID Z )5, X HLAHN T backend 282 kRAID, Ak FRiXA
backend 22—k RAID J5 AR 56
ZonedBlockDevice

class ZonedBlockDevice {

private:

std: :unique_ptr<ZonedBlockDeviceBackend> zbd_be_;

std: :vector<Zone *> io_zomes;//JH Tioffzone

std: :vector<Zone *> meta_zones;//H T (7 0fE B 1zone

time_t start_time_;

std: :shared_ptr<Logger> logger_;

uint32_t finish_threshold_ = O0;

std::atomic<uint64_t> bytes_written_{0};

std::atomic<uint64_t> gc_bytes_written_{0};// L |nl AL FL 1) 5 H

std::atomic<long> active_io_zones_;///7filio_zonelhf i 4 1] 4
std::atomic<long> open_io_zones_;
/* Protects zone_resuorces_ condition variable, used
for notifying changes in open_io_zones_ */
std: :mutex zone_resources_mtx_;
std::condition_variable zone_resources_;
std: :mutex zone_deferred_status_mutex_;

I0Status zone_deferred_status_;

std::condition_variable migrate_resource_;

std::mutex migrate_zone_mtx_;
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std: :atomic<bool> migrating {false};

unsigned int max_nr_active_io_zones_;

unsigned int max_nr_open_io_zones_;

std: :shared_ptr<ZenFSMetrics> metrics_;//todo

3

Open &
HEFT FF—1~ ZonedBlockDevice, JRFEAIF .

o W IEIREUR KIE EK io_zones % H Al E KA1 HF io_zones, iX AR T JLA> zone H
T metadata {7, —E5MF) Zone T extent migration, E[} Extent &7 B FH 1)
HBhAS ],

M backend HARIXE A zones 7L 3 4~ meta_zones, RfFI 4% A0 AE B 2R SR T 345
i zone HLA io_zones ", i i H I FE PTG 1 24 Fif 1% K zone HIECH

T B LRSI, k) offline, FEAYZIX L O BTEREFZ I B 1R, A
AT, TR,

Get*Space BRE{. i 0L, FRFPUEUC &M 2500, 25 0R 2518 DA AT [l 23
[EPNAN

Log* sR#: M RHHh A&, R zone HREMKMEHIELL, 1> zone B HIF L
AR S 25 1] | LU AE

5L zone XiF 75 i%

ZonedBlockDevice H Y YIREN %2 #1E zone, H A FLREMH S #RAE «

* ApplyFinishThreshold #7342 25 [A]/NT ) B 45 finish 452, finish #EAEFR 248 —
A~ zone S84 #5801 F zone K2, FIREHIIHN 0,

« FinishCheapestlOZone Kf— ™ /N 4325 [A] /) zone 45 finish,

* GetBestOpenZoneMatch Kf— >4 1 1) SCAE iy J&l A F1 4 — 4> io_zone #E47 A= i il
WIXFEE, 20 Be— A A IR T 24w SRRy A a0 HAR e Y zone,

e AllocateEmptyZone, Jiig4 S &4 lt—3 %31 zone,

* ReleaseMigrateZone, Jii44 i 2R migrate_zone (todo migrate zone & H 1
1)

 TakeMigrateZone, ¥EF—EiH zone 241 migrate_zone,
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&)

* AllocateI0OZone, TF{##F max_active_io_zones 2 &I HIHE T 0Bl —3- zone,

» Read, MIm#% offset 4b3E n 4> byte BV 1% 2, iXH I T ZonedDeviceBackend 2
Y Read 2111,

Ifi ZonedBlockDevice 14325 £ 3, W3 B 328 F ZonedBlockDeviceBackend [1J#H
KO, ARG T — 2408,
Snapshot
ZenFS ) Snapshot DI, A 2 FIAEMHLH4Y) Snapshot, HACSR T H—Miff 2 I [E] )
B EARFE, IS WAL 514 B8 — B E R PR IR T fE
JUF Snapshot FYFFAES5H 41T
// ZBDI AR IILSR XA I 2 R 25 [h] (free_space)
// EfFHZE (used_space) AIRJ[u[=43[E] (reclaimable_space) ,
class ZBDSnapshot {

public:

uint64_t free_space;//“SIH%5H]

uint64_t used_space;// L[ ] 45 [H]
uint64_t reclaimable_space;// 1] 0|45 1]

25

26

29

3

// ZoneMHRILSk T Zone I H IAHINE (start) , HH8Er (wp) , PAREEM KGR,

class ZoneSnapshot {

public:

uint64_t start;//Zone FiHHidk

uint64_t wp;//HiR5EF

uint64_t capacity;//%H

uint64_t used_capacity;//LL %
uint64_t max_capacity;//f K4 E

}

class ZoneExtentSnapshot {
public:
uint64_t start;//todo
uint64_t length;//Extent i
uint64_t zone_start;//todo

std::string filename;//Extent /Ui /& L {f#

3

/7 WX RS A A £ ~extent,, extent N5 Zone 7 Aif

// X LRSS T DUE

class ZoneFileSnapshot {
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public:
uint64_t file_id;//Ji44 8 L filefid
std::string filename;// {4}
std: :vector<ZoneExtentSnapshot> extents;// L {}[fjextents|i (T
b
/7 XA R Z B TA R AL S, 10K TEAS ZenFs A EEURES,
class ZenFSSnapshot {
public:
ZBDSnapshot zbd_;
std::vector<ZoneSnapshot> zones_;
std::vector<ZoneFileSnapshot> zone_files_;
std::vector<ZoneExtentSnapshot> extents_;

};

ZoneExtent
ZoneFs 1 N 52 -1 £ extent ZH 011 , £ extent HRHCLE—] zone B, extent
ANBEES zone 174

class ZoneExtent {
public:
uint64_t start_;// PR AHIAHE
uint64_t length_;// extent{J K&

Zonex zone_;// Fr)Ezoneti4]

explicit ZoneExtent(uint64_t start, uint64_t length, Zone* zone);
Status DecodeFrom(Slice* input);

void EncodeTo(std::string* output);

void EncodeJson(std::ostream& json_stream);

};

ZoneFile

class ZoneFile {
private:
const uint64_t NO_EXTENT = Oxffffffffffffffff,

ZonedBlockDevice* zbd_;

std: :vector<ZoneExtent*> extents_;

std::vector<std::string> linkfiles_;
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Zone* active_zone_;
uint64_t extent_start_ = NO_EXTENT,;
uint64_t extent_filepos_ = 0;

Env::WriteLifeTimeHint lifetime_;
I0Type io_type_; /* Only used when writing */
uint64_t file_size_;

uint64_t file_id_;

uint32_t nr_synced_extents_ = 0;
bool open_for_wr_ = false;

std::mutex open_for_wr_mtx_;

time_t m_time_;
bool is_sparse_ = false;

bool is_deleted_ = false;

MetadataWriter* metadata_writer_ = NULL;

std: :mutex writer_mtx_;// zonefs[JELE i

std::atomic<int> readers_{0};

public:
static const int SPARSE_HEADER_SIZE = 8;
}

ZoneFile ;2 ZenFS F SRS, HAtsk 7 Xr oG S, A3 ek ik
. B, SO id, SCHEERUIN, SCEEEAL. UMY extents 5,

zonefile TEFRIERT H &4 /E—1> active_zone, [FIIF SCHEsR TAEdn i, 25 815%
%,

For SEBL) 7 A W S append,  FTIEFREL SO B THE zone HRAE T AL
B 2 ANEBAE T AR K B, W 13 Bos.

sparse J5 2 [¥) zone &K FEILSRIT A, TEEAY zone X £x—H append SCFH)
extent, sparse SC{FREAS T AR {EHAE TS A 0], [H2 2 R sparse SU{F 22— K
JEF AR

G2 41, zonefs 545 52 P T RocksDB [ FSWritableFile 32 1 DA 7 33530 )7 5 1) 5 2
SCHL T FSSequentialFile 2 11 PASE 7152, FSRandomAccessFile 2 11 PASE PRBEH LI,

SuperBlock
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length extent length extent length extent

extent extent extent extent

& 13: ZoneFile #1534

class Superblock {
uint32_t magic_ = 0;
char uuid_[37] = {0};
uint32_t sequence_ = O;
uint32_t superblock_version_ = 0;
uint32_t flags_ = 0;
uint32_t block_size_ = 0; /* in bytes */
uint32_t zone_size_ = 0; /* in blocks */
uint32_t nr_zones_ = O;
char aux_fs_path_[256] = {0};
uint32_t finish_treshold_ = O;
char zenfs version_ [64]{0};
char reserved_[123] = {0};
}

ZenFS 1] SuperBlock B HAH LA U R ARG R IR B AR L, HEZ05%
T EAREE, @EJ%%@I SCHERGMA, block K/, zone BIR/IN, zone HI%K
&=, WESUERGEHR, ZERKERS I B R E TR

ZenFS 5T L PR BRI BT RS & AT G =2, (H2 B T 18 oo as TRl 4 B
BT, AERNS ER SR TR, 3144 RAID BSE Bt 2 FIH T B
B TR S ]

ZenMetal.og

class ZenMetalog {
uint64_t read_pos_;
Zone* zone_;
ZonedBlockDevice* zbd_;
size_t bs_;

}

ZenMetaLog »& ZenFS W7ol H 54%20, & ZenFS 5 B LR 4514
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zenmetalog JIA ) record 2 NI, ¥ JerEib 2 i K RIBURIE U T4
W, REREBIEKE, T2k,

crc size data

&l 14: ZenMetalog Record

IR roll IEAEER BT zone KI5 metadata {55, HHLE 24X zone
B T todo, TM—/-HH) metazone A ESMA FHEINE, HWHHESRE SR
45 [ BRIEIR A B snapshot, 24 9K33C 6 snapshot 2 i record [YFEEIIALY (ELT),

superblock_ | zonefile_ sna | zonefile sna
snapshot pshot pshot

K 15: ZenMetaLog Roll

7 update, replace & delete SCIFHT, #RE i BN IEILGks 24055 B record I A met-
alog,

=2 n e YHEEE NS

K 16: ZenMetaLog 1%

ZenFS

class ZenFS : public FileSystemWrapper {
ZonedBlockDevice*x zbd_;
std: :map<std::string, std::shared_ptr<ZoneFile>> files_;// ZoneFile
std: :mutex files_mtx_;
std::shared_ptr<Logger> logger_;

std::atomic<uint64_t> next_file_id_;
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Zone* cur_meta_zone_ = nullptr;
std: :unique_ptr<ZenMetaLog> meta_log_;// JCfi
std: :mutex metadata_sync_mtx_;

std: :unique_ptr<Superblock> superblock_;// B IR
std::shared_ptr<Logger> GetLogger() { return logger_; }
std: :unique_ptr<std::thread> gc_worker_ = nullptr;// Hid} [}

bool run_gc_worker_ = false;

}

GC_WORKER i 3]l

24 J5 zone BN free ZBE/NF—E B Z 5, ge_worker {45 T i3k [\l T
1B, OB,

W AR TR LR BIUL Y zone, BRI zone (|4 25 (B £ — & RO A st #Ef T el , 2 )5
Ff zone HXF 1Y) extent 52 5 24 Fi zonefile A& A A IHAHVCELAY zone, XA zone &/l
PR, X3 extent FEEAENML migrate #E4F,

ZenFS N HIW 4] zone 27 75 B KL 2 LR Y, 22— RERMA &
FIWr, MRS GC B, B A BT Zone, FRHREI— M Zone, KiH
1 25 B 1Y) Zone HWEHRIT LB /D) Zone W, BESEM T —IK GC, iX HL ZenFS fif
A SEI N R AT Z G AR T (),

MOUNT ;22§

o B2 A TA metazone 7 HiZEH superblock, i%#+% seq ¥ 5 5 K superblock [ meta {F
FHKIE zone,

o i readonly [7), WIMREEL R — KRB,

o P 5, HH 81 metazone 10524 1 S R G BERIRAS (superblock
PAS A zonefile I ZRMS) . RN 20RF 2GR H zone EE — T, /o Bbiik bl
kAR,

MKFS iB45 .
o 13— metazone £} log 1C5% 1 zone,
» 5 A superblock #1451~ zonfile 4ifi% 3| metazone 77,

PA_EEEAEE T YRS Z5H X ZenFS L 1T — AN B 204, A T LA_ERYEE AT, K
T AFFUG ST ZenFS AT ML T,
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3 RFEigit
3.1 AquaFS k2244
AquaFS & —MEHILI ST R SE, LAT 2 AquaFS R IAZR I .

RocksDB App
FS/POSIX VFS/FUSE
—AquaF5s
Turner
Data Router Configurator
SST Data
inode

AquaZFS |+— ExtFS

RAID Extent
Data

Zones Allocator
% % :

io_uring/xNVME

Seq Zones Conv Zones

K 17: AquaFS F&{AZL 4[|

S P (L7 R S R A
1. App: U &RGEHT KAz
2. RocksDB: %i#ii 5K
3. Data Router: FileSystem iK% th#, 752FIWr YTk 2 miE & WAL ik
4. Turner: FSWEZITHBET RS
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10.

. Configurator: TR RGESEL, BRGNS HENS

AquaZFS: BRI L) ZenFS, ZF RAID S5Jjfig

. ExtFS: A inode &4:1i547T Seq/Conv Zones 1 ] 4 258

(a) XJE K, B3 Conv Zones

(b) X AquaZFS fHrSCfF, 2t inode &5 E L

(c) XKL B, 1] Seq Zones

(d) B—LLm] DS ) B dE LA AquaFS::Extent JE 35 A AquaZFS

. Zones Allocator: 5 AquaZFS. ExtFS $2{it Zone 2} BeAR 55 . [RI H 45 BEIR I a0 )

4ok
He

. Zones;

(a) Seq Zones: HEENIF 5] Zones
(b) Conv Zones: 1] PABENLE K Zones

AquaFS: BRI RS

3.2 HEHRIITET

RocksDB {£H AquaFS

RocksDB fifi [Tl AquaFS, B]DAEPFEPEIEEE . FileSystem Fil POSIX #2111,
RocksDB {# ] FileSystem = [1{£H AquaFS

R+ AquaFS %154 RocksDB ##if4:, Data Router fi ] FileSystem #% 1,

Data Router - #2%% % SST 155K %] AquaZFS, AWK, % %] ExtFS, FX4FIkTE

DU 5 i S 2 Al

RocksDB {# A POSIX ##[{EH AquaFS
AquaFS [ Data Router i 12} Kernel Module &, FUSE £t POSIX {/j[5# 110, I8 6E

IR 1 287

App £/ AquaFS

H TR App I ARSCPL FileSystem £ 1, FrPA App £ v DLif i Kernel Module /

FUSE /£ 1 Data Router 2| 12,
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SRR

AquaFS WS 55 P54 . Configurator, Turner,

Configurator 7£ 3/ R GL B B RITEAE U BT R E G HIEE S, H45aTHRKa N
G S HEE R TR PR X T

Turner 7£ 3CMH R G0 SRR IR EFETT, BRI RS Y EERS S SR ] MU 1) 2
B, DASRAS TN R 1% R AT Ry R AR R,

AIASH

1. [EE S5
(a) PIh
(b) [EE RAID 244
(c) Bt fe A B
2. GC
(a) GC A FIH
(b) GC [H] s H]

3. 37 RAID

(a) HcHtE (GC)
(b) s E (0/1/5...)
4. SR A
(a) 432K SST, Mm% ds
(b) VP

5. 10 I = io_uring/xNVME

AquaZF$ F1 ExtFS
ExtFS /& 135247 Conv Zones FIEIAf ZNS (ALK U R G0, 1Bk
1. A M B B A8 CEE. Cony Zones N, 4 Superblock 45 (fF5E )
2. &G S ISR B 1S AquaZFS {RF7AE Seq Zones P, 1 MetaData (f &)
3. WRA RER N E AquaZFS A B3 N3l A Seq Zones FEAi#, %% % 3| ExtES 4
S OBLH
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4. FTUARI) inode %% AquaZFS $EHERT], T ASHASIHE IE 72 £

AquaZFS ;25T ZenFS WILALBE Y, SCRFLAEAFIE, FEORSrm PERERY R NHR T 3C
PERGEH RIETE.

RAID

¥ AquaZFS M\ B#AT8| R B R 20, A2 RAID ¥4,

TEJFR ZenFS 1S PR 1% A SC 3 RAID (193245, H HEEHEFMER i858 %L
PEIERaYE, ICEGSIE SO EdE ERTE, WS BETE I B R 4 g e ek 1 B b
(LR

AquaZFS 7. ZenFS [EAE S8l T RAID 3848, 7] DATERGSL R B 318 2 500,
HEE IR IR AL E B 3 AR RS RAID 30 ,

B T ARIEBAEIERTE, AquaZFS i8] DARIEA [ ) RAID SRS AUAR R A PERE.,
HTSLEL) RAIDO 1] PAPA N A5 s AR H O 13525, RAIDT 7E2 4 N 5
[l T AT DA a7 B U SRS RIE SR R e 4k . AR N R/ NER e 5 ZNS fifi {7
BT L EESFT I e 2 1Y R RS Zone BEIWAN,

AquaZFS [f) RAID A PR A . AU g sh 5 KK,

TEERBET, AquaZFS 2 DA SSD 454 B B ] —Fh RAID 5, FLRHE il
BH A, A AP 2 AR 0 AquaZES #4k 44 RAID A%=X, F(f
R HAE Meta Zones BN G A B HEARIER & 19 IERAYE,

RIS XN, AquaZFS DA Zones A Fil & RAID 5EWS, 1] DALEAS I
Zones H i R[] RAID 3%, RAID HHEAE E ALK IE X E A Meta Zones 1, Ffiff
F WAL [t 4 Snapshot fF 5 1) 1E R PE

eI AT RE T, FRATTM AR RAID 24 T Wi, Beas st s il oAb RAID
wi,

1 AJRIGECER . #SEE S RAID, FHEshA5r X RAID

2. AATEH FASIKS) NVME, 5035 AZ A6 A liburing 3647 10 hnEk, 5850 H 24
HE T RE

3. FIf Turner $24LAG L, 7E AquaZFS 573 [FI T B A7) Extent B ##& RAID 124,
SO RGAEL A, PR A H A AU

Zones Allocator
A AquaZFS F1 ExtFS $2 45— Zones ALk 5 .
1. ERE A S RSB AN 7R, 80 BT TR R Ge i i 25 [ e
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2. ARPEDT B, M ANE Zones AR B, K451 Zones 4 iZ e, KM
A, PEEAA
10 1niE
TE AquaFS [1] b2 43t FileSystem $2 OB}, BT 202 F X FileSystem 2 5 1@ B,
FrPART PALE 57 2R 7 T3S AquaFS #RHIAE A,
24 AquaFS BEAEITEM A, A xXNVME H 388 NVME i8R s, FEAK
WS H PSRy s 2, RIS RT A do_uring I,
# AquaFS {5 ] POSIX 4 [, 7] DA{ ] VFS (3 FUSE 4% [, I 7] DA xXNVME
B # io_uring #FT IO M,
EHEEW
XA [ se ] AR ILAER?
1. ¥t 5 ZenFS, RiEM:H®
(a) MRIEBITIRILTEEE S5
(b) 2t RAID TjRE, 0] LABHZS/ AL
2. B ¥a . RAID UJhE

(a) TG R
(b) FATEERIYMTY) RAID 4l

4. BN RAID ThiE, 4R 10 i

3.3 HAX&itX

A28, AR AR I REGRLE S S RI T H ok, Bt AFRAT T 20 R e
EEN G
TERIZERT B, B IEBIBA TR DAL, FATISE LI AquaFs U RGERIATIL

ANTIREF S -
1. AquaFS SC{FZ%: 1 RAIDO , RAIDI, %HE4Hlsesel
2. AquaFS U RGN BE VA SR S
3. AquaFS SUFREGiAH K RAID M, FREBeasilli, JoSAaH 20 s
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TR B, BATRIISE5EE AquaFsS, 5E38 R U AR 3 B2 Nl LSk .

)

. AquaFS X/} &%) RAIDS SEHY

[\

. AquaFS £ %5 RAIDO 1Y io uring JIIi# 521
. AquaFS U RGEHE BT S BIL 5E 35

. AquaFS SUIFRGE b S 3

. AquaFS SUPF 258 RAIDS, G A e i

(O8]

n

9,

4 ZZERWM

FEXTLA_E BT, AT T AquaFS UM RS, AquaFS SCHER GRS BLEE T ZenFS,
FATHE ZenFS [ EER:_EEAT TESONLME, (3 SCRF RAID 20)6E,

4.1 AquaFS 3 HZE%H] RAID K3

RAID &35 TUA R4 4545 (Redundant Array of Independent Disks), B &%
PAFREROR, W 2 MEREA AR, ARG . BEmmEaeiiit.,

MIATHE RAID Jy BRI, B 5eTs S en R 8he . A RF ZNS H111) Zones
HL N RAID BA, TEAEGEHY) RAID 5288 H, RAID BA(ERESL, TAE ZNS 1, RAID H
ST AR RERE, AT DAE Zone, FRATTEEFT DAKF ZNS H1HY Zones ZHZ it RAID B{i,
A DAKF ZNS kR AH 2 A RAID A, AR ZNS H11Y Zones ZHZ i RAID B/ 11
T HFR A4 X RAID, Kf ZNS HH g #4H 2 RAID B0 1 7 PR A 424k RAID,

AB2FRATTRTE BERF T A 1Y Zones #PZHZ AL RAID B[/ IE? #HREHER . TE Zoned
Storage SSD H', Zone 434 T #iFj: Seq Zone Fil Conv Zone, 1400V FHAE o ix
PiFh Zones BT H 35 AWK, EABRIRA—RAT, WIESF Seq Zone Fl Conv Zone
B, WERSE T F45 EL1IXf Conv Zones it & ) DRAM Cache, H&P%{% Seq Zone
MR, PPA, FAOVABERF A B Zones #A LU RAID HA7, 1275 2K Seq Zone
H1 Conv Zone 73 FF2HZH i RAID B,

[T Zone ZETUKy A, ET Zone Y RAID X RE#L 2 B St T3k, 15
HHIF] 241 Zoned Storage SSD HY, A[FEA #Y Zone T Zone K/, HR/NEZA
R, AIPAMB b4 A8 RAID 8, (B2, WRAREES W Zone ZEUARE, P
ZAREE A AN RAID B, FrPA, FRATE FESLBR SR AH RS20 Zone HEH
RAID A7, XARFZEN Zone 4HE 4 RAID BL07 1) S BURFAE S e Fr B - ATIR &, fAl
WHITSE . R FER,
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BRItz Ak, #E ZNS ESEEE RAID if 75 2yt Seq Zones 1) RAID 3% @1, RAID
0 5 RAID 1 2 AHX A 5L, 1 RAID 5. RAID 6 S5 F5 2 AF Seq Zone [ SEI AT A
%) RAID B¥k, X SE LTS RG22 LA Zones WIEBZA7, R IH2$
BAFIR, T2 T RAID 5 B9, HE2ESIT8CRERIRIAR . 7E ZNS _F3cl
RAID 5, RAID 6 SF5ERIMERER K, AT E R FEP Beib TR R .

AT AquaFS [ RAID SE =5 A WiFH: 444 RAID 143X RAID, iX P #f RAID
SEELENFE T, 44k RAID ) RAID B &4, 14X RAID () RAID 5.4/ Zone,

4.1.1 %# RAID BJEI

TEAL S RAID SE A, BN 2 DARESE R 5 EA T8 RAID 245, DARE N H
{7 RAID fgf% 78515 A NGBt 3T Linux AR &S 2R
A L) RAID Zhig, FATHE /S T 44 RAID BILIRE, BEEIF 24> ZNS FLE N
RAID 0, RAID 1 iz,

i ZenFS & —/N&A — it POSIX #: MU RS, HAUR RS T RocksDB,
FRAFRATIIE A e a7 St A Linux _E 3 ORGSR (4 RAID SR S553 ZNS 1) RAID YJjgE,
BT, ZNS A2 Linux AW, WP IHEAXT ZNS 1) RAID Xk, &it
WAL, FATIANAE Linux Kernel P SEELXT ZNS 1) RAID SCRAHHFABLSE, T, &
1IFF2AE ZenFS i ELAY_ 52 RAID Thig,

ZenFS MEHZ G2 LL LR ILANZER

1. RocksDB [} SSTable

2. RocksDB [#) MemTable

3. RocksDB [ WAL

4. RocksDB ) FileSystem

5. ZenFS 1Y ZoneFile

6. ZenFS [ ZoneExtent

7. ZenFS 1Y Record

8. ZenFS i ZonedBlockDeviceBackend
9. libzbd [#¥J ZbdlibBackend

10. Linux Kernel #H ¢ & 5t18
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H A1, RocksDB ] SSTable, MemTable, WAL, FileSystem %[ & RocksDB ] NP 5E
I, ZenFS [ ZoneFile, ZoneExtent, Record. ZonedBlockDeviceBackend #B+& ZenFS [
NHERSEEL, libzbd [ ZbdlibBackend J& ZenFS PYXi} libzbd [Y4% I13#@& B, Linux Kernel £ 5%
F G5 1 /2 libzbd 1125 i P42 7 JH ] Linux Kernel NE)RAIKSIFEF I L, &b
F 4%t Linux 2R 500 R SEBBCR 016 5

ZenFS F1 RocksDB A 37 45 1 5 —Fh a5 =X, i34 ZoneFS ¥ ZNS H1[ Zones
PASCHFBRI B SCAE R G, SRSl SCHF RS 3 DOR RS B . X Ry B 5
AR

1. RocksDB [#) SSTable

2. RocksDB ) MemTable

3. RocksDB 1] WAL

4. RocksDB ] FileSystem

5. ZenFS 1Y ZoneFile

6. ZenFS 1Y) ZoneExtent

7. ZenFS 1Y Record

8. ZenFS HYJ ZonedBlockDeviceBackend
9. ZoneFS 1] ZoneFSBackend

10. Linux Kernel VFS £

BARX AN I Al T ZoneFS X§ ZNS W) Zones DASCHFWU B SO R, (Hig
ZoneFS F Az —ME N SR SE, BAULZ—1KF ZNS H11i Zones DASCIFRYIE 2Bk
SRS RS RS . ZoneFS HOR RS AN, MBS, s S84E, X
FEE S R SRR e 4, T HIA 5 | AT Z W17 10 £, FrCATRATH B de il
1 ZoneFS K523 ZNS 1 RAID HHE.

A1 FEAE ZenFS 1y ZonedBlockDeviceBackend )2 32 ZNS HJ RAID I HE., Zoned-
BlockDeviceBackend J2 & ZenFS AR ISR 2, B4 ZenFS 5 libzbd B{ ZoneFS
ZIAIE 2, ATTRF ZenFS WBHE LS 1 K444 libzbd B ZoneFS M4 525 i

FATTE L 4k K ZonedBlockDeviceBackend > S5 H ZenFS N1 4i#E RAID I fE . Zoned-
BlockDeviceBackend R824k &2 A&l [18 Frw,

AbstractRaidZonedBlockDevice | [} Raid0ZonedBlockDevice .Raid1ZonedBlockDevice
7l RaidCZonedBlockDevice R[I2h4x 3 RAID fy5E8, HHr, Raid0ZonedBlockDevice 523,
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ER4EF):  ZonedBlockDeviceBackendB)FZEE! x
L 4 AZ B . > K B

v # & ZonedBlockDeviceBackend (aquafs)

| 18: ZonedBlockDeviceBackend 4% & 25 K]

T RAID 0 [JThE, RaidlZonedBlockDevice 33 T RAID 1 I EE, RaidCZonedBlock-
Device 3231 T RAID C I g,

RAID C 24171 i XA Fifei 3 RAID 458, ¢33 Zones 1) &SI #1)
SHEBE AL, B Zone AIFH— 1 Zone, SIS ASIAIEISH Zone .
RAID C sz sin i 19 frs.

Raid Zone n
Dev Zone nO | Dev Zone nl | Dev Zone n2 | Dev Zone n3

K 19: 4=7% RAID (IRHER

A (m A4y) W& ESEPREAER) Zones A H—AN K12 % Raid Zone, ¥
P2 PR 5 A Dev Zone n; (0 <i<m), It RAID CHLAAFAEN 2 L2, T —
MBI Zone HIF M, BT REIT KNV A, Hr, Dev Zone n; 73582k HEE i Mi%
#BYEE n A Zone,

RAID 0 #11 RAID 1 {523 51455 RAID 0 #il RAID 1 #9952 BI241el, RAID 0 $5iE
SHEAZNEET, RAID 1 FEHREAZ ST H—14, RAID 0 #1 RAID 1 #5%
PR R 55 RAID C (I [1d) HeA—3k,

g ik £ I RAID O (1 TAERFRAN T 02

1. BR300 T 7 R/ R
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2. XL I —E RN, AR B BRSO, O R A ) PR B IS 2 L
3. B RSh fn A — R A, DT A R A A A mT DA R i 55 Rt , A
i TS
4. MR ESRE, RAID $2 &2 WA SR shds h s e, e eEida
eI BRSR, IR AR A SR L.

RAID 0 £ 5 AR}, RFRFEHRT B AZ MRS, RUTLGEIR AT Block
Size, ZNS W24 /NG A A, W2 Block Size, RAID 0 fEiZE I, A DAY L5 i
K4y EIARIFI) Block Size FIEEE IR, SREXX S REHGIFHEY , HHAIIRZR
EEEM,

MEIFRAT LI, RAID 0 S A 5 %48 RAID 0 —3, XM A LA IL

A,

1 B Ia i 2 0A Zone N AL, AR AR N AL, BS54 RAID 0 fY
Ja B2 B PR — N R B B AN, FATH 2 BRI SR g

Zones,
2. BeEp 4y HAS[E ) Block Size BB, MR &/,

3. BREEZEHAERT, RAID 0 2K 380 K72 #1 M A [F ) Block Size BEE K, 24
JEX X e SR B A Y, FR AR O,

4. RH T Direct IO M# /7%, RI%éid Page Cache, HIEELH XA,
5. R T io_uring i 7 5, BI# ] io_uring /E 720 TO HESE, 215 10 it &,

RAIDO fEHEHES 2 4500 T B s .

] 20: RAIDO % ffa i1 45

DAL RAID 0 5285, HARZ 10 AL~ s .
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int RaidOZonedBlockDevice::Read(char *buf, int size, uint64_t pos,
bool direct) {
#ifndef AQUAFS_RAID_URING
// split read range as blocks
int sz_read = 0;
int r;
while (size > 0) {
auto req_size =
std: :min(size, static_cast<int>(GetBlockSize() - pos % GetBlockSize()));
r = devices_[get_idx_dev(pos)]->Read(buf, req_size, req_pos(pos), direct);
if (r > 0) {
size -= r;
sz_read += r;
buf += r;
pos += r;
} else {
return r;
}
}
return sz_read;
#else
/...
#endif

RG22 R, FIRE K2 10— Block Size B9, SRR Bng K of
3 buf b, BFEERGESE, KRR EE IR kS ' E, T
JEX B T get_idx_dev Al req_pos PRECRPREETT 5 £ A B AT B, X 26 pR IR
SEILAE AbstractRaidZonedBlockDevice )2, DA{HH-F-ZE 0] DA FH HP 5

1E B, FRATRAEEE K 73 FI AN [F ) Block Size BYTEIE K, AJFTHHIKZER
HRN , XM AL, ATDARFREE R 3 2 weae, s setkae. A,
AR S 1A RAID 0 I 2 s Bk, e EFR i, AT 5 0
SCEL T BT uring IR HATIEALAL

5 T35 8%, RAID BFEZMS N Zones S —& T, 2 T RAID [1]
ERRALAHIS RAID Zones, AB2XHX L6415 RAID Zones (145 Fft Zone A 24 2 5]
YERI . 5140, X RAID 0/1 Zone HY B EARAE LY 2447 B3] 3X 1> RAID Zone X W i) fir 47 Dev
Zones; Xf2K—> RAID Zone [Z#HEH4HE, WV i%#%H RAID 25115524 RAID
Zone WA &, RIG TR CHA SR, BJaiTHE L2518 ME. X Zones 1 Close, Finish
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SFEAERYZ I,

L4 RAID 1 I, AT AR AL, BRI RAID HYBRE# 125
FFES, WX 5 i Zone K/, R AT AKFIX £ %5 () Zone ——Xf K,
MR SR RIS Y K ZR . AT RIAT I, e T — 293 ERYIT8

4.1.2 EHE4H X RAID gy

43X RAID 5285 4 4% RAID (S22, (H23RAT7E2 4 Raid Zone FI5E xR
WA Zone Z [N L T —)2ET Zones BYMLG, X LEBliFEH i ZenFS 1) Record H A
MetaZones Y, RFFEREIR SR G0N BB A0 e UM 2R a2 5

I _Esx— 2B 2 5, 4MK RAID B3 HE 24 T sk an el 1 B,

Raid Zone n
Dev Zone a | Dev Zone b | Dev Zone ¢ | Dev Zone d
Dev Zone e

K 21: 43X RAID 8 HEA

Zone Raid n Ay ] b )2 585t B9 AT eS80 Zone XI5, 1M HH A] DAFEAEZ B R #Y
RAID Z WL A,

TERBIE R 1, Dev Zone x 3778 1 AN IR) S ]38 4 A5 £ LW BILAEAEFY Zone,
3%~ Raid Zone #% it &> RAID 1, N Dev Zone a A1 Dev Zone e [ 5} DA RAID 1 4§
P TUA 1N Raid Zone n IHTIY 4> 2 —FEiR AR 55, HAth Dev Zones T34 LT,
5 lR %] RAID C BRI EIR AR 55 . #7iX 1 Raid Zone #{HLE A RAID 0, | Dev
Zone a H1 Dev Zone e ¥ [A I} A RAID 0 #8450 2~ Raid Zone n BT Y 42 — s
PEftiR S5, HAth Dev Zones H T A ML, FfIE#| RAID C 2 AR R 55 .

TRRAASSEI L, BT IR BRI, A2 TR,

MIIRHIBIEIG Z I . {EHH5: RAID Zone HL[¥) Zones T, %] DK H R
FRses, WALk A — s, (B28 THRARMHF A ZNS B de, RATFHZERE
REHE T EUB AR FEI R,

B Zones L5 O@: HTIATRMATBLGZHE, SRR T BIEHEAG N B2 5Lk
(1), & DA Zones A EA 43 HAHY . X0 30T AT LS 75 K AT BB IS Z 1> Zone,, iX
AT ERNTEE G N, T2 51K #I 0 AN AAY) Block Size BTG K, SR P RE
XX SR R A HEY, HREAREN S,

RS ER, 8 I E B EFE T0E B B NS Zones 525 Y 1
*D\%J:
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1

if (static_cast<decltype(zone_sz_)>(size) > zone_sz_) {
// may cross raid zone, split read range as zones
int sz_read = 0;
int r;
while (size > 0) {
auto req_size =
std::min(size, static_cast<int>(zone_sz_ - pos % zone_sz_));
r = Read(buf, req_size, pos, direct);
if (r > 0) {
buf += r;
pos += r;
sz_read += r;
size —-= r;
} else {
return r;
}
}
// flush_zone info();
return sz_read;
} else {
/...

HIERIwEEE. BTN EHEH T ZonedBlockDeviceBackend K SZHLY, 1 Zoned-
BlockDeviceBackend H 2 125, R]DAE libzbd, ZoneFS H: & &5 K sC I 4% RAID,
R T A 1O AR, RATESLHLS X RAID B, R B 5 il 2 libzbd $2{1L
PEAR LS . XAEZJE R AE—2504k, DASCREE 2 i85 im, $27F RAID 251 R
T, QIR ZoneFS X H¥. ¥/ SPDK % Kernel bypass 5 % 5%,

Xt ZenFS BFRAMEOIE: ZenFS fEMMZM RS, X[ %E 1 MetaZones #1714
ffi, 1#id Magic Number #7431 Meta Zones HYR] AL, FIE8E 50 1Y g et
TXHRGNIIG. N T A ZenFS 1) Meta Data 53245, FATABEIZE MetaZones
IHE, ARSI E 4., NI, FRATFEL I X RAID B, FFZEALRIE
MetaZones [JHEAAE, BRRAFMEZEANLE, DGRBS B, Bk,
FATFESE I/ X RAID B, ¥ MetaZones FHETR FIER S 0 776 7 EAR IS R AE T 56—
M b, SEATHLT RSP TR, XA APRIIE ZenFS (AR, #1175 ZenFS
FEM#E Sy X RAID i, A DATEES Nk,

TEA B LSO R ST 1 53 B B -

// create temporal device map: AQUAFS_META_ZONES in the first device is used
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// as meta zones, and marked as RAID _NONE; others are marked as RAID C
for (idx_t idx = 0; idx < AQUAFS_META_ZONES; idx++) {

4 for (size t i = 0; i < nr_dev(); i++)

5 allocator.addMapping(idx * nr_dev() + i, 0, idx * nr_dev() + 1i);
6 allocator.setMappingMode (idx, RaidMode::RAID_NONE) ;

7}

KT ERRA X Z RIS R, RATESHAER TR T — 0 KAl Zon-
eRaidAllocator, H: ] DA HE/r KPP HLT & ZR, PAS A IXAS RAID #25, H 24 0
T

1 Status addMapping(idx_t logical_raid_zone_sub_idx, idx_t physical_device_idx,

2 idx_t physical_zone_idx);
void setMappingMode(idx_t logical_raid_zone_idx, RaidModeItem mode) ;

4 void setMappingMode(idx_t logical_raid_zone_idx, RaidMode mode) ;

6 int getFreeDeviceZone(idx_t device);

7 int getFreeZoneDevice(idx_t device_zone);

8 Status createMapping(idx_t logical_raid_zone_idx);

9 Status createMappingTwice(idx_t logical_raid_zone_idx) ;

10 Status createOneMappingAt(idx_t logical_raid_zone_sub_idx, idx_t device,
" idx_t &zone);

12 void setOffline(idx_t device, idx_t zone);

Foar DASRHEML ¢ ZRnyEify . Hahn, MBR. BEsEohaE, PAKSRME Raid Zone fir 7y
B RAID ZHHATI, S, MHER. Bss6e.

[N, bR AL T setOffline TAE, WIDAYE A BB il By, R i & 19 i f 3
KB Offline IRZS, DA IEEE AL PE

4.1.3 45X RAID #fE4b1E

153 X RAID # A U7 1T, FMTRH 1T 70 X RAID B EAL PR 58, H 325
B, MR AE Ry, RS IR AT 2 X BCE N Offline KA, AR Hrg
(0 D EFTU B S s b, DABRUERAIR il R

M FAERIBE AR BL, Nand Flash 7] _E32 AL 8ds— B &A ECC A gl 4 (I
E5??) , H ZenFS 11i) Record A7 CRC AZHAN, Fr AFRATY A ERE 14 fid A
B0 HURR R Y 52 B MR AT DABRAERY S, B DA, FRATTHESS L7 X RAID #i s AL B, A
B IERPBAR AT S BRI, A T8/ NI ) 58 HE 1E

v/ TR R T
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o) o0 N =) w

10

11

if (r < 0) {
auto status = ScanAndHandleOffline();
if (status.ok()) {
// retry this read
return Read(buf, size, pos, direct);
} else {
Error(logger_, "failed to restore data: %s", status.getState());

return r;
}
}

ScanAndHandleOffline pRZCRFAH 24 Bl A £L A EIRIRAS, IR &AL T Of-
fline RAS, TPREITA 1R 4 X BB i 2 Hofh i 45 1, AR RAID 23 TR KR .

Y HTH TSI T RAID 0 Al RAID 1 W25, FrAERHMY S HF RAID 1 430X
PRI . 4K RAID 1 4 KIGEdE AR —E0, %R —1 Dev Zone, K5¥dE
PRI EHTH Dev Zone I,

4 A B A P R A AN FU RS TR B, FESE FR T S 2 RAID 255, frift—2%
S LG 23 A S A S

LRI T RAIDS LB AL TR 5, RAIDS F2 5 284 40 B T

IR A B zone G B— K zone, FRERIARF e f5— M AS 1Y zone R
RUBEER: zone, W DASEHLE BAMY 44 RAIDS 1248, iXFELE—BR zone H PAEIRIG, ] AF

H—3¢ RAID5 zone H) Hi4r zone #ATHHRK

4.2 AquaFS BJ IO finikscig

fE B, RIS ENH T AquaFS 1) RAID 7%, {H2 i T2 WA,
R IR, R AFEn., FrA, FRATESSH 10 i i, 3
B2 %] RAID Y 10 #AEEATHATI0AL

TEFRATEILZ T, ZenFS 1Y 10 fiAl 252 M RocksDB H1 4k 3K , RocksDB HAJ
DA Direct IOU4! S35 304, DAREGRAEERAE H] P ASHNAZ S Z B 194 D1, H Direct IO
AL BE ] DA F RocksDB 1) PosixFileSystem ¥ #LSC4 R 40 J5 i, 7] AT RocksDB
%) ZenFS S & 55 )5 i .

Direct 10 Iglﬁ/ﬂjﬂﬂﬁﬁiﬂm, R A B 2% v DX BB WIS 3] PO A% S 1) TR AT
Hr, IRESR T8 TE P S RINAZ S Z B R U1, 3853 Direct 10 FT R AT, MK
PRGBS BES AL PSRRI Z W X g, A ZES AN L7
Hr, AR T — B 75 DL

Direct IO [l I BARF I, HFFLAEATH IR, K O_DIRECT Fra&fe ARIH],
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Zanel SRR Zonal B Zone?

Zonel —II—I- Zonal —F Zonel

Check Zonel [— | Check Zone1 [———#] Check Zone2
i1 ¥

[ 22: RAIDS 28 1
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B2, T Direct IO [ FI 75 2L 2 — 2450, WSCm s KR 22 Y R
S5 INFETL R/ IR f%, T DATEff ] Direct 10 B}, S350 525 W 4 N A£G v X il
MR BEVEATXS 55 o BAX 5507 N ] posix_memalign pREOK HITENAF, 14 HISH0
HAI T 1 P A7 R 55 31 24 B 2R 58 P AE TR/ NI REER A

ret = posix_memalign((void**)&buffer, sysconf(_SC_PAGESIZE), phys_sz);

TR, EFATAINE 2%, Direct 10 W LA S B £y 10 ek )5 £, A0fE
FeMTH Ty g, FATHILAGEH fo_uring KANTEE 10 #4F, 1M io_uring 8 A[PA5 Direct
10 FF47,

TEMEE Ty & b, FATHEE T jo_uring 7%, AT Linux R4 EAHZ 10 JiE
J7%, 1 AIO. io_uring, libaio 2, #1E R3 F%.

libaio

async |O&ET, j. posix aio

. io_uring

| sync IOz posix |10 M%

- ‘ kernel natvie IO

linux io

spdk nvme

‘ kernel bypass |10

Kl 23: 10 g J5 %

io_uring +& kernel natvie aio HJ—#f, ‘& 42 Linux Kernel 5.1 iR A~ i1 A —M554% oio_uring
i S8 E RaAT T, Ht T — X 4L E20) ring buffer T A NZ Z [BIR0#E(E, @i
TSI T A B = AL

1. BEGRAESE SN SE PR AFAE N A7 UL 5
2. A T libaio FRAESR A SE AT 55 (A 108 AR L IR T A 5
3. ZBIRA TSI PR, il AR A T 5

io_uring P B AEF B, HFRZHERC SQE | ring buffer 1, A J5551F CQE HJ
A, HTHE RGN, m8Rit, FATESR T jo_uring FERFATHY 10 fmid i %,

H5Z io_uring 7F RocksDB [¥] PosixFileSystem SC{4 R 56 )5 i o B 24 7 SE /) SE 81,
HEEIHEA WS ZenFS i, ZenFS R B4 & H RS ] Direct 10 #17
et T, IATHE ZenFS WU R GG 923 T do_uring B, AT aE—25 Mk
T ZenFS 19 10 #:4E,

R T PR 10 M RCR,, FRATESEHL T 10 #ERg b3, 7EJR M ZenFS
Hr, 10 BB AR RGBS THY, BIERIR 10 #RAEER 2 Bk ER R

49



4

R 10 BAEST WM — AR EESK, ATDAUE—22 32 10 BERReR, JLHZH 10

IERNIE &

N T B 1O BAERIAAL TR, FRATTTE AquaZFS 1SR R S0t S5 B T 10 TR
ERIEI, HRE R AT O — AL BTG K, A5 — IR PR A4S io_uring, AT

ST 10 #AERY AL BE,

T R UL AL R, FRATIOfE ] C++ 20 RPMEREE, WE—2B R T AR I T
FERPFEAR S, FATHRE] T4 C++ LB fo_uring 485 4, Hm st 7 iRz O,
AT LAEMEH ] io_uring, FATRFHALAEE] T AquaFS wr, AT sEBL 7 bAe 66 1

io_uring,

A7 B ] DATERIR SR A R B R B R AR 2, AT DA B AR Read  fAl -

using req_item_t = std::tuple<int, char *, uint64_t, off_t>;

std::vector<req_item_t> requests;

std: :vector<ZbdlibBackend *> bes(nr_dev());
for (decltype(nr_dev()) i = 0; i < nr_dev(); i++) {

#ifdef ROCKSDB_USE_RTTI

bes[i] = dynamic_cast<ZbdlibBackend *>(devices_[i].get());

assert(bes[i] !'= nullptr);

#else

bes[i] = (ZbdlibBackend *) (devices_[i].get());

#endif

}
while (size > 0) {
/] ...

requests.emplace_back(fd, buf, req_size, mapped_pos);

/] ...
by

an s, FATE SE R IO 353K - B2 A /NI 10 153K, KX 2L >R I £R 21| std::vector
. BT ZNS SEERRENLEE, FrCAR] B 10 35 R I AF std::vector H, T TLEE E 10

TR T o

e R 2 10 B 3K G , FUNTRFX SeiE sRIT A — AL EHE K, AR5 — ki

io_uring, WINFI/~:

AL

uio::io_service service;
/...
service.run([&] () -> uio::task<> {
std::vector<uio::task<int>> futures;
for (auto &&req : requests) {
uint8_t flags = 0;
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// read do not need order

// if (req !'= *req_list.second.cend()) flags |= IOSQE_IO_LINK;

futures.emplace_back(service.read(std: :get<0>(req), std::get<i>(req),
std: :get<2>(req), std::get<3>(req),

flags) |
uio::panic_on_err("failed to read!", true));
}
for (auto &&fut : futures) co_await fut;
Y0);

TEVE 261 Read pRECH, FRATE SCOIE T —4 service X5, ARG run 77k
JRBEE, TEVMER T B R SRR A2 E SQE WY, RESER AR CQE BRI, XHK
flags U T35 10 iKY JE M, 41 TOSQE_TO_LINK /5 1% 10 i 3K j&— it A P ity
Kb —#5r . TN 10 W RETLFRY, FroAFRNIATFE A IOSQE_IO_LINK,

EEEREH X E, TR E, BFEET ZNS W FBREE S E 2
PIRZE, GRER:

using req_item_t = std::tuple<char *, uint64_t, off_t>;
// <dev, zone> -> vec<ordered req>

std: :map<std::pair<int, idx_t>, std::vector<req_item_t>> requests;

FATE SR 10 1 RKIL A H Zone JF 547504, SREREA Zone 1Y 10 i
KNP A THEY B JE Ik el SR IR B std:zvector Y, TTFEFEAS 10 K, FK
A B B SR 4 7 A VR B A2

B2, FATE AquaFS H15238 T io_uring Fll C++20 WFERIOCAL, MM ZE—20 s
AquaFS {9 10 #:1E,

4.3 BN Z % ExtFS B0

R TR AquaFS FIPERE, FATIEICEL TR BI U & 48 ExFS,

ExtFS j2— /N ET Ex2 U REMHIB U RS, KA THBIEE AquaZFS
(RITCEE, AnSCARR TR, B SR ToidE . SCH R R BB R4, IRl E AT DA 4E
AquaZFS AL J7, #E RocksDB (k& 4 B K I IHE, AquaFS 1 7o 8is & [FIAEE
K, HEETEE S LA GiB MNAE, FTATRATA] DL SR HAF 6 #E ExtFS Hr, M —
SEFREE B/ AquaFS XF WL IAEE ST o

T I SO RGBS, FRATEI AR LR ZenFS 1E N EMZ%, ArPA24Hl ExtFS
25 I Bxt2 SCOLA, 3645 Bxt2 rev0.0 BRAR, ExtFS [yEAfi Rt b pn, H
inode -3t = anE o
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ELOCE GROUR 0O o ELOCE GROVUR H

Group Data Elock
Descriphors Eitmap

Data Elocks

1 block H blocks 1 block 1 block H blocks H blocks

& 24: ExtFS A5

l

]
(b/4)* + (b/4)?
2Ab/a)+11 I (b/a)+ b/a+12 I l

Indirect
6 I blocks

<«

=+

i_block

4567891011|12

T
Direct Addressing

[ 25: ExtFS inode F-l /5=
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VH[, ExtFS AR )5S Ext2 HAR—3, FEAFHBEH., AihrfrR, 8y
R BRI , K, B TR S RGN ERE R, S RGERR/N,
RO RERWEGAE, FaRI IR ES, AT RA TR HnE
B, MEREGI S EIREGAE ., BaRI O EEG A E ., R R G6 E %,
RO BRI T AR SR oe8ds, WS RN ST . SRR A i s i) 45
B P DI A7t SR s e

1T ZNS 7] PASZ#F Conv Zones, iXt% Zones 5 Seq Zones F:AEAE [R]— /N &,
B LAFRATT 0] DAKF ExtFS A Edi b X35 . inode X85 25 95 %2 i Hb o8 357 IR SR AR E. Conv
Zones 1,

Extd X} T2 R SCFAAER BT R E DAL 2 B 1) Extent 4514, Extent & —FiE4SEHY
B, BEnDATEE A BdmE, bR G 1 B, e m S RGN TERE. TR
ExtFS #1, FATA] ASEEL—FPfEA#LE Seq Zones _Fff) Extent 544, M dE—E4% 5 ExtFS
[P PEBEFIRE 2 %

VH[, ExtFS PSEMIn AT, FATEEA LI ExtES 1) H RS0, Extent 451455,
BUFE R ExtFS f2 3T Rust 15 75 Ml FUSE 4 LSC LR — >4 BAIY) inode SCHFR4GE, HHA
—MNNEPIREHE RS, Al 2L, BB AR 8, 4H] ExtFS
iR AE Y, AR JE2en) TAE P gk—20 5838 ExtFS ik it, ExtFS BAFTE R DA
FEHEFRATO TRl SO RS IWESE,  [RBa] AR E2En TAESR f— At

4.4 AquaFS XHRZHIEREIFSEIRTI

BREW ST, S TR T 2 RS RO T AT e AR [ U Y
SRR

|

db_bench test | Select Param

add data

AguaFs

& 26: AquaTurnner £ GEIH S il
i e 7%, AquaTurnner %5 AEYH S b 38t =340 AU, BRI, Ao 2
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AquaFS, i HIRAECE, WS HESAR, WS HS5 NSRS R FR
v 0 AR (] U R S R

B, AquaFS FREFIHMLGZTT, WERIAFSENEE N oy HRES, ASCh A
PRt B HEPR, KXY B SECE A B AR FE B R A SR G, FEVIR T )5,
JE LB, BRAEMA T B SEEEr,

% &3] AquaFS {E5 RocksDB I FEAE, FEASCH# [ RocksDB 114 izt i A<
db_bench KL ARG R FFIE R, R prometheus VML HRR TR . AEXAMILH,
MRS H AR Fa b (NI E S 40E, BLG Dy e 8 G i 8dE, kT S 8GR
SRR, SEGEBRBIYURTE  E R B R R LS, I AR EE A E
B ZER H ARPE MBI TR A AR B

BT RETENSE, B ETERRKREX YRS EEE

1 [S|
Var(S) = S| Z()’i - w)?
i=1
v g (1)
PI(P) = Var(S) - Z PS:P" Var(S,-p,)

i=1
Xy AR AARE, w @A RPMESE, PIARBURET I ZARTRW,
N E SR (E, RIESREERI R, TR G R R A HARMERIRT
V7 7E, BERAIERTT 2 Var (S) WRE A, XA PI RBGER B ER XS H
MO, POATER—MEMTE LT, LA NI ZRARN,
HR i CPI Rtk R R LS

N S0=0,;.P=p
CPIQIP = p) =Var(Sp-p) = ) —c—Var(So-gip-p)
= Orer 2)

CPI(Q|P = p) = max CPI(Q|P = p:)

Ty E R s e [| R,

ST 5 280, AquaTuner T BEUHARIES SO0 94 AB R S 80 , Wiy
ESHRAE GO BT A 28 1, ARIRE ORI 2 S I R B3, o
SR R L B S I S 8UE T B AT ST B 75 A IR T, % T B SS 4, AquaTunar
2R VO TR O LA F B (0T 7 BT 2 B B M

AquaTuner 1217 B AR ANEYE R 7R o

4.5 EIRt9EiEReg e

N TRt hE i AquaFS (VERE, (EAFEKRECEROMPIR, FRALESEH 1 SIS
B,
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Algorithm 1 AquaTuner S5k FEE L
Input: adjust_param_num, db_bench_data, data in repository

Output: important_params
1: important_params = []

. Select the most important param by PI(param), add to important_params;

[\

3: Fori in adjust_param_num 1:
4: Compute CPI for each param that not in important_params;
5: Select the largest CPI’ s corresonding params to important params;

6: return important_params

INFEER 2 iy, RINFAFSAE S BRG] . — NS, QR H 5 R okt
—EWE, BAZIBEBAIPATET, 2RI T WRAHER
i, WA AR A NN B E R MRS, XN REG M HFL RS, WA
AW E N, BekBZ R, &5 52 SSD FEAR I RTELR 3.

H T ZNS W g —MiIAfER g, AT EAEH B SC— A S S AT R AR
FTL HJZhRE,

I A SE L2 U INTE RAID BLTRIIRZ zone Z (1], ATTHEEA RS LEY—A
BRSNS Y. zone S FIMH FHIRER, [FIBSFERR IR 2Bl zone AU, 264 B IR M I £
/i) RAID zone 2443 BUA R #4750 B

FESI A o AN AR T BB M B e3P B B S5 AR T T B R

dev

:

<Zonel,use_times: 1> l

|
- Y

[ <Zone3,use_times:5>

I
v Y

<Zone1,use_times:6> <Zoneb,use_times: 7>

<Zone2, use_times:2>

Bl 27 BE I A
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Algorithm 2 AquaTuner S0 %
Input: adjust_param_num

Output: recommend_param
data repository <- warm up system and collect data;
2: start db_bench;
db_bench_data = collect data from db_bench;
4: add db_bench_data to data repository;
important_params = Select_Param(adjust_param_num ,db_bench_data, data in reposi-
tory);
6: GP_model = GP_regression(important_params, eb_bench_data, data in repository);
recommend_param = [];
8: For param in history_best_params and important params:
If param is continuous:
10: Try values near the past value, add to recommend_param;
Else if param is discrete:
12: Try values in best params,add to recommend_param;
Target = GP_model.predict(recommend_param);
14: If Target is better:
return recommend_param;

16: return history_best_param,;

5 Rk

5.1 %884 X RAID #&HRF0 10 InEEMR

HH T ZNS M EiCA PR A wl R e & i, FATEA TV PE 407 ZNS SSD #47
Mz, B SN540 512GB, {HZH T P64k SSD B i fEdE# g 2, B N AMA M At
FeBeng, SAEASTEAEIRAR T, FRATVICIEFE RGBS 5, R B4 T
M

TEJLA H T, FAST23 FA—#% 5T ZNS i3 nvmevirt's!, &2l SPDK, 7EH

SEE T NVME I, A5 T ZNS M, BT AFE Linux _FARL ZNS SSD, {H
ERAEM RS R, B ZNS ARISCIE @8, TEEHEMSH, FATTE Github
FART issue, (FURIUAENT HAOAERFLE B, FRATIEL A B 2 7 ) H e T —28, (B
& XCE LI RS B, FRATZR A ik sl ), (FU2 T RRA R, FRATRA T
VAER PRI R Se ) 8, BB FERI 58 rh (8 X MBS

PAF RAID 10 M3 7 H TR ER T B E, BT SSD [ ) LR Al
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B, HAARfAE G2 NAE. BT NAERTTREIR /T SSD, ] DA
WS N AER P T B IR, HATEE SSD By 1) ZE R A s L M iR ,

MRAFAEE A« Intel(R) Core(TM) i7-12700 CPU, N1 40GB 3200MHz; %%k Arch-
linux, Linux WNAZIA 6.3.5-arhcl-1, H1T libzbd, ZoneFS. nvmevirt Z5H0 5 2 LI E Y
WHERA, TeX BLEE—L (] T 558y Linux Kernel mainline,

5.1.1 AquaZFS ¥3E5 i

T AquaZFS E&1EN— a2 74F RocksDB W SRS Z FRY, FrPAR] PAfE
RocksDB 56k H B a2 7 : . Fe A 18 F RocksDB [ db_bench T E. a7, Mi4h
inzk f pR.

%3 BRI

Wi REH Ll % MiEER
4% RAID C 2 aquafs://raidc:dev:nullb0,dev:nullbl SCibUN
473% RAID 0 2 aquafs://raid0:dev:nullb0,dev:nullbl SCibUN
4% RAID 1 2 aquafs://raidl:dev:nullb0,dev:nullbl SCibUN
4% RAID 5 2 aquafs://raid5:dev:nullb0,dev:nullbl SCibUN
43X RAID A 2 aquafs://raida:dev:nullb0,dev:nullbl SGihul

Gkl

aquafs://raida:dev:nullb0,dev:nullbil,
dev:nullb2,dev:nullb3

4% RAID A

db_bench [ T [ i, REEAINATTF BEL

./plugin/aquafs/aquafs
mkfs # QIECH RS
# --raids= WIRTIH T4 EEEE G, XEAEMN AquaFs i) RAID ZhfE
--aux_path=/tmp/aquafs # #§% AquaFS WJHIBIEIRIFAERAS, WP SCHR H & A7
-—force # JHIREA B RG LR

./db_bench
# -—fs_uri= WIERWUTHEEIE G, 7TLAR I RGMAE, T2 AquaFsS [AH KL E:
--benchmarks=fillrandom # F5&MiWi, {#HEENLE IR
--use_direct_io_for_flush_and_compaction # {#iff] Direct IO M3
--use_stderr_info_logger # TFhpifEss it Hd

MR L, BB R s, ik pY. kY. Bd s,
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aquafs mkfs raidc db_bench aquafs raidc
/home/chiro/prograns/rocksdb/build-release/db_bench —fs_uri=aquafs: //raidc:dev:nullb, dev:nullbl —benchmarks=fillrandon --use_direct_io_for_flush_and_compaction —-use_stderr_info_logger
[RAID] RAID Mode: raidc Devices:

[RAID]  /dev/nullb

[RAID]  /dev/nullbl

[RAID] Open(readonly=0, exclusive=1)
[RAID] /dev/nullbd opened, sz=80880808, nr_zones=4f, zone_sz=2008800 blk_sz=200 max_active_zones=8, max_open_zones=d

[RAID] /dev/nullbl opened, sz=80800808, nr_zones=4f, zone_sz=200808 blk_sz=200 max_active_zones=8, max_open_zones=0
[RAID] after Open(): nr_zones=80, zone_sz=2080000 blk_sz=200

AquaF$ initializing

AquaF$ paraneters: block device: raidc:/dev/nullbg, /dev/nullbl, aux filesystem: PosixFileSystem

AquaF$ initializing

Found OK superblock in zone @ seq: 1

Recovered fron zone: 0
Rolling to metazone 1
Superblock sequence 2
Finish threshold 8
Filesysten mount OK
Resetting unused I0 Zones..

Done

Fil

Sum of all files: @ MB of data

&l 28: Kt se B i 1

aquafs mkfs raidc db_bench aquafs raidc

Set seed to 1686048643059687 because —-seed was O
Initializing RocksDB Options from the specified file
Initializing RocksDB Options from command-line flags
Integrated BLobDB: blob cache disabled

Keys: 16 bytes each (+ 0 bytes user-defined timestamp)
Value 168 bytes each (50 bytes after compression)
Entries: 1006000

Prefi © bytes

Keys per prefix: 0

RawSize:  110.6 MB (estinated)

FileSize: 62.9 MB (estinated)

Write rate: @ bytes/second

Read rate: 0 ops/second

Conpression: Snappy

Compression sampling rate: 8

Memtablerep: SkipListFactory

Perf Level: 1

Initializing RocksDB Options from the specified file

Initializing RocksDB Options from command-line flags

Integrated BlobDB: blob cache disabled
DB path: [rocksdbtest/dbbench]
fillrandom 3.169 micros/op 315530 ops/sec 3.169 seconds 1800080 operations;  34.9 MB/s

29 i se Bkt 2
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aquafs mkfs raidc x

&l 30: Kt s BN 3

5.1.2 {EF RAID 0 hEHHES

17T ZenFS FAN SR POSTX MTE A ST R GEVT H)4% 11, Fr DATCVARS Ho 33 Linux
[ VES |, PR ICYAE A Linux (83004 2240 0 12 T2 R G HAE RE o 33X HLE T 0 302
¥, 5 RocksDB fif ] AquaFS SC{FRGUHHFIAU, #f 2wl S FFJH A AquaFsS ) API
SR RE

AN BN S AR, I E RAID 0 HYPEREIIE

LA BASE, AU, SR . RAID 24, FENUA T4
2. BIEESCHE RS, & E RAID 245
3. AE A H A AN KN BEIL A 25 S
4. BEIFTZIR:
(a) 3t aquafs restore ¥FXA S A AquaFS i R 4%

(b) 5T aquats dump KF3CFFM AquaFS SCIF RS FE
(c) J#id std: :hash Fll mdBsum HLELEEH B SCIFANR SO 5 — 2L

5. IHECPIRERT, 15EEE T ]
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aquafs mkfs raidc x test_seq_read_write

AquaFS unmounted

backup —-zbd=nullb@ -—-path=/tmp/aquafs_dump execution duration: 1427ms
- file hash2: 6ad472aa282551d

s dev_num, size/MiB, time_read, time_write, roun
1, 128, 209,
128, 51, 31
128, 198, 106
1, 128, 1467, 1431

HZEAR, BHAE

P 31: RAID O fin# il iz

St 2 ABRIEATIR, 4554 an e B s
HAT B Bm N2 W s

% 4: RAID O i, 5 wisfriery

WEHE XHARNMIB) FEI5iEEE (ms) FIYEEE (ms) AR
1 128 209 114 B> X RAID
4 128 51 31 Z#44L RAID 0
4 128 198 106 %245 X RAID
1 128 1467 1431 ZenFS ERiA

AR, FERA X RAID RUTEILT, BEE TR 20 N PRSI, M
TEZ #L 4 RAID O (TR UL, S TEREA AR TT.

HEE5 ZenFS BELABLS, B KBS T io_uring, P, FHEES
R, PEREA MUERIERTT . BARARTHIR FE W RE R L5 Y Zone B BRI 1 i
fL ZenFS U BE AR NEATHAR K, HILIERER AR

IS ARG X RAID, %3540 IX RAID A7 H RHIMERER T, ZREWRE RS
FATEEHOR, IR 1 S mr R Ay i

M2 %44 RAID 0, dFRMBEEEINET X570 X RAID —2, HaZAEH kS
iy, PR

5.1.3 XHRGEHEHRS MK
M2 4
L. A UL S
2. {fifi] aquafs restore ¥f {5 A AquaFS {2 %E
3. AEERAF 2 AR AIE (%, 15—~ Dev Zone T4k
4. i aquafs dump KF3CPEM AquaFS SCUFRZEIE, WAL HHENSIE # 1L
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5. WEHE A ST AN S 2 A — 2
AR B T Fir -
START () { tigaquatsmiszs |

p—y =

( EE—RloneR ‘\'
L offlinet@iflltfz |
S

Step4
P 32: AR

1] 128 MiB SCPFR/NIEFFIIR, Wi R dn el B3 . ZEMlitrh, AquaFS iy
AN E] T Zone HYLEE, H H M AL Zone FPPRAL T8, 467 7 U RGERY
EACITPTR U

[test_file

visiting offline zone! pos=8, size=100800, wp-start=10800P8, wp=1800080, start=0
[RAID] [WARN] found offline zone: dev 1 zone 0@, raid zone sub 10

[RAID] this mp before handle: [mp-before] raid zone %x: dev 1, zone @; dev 2, zone 0O;

[RAID] [WARN] remove mapping for dev 1 zone O

[RAID] this mp: [mp] raid zone 16: dev 2, zone O; dev 1, zone 336;
[RAID] fine zone: dev=2, zone=0, wp=1000008, start=0
[RAID] restoring data to dev 1 zone 156, sz=1000000, pos=150000000

AquaFS unmounting...

Files:
el 33: Bl s ik
Hep, MRS RAIDO il RAIDS FKE S T IERZE R .

514 XHEZRGHEREMLK

F 1T A A A, 3R] AARAE A4 HT AquaFS MRS, M
T B Ak A

F& A1 Linux pert T EFEFTHERRAT, Forhilsr i A B3 s,

A PAES|, AquaFS HyPEREM S 3 EAET .
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[RAID] [WARN] setting dev 1 zone @ to offline!
setting idx=0 to offline!

backup --raids=raida:dev:nullb@,dev:nullbl,dev:nullb2,dev:nullb3 --path=/tmp/aquafs_dump execution duration: 7@2ms
4c1dod6e3ed64d63aboba31fa64997fb  /tmp/aquafs_test/test file

4c1d946e3e464d63aboba31f464997fb  /tmp/aquafs_dump/test_file

file hash2: e169cc1594b26464

backup --raids=raids:dev:nullbe,dev:nullbl,dev:nullb2,dev:nullb3 --path=/tmp/aquafs_dump execution duration: 25599ms
82111ba68a257a38827163c5e13eBbds  /tmp/aquafs_test/test file

82111ba68a257a38827163c5e13e0bd8  /tmp/aquafs_dump/test file

file hash2: edeb637b26a3fg1s

& 34: RAIDO RAIDS5 %3k & it

* 55K pu_core/c
Children Self Command
main
- test_seq_read_write
aquafs_tools_call

E :aquafs_tool_restore
- 11.40% aquafs: :aquafs_tool_copy_dir
- 11.39% aquafs::aquafs_tool_copy_file
- 11.37% aquafs: :Zone
- 10.85% aquafs:
aquafs: :ZonedWritableFi

- 9.18% 0x7f66ccac6b6f
- 9.18% entry_SYSCALL_64
- do_syscall_64
- 9.00% __do_sys_io_uring_enter
- 7.46% io_submit_sqes

8
6

- 6.8

io_issue_sge
.62% lo_write
- 6.17% blkdev_write_iter
- 6.0 generic_file_write_iter
- 5.78% generic_file_direct_write
- 5.12% __blkdev_direct_I0_async
- 2.23% submit_bio_noacct_nocheck
- 1.95% __submit_bio
- blk_mq_submit_bio
- 1.13% dd_bio_merge
0.82% blk_mq_sched_try_merge
- 1.43% bio_iov_iter_get_pages
- 1.18% iov_iter_get_pages
- __iov_iter_get_pages_alloc
1.03% internal_get_user_pages_fast
_alloc_bioset
mempool_alloc
s kmem_cache_alloc
- 1.51% io_run_task_work
- task_work_run
- 1.50% tctx_task_work
io_submit_flush_completions
- 0.61% io_cqring_event_overflow
% __kmalloc
__kmem_cache_alloc_node
- 0.57% io_req_rw_complete
0.5 fsnotify_parent
- 1.24% 0x7f66ccac6b6f
- entry_SYSCALL_64
- do_syscall_64
do_sys_io_uring_enter
10_cqring_overflow_flush
0.51% 0x7f66cC56ce09
- 6.05% aquafs: :aquafs_tool_backup
- 6.03% aquafs::aquafs_tool_copy_dir
aquafs_tool_copy_file
ZonedSequentialFile::
ositionedRead
ZonedBlockDevice:
:RaideZonedBlockDevice:
- 1.74% 0x7f66ccac6b6f
- entry_SYSCALL_64
- do_syscall_64
- 1.71% __do_sys_io_uring_enter
- 1.68% io_submit_sqes
- 0.90% __io_alloc_req_refill

0.76% kmem_cache_alloc_bulk

[&] 35: perf {LfiE T
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1. entry_SYSCALL 64: 4H[I5AM H NZESH] open, read, write RSN, &
ARG EHMH P SUHBNEZS, SEPEREMI,

2. io_submit_sqes: IEFEffH io_uring PARAETH SCIE, WHEME H 5184 W DAL
gLy, &Y io_uring H—FR - FEng Bl A .

5.1.5  ExtFS IhREFNIEREMK

AT MNAFAT ExtFS (S REEAGTE, FAVEM T AR R G5 RAR T A i

A, X ExtFS gEAT 7 og B RE M, MRS R AN R

$ ./test.sh

Jrffimount, mkdir, touch, ls, read&write, cp, umountilliRiMiz{MIAx THFAMRH -
/home/chiro/os/fuse-ext2/fs/rfs/rfs/tests

A 5] : /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/stages/mount.sh

WX H ] : /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/stages/mkdir.sh
i B : /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/stages/touch.sh
i FH B : /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/stages/1s.sh

N

A ) : /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/stages/remount.sh
W] : /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/stages/rw.sh
WA ] : /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/stages/cp.sh

================================= Finished dev [unoptimized + debuginfol

target(s) in 0.05s
Running ~/home/chiro/os/fuse-ext2/fs/rfs/rfs/target/debug/rfs
--device=/home/chiro/ddriver
-q /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/mnt"

pass: case 1 - mount

pass: case 2.1 - mkdir
/home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/mnt/dir0

pass: case 2.2 - mkdir /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/mnt/dir0/dir0

pass: case 2.3 - mkdir
/home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/mnt/dir0/dir0/dir0

pass: case 2.4 - mkdir /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/mnt/dirl

== ==pass: case 3.1 - touch
/home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/mnt/file0

pass: case 3.2 - touch /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/mnt/filel

pass: case 3.3 - touch /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/mnt/dir0/filel

pass: case 3.4 - touch /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/mnt/dir0/file2

pass: case 3.5 - touch /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/mnt/dirl/file3

pass: case 4.1 - 1s

/home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/mnt/
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&)

pass: case 4.2 - 1ls /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/mnt/dir0
pass: case 4.3 - 1ls /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/mnt/dir0/dirl
pass: case 4.4 - 1ls /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/mnt/dir0/dirl/dir2

——————— Finished dev [unoptimized + debuginfo] target(s)
in 0.06s
Running ~/home/chiro/os/fuse-ext2/fs/rfs/rfs/target/debug/rfs
--device=/home/chiro/ddriver
-q /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/mnt"”
pass: case 5.1 - umount /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/mnt

pass: case 5.2 - check bitmap

------- Finished dev [unoptimized + debuginfo]
target(s) in 0.06s
Running ~/home/chiro/os/fuse-ext2/fs/rfs/rfs/target/debug/rfs
--device=/home/chiro/ddriver
-q /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/mnt"
pass: case 6.1 - write /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/mnt/file0
pass: case 6.2 - read /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/mnt/file0
=======pass: case 7.1 - prepare content of
/home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/mnt/file9
pass: case 7.2 - copy /home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/mnt/file9 to
/home/chiro/os/fuse-ext2/fs/rfs/rfs/tests/mnt/filel0

Score: 34/34
pass: I UA M (34/34)

g dd T H, 7ZEANLAYEE 1TiB SSD _FiFT T 1] B B SO B it .

$ dd if=/dev/random of=mnt/random bs=1MiB count=64

BINT 64+0 Uk T 64+0 HidF67108864 F7 (67 MB, 64 MiB) C.& I, 5.88972
s, 11.4 MB/s

$ dd of=/dev/null if=mnt/random bs=1MiB count=64

HIAT 64+0 HUrEMiE T 64+0 Huilik67108864 FF5 (67 MB, 64 MiB) L&, 0.635838
s, 106 MB/s

(o P S ) AR R T S PRI 4, S 1 Ay 0 SO r A R — [T P R
HEE.

/] KRB RER, I HITIF T 247
Test loop: 1000000, Cache Blks: 512
Finished release [optimized] target(s) in 0.05s

Running “target/release/rfs --format -q -c --cache_size 512 /home/chiro/mnt’
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Time: 30815.510034561157ms BW: 253.52492920733374MB/s
/] RAERERIER , FF B T 547
Test loop: 100000, Cache Blks: O
Finished release [optimized] target(s) in 0.05s
Running “target/release/rfs --format -q /home/chiro/mnt>
Time: 8691.662073135376ms BW: 89.88499477156695MB/s
/1 I TRAUREREAEIR , - H R T 247
Test loop: 1000000, Cache Blks: 512
Finished release [optimized] target(s) in 0.06s
Running “target/release/rfs --format -q --latency -c --cache_size 512
/home/chiro/mnt "
Time: 30927.71863937378ms BW: 252.6051174707074MB/s
/] IV TBRAURERAEIR , I H R T 84
Test loop: 100, Cache Blks: O
Finished release [optimized] target(s) in 0.05s
Running “target/release/rfs --format -q --latency /home/chiro/mnt”

Time: 9035.56513786316ms BW: 0.08646387780728894MB/s

AAER], RMZHFE, SEMERME A A RIE TR M E%f)E, 5%
REAH L T e RIR$E T . ExtFS B Zefs TAE IR HARFE AR, 76 XM T T3 g BEn
GiAF)G, MT Linux A& B P 52t 790, RITEABURERL IR I 0 T T 3h 48
M ZAE, EEHERITFRA TR RZ,

H T ExtFS SE AN S, BT DA ExtES B Bf i AN @ AT H 1 EH 5L, JGaiagksiss &
ExtFS fTIHE,

5.2 AquaTurnner & gE1AS MK

WS HEAT warm_up 138 — 4L H0H B AFHEFREN csv SCEENIE BE B, BEmT
% AquaFS S50, SHUZSBON, 3SR RIR I gc X SEL, HoR/NAK
zone INK/NBEEE, JGE2% JEAERVE SCIF RGBT inode 26 55K,

BESHGAT AquaTuner [ SEURERAR, BMSHEHISE
128
64

SECT_SIZE_PARAM
Z0ONE_SIZE_PARAM

ELE SR DAE B E T A defeonfig PRI,
R R AIH db_bench #4724 5 AR SESE0R B FRfd

pre_throughput

now_throughput
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gc_start_level,gc_slope,gc sleep time,sect size,zone size,finish threshold ,ZBD ABSTRACT TYPE,RAID LEVEL,TARGET
20.0,3.0,10000.0,128.0,16.0,0.0,1.0,1.0,24439451.0
20.0,3.0,10000.0,128.0,32.0,0.0,1.0,1.0,19376528.0
20.0,3.0,10000.0,128.0,64.0,0.0,1.0,1.0,11420074.0
20.0,3.0,10000.0,512.0,16.0,0.0,1.0,1.0,12204121.0
20.0,3.0,10000.0,512.0,32.0,0.0,1.6,1.0,12265685.0
20.0,3.0,10000.0,512.0,64.0,0.0,1.0,1.0,12240659.0
20.0,3.0,10000.0,1024.0,16.0,0.0,1.0,1.0,12245765.0
20.0,3.0,10000.0,1024.0,32.0,0.0,1.0,1.0,12330052.0
20.9,3.0,10000.0,1024.0,64.9,0.08,1.0,1.9,12506591.0
20.0,3.0,10000.0,2048.0,16.2,0.0,1.0,1.0,12472544.0
20.0,3.0,10000.0,2048.0,32.0,0.0,1.0,1.0,12483729.0
20.0,3.0,10000.0,2048.0,64.0,0.08,1.0,1.9,12126323.0
20.0,3.0,10000.0,4096.0,16.08,0.0,1.0,1.0,9386903.0
20.0,3.0,10000.0,4096.0,32.9,0.0,1.0,1.0,18367566.0
20.0,3.0,10000.0,4096.0,64.2,0.0,1.0,1.0,18318972.0

Il 36: IS

for _ in range(1):
SECT_SIZE_PARAM
ZONE_SIZE_PARAM
total_throughput = []

sect_size

zone_size

for i in range(2):
create_null blk(sect_size, zone_size, 0, 64)
os.system(CREATE_TMP_FILE)
throughput_list = execute_adjust_param(2, sect_size, zone_size)
total_throughput = total_throughput + throughput_list
print ("throughput list : {}".format(total_throughput))
remove_null_blk()
print("sect_size:{}".format(sect_size))
print("zone_size:{}".format(zone_size))

pre_throughput = now_throughput

now_throughput = np.average(total_throughput)

RIS R 2, B /o0 zone B, FHAE zone AU, 1525014t
HUAKIMEEZE, PR zone S,

Bl SRS R E PR, A1 AquaFS FUEHEEER nullb0 FI1EA log % 117
HOAF L /tmp/aquafs,

CREATE_TMP_FILE = "mkdir -p /tmp/aquafs ;\
sudo ../build/plugin/aquafs/aquafs mkfs --zbd nullb0 --aux-path /tmp/aquafs"

N

2 J5 M db_bench #H47H8 4y, H TR BERSEIRIZE, B EHENERS
B3 BE T S e 25 S a0 B R

T LEEPHERE TN SE, REENSEUE sect_size, HIKZ zone_size, XFFHH
B B s, O R B Bt 2 ge i A ATk, , BT ARBHE T e S
I Bt LA PR/ zone_size, T RS HLHAARTE I N B £ 8 G B A 24K
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select 2 params
12290430054641.78 9603880918309.021 2686549136332.758
Select 3 param, param name: sect size, var:2686549136332.758
param_set:{} {(128.0,): [0, 1, 2, 15, 16, 17, 18], (512.0,): [3, 4, 5], (1024.0,): [6, 7, 8], (2048.0,): [9, 10, 11], (4096.0,): [12, 13, 14]}
result: [0.0, 0.0, 0.0, 18146151448574.0, 0.9, 0.0, 0.0]
Select 4 param, param name: zone size, cpi:18146151448574.0
Jusr/1ocal /1ib/python3. 16/dist -packages/sklearn/gaussian_process/kernels.py:430: Convergencellarning: The optimal value found for dimension & of parameter ki__constant
value is close to the specified upper bound @.1. Increasing the bound and calling fit again may find a better value.
warnings.warn(
/usr/local/1ib/python3.1@/dist-packages/sklearn/gaussian_process/kernels.py:430: Convergencelarning: The optimal value found for dimension @ of parameter k2 length s
ale is close to the specified upper bound 10.0. Increasing the bound and calling fit again may find a better value.
warnings.warn(

recommend params : gc_start_level 20.0
gc_slope 3.0
gc_sleep_time 10000.0
sect_size 512.0
zone_size 32.0
finish threshold_ 0.0
78D_ABSTRACT_TYPE 1.0
RATD_LEVEL 1.0

Name: @, dtype: float64

throughput 1ist : [12726448, 15157667, 13340572, 13463982]

Destroyed /dev/nullbe

/home/1yt/Desktop/rocksdb2/adjust_param/db_bench_script.py:136: RuntimeWarning: divide by zero encountered in scalar divide
print("Throughput from {} to {}, increase {}".format(pre_throughput, now_throughput, (now_throughput-pre_throughput)/pre_throughput))

Throughput from @ to 13672167.25, increase inf

Kl 37: JEZ M A
AT TR E R, 10X L P R B 13672167.25,
SRR R A HC B R T 0,

512
32

SECT_SIZE_PARAM
ZONE_SIZE_PARAM

B gE RN BY B

select 2 params
13517117452533.777 11740265749014.268 1776851703519.5008
select 3 param, param name: sect size, var:1776851703519.5098
param set:{} {(128.0,): [o, 1, 2, 15, 16, 17, 18], (512.0,): [3, 4, 5, 19, 20, 21, 22], (1024.0,): [6, 7, 8], (2048.0,): [9, 10, 11], (4096.0,): [12, 13, 14]}
result: [0.0, 0.0, 0.0, 18146151448574.0, 0.0, 0.0, 0.0]
Select 4 param, param name: zone_size, cpi:18146151448574.0
/usr/local/1lib/python3.10/dist-packages/sklearn/gaussian_process/kernels.py:43e: ConvergenceWarning: The optimal value found for dimension @ of parameter ki_ constant
value is close to the specified upper bound @.1. Increasing the bound and calling it again may find a better value.
warnings.warn(
/usr/local/1lib/python3.1@/dist-packages/sklearn/gaussian_process/kernels.py:430: ConvergenceWarning: The optimal value found for dimension @ of parameter k2_ length sc
ale is close to the specified upper bound 10.0. Increasing the bound and calling fit again may find a better value.
warnings.warn(

recommend params : gc_start_level 20.0
gc_slope 3.0
gc_sleep time 10000.09
sect_size 512.0
zone_size 32.0
finish_threshold_ 0.0
7BD_ABSTRACT_TYPE 1.0
RAID_LEVEL 1.0

Name: @, dtype: float64

throughput list : [14137453, 13673814, 17429716, 22502218]

Destroyed /dev/nullbe

/home/1yt/Desktop/rocksdb2/adjust_param/db_bench_script.py:136: RuntimeWarning: divide by zero encountered in scalar divide
print("Throughput from {} to {}, increase {}".format(pre throughput, now throughput, (now_throughput-pre throughput)/pre throughput))

Throughput from 0 to 16935800.25, increase inf

el 38: ST R

PR 16935800.25, HHIL T E—KMBLESE, HHEEFRTT 23.87%,

AR RIS R T S 45 AT P BY BT, R RENS AR R4S A TR AL S
HRGESE, NN R &,

Ja SR il & ge R ge MISEL, DA G SO R G0 G XA
inode DA HASHGHAT H S HEE
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db_benchfE#HL. B A3

1 2 3 4

db_benchiif & #

25000000
20000000

[F]

o 15000000

H 10000000

HiT

SLLLELL

1]

niEEHAEE nEEERE

(4 39: HEMREERA 1
6 SESRE

6.1 TIER%LE

FATHEH T AquaFS, —4~DA ZenFS NJREZAIN), E:T Zoned Namespace SSD [t 14
BE. W RN, EEk, M ELE N BB T Flash fERE AR SO RS
AquaFS R B e iett, AREBEHEH, 20l AR IIGE, 615 AquaFS
FITIREE MG, 2 T4e3m iy e,
TEMEHIFEMT B, FRATSEBL T AquaFS i—Sei%.0oIhfg, 4.
o BB S
1. SR SCO, SEER T Rk S b T B S U R
2. EPXPU RIS B S, LT SRR A
« BHesh S5 X RAID
1. 528 T 44% RAID izl 1) RAIDO. RAID1. RAID-C
2. 43X RAID Bl HuHE M G5 PR 5L P
3. 43X RAID 7S RAID &8 5291
4. 43X RAID Fida st i Ab BN S e 2

o 10 JGHESEPL . LI T Direct IO + io_uring + C++ P2 5 P fE 10 hniE
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* ExtFS Hilh X R4
SR SE LYY 50%,

TSt

BCERGE T A TLERIEN B TAE B, AFEACR AT, I oo, ngar
No FTHIATECN & AERA TN i B RIS, LE AN rocksdb ., liburing4epp Y5 46
g,

%5 AU AT ST

KEE EFAi5 A RRXHE FnTE MBERITE 2EBUTH
aquafs-plugin : RocksDB ##i{}: AquaZFS 620 55,798 21,542 34,256
AquaZFS : {157, ZenFS F4FH 236 33,359 1261 32,098
adjust_param : £ BEJH SR B 50 1955 135 1820

docs : 7E£E Markdown SCRY X 3k 243 3290 694 2596
paper : ] 5E 4% ARAR A 125 2895 252 2643
AquaFS : B/~ Z S 1t submodule H#4A 55 1904 126 1778
rocksdb : L &I ABEHSEL 92 131 80 51
liburing4cpp : i C++ P2 io_uring 1 1 1 0

nvmevirt : i ZNS [ & 2 2 2

6.2 EIFTRINAKRK

TERIBERT B, FAME4ST AquaFs 1B 5L BLEi o SE 8 1 I ATE A 2R AL
AL

o EINERE: ZenFS F L WA ZEFEER), 1M AquaFS i eEH 2. Feen ks
S AR T BRAL K, H4h, AquaFS iR m] DLl SCE RS 4 . SUERSE
BEBArE . inode A7) AR T HA GBAL KT o

« EinRE: ZenFS 75 NLRZ TR, (H2X % WA B REIR IR TTEA
ROLXE, i AquaFS g RAID 8577 A& Tt 1414 Zones 1Y% 4 4=t

s EINS: ZenFS {UA Direct IO #5, 1 AquaFS 3 ¥¥F io_uring %5 & =30 F5
10 i,

T T% AEA 1S5 T AquaFS AT ZenFS BARS, ik i Se
B LB A QR A E B DA ILA
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« ERH=ET iZ: ZenFS {UE M THMEFFRIE AL /S 17 ZNS ¥4, 1 AquaFS 1] DA
T E A SO R G AN T SO 1 A 28 T S IR R

* EMRE: ZenFS thTHMHMBEA A, HAH LZHAFERCREE, 1M AquaFS
ALAEE AR SR MG S ARG T AR T H SE R, A B A R
Y 37 SR SR

N T SRR A, BT IS S U R B Beak ek 55 17, 52 AquaFS 4R Y
fE, LI
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