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TEZAEBRAE RGM D, HIE o (Zmie) - 8 (%) - = ()" 3 MR IR K.
T8 3 NER AR KB S M A B A A7 At 75 K. i U B 2 2 30 B VAR o AL A S i AL SR e, e
170t R0 B AR P A R & lC 1, 7R3/ 22 (AT DA 25 B A7 i B A SR /0 Kb 3, 6 /2 V2 A2 B
RIS SEFISC I MEFR 5K . BAT IR L 77 S8 RAE F TR ISR RG ALl . b SEI M A7 . SR, X
TG Gt fige R 07 SRAFAE T 2 Bhik, HE LA 22 EE e /R oK.

T [ 5m Ul Y Z5 M B R TR 1.

(1) I/O JBORM™H. i bR S5 M B & BT e & AR AR, BT ™ E A5/ fa
tH (input/output, I/O) HOK, XAMXPEAR 747 A H 26, i04af 1 B 73 . HES AR 1/0
AR, 1 ROKETURTTAY, Toiki Rz £ 1/0 IR K.

(2) BEAFRRUEZ IR, Zom i sk BHURA IR, H& M BEZER L. W2 [REH R ERMH TR, 7
AL R B A A Th R, AT, IR WA R G sk Z BB 250, — A B SR E A7 R GoxE DA
TERCE) /N | ARTAE B i 0 B4, B+ B I B AR 45 N A

(3) BLFI T R FE. ANFNZAE N FIFE— Bk T K77 TH R A 2R, 0%, SR 55— B SRmg v] BRI
TEPF RIS A IR mr It B, T SE SR ) — B R 2 BE, AR ERERE. T A um i IR IR, A7
fifi R G0 HL ARG I — B L], DLEE T V2 AE S 75 K I RN, e/ M BRI FE I3 = It e

H a8/ = M S L B R 6.

(4) BEAEAS KU, S PERE B A7 % 1% %, W NVMe SSD (nonvolatile memory express solid state
disk) Al PM (persistent memory) AR AFM K 7B AENL. EA A SR AR AFR-, Ebin NVMe
SSD SZFFHIE 64k A 1/0 BAF, BRI L RABIGR L ik 64k, PM A& ATH% 717 T HEAT B4 4 8 1K) 2% i
Rt SR, BEA BIAE R GATAT BN T B (5 RE B B AP B OB o sk, S BUE K B
170 RGBS B AR AT LI, JoVE 78 70 AR 1) 4 08 .

(5) BAFRRTUAR. XTS5 M B R A7 i, 1% G HE S sV AR B BR 2 AE 1A R G PERERITE L
ST, X TR Z A FON AR R EIR, 1/0 B4 b B 2 A 51, X AE 15 H AT 84 ]
DA 2. SR, 320/ 2= O & BT AP A R A AE A B3R Oy T HE AR TT, JE H A AR
N R R I SRR R R AR BB LR, an SRAT SR S AT T4, TG 78 40 B IRORT B A7 A B 4 1)
VERETE 71, Bl R GUME DL 232 A6 N FH AR IR IS S R S 12 75 K

AL G R T7 S TCIE RV AE S5 N AR 75 5K, AR M ATz R E R G AE SRR R &
P, GREFEE I - - =7 RZAETH YR, TT R KRG R A EILH BT, A SChR R AR
kR GE, DSTZAEBRATE R G O E BE, MBS 5™ M 52 PR PRy i 00 40 e 37 78 v 28 A 180 5 0
) ZMPRA I S AT RN 73 B

AT 2 WAL R SR R P AT R BB 2 S5 E 3 iz AR T B A AR R AE &
GUHT R oK, g HMIZEBRIE RENEEATLR, N A T Bt 7R XiU0s Bl 58 4 45 &iH T1EZ
TETHEI T, DA S AL ) =GR ATF# TT RAFAE R 2 IR 28 5 T3 T A2 AR B VR RGE
JRAFRAFAE R G, FE SN ) =PI 7 RN A FL AR AR 3. de i, R A SCREAT Sl 45 0 R B R
KK e

2 HENRGLXRLE

BB R R G LR R R, KRB 7 RN R AR, AN RIPLTH SR A AR AR
MBI HEIA, IR 91907 & BN RRES. BRI TR LI REZ —, 176k
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TR AAE A B TR T SR . — R AU RE 37 AR AT R P I A6 1 2 AN W I IR 20
JONAS RIS AR I TR, FHRLHL, AFE AR Z DT T AW A R ST, L b 325 e i s A4 3
B LENHAZETER. BTk, AR 1 BB RS S A06 R R 0 F B

1956 SE7E IBM 704 LSEHLA) GM-NAA 1/0 2t B3 1 DNANERIE RS, 25 1 AN Al
MHEALERERAE R G, SO TSNS E S B, [FAE, ABREE 1 GRERLIRShER i, BT {76 5 MB
Kl AR EIL R 10 kB/s, X 3R RS AF T ARRIBR. Z BT SR A B R B X R s B A
TR, B AR AT HE %38 I A7 i R 5

1964 4, IBM KAii | System/360 FRFIHIKEML, Bl OS/360 RYIERAE RS, [FK I, IBM KA
T RIS S RE AL RSB, AR R RGO T NSRS R G O e S KR EAUERE R 5
BEMZK. 5ETEWRA RGN, EHAHCR S R, R —Hid sk ES, R
BRI NSB LA SR A BT . 3% b S 2 0 ST 22 Gt I S AT DR T I sy 28 25000 P v P 2 e AR B v
(R e AR T — ARG 0BT R

Unix &IHT 20 thad 70 SR Multics TH W, R R], 26513 & R TE 508, i 1BM #E
HH BRI ERRE A, Rl G /R A R MR T R T KR IA766 R 40, 40 RT-11 file system Al CP/M file
system. 20 40 60 FEAK ~ 70 FFARY), 5B 10171287 7] b3t GO — DL T S0 R A AL
PEPEE B RS, 1974 4, IBM #EHH T System R, M/ 1979 4F, 25 1 M dLAR ¢ R & Oracle
Release 1 #EA=, FH4RALRETH SQL.

20 42 80 FAITLR, IBM PC HEL AR EAE N NTHERARHTEK. Microsoft ) DOS/Windows
£, Unix 288 Linux PA& Apple A8 ) macOS BN TR PC St#RfE R4 7). (R0 75 205
KR FEEWET R, CD/DVD, Al ahE AT 163 BN N TR, RN, Wil h IR 2 4
SHUEBLAL A R SE, W0 FatFs, NTFS il EXT R R S, EX— AR, T4 H 454t EdE 17
T HI9¢ R A5, DB2, PostgreSQL, MySQL &4y 4y & F 1 ik 4.

2000 ELUG, THENL AN BIRS S TERAR, 10S Al A BRI 5 7 . X KRR
RG] LLVE 2 Unix, fEAZOHR EIRSEmPER, S E 5 v it AR IIFE. B 20 R
NOR F1 NAND flash [A]tH PR, DL flash J9%0 B 25 RS B 1T 000 32300, TR0 IV 3 LR F 22 0t
INAEARAL I AEAE R 45, I JFFS2 A1 F2FS B, 3k 21 40, 3556 RMER B NoSQL JFUA#4T, 2011 4F,
454 SQL Al NoSQL 1 NewSQL M th 46 H .

N 2020 4, — ANV EHBZ AR TR R R 2ok W TR 2 AR TR 5
T, WE YUE —RBHBRIERS, BN “ZIERIERR Bl ZERER G — 7 ZEH &4
& X HNBNASIERC A /7 A BRI & (10 A7 B &, 9 — 5T, B NVMe SSDY F1 PM?) S5 AL
REAEAE VL AW BN 00, 2 AR RS o B UG AR bR, 45 & R84 Pk DURBS RO E RE T8
77, F AT RIG IS AS TTIEELRE 71, LA 72 76 N 137 7 K.

3 HBEAHNIRMEZETENRERS

ZAETHE ) SORREE B, AR BN AN ATHEE . Bahit 2 Ja BB R o S, R
B TIMBTA S ZEMEA . RGEE R THEIZ AR 4 DNEEARRE O ANIIRE & R AT SRR
SIOE T REHLAR GRS S5 51T 8 BRSBTS T RRIERGOCE LS TR

1) NVM Express Overview. http://www.nvmexpress.org/nvmexpressoverview/.
2) Intel Corporation. http://pmem.io/.
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Application layer [ Ubiquitous applications
Application-level Smart medical TloT Smart logistics Smart agriculture
service layer framework framework framework framework ’
System-level C/C++ Real-time Media Security
service layer standard library database library mechanism
Kernel 1 Kernel abstraction layer Hardware abstraction layer
Wi
ermet fayer (RT-Thread, FreeRTOS, NuttX, ...) ¥
Hardware layer [ Massive heterogeneous devices
/

1 ZERERZERISMN
Figure 1 Architecture of UOS

i RAR5E, 5ILFRR AR T — R P H I S 5Bk
3.1 ZEHRERS

L HTHRAE RS LU 2 AR S B AETH R IR 22 L i S R L FRRZREVERI SR
FE W BART S, A HRERAHIGE 3 NG, —RIE “= — 1 - w” 5% N BB ERMZIE
MBI E BT HAFAEAN B I BRAE R EARM R ™ 5, ANREW TR B2 R AE T
HIRES, =R TIERDN IO F 22 nl S8k, Bk, A BB G2 fETHE I sk, «otig” —3
WBERIE R B

M7 HAZAE “Toward ubiquitous operating systems: a software-defined perspective” 3] F1g HiiZ
FERAE RGOS, IR A AUV R B2 AR T AR RGUR R B Z 7 W AR, B &
St AR, 2 AR AE R G0N BRI A U A B S, BB B AL TR R . AR E RS
AW EARRE D) A2 TR E, RIAT ARR S B FH AR R AN 1 2% (1) B2 R D AT RGBT LA e AN [T %
FXRAE RGEHIEOR. BH N2 S LI R 22 A R T B, REZAERIE RS EATLE.
K 1 R T2 A BRAE R G RN, Horp, R R A = N IFER RS, R ARM,
RISC-V, x86 4 LR REH; WAZZ R 2 Wz, WIZINRZE 5057 5 il 2 % 22 53 01 SCRFR 3
M AU & B UEAE DUBEAT E H L, RAERIRSGT R RGBS, B C/C++ WRlEE. B
B PEAE; B GRS J2 0 A TR s B 3 55 0 RO e HE SR, BRan i ) BT L B RED
MG SHIESE, 22 BN LR AN R BEIR S . RGBS E AN FIR S 2 N 38 72 v
BAL R, HA& AT BT

XAy R IR A T UGB IS MINIX®). MINIX /24 38R A 28 i B4 R 48, o,
MINIX3 #ALUNNZE . &R E . MSHEBEMBHE, & Z3047 58 CUWHRZIEE. Android
WRA T 0 EAM R AR B R KK Linux W Zo0RE. MARTFEREMNEZ. &
A F HEH A Fushsia OSY, & T Zircon, Garnet, Peridot fll Topaz 4 NZEIX. E WK AlLIOSY F1

3) Andrew Stuart Tanenbaum. https://minix3.org/.
4) Google. https://fuchsia-china.com/.
5) Alibaba. https://www.alios.cn/.
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HarmonyOS® 254 S EAE R G AR IEIE /0 2 I L

73 R R SRS P 7 TR 5K S BONIZ AR BRE RGN HEATERS. B, Wik ERE TR B
i R A, REREE MCAS R SR AR R U, 2 2RI ThRET oK, FLk, RN FHAE T E R4t
— RS, ATLLGERG T R R ZE e, AT S A IR L (ARG

3.2 XiUOS: —&mE A8 Mz FEIRIER S

XiUOS -9 ZAFE 3.1 /NPT 2 B ) — N I RARER, B0 — K ) ALK (industrial
Internet of Things, I1oT) N7 IZ fEEAE R 4. XiUOS B &WAE)Z . WiZ)ZE . HEZRZEFNHZE. il
PHZEEEAA TN SR BEAS | (LIRS . JB(E SN H &5 B0 B, I HOX Se W B8 AR 2 1R AR A
Beeset, T LA (5 AR A 8 ST AR A AR 0 22 R AR R B RO TT  R G B )
BE, SCHRAARYE N 7 5 e 4 SRR RE U AT E I WAL . RGPS AR E St 7o T A 3tk
RGO, BL45 C/CH+ AR . R SUNEIEE . e RS, TAYIRM N HHER)ZZ Xiuos
D, B8« Bk, AL 3587 4 MR P

o E[HIEA]. XiUOS HfLBAEZLSR At 1Al H T [0 ) B i i AR 7. A T LA (5 hxt
PR IRER AR AT AT, REEE B, LR RO IRE W% 5.

o ZAEHIK. XiUOS SCHFHT A H AL L, Witk 1 5 AN [ 2 A 3.

o SEEFIAAL. XiUOS $24t N L2 A8 (artificial intelligence, AT) STVEMNIEME . Y AT 5|35 S FF
FET s I B AT 58 B BE 2 A AR, D9 P SRR Al . 5 B ) M A RE T 6.

o FEEFEH]. XiUOS FRALXS 2 B AL = ¥ ad « TLMb A% il 28 4 120 2 S I M 42 FORG fE 42 )

ERHE, XiUOS 52 AMMLIET T &1E, SArfEpuN iR L X 24 Tk Al N A, Witk
IS A e et A BR A W 5L T XiUOS FE AFF A AR B Ao 1 8 e A B 8 & 4t )

4 HEENZEDROEMNBIRFE

IR & BRZAETH IR BN A & AR T S s R, 7 E SRRz AR T R E R 4
Mz AR R G, DLA RCE PG B R B, R AT T SR R 2 R, AR PR
ERRAE RGN — D% 0 UI6e, B 2 IR TGS BAEIZ AE A E R EEM T 1 Or, W] B 102 7E 454
Rtz sEtil. SRR T IE AR R, S TEEAE RGUR R D E L.

TEZAEAE R G, WA < (Zomid) - U (%) - = (&) 3 NMERKAFE T
K. Hd KR — A PSS . 28 . RAM (random access memory)+ ROM (read-only
memory). non-volatile storage (4 flash-based device) LA R A7 T AMEBEEF I T EAL”; 1Dl =
Ui PRI 55 s A B Ty, B BEURAE N 784, T DATC B R A B (40, NVMe SSD, PM 4§) LAk
AETEREFE T K. 12 3 NEH LI KRB S EIE (RIZIRTUE AR BT ikl 5L
T 7 N LR EE. BBk B b B0l sk . TR ER b ) I P 2005 55) BOAAAE RR oK. AT Ik
Ti BRAEFARM A RGBS, AT, FEZERIE RS T, LS A 1 B8
AR TT SRAFAE 1/0 TEORPZ . RGARR I K AR TURSE 10 B, Joiim vz 78 8 H I A0 75 K
I T DATED [0 T 058 7% At 52 R P i A0 60 0 2 v P A i B0 45 3L/ = PN 3 S EAT IR N 20 M

6) HUAWEIL. https://developer.harmonyos.com/.
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Ubiquitous | |
o || APP1 APP2 APP3 APP4 APPS
applications | |

Scenario } Smart medical IloT Smart logistics }
framework | framework framework framework I
L - - - - - - - - - - - . _ _ _ _ _ _ _ _ ___ __ ___________ J
I |
I |
Resource | Storage resources ‘ ‘ Computational resources ‘ ‘ Network resources ‘ I
management | I
,,,,,,,,,,,,,,,,,,,,
|
Ubiquitous | . . .
. | Ubiquitous hardware platform for end-edge-cloud
devices |

2 ZERFRFFMTHEHEREN

Figure 2 Storage management positioning in the architecture of UOS

Applications

Database (e.g., SQLite)

File system (e.g., EXT4, F2FS)

Block I/0 layer

Y Y Y Y )
N N AN AN

Device driver layer

Flash translation layer (FTL)
Flash memory (e.g., SLC, MLC, TLC)

B 3 AR RZFHERLBIRFREK

Figure 3 Structured storage stack of embedded devices

4.1  EERN SN IEF

TE NN R G Nz AR TE R 50T, T v s (00 %) 465+ A0 50 8 B T I o v 2 kR, — D7 T, 2o i
H BT E . T R R, XA I TR T 52 2 PR B BRI, AN R 2 1A B SR AN
RRASAMIE, (A7 B0 % S 2AREG N 3491 55— T, V2 76 N 23U N 2 A0 4
R LA B I AT AT B, i R B AN PR TR SRR IS B IR . 32 R SR, A S i
AEARREAE V2% TR A, AR Z0 A D e S 0] ) 7k 20 AP e T s PR Bk .

LU — R AL T INAE &, W2 2807 R (secure digital card, SD card) Al H INAFA7EAE
(universal flash storage, UFS), #HTIKIHFE . 3£ 5 R MEREHEALiE 10, T4 FE R F AR T I EE, ©A]
T A D B NAR S F AR FRIG AR RAM D01 ge ok [AAE A S5 A TE 08 (R A ) R (1 )
FHICHBAFRIRMIES (programming/erase, P/E) #AE, IR — NG R ICEAH IR A, N
IR B S B BRIN,, TGV vl SEAE A B RS, TR, 1 B K INAE IS FH 2 i, A 0 d KR
JE g 1/0 UK.

I/0 MARME. W 3 FiR, IWAEZ b4 a HES 10— R YVAT A s 1 S 15 % (0 235 4 A0 B4 A7 i
Fe. N T iR A g IR T AR A R, BB AHEAAAEAR AN R )2 AT T IR, bhinfE 2k
e JZ 10121 gk R4 )2 M08 AR SCIAR T SQLite 78 3 FPIfAT IS RSE (EXT4, FatFs 1
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2 Block layer

EXT4-rollback

;I File system layer
FatFs-rollback
T

FatFs-wal

[ IsqQLite layer

F2FS-rollback

Bandwidth (MB/s)
(e e A I Y =)
Bandwidth (MB/s)
S = N W s N
Bandwidth (MB/s)
S = D W s N

Insert Update Insert Update

Insert Update

Bandwidth (MB/s)
S = N0 W s N

Insert Update

Bandwidth (MB/s)
S = N0 W s O

4 I/0 g1z LI IRIRER
Figure 4 Bandwidth tracing on the I/O path

Insert Update

F2FS-wal

Bandwidth (MB/s)
S = N W B N

Insert Update

o ) @ fsync(...) @ commit(...) @ fsync(...)
Application execution |
/* @ writes to the SQLite log file */
write(db-journal_fd, ...); X X
I .db-journal
/* @ commit the log file to file system */ db
fsync(db-journal_fd); ~ @ vrite(..)
/* @ commit log write to log file */ X 6 @ write(.)
commit(...); é
= 1y
/* @ writes to the SQLite database file */
write(db_fd, ...); EXT4 Journal
/* @ commit the database to file system */
fsync(db_fd);

5 (MERFE) mARERERNR 1/0

Figure 5 (Color online) Block I/O accesses in the insert operation

F2FS) TR S rERE M. i 4 foR, FEPATHA AR, Wk T SQLite 2 U RGRMBUZ
H. SYUZMLL, S RGZHK T 10.9%~48.6% KT T8, MAGE B Z X T30 RG Z 8 — 540
KT 61.7%~78.8% WM T8, F b, AR RS, MR X2 LR, FAEEZ RS
BB, TR S TR, BE—2, AT IS IR RO P S S R R NS, EE R T —
TSRS IK) T 2R ERER SQLite Fili NFRAEIIEIAE SRR £ K AR 1/0. Wild 5 o, wr BOWLE 21K 2
AN SRAERT INAE A T 9 IRBR 1/0. BRKI, 2 2R FE 7™ ERK 1/0 JBOK, XA
I 7 Al SEA A, SRR T INAF A . HEB U RRAEAS 1/0 BRARIRA, 1 BOK R TUARITAE, Toik i
SEIZ AR XS 1/0 B R 75 R

TR SRR PR, 2 v # ( BT A% B2 PR, AN Rl BE % Z TR SRR 22 AR OK, Bl RAM. A &
MJL MB 2| GB A5, JLah, fE4FE M 73 H, W2 RN NR G Z AT U s R S AL L T e,
DL 2 SEPR TR, AR, AT AU RS BB, 176 AR 4 P O SE SL D REAE S L8 i T
RER AL B, XA E A R GEAEH T/ N AR DI FE R BN B &, M0 H T+ 2% B g stk
ARAF IR A, 75 BT KR5S R EA R H Sl

RERFEKRZHE. AR R AE N HAE—BUE TR R I AAAE 2R, P AN £ — e ) — 2k
TG ] TP A 1B DL — SOk UL, SR AR 85 ) — S SREms 2 BRARRE 1 SR UV AR RS Itk e, AR,
S K] — SOV ORUE I 75 2258 2 B BRSO T AT REAAEVE BE. A0 R 40 i 2L % G I — ZhEmLI, B
P AR ANFNZAE R (1 — B RE R AT 52 , R ERFR IR AR S = T RE.

BEXNZ AEHRAE FR G0 1 RF A DS S O A7 8 28 B TETI A PR, Fan 4% 041 4@ T LUNAR, —4
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CPU

registers
& ~0.1 ns

CPU caches
(L1,L2,L3)
1~10 ns
' : / DDR DRAM \ 40-100 s
*Non-volatile storage =~ ===eeecccfeccen
*Load/Store instruction / Persistent memory \
<l us
*Cache line posegfecee-
/ NVMe SSD \ 1250 s
¢ Non-volatile storage
/ SAS/SATA SSD \ 50~300 ps
Hard disk drives (HDD) \ 10 ms
Tape
P \ ~100 ms

6 FhitRREN
Figure 6 Storage hierarchy

« Volatile storage
¢ Load/Store instruction
e Cache line

«1/0 instruction
*Block

LR & VT R AR R AP 51 %, B RA W 4 ANETE (BTHET L 5.0 /) (1) BEvb.
LUNAR i 5 8088 PEASCA R SEIL 15 R kvdent. B3 17U R, B RS FIEERSS
F, FIBR AL T SQL 2R APL LUNAR FEIK T 1/0 UK, s 7 SeFI A=, 924t T340 1/0
AT (2) fEf=AL. T LUNAR MEAE AR Z IR (& WR3) < I, LUNAR i S G108 1 B
Pyl R )1, FRVPBTT m R A SR AN oy B As, DAIE NG UG A . B, LUNAR R T —
FHT AR B ENAEAE AT R, 5 R T AN R R B i v i X, DAPRARPERE. BbAh, BAH T 28 K/
IR B8 R D D AEAE B ) B/ RAM A T/0 i S8 IR 2%, (3) Bibfk. LUNAR KA T b1
i FARHL, LUNAR B4 3 M8 FEABIE . RGN R B, AR Ik, &
RAFAE T B Z 0, $2HE 7RGV T NI AAAEThRe. FEABIHA 56 & FEAEF A, vl DUR G b
NEYEA BRI 0 8. RANNBTON KRG A RIS, tbHh, SR mT DU STk #3841
i, LUNAR RSk 50T, o] DU B 5595 A BR B om s 4, A B TR A ey g, (4) R
TP ity I 1R A I TR R AR A2 PR, AN RN AR I X — B0 () 7R SR AN R AR [F]. LUNAR 75 SR #E R0
— B (RAT RS, — R U, B — B e AR B B SR TE AR AN S A R BE. LUNAR #2434
RIG M — SR, TR0 22 N I — B 7R SRR~ , RERK IR R st e,

4.2 HEEL/ MBS EIEEE

) M R 55 2 B AR 7y, BEAF BRSO TE AR, T DAC BB AR A7 Aol B0 7 DA A2 e VE REAF ik 75
K. BEEAEBORNERE, B 5 RYE B & 120 B AL S A B &, OB &6k
I EREA. WK 6 Fros, NVMe SSD A1 PM ) [y BUEAN 1 AF il 4 8. ASCR AR B & 4% 18 5
RMEGE, TSR R 5 RANEARAE RN AR 5 SR ARG, PM SR T 5 RANEE 5 Je 1043 TR 2k, $2 IR I8 432K,
UL N AP AP IRD AT, 3R 2 XPLE T AN EAF Al e & I PR AN BRRFAIE. 7
RAREAF B AN A JR D9 T (P2 AE 3R 2R B8 OB A7 Al s o BT IOLIE, RN IR I TR sk, — 75,
s BB A F AT B2 9T 8 H A AOAF A PERESRSN, 53— T, AP BRI = B AL I AL B, [ &5 & Al
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Table 2 Performance comparison of storage devices

Characteristic DRAM NVDIMM-N  Optane DC PM PCM NVMe SSD  SAS SSD Disk
Read latency (ns) 55 55 70 48 2 x 104 10° 3 x 108
Write latency (ns) 55 55 150 160 2 x 104 3 x 10° 7 x 10
Power consumption = Medium Medium Medium Medium Medium High Very high

Non-volatile X v v v v v v

Host

Admin queue I/O‘queue

@ ©@ QO &
A

1. Get command 3. Add completion
/ information

/ /

> 4. Generate interrupt request

2. Process the request

NVMe controller

B 7 NVMe ##% 1/0 A%
Figure 7 Multiple I/O queues in NVMe

PEIRAE DURSESL B0 0. 5 TR, ASCE Se il ) = M BUAE A A (R s, R 20 M BT 77 fik
B BT I Bk

4.2.1 HBIGHEH

(1) NVMe SSD. JE5) Rk AF EHLIE S5 8: RE (NVMe) & 04 I E LI 888 1 il
RERG PR AL IR 5 A AB B & B 28T 1D . NVMe BRSO AR S S B 32015 0 A 18 4% 1) i £
B REREAT TR, kT R T SRR TR A AR

NVMe PhsCRIE St i F TR i 2 E AL B 2332 11 (advanced host controller interface, AHCT)
WEEEZ AR, HAZOETIFIRERE. NVMe WSR2 MNEER 1/0 B, DR & B A2
4T P, BABEGR 2 il LLE B 64k, IR I RN 64KkY. NVMe P FES Admin FAFIAT 1/0 BAFI
LR FERIMIBAS. S NVMe FEHI 2 A0 BT —XF Admin PAFIFIZ X 1/0 BAF). HH, Admin BA
BT AL B G4, B 1/0 BAAI IR G Rl &3] 061 1/0 BABI A FHeUSom b2k 5 £
RAN 1/0 2. X BATIEHE— 242 BAF (submission queue, SQ) F1—AN5EAPAFI (completion
queue, CQ). SQ Al CQ HBRALT EHLR G —BAFME XA L2 pb X, W& 7 Frow, 724 1/0 6
A2 JG, NVMe PRER E5ETE SQ EAANIXA 1/0 w4, 24 NVMe #2852 it 1/0 a4 21
FHIRERH CQ HIIASERIH B, 24> 1/0 BAFIRERS FFATHIAAT 1/0 #4145 NVMe SSD i 9 1. 3
s

FEEEE NVMe SSD K% &, HEL T — L8414 NVMe SSD 5T 7T TAE. SCTHR [16] & NVMe
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BN ERHEAT TIRANRIVERE 00T, ARSI i e 5 R G 42 T RS G, oR TR RS 1/0 WK
Uy Ie) IS (B BRI 4 23, Ak, JEX%T NVMe SREh & IRIER « mnt BRI BT A &= 24T 7 VEd . © &1
738, NVMeDirect 17 $2&HH 7 —/NH P 2% 1/0 HESE, it soir A - B AR 7 B 15 i1 NVMe SSD, 1
T FALFREAE S, IR S PERE. B — L5 X NVMe $842 AT TAE, bhanys A i F295 in 1
AN 181 G AR AR 90, 1/0 BRiEdE = 20 — Sk iR DT %, BARAE Linux NVMe JKBIFE T
SN T AR (weighted round robin, WRR) 3¢ #F [,

A = PERE IR FS, NV Me SSD KBl sl Az £ THE I AN B 32 BB 4. (RAE T M2 AE A
ARG ER, S AN TR, Bt NVMe SSD 1 A U Ik R G0 2 Bk,

(2) PM. PM DA #E % | IRTOAE 275 FHhk, FRAMEAIEEL DRAM (dynamic RAM) M RE%E
FHIE, PPl RGER EARERHLIE, RARRIE & RGP —MIRA REREOR. BT ERE PM &
5 5 K, AR A (phase change memory, PCM). H e 7i#s (spin transfer torque RAM,
STT-RAM). BHAZAZ# S (resistive RAM, RRAM). FEIEAFf# % (racetrack memory, RM) A4 Intel
A Micron BEATFR K 3D XPoint HiA 151 PM ) HHILTREN 11258 5 A A7t (B RESLAN [ AR 4) AN
DRAM Z [8] (R 7E), FE4 MRS b B8 N AE Al R ST 284, DA 2 H 2 I R RE 7R oK. 7E g
1 - = KZAEY SR, PM S E T 10 0 2= o () IR 55 4, AH EG T 4% Ge i 1 4 5l [ A A4
PM i1 — Lo (O RERRe:, AEBCTH T 2 AERAE R GERIAEAE R GE 75 0 A5 84 BE 78 70 BRI
REVE ).

B% Intel Optane DC #fAWAFEHIRA, 2 1 3KAEZ RIENAFAITIRRH, B 8 JRoR e RN Ik R 45
oy, B R VEBERFIE NS T AR AR AR P AR BB B LAk, T S R R T PM Mg
AEOT RN I IR AR (15221 iR, R FR I A H0AT R, TR Re 52 205 X, U ImD R E
VLA N AT FTIEAIL ] JE—ZUHEAA 4% U5 1 2244 (non uniform memory access architecture, NUMA)
SR 2 RIS, AN AZ TR SR PM A BUE H 5 AR DRAM. ZSCIEEL 4 A i 8 2 RFAE AN
PAREIR. (1) FEAAAFIEH T A BRI S AR RRE 1/0 VERE. FERIEMANTT1H. &k,
YT 1/0, BERZEFT DRAM AHZE 2~3 £, B IEM DRAM ZAKZ, XEER M T PM K
AALE T — M40 XPBuffer M5 & IFZMIX, FTHEE S ANER. B PM 1RS458
6.6 F1 2.3 GB/s, 1l DRAM {1325 7 % Z2PEE/IMF 2 (29 1.3 %) D91 LRk, fEI 7 AREAL 1/0 |, PM
IR 1/O 5 58 f R 2BEHL 1/0 (1 3.5 £, X FERFN PM AHAEE— 44~ XPPrefetcher [T
LS IR 1/0 BIPERE 191, (2) CPU Vil ki /2 64 FIZEAZAT, T PM LA 256 75 R,
BeFRJy XPLine, K U5 W HE. X P13 1OV DKL EEANULAS, a0 FACE U7 DR/ T 256 7711, Ml& 330
BEETBOR W8V, T i vk p T U5 eDRE B 22 e 1 51 R 82 55 ORI, PML 455 28 %6 T XPBuffer, LASZ
FFE — o - SR, IUAh, 8 PM AN AFIE 188 (integrated memory controller, iMC) ] DDR-T
PSR A7, DA B ASEIR, JRE 0 /N S EAE 3T & IRk 1/0 0K, (3) B NUMA
BER AT, W FT I s NUMA U5 0] I PE Re g2 e 2 AR B 2. SR [15) R, NUMA-Local 5 PM [l
HIHEREZI N 12.5 GB/s, H5 i NUMA f] PM 77 % &{HZ) 7 GB/s. 5 NUMA Vi 0] S 807 %
b, FEAMITIR K. Bk, A E@im NUMA ) PM, 84 B 2o & 55 208 1 mpdisiE BB (ultra
path interconnect, UPT), BHZE S EMILEIRBE N, FRAK 74 %6, FLIR, clwb H % —% ntstore FI1T MY
FAT ZAPATHIEL — o - SEAE. XML - o - BAR LR —MR GBS TIEME, B 7w
TR, (4) PM SCERE XU ELAGH N AR (dual in-line memory module, DIMM) FEHEAZHE 19, %L
02 8 5 A 30 3 A0 7 1) B 6 22 > DIMM H SR 3 0 'S R R FR k&, S5k ST A U AR [ 41
(redundant array of independent disks, RAID) H[1] RAIDO Z¥MBL. IXFE 0T DLRE a7 Hhdb 47 34T U i, 3545
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CPU

Optane DIMM #0

Optane DIMM #4

Optane DIMM #1 Optane DIMM #5

Optane DIMM #2

Optane DIMM #3 Optane DIMM #7

PhyAddr offset: 0 24 kB

Optane DIMM #6

Stripe size

# DIMM:
DIMM addr:

4kB
Inter leaving size

8 Intel Optane PM HYf{ARLEH
Figure 8 Microarchitecture of Intel Optane PM

B, Wi 8 fur, 78 PM ) Sl DL 4 kB BRI T ACHS, R NESE 24 kB 1)
By AAEFTE 6 AN Al A DIMM H DL K AL 34T R BE.

BEE X PM BEAFRR M IR ANR R, WL T 2 5 &R S5 & BT 58 T4E. CCEH 23 22T
PM I AYERS A (Hash), FLWE A0 KN BN 256 7715 As/ME T/0 UK. Flatstore 24 f&—/N &
T PM BIRA H &0 s S B A6 5 %, R R H EEARK 2 %/ N HEXHITEE] 256 7151
HER AT A EE. SCHER [22] VELEAM BT T PM NSRBI S Sk i, LB S CPU 2647 DDR-T B
WHIAZ H. Nap 25 ¥ 35k PM R 51 #8528 NUMA KI5 R 5. Nap ] NUMA-aware 2Rk
PRV U7 ), FEA SRS AH PM U7 (1 B0 RV R T @R PM Ui, Xu 55 291 Jy NOVA
SO F S PTARAE NUMA JRENE O, X Seif 7 TAR S [E B /- MR, FRiE— P 2% 18 PM FF
PE DL 3 R A PR RV ).

Z% LRI, X e = 1 B R R B A7 S A B R T BT AE AL, A R R I PR RIS, SR
1M, BEA A SUiIE R AR 2N T B 5 8 25 /B i A B R v, X S E R ILA i R4
B LERRELE I, TEVE TR oy PR IR A0 . SRR IR A A M D R G A R L T SR TR )
Bk, Etntn s o NVMe SSD IR 1/0 BASI LA R AR UFREAE 1/0 PAFIAT CPU # 0 Z H]
KA BFRTTREFER PM A BRI DR A — S0 -5 808 1/0 UK R PM B A HRHE
DA K JEREA RO A 1L % N TS IR AR 5. R, A7 B2 45 45 0 B A () e M 5o I A7 A R A 34T 00T,
AW A2 T 2 AEERAE R G HTI7 5 N A6 7 K.

4.2.2 TFHEE %R

FEIL 3 AN 2235, NVMe SSD A1 PM [0 855 RUA7 it B 4 IEAE B AL S MR I L% M/ IA
ARG ERN XL Pk RE A AR RE A F IR, A% SR A BORAE UL e 70 RO A A (K 4 i 0. Xl T
BEE L EOR AW D, SRR SE IR EOaf T HEAAIIRTE, AL S 5 R SR
PEIT 45 L EE ORI IN, TEid B TBORE A 1) A B L0, SRR 1 1120 R GEMERE I — R

TG RGBT 2 2 10 HES AR, AEAF AR ME S 70 A 45 B RE A T e (281, fnl&l o By
s, WEEOUN, XM EABERAA AT S, RS R e T T R G b, BB 2R
B PR = B RGUR S TRAFIR . ERGZE . BRIERG)R (D& ZNE) Mgz Z4
B, BEE TR E LK VAR Z IR A RE R & BIE A e I, AFEFRITURIDIRE, toin,
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Application

Database layer
User

Kernel
VFS layer

Page cache

File system

Generic block layer

1/O scheduler layer

Driver layer

N2

Device

Y YN Y Y Y Y Y Yy
A ) A A A A N N

9 fRGEMUBIREERHL

Figure 9 Traditional storage stack for structured data

A7 GRipIX . Hn s DLL BABIAE, K ATt Gt i B — SERANT 4. AEREREIN AR, AT 2 M0
BEPFREIR, 1/0 B4 LIRSS FRASEA S AY, X 15X 48 )5 B A R AE T PT AR 8% 24 NVMe ¢
P AR SE IR Pl D 21 J LA DLE T AR AT A AL T [F) — S IR G0 I, A AR R T 8 AT DLy ik i SE IR
[ 70% 1291, AT RV RE RO OGN 2. AERX AR IS, A SRS SR B BRI, K TE IS 2 R IO
WEAF R PEREWE /1, AT B 2R G DLSE DL AR RIS AT I PR RE. ML 10 ] DA H, E RPN o0
I/O 1, NVMe SSD _E (AT A 80 PR BE U AR i AT AR KR LE . bbby Hiodie P i S A2 SO 3R
giz b, IRAELS S AR PR B AT =, ASRTH 08 128 A TR RE.

B NVMe 154 HIXEE, JMILH T VF 2 5% NVMe SSD HIHF 5T T.4E. Leanstore PO & —/MET
NVMe ¥ R PE, FIH NVMe W& 2 1/0 BAFIBT T IFAT BOEEE A B LH]. KVell BY 22T
NVMe SSD HIBEE A7t 5 4, BARAFA#(E SSD LI AREATHEF?, JF H KA 7 BIL S A8H, LA G [A]2D
JT4. PA-Tree B2 SR 7 —FiBr A AU P PATIE. PA-Tree REWS L2 FIF NVMe 4 P9 T
HATE, MEFTRAZ S 2 LM KM EXIFE. URFS B3 2 —FE:T NVMe WA P& RS, 456
T NVMe PRCMIAAEA BT ROHREIE, T8 LB H & 2 SRR T BRI RGHTERE. SCHR [34)
MEEFE AT 742 NVMe SSD _ERAI HEILF M S R G IERER S BB, $2H 7 MIM. MIM 2T
NVMe #4112 BASI S 28 1) 5 NG . X E8HE 78 AR BAT — € A S AR AR, (eI
G AT 1 R — RGN, LR R SO R SR, shZ WA AR A FE AT R Gtk
ORI e AR AR T4 B 3C A B R, Toik 78 70 RETIOH A7 Gk B % O TR REVE 7).

PM Ml NVMe SSD [ HEEMEG %1% 2 AR H. PM $E4LEHE DRAM 4 BE A 715 ] bk 10 Hodfs
FEANE 0L el 11(a) A1 (b) Fros, FT PM 0 A nT DLE I s Fr 7 50k V5 i PM: POSIX R4t
FVRVHS T SO 2R G A AF i (35:36) N A2 W D7 VA BN SR 1 HLP /A bR SCOD BRI #0014 2
GUOTH, HEMRE T RZ I PM-aware SCAF R GURIRBEFT 7 MR OO, X AR R IF A BE 58 2R
PM IVERE. 56, RIS MU SCIRR, BN E R (ool 36 BB AR S SCIF I e it 3L
R, — B BT B TUR . B, NOVA 7)) KucoFS B 1 SplitFS B8] #2447 mmap #4F 157
P, 2R T PMBOEHE FE T REARSME A PMDK®) 85 B fRAE — Bk B9 o fm, RPUMBEA R # =
LIPS, WZAER AT BRI WAL R, SAE 2 PM IYIEALE, Sl (iR, M
JRASZ 73 ELR B 39400 i iR, A S e (7 ik 51 SR A P AR AT PML 07 5, (BRI A A7 5
Hh, REJENSAESF R 2 . 2RISR T S BERFRTUAR, 73— 07 S A7 i 51 vk
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[ ] Driver&Device [=— Block layer [~ ] File system [ | Driver&Device == Block layer [ | File system
100% = 100%
° = )
80% & g g 12 |s lia|l 0%
. o el TS Ll 12 12 = |1z B N
60% 2| |2 [=| (8] 2] [@] = [T 8] / |9 771 60% 28] =2 |18
ol =] [ |2 |2 N | 12 |l 12 =] (8] =l 1818 & |82 | =
wn|5] 18] (5] 58] 8] &= 9] T - 4% (2] 12] (2] (2] 18 12 &l 2 |8 & e
20% 2 7 20% || 8 R =)=
(] (] — = — =
0% = - L 0% 1] = 4 [ I | —
] z B = z = 7 z =) z 7 3 = 7 3 = z @ z =
diakidis il iaEid:45327% 3%
2 28 2 5 < < = = =) = S < < = =
== g T T L B ; % ; ; T % == % LI B % ; ; ;

©
Rt
—~
=5
=

B 10 I HEE R

Figure 10 Breakdown of software stack overhead. (a) Synchronous I/0O; (b) asynchronous I/O

[ File metadata EFEER Table metadata 777 Table data

App ( App )
]

K
SQL SQL
Y B SR —_———
F ’
DB DB i | table
M |
== \
K KT -
POSIX mmap
y Ve __
4 ) F N
PM-aware PM-aware m| |
file system file system H | file
;ﬂ_/ T mee et
Y
[
PM T 7
oy #

(a) (b)

11 PM BAREGEIGR
Figure 11 Different access manners of PM. (a) FS + POSIX; (b) FS + mmap

SEA MR R T AT R, ATTBRE T PM M RE IR

IEAESR, MITAHET PM SO RGNS PEEAT T REMRF . D014 H T2 PM-aware
S0 &4, W PMFS 41 NOVA P71 SplitFS B8] 1 WineFS 421, J:FH PM ] 745 -0k 58 /178 B
THI [A) BRI A7 it A . I 8 R G030 SRR QI A7 SR SCAF, R385 CPU 1 load/store 25454 115) 11
PM # 4. BhAb, A —Seg i A 2 O 78 T AR, SCHiR [43~48] #5236 T DAX BEID IS R4, L
LT RS R PAAE LRIV ). BT mmap RS0 R SO SRR 1 R Ar bk, I
P2 [ gmAEE, Bt CPU Y load/store Z5484 V5 [ PM % 4. SR, X8 RGAARKHR T SO (14
S AVFERE R BE S RS R T R, X R AT RAES AN E IR A AR B2 Al
H AR, T Fe 0y R A MR RE T 0. DR, 75 AR I R AT B A Ak, i e
AT Ak, B U BRSO 2 A7 il U 25 TR I BBVES 7, HETI 3 /3 R G (1) B A P e R0

g5 b ob, TR AR E e, A 1 M S AR T RO EZ AR, Hk, g
WG & R PERE R T, [ EME S U AR O TR KRGt EZE R &R, Hk, BAN

7) Direct Access. https://www.kernel.org/doc/Documentation/filesystems/dax.txt.
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[ Applications ]
t SQL interface
Basic metadata E H Components E 5 Consistency :
. ' . .
E ‘ Super ‘ EE Prefetcher Buffer EE[ Consistency modes ]:
i ‘ Root table ‘:E """""" Jpluypiuiiiaaiit
: : Second Query |3 5 Basic /O
H ‘ Index ‘ ‘ Schema ‘ ' i indexes cache | E Storage manager ]E
ey, L IS hysprpnysprpnmppnpprpnpprpnprpmppd .
i Block interface
Table storage management
Metadata region Storage of relational tables Log region
(regionl) (region2) (region3)

12 LUNAR K34
Figure 12 Architecture of LUNAR

T i) 45 R AU RO A i R AT AL M RAE S R GE 2 b, A R B 5 BB 1 R B ik, 80
IRFE I RAFBEAT M i RE. feJa, BRI AL B A7 i, AL 0t 7T AR 3 20y ) SR b AE Kt
JEJZRSCAE R GUE. AR, IX P T A OC AR LR, R AR, SR BRAE . — R IR AR AF i AR T AS
REFF R BCRHIPERERE L. B2, DA AR AR R iZ AR B R A AE oK, 0D/ EMN ARG etk
Y P OB R e AR B R A7 il A, DAL TP SRA, 1R TT R GT BRI PERE.

5 MEEZERERGHRTME

X AR R G0 T SRR, AL GRIR R SRAFAE 1/0 O™ HE . — R R4t ih &
R RBE TR 5 B AP R DL SRR T AR S5 TR, ASBET9 AR V2 7 8L HT B A7 5 oK. AR 24 31
DRI ARG ESWRENRIEGY, 658 i - 14 - =7 ZAETHEIS S, BTG RIRE [ AR F
ARG AR RBEOR. EH R AR RGRNTTZAERER G P AAEE B, 3R
BEURT 52 BIR PR 0 002 0 B e P RE A A L8 BT/ P A BEAT IR N 7 A

5.1 MEERME RS RFHESIZE
5.1.1 RZKi&it

W41 NTATR, fEZ AT SRR, T 0 () 25 A AL B B B I 3 A SRR, B35 1/0 K
KT REA VRS2 IR DAL S T SR Z B4R 3 AR, Fan 25321 T LUNAR M4 —3KE &%
IR A AT 51 2, 1B 03 R R R A AR IR 55, FOOCRETE T LB T U R, FEAE £ E AN 5L
PFR G2 AT 2 IR, LUNAR 28 BN 12 fos, B& LT 4 MR

BREd. B4 FRW, ETESUH RGN E R T 2 2 g0n B AR a SR HZE. T #
PEIX AN, LUNAR @S5 RS R 402500 78 2B, TR 73U h %, BRER
% AR AR, FINHRAE T SQL AN APL EIEEM . A BHAER. J 13 R 7140
I/O R4 LUNAR ] 1/0 R4 REXMITVETIN T — 84 5 Ak, HEH INNIX R EE T,
NERERG T AR, R T EEN 1/0 B2 AN, BT LUNAR MIEERRMER (%
UKF)) 2 b, LUNAR A X766 1 5% 1) B A0 RE 0, vt @ e A R A o s (R
FTEITR), LA R U ) AR
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( Applications )
insert into Subjects(id, hour, name); insert (“Subjects”, id, hour, name);
[ Database ] LUNAR
I . 1 X 1 X
[ Virtual file system ] id| hour name
1 45 Computer architecture
[ File system j 2 50 Operating system
[ Block I/0 layer ]
[ Driver layer

Flash translation layer
Flash memory

13 £%mM5 LUNAR 8 I/0 &%
Figure 13 Traditional and LUNAR’s I/O systems

r——=—=-—/n="
| I:l Slot | TID |TName | MetaAddr ‘ TableID H Schema ‘
o
| | 1 tl offset, ‘ Second indexes ‘ Block -
header
uple © ockSet ndex
[ Tuple | 2 | o | offset BlockS Ind
L= _ _1 : : : _ : ey
Super RMeta RTable MetaMap tl-meta t2-meta tl-data t2-data Log
T T T T T
SUPER ROOT_ZONE META_ZONE DATA_ZONE LOG

14 LUNAR H7%#%H 5
Figure 14 Storage layout of LUNAR

FEESAME. LUNAR KA 7R R B B AN A6 4 7, %5 08 7 AN R E R 28 2 () ) Il A =G, DA
MATERE. BEAL, B T AT AR KN B S L 88 R I8 B 4k, Be/ME RAM AT T/0 75 56 TR 3%

Bl 14 R T & umfehif g - LUNAR B 45/ I = 204 )5, LUNAR $ A7 68 2 [E X150 5 A4
zone, f4% SUPER, ROOT_ZONE, META_ZONE, DATA_ZONE 1 LOG. #—#5, iX 5 4~ zone #R¥EV5
WAFPE > N 3 ANASFEHY region. regionl ffE SUPER, ROOT_ZONE Hil META_ZONE, H T4 i@ %
BUMBZH BENLT IR ) 7o EdE, LS BIFEAERE . DATA_ZONE J& T region2, & A A48 K /N7y B 2%
region3 {7-fi LOG, A B T4 H &l k8 flt TR0 64155 AR BE SR BUARBE U7 Al RE 2 28
FIAN[F region, FEm 1AL I T XK B T8, WIS Raittqe.

&G KIS IAEAE, LUNAR SRAH AT RN RS EE A, DA AR R 973 s ] %
2 EAEIR 2. LUNAR B2 Be B 0 /N5 8 45 SR 1 e /N S T4 AR B0 55, BB AEA7 it 4
Al RAM 2 8] LS XKL FEAE 4, /0 T RAM Al 1/0 5 56 HIR %%, a1/ 15 Fi7s, region2 MBI K/
SR AR AR BB FORAS DAL B BRIt B 1 Bl B, 280 0 AL b
IR, a0 512 A, JESRMSRE S R/ MBI K B, BIZESR @ IR /NIERE |, 98 6 + 1 Bk
AN T — A%, BOAREK R o 2. Rl KR IR E DY 1 R G [ E BN LS

R, RIS T RGBS 2 DL Tey2d /N BRI D w1 45 14 ) /8, LUNAR
KA TR, Wi 3 B, LUNAR (46 3 e JEARIH, RAMMBEAR M, F
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(1] Table-1 [] Table-2 Table-3
OEO0EPOO0000000 - | sicasie

COCEOEOOEIOCOCIE T - | sizeClass0 05 k8
Region? || I I I I I I |- | SsizeClass 1 (1kB)
l : I l‘[- A7) | | | size C]assAZ (2kB)

Regionl

Region3lHHHHHHHHHHIHIHHHI~~| Fixed size
15 AZER/NHIRSECRR
Figure 15 Variable-size block allocator
% 3 LUNAR SLIIAU#ESR
Table 3 Modules implemented by LUNAR
Module ROM (kB) RAM (kB)
Device management 20.150 0.203
Basic
RAM management 12.358 0.114
Prefetcher 2.834 0.025
System optimization
Buffer 1.732 0.023
Secondary index (B+Tree) 28.054 0.024
Table optimization
Query cache 4.539 0.056

#* 4 LUNAR M—HMER
Table 4 Consistency modes of LUNAR

Mode Sync metadata Metadata Order Sync data Data
Disorder X v X X X
Metadata X v v X X
Data X v v X v
Full v v v v v

HEEARRPUZ LT 1), JE I 2 nlak ). FEABIH ) BEUR 5 A 4EH /N (ROM 32.51 kB, RAM 0.32 kB),
A DR B3 8 B 5 PR R 28 i 1028, FEANRH S AP T AZ 0, $RAE T 3R 51 B P 75 I A AR T
e, B35 RAM EHNEEAR 1/0 EH. REMMEIN R G A LIRS, W7 & BLa R TIEL
ar. BRI R AU B, B B S BN R GBI LUNAR B et AT
DLIE I F A PR ) 2 o B 4%, A Bl TR 20 d .

RIEM. Ao 10 5 TR A 2R, A FVZ AR R — B R F SR AR AH R LUNAR £ 3R
THFEA — B A AT AU, — ORI — B0 A B H BE IR AE AN SE LR (R 1 e 136 4 BT,
LUNAR &4t 4 Fp—2 A5 disorder, metadata, data 1 full.

7E disorder #5230, LUNAR R 4edronsis H &, XMt — 8tk i 59, & T8 R R IR E A
PR s Il B 2, H— BT SRIRAZAE N . 20T, R R G AL o8l H B R A5 5, AT RE S
RS R R BB R . LUNAR fE disorder AR F#fifR metadata 0 (BRIL). metadata
BEABRBN AT — P LR, ER B AHE S N e 8ds H & R85 FH SRR S . iUk
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8 8
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SQLite(rollback)  SQLite(wal) LUNAR SQLite(rollback)  SQLite(wal) LUNAR
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Bl 16 Mobibench I EAIMERERIL
Figure 16 Mobibench performance on bandwidth. (a) Insert workload; (b) update workload

E T A AT B R A, DABT bk R B R . TS 0 &, iR RGES AN
PaI A, AN R g BUE, (HERERIE AT e L SEET 7. data BEAE metadata FECEEA 132 ft
—EHPELRIE. data BEAAMAC KT H &, 0 xE0E H G, B2 MBI Ba R AE. full B4
St R i) — BEORIE. 7E data BEAEER b, full BEAGEHORIT A HRAEAL R FE .

5.1.2 SEIGAR

9T BAF LUNAR & ROE, A SCE—H Kendryte K210 JF R AT 752508 . % FERE&H
2 1% 64 it RISC-V 4LFEZEE. 6 MB WAZAI 32 GB SD K. Fifg RS s/THE XiU0S 2 £ B9 H iy
KH RT-Thread. A3IZ4T J Mobibench, YCSB (Yahoo! cloud serving benchmark) 1 SQLite-bench.
Mobibench 18] SQLite 1& AMRREHEEE, £ 10000 171057 (BT 4 kB), HHAT R HI3E N /585
BAE. X YCSB, AT THAZSE: (1) /56 RS (100% 5 N). 28 (90% B /10% 5
)~ AT (50% 12EL/50% SEET), LAKCERTE (10% 52HL/90% HE#T); (2) Zipf AR HImALE: T (WA
& = 0). & (WAE = 0.5) film (WAE = 1). XFF SQLite-bench, FATLE T RGAE IS A T
PRSI ERE, LS BEALANGT U7 R BR. Ak, ¥ LUNAR 52 SQLite”) DA S 4L
PEEE FlashDB'O) #H47 T Hh#. SQLite & —aki i H sl M3 2 51 28, OO H T i) 72 368 13K
P2 51 2. FlashDB £ T AN 7 SR AR i i 7 2.
(1) EARMEEMIK. A H Mobibench 4341 £5d FE wife] R FH IR A7 i B 45 4T 17 100k A
SQL 153K, JFll&E 1 PRy 55 R0, B EdE EE (B SQLite A1 LUNAR) FIRZEH 5. a1kl 16 PR,
TEA ] SQLite $ATHENERERS, SEEM L, 77 KN 70.5%~81.7%. SQLite M5 17 T 402k 3=
FUEH TSRS SQLite Z [MPMEA L MAH FAEF 51 &R, BT 2 EH SR S 800 ™ H 1/0 UK.
FIELZ R, LUNAR A6 TE)Z, SEIL T 79.8%~81.6% (1) % A % LUNAR. & o6 A1 5 A5
s T HIEBR T SO R, KRR T 1/0 K.
(2) BMEAEMR. A3S17 T YOSB FEAENIK, £ A1/ 5 A m A E. i 17 Fiow,
TES MmN RS TAEMEC R, LUNAR [P35 R 7328 SQLite A1 FlashDB ] 49.7% 1 57.2%.
AN, ARSCAEF SQLite-bench SRMIHAATE BEALFI 7458 20 R SO 5 N TAE Skt fe. il 18 Fow,
T FBENLS N R, LUNAR [R5 82 SQLite 1 FlashDB [#) 1.3~4.1 . LUNAR & 1 REVR T

8) Max Bit. https://wiki.sipeed.com/hardware/en/maix/index.html/.
9) SQLite. https://www.sqlite.org/.
10) FlashDB. https://github.com/armink/FlashDB/.

478



FEBFERE B4k 3

[ JFlashDB [ SQLite [ JLUNAR

[ |FlashDB [ SQLite [ JLUNAR

~ L5 1.5
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1.5 - =
B © B @
E; m 15
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17 YCSB #ZERBES EAYIERERIT

Figure 17 YCSB performance on latency. (a) Write-only workload; (b) read-heavy workload; (c) balanced workload;
(d) update-heavy workload
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Figure 18 SQLite-bench performance on throughput. (a) Sequential write and random write; (b) sequential read and
random read

PN FEF K. Bk, LUNAR RAES Bt I8 BRSO SR LB AT 1) 1/0 B8 AR, ks> T 34
JUAR. MEZ R, SQLite M1 FlashDB MR E VAR 2 b, SFETIFZ /N MYLAMFED 1/0. K
W, LUNAR X 4E3 % o8, 1 SQLite A1 FlashDB 4E3 8 A A: (W Rh o8, il 7 1/0 JOK.

(3) WMEAMR. £ 5 TR TN RSM ROM Al RAM {155, LUNAR (basic) 1% )5 Fi 3
A 5 FlashDB LG, LUNAR (basic) BA T F & MR HEAEMEE /1, F ROM Il RAM JH#E5 5
WA T 8.2% M 62.5%. 5 SQLite AHEL, ROM 1 RAM 2358/ 7 91.2% H1 95.6%. %F T 1 34
FEH DL M T RSB RN LUNAR (all) K5, AT SQLite B ROM Al RAM W #E4>
AIFEAR T 81.1% #1 93.9%. 2, LUNAR ££5% 1 HUR AU RA )2, SFEGTIREFERL. 1Ak, H
FHABERAL IR, LUNAR 7] DL AR S8 BR AN %, 4 BT T A BB R g i e,
DL 2 AN [F) B FH A7 i 75 oK
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Table 5 Comparison of resource consumption

System ROM (kB) RAM (kB)
LUNAR (basic) 32.508 0.317
LUNAR (all) 69.667 0.445
VFS+FatFs 29.745 0.846
FlashDB+VFS+FatFs 35.417 0.847
SQLite+VFS+FatFs 369.227 7.293

|:| None |:| Disorder E Metadata

BN Daa [ Fun
6
£y
o
=]
=]
&
k=]
=
g 2
=
g8
3|z 5 G 5
0 -
High Low None
Write only Update heavy

19 AE—HMHRA THIMERE

Figure 19 Performance with different consistency modes

AL YCSB SR FEA A — BB A RE R 2. W] 19 iR, None E/n7E LUNAR H1k
Ja I H&E. 5 None fHEL, £ RS TAE7# T, disorder, metadata, data A1 full FIZEIRZHIHEIN T 30.1%,
59.5%, 70.2% A 76.7%. EIKUL, X TIX 4 Fp— R, disorder $R4E T S EVERE, I H IR #E
w0, RO EA TR E RS REA S H 0%, R PR 7 &350 — B RIE. 5 disorder A%, full
FRBt T R B RIIE, (HIHAE T 2 BF TR, JF B AR =,

5.2 HEEL/ ZMBYREREFHGIE

) = MR S5 48 BABGRE 7, P DA BB A7 i A DA A2 = P RE AR 7 K. n 4.2 /NS
B, TEI ) 2 M0 B B A7 & BB s R 7 ATLIE, Aok T Bkt — o7, £S5 Bl o E4T s A
AT PERE A, 53— 5 T, AR 75 B A RO AL B[R] IR 45 & T R P LR A L 43
1. BRSO SR = MIBEAF AU ATt SR A 2R THI 100 A6 1 2 I R R AL R A7 A,
1 3 3T NVMe SSD Al PM (17 2 iR A R A7 il 5 S5 E AT 9258 404

5.2.1 MEHEFMHZIT
NVMe SSD il PM 45351 2 15 14 RE A7 il 15 & 58 15 FL MR REAR 35 2 B W ORI AR VTSR AR I 9. T
V2 EERAE R B IIAT- i R G0 B FH X 07 7R 8 4% I 75 2% RSB A (R0 e e, DR JCRE A 4 s v e il
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Algorithm 1 Queue allocation

1: Qmin < qpair[0];
2 Spin LI (3 Sige; );
/* Query the load of each queue in turn to obtain the most idle I/O queue */
: for i =1 to SYSTEM_IO_QUEUES do
score <+ Z(J:.ls:t?te[i]length;
if score < Spin then
Smin < score;
Qmin + gpair[i;
end if
: end for
/* Append the I/O task to Qmin-SQ */
10: Qmin-length < Qunin.length + 1.

A I A

JEVZAE L A6t 7 oK

NVMe SSD X HFmiik 64k 4 1/0 BRI, BAZIERFERR G bk 64k, anfe] 80 BE =& (1) 1/0 BA
Bl BUFHEE G 2 Z 1/0 BAFIIIIEHA DL ERTRE A 1) e A MR 37 AT R G0 e 55 FE 11 i) .
BT 1/0 BEAEAERB N 2R, FENHEERINT /3Bl & 1/0 AT RE< S, 5
SRR EEAS 1/0 B BHAES AT IE DL MG 20K i i 1) SQ AR TAELRAR. Wk 1 fow, H
HEEXEANR] 170 8 vy MBI T TAFAE (F1U0 A, = 1, Aw = 2, Aew = 3). AL, BT 54
& (Size;) MERAERAY (X)) X 1/0 AR5 AT I R R M, oA TR SQ HATIEST (3 3~9 1T)
IK 1/0 B PR BIAMT = NM SQ 1 (38 10 7). HIR B E R RG RN E, W LURYEZ 76 H
(T SRS B A F A SE %, Lk 2 R AU S AT DA 5 3523 BA A7),

CPU Z# M NVMe SSD £ 1/0 BAFIZ [A] 4R € 58 A% M RE AR AT R REmA, W3 2 [ o] LA 4 Fof
gf e, BIBRIABE RO 48 5E « 73 B 48 ARt s 29, BRIABECR B 1/0 BAFISS K B 9% 2
FIEA CPU L. TERN AT, B—XAFI 5488 CPU & 04hE. X T LLEAFIX g8 e i
RO 9B E R, 2B gh i — R BT SQ A1 CQ 43 FIER5E FIA R CPU 0. WIS E =
H RGN SQ 5AF CPU #0740, HRTE CQ (N5 F—/ CPU 0748 E. % 6
RGEE T IX 4 PR SR A, AT DURRE S PR 2 75 T B RO B A S 1 9 e A X

PM 1Ey—AN8 84 1) 2 BV VR AP 1%, G W8 2 R (0 RE (- e, 7E3EAT T 2 7R3 R
G RG VT, MEZEAERE PM U5 MDRLEE . 15025 P TIEAS . NUMA .\ s A0 48 S5 R v 2k 47 B
[F# T, CPU ViR & 64 T IIZEAEAT, T PM LA 256 T IR (BEFR N XPLine) 15 ¥4, 9
TR S RO A, RYR HESA S S, Wik 4l E) 256 TR R H &% H ok
P PM s SE R . AR PM P (0 TR LA £ Ab 21, SR T 28 ACUF I PML 23 BiC 2%,
ROATRER AT 1/0, AR AT GE2r B NUMA-Local [f) PM %5 14], #E%#5 NUMA 15 0] S 20k ik
RE. WP 20 AR, BT PM SO SR PE, RIS A7 RGN Block X553 PM A4S T 4 5k
FIF PM RI4HAE. IR KRR HAT VT IR TR XS PM 4+, SEBFEAT AL BE 0 1 B A KAk, R £
TETEMIFEAT I RE.

5.2.2 BRENREMHE

TEZAAEBAE R QI F, T AR A i, A G0 0 B QA AN (0 2 PR B B P 1 B (O RE T
FRTEE I P BRI, B TCV2305 V2 AE R PR 1/0 IR 75 3R 3 o) SRAG A7 A S0P AR AN I R PR T
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Table 6 Strengths and weaknesses of each CPU affinity mode

Strengths Weaknesses

Simple Improving the balance of CPU resource utilization Enhancing the cache miss and thread migration

Competition for CPU
resources between sQ
and CQ bounds to

Pair-binding - —

the same CPU core

P PR . Consuming more CPU
Separated-binding | Optimizing cache Improving CPU

. ) . Some CPU cores resources for polling
usage and thread | utilization by reducing
are unbound and idle | When all CQs utilize only
management SQ-CQ resource
. Optimizing CPU allocation one CPU core for
onflict:
for enhanced computational polling, the check for
Skew-binding
and data processing each 1/O task completion
capabilities is slower compared to
the separated-binding
Segment (24 kB)
|
| —
I |
Block (4 kB)

| DIMMI | DIMM2 | DIMM3 | DIMM4 | DIMM5 | DIMMG6

20 PM WEEHB
Figure 20 Layout of PM

—JRIR (BIEEREEE ARG Z), TN B A R E I AR, R RS RE.

W 21(a) Fizs, TGRSR ACEARE A8, AN T 88 2 RG. PR (B, dd%) 78
R TR A B MRRES B EE . X RGE . #ERGE (FERPRERZ) A& I3
J2, BE BIEREA A% FA TR B B2 2 ¥4 IR 5 2 IR B HE AR GE SO 4R (fullstack), ASCAF
RGBS Z AR 8 SN 10 #% (I0stack). B 21(b) JE/R T 28 5 R KB BUAE it kR, K
NFRAERR. EXNEAREE . S RGEMPZ AT T R B S RA, W T TR, RAAER I
Ot “RATME . SHAFAE . SUHAF RTINS RATAE — R, AP S — FIEARAEAR R, B 4R e 3k
HIEHE RS 3E4T T 5. RALET K “everything is table” FJBETFEES, MIAZ “everything is file”. 1E
FAAER I R R AR AR, BF— 20, BT R AF Mk vT LR T ) 1 / 2= MR B A7 A 5045 1 R AR
FAr-fE 5%, Hh, LATTE P9 2 —3 &N NVMe W& & TH R AERA7E 51 2, Haed TrE5m)EEH
AR, HPSE#EVI NVMe B4, THhENd 2 R8P & Z H b 3 5. LATTE 29
¥ NVMe %41 1/0 BAFIF CPU B LiAT48E, AR/ FIH Z M Z A, WIiiHe s 1/0 1471
Hyte 7&K &N PM Bt M JRARRAEAE T 5, E AR T SO R UM e A7 i 51 3 J2 ok S IR AL R
(1) 1/0 #84%, JERIH PM BOASE R AR i AT =), o/ IRAT U7 il TR G PV ()4 . T )32/ 2=
SR AE R AT 91 BE AT DLR 4 > 3 By A

o MRTLAR. K OAT R AR H I — =, FIF RS & EZ MM EL DR, LRSIt B
SR AHE BB, BRI RETURM AL ER AT, AEH 8 ) R A T R 1/0 BR AR ASEE
WARH 1/0 #EIR.

o TEAEUF. 256 B BAF AR (R AT D R E, EE s NVMe %41 1/0 PAFIAT CPU #%
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( Applications )

select * from stu;
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ﬁ
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|
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|
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Figure 21 (a) Traditional storage stack and (b) table storage stack

ORHTYRE, 15 2 A% M2 A RETS 21 7840 A LR T 170 FFEATIE, FIFH PM A S Rr I B A7
fifi A J&y, 980 FFEAT U ) TEDGE PM ()40, SEBILIFAT Ab B %) 14 R dse KAk

o M. ISR AR R M ARAE T I B A BIR A5 1, RAFAE RGN R S A i B e
RGPS REM RPN, 7RG\ B Z NS S 7, SRR 0 546 o800 2 &
Grrhie 0 — 3 AR IR A R 2 4ER MY R T RE.

o RN, SCHFHM IR SRR, HT1F2 DBMS T RA AL, JFHTLLH TR 8L A
AR, FT LASE B 55 FIHRAT 51 2 DA R 52 25% 1 5 95 R A 1 A B 75 oK

ALY ST WM B I8 R AT R R R BB b, T Rad R4, #
VE R G5 2 |2 08 e A8 UL, R OKI8D 1 A TUAR DA R iZ AEAL R K 1/0 I ROMERR SR, R 20k &=
Gui g BRI (BRI 5y B S i B AR Y, X SRR PR B ML S BT, AT E B R A
i, ERFEH ) EE W DI @ — N R, B SR B e SO — B (segment). FEANBUX
JET—iKH 3R BRI BUE PEEY (segment manager) 4EFFAVE BE. 0T B RN B R,
B B A 2 S B B LS (BlockID) 7 FHARIEAL (IsOccupied) 5@ MHAE S, B 2 5l e 2 48
G'T, b HARICAL R IZ IR PO A ARG S . RN R T B T H B AW LS,
T B — S T4, B ST H E (write-ahead logging, WAL) X5 [ .

5.2.3 SCIGOHR

(1) NVMe SSD. NI IFRAMEIMIE NVMe B I, A6 LATTE R REGHAT T
— RANSLE. LI — G T 3.2 TB 9kE/R DC P3608 £ 41/ NVMe SSD. 375 GB HfE /R ik
f& DC P4800X NVMe SSD. X T & 8 E52630 v4 CPU F1 224 GB RAM [P 5%-52.
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Figure 22 Throughput comparison of LATTE, MyRocks, and InnoDB. (a) Workload A: 50% read/50% update;
(b) workload B: 95% read/5% update; (c) workload C: 100% read; (d) workload D: 95% read/5% insert; (e) workload
E: 95% scan/5% insert; (f) load data: 100% insert

A FE R 2 IR S5 FEHENR (YCSB) ¥ 21415 LATTE #HTxtEE. Wi 22 FizR, LATTE ff#
AERA AT InnoDB A1 MyRocks, 7M1k InnoDB ] 6.6 {51 MyRocks ] 3.6 f%. LATTE PEfE
MR E R FE AT LATTE WIFAT AR S5EmE. E 8 A T NVMe [ 2568 485 5 & )y 5 Al
NVMe &2 1/0 PG, B 545 E nT DU AT et 43 DLIEATHAT. 1 HL, BRI 1/0 B4
THRA 1/O AT 55 [ AL FRAS [A], AT A5 75 A F71) 1) R FH 236 56 .

K 23(a) JE7R T strace T HIBEE LATTE Al MySQL #8253 N34 i) BARR 7], MySQL
H1{) InnoDB 5] #8345 ANZEIR K 1007 us, 1 LATTE AT 25 NEMELTE 21 pus. BAB %
AL N 3 MBI B pwrite, fsyne F write. pwrite Al fsync &5 NSZFREE B B, 1 write BB A&
ARG HE X FEIHER T B B 23(b) F1 (c) 20 33A 174 YCSB 7k T I P XI5 iR AR 4E
iR, LATTE KIIEIR (208 TR R FN LATTE 768 P 2 A i 1/0 M43 5 56, A 7 7ESC
PR G HAE RGHOR & ZE 2 AV IETFR. 540, @i cQ AT E, EHLAT LA Bl 58
M 1/0 15K,

(2) PM. R 7 SERAAEIMIAE PM W& BRI S, A FARAE R L AEDART Hyte JFAL R
ST T — RN, SLIGHLE K SRS 1) Linux k2548, BLA 36 Bl Intel(R) Xeon(R) Gold
6240M CPU .y, 192 GB (6x32GB) DRAM, PLJ 1.5 TB (6x256GB) ] Intel Optane DCPMM. X}-F*
FLEE R S8, A28 T S EHE) SplitFS A1 PMDK (v1.11) PABLS PM SCfF. N 7 8% NUMA 2,
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Figure 23 Latency comparison of LATTE, InnoDB, and MyRocks. (a) Break-down of an insert; (b) YCSB average
latency; (c) YCSB tail latency
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Figure 24 Different read/write ratio and skewness

L THE— NUMA 5 5 _E kAT 5256

A YCOSB FEAENNA, JFE TAERBT L TIANSE: (1) w/5He S ER (90%
BE/10% 5). “PHT (50% B2/50% 5) A %EM (10% 5:/90% 5); (2) Zipfian 7040 FIRFE, M0
B 1AL W 24 PR, Hyte fHX T XL RGAE 1.6~5.5x FIFEMREPIEF, XFEHEE T Hyte
FB T SO, FRAEE AN 1/0 BRI T 1/0 AAFERF ], Jf4E A PM &ALV T R
HIfEAEAT . oAk, AR SGEBAT TRy AR 7T, LASSIE PM RAI D ECR tidb, KA 7 — AP 8
BN 0.5 I TAESEL. & 25 FiR, Hyte M1 Viper K7 24~ DIMMs LA78 4> R FH HAT 1 1 2 A
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Figure 25 YCSB scalability Figure 26 YCSB performance on throughput

R R M. K72, Dash Ml pmemkv H AP M52 31 1 BR ).

N T AT L PR SR AR SR AP 5] B Hyte PIVERE, A ORI S PM 1 7 AN Eol A6 R gt
1T TR EE 3. 2838 R A YCSB PE AR, 1@ AT 100000 X3 AFT 100000 M B ER A R AU
SR TAE R, 4RI & R PERERIL. 2085 Rl 26 AR, Makalu 491 1 Nvm_malloc [46]
AHLEF NV-Heaps 43! Fil Mnemosyne 44 7E&M & B T 1.6~2.0 fFHFE . X PPt F B8 T DAX
FARMIBIN, EHAL T 5 & 200 P AF IR SO 5%, NI Rk 1 PO AFAE SCUG ) R SE B 7. e bz
T, PR T EF 3SR R N AZ AR Ok SCRESUIN ThRE. k4, PMDK, Ralloc 471 fil NVAlloc 48],
5 Makalu *° 1 Nvm_malloc 46 fHLG, TRt S42&TF T 1.3~3.7 £, 1X2&HN Ja P #2 2 TR 1 R
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Abstract The emerging scenarios and paradigms of ubiquitous computing in the era of human-cyber-
physical fusion demand novel operating systems, namely, ubiquitous operating systems. As storage management
constitutes a core function of ubiquitous operating systems, designing lightweight, high-performance, and
dynamically adaptable storage systems is an essential initiative in advancing the development of ubiquitous
operating systems. However, in the ubiquitous “end-edge-cloud” scenarios, structured data is widespread, and
traditional storage solutions face significant challenges such as severe I/O amplification, excessive size of integrated
systems, and redundant software stacks, making it difficult to meet the demands of ubiquitous applications. To
address these challenges, this paper conducts original research from a holistic system perspective and proposes
a native table storage system. The paper begins by reviewing the historical evolution of computer systems.
Subsequently, it analyzes the emerging requirements in the era of ubiquitous computing, outlines the fundamental
characteristics of ubiquitous operating systems, and presents the latest research. It then delves into the challenges
faced by existing structured storage solutions in the “end-edge-cloud” scenarios. Furthermore, it proposes a native
table storage system for ubiquitous operating systems and provides an in-depth analysis of its architectural
advantages in “end-edge-cloud” scenarios. Finally, we summarize the paper and offer insights into future
development trends.

Keywords ubiquitous computing, ubiquitous operating system, native table storage, software stack, end-edge-
cloud
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