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Abstract  Flash memory has gained great popularity for its properties of low latency., high
parallelism, energy efficient, and small volume. But the direct substitution of flash-based solid state
drives for hard disk drives has hidden these properties from the operating system, preventing the
operating system from optimizations. In this paper, comparison and analysis are made on the storage
systems built on the raw flash, including flash accelerating cards, flash arrays, and flash-based
clusters, which have achieved the goals of low latency, high reliability and energy efficiency through
hardware interface change, software or controller module refinement, or computation and I/O
capacities matching. Based on the comparison of these recent raw flash based storage systems,
challenges and design issues are discussed on three aspects. Firstly, performance optimizations with I/
O stack redesign are surveyed from the hardware interface, notification mechanisms, the system
software refinement or redesign, and new storage interfaces for rich semantics. Secondly, the
reliability approaches from the system level are described. Finally, the energy efficiency and the
volume gains from the flash based storage are presented. After the discussion, the research works are

summarized and the possible research directions are pointed out.

Key words flash memory; storage system; I/O stack; reliability; energy efficient

B OE NARERIER BHE M AR NERS SR T2 2% ST ATHEARNAER

AERRE GG S X IZH T N A TR T 3504 2 oxt A4 5 F A 8 R L. KRG . 545
btfrxTﬁJEf Ak AR A TFRANG ST RERAGELT AR AR A AL
PhAGHEE AN T A BE A TR R AER G RN BT ERR ERAREL 1O A ERE
FHXEAFRIER HTE AKREEH RGOS R REEEH T AAELMER S AF B
LHBE AT 1O BAEL TH0GAHREEA, RALTER hREMH. RELST RNAAMEE
Gy IR 5 45 &L SRR B R R TR AT @,

24| WHEAHALEOR; THME; ¥4
hEESES TP302.1

Wi HHEE. 201208 20:fEE HHA.2012-09-12;: MK EFEHH 20121205
EETH: FRERANEFERAISLSITH(60925006) ; {5\ =7 FHARB 5 K& R340 H (2012AA011003)



50

HENMR S &R 2013, 50(D)

i 30 4Rk IFRHLAR LM 1/O PEAE S CPU 4t
PP RE 1 22 FH AV GE YR T HL BB 22 A% R Y PR
K B 3 Tl 22 B A R B B AL 5 b [ I A S R
Yok 9 A% Bl 11k 9 25 22 Aol B A B LR
PERE T TR 20 A9 Ak B 25K, 3 OB Ak PR A
2 R B 1/O R §1 20 TSR S8 T
S LAY N I AR BRAE 3L IR T/ O RE 3 1E Bk AL
ARG T R DR ] AL

T G SLATiE R G AR I T % 2 55 ). w4k
FHilid RAID $AR K % 2 #8519 3147 47 B 1/O
TR IT  B Z2A W B A  l ad Z2 1 IR AT
VEIRPEIR 54 5. 78 B A N » i 3 2 0 o Jdis o
Aiv LI 1/ O 3 B2 45 22 B T BT R Ak 808k 5907 18] 9
/A S I A] . AR R 1 45 A A ik R

A T B AT R A AR T T L (H D[R] S
A3 AR LA B AT R R o IR AN BE T AL SIE IS EEOR A
A4 R TRD IR o Pl 4R I 22 B A 1 9T AT D7 )
TR RE . A7 RGEAEAE AR T I8 2 T 9 Pr & 57 oK
MEEEECH AR Z 7R, REMBR YK
— TR T RGN 5 —Jr Tt T hE

UTAF R B N AU A 8 i B0 388 R A% B9 T
W L DNAE B 1 0 28 I A% 3 8 4 v o B4 N5
BLLL R R AL Bl s op 25, TR B A 38 L IR BE
FE BRI VLR AR TR A R A A DN A AR K
O I I 32 B R Y 5 3

1 REFEHEIR

DN 7150 28 T2 28 Hy IR AE A JB DR A7 425 o 45 P 20
F R, W 1 R, INAF4RAE LLINAF 50 (page) A S
TG, PLINAE B (block) S #2 BR 5T . 1 #5 R B9 A
JE 5[] 4L T 38 1 (channel) | 0k 35 %% (package) |
Wikr (die) JINAE A (plane) 58 Z AR B IFAT L )
2N HR L 2238 18 J5 2 2 SN A7 UKL 4% B i
T R 22 UKL B 2 22 O 4 2 (] 3k AR
A L H AT S7 AT 4R AL B R 2% YA
LA TN AR, B A4S URL ] B 7 3% b AT 48
A WURL N R ] 23 ZANINAE R AR & A —
AN INAE DR /NG 2 A7 2 A7 T T8 A7 1305 B9 . 3d
it ZA PO I A AT AT TN B4 78 00 A A
JBT ) A7 BOCPE BB TR A7 428 ] i 32 90 57 b bk S L 457 3%
[ S T 453 22 5 DR A gk S R 1) O 3% fi
AR 0 S FTHE R (0 38 . i T TN A7 B o0 i 48 BRIk
BT BR o DR A o) 5 208 o 0 49 A7 O 0 o Al U N
P DA A B 22 T) 1 4 o3k U 50 o ) I by 3% ] g B0 9 U8
B HBCHEE B3 00 3 3 v 1) B [l i DA 45 1) 5 R (write
amplification). [N £74% i 5 B 22 48 37 15 24000 B0 b
il e 55 e o) AL A A A A PR IS AL L A R S R
DL 155 1 1 B AR 7 i

»
I

/
DRAM ; S
Flash Flash /
Memory Memory /
#
SSD Controller  —— Pkg #0 Pkg #1 //
mercon : 3 A )/ Plane 0| |Plane 1|| | |Plane 0| |Plane 1
Interconnect | | Hardware | S
- "| Interface L Flash ¥ i ,
A Ctrl.
\ 4 Flash Flash
Buffer Memory Memory : -
J L Flash Memory Pkg

Fig. 1 An illustration of SSD archtecturet!,

Bl1 N AR R R T

N A7t 32 2 DL 25 4% (solid state drive, SSD)
DL LR INAFE PR A7, B2 B LR 7R i 4%
PN R i N A 55 # /2 (flash translation layer, FTL)
4 T b B SATA g4, HAMAB Y i 1T #2110 5 4%
Gt BB 2200 [ S A 5 A% e g B A A A b
22 SRR/ [ 25 45T L a7 B A 4o g 4 DR T R 2 2

(I8 3 245 DN A7 A7 B 1 2 28 50 S Al
A R 55 A% A ) A

SR - 181 25 2 1) 2 PR T N A A3 1 A Bk
FEAEREPR T by TN N B E R T LA SR A
V3R] 58 . SATA 3 100 b i B 28 0 AN g Tl A2 22
SR A SO TN A A7l R SRR, TR A7 6 1 &R



Wil g7 U 45 - N AP AT it R L2 0A

51

Gt b LASCE R G0 R ARER 0 2R G 3 A A i 7 B
R Z DRGSR R B it A7 A 30 2% s I A P L ]
AL S LIAT 2 7850 R . A 7F B4 D E
A RGEAFAE A B EBARIAE LT LA J7 1 -

D JURTAE

SCAH FR G0 SO B A PR R B FE SO B SR Y 4
PE R LG XS T SO 2 i P B A i 5 £ ) R
(14 B B[] o, A0 455 7 i T 25 TR A8 L. IR T 5 Y
P T L B AL b b B S DA S B A e i) S b TR SC
fEZRGerh NSO 2 5 e B 5 W) B e iy W 5, 5 A
AE VB e 3 22 vh 32 % 1l hk 310 4 38 b ik F ST L A AR
T INAE Z G0 RUZ S0 002 e B (1 4 B0 R 354 in
T OGRS S A A T A L 0T RE S ROSUZ AR
b Z IR A7 A v 5E.

2) W SCBR

DR A7 15 8 48 22 1 2 T X6 TN A A Jo A 4524 5 1)
FIRRAE T R P A 0L A R IR D
TUTHT A BN A E5CHRE - H AN 8 B A 5 DT T 22 T Y O
o A AE L A B0HE 0T A S Y S A AL bR
I Z A TR 150 28t X DL SO 3R e 454 L AN g
Je it b3, DA EE F 52 T U S BR R AR ) dn, Sk
F LN T SO 0 45 B 48 AR A8 et 1z oo B s i AR
i AP PR AR AR BB R RS B A N A i A iR
S A T 8 1) 7 3 I &%

3) FEPESE R

INAF o5 B B 1 S b B0 A e L i 1 B e
25 NS BCH TN AE T, TH N A 0 — LR B 3 73Rk
[l WS B 2] T S AR G BN R A R gl A
)RR A B A 4 AR Y R B R i WAL
(write ahead logging) i 75 2, 5l FUIE B 10 476 25 [A]
TE SR EE HEOBTE N redo H 7KL SR 5 7F I Ml iE 47 B0 s
149 SR XA A P DL RS 45 A PR L BE
B TR B E TN AT AR SO R S
R AR ) 2 JROAE B ARG AR S B IH AN
fEprte,

D HTREZ

DN A7 1Y) 255 ek A T 185 0005 38 4 PN 3 1 4 31
FIUA K WA B e SR W AE AW 1S KL X BRAR T T 776k
A 10 1 3 BUAS AL 8 1 45 I B FE » 52 MRl [N A7 1)
PeF M EAAE SR INAF A B i, EHL CPU 5
WHAARNDZS . 735, 22 B3R5 92 47 3 i 5
[F] HE 3R 55 50 WY 5 P A ). S B TN 4 R A
I b B2 55 G A DA KBS A7k TG Ry 3R e A Y R
53 T LLIA SRR R 40 1 s .

1 P 3t D[] 28 25 #h il  HO A7-fik R GE N RE SR 0
RARINAFHIPERE - DT DN A7 A7 2 e i 1) T B4
PRINAEAN 5T 58 BT SR R AR 1R 25 48, fIE A A 1R
FEAL L R W AT AR S B SR AR D) RE L LR T I AR A
filf R E i R AR R

2 NEHFEERS

FET INAEA Bt LA N R G2 AT
WFE P A I X 2R AL G N AF I R A
BB LR AT A O B A B T IR A 1Y o0 A R SE
R,

2.1 WHFEMmMEF

DN AE I IR 45 2 o s 3228 1 AR b B s
MZEAFAL . M L T2 59 PCle [E & # RAID K,
LA FusionIO ALK M T RiHfEL T PCle N R A
RCHL R AR T AA AR VT IR E IR 4K T U A7 9.

T 35 B 5 B9 5 ) 5 22 48 5 = AL HBA W 2% 58
e 5] 2 1 4 S U Rl B N K] 2 (a) T s PCle [#]
A% RAID R E 40T RAID #5464 . oo B 4t
PRASHLS A fE Ui ) 0 . W&l 2 (b) i 7R s FusionIO
KRR INAE PCle K, 32 ML ELHE U7 18] [N A7 08 1 s 46 05
T 1O 1&g A2, $ A T AR A 7 1) B3R

Server Network Storage
Application‘ CPU ‘ HBA Swicth  [RAID Controller SSD
Application v é
e o e 0D
< ﬂ % =710 8
- s 9}
(a) 1/0 path of the disk array
Server
Application \ CPU RAID-attached SSDs
Applige;tion
(b) 1/0 path of the PCIe SSD
Server
Application | CPU ioDrive
Application
B E——

O — 5»
&3 T

(c) 1/0 path of the FusionIO ioDrive

Fig. 2 1/O path comparison of the disk array, the PCle
SSD and FusionIO ioDrive!*’,
2 REFLFEF) L PCle [E 24 RAID & & FusiolO ioDrive
11O A%



52

HENMR S &R 2013, 50(D)

FusionlO 7£ 3 HL i 52 B T N 47 7% 2 B
VSL(virtualized storage layer)™). VSL 523 T [N
A 40 23 PIT 5 25 0 B S L S i 34 Al L T R A 2
Fh I GE. #H LT 1% 40 TN £F 8 25 2 78 152 25 8 3 R 4k
A A 2R 0 ab 2 75 CAH H . VSL 68 58 20 A 4L
MITCATH R S A RE 01 KOR$E & T A PR Be. itk
b F) TR A S 1 BT %) 5 1 KIS VS rp i S 5
W) HEMLH, VSL LB T Z2NATTHIETF5H
(atomic write) #2AE , T #E S T 1 )2 0 H b fEfit 2
B EH AR MELSS B LK N AR
FAr . M VSL A Ik 25 8] A R R T 5 A
PE L, DFS" LT VSL 8 3 & 1 N A7 SO R 50, 484t
TARIF W PERE  FRAR T X R G 2 2 1.

BT INAEAY B0 2 1) DR A I 3 R A 34 J2 52 30
INFEA B B, OF 53 RG4S A Fe it R % 1 #L
il s RKREETE T BHLAF T R G ROR. X R
SR B  Intel AR Z AR Bl E T NVMe
FRAE AR G0 — 422 11 AR vfE Sk
2.2 AEFEES

DN 7 Jim 3 A S A i 25 o A 9 8 S A7 A 3t
R T R R 2200 e
TINFERED b A0 45 R FH 1 285 5 5 4% Bt W 37 42 il
i i 1 R T DL SCR FHINAE G 5 4208 R 51 45
il 0 2R B

Violin Memory 5 Toshiba & 1E & i [N 7 %1
it Violin [N A7 [ 21 4 il 445 X [N A7 A J5x Ok 22 )
HEATPEAE . Pure Storage AR 4% [N A7 55 M 78 4 5B
BT 4a ] s 45 ] 2 L 500 R INAE B IR AT v R
W30 PN 4 ey 1 S A 89 A B0 DA B It 4 SR T 4 )
RES A . KB EMC Wi (1 LA 250 I8 A7 [ 51 2
] XtremelO TA hy 1 45 [ 50 45 il 2% 32 25 7% 1wl 4y
PR AL BN 17O 25, &3 3% — 5] 85, XtremelO
BT T B A A7 P 90 2 T 2% o R 4 DR A 6 e 1 Bt ATL
Vi lal B o I 1 H DN A 5 b SR e e ZE B N S8 B T
I T R RS G T T T AR 2 T T RE
2.3 ETAGEMSHREEHRS
2.3.1 FAWNH

FAWN (a fast array of wimpy nodes) 2 Py %t
Hg R K 2¢ (Carnegie Mellon University, CMU) % T
INAEAT AL g g T 47 e AR REFE . S M RE M ZE B R
i, 5 INAF I R AN AF BE S AL G TE T 1/0 5 R 40
()1 B RN AT M B BT AN TA]  FAWN DA 3% (A 14
VI 1 B 25 FE DN A7 55 A0 B 1 DCE LA RIS 2R 40 2 4
HEAE.

TER G R T BB R L 1O R T A K

CPU 43 . CPU 1R 2 B i kb T 25 R SR 1R A
[ CPU K e #E Bl & M0 2% (9 42 5 58 00 6 2k M 1
K. FAWN g R BK e #8 CPU 5 [N 17 17 fiff AH VT
e, SR AL B R R M E R R IR R RS AW
BUHR 43 W9 R 232 BE IR REAE. FAWN 28 1 8 {E 77
R GE, LLH R0y AT SR SO0 IR AE Y S5 T
. FAWN AJ 2 {16 45 45 B ik 364 YA )35 5K A
LT S A A R G R AR 1L 96 IR A i P e 4R
HoafE.
2.3.2 Gordon""™ #Hl Moneta"'"!/Onyx"*"”

Gordon™™ F 4t J& fin M K 2% & i W 5F 4 A%
(University of California, San Diego, UCSD) ¥ i}
1,5 FAWN &) i >R IR A5 A0 3 % LA 2t {IK B
FEEE PO ER ARG, 5 FAWN SC 7 8 (H 17 i
RGeS IRREFE AR A, Gordon F% TAEE T
BETT IN A7 55 40 )22 55 DC E Ak R85 TN A0 B 10 P 5B A
REFE. Gordon [N 75540 |2 8 K AR N A0 R [|) 1 9F &
FEME EoR T Z2 R4 . 45 M bk sh A e by L 2 Yy B
GUZH G BOR W 3R 0T, DL K Jm] s Sk 9 2 5 i K ML
Gordon 7EB M FE R T 256 GB N FFF1 2. 5 GB
) DRAM, —A~ 16 A~ pg (1) 354 25 47 5 T $2 41 4 TB
(4 TN A7 A7 R a6 14, 4 GBps BAEWH 98- . Gordon
RHEC LW T San Diego M8 . FE )
FHAE R ARy 38 | 55 DR 4000 7 45 54 28 4 7 A 4ol
FKs HERE #E TeraGrid . 24 58 4 e & A1 & B,
Gordon ¥ 414 300TB [NAFFE G455, i 1024 B
IR T10 24 i P e [ A5 77 i 2 1, F AT 16 384
A4 B A%, PRI PR RE G (E I8 3 340 TEps ™.

Moneta™ #1 Onyx"* J& UCSD 3 F PCM #4
A R 5. Moneta YN FRAFIEIR & (R 4E 3R 77 fiF
A T R 5 [0 SEE 3R 1) B A7) B A A BRI U R R B
e LT P DL AR AR 1 ] FE SR . Moneta SR
DRAM #48l PCM. iz R G580 T #4E R 4 10
FE AR AE R L 8 5 spin (19 S5 £ R 2 v BT R A 4
XF 2 G5 05 ok, BE A% 8 /D 60 %6 By TR) FE SR L HR T 18
fi5 B9 7 967, Moneta J& 2k Hl PCle 4% [ 9 £ {1l
PCM 174 & 4, Onyx &2 X} Moneta e #1958 2 0
JE#I Onyx ¥ PCle $ 0 % DIMM #: 0, 3%
TR PCM B, if— L3+ T R Gk fe.
2.3.3 RAMCloud""

FER AR 5 M A 28 A AR A R B 2 )
S K 2% A 58 A 4 8 (University of California,
Berkeley, UC Berkeley) $2 H} 5% /1l DRAM #4 8 43 4
A R 8 RAMCloud™! . RAMCloud F] IR 45 £%
S IR 55 & DRAM #4388 — iy 45 25 [6] (9 A7 6k &



Wil g7 U 45 - N AP AT it R L2 0A

53

45, A BOHE A7 i 4E DRAM v, % 8 A AE 4
HH LG 45 G0 1) G 5 AF B 72 5 ) 4% )7 i) 32 iy s 8% 5 ~
10 ms Ay 43R , RAMCloud 915 [A) 4E 38 W 35 2] Sps,
T+ 100~1 000 fi5 My PERE . A& N7 16 R 40
“FlashCloud” "] $2 fit #% {it T RAMCloud, {H 7€ 5 ]
A i EOROHE (9 R RAMCloud i AR 31 A 1
AL

FeAMES Al HAEZ RAMCloud #% 24 3¢ 1 (7]
A RAMCloud 2R FH #8848 4 0 474 » 76 N 17
i BRI Sk 0 SRR IR Rl RS (bulk
write) il ARG ASRAERE A PR, 76 7T 1 L RAMCloud
TEAS TR 19 IR 55 s b 8 3 A IS . HLR [A] 4 2 4 il
ARG BN AN R) 0 IR 55 4 . A6 1 BB , BT L3R 47 Hh
INTCA T A5 A S0 B R AT A 1~ 2 s (1 B[R] P AR
564 GB IR,

e &2 RAMCloud 53—/~ 5| 2 4+ 8 (1 [n] R
RAMCloud 1Ay 75 DA 4F £5 B 50N i 4t 48 b7 A
RAMCloud P4 68 9 0L 345 n] L4 41 5 7 ik it R
R AR REFE-.

2.3.4

B R 2EN Mangix J& 56 F [ S A7 64 3 1T 4
17 A R 5. Mangix 43 85 7 SCHE R G009 H SR 4k
P15 75 I 2 E) A HE AR FE A PR 2 DA S A HE N
FE W INAERG e 2 A 45 G BRI 3R 2 0k, LA b

Mangix

TUA TAE.

DN A7 5 460 )22 0 PR )2 S Bl o 8O S R
(R SCA T8 SCAR Ak XoF TR A 1 B8040 4o A 5 7 3 Il i 3
W IR A B 4 22 T 42245 BRI AR A 5L 0D T/ O 642 9T
A 38 3 B o A R AR N AE I e O &

Mangix & F 73 A U0 5 SO R S48 L 508 M
TCHE AT I8 At T R h N A A it b TN
A7 480 )22 DA AR ask R R 0 O XA B A SE B A
A 2 PR R AR DL K 2275 o5 1 1 S5 R
2.4 N H

R RGN E AR IE R ARREAE 2 R R Y
i 45 22 7 1 2% RO R0 T R sl R L B T AR A A
Ty ST B P DN AR A 2R 40 HERR LN 3R 1 oo, N
TR R TR B 50 4 5745 e 11 25 3k 1 O =X AR 9 TR A7
R R R D A A R e R T TR R SRR,
By BRI, FAWN 5 Gordon jifl i PERCT/O
5 CPU i+ e J1 A BE Y £ B2 A8 2 45 A =X 9 g
R A2 S INAE R UME B A i — LR
(AT BE. BT PCM () Moneta/Onyx [F]#£ L) 55 #4) %
PR G J7 SEI TRARAER 9 1/ O 5[] RAMCloud
5T DRAM # & 1 43 1 U7 6l R 40 B AR A i &R
i) 1/O ZEIR. Mangix i i 8 0F B 32 8 BN A7 A
JBT o 38 3k R A O A A T I A A i Y o A AR
HEAF it R 4¢.

ZHe
Table 1 Comparison of Flash-Based Storage Systems
£ 1 B EG L
Storage Storage o 1/0O Stack Semantic Global Wear .
System Media Distributed Redesign Latency Energy Aware Leveling Scalability
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FAWN Flash Yes Yes Medium Low No No High
Gordon Flash Yes Yes Medium Low No No High
Moneta/Onyx PCM No Yes Extremely Low Low No No Low
RAMCloud DRAM Yes Yes Low No No High
Mangix Flash Yes Yes Medium Medium Yes Yes High

Notes: The latency of distributed systems includes the network latency. And the energy of FusionIO includes the host energy.

KL TAT B4 B IR0 A 0 i 2 0 Ak 1)
AGUAR M T B D8 T 80 K A AT IRAE OB L I
K S MU AR . ZRONAE R G E BT RO e E B
AT A7) ) e PR R L L SRy S R I AR B

3 RAEFEHARFEXEEAR

DNAE A o 5 1) 5 B SiE 8 | 52 55 N 0 R 9 4

5 0B BT IR A B BEALPE REAR THR 2. AL G4t X
e B AAC BT BB R G R T INE R G, —
D7 Ok T RGN EITUARIIRE . 55— J7 B
TR T DN AT AR R I B, DN B AT S 4k 5 1% G i 2t
VA AN [+ DN A7 BT 14 2 B U KA B T A B A 42
R O R 384 0T B TN A 1 AT 5 A5 DR A7 R A 1
R C. BAh L INAA R B/ CREAR AR . 3 IR BEFE I R 4¢
itk T HLE.



54 HENMR S &R 2013, 50(D)

BEXT N RO REE L Y BT I N AR AR RGO BE T UV R R R R R BT BRI A 0.3,

FELEFIELIT 3 AJF0m. PCle (INfE R &G 8445 5 e 21, 9%, i BE &
3.1 EFIORBAESEMNEMERMKL A5 Je Mk 25 140 B9 & JE L T0UT T 3014 JF 85 B o e R

TE T RUAF B 22 8 T A7 B A B B v [ 22 3R R ok i5 94.09% A 3 s
AR L AR XF B BRE T A BT HE ) ok L IR

100 94.09%
88. 40% _
80 1
- 70. 00%
Py
& 60 -
=l
3
= 40 —
(=}
19.30%  21.90% il
20 — -
0. 30% 10. 40%
0 1 1 1 I:I 1 1 1 1
(4 N = = N w N e
= — [=3 — — — — —
= (=} (=) (=) (=) (=] (=] (=}
a S S S S S S S
T a G = G =
5] ) ) 8 2
= g 7 5 5 & :
2 2 2 2 A o
> & & B a B
Device Type

Fig. 3 Trend of software contribution to latency™*/.

3 BRPFTT RN L

PR IE RS — 7 R AR B 2 0 2 AR R 15000 5 HERE W SN AE B E T A0k 2 R,
HZ WAL BT P O R AR KT s S — T W H R 7 Bl 2 4% 15K, 3 A5 717 %8 202 MBps,
Btk £ 518 BT AR BDUT AL B A Bl ok T HAEH] SAS 6.0 Gbps BRE {4 1L AT UL B P A Y
B BRI R B R SO AR NAF LA L INAF IR R PR BE T ik

B T HAETT 81 S BRI SE S R IN AR R BB A B AR RO R S IR A B T
PRALREE M T Re " Gl R BRSO E L hr s i 330 MBps 71 9. 33 MBps B4 5. (N A7 % A

A Jay DR A7 55030 55 0 2 24 T AF 5 0 A e P 2o 22 0 T8 A LLRGE T TR K AR A AT L T 4R
3011 BEPRHE C S E AL PN R A s B I 47 U7 ) 4F 5E. AN Sk 2 BT, Intel

Rl 2 10 g 9 BIR A 52 e T DN A B Y 1 fE. X25-E [y 98 1K #1] 250 MBps, SATA3 Gbps $% 1
BN 5 G AF B RGN TR B B % e O FusionlO 2R A] PCle 9 8 1 #% 11, ioDrive
1 S 1 T8 55 0 0. DL R 1 A e e R BE S A T3k Octal T35 % 6 GBps 191324 96 Fl 4. 4 GBps (195 47 5.

Table 2 Hardware Interface and R/W Performance of Enterprise Drives

R2 LMIRSWwEHEENEGHREOSIES Ea

HW Read Write Read Write
Storage Disk Model
Interface Bandwidth/MBps Bandwidth/MBps Latency/ms Latency/ms
Seagate Savvio 15K, 3030] SAS 6 Gbps 202 202 2 2
Intel X25-EBU SATA 3 Gbps 250 170 0.075 0. 085
FusionlO ioDrive Octal 32 PCle x16 Gen2. 0 6000 4400 0.030 0. 030

Bialy 56 2 Ah . U ) SE 38 75 2R B M AR A A PCM i 8 R 48 b JF 4% Moneta 1) PCle # 1 |
#:10. FusionlO i i PCle 4% [ B # ffi H DMA ¥ Onyx 4 DIMM 43 [, 3 — 25 AR T 15 0] 1831 1207
INTE 5 N A7 2 18] A% i K30 - DT sk 4 SAS/SATA BT AE A 2 7 T S2E 33 (9 e AL fof 45 4% 46 5 T b b
HBA 5 RAID % # B i kb B 2E 3R, W& 1 fr R, {18 5 REE A7 308 AL e R e A e 2 B s
FusionlO A3 /0> 2~8 MEHAY A BEIERY . UCSD B4 KRG RA&Z ), 1T DMA #E17 0085 1% i



Wil g7 U 45 - N AP AT it R L2 0A

55

FHUTT RS ATHE A o A 0 S5 BS990 B 1A
58 R A% iy 22 S 38 2 B 4 438 0 32 AL CPU
PLHEAT IS 2R b 3. A58 At e A 1 BLS S IRAE AR 7 [1)
23 O B TP R, R SO AR A R H AR B
SERFROACH. SCIRE33 I M7 BT B A4 &R e 1/O
56 BCR A 07 22t T b 7 2L 1O i R mp R
FHR) A 52 3 B L. UCSD 9 Moneta JFUE 2 45 R
HT spin R0 7 KA 1O 35K IR 58 B, DLk
S v W R i R SO AR A
3.1.2 BRI A

1 1/O B2 b PRI B R AL 5 5K 3 R 4E
X ZRIEAT TG AR RS R R R
LA K SCSI 3R 3125 76 1 19 25 2 0 s il HAR 1 S
PER G A% IR Bl 3 AT VR U DL S B OE B A EROAE %
. ARG T Z )R AR BB S T A
T Kb B 5 5 e

TEX I3 F, FusionlO B £ /§ DMA &3
PCle # H £ [N A7 Rl A7 2 180 4% S B3040 o DA T s
o T 5E SCSI I 3 JA ML A AL, SCSI 1y 3 2 4% fi
H5E T8 iy 4 22 ) ) 2 o B A 3R A ok TR AR R Y L
BRI a2,

TEBE A ZE . A1 10 R T
i 25 A UG 5 T R AL A 1 2 2 A R v O
A N S ] noop (994 B2 SRS BEA#E4T 1/O 11994
JE . TN U 0] LA J0RR B RRAE 325 PR BE AN X FR 23 3
BFOEBAE S WS ERAE T AR KRB ER 0 B35S
SRANBE T 73 F FH DN A8 45 9 38 1) I 2 e Mt S B0
ViR P, SCHRL29 148 Hh N fr i # B iy FIOS 8 2 5%
e AR E A A S B B A A B )
940 BRI T IR A 3 o8 19 0 & A R E T U5
[ 37 3K A 23 F- 1

TE A R 40 )2, Princeton W37 At 5 FusionlO
E1E 7 FusionlO & & FSZE T B 8N A7 SO &
G ZXAFR G AT FusionlO [y VSL % B A 77
fERBZS A D BE AT e T S RS R S
INFEIR 4 FTL 4 B0 T4 & BT 451 . Wisconsin
KT R L T nameless writes B , i
i SO R G2 5 TN A B A TR T Y PR AR T DR
X BIAAF B A EESERE S Y S L, 2K 5
I SCE 2R G0 UEAT i hE A9 B D 5. nameless writes
R Al el /D T AT A T R L AR TR A
DAL PR AT 5 I A 4B K A S 4 A 1 SR T

TEN H)ZE,UCSD #: T PCM J5 B & 4f Moneta
SEHL T AE P S BRI AT B A7 UK &R 58 Moneta-

D", Moneta-D 3@ i i {4 52 8 7 ACBR 5 30E , LA K A
BT AN AR PP AL B S SE B T PR F S
FEREIE A5 T 1Y 42 1O 3R, T T H P& 5
N AZ 25 U1 T 4 D K S 22 G A RR 36 i 1) 5
3.1.3 MR

F G5 A7 B 0 B R AU A
FEAREEAER T . READ Al WRITE. [NA7 4 B AR 245
S AN AT, BEORT 04 ) B T 0 A5 AR R BR R L R A
REFEAT o AT 22 850K FH 55 b BB S B s e 1Y)
[H W AS 38 3k 37 3% (] e 3 A7 2 (8] B 1l Wi, 357 35% [l i isf
TEFEAE IR 1Y B TC I [N A7 B R ol 7 28 I A b Ay
RN AT 5UR% 3 B8 1IN A7 5 A RE EAT IR A7 B A 42
. a7 3% [l g s A DR A DL % Bl B S i R B R
8 R 8. TE ST N B I A% S8 SCPF &R 3 4B BT B
It 19 75 XM R S A X B al o AT AR IR, N AR i
B2 5 S A s A BRI N A B
BN TORL S BOR A R A AT 0 B oK T S
R 2 G 1) A 3000 (R 22 & B3 %) 504l o0 7 TN A i 4%
PIATS SR Bl 8 152 b A Sk A 50 S T 3 B KR, [N AF
P RE AN Ay 3 37 B 5% . TRIM 4% 5] AR T
Hd UM BR A S SO R geiE i TRIM 4y 4 58
TR A7 B a8 O 20 B 1 B8 oL i 95 1) (8 75 3 2% ml
DL I & JE R L. B TRIM i 4 Ab, SCHR (6] 4 i
PTRIM Fl EXISTS 4% H 47 4. f1 F TRIM 7y 4
AR VB £ G A7 vh 4 /s B0 oL TE AL AR st AL I 0 T
2 O BR A 4 AN RE B & 5€ B PTRIM R 5 A
WY I %) 3 SC o ke TRIM 7 3 B A% 0 2 2% i) .
EXISTS 4y 4 H F & A BC¥E o1 0 17 76 vk il i
PTRIM 5 EXISTS w54, X 24 n] LA FTL
A PRAT-fiff =5 ).

I R AR 1 DO AN T S0 RGBT N A1
) fE B W H T IN AR X BJR R G R R
(38 5 D BE 32 AR T A ] INAF SRR IR 5 Y BiE 5
. Atomic write FTL ] log block it 5% £/~ ¥ 3
VT BEHT . LE B B TR ST B (spare area) [X 38
L HF 55, @ AtomicWriteStart () Fll Atomic-
WriteCommir O {8 ] 52 B B AE (S 1R 5 £ 58
EEDPY | Atomic write FTL =2 H F 8 8% 45 155
T &5 LM Flash BB XA RS, B INAE IR
OE HEEE L WA A S RS T FTL (2
fig. OSU BIBFFE N 51 5 FusionlO &1E. 4811 T % T
FusionlO VSL [ atomic-write #4E $% 0. FusionlO
atomic-write F| H] VSL vt 51 LA H &8 8
) A5 T 3 RSt O ) PR A RS Ll A e S B AR il



56

HENMR S &R 2013, 50(D)

BibRIC S 55 (14 58 B TxFlash™ £ 1 7 % i F i
JR 5 S AL A R TS ERAE N A W BT T
B DX B0 SR i Ak DU TE 1Y 5 hE DT AR S
(189 22 A~ 1 3 DURE) BB, O 3 5 B 445 R 1 G0 A B 3%
JE ¥R & 7 58 %, Flag Commit™® 5 TxFlash 2%
L, ekt T TxFlash B3 454 F .
3.2 RgAEMY

DN 7 BRL T 1Y) 458 B 23 1) 55 TR A7 B T DR A7 L 1 Y BB
1 EEAEAE O EE S o T30 DN AR T S k. A
AT I HE BR UCEZE 10 000~100 000 YR Z[H] , Bl 4
DN A7 25 5 14 38 00, D3 7 BR 0T T & PR AR AR TR Sy
FEAK A 735 & (A FH 5 i FTL N 52301 5 460 3 i
SRS SRS 2 RGN S N AR
BEUIAROC el b B 2 0 T 0 5 B4R U 2 SE R N AF
FAi I — A~ EE B R A PRI S DA AR G A B S B 4 AR
b5 18 45 34 5 F TN A R G iy ] SE VR L E W
3.2.1 #E N AR

TEHR RGN Wt 10 RN EENHYS
TV 2 TR R AR AL B 3 38 3 PN T S P Gl N T S
F EALHE WA 5 T - B G BN TS TR 4 B A
2 A HL .

CAFTLEVAE FTL 3 aof XUz B 5 4 0 7T 4%
SEHT RS xR A T A R A B A T b T 2
5 ABIE . CA-SSDUS 8 3 T 4 28 T4k (content
addressable storage, CAS) gy B A8 5| A 3 [ & &
b BUE R B VR A AR B D T BRSO E K T
BB F7 A TERUIE FE R e b o i s IR I K/
TN B 0T R /I, AT B0 sk BB & R BOR &
{14 TR A7 38 DL %) TR 385 8 IR A7 77 o ) A B i —
[f] 0, SCHR[39 142 i T in-page logging (IPL) ) #l,
il s A AR AE B R B 8 KB R/ log X3, ¥
10 SR I BT N B log Xk, 4R )5 8 i 48 3R A FF AL
il BB SO L 9 T A A DU AR TR [ — 32 4R
HE B DU 5 22 B B0 0 D A R A SRR L BT
BRI . Delta FTLMY 5 33 XF [7] — 32 46 H 41l
1) DU 1Y 5 R4 T LU AR 45 10 Sk R 46 IS B 88 . & 5
ZAE BRAE I R 4 55 10 5% B delta log X3, 9 2
INAE B0 By BT, [6) B, 5 R 4E 4 S R Y delta
mapping table DU4& b f5 B K4 14 A 3h). [N A7 451 T
[ Pure Storage 1 XtremelO 438 i3 5 & 085 M 5%
Fe AR B 50 (1 B A

MR PN 7B 22 WA B8 42 A 008 25 5 M o — 1
FREHR & T INAFE R e iy Al SE M. TN A 1 S b T BT R

ST R BR IH AR AR, SCHR10 ] 45848 Y 7E N A7 SCE &R 40
H AP BN ST T A — BOME RS L 2 BT Y R AR
HH A8 B 3 o [ 5R 3) 1 — A — BOPE A 9 7 2SR I S
(ERIEL )
3.2.2 W& EM

IN A7 7 G0 v 1 6 S MR 8 1 A8 R B R S DN A
T A0 R R (HL I T I A TR 2 4 OB T
(2% 8, 7 22 1 2% B) 28 470 70 4% 508l DA 8 v vl S R 7
A AL SR 5 RATD 25 85 1 15 2 0 3 =2 1) 1
FEAH B ST AR TR IN AR A4t 2R B8 TP R ST .
F RAID J& 1] G ¥ 45 61 48, iX 2 8 RAID % [N 7%
£ AR AL A 3 B B . Y4 22 A N A 3R 4% IR I 23 77
i BRI o 4% 180 7 HH A A6 T o i iR A o A AR
R T Diff-RAID™ 8 % 4 5 A (parity) 28 AN [A]
DN A7 38 25 180 18 2 A 25 S0 25 12 65 1) B 45 0 o AT
R ALK 152 45 [R] s 8 1) E %6, 3R 2 8 T [T 25 8 RAID
)R] SEVE. FEGE RS R Pure Storage B 41 Py & 52
BT 4 e B BB A R A o DA S I A0 ) K A

20 % 45 10 TS P A B A AR AR 1 T
RAMCloud R T Z &A% 09 B AR K B4 (04 &l A< 43
A5 AR B I 45 2% b 3F B T 8090 A 08 Bl A 1y
A4y AE T HERE R 0 T A IR 55 2 3R 7E A R A B
A L3 3k 5 2 K 5 R AV R K A 1 ) T
3.2.3 IRB ARG EEM

55N B A X A T R o P B A
5 EAMNIRAS R TS B 0T 685 i T/
FA R AT LA B0k 2D T8 A7 A S5 T R A7 10 B00E 5
A SCHRL A2 JHE R 3 AR B A B B A7 i LAGR
TN B 2R M A R 2 BB O B R B T
CHIE (1 ESF ) SRy 3 & A AR R — 8 43 0 Bl A A
5L a2 IR B B B A A 0 Ak mT DL b
KBS 5. T-CASH 2 ) 1% 25 5578 o w5 4 2%
IR A A6 R G0 O BB VR AR BN 5 B /R AR
S M (R BN 28 A7 T 25 48 oy o T H e S 8 v R A
B 04 58 7 48 Ak L delta (998 2038 0 5 B0 84 £ b
DAY /D ot [ 25 5 0 5 B A
3.3 R 58e

INAE AR BN CREAEAR, b AR RE T FEAL R
g5 o B PO R T AL 4. EXCES F) FH B & #4E A
e 45 AT o 45 0 A 100 B U L R AT L % o e RS
T ik 2 45 ) LA SR F A A gt

TEHCHE oL 3 T, FAWNEY F Gordont'®
HOHE T LR AERE Y S AT AL AR S 1O fig
F7 38 1 G 45 2% 1 CPU AR 4 38 1 I8 42 5 7



Wil g7 U 45 - N AP AT it R L2 0A

57

DI E AN R S 1/O Z [ iy 22 5. CPU (1) REFE R
AR 2 PR B L AR T B IR 55 48 G s CPU,
45 CPU Jir i BEREMRAIK. i T N A7 A AR BUIN, wf
FEBHR A R K P IN AR s SRR IR 55 2 A
T E M TCAR TR, T 58 BB Y 3 IR 55 %, BT R
RV B v 1 o TR Ak L AR IR S5 2
DR A7 38 50 DR A7 o AT REAIR 2R 8 0 A% 0 1 25 9] IR
55 25 H R 2 NI R AIR R GE B L L 45 g

3.4 N %

FE LA SE 3R 7 5] A 51 44 2 1) A7 il R 40 b B
RGN TTAE B W R BRI . LL FusionIO AR
M INAE N K LA & UCSD 3 F PCM /i Moneta/
Onyx 7£ 1/O ¥ B/ T 80 b BRASE B, DLREAR B 14
FEEE B YRR D B SE T AR R R R K B S AE
P SCHE R G L A TR X I A A R
AR e S R R AR Y B2 1 7 T TRIM 484 2
JZ N T RS R G A AT A 200 R
Y, i PTRIM/EXISTS 484 H T 30 &2 46
5 FH N A7 5% e )2 08 17 25 18] & B s Nameless write
(14 22 e 11 S 3H0KE 43 [ 4 C ) 8 58 oh TN A7 37 46 122 5
A s Atomic write il FINEHHUZ 10 L2 RS %
HIRFEIRET . AR R 1 538 {5 AL L, SATA
] PCle 422 1133 ¥ E 45 3 K 2 80 i A n] -, i f
A 1A R T B ROR R R R ML AR R T o6
FERLUTO # A  H 8 TE  F E TH N A AE G R S
R A X B L SR BLA B 98 TAE K 23 T ali kN
TEHE I 2 (10 7 3K Bl B 2 0 DR A7 5 e 2 10 5 =X
Xt TR A2 T B . i 5 3A BF 5 A AR St I
A BT A, o T 22 W X 42 2 10 B 50 A >k HE At AU A7
it A 0 S Re . DR an el 34647 3R 2 (R B8 5
WA R CF D A B> T, IE S B SO 1 0 i
SC, LA R ey 55 AL B0 2R 4 AR E 22 U 1) 5
171t 2 G0 055 B BRAE A5 F— AL A 5E.

TE N AP A7t R G0 00 mT S8 PE | A7 i AT 2 A A
BT 325 A B, i HL 5 408 1 20 U0 AH 56, B4 1Y)
553 B e 2 G 3 o 5 VR N T e 0o
WA RIMERSHRES Y RAFEREN S B
AN PR TAE. NRGEAT R GEAL )y
T X 5 B 3852 i () BiF 9% T AR A Eb 3 /b,

T ) FH DN A7 A8 A i AR T 330 ML 2R 4l K8 oo
5 THT « 38 33 DA A7 14D v P R LA D 7 it A, 1) IR A7
SR AT LA i A R Bl R N A
P T RE AR o0 AR LA Jy TR T A g
R FH DR A7 5 A8 7 BE RS RO 18 O 200 S SR Bt H o

AR R BT e S AR AN R S 8 E iR 1O
FEBANTR] o LA KO 0 2% FLI 55 3 0F R 48 45 7 A 1 5
M o i T 2t — 2P B

4 BREERE

ARICA AT A iR A I A AT R G OF
MO KA B 5 TG N FF R S8l SEdE R AR S BEA
3 A JEE X IR A 2R GE R At v 8 O B AR R A )
PEAT TIRGE INTF R 5 14 G it R GL i AR A
S B R R0 B A R e SR 1IN AE R RE A A 4R
HE LT I DR 77 G 5 45 45 25 3t oA R A I A7 4
L5 55 I fE.

Un iy 32 53 ) DR A7 465 P 5 16 ol o g 8 A
ARG VIR SR A N A R G R TS
W Bt — BB I ). B e R RS
1O & b i A B0 A% A K Z A7 I B 1/O i
SRULR AR NAFARAE 38 5 5 5 5 AT 2 IN AP A7 i R 4
R R g — R PR LU TN T SRR R 5 R G T 3K
S UVAH S el DA B0 3 S 2R G 0 A B INAT Y
AR R B A 5T 0 0] R TN A7 5 A G il 45 ) T
SEVER LR AL, A R G D B R IN AT T
i« A ZR GE A AR 1) JBE DR D BOHE T AR R IR A 7 i
WIE RGN B R, &5 N REW
BTN 24 2 R U AT il A 1 AL BEXT R G R 15
Wi, L3R 5 B 1F 2R GEAE 22 R AT il o 1R 1 O d k. B
A SCE R G2 B A 2 JE T B A P B0 T B
FAAFAE LA & PCM 4558 BUAFfif s R i B, RG2S
Al PR 22 [ (9 23 T 0 1 o AU O HL AR G i 2
AT RE S Ak 22 i A Gk o 9 B

IN A7 CB iz o] FE 1 5 AR )
W AL 32 N A7 B 22 0 1 R T 3 AR 7 A0 By
B AH 38 5 2 G AR ME X INAF B A4 SR AT SE 0 R
FEINAF LS o 2 25 TH IR HIL AR Gty o) B 28 A9 el 2%

2 % x M

[1] Chen F, Lee R, Zhang X. Essential roles of exploiting
internal parallelism of flash memory based solid state drives
in high-speed data processing [ C] //Proc of the 17th IEEE Int
Symp on High Performance Computer Architecture.
Piscataway, NJ: IEEE, 2011. 266-277

[2] HuY, Jiang H, Feng D, et al. Performance impact and
interplay of SSD parallelism through advanced commands,
allocation strategy and data granularity [C] //Proc of the Int
Conf on Supercomputing. New York: ACM, 2011. 96-107



o8 MBI S &R 2013, 50(1)
[3] Zheng Wenjing, Li Minggiang, Shu Jiwu. Flash storage [17] Andersen D G, Franklin J, Kaminsky M, et al. FAWN: A
technology [J]. Journal of Computer Research and fast array of wimpy nodes [C] //Proc of the 22nd ACM
Development, 2010, 47(4): 716=726 (in Chinese) SIGOPS Symp on Operating Systems Principles. New York:
R SCHr, ZEWASR, #F4kik. Flash fEEHRT]. P 5 ACM, 2009: 1-14
&R, 2010, 47(4) . 716-726) [18] Caulfield A M, Grupp L. M, Swanson S. Gordon: Using
[4] Josephson W K, Bongo L. A, Flynn D, et al. DFS: A file flash memory to build fast, power-efficient clusters for data-
system for virtualized flash storage [C] [/Proc of the 8th intensive applications [C] //Proc of the 14th Int Conf on
USENIX Conf on File and Storage Technologies. Berkeley: Architectural Support for Programming lLanguages and
USENIX Association, 2010 85-99 Operating Systems. New York: ACM, 2009 217-228
[5] Zhang Y, Arulraj L. P, Arpaci-Dusseau A C, et al. De- [19] Caulfield A M, De A, Coburn J, et al. Moneta: A high-
indirection for flash-based SSDs with nameless writes [C] // performance storage array architecture for next-generation,
Proc of the 10th USENIX Conf on File and Storage non-volatile memories [C] //Proc of the 43rd Annual IEEE/
Technologies. Berkeley: USENIX Association, 2012: 1-16 ACM Int Symp on Microarchitecture. Los Alamitos, CA:
[6] Nellans D, Zappe M, Axboe I, et al. ptrim() +exists ) IEEE Computer Society, 2010; 385-395
Exposing new FTL primitives to applications [C/OL]. 2011 [20] Akel A, Caulfield A M, Mollov T I, et al. Onyx: A
[2012-09-01]. http://david. nellans. org/filesyNVMW-2011. prototype phase change memory storage array [ C] //Proc of
pdf the Workshop on Hot Topics in Storage and File Systems.
[7] Ouyang X, Nellans D, Wipfel R, et al. Beyond block 1/O: Berkeley: USENIX Association, 2011; 74-78
Rethinking traditional storage primitives [C] //Proc of the [21] Ousterhout J, Agrawal P, Erickson D, et al. The case for
17th IEEE Int Symp on High Performance Computer RAMClouds: Scalable high-performance storage entirely in
Architecture, Piscataway, NJ: IEEE, 2011;: 301-311 DRAM [J]. ACM SIGOPS Operating Systems Review,
[8] Prabhakaran V, Rodeheffer T L, Zhou L. Transactional 2010, 43(4): 92-105
flash [C] //Proc of the 8th USENIX Conf on Operating [22] Fusion-io. FusionlO ioMemory virtual storage layer [OL].
Systems Design and Implementation. Berkeley: USENIX [2012-09-01]. http://www. fusionio. com/load/-media-/1qazde/
Association, 2008 147-160 docsLibrary/VSL_Technical Overview. pdf
[9] On S, Xu]J, Choi B, et al. Flag commit; Supporting efficient [23] NVM Express. NVMe standard [OL]. [ 2012-09-01 J.
transaction recovery on flash-based DBMSs [J]. IEEE Trans http://www. nvmexpress. org/
on Knowledge and Data Engineering, 2011, 24(9). 1624— [24] San Diego Supercomputer Center, UC San Diego. Gordon:
1639 Data-intensive supercomputing [OL]. [2012-09-01]. http.//
[10] Hsu P, Chang Y, Huang P, et al. A version-based strategy www. sdsc. edu/supercomputing/gordon/
for reliability enhancement of flash file systems [ C] //Proc of [25] Anthes G. Revamping storage performance []].
the 48th Design Automation Conf. New York: ACM, 2011 Communications of the ACM, 2012, 55(1): 20-22
29-34 [26] Ongaro D, Rumble S M, Stutsman R, et al. Fast crash
[11] Ranganathan P, Chang J. (Re) Designing data-centric data recovery in RAMCloud [C] //Proc of the 23rd ACM Symp on
centers [ J]. IEEE Micro, 2012, 32(1): 66-70 Operating Systems Principles. New York: ACM, 2011. 29—
[12] Caulfield A M, Coburn J, Mollov T, et al. Understanding 41
the impact of emerging non-volatile memories on high- [27] Ousterhout J, Agrawal P, Erickson D, et al. The case for
performance, 10-intensive computing [C] //Proc of the 2010 RAMCloud [J]. Communications of the ACM, 2011, 54(7) .
ACM/IEEE Int Conf for High Performance Computing, 121-130
Networking, Storage and Analysis. Los Alamitos, CA: [28] Swason S. Redrawing the boundary between software and
IEEE Computer Society, 2010; 1-11 storage for fast non-volatile memories [OL]. [2012-09-01].
[13] Fusion-io. The fusion-io difference [OL]. [ 2012-09-01 ]. http://nvsl. ucsd. edu/assets/talks/2012-05-21-DaMoN-release.
http://www. fusionio. com/load/-media-/1qazde/docsLibrary/ pdf
FIO_SSD_Differentiator_Overview. pdf [29] Park S, Shen K. FIOS: A fair, efficient flash I/O scheduler
[14] Voilin memory [OL]. [2012-09-01]. http://www. violin- [C] //Proc of the 10th USENIX Conf on File and Storage
memory. com Technologies. Berkeley: USENIX Association, 2012: 155—
[15] Pure Storage. How flash changes everything [OL]. [2012- 169
09-01]. http://www. purestorage. com/pdf/Pure _Storage _ [30] Seagate. Savvio? 15K. 3 Data Sheet [OL]. [2012-09-01 1.
Whitepaper_How_Flash_Changes_Everything. pdf http://www. seagate. com/files/www-content/product-content/
[16] XtremlO. Flash implications in enterprise storage array savvio-fam/savvio-15k/savvio-15k-3/en-us/docs/savvio-15k-3-
designs [OL]. [2012-09-01]. http://www. xtremio. com data-sheet-ds1732-5-1201us. pdf
resources/ xtremio-white-paper-flash-implications-in-enterprise- [31] Intel. Intel X25-E Data Sheet [OL]. [2012-09-01]. http://

storage-array-designs/

download. intel. com/design/flash/nand/extreme/319984. pdf



Wil g7 U 45 - N AP AT it R L2 0A

59

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

Fusion-io. FusionlO ioDrive Octal Data Sheet [OL]. [2012-
09-01 1.
docsLibrary/FIO_DS_Octal. pdf

Yang J, Minturn D B, Hady F. When poll is better than
interrupt [C] //Proc of the 10th USENIX Conf on File and
USENIX Association,

http://www. fusionio. com/load/-media-/1shm1l/

Storage Technologies. Berkeley:
2012, 25-31

Caulfield A M, Mollov T I, Eisner L. A, et al. Providing
safe, user space access to fast, solid state disks [C] //Proc of
the 17th Int Conf on Architectural Support for Programming
Languages and Operating Systems. New York: ACM, 2012.
387-400

Park S, Yu J H, Ohm S Y. Atomic write FTL for robust
flash file system [C] //Proc of the 9th Int Symp on Consumer
Electronics. Piscataway, NJ: IEEE, 2005: 155-160

Grupp L. M, Davis J D, Swanson S. The bleak future of
NAND flash memory [C] //Proc of the 10th USENIX Conf
on File and Storage Technologies. Berkeley: USENIX
Association, 2012 17-24

Chen F, Luo T, Zhang X. CAFTL: A content-aware flash
translation layer enhancing the lifespan of flash memory
based solid state drives [C] //Proc of the 9th USENIX Conf
on File and Storage Technologies. Berkeley: USENIX
Association, 2011: 77-90

Gupta A, Pisolkar R, Urgaonkar B, et al. Leveraging value
locality in optimizing NAND flash-based SSDs [C] //Proc of
the 9th USENIX Conf on File and Storage Technologies.
Berkeley: USENIX Association, 2011: 91-103

Lee S W, Moon B. Design of flash-based DBMS: An in-page
logging approach [C] //Proc of the ACM SIGMOD Int Conf
on Management of Data. New York: ACM, 2007 55-66
Wu G, He X. Delta-FTL:. Improving SSD lifetime via
exploiting content locality [C] //Proc of the 7th ACM
European Conf on Computer Systems. New York: ACM,

2012.: 253-266

[41]

[42]

[43]

[44]

reliability, and parallel

Balakrishnan M, Kadav A, Prabhakaran V, et al
Differential RAID: Rethinking RAID for SSD reliability
[C] /[Proc of the 5th European Conf on Computer Systems.
New York: ACM, 2010. 15-26

Soundararajan G, Prabhakaran V., Balakrishnan M, et al.
Extending SSD lifetimes with disk-based write caches [C] //
Proc of the 8th USENIX Conf on File and storage
technologies. Berkeley: USENIX Association, 2010: 101 -
114

Yang Q, Ren J. I-CASH: Intelligently coupled array of SSD
and HDD [C] //Proc of the 17th IEEE Int Symp on High
Performance Computer Architecture. Piscataway, NJ:
IEEE. 2011. 278-289

Useche L, Guerra ], Bhadkamkar M, et al. EXCES.
External caching in energy saving storage systems [ C] //Proc
of the 14th IEEE Int Symp on High Performance Computer

Architecture. Piscataway, NJ: IEEE, 2008: 89-100

Lu Youyou, born in 1987. PhD candidate.
His research interest includes flash-based

storage and file systems.

Shu Jiwu, born in 1968. PhD, professor

and PhD supervisor. Senior member of

S
P China Computer Federation. His main
g

A

research interests include network storage
and cloud storage, storage security and

process technologies ( shuyjw @

tsinghua. edu. cn).



