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NAND Flash &% 3

MF2 (SK

Erase &4

SOl AMIER), X 9l (ZEcHstm)

2 X} | 1. NAND Flash 7]& 2 F2hT)
2. NAND Flash Erase &4 270

3.4 &

1. NAND Flash 7|2 & SXAN

NAND FLASH memory+ DRAM(Dynamic
Random Access Memory)¥} tl2o] &4 di
Q1 vixele] Fejolut, DRAMI} 2] Z¢
(power)e] FFEA = JHlAE HolEE
HES Q= Al v 3Ed(Non-volatile)
v Zgjo|t}, 3] NAND& FLASH memory:=
NORE tiH] cell®] HA =& =o|7]7} &ol3,
23t f2l8ke], eMMC(mobile 7]7]) =
SSD (Solid State Drive) 5 71710l @z] o]&x|
a9l

NAND FLASH ¥ - #ok=+= cell9]
HEE wo]7] 913 process integration, 4-HS
=e)7] 9% ZF 54 process 7 B 2t
algorithm <&oF, NAND deviceE #l|ojsl7] ¢t
controller oF SollA] &gt A7 zlefs|n
ATk b Agh wke 2], NAND FLASH+=
H) 3% memoryo]™ device scalingell W&

cell HABAAE v)S- Fe)e o] Q= wk

of B 71| whHol] B3] FEAsit), Lo R
‘U3 ‘009 FHEIE el 52 mechanism

A7} floating gatet} wellell high bias(3 4
~10Vel’hE  A7kste]  charges:  FYsia
(program-5-2}), Wiz S-=(erase 52} FN-tunneling
7o s dojufal, o]
(tunnel oxide) F3}= A o= Frksr] Wi
of AxpH o A¢a1, 2 FA 35| A
sRkslalL, HlolHE HEshE 7Rk Algks E

[¢)
=]
L

cell®] gate oxide

2
AR

718402 NAND flashellA program cell(0)
3} erase cell(1)S W=+ WS cell gatel}
welldll biasE 21718} floating gate®] charge
potential S Z=43sto] cell®] threshold voltage
(Vthiiz 8l 79h) & sk level =2 WAA = &
Zro]tt,

o] %, 3= level 2 5017 A9 cell S
E4 bias read biasE 17F3l] datag ¢loful=
(read 52} 4= stAl ==, o] A oA &l
2 cell9] Vth7} 3H= levelti 2 91X = shobd



NAND Flash $% 9l Erase E4 | 5

(E 1) 2 data statedd Cell Vith

SLC : | Erase cell (1) : Vth — —2V, Program Cell(0) : Vth — 2Vc
MLC Erase cell(11) : Vth — —2V, program cell('10’) : Vth — 1V,
Program cell(C00’) : Vth — 2V, program cell(’01’) : Vth — 3V
(F 2) 2 data statedd Cell Vth
Data(MLC) 11 10 00 01
Cell Vth -2V 1V 2V 3V

AL flont, sk YA thE] Wso] Eof )
U 25 datas elolviAl dvk webA, 227]
“&2H(program)©|t} #]-9-7](erase) “&2tol|l A o)1=
L] QA AREE 71HAX SHAAIRE, target S
2 3k Vthellq i A3 Vihg el
FrAlehE o] ulg- Tagh AHolet & 4
gy @A oz 747 cell Vth JEIES 2
71¢] VthE A8k Jstar, o274 alell
ofaf WA Hrt ofw QRle o3| watA &
=4 447 A9 R, program gl A under
program, 7} cell9] x, y koA ¥gsh= cell
7+ 7H(interference), ISPP step thH] abnormal
3HA S718k= program cell, back patternel] 2
g Vth ¥5 52 7HA e, vihrh k=
leveltH] Eox]A] =] datas ¢lofS uw 2
7% dataZ 7PHeA Frh mleli2(-) Vih
£ fA|3loF =& erase cell ¥ 9lA1E program
disturbance @Fo= 13l cell Vth7} +43o
% Vth7} ®sHA s @] ek oV ol e
= A5Al, read 5221, read levelo] ovEHH
fails fdstAl €k

o] 3} cellzt interferencett disturbance &4
2 programo]i} erase -5=to] HHE(EW cycle)
T5 o] AaiA= 540l A W E =

high bias 217 el A ®Hol#|= FN tunneling

o)
AT

j=—y

e,

o

. ol&

o= 213 tunnel oxide wE<AKtrap site
7hell 711g kAL A vk olg gk A=
TERACE o= I F gl Ao, &
FHo 2= WHEAQl EW cycle 71913 cell€]
37| qlt} slef gl disturbancet interference
g Hzsh A7l WEE Fo} WEYL Fe

flo ofN ot

2
o

{ FLASH memoryQ| #1&

|
(=]

02!

(12 1) NAND&EZH NOR
=1

Am

(32! 2) NAND&E 2t NOR& FLASH memory2| &t
cell =
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EW cycle?] stresso] Auja A =Y 5 3L
= S ZolflE Zo] NAND flash 1<
e 918 Tag L waolth < NAND

FLASH =g ol ahek o] 2hisp]

2
o,
u
A
@
=
&
D
g
o!
I
=
=
:Oé
[
=
ofr
S
K
N

(72! 3) NAND FLASHO| logic '1', '0'e] F&
(Cell Vth)

ol ol ZHzke] celle2 ‘0°Q1 AH
2 w57] 98l program 2SS4 d] #e
7HAE vthE THEAL 17 e] AElE w7 @

erase BA% ShH 29| 2k AL vih B WE

Al frk o]% read 52 A, 3l cello] ‘17
1A 07?1A ¥dstA Hrk

#=o] program E22. % bulkell4] floating
gate= A} FYE= HA o, -Z0] erase
20 2 floating gateoll A bulk® a7} 74
& S%elH, £ t FN-tunneling &2He
charge”} ©]& gt}

Program verify<} Erase verify &2}ol| t3l]
7reFs] Zolr ™ programel|d), erase AERS]
cell vthE 9485 3 5, 5 readr| ‘17, ==
‘0] S sl flsiAE, 4ele] voltage
levelo] ol 13}= target level S A3 =7
H+=dl, o] levelS program verify level 22
erase verify levelo]g} 3}, =1 x|l =&t &
u] 7}4] program ©|u} erase biasZ $1718}a,
verify levelo] o17k= cell 52 inhibit 52Hex.
PGM cell®] 7% bitlineo] Vccl7lsle], FN
tunneling 52 H1EAdsh S sk, o o Vth
W7 dojuA] Fes gt

Process7} X &=] il & H, 525 7] 3}A]
22 %7] “Jel2] NAND flash cello]2hd, 9]
Al 71 cell vths 93h= level 2 4] ¢l
o] 7MYt F& 4 3, %A WEkE Vths
Hollo] 17, 0° s W= Ae dAlE &
A7F gick 42; A= datas Aok, AR oksE

(32! 4) &t9| cell transistor oM 2] program ! erase A|, bias = & Msle| 2%lal.



52+ WA =w(Program, Erases 2 HHs
EW cycle) =71 “JEl<] cellol] 2= VthE 9
7] 913 bias® 22 Al71A W Vih W37}
A71A ==, P22 program &2l o=
celle] ©] wa] vih levelol =gdh= FAld
(speed”} 2H4), Vih 227 G3le= 54 o)
om, erase A= celle] © %A Vth
leveldll =gslAl == FA]ol(speed 7t =217),
A Vth 2HE7F dsts= 540] gl upebA,
dukd oz EW cycle$ol program &2Alol=
t] Y& program bias7} Z 23}31, erase 524

o= ] &2 erase bias= ‘ﬂﬂo}iolﬂ]‘ﬂ Slecshal

°“‘1 7] gt upe} 7Fo], programo]i}, erase
iasE =A AME-SFH, ISPPU ISPES2HA] ]l
uh—} -2 A7kl 931= cell Vth level = 3¢
o f2l3 Ho] B3] UA|uk
7] 4% &) Gate oxide® HA7}
tunnelmg e FERYURY, 53] erases2t2] 4
¥, &4 bias7t =5 W A3t AlsiA|
Vth shift &% 2 Vth distribution &332} o 4l
A3, 18 W biasE ) =A MoF ¥aL
Aapoll= sk 1 dAgks vy & & w\7'”

biasE AA3= Ao AA7HA

sajo]ey,

2. NAND Flash Erase EAMAM

NAND Flash WX g]o|A erase 2]
erase pulseE <17Fek ¥, erase Vth7} st

NAND Flash $%F 9! Erase E4 | 7

© levelolstz A= =Eg=A ofF
elat7] 913l erase verify E4& 3
7|2 Ao = verify 2> (program
verify <) ‘read’ 21} A E2folth
Programo|u} erase s2te] £ ¥, ‘read’
= B2k ST celle] HFFAo2 ‘17 9l
2] 07R1A] ek s=A FHA ol erasett
program 1t sl 5o]7k= verify &%}
2 Yok Vth7HA] =2 dleA] Rlshs &
Aol g2folrk. webA erase TAHe] A,
erase pulse= 7ol Aol Exbolm
2, ver|fy Ao o] 32 erase bias
E AAA =Y AFRHo 7 oIS Fr)

7]}— erase verlfy«] 49 verify 2HA

ro

£

A

(=)<l levelol = ceIIP—OI Az =gl
A glshr] ffal, EE WLl sdgt
biasE 217}5}] cellE©] erase A=A &
s gk (YRSl ‘read” BFEMAlOl=

(d2! 5) ISPE &=Z2|ZE flow chart
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read SFAF  d=  WLoOW  Hd=
bias(OV~5V AX) biasE <1718k, vhA|
WLeJ:= pass bias (~6Vol’d)E A7tz
erase verify &22= bias =710] 2t th
21, 2(-)9 level? cell Vth AE|E w4
d ¥ 4 oh) 71 erase verify9] A%,
cell string A2 WLl biasE {175t
Y, cell Vth variationo] A= 7% cell
stringol] E2%= HF(current)7} 2| 35 4
whol §li= 52 Z310]a1, erase verify 7} 29
o gao] AiFeR oA Hrh
dukd o 2 9] =el(wordline) ol 0V~1V
AEo] biasE QI7FstAl <=t erase’t &
8] of ZEo] = A9k EAZE $A
A9k ostringle] 54 3F cello]gk=
variation2- 7}4 4] erase speed”’} =% 74
ZhH, 71 cell2 213} erase verifyol] 23
SHAl ¥a1, Z=r ISPE §4 LS4 o
33kl bias= thA] & W erase 2HS +3
& fvh 2% 3 ISPE LaelFe] Z7

(a2l 6) Erase Verify S2F 7§

G AES e

qkek erase verifyol Aust Z-e-ehd, 9
T 6ol =AlE mkel ol verifyshalzt
3= biase} A verifydlaa}l &= bias A
AETh drpte] biasE U F7tE 17FgRe
=4, 23l AA verifys Fdshs B T

% °9g 5 9k
3.2 B

NAND Flash W®2g] 7|%&o e £
WhAsta 9lom, A SLC W o 2 HE
MLC, &A= TLC wWale] dy] AREHaL
Aow, FHt Ao A= ElEhko|Ex SSD
5 Wibsk= FAlel vk AAlE NAND
Flash wl®g] 7148 AFoA &8st
U] flolA At uie} o] & =
Hol| Al aesfof 3 Fite @i, 5
2 Agstoer & FEE Hrh

NAND Flash wW=e] #|&e] 843
o] 4] 3D Stacking 7]l tiafiA= =
< aE7F ok ¥RE opyi;
NAND Flash #l3&ell tigh #HE ARAF 24
SlEj#|o]~ 2 NAND Flash w22 A}&/8
AR SHol = dHtE AZE
glof 7)zo] Es gk v et o

=]

1
o ] v

o
g A
Er&
N (it

e
ot

SR R

)
i

12
A7), SJHt=A 28 AR S

of g9jo] 5 Alstal 783k Flidt
717150] A s ldishas & o

s,

oS
N
2
o
>
e
-
2
=

o _1_(‘3{_5

l
L)

= A S
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[1] Inside nand flash memories, Rino Micheloni,
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* 2AI20F: NAND Flash H|22| 28, UH|C|= A|AE

NAND Flash 5%} U Frase E4 |

* 200843-201010 (FFjALAIRIAL 22lot el
- 20113-3i) SSCED YREASS D
- a0} ZIFE] ALE, AHCIE AR
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NVM/DRAM 7|4t stojEz|E o2l

H22|E ¢

A

3.
4,

st mel A|AHE!I Z=st

Al =

R

. DRAMI} NVMO 2 A Floluzle vz a]o)] gksk
g}ol }\])\Eﬂ

NOVA A9t
a4 2

2 A7) 7] wiel] Al 73 E o] WojXiTh o]
gk ] A|stol] oigh s A A 02 W 7]YGolA vl
DRAM-S AA| Z2 A ~Eo] 2] Falshe W v EE] 7S AEskdnh divkehi 4~51
Q1 mlRE] FR ' v o R He &) Aolli= 27 wAglke] A= w3 v e}
}%EJJ_ otk A27k4 100l oF 1008 ¢] H]-& -2 ZpA|) v 2LE] 7]40] 7] DRAM S A &
230 o] 71 £ usled stk o g}, Aolekar o 38 7] wZovh et o2 gk w i
&5 S YER= Fol] WE HE 2] 7o) o3& i 1471 A3E-38lE A
& S s 75 ol ATk kAR o 10t o] 8} 7]50] TS MRl dvh 33 t&E
Tt 22| Ale] CTO7F Hald B 7 4~51171 9 A A% 7= 2E HHd 71E 5 A EE =50
DRAM A% 7] 2= 30nm ©]5 QoA = 1| 7] g AAl T A 7)ol W Sl et 7]
A FANA L] skl wf$- o] PHrhar A = v sLe] o] ‘AP 7F o c Bk Fej7t -85k
A9tk Zula el Edlx| A 2§07 HolHE Aoz Bt F, A HAA slo] | v
7)%3= DRAMS 2 A wfji-o] 1] A|3}l7} o] 2] 9] YFej = 7hdE = Zlork
Atk dlolE A4S SsiME A E wE 2 A AArel skl Y 2t o] DY} =S
QA7) 2 8 3k, 30nm ©]F ] A F g ol A= FH A A 5 71E MR ] JeS Tola TS Bt
8921 20 femto farad2- 1.3t 4= QA =7] Wit o e A = R AlEaS sk dl &
FES AR 2 ARESHE 9] s AF o) L5 War vk A 22 AlES 7Rl s
Aot Ao vwe] Grtel A gl 71A des sh= Fe7t ol et Al 895 St 919k 1t



b
<
g
S~
=}
~
>
2
\J
=
=]
3
19
I
M
=
re
=
0
o
I
1o
4
H
o
>
|-
o
off
o
p—
P

]

o

1 e Blolek Fg 3t JBHHA A2 A

Feeo g A Al E drgo)t)
A9} debl AL A w7} ojn] Al
of| A a3k QA5 2|3 DY, S, A=ZA|

=2 ﬂ%iﬂé}ﬂ HU} o] 59] Aes HekslT= ﬂ Y
Ao] sr lth= etk AA) 7P
o) Wxe] 7]<%-S 3D XPoint, RA(A&A3}E |
wg), PRCEHst vlme]), STT-MA(=AFY =
P W Re]) FRld -2l o714 o] gk i
g 7les % B vl HixE] (Non-
Volatile Main Memories, NVMM) 2.2 37|35}
o} Z47ol i) 7]EEo] A& v S 2t
3L Q)= STT-MRAM-> DRAM BT} 12 7] uj
o 23 mlRe] 22 3kt 7)A] (last-level cache)
2 G 9] o) & A A7) wjFol &2 A|ekS-
ol DRAMS tiAlleb7 )= of Hrbar Agw L 9}
t}. PCM¥} ReRAM-> DRAMo H]3}o] R A &7}
Eou HEEr} =2]7] vl DRAMS ©ed
712 tixet7] el &-olatA] etk 3D XPoint Hl
R 7] 2 QI npo] g AL ofste] W
FH AT A=Z Aol HISke] 100081744 5=
Aol 7hs s A0 A A Q). 2R SSDE
A= 7lsE Al & Aow et
$-2l= o]7]A o]z1st NVMM T} DRAM ]
R = /é}E:]T—“ sfo|Hej=

Hn

f

2L
-
il
ic]
oo
o
X
r_)& &0
L)
e -
-
ki
&E
o
N,
o
i)
L
Y0 =
o

4
to g M
i mlo é
e =
0 o
Nl
o
o
Ol
o o
5 o
PR
b o
oy 2
=
o, H
2 =
ik %'
oo =
=)

-

kI

o
T
o
o
Iz
&
n
=
I
k)
~
N

b
Loy
oX
o
o
i)
o
ol
N
o
rlo- ciy
fo
rot
Mok

a7) Al g ol n = v
ol Fdshe 2 luelsl HE Fiel 28
SHES A el Al2ele] Sl i 71E

2. DRAMZt NVMCZ FME slojHz|
E HE2o Hghet TjU AlAH

doiE oz whe 3 vRell DRAMY
AAE} =3 ot AjHeR =3l AHsty
R 22 nFdbg e A3k ds 75
PR Fuistele #HAe] WeteR 1 7k
S FERAL vk stolH = HQl vEE] AlA
e wf$- 732e Ad#Ad (consistency) RS
Qg Fito] Hash FAld AXEg0] o
= FHAs}e|or stolre| = vmE]e] FH S
sl &8 4 A Hrk oledh oA
71E2] FUA S Sto|H = wRE] A]AE]
of HgslA] ) 7]E 71Ee gaae Aol
ZHE g5o] s o] lom A HES T
2=19] B4 (correctness)ol] ©]Fa}l7] wfi-o]
o dER e 1AL 535 NVMM 7]k st
Azl Al =R ARD 2olth. NVMMel|A]
7] A 2 08-S QEl| ot A
o] CPU®} |EE] AJ~gle A5 7S 95k
»7] A& TAE %735} % gtk ol Al2El

A

to
u
N
-~
123
0%
Ol
Qo
2
iie)
E
oL

o] §A5A Zarh of
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3 A5 WASH] HAste] A AERR
CPU 7iA0lA dlolEES &A= W3ks] §x3}
of FYA| (flush) =% & Fart ek ol
A SAE 9 oW =Tt 37153 NVMM
< E3 A5 ) z7)sete A 6

ol

3 e x
el ol2ldt FEEs Aok AR
o] WrA¥gith
B2 ofEAlAES
2} (atomic file system operation)ol] “152] #
Eol7] wlol oldek RS st
AL FQ8ith dEshs T8 Y AR
#Ho]% (shadow
paging), =71 % (log structuring) 7]&=E<
o]-§stod A (atomicity)E Al &gheh spAIvE
A2 227] Arke] St FEPEP &S &
HlaHAl =i, Aeg- #Holde ¢
node)ell Al FE(root) 7+ é?zi?_ o] E
8] el 4 7l B
(ordering constraint) 2 -
= 9 = g fok
SH=t] A 52 NAND E24] 719 SSDejlA]
T O R ARG 7 UARE, 21 723} 9k
Al2=®)] (log-structured file system, LFS)-2 42
ol Ag 2] 8AS ¥ B oA 2R OF
skt 4= ok A A A e] LFSE 7183 A&
H A 337F (contiguous free region)ol] 24 o]
th AL A s A SEiA = B
H-8-5 8eh= 7HIA] F94 54 (garbage
collection operation)2 HIH 3] 2 3)sjof s}, 2
HHoz FHitel A4{2] olAE NVMMOolA]
LFS7F A= s | ="IRTE o] Astd 5
Uee HaLskelek ofgfgh o7 7HA] ofH& &
AES ds A7t H Aol BaE vt
[1]. 28 971IA dld Alol~E Awrar g
S5 gt s =Ry gtk

i

AAH Y A2

g8 (journaling), %%

+

2.1 NOn-Volatile memory Accelerated
(NOVA) 27X (log-structured)
I AJAE

NOVAE ofe] FdellA] 7]&e] =1 % 3¢
o AlxEy) thEc)h, NOVAE %ZH inode &
HeE 2as A ®BE A 5
(recovery) 2352t A4 (concurrency)<
3} sl== 12tk NOVAE 215% 9=y
2~E (linked list) = #74317] ojFel] A% o
e Fzro]l dagith 219 £ (tail) EQIE]
A AR NS ety wiiol A Ad
BN 7}%%}4 NOVAE Hloly =1&5 7|53}
5T _EH]*L NVMMe] o5

)
&2
N
=
Hn
dz

- A% NVMME] w2 AR (latency)
st=gofe} A ESJo] AAATE Abo]o] b
27 (trade-off) & WpAIZLE B #74
A 2R =2 AR 2 Ha=

S
L

AR 7F 2 Ak ARk

ojty. A AZESO] T

7} ol ek sAIRE FH*

3, 417} HG%o] wE NVMMOM
Ego] ngo] HIAHS AAste

D=V - L (o
r2 of N
-+ o fo
ANrr o e EO

11;1 — b



NVM/DRAM 7[¢t sfoj2aj= B9l 222 o3t mel Ajxe 59 | 13

2.a29lo] #r}. STT-MRAM 7]¥+e] NVMM
2 2 AAARES Algsr] wgel ZEA
Aol wiRe] Wzl Ay AAE Re/x
Eo] (load/store) W&o = A3 ARS-HTh
He] NVMM 75t 5kl x| 282 DRAM
oA AAE AXA FiL A HE 7ls
(Direct Access, DAX) =2 eXecute In
Place (XIP)Z E¥+= 7[&= NVMMTJr
DRAM Afolo] A7 2elof] F7} BHARL
tr]—._x] 0}"7 NVMMoﬂ 117(4 X—I:qu_
NOVAS] 79 DAX vl ~wlo]al gk
°] NVMM A28 GARE fao
A 9 ARgE Zlo] HEst

227] AAE (Write reordering): &the] w

2] AFelA Z2Axt A= 227] BH
TAE AEste] A NS & 5 Sl
CPU®| wxe] U 2

2271 ARl gk RS Alwettl ey
AAl ARSEE o] 7]Eo] NVMMO&=
ZEw A etk NVMMolA A8 &40
o AP B A viRE 2] $A
WAEs s B4 4 Q7] wiel
NVMMel| gslix= 227] A W7 o]t
35 M Fe gAsloksith olefdt i
AE A3 Y43 NVMM Q1A AZEY)]
ol W&k 7HA =24 (cache flushing)
3 OF ARgEt] A7) eAE TR
A 6 oF|Elx+= CPU A2kl
31*] 3?*% clflush H#EolE A3k
clflush ®W&ol= 7jAlERIE0] wxeled &
HLE Ao whe} 7155 31S BAgskA| v
g AAEIES FESHE7] wizel] Al
o] E&AR &8l wE FHS A=
olo] wht HAA o2 Adso] ARl At
k. Azt WEs] wehd wEee] 7=

Lo

¢t
off

_EOEF

mU T 4>

H= Aol RAEE=E Ao| oluyg}l w2y A
©17] (controller)oll AEE = AR ¥A517
wjZol] dlole 7} mRee] 7] 5E= A
A3 B Rl olEg ZAE
Asl7] flsiA] e clflush & oo &
&3} WA clflushopts  F715F3th
NOVAE olelgh 7ilad rgeofo] 7|¥ksto]
T = Ak

QAA (atomicity): POSIX Efe] w}d

Al AlulE (semantic) 18] F2E]
A4 (atomic)o] HE AS 273 S,
e ASQlo] edatA AdEAY o
3] AP GG A= At
HASIE S s2EE Aoth oE &
POSIX rename &> o] Aasiols
u S 3 o]Fo] defje] o]FOo R o}
WY 2 A2E olgor WAHZY
Gt AT TolA o= ] AR TR
= Zlo] B ofof gt} wielolE W7
< et H v WA s 2ol AW o}
& 924 WEHS dolge} vetulely 2
FE sk A% vk WEs AR
= Alstr] flete] ZRIYv = =R
24k 7S AR el ARgeloF gt
8 QA BAL F)EAe) 2o A
g AFEI ek s W, t2aAddA
AEw Mg 227] (aligned sector writes) =
8ulo|E o]al whejellAnt AlFET). sto]B
g= wRgdAE olAs frAletr] #1%
Az ks BAs)oF & Zlojtk
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AR HAGE ATk oleh wdste] Avn

- AEE: e Az A de] BE WAL
& A WMol ol FoiA7] olHof 7=
o A8 &4 R BAsks 5ol A4
Aol ket Al 2s5le] AR HASHES 5

webA] A

f
2!
2
o
R ik
o
=2

dlolg] 27|15 A9 =
ShH o] A & FH 3 0}71] .
A=F so]A: 7IEe] vkt 9kl Al=go]
271 BA} (copy—on—write) HAYSE AL}
AL ATHS, 6]. Al 5= o] vk Al AFE
A& A o}-———l::—_f‘l] Toll 75k ejERIT
7] Al 3 HolH & vk A ek il
H =g F ol 271 = 2 FARL O =S
FRF A2 AGFE FARLS AR €
Hlggbol] AAg gy, ojuf AjEA BdE el
Al g0l 9l Al aE EgE gAEHA Rh=s=),
o] F7He H|o]A|Ql Ao FE w7
Ef Augxe] d&5d ol 22 A
22l erg= g o s AAHT
2O FE AL ANLE 2T T A A A
(log-structured file system, LFS)+= #&j 3t=
H &= =efo] Bof =apgi el o7k Ade 7HA
= o] 838l7] Aol AA AT LFS+= v 2Le]
of &y 227] A4kS Z15-3} (grouping) 3L A
o m H B2 oAy e R ol g5 W
%

~%1@£ﬂ0iwaxu

1
4n 3 ﬂﬂﬂ%ﬁ%
=iy 7]—H]

Alell B.arE] o gt} F2FS [7]+= e 7he] 21
3l =& ARE-sto] HEtE|o]E 9} Hlo|E &
etk A= vlole s dAA e A
7+ (free space) ol B} = 22 = =51o] 71| %] Z2)
A QW =5 Y 5 %tk RAMCloud [8]
+ DRAM 7]4F A 73X M]H =21 %LZ

2.4 NVMMS ¢ist I AJAE

Lo,

Pl A5 150l 4 NVMM 7]k spd A el o
FARNES nstar o 3k i a2S HEs }
o] gtk BPFS [9]= HIEHHolE ¢} vlo]H o] o
A Algshks A #Hold stAdA|~Fl OIE‘r
BPFS= 227] H:A| ¢} oA dad & Algshr] 9lg
stedo] W7 ES ARSIt stedlo] Ale
G- Hlo] g2 HAF L FEof] tf gk A ES o] oW
=B AAE 7 o g H steso] WH A
7] o] Avigh st gl A= o] 2] gk o
=7t Al A Z A 5 Q= Tl o] EA g
th. PMFS [10]= 7 23}€ DAX 9t A
mletelole] =g gk A d =S ARSSHAIRE T
olE] HlR 227] & 3]-&-3to] YA Ale-S Heal
Ao dolE U¥go] BAEA| ererh
Ext4-DAX [11]:= NVMMell A5 A 7 Ls}}i
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(E 1) YCSB &4l m7|x|0] YIRE[14]
Workload Operations Record selection Application example
Read: 50% - Session store recording recent actions in a user
A-Update heavy Update: 50% Zipfian session
Read: 95% - Photo tagging; add a tag is an update, but most
B-Read heavy Update: 5% Zipfian operations are to read tags
C-Read only Read: 100% Zipfian User profile cache, where profiles are constructed
elsewhere (e.g., Hadoop)
. 0, .
D-Read latest Read: 95% Latest User status updates; people want to read the latest
Insert: 5% statuses
Scan: 959% Threaded conversations, where each scan is for the
E-Short ranges ! ° Zipfian/Uniform post in a given thread (assumed to be clustered by
Insert: 5% .
thread id)
A Au| 2 Az =7} gle] NUH A= B 27 S A o 9lom, %12 YCSBollA
al7] ojRTh ololl AUk B AR} AR AT HE ARSI, JlARE ¥R 2
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Je1S 57k#] A (Constant, uniform, zipfian
distribution, sequential, hotspot) )| w2} A ko 2
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