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ABSTRACT

The base storage component of SSD is NAND Flash Memory, it has
some advantages such as the high speed of read operation and shock
resistance. On some application areas, SSD gradually replaces traditional
hard drive disk becoming the major storage device of entire system. But the
physical property of Flash-Memory is Erase-before-Write, because of the
erase-unit is much larger than the write-unit, we need take care of the
random write pattern-on SSD, otherwise the speed of write operation will
degradation and become the bottleneck of entire system. Furthermore, due
to disk fragmentation and applications of Multi-Thread, the write pattern
will become more random;.how to improve the problem of write
throughput degradation on SSD caused by random write becoming more
and more important. We proposed a new buffer management algorithm
applied to SSD called HitStat, not only consider temporal locality and
spatial locality simultaneously, but also adjust the Padding Threshold to
better settings dynamically, much improve the write pattern written to
NFTL. Finally, it shows about 30% enhancement of write throughput
compared to FAB and BPLRU, which are other buffer management
algorithms on SSD.

Keyword: NAND flash memory, SSD ( Solid-State Disk ) , Write Buffer

il



Q%’?@ﬁﬁj”mﬂﬁ’““wﬁ Wﬁ&éTF“&ﬁﬁmk%%
R T AR L s TR RN O

%

N »"—‘m/ﬂ?
B ,zfgﬁqz‘jl%/f—‘pﬁa‘%g‘]}i\. FEen= m oo g A4 _\E.lf"‘,p"’:t’jg‘p_ N oo 7]
jf:.\’ﬁ Renflin g JIl 0 B AHY w4 { D PG o
- 7 E—ﬁj\g 4 JEAD > %§+\, ;3; Jﬁi 7 P %ﬁ—rﬁfr’%*frﬁ" A ;}'Q.,ffn = R E )
2L R F B RORGE

, ﬁ*m?(%i\ ) ’gi\. 5b ;a—- ﬁ_)/é,
4527 )

‘ﬂj\’},i, Ha e PR F L A PR E KL SRS
Bt - i 3 wwﬁ HATE FA e F AP

25 g R R A e TR

F % Al zml\} ﬁ

U E R R s R e Tk R R PR
{3 EF R E R RATTHI P FT UL

il



FLAE R o, i

SEBE e iii
B e, iv

Ji

14

e B e vi
Bl B A e, vii
. Introduction...........coooiiiiii i 1

. Background. ... 2
2.1 Flash Geometry..........coooviiiiiiiiiiiiiiiiiiieen 2
2.2 NAND Flash Translation Layer........................... 3
2.3 NFTL CharacteristiCs......ouvveiiiiiiieeiiieeeiieennsn. 4
2.4 Related Work..........oooiiiii 6

. HitStat. ... 7
3.1 Problem Definttion ..o ..o 8
3.2 Buffer Management Concept...............cooeviviinnn.n. 8
3.3 Buffer.Replacement Policy:.....................oooooiel. 9
3.4 Padding.......cocioii 11
3.5 Write-Back Policy. . ....ccooii 12
-~ Implementation........... o i 15
4.1 An approximation of P(Group;) ........................... 15
4.1.1 Age Transformation Function........................ 15

4.1.2 Hit LOg. oo 16

4.2 Essential Data Structure...............coooviiiiiiiinnn.n. 17
4.3 Overhead Analysis.............ccovvviiniiiiiiiiiiainnns, 18
4.4 Other Optimizations. .........c.evvvveiriiiienieenenn.. 18
4.4.1 Detail Replacement Policy........................... 18

4.4.2 The HitStat Adjustment.....................coe.eee. 19

. Performance Evaluation......................cooiiina. 19
5.1 Experiment Settings............cccovviiiiiiiiiiiiiinnn... 19
52 Characteristics of NFTL & Write Buffer Policies...... 21
53 Performance Evaluation..........................ooeell. 24
53.1 Using Buffer on Block-level Mapping NFTL...... 24

53.2 Using Buffer on BAST............c.ooiiiiii. 24



Using Buffer on FAST.............oooiiiiil.
Buffer Size and Number of Log Blocks..................
The Padding Model................coooiiiiiiiiiii

CONCIUSION. . ettt e e e e

.....................................................................

25
26
28
31
33



AN D A W N~

Environment Setup..................

Comparisons of Buffer Management Algorithms......

The Settings of NFTL..........ooooiiiiiiii
Disk trace Analysis..........cooeiiiiiiiiiii i,

Information of HitStat with BAST
Information of HitStat with FAST

vi

20
20
20
21
29
30



®l 1
Bl 2
® 3
Ml 4
®l 5
#l 6
®] 7
B 8
® 9
®l 10
Bl 11

®l 12
Bl 13

B 14
Bl 15
®l 16
®l 17
Bl 18
&l 19
Rl 20
®l 21

] p 4
Flash Memory Geometry............cccovvvvieinnnnnn..

Merge operations of Hybrid NFTL........................

BAST and FAST Schema...................ooo.
System OVerVIEW......ccuviiiiiiiiiiiii it e eanaanns
How Buffer can help NFTL..............................
The Knapsack Problem........................ooonal,
[lustration of Padding.....................oooiiiintl.
No Padding vs. Padding...................cooooiiiinnnl.
Interact with NFTL by Padding...........................
Example of Padding and no Padding.....................

[lustration of Hit Log and Age Transformation
Function..........cooiiiiiii i

Data Structure of HitStat.......coovvviieeee e

The Group characteristics of HitStat and the Padding

Threshold. ... ooimmra i e i
Characteristics of Buffer on various NFTLs............

Comparison the characteristics of Buffer—1............

Comparison the characteristics of Buffer —2............

Comparison the throughput on BAST..................

Comparison the throughput on FAST.....................

Various Buffer Size and Log Blocks on BAST.........
Various Buffer Size and Log Blocks on FAST.........
Padding settings —

fixed Threshold and by Padding Model..................

vii

O 3 O B~ W

10
11
12
13
14

16
17

19
21

22
23
25
26
27
28

31



— ~ Introduction

E[Ijj/\ NAND Flash Memory fIViRIEIR 1% 51 ['”ﬁ—?:' gl M IEI@J\IF[ Ipy
/G 3’64\?[]?%" 2l NAND Flash Memory ]EE?*F LE [F AR o [HIF=NAND Flash
Memory [P R T - G 5 i LEPURERTE (PMP) ~ it IS
e, e P EH > NAND Flash Memory [iN A i pelgg g A > pF=fy=t L['IEDF' ] NAND
Flash Memory £ = fl ¥ ﬁ%?alﬂj[}th F:’Elﬁ‘"* -Solid-State Disk (SSD) > H|I']JV & ﬁlnﬁfﬁl
fi% > Ul Notebook - Netbook =!3Z ¥ “ [Fd=iE (U SSD KL= o ’l‘J]’%ﬁ'%fE" °
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qﬁﬁ' 1 : Flash Memory Geometry

2.2 NAND Flash Translation Layer

FI %% SSD = Hard Drive Disk EIL@FB%I?F%ELJj [ﬁ PRIF=I [ = FY File Systems > |1 :
Ext2 ~ Ext3 ~ NTFS ~ FAT =~ [_ ii [};rf[i NAND.Flash Memory Fffli™] > [EIH’ FJ bye SSD
IR ﬁ%&[;‘:pﬁl:ﬁ TR JZ(f File System E[U"FI*"”?IEI;' ey
TRl T IR By =SS S S5 E i for block device fiY File System > E’dpj E|
"~ {[# Translation Layer : NFTL (NAND FIash Translation Layer ) » f91F Ie If81EERY — 48
R IR e File System [REFRfRITS 2] NFTL = RIAVIIRE &) FA'[(l)update policy
(2)Address Translation ~ (3)Garbage Collection > (4)Wear Leveling ~ (5)Error Code
Correction I'| #7717, NAND Flash Memory s [N NFTL [159F] 13 35 SSD s s
BB LA

ﬁ]‘ﬂmﬁﬁfﬁ]ﬁﬁu mapping =% > Page-level #[I Block-level mapping ﬂJ NFTL o
Page-level mapping NFTL E“ﬁ”]ﬁ J ] S J}‘”Sf“ﬁb » [EI% RAM f] IJjé =¥ = [ Page
(R O BV E ORI R POyt lﬁir%m F— [l Page IV ISR 4Byte
i~ (|5 Page ﬁlfi“\'J‘ £% 4KB>— 14 16GB i NAND Flash Memory HipERl 'Jaﬁdﬁ 16MB
[ RAM 2] ¢ (57 Bl mapping w3 Y1 RAM BSR4+ SSD 75 4 H &
= {ﬂiﬁa’rﬁlaﬂﬂlﬂ E1# mapping Ytk ][—'Ff IR - pi- 78 ﬁ]ﬂﬂi NFTL mapping
1= Block-level mapping NFTL | {421 Block ﬁIJ mapping exsir ik RAM FIT > BEIRFR
{0 RAM HEIZG | (RIS Ll DB SO AR Block i
Frigr 7H ) II:_LF‘/“‘\EIEJ overhead FrI° I}VF’H E P o

A Fj\_ﬁﬁﬁ"?@?ﬁ.} NFTL il 5720 Hybrid NFTL[S-8] g L 4 > =

E}li mapping =\ ?‘Eifl 1" Page-level #{I Block-level mapping = ‘{[}#*I Blocks 73 5%
71 . Data Blocks ~ Log Blocks » Data Blocks [‘JEILJE‘“F;HﬁBH’%g&'ﬁ "*‘FEH%' ¥ {# Block- IeveI
=" mapping > = ¥[{ Data Blocks Fi F’?[ﬁlli“ f2[JEG_H"¢t File System % Z[|f J’Elﬁ"”a\
U Log BIocks H|I{# Page-level = mapping- | ¥ &7 #rHi * pUerR]- iy Log BIock

VE FRIF T B NFTL ﬂjﬁ%I[#rGarbage Collection fi JEI*JI"ET“'ET (73 Log Block
B UE}*H@[HI?I @Fﬂgému Bata Block f[1 > 7 Hybrid NFTL F[1Z% [/ V £} Merge >
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Data Block Log Block
LPA=0, Invalid LPA=0, Valid
LPA=1, Invalid LPA=1, Valid
LPA=2, Invalid LPA=2, Valid Old Data Block New Data Block
LPA=3, Invalid LPA=3, Valid LPA=4, Valid Froe
V\ / LPA=S, Valid Free
LPA=6, Valid Free
(a) Switch Merge LPA=7, Invalid Free Log Block
LPA=7, Invalid
Data Block Log Block Old Data Block New Data Block LPAZ7, Val%d
LPA=1, Valid
LPA=0, Invalid LPA=0, Valid LPA=0, Valid Free LPA=2, Valid
LPA=1, Invalid LPA=I, Valid LPA=1, Invalid Free -
LPA=2, Valid Free LPA=2, Invalid Free -
LPA=3, Valid Free LPA=3, Valid Free
\ /

Switch

(b) Partial Merge (c) Full Merge

ﬁ%ﬂ[ 2 : Merge operations of Hybrid NFTL
LPA £% Logical Page Address = Logical Address / Sectors per Page
LBA £% Logical Block Address = Logical Address / Sectors per Block
FaH1 LBA FTLPA 25 [ J‘Jg‘, = NFTL fiY mapping Table 41| % %77 NAND Flash Memory rpfféﬁ’ﬁi%"’\iﬁf

9%~ 7E1% Switch Merge U1 2(a) 1" Log Block | 1SR ARIREAE 1 i 5
MRRS TR [pl 2 f F5 R LRI R Block-level [ mapping Y IR
#4 Data Block V8 T fEye =49 Log Block R4 71 7] Log Block 4¢3 [ E4 iU Data
Block & > F|3%[£ [V Data BIocE 1% PRI ORI < Switch Merge 7 = £ Merge ¢
[ITES T i F'\ET%B'%“ Il Block fiH [T [y S g B RIFTTEE ) Block-level
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o1y~ FE1£5, Partial Merge U120} i1 Log Block [* [1U¥ kLI 1t 1
PRI (R BB+ FIIZS T RGO @VEYR ) Log Block (1
fﬁ’xj ER I'WDH%\[ 2(a)Switch Merge [IVE (> [« Partial Merge I Switch Merge 4&if
LU Pages IS T YN FLE Log Block [* eI D > R ifFef
TR 2 E@%& Partial Merge [/ % {f{7lj ) -

fet i 7850 Full Merge U1 2(c)> I[N Log Block [ [ ] T oL SEREl o i fi -
Bt Py JIEL= it Full Merge - ﬁ’ﬁ%'iﬁ'ﬁi 7+ Data Block #{! Log Block [*][1¥ valid
ERRIAFLE#IY Block /4 » [ R1l Data Block 19 mapping £ %{#7{1Y Data Block -
F|%f Log Block #{I#4 1 Data Block i%f?};{z[s,ﬁgfjgﬂ [0 J[IVELE Log Block [*]fiY valid
TR TR N {7 IR Block » 1] Full Merge fi9 {4 Ei— H Ffel N+1 ffi Blocks £
I N*5) i Block [*] Page B9 Pages S ("= N i S gy 5L £ NFTL
A IS N RS USSR Full Merge [ FS gy o F B P g}»ﬁ[ﬁgjﬁﬂ z
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2.3 NFTL Characteristics
HESR Hybrid NFTL &35, 1" Page-level I Block-level mapping NFTL ElfJ%J’:ﬁﬁ’ AL
— R R write pattern > < T RLAYEY T EEEEESEEN [ 5 2 RURIREL Full
Merge [ {X ﬁxﬁio [l fe 2 THL Y SuperBlock[6] ~ LASTI8] [ 14 ~ Zef] 3 il
I'J I (% Merge [ % [ 1! SuperBlock fffol ittt 2 5e7h LAST = fei vt i1 locality



BBRS Il Hybrid NFTL OBl st 15 o Hybrid NETL FORIRE £ 45

(P17 SRS EL A {19 Hybrid NFTL S48 BAST[S] » FASTI7]I'| 13 H S5 issifio R «
BAST %' FAST 4 [ '3 Table » ~ J=RL Logical-to-Physical Table (L2P Table) = f

iy Block-level mapping £rt ([ﬁ[ 3(a)) > [ b= I=FIRLFET Log Blocks fiy mapping ¥
g-L o

51

LBA O L2P table PBAO

LBA 1 \ lin RAM) PBA 1

\ 3
2
LBA 2 o 0 PBA 2
1
LBA 3 7' 4 \ PBA 3
LBA 4 PBA 4
(a) L2P Table
LBA PBA PBA PBA PBA LBA PBA Mapping info. (in RAM)

Sector

LBA PBA  number

0
0 0 1,2
0 1 > 9 0,1,
’ 5 1| 56 |56,7
1 3 9 1 3|1 7,8 |13,14
41 NULL
2 5 6 2 PBA
6 | NULL
81 NULL
4 10| NULL 4
Data block Log blcok Mapping info. Data block Log blcok
g (in RAM) g
(b) BAST Schema (c) FAST Schema

ﬁ%ﬁ' 3 ! BAST and FAST Schema - LBA : Logical Block Address ~ PBA : Physical Block Address

‘if:%q%ﬂ 3(b) » BAST $27' [isL Block chain U =4 » di— i Log Block ¥ Hyst Vi
EHFJ[F[H?;“%EI$~ (i Log Block > jﬁﬁﬁf[a}gg:‘i 'FUH fY Log Block &1 » £ 5% LBA frﬁlﬁf(
FY hot » FI[[F) LBA ¢ pEIl,_HFEI‘.I’I’ %1 Log Block » [N it~ GC Efﬁfé &~ %X Block chain ¥
[l FIIAS BAST 7 4 gk \[ﬁj LBA EILJ?“W[QIFHJ?UT [ﬁJEﬁJ Block chain f] T I IEL T
— & IR LFI‘J‘JFITL\%F[EI@ multiple sequential write streams 53 ff] F1£| \fﬁjflfi
Log Block [1 > {5 ['%]' (X% Switch Merge ﬁ? Partial Merge ; [fi| =' &~ { Block chain
I IEﬁJE‘HS[ﬁB’EﬁW‘%P i LBA » %ﬁ%‘;& i Full Merge Elfllﬂﬁ f'%EJf:‘,TE}lﬁ{}% 1 ffi# Block fi
TYR[E! o [HIEREIEL o (1)SETER %ﬂiﬁ%ﬁ'%ﬁﬁﬁﬁm SSD 5 > write pattern * %L
MY random [y > i) = Eifj 'J)ﬁ[ﬁf}}fg hot data » *{[{{77 £% cold random data ¢747 [
“ET [ﬁjﬁfj LBA » ?gll[ Log Block BEl T %ﬁuﬁﬁ » Block chains 7 i3 35541 F | 241V Log
Block’iﬁﬁ*} L% Log Block [ { ¥ H * "D &l data ﬁ#kﬁé[ﬂlll’y’iﬁ[’[ﬁ‘ﬁi%f‘} ("7 £% Log Block



Thrashing » &l 5L BAST #E'%%?FE[‘FEI‘J NFTL 9[! optimistic FTL[9] > }“J”EJ Log Block
Thrashing F”FHJ}EEE (2)Log Block [*|=¥f[[Y mapping Y7\ ¥ [fFx 1 % ld Page fiYU Spare
Area 1> JIHNEIFTVE i Page EﬂJ‘? fl" 3?2,!%75‘@ # ([ Block chain FYEYE] ‘J/F cHE [J:f
Page f& #1{lJ update it ff ip’?‘yﬁﬂviﬁq N o

Y q%ﬁl 3(c)* FAST IV Log Block ¥ |~ f[# SW Log Block( sequential write Log Block )
A HIEE RW Log Block (random write Log Block ) » FAST #% 'F[ sequential write
(A PE””?’:T FIZ[ SW Log Block> ’é.l[ SW Log Block Hmﬁﬁ‘/?’[% 'Rip )~ 2Ty sequential
E‘}’ﬂﬁﬁﬁ“%{ SW Log Block ff"Switch Merge Y Partial Merge 7V {“# i Data Block
FAST = %IEJ[ Eﬁp J A HEPF | Log Block Z-fii] - i;‘é_ﬁ‘[]%% BAST | Log Block
Thrashing EJF R > [HE g ib p JZT}{EFF (1) [FE5 P2P I') % Multi Thread ﬁf&’ﬁ%ﬁﬁﬁ%ﬁﬁ
2 Fhp muItlpIe sequentlal wrlte streams > FAST ﬁ“”\jﬁ PR R R 2 B
HE LI = {f# RW Log Block [ 1> [R£E: ?i#[;fﬂisequentlal write 77 ] Ff‘fﬁ iIfY Log
Block [#(Swnch Merge » {ji[I*& %ﬁ N EVIRERY 4 o (2)FAST fitGC Eﬁ‘!ﬁ[ﬂ'ﬂ?ﬁﬁl [t
* fY RW Log Block » [N £l HI | EI[IY valid data g 1 [filfiY LBA ﬁ% ’ ﬁ‘:{QI#IJ
(7 il LBA 1 valid &¥f] Fjﬁ%;ﬂ;@ﬁl J Block i F| %L % IV Data Block 1 Log Block 1%
EE7IE iﬁ’?‘}"ﬁjlﬁ I"%fﬁﬁ"‘ﬁ Full Merge E f’EEILJF‘}YhEE ﬁ ) ARG delay PURHIRE o
(3)f' " Log Block L™|5 = [iY Page-level mapping > [+ mapping agﬂﬁ—;?:%l” G| (8
RAM 2 ] BASTF,I L% > PR Y RAM 2 '“”?U[Hﬁkﬂ*éf[ [ FR=3wiEi M EY Log
Blocks Byi ([ -

2.4 Related Work

Iﬂ“u&’ﬁ‘{lﬁ;“; 5L SSD — £+ random write pattern *J}k'Sf'F'J“'* B"‘Eﬁﬁ& IR > fﬁl?ﬁr{l okl
PR 2 ﬁ[%gﬁ&kwﬂ‘r%?fﬂﬁéﬁqvﬁﬁ (& F pufs) JJ? | (seek delay )~ [fi| SSD = fol
i{%lffj’l[i[ﬂ outplace-update [fij ¥ invalid data |FF,?%<|EUJ: ] SSD | I') i M T HIIFE Y NFTL
mapping ;= [ Page-level mapping[1]s SuperBIock[6] *multi mapping granularities[10]
el I NFTLIRTL: @At i HEe - P HWDIHE%W e engl
—@&F 4 J»(/LI reliable ~ [Eﬂ{z&ﬁjj&l !77 CPU RA|V| EY??FI IJFIL fEEI o b~ fElclS‘AA
ﬁijr‘hf‘\_lj SSD F[E:l H| Write Buffer %UITF write pattern » f‘ | 5L Y NFTL 5 7
SRLIRTAY 2 BRI -

Jlangq M DuaI Locality (DULO) [11] » T [‘3”4\ [[’}]‘Eﬁjiiﬁ\'%gﬁiﬁﬁéﬂ
Bk 35 1 AT 2 | LRU'EIH- replace » DULO [fjﬁﬂjjé‘fuLﬁﬂj P it 3% 1 0 2 R dise [ s 7S
replacement policy » HE(R DULO = fol kLA EGSERRIGREFT Pk » (1= RIpv fIPVERls
o+ AT rf“[rjﬁéj%”ﬁu E"WH”]JT} Buffer fi JESTFE[J '} & sequential A4, - [ HitStat
= RIRL&F5] SSD |iv Buffer Eﬁ%fqﬁ%ﬁ <z NAND Flash Memory ElfJf[*’J%ﬁ‘[‘f_ﬁﬂéF%
?r -1t [ﬁ:ﬁfijALDULO El 5 N ENES

5 [ﬁ'f"f”‘]‘%‘%ﬁ" NAND Flash Memory fiv/ Buffer/Cachel2, 3, 12]3Fh$;ﬁ§ﬁ » CFLRU[12]
L OS _p Buffer/Cache ET%T%& [l YES Flash Storage FUFEIVESHE IR > CFLRU
ﬂ E1ETLRU 53 59 [ e B S > PN E YK FE (B clean Page BY 1 victim IV D HET
“PRIZ] Flash Storage DULO I'}] & CLC9* i Jff;z#l LRU 57 b B fE ey P R 1P
victim > {EE OGRS B v~ 8 55 Bl fﬁiﬁﬁ}l%ﬁgﬁfﬂgé?’ FEA \[ﬁj workload ~
T [ f*J Buffer/Cache size {5 {4 ™ %TEI§4 B};%PFE Bk | ‘gf[“ﬁéﬁﬁf"fﬁrﬂﬁﬂl 'ILJ}'*'Sf’F"Z o
FAB[2] BPLRU[3]LL Flash-Aware - J[| EI}% 't Flash Storage {fi*'| embedded RAM
Buffer EIJFITEEI“H% s ERA R H,TJ. ETR AN My o OO px%{fﬂﬁﬁ#lﬁgbﬁ" — {[d LBA p%Y
= BAi rj[f[ #E (Group ) puh =t %%' ; FJ ol flush Eﬁﬁﬁ%’ [ FERD victim > — TR



(VR T [ LBA T
FAB [V replacement policy = E1 2 [t i 1% > fRAE S e zygﬁv[p UFELT,
victim > J»*I/ W g-Buffer flush (Ve R[ AL 2T sequential EJE%;H [y@E D
EPRf uﬁ‘-FFP i+ Buffer 1 o U;l?‘j*ﬁﬂgkﬁfj%;{%ﬁlf“ fIE s Eﬂjf s e ufg[{;[ (E y[lg\ =l
ﬁﬁfpﬂ?ﬁgm‘{w{n[i. L) p"":ge @I?J"& buffer [I|]< | ig&ﬁ‘@ﬁz I SFHTER ¢
[ﬁ[e Buffer V" M [ 2] 5 19t iﬂ‘/‘ sequential write 3l > N ZAUEE] [jlﬁfg Z[I-]F0
IpY sequentlal data B“fﬁrﬁl’?rt £ TRR R SR LR ﬁﬁ“ﬁfr {71 Buffer
FI J?ﬂi Bl pRURE
BPLRU ﬁIJ replacement policy 1= ;l]ﬁf HIk R > [ LRU R E R <2 ’F&Fﬁ,
Ew{v[ﬂ SEERY victim > & FTEUE BIR IR IEEVEYR[ Tt > BT sequential write *“J Al
I3 1%%[@%&”&#[ | FTE] NFTL: [0 2 ffi 7] Padding fi J?Eﬂ&fﬂﬂ» 79 Switch Merge
OB - (EREHALINEL ] LRU 51,35 5 FEEIBE TR hot 71 cold ek [FIFY 7 B
PR ED Eot TR - El?ﬁ:hltﬁu &ﬁ% £ cold ey RNLE &kﬁ flush (11 ) %?EJ - Buffer
IS Pl 1[5‘39{%& 2% ﬁffj[ e E’hHHIi PRaEE Lﬂﬂigﬁv i_lr_ﬁ‘y random write Y
= RURLN oy 2 E Hﬁﬁﬂfl 7 Padding » YV SEE T D RRI IR M
Padding f*“ ’E’Qp Eiﬁ
HiEl | s H\ » E EJ Buffer/Cache iﬁﬁ?ii/[l FAB ~ BPLRU F[EFVEJJE‘EEJT
Fa Eﬁ&@li [9 J:F E@Ii [jJ‘/\IH[]J{_ E1H- ﬁj[ft , lﬁ’?‘/ ﬂiaﬂrﬁgﬂ[ﬁ[# Buffer
2 R #%—U%J ?Er’ﬁj [ipﬁ?ﬁ« *}’fi Buffer [[1 » 355 Buffer 5 ?igkﬂﬁﬁfgl’ﬁj [EFEN)
workload PR NFTL - g8y SSD db Sulies 8 [IEL o ﬂ*“wii/ﬂ DULO ~ CLC
Fl LRU 73 ’?‘/JZL“E&:E%% Nl » ]E PR S JE&:E& =45 victim > {F ,[ I m@&
pﬂfxgﬁ [l R et F%ﬁHJ 2 [ [ Buffer size I 7&/7 [ ﬂfworkload o
R "” “biiﬁwffrf%{ » 2V R T Buffer E‘?i'iﬁgﬂi H|tStat H»%u!rfJE*]ﬂgt

P it 2 ks, i B R 8
pﬁie@@{
= -~ HitStat

- File System

§ (e.g. NTFS/EXT3/FAT32)

]

OS Buffer/Cache

i

| Write Buffer |

NFTL
NAND Flash Memory

SSD

ﬁ%ﬁ‘ 4 : System Overview



KL 355 Flash Storage SBSITIESH » 35 A [ Buffer JTERIETRS Hitstat -
= RVEH]TE Flash Storage [ {5 Hgﬁg? Y[ SSD - HitStat [ IS 7 pafel s~ i) il A1y i
%’ Buffer memory pjpﬁrp, R sz‘i_ﬁl 3 EwHEJJ‘ leﬁ*f SSD i B?Sf”ﬁu SRR Htf read
P NFTL SR = S HORRTVERR] o [y (= 61 Cache 21 BIRI 1Y
DRAM 57l read ﬁ%ﬁ‘ 4 E AR G Fiv BRIV 3{7\97}% » Host ¥ Ef 11 File System
1 0S E‘@Igu Buffer/Cache i EI%f {1 ef;?ﬁfﬁ (I e s ) SSD%EE‘. fol F] NFTL
HIZ BIPYEES 7 [ NAND Flash Memory » 2% A% (L5 NFTL F[Egﬂ wrlte
Buffer » {*IFd #4519 write requests ¥ 1P2E55 NFTLF HEEZEIRY write pattern ‘{éc[su
SSD [u3s=JEisH -

HitStat fﬁlﬂfiﬂ NS EIJ?FF’K?‘][ b3 > [f*'] Cost-Benefit Analysis [filff jé“uLEﬂi
Fi] Gk e 5 A 124 [ 425 [ Buffer replacement policy 5 fjo/jis™ ¢ 78 Hybrld NFTL iy
Padding Model » =¥ [Fﬁ?ﬁf@%Paddmg Model # Z[Jf: J{?%J;VJF@%J@{ VEFRLCPY Group
fit~Padding g {* «

3.1 Problem Definition
Z5MpY Buffer = folpLt A NFTL .V I > [W]F=Buffer ig:gr‘“%ﬁy NFTL [y

B g“jt%f' | ] 2.3 [ 155] BAST ~ FAST flufsyth » ﬁjﬁ@im o A B
random write '] ¥ & ﬁl J sequential write pattern fLAFL’?’ Hybrld NFTL }"Sf”ﬁ- JEEHY 2
]_E;',I’FL A [FEJE%EA@E i Buffer fi J@}Eﬁﬂ @j‘ﬂ‘d& NFTL T = EFIPY write pattern e

I ;Vﬁ!ﬁ'ﬂé Li SSD _fi Buffer miﬁ;ﬂﬁ ri%ﬁﬁﬁ%ﬁlj%ii f Jfﬂm , (1)Eiljf 4
E&@[ [ M% );fn!g,’[ gk PEREYR] T o[> hot cfata o (2) 2 F Bk I Py o o
FIE ﬁjﬁ“pkﬂv[é,gl sequential ~FH71 2 Hﬂ[ﬂ “DH™ Block [ﬁf,ﬁ"?{[ Buffer |17 Vi
J/ random A%, > 1) S RIEH LN Sequentlal e YRR U IFEJI#TI_ Buffer Z+[l - (3)%}

’fﬂi sequential write.pattern » £ R LPE - FE]] Log Block } [= it 1 fE1{f1Y Switch
Merge > [*JLFHF inplace-update fiJ Buffer ‘Ufﬁl,—“ﬁii@'ﬁ ﬁ'@r’?‘}ﬁliﬁ‘ﬁ flat write requests i
sequential write %Z%EW‘J Block 5% 1 i | flush || NFTL > 80 sequential w9 PEF
%|| Log Block |ﬁ[_ A o (4)1F-Buffer HEEMFU R F ) féf(Padding Ry S A
Block & FTZ]] NFTL ﬁl}%]#(Swnch Merge > i Hi[i" Padding = S phel, ﬁ‘Fu o
OERNFINES St N “F‘*?%lf write pattern “Jgﬁ“-‘ % [ﬂ g
Buffer ﬁ,'*ﬂi AR [?r?%j [ ﬁIJwrlte pattern ek replacement policy © (6)
iﬁﬁii AR T S POE V|ct|m Eﬂjﬁﬁ = A Ilir RFERLO (1) 7 & # buffer size
o

3.2 Buffer Management Concept

SfFS SSD EILJF':L”“ %“:T [iﬂif I = UL ER[HI invalid YR pJﬁ”F"j
AT 2.2 €] SRR Hybrid NFTL [l 2 9= 78 Merge = 5 EJ%F
a:ﬁ"*%ﬂi sequentlal write FI random write ¢3! > write Buffer /] ’A%Fﬂ/[llﬂ ”jj NFTL
Tl S Merge 9 {8 el BRI o

F] SLHTENFTL ElfJE‘}’%’:‘['F’J‘t%Jﬁ,EI #ﬁﬂ%[' fii-Switch Merge [ €7 > [N Switch Merge
[*['“F]‘fﬂ I,:;EHFET%J’%F%A (il Block » F+I°| Buffer El il e r"’:f AVEE R o f/[[ﬁ%ﬂ 5(a)
FIVRUA: o r’ﬁJF’i TR 0, 1,2, 3 WL S {’%EF‘KJ%_‘T request ' £ E | Buffer F'U‘[ﬁ?lﬁ[_k )
¥R 0,1, 2, 3 ¥ #55 | FUE(] Log Block ['FWE FRE naw%l%{%l RIS EA [ o PPN
| Buffer (15728 ({12504 98 0, 1, 2, 3158 7~ EIF I {32 NFTL-[+15% Log Block
[‘Jﬂ}%’”ﬁ’ﬁﬂ?ﬂé%ﬁjﬁpfj ) E["TJ‘}F*J‘J it~ Switch Merge Elg‘:ﬁ%ﬁé flat Block [ {¢ [E 0



Data Block Log Block Intefrleave Sequential Write
Write Page: 0, 1,7,7,2,3
LPA=0, Invalid LPA=0, Valid
LPA=1, Invalid LPA=1, Valid « | Write Buffer |
LPA=2, Invalid LPA=2, Valid
LPA=3, Invalid LPA=3, Valid Flush Page: [0, 1, 2, 3], -
\ /

Switch

(a) Increase Switch Merge

Random Write
i Write Page: 0, 4, 8,2,3,5,9
Buffer _
Write Page 2 Log Blocks Merge Operation | 4 ‘ LU BliiiEr ‘
0,2,3 [0, 2, 3] Flush Page:
4,5 [4, 5], [0, 2, 3] [0, 2, 3], [4, 5], [8, 9]
8,9 [8, 9], [4, 5] Full Merge [0, 2, 3] No Buffer
(b) Reduce Full Merge Cost Write Page 2 Log Blocks Merge Operation
0 [0]
Buffer with Padding 4 [4], [0]
Write Page 2 Log Blocks Merge Operation 8 [8], (4] Full Merge [0]
0,2,3 Partial Merge [0 ~ 3] 2 [2], [8] Full Merge [4]
4,5 [4, 5] 3 [2, 3], [8]
8,9 [8, 9], [4, 5] 5 [5], 12, 3] Full Merge [8]
9 [9], [5] Full Merge [2, 3]

(c) Take Advantage of Partial Merge
qﬂ' 5.: How Buffer can help NFTL

57 BRI D HETNFTL PRI random #H7& 4: [  Full Merge 19 {4 fff = [<1G
random [IVEY * V| 71 BAST ”ffﬁ it Log Block Thrashing [UfjiE 5 [fi| % FAST
2 (SRS Log Block ['[FY valid EY i % i T il LBA » 555 Full Merge
F9 £ IS DRI PR Hybric NFTE S - 25 [P0 73 L2 ™ ol S v
B o 24 5(b)FUA fY random BTN ERRI T 0,4, 8, 2,3,5,9 0 1] ¥ Buffer Elfi‘[‘ﬁi[hl
D REINFTL - H %TF&I 4 7% Full Merge [IUF/{% > £ write Buffer E[fjé‘ﬁ,ly (N
random VR FIZ] NFTL - B & 555 i request |~ & Fa %] NFTL —q\ga;ﬁ%
write pattern 3 v f" (I > SRE) (GER i -5 Full Merge IO {™= -

93~ Rifetfs N (™ 1§ Padding 3 Z[[[IvF>pj=d>; - Padding X[l Partial Merge -
PSR I Block Ff | B2 NFTL » 2 B[ 5(c) » J[1PI=Y P17 i Padding f
%ﬁ ; fIJ,Ij#I’FL¢ NI Iiull Merge 3@1‘?@5& Partial Merge 1»‘[%‘ [ overhead ; I’E rep)
~ Rt Padding Firfel A RRI LR [ o B3R Padding M ffy 167
overhead > [KF™ Buffer FE 2 Rl B Padding [ i Y EIEE S pross e
i« DASFII Buffer 0 147 410 UGBS 0 request TR
it Padding f1UF {1 (710D > i3 14 Padding 1l ZfIUFsa e g -

i

——

3.3 Buffer replacement policy
[X£% NAND Flash Memory fruff[i= #1517 Block » HitStat 74°1 Buffer f| I’Eﬂﬂﬁ?ﬁl[ﬁj

LBA Eﬁlgﬁﬁlgﬁﬁi— &I'] Group F‘fﬁj?‘:_‘kﬁffﬁ'  [ES PV E HERLE S [~ Group Hit
Ratio ° i/[l”bg?“(l) » L1 P(Group;) {45 Group i £ ¥ hit fuES= 5[ Group Hit

Ratio i I'|;# Buffer E;'*EJ%{'[ Al 3.2 Fl s g AU [ - I HiR= %ﬁﬁk%ﬁﬂﬂ%[’ﬁ%liﬁ
-~ {™ Group Hit Ratio °



21— RiERLI%& sequential wrtie I7J[1 Switch Merge FIVES €7 HJE" R fﬁll
IEE']:FIElIE EIfRE’ [FJ~ i LBA e yfe] » Bl £ I Group Hit Ratlo ) Buffer SRl
fi- S B g {TeR] - 11 Group Miss [+ Br ﬁ’gg L A %ﬂa&fiﬁ?ﬁﬁi I NFTL
EprJ random A < Fﬁ[fﬁ Full Merge [l (A [ I’FE J[I Group Hit f lJf&\\}ﬁ il
PR & vk B DAY random write & fﬁﬁ& (it 2 ,Engm 2N Group &= F | BV
NFTL > fi RIS e PRI EH DY Group BUE[ NFTL ; f& i — RfhL3e% Partial
Merge FI{&} %ﬁ ﬁ{ﬁjﬂi[ﬁj Padding eel=, iif”ﬁz- » [ Padding fiY {4 i%glﬂ{}f”ﬂﬂ
£ Group [*[FUE TRl Group iy » PNIFIHA 25 Mo 2572 &gﬂélifjalf I
fE{ I flush Group 1 5 B VRl £ > [l Padding AV (¢ EE“}:IAFHI{[E‘% fi' I3[ 1 Padding

FHER AR J}f’rJ:Elsr_F o

Max Z P(Group,) (1)

Group; in Buffer

(Ehlfors = [~ ﬁfﬂfé*(l)ﬂif TRERL - =51 “@i FillR; % &t Buffer [[15) flif Group [V
it i - Weight of Group ( 4t g% ) » A5 éroup 3 fi Sector afEly > £ Weight
[E?A“‘\[J“%IF“Group [ L% Buffer 24fif ?I!;Eﬁ?s—ﬂﬂ ‘B Group ¥+ Buffer 1>
PHERATE | v Buffer [lIHY Groups & {ffy Welght A [ R ZETHT Buffer Elfiﬁﬁﬁ’i”’ﬁi} )

Bl Weight [}g’g[ ['=Cost » il &}4\ f@ﬁa"?‘ftw victim = $1— (& £% Hit Probability of
Group (EHJE HIGR %) - AT (1)U P(Group)) » =% 'Fﬁ)fjﬁip {7+ Buffer [ [fi
Group H P(Group) i B B RE AR + 7| P(Group)
’9[ [: Benefit > 52@] &}{ﬁ LAY £ victim o

Group 1 Group 2 Group k
Weight: 5 Weight: 15 «++ | Weight: 10
P(Group 1) = 1% P(Group 2) =2% P(Group k) =2%

Max Z P(Group,)

Group; S

Write Buffer
Buffer Size = Sizes

set S = The Groups in Write Buffer
Z Group, Weight < Size,

Group;eS

qfaf' 6 : The Knapsack Problem

B qgﬂ 6 I@%EJ k ff& Group » Z5 [ I'| 15 [ Group #1575~ {9 [[5 » Weight of
Group ¥ {1 ,g,ﬂ YE1EH[ Hit Probability of Group Elji_ffﬂ’ﬂ} [ y,ffq)f 4| by
[ ”f”;fjllf?@ff“'ﬂ'ff}ﬁ [ ATHES AR (L) > (FIfRIED Buffer U RIE) fu H

f/Fz.gﬁEu /Jff#ﬂ]@fggqu KT Sizeg ©
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fit P(G .
benefi of Group, — ( roupl') 2)
cost Group, Weight

Hydr F'}f_}i@l[ I&EJF% E?ﬁiﬁ i ‘[’/IEIU’F“J' e FHFJ@ ( Knapsack Problem ) > ﬁ'ljFﬁJ
REEERE FITES NP Hard[13] © #1555 FH REZS (P = |43 RL | Cost-Benefit
Function 7 F> 2 H 174=1(2) E%FWE]’EI E{EIHEU‘FJJ& Buffer f[ 1> [N IF=HitStat
[V Buffer replacement H—E[E?il’?'j EE L] iy Group 55 £ victim > "F‘ir
&Y FHE_E Fl1- [[ﬁ';fﬁ%#‘ﬁﬁu heuristic FE{R T3k -

3.4 Padding

EP Hybrid NFTL %32 25 7 I {2 [ ¥ 7% ( Padding )9 ¢ s [F# (X Buffer flush
FIRY 4 o PREGTE-Buffer flush £ NFTL FIJEY*[ﬁBrFAF&F’j, | Log Block - ’g[ Log Block |
F el Data Block fit"Merge [IVED [ il » [H FI 2] Log Block [V YA AL
sequent|al ELJFH,ﬁ' B Block » H#[IZG ' T) ﬁl}%[#{SWltch Merge fIVEI [ o [N
¥ Buffer “ff’_ﬁi V|ct|m Group } ,FIIEJE‘m{vaJ"‘ ﬂﬂ] HitStat [i' "] f- NFTL F 7V E[
"D Page IR HIFEETH Group » I BEHF[I' | 15 Buffer AR T Group iUy
[ > BEIR Padding —I%TE,I CXE Y [ £ Page PNRIZVAIRY ;ﬁl"e, (ERL 1421 Full
Merge FYER[EAgnY | 3:]_EZ,I Switch Merge » <[ (X Merge U557 -

Write Buffer
Victim Group
A LPA=4
| LPA-S
A LPA=6
>
& | LPA=T7
— 2. Write full block data
i to log block
é)
Data Block |~ Log Block /
LPA=4, Valid LPA=4, Valid /
LPA=5, Invalid LPA=5, Valid
LPA=6, Valid LPA=6, Valid
LPA=7, Invalid LPA=7, Valid

3. Replace old data block by log block
NFTL (Switch Merge)

ﬁ?ﬁ' 7 : lllustration of Padding

q%j' 7 &l ([ Padding FuaE (Y] BLEE 1AV victim Group 175 F [ [+ Page fUETE]
(5and 7) > HitStat &~ NFTL #iZV Page 4 and 6 717 aﬂ?ﬁfﬁﬁ@[g Group » # r’F"T
Hitli Page 4 ~ 7 Z|| Log Block > [X£% Log Block f[ 154 = ir"’:f PEIIPYEYE > NFTL ﬁ“ﬁl
¥ fit"Switch Merge *'| Log Block =V {“ £ i) Data Block °
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Data Block Log Block Data Block Log Block
LPA=4, Valid LPA=5, Valid LPA=4, Invalid LPA=4, Valid
LPA=5, Invalid LPA=7, Valid LPA=5, Invalid LPA=5, Valid
LPA=6, Valid Free LPA=6, Invalid LPA=6, Valid
LPA=7, Invalid Free LPA=7, Invalid LPA=7, Valid

v, Full Merge

Switch Merge

Data Block

LPA=4, Valid

LPA=5, Valid

LPA=6, Valid Block Erase: 2 Block Erase: 1

LPA=7, Valid Page Write: 6 Page Write: 4
(a) No Padding (b) Padding

Q%ﬁ' 8 : No Padding vs. Padding

(ARt 7 FTH i 855 victim Group 3| Ryflit Page [ » Z5 (M55 lIE4HI2E
Padding ?LI“EJ Padding EIfJ‘%iEJ_k FIEREE NFTL 2% [faﬂ' 8(a)t, 1 it Padding 7% Group
[l Page PRl 1 F FE] Log Block f[ 1/ lfu%l%{%l Full Merge [IVEPsfic} = [p>
=i Log Block » = “#[ifiufst =5y £-2-7% Block Erase 7! 6 - Page Write ; qu%ﬂ' 8(b)[ﬂ%@ﬂ
%] victim Group [Vl Padding fIVE{ = Frl | Log Block [ [f ey hLyk i fg[' f’F"T 8t
o FIFERI Switch Merge Iﬁ}fﬁ:?(/ [VEL Y Data Block » — H [ 151 % Block Erase 7!
4 7% Page V{/rite J E““q%ﬂ‘ 8(a)i§fEJ Padding 1 = B! Full Merge fi & |FJ[CE L% o

3.5 Write-Back Policy

e Buffeﬁ’ﬁ‘[ » NFTL B RIS RETEY Log Block Fi'I')3EH | » sg =2 [l i I') %
W'HIEILJ Buffer i 4[] » |J§|[ﬂk NAND Flash Memory i J’ﬁ [fEF,J'FJu outplace-update
e 5 | RAM Buffer H[[kLf' '] fit-inplace-update [FIA &k | o 45y Buffer *FT%HJ#
3 E,I szl[i hot data I'| =579l LR s s 1 9 uﬁll%:{;l SHw=E NFTL PF'
SETH RAM Buffer [=L Log Block ' Fjfi J’Fﬁ If’:éﬁiﬁéﬁ Flas=H Jﬁf bJ e

‘Afj%‘q%j 9 ELZY M 7E Buffer L victim Group e Jﬁ%ﬁ?ﬂ[ » Y[ victim Group
P ERRLRL T o T FEE NFTL it Switch Merge < J[HA €%k 1Ly - ]
52 fFEj/U\%%H{%iL_F\[Ei%T victim Group fft"Padding [IVE (% - fit"Padding #fi{l] Partial
Merge > ~f*I Group [ Fﬁ‘;{t’*‘[?ﬁﬁﬂ & FIE] NFTL it Switch Merge fIVEH [+ » E[ }}f}{ﬁ]’ﬁ
) l'%"?ff?‘j Data Block ; 7 ]#{Paddmg TS fZ Group PR HiEE #EHTZ(] Log Block 1 >
[,Fh# I]j Log Block Z+fH]> f5 ﬁzh laié’rlfulrMergeE T Tf F’j,[HJEData Block [fl'L[SF T

[R5 Buffer gfilmi 'l Elﬁ’é F* Padding f< 5L NFTL fi fl & e i FH
Log Block [ 2 i Merge frumy 7 [ [ #ﬂﬁ SSD [i35< o

12



Write Buffer (HitStat) |

+ Cost-Benefit Analysis

Victim Group

Full not Full

Padding ?

Switch Merge v No
Partial Merge Logging

NFTL

y

Log Blocks

SSD

Data Blocks }

Full Merge

«

ﬁ%‘y' 9 ! Interact with NFTL by Padding

A ﬁwﬁj—iﬁfj victim Group ﬁﬁ it Padding [/ ? F1F fi-Buffer Fit! ‘[Elfﬁ‘\ﬁ[ﬁ (75l
cold data - %‘E’H{TH:‘%JE‘FWI EILJ‘Jﬁf“?E@ [NIFHFIJ PR s gL A i Padding o=
3 kL victim Group [P U R BN 2510 55073 e PR[fE 2HY victim Group fft
Padding ol B8t LN S (EEEDS ‘x*‘q%ﬁ' 0% 1"} Log Block [i/E77% 4 »
ﬁfﬂﬂlﬁuwrite stream F*r]féz*éj [ W REAS Block A RIEYR] (A~ A) BT QEQ[ 10(a) v
12 EJ Padding EJ[ W A AR E I/FJ'J AHFET [ EL Log Block 2 [ 1 by b
Merge > Block A uvsﬁj:{%l‘ =S X[~ Full Merge » PNIFERR] A FEHTE]] Log Block kil
overhead » [NEL 4[| Log Block 4[] ”i""‘JLL Block A fivEl %Y~ & Merge [fil
Data Block; q%ﬂ‘ 10(b) E% S5 25K it Padding EILJEV‘JF * HI‘%;H Bi~Ci[NELE| Padding
| Eﬁl}%]éﬁ(Swnch Merge [fiji<E [FPL Log Block Z-[H] » p M 2R A Merge [V
H'J A =1REHTE] Log Block 1 BIockA fl EZTE,I%@TU# ~ Full Merge VB[ Bl 5]

PRIk 2% victim Group it Padding BPQ R ”F']'H DIt SR R S B ERR R
Z[| Log Block |ﬁ[ R ﬂﬁ; Z fit"Padding ; p géﬁi "PEYRIPY Group HIMIEAE1 >
Flr 1§ DRI Y Group Hﬂ, [JLog BIockT KAJ%F %2 [H] > Padding ™ [ PNELRIGE Y
T+ 2HEILY Pages E15 overhead L Padding °

fg- EIp oy g ’iﬁfr}fm Padding _IZA[JJ\];E%HJJ\EI TR [’JTL Log Block [1U 2 [H]