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Dynamic Sector Remapping for Flash-Storage

Lifetime Enhancement

Student: Hsiu-Fen Liao Advisor: Dr. Li-Pin Chang

Industrial Technology R & D Master Program of
Computer Science College

National Chiao Tung University

ABSTRACT

As the flash technology dramatically develop, improving the capacity and
stability of flash memory. Now flash -memory'is the key component of
embedded system storage system.'However-the wear-out situation caused by
the lifetime is still the major problem of flash'memory: Wear-leveling algorithm
is important for every flash system design. For exténd the flash memory lifetime,
there are many related work proposed. By these algorithms, it can improve the
flash memory lifetime. WinCE is current main stream platform on the marketing.
However it has higher software authorize cost is known. This thesis focus on the
problem of WinCE software authorize cost. We propose a file system
architecture called RLFAL. By using RLFAL make it possible to improve the
wear-leveling effect on the original WinCE platform without modifying any
original flash related architecture. RLFAL is consistent of three main part, LRU
table, FIFO Queue and remap policy. By simulation we improve that RLFAL can
reduce the develop cost, and improving the wear-leveling effect of original
platform.

Keywords: wear-leveling, Windows CE, FAL, erase
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1 Introduction

d % NAND flash & 7 @ 4 ~ 25483 (2 (Non-volatile) 1 2 4 T & 4§ &g *
> PDA~GPS M2 2 EZT R A EREGFIFOHEFINRE J NECFHFIFTENIR
> NOR flash + > & A+ {f #3F 5 5700 B #7 6 + a%g L~ F LA 2(SSD : Solid State
Disk)% % %% > 3% NANDflash 5 H p 30k 5 A2 o p5 3 £ p » %% NAND flash
S A FEE TR BT SSD R H 0 €18 SSD = 5 A KRBk il AL A eh

5 -

d ** NAND flash 4 8 5 4 12 » & Jf & $2 B~ outplace-update 77 3¢ % g f7#: i%
B AR Rz { AT FRAFH Terased (F{8 > 4 7 0 iTH »HiF o §F flash » Lk
TR ROFRSERG T h BV T § & 341 garbage collection §- 1T o 12 {
Penz Bt ® o kA flash &~ i 1 ohigis 8 A (block)i * & 45 ' G R BN

#1> ¥ flash ¢ s block E'JE:}*‘,%%@F?*’  block' #-¢ FIiBE Bdf @ iz &% T

N

v

27 ut & flash ehid * £ & o ,T‘m/» P& R flash ¥ 7§ 5 block $RicAksn g e * o rLp

% wear-out sP{FRF 4 o @ b T R Eedp PR ﬁi-i = wear-leveling °

BB oA e Ak D dh wear-leveling w52 ¢ 0% 3 £ F 173 FAL & & _driver & 0 E

47+ physical sector 14 i@ H E-dp # T 32 o '] sector B » =% #c I i §f T h threshold
B ¥R kBRPHEEE I H T H ~ BB 2 sector 0 JF % 5 hot data 2 cold data
eh+ 2 > H 172 §_ % hot data B 3| cold data “F sector » & Ji £ 73 < hot data ¢ sector # ik

Fl- B adple o 2 B O~ o ad 2 B E hp 0 T b AL ¥ chsector A #EH =T i o

d 0T 0 & flash B bR (e FAL 107 5 % B %0 San s 5% 4
P F A BE- - RBEBEHE FREH L 0P| { 4F g wear-leveling x4 0 4P
R RER 4 o AR *t Windows CE T &+ 5 1% wear-leveling 4] » & & 40 FAL ¢
~— % RLFAL - 1% {H eh™ %+ 2 S & 1 f8 1t & FAL i (e 7 14 (7 5| il o
wear-leveling ¢ % o d ** Windows CE & - B 3 & £ f etz * 7 rﬂ«;}A I S

& FAL &2 OS ¢ Fiz- K i wear-leveling > 72 3 & { & FAL chsource code » » % ¢ { &



¥] Windows CE 1 OS> ¥ 11 & 4 #238 gB 324§ % > ~ ¥ & 3] { 4 wear-leveling eh2c % -

A P RIS G EAR R F (FAK Y “TH 12 RLFAL %4 0 &7 22 FAL
z_»* {Evt i o RLFAL 2 & p 9 ¥4 FAL 2. wear-leveling » #) 3 ¥ 1/ i# # erase =t #k

(52350

AT DB HEAET % S R S ARM Y pR 2 R E R AL ¥ = F 53 RLFAL
7

AREHE S Fdahidt o e % A8 &7k * 9 Windows CE emulator % 1p B 5 % %



2 Motivation

d *t 5 1 device ! 1‘1551*#8 AT mv‘a‘\““"ﬁa Az R o BTl BER L s R d oo F
ptF F 1 * sector remaping 7 3N ¥ 04 B 3 4% gk §) garbage collection 0 § 7 & ¥
HPN MR 4o B (TG eepy > & W00 % 3 # T | 4088 T {7 1] { 4% 4 wear-leveling #3%
o ARBERP O FHEE A SR Y doflash (€5 488 0~ 7 o0 weal-leveling
wE R e B g sl flash driver 4p B chp 38R 458 0 » FlE € A 2 fiHRE L D
S FHEI o AGIF Y BEHFMERE IR R - BE ARG AR
% chiweal-leveling /g 5202 2 Z EH R 3 DR ApHB it 2o A F PR flash

memory x4 2 B e k% d ehdp B wear-leveling i & 2 0 02 AR T APREGREE o

2.1 Overview of Flash Memory Characteristics

Flash € |4 % i block ».@ — T block £ % 4 = 7 i sector * 4-® 2.1 #7157 - & B i
¢f1 sector & Jf L {7 erase {6 0 4 ax £ HARB A 7 flash &5 T 42 1 write-once ~ block
erase~ 7 "L erase =k #ice & { AT R FLFE sector & R & Y outplace update = ;% ¥ { &7 (T
BR2 AR K E {37 2R AR Ferase P (T 7 U4 (T8 ~#(F o ¢ flash ¥ L
AT NFEOR A ARG T h B S F & 34 {7 garbage collection #4 » A1 E *
7 * 7 B o ferase block eriE AR P > U block ¢ e dirty sector #ci ¥ iblock L

€rasc °

Blocks

Scctors

Flash Mcemory




%] 2.1: Flash p grs,gg.ﬁ;ﬁ 2 H
2.2 Wear-leveling

d % flash memory # # - i block 4% 7 j AR AL WEIHCDTA > F %
#3Zblock 4k mizi@* » - £ 7 % block #ic& % > » & Sup #8344 {7 garbage collection =1
WM R Wit B 6 block AR Bl AR L5 50 - @ block ik =t
Bout £ % - BAFE block el 032 A 22 d flash memory @ * & & 07 2 THL2 L wear

leveling °

Block ' w3 nF 4% F A 5 @ A Py { ArenF f(hot data) 0 82 7 ¥ { ATHF
#L(cold data) o & *t % 3@ garbage collector(GC)H 7 # M w ek x* 7 * T B 2 B R
(greedy) » ¥ ® 4cdF &  dirty sector éf3block 2 @ 73 *< hot data i block d ¢ F AL i ¥
A F70 #7112 dirty sector Fh#ic B AR B Wk B E F 0@ cold data F] 5 A ¥ { 5 dirty
sector #cF " 0 #7007 GC pF F 5 ® g Bl hot block » 3 3% hot data #- %k w 5 2 5| £
TS B block » i & iz bloek B4 FA,i% 4 H ¥ block fef © wear leveling i& & ;2 &9
A& p 1‘%%&5’3& AL do gt A Eng 4 e TR cold data a3 2t hot block 1'% % hot

block 435 1% eif 5 » & =48 block enié * i) -

Poav e 3 3F % BT wear leveling <787 7 o Wear-leveling 3K 3+ e+ 3% > i % 11 = B %

#& % iz 3= ¢ Effective ~ overhead 12 %2 #74£ * 57 RAM space °

2.3 Problem Definition

AR A FAL 2 3§ 4o B BARE A2 & RLFAL > 42417 f # flash 5 &
sector 7 € (7 5 B » » i@ i 4 # § & block erase =% #ciff 5 @ Bedf 4 T3acfRA 4 o
#t b > wear leveling ¥ f 1% # translation layer ¥ ¥2 garbage collector % fr 3 i% » {2 iz 4k &
i¥;2 % & 13 #Z translation layer siisource codee % 3 & iT % % 4L ¥ >translation layer sisource
code §3 2B eh» AN B Z R & (FBeeh #7103k F 0 F (7 wear leveling sk jis

Pz 2 A& > doh#h~ F (7T 5 Windows CE T £ 7 2 B translation layer source



code tHiF ¥ k%o A F (¥ & §Rd|ch— £ P38 > bilde @ ()& 2324 & FAL 2 {4 hg »
2_f80 s i*w‘?\;rw fremap W is > d FAL &7 H » 42 g #1iE & (0% B » &7 logical sector
F W AH ~ 3|78 - i@ physical sector © fAT4r F gkt A 23 § 2 F #F e o (2)garbage
collection e iT 7 @2 7 d] » 5 7 2 L &dp > v §E FI70- B block 2 erase > A& i i+

tiz- K T & hotdata B » | ¥ 2 cold data i sector §1 * remap % (T > &
cold sector 7 # ¢ L AL * 3| » (& B ig— & FKT*\ w4 logical to logical 7= 3¢ » i{%ﬁd [

a1 ﬁj'?lpis hot sector ~ cold sector swapping 7= ¥ i I 4p e ek % o

2.4 Related Works

w & & d e wear-leveling J§ B2 A2 7 ¢ 0 £-¥F¥ 4003 s F G  translation layer source
code 1= ;% > § 1T wear leveling # > 7 A Stackable Wear-Leveling Module[2] # Unsorted
Block Images [3]- H ¥ [2] rﬂlf—*ﬁ FeLinux F o B odR ) - e i g 18 5 0 15 38 Linux
% 5 enfite = 50 17— 7 2 2 R4S e weal-leveling # 88 i e %’%?’ A Ry
%‘i‘ P ¥ O ELESY kS b R 3 2 flash drive 0 3B %4 flash mwear-levelmg E xf—*‘Ff "f 3
F AP RCEK > A H wear-leveling i & 2 c3kir o i & IF—‘F% #1#% 11 2_ Dual-pool
wear-leveling[2]:% & /2 - @ &[2]¥ > THE N - B * 3t Linux T¥ kdend 4 0T
"F’i‘ % & ¥| flash memory L—*%» FUITE kARt IRE 0 # D F & 4517 flash & partition
RN E o A E 97 E & boot loader 7 fshiblock e 3| ~ F iT4p B flash ¥4 e g o
I % & B osector ¥ e » TRk 320 ¥ 32 4 Ff (header) 0 14 i T ¥ L sector { 5 HAw g
At o Ra TERT O W RBAIEER 0 S RF DA ERPE S SR
B 77 sector > K€ FE B TE o

Bl 2 AR pehi e %y BRTIOFEZ  SRIRFI A pac j3F 5
3BT ayE B2 oo e [1]° a4 T 35F B i 1 & &tk 45 Block Erase Count #-Block
¥ 4 = Hot Pool £ Cold Pool eh§ & » i # ik «i% 4% Hot Block ¥# Cold Block » #F & & %

* “,/TT Hot Block -



G[4]¢ “ri e 2 1% - B Bitmap e s R LEARGFGH Y - BPEE R b
B R B AR R e — i R AR TR BABIt 3 10 F 2 5 00 FEY

" Bitmap ¥ Bit & 1 0% #c+ *t Threshold P B 4534 17 ® Bl L 3% o

Aemv G oW RS T"t"?f Arfe dten JE o % d - B Windows CE T 5 F s # e »
% OS £ translation layer & #73§ wear leveling # % > %% pt i $| % i3 ¢z Translation Layer ¢

z % 4L
4 ‘:/L‘:‘ o

W % T 0 3% 1E re-mapping (73 I7 0 & wear leveling £ & 1 %



3 Design Implementation of RLFAL

3.1 Overview

%= §340 4 & R * S 9 ¢ Remap Layer FAL(RLFAL)% 2738 3+ #£ 4 -RLFAL
3A&d = BFA LA e - ~LRUtable > = ~ FIFO queue » = > Remap policy ° &
A% * -  LRU table Xk % 4+ p = >t flash ¥ 7hot data #7 ¥ *xsector > | * FIFO
queue ¥4 24 LRU table i jjg EfF & p + £ #§ 5B » csector 2 f# .+ LRU table 3 2 table
thrashing L % > §1* queue 4 &AM eniF 4 > FER|ZRUL sector 5 EPFF R = RALE * T
¢hsector © # 5 hot sector <1483 % & > #1137 sector #- €% 3 » LRU table # » 7= {1 *
#L 2 3N OB 4L sequence sector 1B table 2. ¥ o570 7 3R hotdata — ® ¥ — H. sector B
»~ > 4 * remap policy X ¥ 3~ 1 sector k & % » & M sector € | * bitmap XiE# > 11

Hp:E 4 e sector H_fi b AL 1@ * D e sector o }

3.2 Hot Sector Identification

d 3 FRFRB MR 7 i €~ F L data- E B » I|4p e ehsector F 0 F]
B A R sector — EALH ~ 0 i 3% block 3 & Bdp w4 FALE A 0 @ i sector
FH-2 % hotsector > @ F ¥ wear-leveling /i & ;2 ch3 & p mﬁ{t‘i BRI 5 sector o
Fl i B d & R L E 0 AR hot sector AL ME A ® * 0 Fpdeie g 2 %7 4 7R §_hot

sector » ¥ ¥ T RAIE L EAPE £ B - BROAE o

57 & %A JI7R1E sector 5 hotsectors #TruA]* 7 T ] kw2 e % -~ B LRU
table % ‘% 4% hot sector 4 i{ T (T » @ & F+4_F % hot sector > B Z_f|* FIFO queue
% #Ai g cEe (7 0 2 H_sector & ¥ fqueue ¥ 0 A T & B X1 queue TIRTH L hot

sector > i{ 42 v 73 » LRU table » - @ bitmap P| & % 47 #73 4% & * i cHsector’ § sector



B~ F (s I 5 1F bitmap 45 - B A AL * i sector K FE o

3.3 LRU table

¥4 * Least Recently Used( LRU )i & /% i¥ % table eng 322 3¢ > My 4L * o
sector # % F 7 table * » 7 ¥ & * shsector 44 ¥ 3% ) table ¥ o H p 2§ % hot sector 4%
#§ % table > T ¥ & hot sector 2 % #% cold sector 1 if ¥] wear-leveling =7 5z » i# cold
sector » 4522 Bedp > 11iE BT3B AR chr Sk o fotable ¥ sector A_f¢ * X% 45 count ihiE ¢

Gk s i e R PFEZE 35 - B cold sector K B H o

d 3% table # /% k&P w0 k@ #7F chot sector 0 F|t F & § — B policy 2 AT e
P33 H T AL table ¥ dhsector o F] Rt ¥ table full pF o i*-% ¥ % - B sector | “f J
Bt sector A FL2 & victim sector ¢ EHAR @ * L Podo® p ¥ B R IT table & 3 csector &
victim o Ft 5 % & F L LRU » 2 21 B 3.1(a) R#p “,/TT 78 * LRU shifF s 4
7o— R kg table (0B TIE & o B oAk * 3 sector 1% T_iF x>t table g #Y o
F* 57 % drercount B 0 AL F X * Tl enisector (702§ table B oaf £ H B PRER o TR AT
AR I o PFE T WL X e sector & 4P ik fable 4_ o 4% aging e84 krx i%
table i * ho T M > ¥F £ count EHR X £ sector £ kg table 7 & 0 F1H § B ARG R
< fhcount B L AAEPFRERTN > 2 ¢ L AR * o gt b T L K|E ~ table £ sector
F1H count EiE ] > #-€ = THE L victim sector & table {8 2/3 L T EHE P “,/TT table
e [Fl o 3 table © = A 2 — disectors © A € 44iE IF victim v ¢ ® B {2 5 Reserve
Region o ¥ ¢F » {35 & 53¢ e sector enpFiz » H_ A% write =% B > £ sector s iE # e
% o dopt 2kt gk B Eod 4R write =t #icdik b e sector 0 sy % cold data #7114 cold data
4#7@# 4-&% » WM H 2 Atable ¥ epFE R o d AR B sector #A 1 Y 5 0 @ F
count #cik = » #Frd s iR AT AP ffﬂ& SnEHE Y 0 4 (AF A d 3 count #iik K 0 @
dEIEHT o FP o #* aging ¥4 L 5 L hotsector > & AP AL RALE * e sector
¥ o4 B ) table » #-H count Hct = =t 2 yRR o fxds aging chpF S A F table & pF o

EAE f"l]“,/TT— i# table # :Hrentry(sector)d 3 2 10 H gk 5% K 3.1(b) -



Write count 66 65 14 7 2 1 5 3 2

555 insert 100 = 101 84 99 522 5123 33 34 523
1 2 3 4 5 6 7 5 9
Reserve rogion .
(a) LRU table
Insert 355
Write count 1 33 32 7 3 1 9 1 1

555 = 100 e 101 = B4 b 90 » 522 b 33— 34w 523

(b) Insert and Aging

B 3.1:.LRU table
Pt e S 5

3.4 FIFO queue @ = =

1k i
= J i

b = 5 ., "
-

fI* - B queue X k4% FE;’;’; v B ITAR ié.-.;" EI’J_‘?’ g é_t.able ¥ isector F_F & #-pt
sector 4t » I table ¢ > gt queue: g u-ﬁﬁf-sec':tor D E—’@E‘?_:ﬁf M€ * FS =X dhsector 0 (]
#o s 8t & sector & hot sector > I #-pt _s.ector ERS LRU"'t.-é,’t';i.e Poo i bap 75 0 AR
* B 3.2 kI - 1% i second chance'lév"ﬂ‘é ;\#E r'%.'hof sector O FEd o 5 E M sector © A
iz queue ¥ > i A table I & k40 M“,ﬁ% ¥, e7R 4 sector » I 4r » sector *X I queue
siheader > ™ A iE & queue ¥ F B A Ap e csector (iR A o B fS 0 Kt sectorid &
4% table » o H p 1§ _4 2L hot data e sector & ¥ it 5073 & i& » table ¥ #F 4. table

thrashing /w4 o

120 insert

W[~ [ ]

%] 3.2: FIFO queue

9



$L ek oqueue size 7 B % 0 11 AUiE e sector 4% % 453 queue P 0 i = % E_hot sector
» Hi4vi ~ table e € 0 1433 table 44 replace % € 3 4v o i F ¢ sequence sector i&
~ table ¥ > #-¢ ¢ hotsector #& flush 3| ¥ A:E 5 F# N LRUeh® Y > Ed @ T4 E
Feei KW 4 o F A ARG ¥ 3£ ) table chsector & hot data > H#-¢ *F X wear-leveling vk

B

3.5 A Sector Remap Policy

.3 Hmapping > 7 3 block mapping ' % page mapping> ¢ £ % * page mappinge
%] hot data » £ & }+ 3% ¥ - =X ehrequest & %_-] >t 8 B sector » H % hot data ¥ it (£
% ° % A request ¥ i+ > ¥ FAL e (517 5 € Ap $en®AF f2 > 40 & ¥ fragments 7
AR AT ~ FHEHFT * 2 B - maintain table 5325 3., & TOAR SRR o Fl R H O

Page Mapping 17 j# > " X9 (F45 38 1% o

%7 & PUiE cold data B F * éhsector Aufe * —ip =] & 8K £ bitmap ;—Eﬁé N
B~ cold sector > 11— & 32Mb #aflash & &2 & & block 4 8.1% sector &= » & i sector
% Sl2byte > *fr2 % & i * 65536 bitsi* ] chrbitmap & (F4p: o 52 32 B entry > &
B entry 3 4byte o ® 4% %1% iF Bitmap B 1! A 4L # * < sector k g i ¥ F & g cold
sector » " B HeARLE R B » enisector o A bitmap ¥ o AL ¢ * iEenisector K » 10 @ LA R
* i efsector K 5 0o H Peif o3 U EJEEE A F 54 HR3e 5 0 fhsectorr i & cold sector
K ¥ #% hot sector ¥ 4% B » » 4-] 3.3 #7715 o € 4v !t i& B bitmap Hk F14d *t LRU table
FoA RSB ITAR @ * Tl ehsector v X F AL % 453 e sector #-€ ALAR & cold sector 5 4t 2
T anEd L o @ B AR * iEesector 0 B A E - =0 ek iE B cold sector
Ttk fremap s % R R KL F e b 22 i FAL 49 - BLo 4 b ig R policy c3F F1 A 4 A
ko 5 EERL S/ AP R Y G bitmap Rk N F 2 Hp: P75 sector £3iF 73 bitmap

BE 2R

G

78K » e B R R ArgE el # % chn B 0 B ELE MY % full map T2 ram

memory 7 B > 22 fullmap 4p* 5 5 5 3% ©
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Sequencesearch

Bnmap||| |||| U’l ’1’1 ’0‘

0 l 2 3 A 5 6 7

L)

Firstusahle sector

®) 3.3: Bitmap 7+ 7. B

% table ® 1 & ¢+ (¥ §_ 3 % 4% hot data 7% B sector » 7 sector 4% & * F|#73k T_iH
write X BcPF 0 i{ 3 35— B ¥ * chsector kFHe o AL AT ?‘ ¢ sector %’K ¥_logical sector °
B 34()E B F % - = count Heif | A3k T threshold BF 0 2 35 - B ¥ * 0 sector
k3% 0 45 AR F 4 e sector 9 data copy I 4% ¢ sector b o

B

¥ = & 218 3 count FepFE 3.4(b) 2% Ij‘*u’% H-2_ 7 A HE e sector release 0 B
Rk B o L4 b i 8 3790 sector o 43 #pk £ K B 4E eisector ¢ data copy I i H ¥

e ehisector b oo

¥ table if T|3F % critable £ B >3 W)i:%’a‘& isector mg "E’, ¥ ke ¥ E E Sector
270 3 B3 4 e Sector > 7R AR HED Sector AR B B R K i B 0 ARG AR K S F

FLent frfd o

Sector A sector B Sector A Sector C Sector B
Dara A Data B Dara A Data C Data B
PSN:5 PSN: 10 PSN:5 PSN: 15 PSN: 10
l
Sector A ")< Sector B Sector A ‘>< Sector C Sector B
Data A Data B Data A Data C Data B
PSN: 10 PSN: 5 PSN: 15 PSN: 5 PSN: 10

(a): hotdata % cold data % 4% 77 %, B

(b): hot data % cold data % ¥ 7+ %, @]

B 3.4: hotdata % cold data 2 3% 7+ 3, B
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3.6 Hot-Cold Mixture Avoidance

#73) eFrhot ~ cold sector 7% fe el {:}F] d ** block ¥ 7 7 hotdata 2 cold data >
F]t oblock ¢ % I 3.5 chfii% 0 iz ¢ i¢ = garbage collection %iE % & 2 erase <7 block >
¢ 2 {E# block # dirty sector ## % chiblock % erase o @ dirty sector &35 sector ¥
#_invalid data ; invalid data /L /L& d **X7enF 4% { AT L AT sector oo #714 7R B sector
ﬁég AR % invalid ° F;fr'}iﬁl hot data 2_ #7124 F 5 hot ﬁ*w‘?\? FEED LA Tl B
block * ¥ &_hotdata % » v ¥ - B £ T’I‘TD’EL’ TiHeF Vi~ A4 invaliddata ¥ o @
cold data d ** { T € 2 7 0 F|pt hipATy ¥ AR R L valid data chk ot 0 Rig 7 £
7+ cold data ﬁk{#ﬂ valid data > § #% » 4 cold data 4% { #7FF » &R ~ % » cold data 7 sector
- & € % = invalid sector (dirty sector) » fiAL X £ v 0T 5 % A fi € i@ = 2 (8 iR

SR B P A K R e R

H : Hot Data

C : Cold Data

0123|001 23|01 23 0123

Block 17 Block 187 Block 2 Block 3

B 3.5: hot-cold mixture

% hot~cold data i block ¥ < fefiw = B& ¥ > ¢ i3 & FAL % Garbage Collection
PEerbe S 2§ o igfiAy2 T 0 B ArE BT chblock P ofhisector A_dirty (HfFIR G oAy B F
- X o Z4p 0 Ablock ¥ 73 sxsector § - L & - Lo det &g GC pE ﬁ*u\‘/ﬁlﬁ *
#4573 »cF LR erase block o b b > erase {5 T *F 2 L € AR o Fp 0 LR

£ 5E X B block k erase 4 ¥ I A F v b 7 Ao AIEfAFRT 0 2 & 4_erase count

B4v o @ 2 GC g s 24

= en§ B2 T ¥ 18 4> Windows CE #7# i FAL policy &% ** hot data § % 4§

e
WFenfiin g4 w4 k- K& 5 > & Embedded System ¢ device ® > % 2 &_hot - cold data
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2 4ol o ¥ ¢h > b Embedded System ® Device #7i¢ * k gk e o » § X E cold
data > ¥ 3 > 3Ra e £ % TR 2T L ATehot data o F]pt A AJT 4L 4F hot
cold data iR Escdk .4 X 43 S04 0 - B ¥ * dipolicy k # 2 wear-leveling

IR g 4F o

FEI AR FE AT - B~ § A sector (02 0 K YT g 7 5 cold sector
E - B~ HF ¥ R0 hot ~ cold sector e block P R FEeFIR o e A F H ISP IR

d >t i & garbage collection e 7% » #71F 3| block # — 0 A F e s gd 2w
erase block & ¥ 42 % #r 5 valid sector > F]p* ¢ % & L2 J= valid sector copy I 7 3 block

+ A 2 erase e @ LT GFA

%1% #% & erase block #_dirty count % :3block X erase > 4-®] 3.6 ¢ £ block 17 12
erase £ P~ block187 =73 erase » Mk free list ¥ P~ free sector > » 7 i 4vig sector A_
T =3t block % — i ¥ > F]PLr & erase ¥ ¢ 48 valid sector 1% 41 3x 3| free sector t >
EBHrEv A AT R E F & 2 blockl7 4 erase P¥ ¢ & #-valid data 4F %
3] block 199 ##cF 5 3 ¢iisector + o ZAm. o ¥ £ & & erase block 187 FF » .» §_& #-valid
sector 113 A2 & 4F B F| free sector . /. erase > Sl Tk erase block 199 2= i
B F o BT A&k sector ok BF 0 X € fbg T — & block <77 o @ hot ~ cold
data = 2 5/% > 1% = block Z erase @& 4 ¥ 1M B~1F 4 B free sector th5 ¥ o i F U} en
75 ¢ ¢ = Invalid sector i 4 %7 » " R 3T #7 5 £ block £ dirty count ‘g{fii 5o T

garbage collection ;];L,¢, BE S S AT ED gy en¥ * osector e

H|C/H/H| ||H|/C|H|C|| ||[C|C|C|C]||||[H|C|C|C C|H|H|C C|H[H|C
© 1230012 3 01 2 3 0123|::>0123 0123
Block 17 Block 187 Block 2 Block 3 Block 199 Block 254

Bl 3.6: 2 #28° %8 wear-leveling 2. /%
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4 Implementation Issues

A J # < #-#73 Remap Layer on FAL (RLFAL)¥ Windows CE FAL 1 Ir 3& i® > 12§
B4 wear-leveling o (1)# 2% wear-leveling : #-hot ~ cold data &% 73 sector < 3% 12 T Tk B
% B o (2)T B %ﬁ d 3 3 hot ~ cold sector ™ Trigger — 2 i3 7 cold sector e L
¥ A5 F] hot sector b oo (3)f§ H eni®iE 4vi# wear-leveling (kS 1 ¥ 00 A7 1 :x FAL

A FALf].%? MR fF gk 0 X8 v @ * & Windows CE 9% 7 o

AAF FEFP > 4o & Windows CE & % — % Device » ¥ & H 4c + — B RLFAL -
BV F MEEATH P RLFAL » 8 3| R & 5 Device 424 o @ RLFAL #2773 ¢ 10-Control
' %% i Windows CE #2.& / A~ chFAL B ~» K igafs i@ { :x o 11 Jp A s FAL ¥2 RLFAL

HoRRE (700 o
4.1 Architecture of Windows CE

Bl 4.1 5 37 Windows CE 4 & & X% 1 Flash Media-Driver (FMD)# /4R & %_Flash
Device Driver: FMD & ‘g 9 i¥ FAL #+F & #fflash #7% B~ # (% )4 47 4~ 1 Flash Device»
¥t block erase ~ #f sector =77 Read ~ Write+-- % # i% o @ Flash Abstraction Layer (FAL)Z lib

7 A L AE N I I R S )’Iﬁ—fr’\’* % e J2 File System ¥+ Flash 4% 1% ¢ Layer °

@ # Windows CE ¥ #_4crfe# {7 [0-Control 97> FTH % %Lk 3t 3 % — ke & &
o ",% 7 A7 it 2 ¢k H U g9 Read ~ Write ~ Getlnfo ~ Open...... % > ¢ 4.4 DSK IOControl
195 @ & % e control code £ 2 AP B etk & 5 b 4o¥t Flash B~ {8 # Information(GetInfo)-

Errinigie koo Buffer 2 %2 Size #.F & Fr 0 #3F2 (8 2 Rgp R eHr (T o
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FileSystem

i

BSK I0Control

FMD EraseBiock FMD_Readiector FMD_WriteSector

B 4.1: WinCE & % i SL38 4

* 4 B Windows CE «3 #f © £1 7 L en% fdo ] 4.2 5 0 27 % 2

zc% o RLFAL = > ¥2 FAL ¥t 4 := Mapping f1sector » § % ¢

Read ~ Write ~ GC = > ¥4 R

File System

RLFAL

FAL

FMD

Flash Hardware

B] 4.2: WinCE &% % 2t 1#.

4.2 RLFAL

i A 7 FMD #_Link 3] FAL.lib #7172 » & i3 :x# H Link ] RLFAL » & # RLFAL
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2 Link FAL &> Library » ;£ #75 0@ (v ¢ £ R A FAL = = o

% Windows CE 4 Mount — f# Device » ¥_i% i& Platform.reg(registry):& OS 4rif $ —
# Device & Register’ £ k i% 1 4 % 1 Interface k% OS 2 & * i DeviceeFAL 2 FMD
% A% 5 49 I e Public Interface ; 4=t » OS f# FMD T Read/Write p¥ % ¢ % i FAL &
7B~ o A B #7484 £ 5 FMD Link Library #-# & % Link FALlib ¢ 5 Link

RLFAL.lib > @ RLFAL {# 2 Link FAL.lib » 12 i 34 {7 10 e# i
Fw AR T2 R > 1 E OS ”'“r'ﬁ

Bl 4.3 #7170 5 ARV P TR RGOS A U R

Bl R o

WindowsCE 0S

|

Interface

register

10-Contr

W43 2557 &R

4.3 RLFAL Operation

“Je» OS ¥t FMD T Read/Write p¥ 9 ¢ 153 RLFAL ki€ {7 hiz—- & OS T b

sector  tiz— & 2 firemap o ¢t ¢ > 4% — i L2L( logical to logical )¢-| 4] table 2 %t

Pk A& remap i I sector 0 @ B ¥ 035 Pl ¥tpE chsectorr H U A S 4 AR B ARG ke

2
ey

sector 5 ] & RLFAL ¥ #p ¥fp & sector i@ %5 FAL &2 -
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Bl 4.4 5 A3~ 3% 3 o RLFAL 0% fﬁﬁl v #-H A4 FAL en® »~ & (745 f% = sector
Mapping > ™ §| € #7 Remap 7i7 5 o 4 Request i& kpr ¢ L3 #3498 F & table ¢ > b pF
€ F @ fEhH(l)F A% table ¥ > i*uz« 7 4_hot data » s p¥F ¢ £ 4 Check % » 7 sector &_
T 2 Agi 0 K T Threshold » 3 > 2 45— B cold sector % 4 B » 4+ hot data  (2)
# 7 tetable ¥ > if 2 FIFO queue 45 > % #_% queue 7 $3 ¥ » i * 4 ¥ 3 ¥ &t 4_hot data >

F) gt #-pL sector & 453 table ¥ o (3)F & 'F‘f w & o P]#-pt sector 2z ~ FIFO queue ¥ -

“7% 4 Flash eds 15> g 7% € 8 3 % B > 4 & 7 ¥ sector £ Mapping #
B % $fpt o 97 10 BE L R 7R A FAL 2 # Request $4 {7 10 s 17 o

Requ est

RLFAL
Recently used sector cache

Hot sector LRU table FIFO Queue

Second chance filter

Remap
Bitmap

Bl 4.4: RLFAL ehp 3855457 & B

A B 4.6 KFEP R4 Mapping 07 5 > 2 {6 £ HP H Aoremap & v H A K

1_+_
B ok kB o)
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Logical Sector Number

Physical Sector Number | (1,0) | (1,1) | (1,2) | (1,3)

PR
Ol 3 Qe a3 0123 008
Block 0 Block 1 Block 2 Block 3

Bl 4.5: & & block ¥ tfisector $+p% /%

% logical number 3 5 hot data > @ 7logical number 0,1,2 % 5 cold data > % - ift B e

hot data ~ cold data % #% policy 2. ® +logical number = I"§? logical number 3 3 (7% 3 B

N o

Sector ¥ eF LN A AR B e F Ry d 3 F | * -hot.data B > F| cold sector s+

F> 347 0 &% WG » drsector. 3|5 - i Threshold X Remap P > block ¢ 7 — 1 cold

data B » > ® hotdata 7* ¢ L #7 FJ#bd & 1 3 KB AT ¥ b ip4@s BT block € F 5

T # i ¢ 3 — & cold data % &t 5 eyt @ b colddata § Fl 5 U endFiia {0 { R7e

H po R 3 2 hot data 5 sector Number & & o find4e™ !

Logical Sector Number 0 3

(41,1) | (1684,3)

Physical Sector Number

O TH203

Block 41

@ 1 2 3

Block 1684
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B 4.6: FAL % # {2 ¥ FMD g2 58

B ~ # B sector 2. 18 0 3% & 2% cold data sirsector kK FHe o AfEz o o AR B K

e sector 4 £ 4 & e data 3w 4 > F]pt A Physical sector 4 7 4T

Logical Sector Number 0 1 3

Physical Scctor Number (41,1) (3,1) | (1684,3)

N A

OFEOE3E (=0 EsE B0 =0

Block 41 Block 1684 Block 56

B 4.7: ¥4, 30 sector 25

4.4 Implementation Overhead
SOEMLEIET e oA 3 T & €% - & memory #t 2 @ * 7 Bitmap
K %45 PRI sector AR 1€ F o NUEFLARIER € * 0 F b * queue K F A @ 5 hot sector

B isf & % table k & &k iT ¥ AR * chsector 5 PR o

@ ip % e structure 3P 4o o table A * link list 0 F]t € &2 & X &k table +
3 M ¥ A% % & hot sector ﬁ % » 2k #F_htable size ﬁ <oy g i table *TT- B
9 memory # % - # 3 table entry ¥ & 4x1¥_ sector information address > @ sector
information % 457 — #* remap F M 0 W 4ol gt sectorid P A P I 7N B sector + o

M A F # ehsector id 78— B 0 PR Tehsector BPm R AR * T % b=t o @ FIFO queue

f]ﬁ F % 4% sectorid o Bitmap R & % * 7 unsigned char %k ¥fp: flash ¢ “{3 ¢ sector o
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b Experimentation Result

* B #% 1 & Windows CE e FAL 4c F - % #7 Implement -7 FAL X ] &4 4} Flash
77 Wear-leveling > i 4] * 3% hot ~ cold data e34F {4 » 3E #7F < sector *‘,‘;’3 BT iag * o 7
3R & u sector Ak M-k AR i 2 K o

. # { #» Windows CE #7/ EHintk 8T » &I Y 7 3 * { 2% Device Driver %
i 3| Wear-leveling e+ £ > fjﬁ.? 11 % Windows CE e FAL e F — 4 4¢ * #7 Implement

FAL % %I 24 ¥} Flash 7 Wear-leveling °

5.1 Experimental Setup

%% [5][6] 4% 1+ > ¥+ = windows ce 78 BeIh B > #7114 A0 R S % ﬁ};&'\ﬁ # sector

7

»

% 512bytes » # ¥ block 7 65536 i sector # =+~ 32Mbytes 7 flash F %4 % 13 ix
FMD ¢ Link Library » # # LinkiREFAL » ¢ RLFAL 2 @ % Windows CE & & e FAL ;
2 F ke OS B ¢ %8 AT4e ¢ RLFAL "R $f Device i Read ~ Write 71 10-Control - & ##t

%3 %4 Platform Builder 6.0 424% # 2 Emulator % 4t 3 %

F B P 0L P2 i Remap 2 16 £.F € %7 % Device ciblock 3 v i 7 sfrerase =<
$cr! 2 wear-leveling 3% o 4 B ¢ AP At ié * chWorkload g 7 % i * "F’i‘ # WinCE 6.0
11471 »U kAT IR A725% > F 8 [E B-BogE %32 3 2 P 0 Nand Flash Memory
Device ;{g "k 4%k % ¥v¥t Nand Flash Memory Device Read/Write e 17 o @ f e &8 B £
5 H B 5 #FH(MP3)*t Nand Flash Memory Device ® § i® cold data® @ i& cold data e+

) HE R KT Z - L 0207 % hot ~ cold data # Wear Leveling (8258 - &

i 2 47 Workload hE 3> & — S 7 BE-F et B » chidfice £ 5.1 £ 77 #7F sector

B~ #ic s 14,316,837 o
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Sector Size 512 Bytes
Sectors Per Block 8

Total Physical Blocks 8192
Flash Size 32M Bytes

% 5.1: Test Flash

Trace Line 7,094,700
Total Write 14,316,837

% 5.2: Trace :

5.2 Effects of wear-leveling

Lgn @ 2L 4 Bp3E 72 Fe threshold -~ table size ~ FIFO queue size ¥+ wear-leveling

3
ERL
B\

Mg R R 2 AR TRT LA DB R 0% b o & RLFAL #A remap 07 5 €

H e — & write e A o ¥ b e dR DT S F e £ i 8K K e erase P A 0 Mg B

r T - 4 )3k Z_Threshold ~ table size > FIFO queue size - Threshold A%-] #-A% P-:¢

sFigt 7 sector £ 4 o i ¢ block Ak % I RART Ha 5 L -TT R S erase ehad A o

BFAORBERROE R ZELT T T 1*% x5 v iR L@ iR X (stdev)
Pl Bl & % Nrd R TR EE Tiofgz FoZ 28 FE B2 ToE FFagp
$7AZ R o 14T ey & Threshold - table size ~ FIFO queue size 5 0 3384 % #_% £ /1 3

e b A2 eh? 2 > 73 FAL » £ wear-leveling i3 o

%7~ B+ dhtable size 2 FIFO size 3% 5 100 » # 't #% % B threshold 7§35 »
PR Sl)it ko - ,T}KLLRLFAL T AT 0 H FAL 2 e B I R AL B
threshold {#/= ™ » W B & F € 3 ~ % cremap {7 & > ™ % wear-leveling crc % o # 12
'JF% Flen®_» A threshold & B RT » T gk il ;TL'—‘]‘;KX ¢ A+ % v ediremap Frig =
drwrite Jf 5 NhB o~ 0 I - BT GERL o B S2(b)EP 0 TR 0 4 je & device ¢

A AY¥ET erase (1T A Rl i —FI IRk ehis 5 B € ¥ block ¢ wear-leveling 5% %
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A FF o P A F g S ARaherase 3 A o T 1Y —Jé g s A BRT > T ¥ erase
count E_F T FE B o 5T UP o P R TR 404 0 hot sector 0 I ¥ fd
7 oremap 0= & > B device (HIRA T A € i3 = F F g § v » ¥ T3 block

A B4R er3c % o threshold ﬁ ] B wear-leveling =3 % ﬁiﬁ o e B AP R GE L A - g

Aok H PR RO A ) fjﬁiﬁ%?ﬁﬂcoldsector—i LHEOHLFEBLE S - = cold

data e® » » B EH S ERE S - KB r R BH AT BAA

F % € t 2% ]ogical sector ¥ € 0 4% Il & & — B sector (fF iR (S > ﬁ}’kau £

“77 fhlogical sector & > ¥ AL # * - =v 0 4 5 # * HPEIT 0 & physical layer iR

4 Edaes g kB 7t logical layer iR o & wear-leveling sl ™ > ¥ w5 B 00
ek s H VLG 4o b opolicy ek kR 4F FF G oo
100 9000
. 1356 aooo TELE B003 7850 7Eos  yren 7w M
1400 —r— _ - .
1200 '.I'-, S T000
\ E sooo
1000 4 3
2 o 3.1 g soon
5 E 000
% il & 3000
=0 4 B oo
20 4 54 15 | Eo 11 1000
i ——t . ¥ ¥ i
Q 20 EL a0 50 Bl 70 1] a0 0 40 50 &0 0
threshald threshald
(a): Standard deviation of sector write (b): Total write count
] 5.1: Wear-leveling # FAL #7ig = chg2 58
JER) 5.2 ¥ 115 st threshold 7 50 /2™ » {7 3| s erase count ™ % R £ £+

VR AR 0 T g £ F S PF o I 2 threshold & 50 fk %2 fd B B o & FAL
A remap Tk o » i}“{% { logical sector ¥fp: %% » Z_ZF ¥ 12 i 3| physical layer 7=
FETAR R ALk o AR BHRT PR EEFL I GRS o B B AR
wear-leveling &3 #c% o § tablesize § * > % 7 v ¥ 1 E JE Frhot sector g HFx > A7
+ ¥ rUFE L B block BrAR g T35 o Bl SA(b)FLP &t B & table size T 0 & table 5 200
5P AR eree o F o4+ - 2htablesize 5 500 pF T E i - Bk gk > F AR table

size 4v ~ I fullmap > ¥R B8] 5.3(a) (b)'? ram 7% & K& B~ erase count g i (~ fi‘u{
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garbage collection e73c %) > P RE BV B » s A o

sog - AT 100
1977
450 ¢ 030 1
400
=1 L
g o 4 .
T ﬁ B0 +
ﬁ o4 5 3300 g
] Fi i (& 174 ] a1
-E G {24 | G 354 geay
= 130 4 = tid E :
R 3500
50 4 3500 1
T 300
o ria] 20 40 =0 B0 T a 1] ] IT] ] & 1]
threshold threshold
(a): Standard deviation of block erase (b): Total erase count

B 5.2: Wear-leveling & FMD #71§ = 78 58

a2tk 2 e b full-map koA P i full-map + H i a RLFAL » ¥ ® A%
NS g o b fullmap i1 vhdat}mﬂﬁﬂ 7 sector » SR T 27 LD

threshold » ¥ ™ £ % ¢ cold s?cto.i' PR ‘i?ﬁt o %u‘m '_."3. O=sET 1N A< L

._ PI ._ _..l

v 8 v r'm‘g_iﬁgﬂ- 2 m%» igrase count,ﬁ: v oehipfAs kx B o i

=

/

write » B2 4ot o

v AT Menram 7 B LA wrlte a‘«-ﬂu 7%"';’/2 1,}%’_

Ly

LEOD L

131
L =

L T
. = 122
LI00
E 3 114 118 114 119 L;/
U 1000 umliﬁllh‘-__. e =y
= 130 112 113 119 118
$ o 11 +
k]
a 211 5 L) ¢
% 00 £
& B
100
o an
A il PR PR PR EFTFESF
table size table size
(a): Standard deviation of write count (b): Average write count

B] 5.3: % table size 77 write count *“ iz
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(a): Standard deviation of erase count (b): Average erase count

B] 5.4: % table size 77 erase count Z_ +* fix

1 erase count st e ¥R A B 5.5 & hotrcold data ¥ # B » T o3& 975 iblock

erase IR 0 L S -*F," + Total erase m'ri ;7T o % iE B~ block dirty count 3384 5 0 &

i table e/ > % block B~# {dlrty count 7+ block ® % table

Fend R o d 3% block #TP~ ¥ g i 2 1275 erase % 1 block » iﬁ?
EFATE T R LR o E’L’r.r Se s PR GC {7 2 ek
7 o

SO0000

EaTddd

m D=5
m =6
u D=7
D=8

erase count

0 £l 400 R a0 FLLi 800 G0 &553%
table size

Bl 5.5: % i® table size }+ » block 77 sector dirty count 2+t §ix

¥oob o S4B 5.6 ol 0 1% & B queue size > ¥ 147" hot sector | g 0 14
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v [

WEPEBETeE o F J‘JLF] Flen®_» ftable size 3 500, threshold 7 50 e /=mT™ » iE
A48 FIFO queue size cr3c% £ 7 % > i e queue % 100 enfijm™ » & & 8 B 43 cnfiA) o
@ queue size & 0 A2 F 4c ™ F o FAL &R & wear-leveling cF7c % o ¥ g Fl e d § i *
FIFO queue 22§ & * chg u] » AR L X > IRAEZPIRR B g R E * g > 7]

PPHR-H At g W g B FIFO queue = 50 evfiin™ » HARE R X 5 - ghgh s v g

queue size & 100 €_#* case ¥ i i1 8L o
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6 Conclusions

& { 2/ ~ch FAL & & Device Driver 48 T » e * # ¥ 7 03 { 40
wear-leveling » & * & FAL } & i Remap iz » ¥ 2 17 wear-leveling e4p & + &t &

Windows CE ¢ FAL e & K 745 o
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% block AL 1E & BAR o 32 B % 7 g 1) ferase count 2 =t Hcx R L 5 3500
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