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Abstract Recently, NAND flash memory is being used as the swap device of virtual memory as
well as the file storage of mobile systems. Since temporal locality is dominant in page references of
virtual memory, LRU and its approximated CLOCK algorithms are widely used. However, cost of a
write operation in flash memory is much larger than that of a read operation, and thus a page
replacement algorithm should consider this factor. This paper analyzes virtual memory read/write
reference patterns individually, and observes the ranking inversion problem of temporal locality in
write references which is not observed in read references. With this observation, we present a new
page replacement algorithm considering write frequency as well as temporal locality in estimating
write reference behaviors. This new algorithm dynamically allocates memory space to read/write
operations based on their reference patterns and /O costs. Though the algorithm has no external
parameter to tune, it supports optimized implementations for virtual memory systems, and also
performs 20-66% better than CLOCK, CAR, and CFLRU algorithms.
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NAND EHA W2 E 3 /Mdvimge 27 F2 B2 2 Holx

AxE 999 =7 2™ wkddch F, ¢
b wHelAlzl A Frd Ayl 999
Z7HNA FHolA ZEE EUt) 27] 9 o
T o3 spRonk. ®§, F99) Ar] Aol 7MY o
olA M9 HF B oflel 7] A 2] A
B & ApolE mEHFTh #7] dske) Blgo] ¢7] Aite]
of gujjolnz 7] 714 HolAZt & W HEE wuith
»7] 49 A7 E s FVHNZIYHE 971 7 Ho)
e o W A" geig ¢y] 49 A20E sy
Z7MAZ0th 7 HolX e 999 Av] £2E JFE of
Yzt g do)Ae A Fx VI5E o LA5S
a8 F o] AR HolAY Ax 754 AdSdAE V]
S Li=g

vizg el Ax slolx =z 7} SAZm &
97] godel shgE HA sjo]x] o} 7P #He|A 4
9 Fol SA7F HER FAFTE F, 471 499 4A

Wy o W

Aol 42 Shh @SN AdE 7] B4
M el 4: U FEGETHAA F ASE S
= gAY, 2] 999 BT AT, o=

7 JdE= Q%% AR #HolA g} PF HolA ] F
FalA SAT FASE WA e ZA)NEe dA
HolAE FFIYL A9 b HFEFL 42 F
97) wWEoitt T sHF HolAE a3 77 Zo| ¢
7] 9493 27 49 FEo F ST ASEE B
t} ol F F9o Idgd 24 Holx 429} o] S
o]7) wi&Eolt). #H, A HolA FuF A o)A
FE fAsRE A o)A e A7 UnbEo=m
4KBY ol wia 7H HolA HEE 20byte(EQIE o )
o]A FA AFH) ko] Biste vEe Fr4HY
Rt X ol A UrHe-111

OY 78 V) 99 27 499 MEHY BEgE
RoF3 glrt, 8, A4 dxzy 949 golMe ¢
7] 995 7] G FIF HolA 7317} S83A
AgE = Udeh AE B 2o Hrisk 2717 FA

read area R

_______
AR

----------------

ghost read area R’

oA GuE AA 549
R
Read area [T L] LI IC LI Y[tk 130 3] Shost
wite area [ ] (_JC 31 L) i Hurme e
w w

R+ RT=wW+wWi=s [} } Ghost page

S: total page frames in memory D Real page
a8 7 7 HolAE B &) 999 7] 999

=7} 23

ol @A MolAE 87] 99 R 29] 49 wel 2
AolAsl ARE FA FHHT YA Ak BE ow
o) Aol % AolAe) WL shig fAs AW
9715t 271 JolAle 1 solAs] et PuE A%
BEHT gdolok T go] SAHoE AANA o]
S HelAE 8T & dn A 9 =@ 3
BRE ATY F W) WRolch HepA, RIIWIS 2
of Abge oA A% S7) ool & % ok
ol A% 74 selAel S © A fAHh Fd
F2 delo) dal 97l FG% 27 I 2T
2h41E Ao g HolAE EEFHA wixddy
@ASA e,
4.2 YTE|ES| MM M

a8 8& CRAW ¢n#lEe] izl 72§ By

1 Stk R EXgke FolAEL 9] ¥9 R
B 7] 49 W= YHo #EHY, olF F JYoA
Z7d HolAEL 242 ¢iv] M A4 R’y &7] 7}
d 99 Wl 4 V1 B¢ EAEA B 87 o
dellA #HojA] wAZt B8g Ffoe ¥ gaEFE:
o g3 #=(head)?} 71E)7IE HOINES AA W
o7 25k ¢7] BlE(read bit)7} 120 A% 002

Foig F AV 0 AS wAT} 27] G4
Ae ¢r] vlE g)A 7] ¥E(write bit)E &3k
°olg HEE #Ho)A] HE FL& FHo] oA o o

write area W

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

ghost write area W’
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Bio) Aagda sludojros AEHE HAS HE
(access bit) ¥ 4 HE(dirty bit)g} AN v]E
Zhe),

97 99 % 27 GoddAM wAE #elAe Zz}
o7 JW e o) s Y4Hos olFdvh s
gAoj A molx| A7 eI ALdE LRU wAld
98 713 28 Aol FAzH Holx7} AAH

9, 7] F2E ARG B ohg} 27] dibe
WE 9A) ZAzx A 93 vAER 27 F99
R 72 28 99} ol ojdstg #Ey} ojFoA
o 27 99 We 27] AZRYGY 99 Wid 2]
HE g9 W22 Upolxn, o5& Y% JHE dYx
deg geEch x3h Wig w29 =yl 3= R
wel 27 245 vFAR 7 7 49004 F=x
o]Zo|t} Wldle 27] HES} AE8 AL g
A Ho)XE-g By, W2dle 227] HlEY HY
AL F ¥l ol BAF HolAES HAF T,
7] @ite] o)Fold of 1 Ho|XE W1 EE W2&
Zukg o] FAZ £ e AL ohit) (8)7] dikel A
% vlAzlAlolch) ol W1 Ee W2 &A3lx %
& #HolAe slelgke 2 Ho| A7} Rel olnl EAE A
4 27) A3k Al #Helx FEVL SR YLBR A
do CPU AMojdo] Sukz Yolox] ol #lo)x| o %

o] ZA] ol%old 4 7] Wt o] A% A el

A

a0

B oA

w1
w2

('/Etemals of write are:‘\L’
RS
N
£
N “‘
L
'
'
'
;

write temporal locality area write frequency area

3y 9 ATAGAR 27] NTE BF T3 27

e W 72

A 27 vES A58 A8 95 dgdn &8
ek o] w247 4ol X AL HelR
ZE7F At ¢7] g weolx mA ot 3
71 8l Ho|XEg LMEr}t 2] wEZ} HEE A
o] WAHE Al ojrt,

ol CRAW ¢xE|Ee sl 23 v 443 49
AT AEEYH d9de s ¥ 109 J&
CRAWS] 9ALZ=(pseudocode)dl] 7]¥g Aol o}
A 83 A g Ho|A7L o)n] wimed EAse 73
<, CRAWE= HE A®EY £38 ¥ A5g7Fxy g
E W7 59 2ZEAHY dFe FYHA gEh
47 F2Y Ay AT HelAY ¢v] BEE, 27 F
ZY A 2] vIEE A4 A"t 84 #Ho|A)s}
dxgle] A2 got FHolA ZES dAF F
CRAWE 4 wxz] o] %l #Hlo]x Z# o] &
A gtk A HolA| Zede] EXEA g A
£ HolA nA EEQ replace)E EE3dl Wl HolA|
el FEF £ R e 23F #Holxe
e AFE} 129 o kel odel HolAE ¢y
9 e 27 99 dZsI M dgelM Y HF
ool o}l Wad A9 2 dd Arg 2@

ek wle)x) R 97l 83 98 ARG 5
o)AE ¢l7] 4Y9 tail Fiol dAF} o] uj, #e]
A9 wet ARr} R'el oln] &AM o)F abAlsha
gaA ¢ g9e 20E VY Beg ¢v] 9
G| @77k SARGE AVl /M 29y =Z71E P
AlA 99 2 2719 TS FRAS

ek HoA] BBV 2] a4 o3 HAYGHE =
A Al 712 ASE drolE ¢ itk AA, o] FHo)A
o ARy Wl'e ojv] EAF A olg AAga H
ojA& W29 tailZ ol AL ©] B4 7] 7HE ¥
g WI'dlAH FHZo] ¥gilonz 27 g9 Wig =
718 F7MIN71 988 AS MY 998 TS g2
FhE9 Zvlg 2AFT A, o9 AR} W2’
o olv] EAY A% olF AEl HAE W29
tall2 o]FAIZIth o] AL 7] 7P 4G W2'elA A
Fo] Agong 27 49 W2e AZVNE FUMAI
9o8 A% /M 998 23 OB dAEe] anNg
ARG A, welAe) ARsL 2] P 49 oy
aE EA4stx && Af o) #HelHe HRE Wig
tailell Q@ gt

ofA] ®l FIte] WA HolAE @A S Wy
uis) dwdstdch B89 dEedr] wo|Ng @A s}
71 sl o HelAvE ¢rl 99 R 2] 9Y
W1, W2dlA 2% mAlg Aoyt 7besig. aila
Ho)A wA 252 replace()E A FTEshA W I+



NAND EHAdRel g 9@ 7Hdmieel e 27 Fz £4 B #olA ux ¢dneld 44 551

o] slAER] ¢S 4 o, o] A% Wl F3he] =tEE
744 replace()E ¥+ 5Z3t} replace()7t &Y
W odA R W1, W2 3 ol gdedollx HolAE mA
A AFP A2 8AY Ho)AE BnuEor ¥ 3
A ol AE mAFHE ded WHEE ALY F A
T, 49 3 Hojxe BB AR Fer § ¢ B
A 949 24 WAUEe] dasith CRAW gxnesE
7 GOdz dA4 BB 3 HolAY 49} Hdg
¥ 3719 HLE 78 EX Zse) viE M g
olAE B# $<¢ H49E Heolx A ddor dH
ok A g9es HAH dYoide Y duyE
o 28l = AXNE AA Edoz 2303 nA o
d HolAE g%, o] A thE dite HT
HE7F AEE solArt wisd o Helxg #F o
el ddoz FE ARFAZh dE Bl IA U
o] g7l 949 R A Holxe] 27| vEV} 12
Agg FHolArt dARdEH o] HeolAlst 27 99
o) E&Astx] ge Holxold &) HEE 0202 g9
o3t § of HolAE 27} FY W19 taile] 9447
ok 8, o FH4A ¢7] HIET 10 deolxst ¥A

& Ju o R

$ 15 memory size and Sk, Swi, Swe are target sizes of R, W1 and W2, respectively;
Initially Su=5/8, Swi=(5-Sx)/2, Swz=(S-Sui/2:

CRAW(page p, operation op)  /* D is requested page */
{ iflp is in memory)
{ if(op is read} read_bit(p}=1;
else write, bitlp)=1;
}
else /+ page fault +/
{ while(no free page in memory) replace();
memory_add{p, op);
adjust_ghast_size();

)

memary. add(page p, operation opl
{ iflop==read)
{ HlpeR)
{ remove p from R":
if (pages in R’ has accessed eight times)
{ Sk = min{Sg+1, 5) /* increase the target size of B ¥/
Swi = max(Sw;-0.3, 0); /« decrease the target size of W1 %/
Swz = max(Swy-05, 0): /* decrease the target size of W2 «/
}
3
insert p at the tail of Ry
read_bit(p}=0;

else /* op should be write */
{ if(peEWl}
{  remove p from W1’ and insert p at the tail of W2i
Swi = min(Swi+l, 8} /* increase the target size of Wi ¢/
Sp = max($g-1, 0% /* decrease the target size of R »/
}
else if(pEW2') /
{ remove p from W2' and insert p at the tail of W2:
Swz = min(Swatl, Sk /* increase the target size of W2 */
Sp = max(Sr-1, OF /* decrease the target size of R %/
}
else insert p at the tuil of WL
write, bitpr=0:
}
)

adjust_ghost_size()
{  while(IRI+IR"{>S and [R’{>0)
remove the LRU page in R}
while(/W1HW1'l+ IW2l+/W2'[>§ and [W11+{W2'[>0}
remove the LRU page in W1’ or W2’ in turns;

HH olg 007 Feogth 7] #ES} 021 FHojAst
WA olE 917] JMd dYeR AU F TAT
oA o goe] Wi, W2l Afdk #& v
2 A old dg AAE dzgdFe oy 109
oAEE FHZ J)Est .

5 4 &

B oM Aobshs ¢ 5
S3g 49 2 Age dg) &3 AT 23¢9
& NAND E#Avimel& =9 A e e
g Ao FHolA mA RES AEYolEz TAS
gk dead sox Zyy Avie I5AE HES
Ul REe] SGAA A AHEElE = 4KBE 3Hgen,
NAND Eegjauimeles Hejx] shiel =717 2KBolx
85 i) 64719 slojxz FAHE dEE S
W2 E sHgsteeh

5.1 o8 g

Agel A3 sBgolak fka A ZRHAS
HAZ FPANAE o DA sMdEiEE F2E val

replace(}
{ r=lRISu: wislWI/Swi s wes[W2l/Swz; /+ ratio of current size and target size s/
iffr = wpand r 2 wgd /% replace from R 4/
{  while()
{ p=headof R;
head of R points t¢ the next page:
if(write_bit{p)==1 and pEWIUW2)
{ insert p at the taif of WL  wwrite_bit(p)=0;
}

if(read_bit(p)==1)
{ read bitlp)=0; move p to the tail of R
}

else  /+ read_bit(p} should be 0 +/

{ replace p from R and insert p to MRU position of R;
f(pEWLUW2) return(p)h  /+ found free page */
else return(NULL);

}
¥
else if{lwy > rand wi 2 wal /% replace from WI #/
{ while()
{ p = head of WL
head of W1 points to the next page:
iflread_bitlp)==1 and pER)
{  imsert p at the tafl of R read_bit{p)=0:
}
iftwrite bitip)==1}
{ write_bit(p)=0; move p to the tail of W2
}
else  /+ write_bit{p} should be 0 #/
{ repiace p from Wi and insert p to MRU position of Wi’}
if(pER} return(ph  /* found free page #/
else return(NULL}

}
¥
else iflwz = rand w2 > wi) /* replace from W2 /
{ while()
{ p = head of W2
head of W2 points to the next page:
if(read_bit(p}==1 and p&R)
{ insert p at the tail of Ri read_bit(p)=0:
}
ifwrite, bit(p)==1)
U write bitlp)=0; move p to the tail of W
}
else  /* write_bit(p} should be 0 %/
{ replace p from W2 and insert p to MRU peosition of W2’;
if(pERY return(phs  /* found free page /
else return NULL;
}
}
¥
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reference type virtual address access size (byte)

readd 0x0401582C

readi 0x04000BEO 2
write 0xBEFFFACC 4
readi 0x04000C30 1
write OxBEFFFARC 4

4

T 11 A AR JMdEiRe Fx Edolx] HE

grind 3.2.3 B39 cachegrind & FAsto 23319
tHi12,13] F&¢ Efolxd v=a FF 2% EFFe
o3 ¢]7l(instruction read), H¢l8] ¢7i{data read),
golg] 27)(data write) 2 WUFe] B 4 glon Eg o]
29 e 1Y 113 2t} Adgo] AR Edolae
Z 95 FHE 2529 Xwindow oA =38E mp3
o 5 A8 =29 xmms, onlA §R Ty
#el gaview, A B4 ZE9 gedit, AY BE
Y freecell, pdf 7Y Fo] ZE WA kghostview,
52 Ad AGY 2 WY=E $£3YPs= kbuild FY
Az Z2A2e s R FE Efollot 7 E
dlolxsl BEAL ¥ 29 2t}

CRAW ZmeZne A% wxg 98 7avze
Al&dol A 71 de] AR Ee CLOCK ¢xdE, 7}
4 AelA idE T9iste] CLOCK ¥1ElEd A%
& /A% CAR €ua)2{14], 283 NAND Sl
289 EAE 1eld CFLRU $naZ3le o7 4
Faldk. CFLRU ¢aglEe] A% #olal #zA vl
t LRU g &E¢] x3zte] o|Fojxo} 3= T 7Pgun
gl Alagld] FEHTlY) A4 olEgo] o ol
CLOCK ¢x38g gz A7 CFCLOCK ¢atE
Zo2 49¢sgtt. CFCLOCKS #HeolA] mAl7t 288
wuity CLOCK®S @A $iXoiM g=% 2t

o|AE AgistEA] HT vES £3 vES 2% 02
HolA7b x5 wAgth a¥ FHolxrt EAER
o 4= uoA HI HIEZ golEA 44 HE
7} 190 HolAE mANC 28 Mol =ASA ¥
o™ CLOCKY o $XoA A 8lE7} 02 FHolA|
£ mA#c: AYM CFCLOCKSY 95% ane
CFLRU &89 7igvee] Algdo)ld SEoA A&
& A5 2 v AA Wwe avle 138 43
B cH3l.

5.3 Alg| #n}

I 125 R 200 H9E 6709 Edolad ois)
Hxg $£38 7 Egol~E HY dEg A&
196944 100%71A) WA Luged 45 1o
T 2gEolnt 100% wxE FVe HF ZEaP9
MRg A HANE e sl FEE #o|
A mAY S85A gol BE 4uYEY A% Y
8 gog vl ouzmdr yEe 2 gnaley
% 1/0 N7 CLOCK ¥uglZe Ayosn A#she
o A 458 28 AS Jepd ol 29
12014 HE A3 o] CRAW ¢IFZ e dUgs ¢
4 zZzada dye A 71E gndEZsEd =
8 A4 Asg vehich AA AxEdA g &
453 glE CLOCK ¢1yFEel Hiside HE 23.9%,
A 665%9 A5 P32 o9, CAR guzdd
vEl e 26-66%9] A% e velliich £8 NAND
FexviEele] Be13d 548 npiste mujge] %o
A 348 Hddthe QoA CRAW ¢aneEd §
Ug BFE zH= CFLRU ¥18dd] vlsjds 16-58%
A A& £H S FIAAT

CFCLOCK® 7% dy Holxe mAE FHuig A
AAA mulge] #7] A4S EOX T freecell, gedit
T 9® %7l 4 Ed0)29 28 MRy T4

2 Efol2y vEg) AL ¥ Fx IS

daze dxel A8 EEEEE
= (KB) L 37 9] wjo)E ¢7] Hlojg) 27]
: 65,048 125,649 978,242
Xmms 8,050 1,168,939 a7 29 = 1513
93,242 172,044 345,390
gqview 7,430 610,685 ‘I%U] o = 1 13(')
. : 649,500 | 951,441 | 132,822
gedit 14,460 1,733,763 T 2] - ZE 1
114233 ] 315,902 | 60,040
freecell 10,080 490,175 R e
380,609 1,061,986 103540
kghostview 17,380 1,546,135 2147] T = 1303 l,l
2,063 2,303 8,789
kbuild 1232 13,435 LM pre— scla
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(c) gedit
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(e) kghostview
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