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FClock : An Adaptive Buffer Replacement Algorithm for SSD

TANG Xian MENG Xiao-Feng
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Abstract  Different from existing {lash-aware buffer replacement policies that focus on the asym-
metry of read and write operations, the authors address the “discrepancy” of the asymmetry for
different flash disks, which is the fact that exists for a long time, while has drawn little attention
by researchers since most existing flash-aware buffer replacement polices are somewhat based on
the assumption that the cost of read operation is neglectable compared with that of write opera-
tion. This paper proposes an adaptive replacement policy (FClock) which has two ring-shaped da-
ta structures, i. e. CC (their content remain unchanged) and DC (their content is modified), to
manage clean pages and dirty pages in the buffer, respectively. When selecting a victim page,
FClock uses cost-based heuristics to fairly make trade off between clean pages and dirty pages,
and hence, can work well for different type of flash disks of large discrepancy. Further, for the
problem of “correlated references” to database, virtual memory and file systems, this paper pro-
poses a reference counter based on “average hit distance” to control the reference frequency. The
experimental results on different traces and flash disks show that FClock not only adaptively
tunes itself to workloads of different access patterns, but also works well for different kind of

flash disks compared with existing methods.
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() iMa] r (B 5CA) o B TT {H 5 302 0.4,
o T i A fE Hash 289 48 AR BA 1 i)
AR E 33BN A RALE A T A 3. 3k AT LA
B ormyar b B 0.t T 0<<&=1, 0] Hash &+ r,
(A S0 B S N T A AN a5 Y
PEE B £=0.5;

(5) il ry (B 5Ce)) sy B9 I.T {H 5 5 )2 0.5,
BT r A r AL E 5 A Hash
R CRFFAE

6 Pm - (W 5H) ,m W) I.T {85555 0.6.
BT i Jl R - 7E Hash 38 i 4% FC7E BA 51 o i1y

AR E 3 GBI RALEA W T A 3. 3k AT LAFH
o iR E 2. BT 2>6=0.5, ] Hash &
r BRSO E 3 XL TEAE 2, [ Hash 5%
o A SRS TN 6, R TR S b R R
Ht=1;

(D Yila) vy (B 5C2)) s 1 T.T 553 512 0.7.
o1 T rsfir L J8 AL 7 7E Hash & P 4R AE BA S P iy
ARALE 5 A5 BN A B E AL T {8 5, #E 11 7] DL AR
o 1T 1=¢=1,0 Hash & r,
(AL 5 XL TS 1, [Al i Hash &
rs IR SOOL B TR 7 B JE T B B B
t=1.

THEF 2 i v B B8 1 J7 A 7E FClock v ]
update($) H £,

3.4 FClock &%

FClock 83 iy B AR AR vk 1 FroR. 7E 92 of
DAl BB 1 B B B | CCU DC | <Zs, IR AF K BT p
BA e (B 1 g Case TD, WA X p (19352
(8~10 M HE T (12~ 14 F7) #AE LK B I SSD |
P CC 5 DC L B JE1E5 15 47 587 ¥
R H(E. AR p L B p e CCU DC. X 5
21 Case L IR p€ CCUE 1 471) , ) CC 32 4
BAEUEOM 1,58 5 F Har h BB 0 I it p €
DCC 2 47) . W DC Y32 B4R WO 1, 98 )5 4 H
AP EE B E 0. AR R AE SR AL write I H. p€ CC
5 340 UL p N CC o 3] DC h. 72465 4 47,10
R p Wi B AN T v B g UK p )
THEOM 1. B TESS 5 47 BV 24 4 v BE R 1A

Ei%x 1. FClock(page p, type T).

/*FClock 7E £} R R Ge il sKBAE TT p Bl fi % » T 2R

X p WERVEZE B, W] LA read B0 write x/

Case I; peCCUDC /% p Widr e/

1.if (p&€CCO) then {Rec< Ree+1; CC.F < 03}

2. else {Rpc< Rpc+1; DC.F<0;)

. if (T=write and p&€ CC) then Move p to DC;
i (pI=0 then {p.C< p.CH+1; )

. update(d) ;

Case II. p&CCUDC /% p WA A e/
6. if (|CCUDC|=s) then evictPage();

7. if (T=read) then

8. Rec< Ree +15 Mee< Mee +1;

9. fetch p from the disk;

10. Insert (p,CC);

11. else

12. Rpc< Rpc +1;

13. fetch p from the disk;

14, Tnsert (p.DO);

[SARNES w
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15. update(®);

S 1. evictPage()

1. B<Cec /(Cee +Cpe)

Case I. |CC| <Bs /*DC i, )\ DC s RZ BB 45 71 =/

2. Mpe< Mpe +1;

3. Let ¢ be the page pointed by clock hand of DC (or

SCpe) s

4. while (¢.C>0) do {q.C<q.C—1; g< q—>next;}

5. write ¢’ s content to SSD; delete g;

Case II. [CC|Z=ps /*CC 3K, )\ CC 2 B B4 v+ /

6. Let ¢ be the page pointed by clock hand of CC (or

SCec) s

7. while (¢.C >0) do {q.C<q.C—1; g<—q—next;}

8. delete ¢;

R 2. Insert(p,clockx).

/% p HEAE I, clockx A LIJE CC i3 DC */
1. if (clockx.F=A|clockx|) then
/*A AT BUEAELO T[] % /

2. add p to SC. .

3. else add p to clockx;

4. clockx.F < clockx . F+1.

ARG e DX 24 B v i R i R A A
AT — B T A 24 19 P 5 RE T an SR 808 0 A b, T
FClock =75 1 W% 6 fT & Je 8 evictPage ()
M CC 83 DC Hp i £ — A B0 o1 AT B 4. eviet
Page [ HARERAE W 2 1, A BAR T H 5 ik
CFE 3. 2 W AT T UL RIS TESS 7~ 14 1T AR 4
X p HIERAEI TN SSD A p I ¥ LA CC 5
& DC v I JE RS 15 47 5812 i v RS A AL

£ FClock H . #5 %4l 548 A CC(DC) B, 38
T InsertO 8, 7645 1 472 HIWF CC(DO) W F
CH MR — R A v e A 1Y % 22 DUk 28 B0 - 4
W F>2A| clockx |, W] FClock A & H B 1Y £ I8 7 £F
ot X0 e B A7 B TR i A i CC (DCO /Y 1 B
SCec (SCpe) s 3K p HA SCee (SCpe) H 5 15 W H 2
FEHS 3 478 p A CC(DO) . 5 F 3 SCee (SCpe)
J& CC(DO) B — oy A5 4 17 .8 CC(DO) iy 8k 1T
BOF 1. 3 #2 Insert o A 2T T BUEAEL0,1]
X [8].

BN X F U5 P r s sr s sy s s U
o HABIMT

(D ila) r o, B, A SSD B2 A 452 18 H:
BAERREA CC 8% DC , [7 i ek 1 4
15 A7 AT 3. 3 Ay Jr ik 8T ¢=0.

(2) Vila) ry , B, AL B FE R (1.

B Uil rs . MIZEF L 1 M5 4 TR
r I=1>8=0,0 r.C i 1, W01& 5Ce) fis AR5 5
B CHYME N 1.

(4)1)‘3]‘5" r ,ﬁEEP. EE? TI-I:O<§:LWJ 7’1-C
PREEARAE B 5CD FrR - 8RJ5 BHT §RIfE R 0. 5.

G Yila) ry, Bedr . Aoy WAL FEAR A A0 5
() i CARFEAAL 1y .C=0.

(6) Viln] s . FEEXES o T B TR T
5Ce)H ) Hash &, Al Al r B9 5L E R 3, dE1f
A I=2>8=0. 5. /A r.C=r,.CH+1=2.10
SO RIGTERTE 156 5 1738 {=1.

(D . BT r I=120=1, H I 7.
Cm 1. & 5w, biEAERE 15 5 T EH
¢=1.

3.5 &4

FClock 1 B 38 I P 1A B AE P J5 1= (1) AR
W 1) B I R W 2 PR — A B 0T A L FClock
M CC 8 DC R4l 4 B 1 B AR o A1 F it
PR IE 1Y B R 00 YRR E R 2 a, CC 41818 48
KM, DC 21818 45 K. ik FClock fEAR 4f st 4b
FRR] — IN A7 B2 5 IR X FR P DL SO R IN A7 132 5 AN X
Fritmy Bk 22 50 T LUK A 204 6] 26 50 /Y SSD
s 5 Ak s 1 F FClock #6358 AR B [F] B 25 18 T 9
P41 A8 BB VE . FClock 1] L& I AN 7] 19 77 B st
3. (2)FClock {5 4]V ¥ iy v B 85 ot 428 i £ 408 0L Y
ST E, wT DA A5 550 2535 (] (9 5088 T 0 51 1141
(1) (L1 12 T A S DR G 1S i, ] DAk R Pl SRR
PR e ) R] B A8 4 B[] I A 5 0 ] ) 580 T i
e 4 (] R, [R) ESF AT DA 3k G R VR A R o 1A etk
CLOCK 583 Jr 1 55 1) 76 F £G4 DU B ] 3 83 9 A7
By 8. fl CFLRU & CFDC Ak, FClock % & T
51 %c, 3F H a7 LAk 4 LRU,CFLRU /& CFDC
A7FE I 814 R 0] A

FClock A DAAR 4y st b B PP 51 77 B 0. 24 75 22
AP F 51 S FClock ffi ] F kAl CC (DC)
U U, 23k 3 — SRR R L BE AT B T )7
G BB 2, X I, FClock 3 35 #4) # CC(DC) 1) F
R SCee (SCpe ) SR Ak 35387 > B0 48 U1 1) 4 A TS R 45
P« PNTTAS 23 60720 DL AR 89 500808 D0 7= AR 52 . A e 2
T,CFLRU J CFDC %A %5 A7 BUBE =X 19 52 ), 31X
— TESS 4 TSR 25 R A B TR .

A8 R 3E SR 5 B R i) 45 A 2% R B A o g
VE A0 3 5 #:AE I, FClock AT DL AR &7 Hb &b 31 4% ¥
RO L i A TIN5 A0 A X FR,
FClock A4 X 1 A J2 77 B 56 5 07 32 % 2 46
T, B T K AE R T S FClock ¥ 4T FL1E ¥ 47 X
B B Y. M 2 R, CFLRU #1 CFDC H F
e E e R, R AT DL — AR AT AL G A
TRUASE X 110 B 46 5 L {H FClock (1) B 3 R P i 15 53 Fif
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FTALAF BB X AT o FoA B E B - T LURR 45 4 [A)
INFF S Ff i #E AT %8 L T CFLRU Al CFDC A
HLA K — 4 i T EOH AR RE T X — AR 4
TR IR Z R T AR 2 Tk — 2.

4 £ W

4.1 SEBIRE

AR S5 H 56 IE FClock 53325 41 X A [H]
BN SSD WA &t FATE W FP SSD #E47
SR (1) = & MCAQE32G5APP, f& i &2 W.. H
FD1 #75; (2) = B MCAQE32GSAPP-0XA, [ FD2
oK. FD1 F1 FD2 fBENL IS ()l 25 521 < 118 FA
1: 2 XA AR S I 5 MR AEAE BRI 2 5 31X
S FDL JE& i MLC 287 i) NAND 3t 44 A% 1fi
FD2 J& i SLC 25711 NAND Jt5 F #4 5%

X} SSD it o 9% wi X E 48 5509 A 1k e A7 ) B
EREH 20, AR T FTL J2 9 52 PR 5% & A0 56 1
P A A% T R B L L O A o P R I R R T IR
B I DRIl AT e B R A UL g ke 0 AT
L AT T 5 FhE ROk AT He AL B LRU,
CLOCK' | CFLRU" | CFDC"™ J 4% 3¢ #2 5 1
FClock. fIlr 5 9 & e SR m& AR Visual CH++ 28R,
TATH CFLRU Bk b B4 X716 1 RK/AN %R
ZE X K/NE 75 %, % CFDC il 8 3 X7 (19 “ % 1
FN VR IX (7 50% , ¥ CEDC iy« %2k KN
Wh 64, SR A XF I SCHk S5 v Ir R 0 5.

AT R F A FE B SCOE RNVl 64MB, AH2Y

25

mLRU eCLOCK aCFLRU

o CFDC 8 FCLOCK
20t
| i_|_h J_’_'_\
10 : :
4K 8K

2K
G XK Bl 5TAN 40
(a) T1

B UH/100000

25

m [ LRU sCLOCK aCFLRU
o CFDC 8 FCLOCK

/100000

B /100000
— —
wl < wl

2P XK/ CHUtts 5O~ 50
(c) T3

T 32000 4~ 9y B 0L, B 010k 2KB. 2 v X 5 K/
T LA 2000 A~ BUE] 8000 AN WL, AR SCILHG H , B4 2%
e ot o0 K2 2KB, BB iiE el 1 64 4>
H 4 vt

WAL T 4 Fh 2R % 000 3 B b o 8 e
gk 2 R, K 3/ B R 5 i “a % /vy %7 3
73 % SR I S R BT I SR Y e V0 R R AR A
Yy R EERAE R BT Y0/ v 207 s o
Fofr i) 3 B0 SR Uk 7E v O T A 2 V0 IR AE.

R2 ZRAAVNKHENSITER

G BYIE R /5 Jry

T1 3000000 90%/10% 60%/40%
T2 3000000 80%/20% 50%/50%
T3 3000000 60%/40% 60%/40%
T4 3000000 80%/20% 80%/20%

1 s M C A C ] LUl SSD iy 4 AR
TFHAS 3, 5 AT — RS B S BOF
BIE R ARAT . A OS50 i A ok A FHORF .

FoATVE £ LA T A5 v K VE M 2 ob X B e 5 s
(1) 4 3332 #0400 (2) W B 958 1 1 VR B
(3) BT[], I Hpid A7 i ) 2 58 2 K R AE S
AR U Z FAR A5 21 /.

4.2 MEELEBRFMSH
4.2.1 EEBRERNZERE RN SSD LERE

EIRERELL . W T BRT A FME R EM
FEF A I FRM A FClock 774 FD1 L
iz47 T1.T2.T3 K& T4 WRENLR R A L. AT LA
. Ff1 LRU K& CLOCK A e . 3 F N 17 i 5 %

30
®LRU ®CLOCK 8CFLRU
8 CFDC o FCLOCK

25|

20|

i %

=K K 8K

Zenp DR CHlodls 5UA 20
(b) T2

—_
wl

s LRU 8CLOCKG8CFLRU
o CFDC o FCLOCK

212t
(=]
(]
<o
<9t
&
X
3 1 1
2K 1K 8K
i DX R/ CEUAE AN 50

(d) T4

Bl 7 KEJ5EALE FDL ity T1~T4 Bk B K
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(CFLRU,CFDC,FClock) 77 % 8 £ 1) 35 R 80 (H A
SCHEH Y 7 i FClock s e sk fe T1 8] T4 |k
/LT CFLRU 1 CFDC. ] W, A~ 2% & 23 71 1 45
MEH3 50 B 2 647 B 45 30 CFLRU #il CFDC 75 %
A AR Z2 AN 0 B2 1) ) B S 4 A

SiREMERELLRR. K8 BR T 4 M EH LM
BT AR M EFRM A FClock Jr k4 FD1 L
47 T1.T2.T3 J¢ T4 B RENLS B E. o DL
WL 3 FINAE B3 (CFLRU, CFDC, FClock) ¥ &%

4

8 RU 8CLOCK BCFLRU

o CFDC 8 FCLOCK

WH /100000
[S%) w

=

(=)

S8 3 DX /IS CHUHE 5N 30
(a) T1
12 S
s .RU sCLOCKaCFLRU
8 CFDCa FCLOCK
S 10}
(=]
o
(el
< st
ﬁ
5
w6
4

2K 4K 8K
G DX R/ CHO AN 0
(c) T3

& 8

s L. RU eCLOCK oCFLRU
o CFDC e FCLOCK

9K 4K 8K

G2 XK/ CECE AN 30
(a) T1

. RU sCLOCK oCFLRU
o CFDC 8 FCLOCK

i

110

100}
90t
80t
701

FRIEAL BYIB AT I 7] /%

60

2K
i XK/ CHcis AN 30
(c) T3

& 9

M5 B AE K BaE 2> F 3k F RS LRU I
CLOCK % #. [ Af, R4 CFLRU 7 %6 & #t H i
U A SCHE 1 19 J7 ¥ FClock KA 47 T CFLRU, Ji
PR HEAT B e mt, T FDL WiE5 2 % B k.,
AR ENG G v X PR B TR 2 & kTt
BETREILL . K 9 B8 T AF 77k 7E FDL |
147 T1.T2.T3 K& T4 Whis 47 0ffal f Fe 2. o] AR
W BTN AE 8 3 (CFLRU,CEDC ., FClock) fif 82
)3z 47 a0 F LRU # CLOCK Bk, X2 H K

6

m[RU s8CLOCK
O0CFLRUesCFDC
o FCLOCK

WEL/100000
e~

=

Do

2K 4K 8K
G XA Rl 5TAN 30
(b) T2

. RU ®CLOCKoCFLRU
o CFDC o FCLOCK

Iln

LR DX /IS CHLH A H0
(d) T4

e

5 H/100000
(8]

(=}

AR EAE FD1 s f7 T1~T4 B 5 R 5

s .RU eCLOCK oCFLRU
- o CFDC 8 FCLOCK
<110
=
=100}
=N
59
£ 80t
=
i 70
60 : -
2K 4K 8K
Gz X RN CHUAls 580
(b) T2
s RU mCLOCK oCFLRU

o CFDC s FCLLOCK

FGAG 1) 3Z AT I 1) /%

60 2K 4K 8K
% K O A0
(d) T4

AT 7E FD1 _Bizdy T1~T4 Wiz £7mia) He g
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XFF FDL R s B AU A0 22 118 A, 1 B X & T
PN A7 B B 5k ok 4 - CFLRU il CFDC I g B
R, FClock 303k 45 75 # AR 0wy (AL EE  [H 1t
SRR G R AR IR e R T BUR IR PR RE SR T
4.2.2 PEHHRENAM 2R/ SSD LM ERE L

EERIEMERELL . B 10 JBR T A RE A A
I T AR SCHE 1) 2 T AU 19 FClock J7 % 16 FD2
Fisdy T1UT2.T3 K T4 B AL OO e 8. AT L
F i, M1 LRU K& CLOCK #f kb, CFLRU f1 CFDC
AT U e e HUE B TR s R 2 ) B R A
FClock BE75 1& 1A [ 152 5 4R 25 1) i s #2454
7] Ff 12 B B i b PRS0 A A OB 2 AR AR T

25
m[.RU 8CLOCK aCFLRU
o o CFDC 8 FCLOCK
(=]
S 20}
(e}
N
= 15t
=
10 + +
2K 4K 8K
G DX R R 5T~ 40
(a) T1
25 — =
s RU 8CLOCK aCFLRU
o CFDC 8 FCLOCK
2 20}
(=]
(=]
=2
~ 15}
&
& 10}
5 n n
2K 4K 8K
1 XK /N CHO TTAN 50O

(c) T3
K 10

sLRU sCLOCKgCFLRU
o CFDC o FCLOCK

5K /100000

2K 4K 8K
Gk DA CHUE A0
(a) T1

12 _|ILRU BCLOCK oCFLRU
o CFDC o FCLOCK

LS

2K
RPN EVE/ TR @)
(c) T3

B 11

WH/100000
Ne)

5

AR 25 T 5 B AE 5 K WAL (04K 8K AR 5 2] A
LRU K CLOCK %575 25 L S 45 VR U k.

5 1E 1 R tE & 11 JB/R T AR Ik 1
FD2 [igf7 T1.T2.T3 K T4 it FEHL S KB 4.
AT PLE . i1 T CFLRU Fil CFDC J 4% 14 1 5 B e
SR T, P T 5 5 4R 0 R B R D AR SCHE 1Y
T3 ¥R L5575 BB A BB X S ) BB AE AR AN, R L 7 32
HEHERMHMEEARAKRWEN T, 5 CFLRU Al
CFDC #H H . 8% B8 2 2% [ VR I AL, R LS 84
FIR % B 2 F CFLRU fil CFDC, {H 45 8% /> F
LRU f1 CLOCK % .

BT B, BI12ER T AT EEFD2

30
#IRU =CLOCKaCFLRU
o CFDC o FCLOCK
S 25
(=)
(=)
=
~ 20}
;ﬁ
:L\<.-
#% 151
10 2K . 4K . 8K
PRI /I CELH DTN 300
(b) T2
s

7 aL.RU s CLOCK oCFLRU
_ a CFDC 8 FCLOCK
S 12}
g
2
~ 9 L
&
X
6

3

2K IK 8K
ZRUIEPNANGE C 9]
(d) T4

A Jr 4 FD2 s fr T1~T4 b3 8 b 4

5 s RU 8CLOCK aCFLRU

8 CEDC o FCLOCK
g 5r
(=3
(=3
(=]
= 4t
&
X
ur 3

2 " "

2K 4K 8K
G b DK O T30
(b) T2
6 sL.RU aCLOCK eCFLRU|

o CFDC o FCLOCK

5 $/100000
w > ()]

2K 4K 8K

Q8 P XK/ (Bl 100
(d) T4

AET7 ke FD2 Lasds T1~T4 5 WL
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120 mLRU ®CLOCK oCFLRU 120 mLRU ®CLOCK oCFLRU
- o CFDC 0 FCLOCK - o CFDC o FCLOCK
~ N
= o
Em %W
& =
1§ 1) 100}

Z 100 £
| =
P S 9}
= =
90 80 . .
2K 2K 1K 8K
fi(rhl_)\d\(ﬁ&(%ﬁ"iﬁo e X K CELs A~ 40
(a) T1 (b) T2
110 mLRU ®CLOCK o CFLRU wo mLRU ®CLOCK oCFLRU
e o CFDC 0 FCLOCK = DLFDL o FCLOCK
= I
= =110t
=100} =
& lm
] 191001
e £
S 90 = g0l
2 2
= =
80 ™ 80
2K 1K 8K
2% ph DX KN CRfis AN %kam<ﬁﬁﬁ4ﬁ>
(c) T3 (d) T4
Bl 12 ASF e FD2 Lisfy T1~T4 Bfiz 47 (A Hb s
FiEfr T1 & T2 J s fr it el e i, v LA H S, H OB TR U ) A . FE T AN [E] SSD RIS [] A7 BB

T FD2 35 #: 4/ A H A 22 4K K, 1 CFLRU Hi
CEFDC Y B /E i i i 2 F Hofth Oy i, Ik — 3%
JIT i 1) G2 4T I ] 38 22 F LA Jr 5. T AR SCHR O
PR B LRU & CLOCK 242, HE WA
LRU } CLOCK /b, [A b 4 B B 47

4.2.3  AS[a] SSD 35 (1) 1 B F A%

WL LR T~ 12 AT LA L TS B
RHr 2 K EH K SSD, 41 FD1,LRU #1 CLOCK f#
FERVEREA AN 3L T INAF 0 B B B0k, (H X F i s
FERA 22 52 A K SSD, i FD2.LRU #1 CLOCK
MR M e 2247 T CFLRU K& CFDC, fi 4% 3C#& th
() FClock 7E ¥k £f B 4 v i}, AR Ja B2 VE AR M B A7 452
A BT RAAE 32 00 FHE ok 0T 22 (8] R A7 A S ik L I
A LIS B F AR S ) SSD.

5 HitMRE

B0 AT L T INAE Y 22 o XA R AL VE WA 5 I8

AN TR) DA A 352 5 R A AN S B =2 i) 11 K 2 S e ) A3
DL R LRU B335 47 76 904 FH 0] 1, A S M — b 3k
F N AF B 8 (SSD) B A & N 28 o X4 BB 9k
FClock . FClock ¥ 28 i [X v i B 4 70 41 2 H 3238
FUE IR (i SR 10 e & 2Ok e B T, ]
TE ARG A B0 TR 18 50 B s 0T 22 TR R A 8
e+ & T T AR R 26 9 SSD K A7 BB =K. 41 % %
P L A RN SO 2R 8 rh 85 D005 [ A7 AE = AH S 1 1
o B LT Ry b B Y U T TR0 vk ok

Y 92860 45 B3], FClock M4 G MEREML T A

ik,
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clean pages and dirty pages, and hence, can work well for
different type of flash disks of large discrepancy. Further,
for the problem of “correlated references” to database, virtual
memory and file systems, this paper proposes a reference
counter based on “average hit distance” to control the reference
frequency. The experimental results on different traces and
flash disks show that FClock not only adaptively tunes itself to
workloads of different access patterns, but also works well for
different kind of flash disks compared with existing methods.
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of flash-based database including a series of key problems
such as system architecture, storage management and inde-
xing, query processing, transaction processing, buffer man-
agement, etc. The work introduced in this paper belongs to
buffer management and is very important for this project to

construct flash-based databases.



