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Abstract  Different from traditional disk, flash memory has characteristics of erase-before-
write, out-of-place update and asymmetric 1/O latencies for read, write, and erase operations.
Traditional buffer replacement algorithms are not optimized for flash-based database systems and
do not take the characteristics of flash memory into consideration, which means they are not able
to achieve good performance when directly used in flash-based database systems. This paper pro-
poses a new approach to buffer management for flash-based database systems, i.e. , APB-LRU.
Firstly, in APB-LRU, the buffer is divided into two regions, i. e. , cold region and hot region, so
as to get the access frequency information of various data pages. Cold region holds those pages
only accessed once, and hot region contains those pages accessed more than once. Secondly. un-
like other existing methods, APB-LRU adopts a new mechanism of replacement based on proba-
bility, in which clean pages are replaced with greater probability and dirty pages are replaced with
smaller probability, so that clean pages in cold region will not immediately be replaced and cold
dirty pages can not reside in the buffer for a long time. Through this way, APB-LRU achieves a
high buffer hit ratio and a better overall performance than other available methods. Thirdly, dy-
namical adjustment of the ratio between the sizes of cold region and hot region is proposed, which

is able to dynamically change the ratio according to the real workloads with various access pat-
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terns, so that good performance can be achieved under various workloads. We carry out large

amounts of experiments with different datasets, and the experimental results show that APB-

LRU is superior to its competitors in most cases.
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2
3. clean cold-flag of p;
4

10. ELSE //4n2k p RAEGE wh X
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in L) OR (there is not dirty page in L.) THEN

3. select a clean page from L. as wvictim;
4. ELSE
5. select a dirty page from L. as wvictim;

6. remove the victim page from L.;

7. RETURN a reference to the victim page.
3.3 EEHEEENER
T T A A 52 R B R PB-LRU S5 A X

TEANHER LA

B2 BixZhXKE HaEFE 2498 6 40,
I HL% vl DX 0 28 o IX v 2 A A a2
i) AdE Py Py o Py o Py Psy Po, Hop, Py Py 2
Ve RETT. Py Py J2 38T ¥ 00, PR T 0L, Py 2
PO DT R B — A5 el P 1 R B8 T4
DXL il o T DA T R % b X P i — A DK 2
DL By 25 [ A7 3 Pr. 7R 15 £ 9K & s, PB-LRU 55
A AD-LRU Sk AR e £ P, AFE b 9K 0 (AN &1 2
fr) s X F CFLRU fil LRU-WSR 80/ 5,
Pl 3 o o B ) 25 3 R 48 T4 00 P, AE 9K 3% 5L,
Ja B SRR I TT PoAE Sy B % T, AR 4 w1 AR 3. 1
TS BIT » — A 10 28 o DX 3 46 B 1k I % A 2 B e
BT O EANAEAE VS T4 DR, PR 4 I T, I
ST BE LB PR TUSE B N A M X W R A L T
A Hh L B HE DU R R 1 S I T AR O P, Py
Py P, P, fl Py, B Py I % fie 56 908 4, Ps I % i
JE R, AT LR L CFLRU M 1 R 25 1 1k
.0 PB-LRU 53 M AD-LRU & sk 1 il
iOBEE

Cold LRU Hot LRU
LRU AD-LRU victim MRU LRU MRU
\

Clean || Clean Dirty

Dirty || Clean || Dirty Hot Hot Hot

“ P, AP, P, P, P, Pl X
h m Buffer >
[ 2 AD-LRU Al PB-LRU 5 35 K % 5 5 {5
window
LRU K MRU
Dirty Cle'an Clean Clean || Dirty Dirty
Hot Hot Hot
‘4 Plf P, P P, P, P, R
Buffer >

K 3 CFLRU Hl LRU-WSR % s 3% # 3K 7% 51 52 4

W] 2 A LA B 5 R U 1) 8 1Y
B84 (40 CFLRU #1 LRU-WSR) & £ 3K 3% 5T
B, AT A ok B AU OO 3K 3% T I ARRAR T 2R b X
(i T 2R T 2 T RN U I AR 4 B e B (A
AD-LRU #il PB-LRU) B & 25 45 56 % e v 19 B 3
TU, BT A SR 2R B0 LG WA 5 R R 1 [m) 050 RE 1 B30k
Bhf. AD-LRU 532 B9 25 18T 5008 19 1 [l 450 3
L TG % 3k B 4 0T W32 A 8 o DX ST 220 ke
VB A R BT (447 150 o DT 5 350 2 i DX JISE S 2 (1
Jins T PB-LRU 553, 38 3 fif F 5 F 4 5 1% 5 46 AL
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il S A RE 85 A7 280 3B S 1 T R A e DXt Cold LRU Hot LRU
B Ay B A9 I8 T LSS S v U K S0 4 LRU vkU LU kU
B NAE T 220 R T 5 58 A 8 o X B O 4R Dirty || Dirty || Clean Clean || Clean. || Dirty
THT G wi IX i P LR DK ) 3 Ok i R PB- . L - |
LRU #E % F AD-LRU 53k 1 4. P ' - : } N
%13, 1Efi 2 . AD-LRU Fl PB-LRU % 3% 5 PBLRU B

HRLEHE P, o R E 00, SR G A Poy EB G2 pp X
(8 & Py P, Py P Py, P, Jorf PRI Py 28
DT, Pl Py 0 01, Py & 3R 00, P 2%
VOl R ILTE S — B SR U] Ps . p T
PoARTEG vp X, (B2 & AR B AF DL HE. B AD-
LRU 53 & vE £ WIE A28 o IX 1 B8 00 P A by 3K
B ARG W P A7 LRI X 1) MRU i & . {81k #
TR N ARG R VIR P B, P ANTERAF
H, AD-LRU 583 25t B0 2% A 3 30 1) 1 100 3
AD-LRU 52368 Py N WK% 01, 906 Pr A7
BV X MRU i #.

4 R T 2R AD-LRU Bk B, 78 4 5
RN Pry Py Py 1) DAJG 28 ol X A9 24 JiIR AS.
AILAE L LR B, AD-LRU Skt gl 1
3R A L, BRER 1 Wk i [l Po i & A — B
B ViTa) Pl A — R IBEHE 55 2 IR5 ) Pr i, &
A — B A EL AT F L R AT A PB-LRU Sk 7
HA- TR S BV OB Y . RS 1 K
K PoEE BUES PrORFEZE b X, R ARG 1 IRBEEE
HFZpX i, PB-LRU H ik &Skt PoAERIKE
U4 PoAF B X MRU i 8. 24— A8 1
Wk i) Pyisk s+ PoRTEGE Wi X, e B & A 55
2 WBHE, 5 AD-LRU B % A [F A2, PB-LRU it
B 23 B BEVR I U P /5 N 3R & BT o 175 AS 23 8 NI W 2E A
GEAFI P AE R BRZ UL, 255 2 i) P, Pr it
IR AT, R P 5 R B X 1) MRU fi & ,
FER R P P, RS 2% X1 MRU {7 .

Cold LRU Hot LRU
e \ e N
LRU MRU LRU MRU
Dirty || Dirty || Clean Clean || Clean Dirty
Hot Hot Hot

‘ Pl Ph P7 P_/ R P
! Buffer

v

& 4 AD-LRU %4 vk %4 52 45

5 W8 TR PB-LRU ikm, £ 44 Fid
X Pry Py, Py 5 (0] LA G 28 ob X 4 iR 4.\ LA
F e Bk BErp,PB-LRU &3 B k4 THIK
JBLEE A O PERE =LA T AD-LRU 5Bk,

4 HEMHETHRAY
ZHMXBEHREE

PB-LRU Bt —Riokb 2= 5 & R 5 i 5t
FHER B AL i o T CCF-LRU #l AD-LRU
SEVE TR AE I T ¥ T M 32 A G2 DX 4 3 5 oA K
B B, B2, PB-LRU 53 L 77 75 i F 6k
B (D FHR TR R Z B R ER R P&
e T TURE 06 250 B ) #8 R¥8 X 1 LRU i 3%k 4k
B— T o, 2 LRU 85 R4 K ik, i 18] 7 85 5t 2
PR (2) ¥ VAR DX R /DN [ 7 o M A 3 B AN (]
I 452 5 ) T A 9 2K

k. 30748 T 4 xF PB-LRU & 8k &
Pi—H & N PB-LRU 8k, & & APB-LRU
(Adaptive PB-LRU). APB-LRU £} %t PB-LRU ff
WO EEARBAE WA J7 H: (1) PB-LRU ¥ X H
H— LRU $t %, 5 PB-LRU & [d () &, APB-
LRU B4 X 43k W A4 2 o BT 35 00 6 28 A1 0k 01 %
F BT DUR AR LT A U EE R b LRU fif
T, M T PB-LRU % g ) &£ % X
LRU HE 0185 . AT I AR 7 8K 3% BT 1) 25 4% o
(2) APB-LRU BE# 3l 25 1 8 v% L # X K/ EL ] DA
17T AT S B AS ] 1 0] 45 X i) A 97 2K

AT NEE SN A APB-LRU 532 (1 3 4
FECA 139D R 5 T 40 B 3R B i R (4. 2 ) L
Je S BT TR R ) B 2% R (4L 3 ).

4.1 BHREE

PB-LRU B A7 76 A ). (1) 1) 48 & 1%
X LRU #f 3 3% BT ¥ 70 A9 B ) FF 85 48 K
(2) ¥ X KN E R 5 ME LA AN 7] 37 [ 45 2 9 T
PR B, XX A a8, & ATT42 T PB-LRU 5
TRk L B APB-LRU.

FEXTES 1 AN 0] 8, APB-LRU 5834 %% X 43 i
WA 38 5 BT 4 DURE 22 FIUDE DURE 3% L 20 A7 T 15
TURUIE DT, 44 $A X Hp i) — A 58 D56 7% 21034 X
25T ) T DU IR DU J2 T4 DL, 2R 2 T L
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AL IE 7% B8 XY T D BE SR b T RO IE D A 7S
BNV DI I DUk v Y A AR AR R B — A IR
DU o 55 251 30 2o HE 22 ML ok 1 o2 B e T 1 DLIE J2
A0 DT, SR R e T O IR T L 3E L
Ab T ¥ DURE 36 (IE DTS ) 19 LRU 7 8 19 50, A
MR AS b b 1 R )48 R LRU 4§ 2 09 T8, B%
1% T Bk A I E) &2 2%

BEXTES 2 A Ta) 8, FAT 38 2k oK S 90 WL 4% K B
R U T 19 JR) 3 1 5 B Gk B XA % X
Pt 5K B el T LA A PB- LRU B33k (45 55 47 Y
PERE 5 245080 15 1) Jay R PR AR o b R IXCAE 22 o [X
JI o F S 2 b T DL A PB-LRU 8 3145 1
R PERE. Bt FATTHE APB-LRU ki it 1
¥ VIR X L9 Sl 25 A2 AR AL AT AR 4 A B R0 8
B 25 Ve I IX T o5 G2 b XY Ee )L v LA XY
o7 28 P X L B A5 PR AR D R AT L SO X
PIXBE T A YW X i T b SR b i B
GURE % S I X I INE A DR 25 1 38 ¥4 IX 1Y) 265 3 Ok
D MR IR IR T TR R G R XL H
A D R A Bt UL A B DXL AR VR X 2
G DX 2 0D R A XY 4 R 2 O
D S IR BN R A N IR R e A

YRR X R . 5 PB-LRU Bk X
Hh ) B e B BV DX A o AR S L, LR R o
PRI LRU A7 8 09 B8 o1, 0 R A% ot 1
T, 5k B U % 2198 X MRU 7 & . 4%
GURRARRALA 0 BYIE T, W 4532 0056 2 IRpL2s Ff
IR bR IR E o 1. 5 8 3 X 19 MRU
PLE ARG FRUGE B X LRU i & 19 8048 71,
W RAZ DU T 00 BUE R AR UL 0 B I BT, B0
HE LR AN AR R,

4.2 EHiEgit

APB-LRU 5 ¥k 407 5 1k 3 B /8. 46 APB-
LRU Bk i e I B XA i 2 ik 8 T A G 1
1) R E IR 3T 5 YR8 X i 45 it (5 2~
114 TR IKE v, 5 PB-LRU 53k —# . F
e M — 0~ N 1 HL AL S8 Jo AR 41 12 Bl 1L 5%
A DX )8 o 2 4 T 1 DUk 2 JIE 00 5B 12 47) L 7Rl
B e JUE T Bl 2 T4 T LA L 6 AH N 1Y BE 3R R R AT
B (4 13~16 17).

&£ 3. APB-LRU &k hitn.

A BETER TG B BETUBA A (L) ¥ F i TUBA

(L) B BRFI (L)

By - SR T

1. IF L...size+ L .size << LowerBoundO fColdRegion

THEN
2. WHILE L,.size>>LowerBoundO f HotRegion DO
3. p<the LRU page in L ;
4. IF cold flag of p is set to 1 THEN
S. move p to the MRU position of L. if p is a

clean page, or move p to MRU position of

L. if p is a dirty page;

6. BREAK;
7. ELSE IF p is clean page THEN
8. move p to the MRU position of L. if p is a

clean page. or move p to MRU position of

L. if p is a dirty page;

9. ELSE

10. set the cold flag of wvictim;

11. move wvictim to the MRU position of Ly ;
12. replacePage<—rand() % (Cost g+ Cost e ) <<

Costreaq?1 ¢ 03

//replacePage Y 5EBHe— AT 15 TUR 45— E 5T

13. IF (replacePage= =0 AND there exists clean page

in L) OR (there is not dirty page in L) THEN

14.  select a clean page as wvictim in L

15. ELSE

16. select a dirty page from L. as wvictim;

17. remove wvictim from L. or L.;

18. RETURN reference to wvictim.

4.3 EEMEEXEESF

ASCH) PB-LRU 53k B IR 1 £ 5K 3 T i) #8757
LR MR LRU #5348 R 9K 5% 00 I (0] &2 2% B2
i OGo) M%K1Y B vl i b i PB-LRU 8%
T ZLf ] LRU-WSR B 08 #0IX ) — A Hodis ot
AR XLy LRU-WSR 53 (1 i 0] 52 2% o
OG) s I LLZ B BRI B R B 22 BE L OGo). &
ik B APB-LRU %f PB-LRU & E#47 T
PHE R T R 4 2% LRU 4% 25 0k 4K 75 0K 3% 71, i
S B HE R AL 0 DT 3R 5T DUEE R A LRU
B TR Ry B 3% BT, T LA, 2 R KR TR AR A
o).

APB-LRU $53EBR T 36 £ 9K 3 00 (% JF 85 LA &b
IRAETEY Ve IX B TF 84+ BB 21X HP A 550808 % 7% 3]
RIS, BT APB-LRU & ki HH LRU-WSR
R RE R ol AN WV S (N S 1 =R
OGBS I R AE R A 72 X 45 ik 2 K Fad
Ao kA BB E—RY BEAX G A RMAERLLT
FR N2 RA S X o i EE i ardh N ks
CREUR A P AR 25 08 X rp iy vh DU B B AIX, (i A0
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L
&

XA R 8 KA e A S HGE B N AL OF
filh % 4 B HRAE , BT L APB-LRU & 3k 1 - 4 0 8] &2
FEEA R OCD).

5 XWRITEER

AT ELNA T EEMBTT .1 7)) K58
TS5 %] T APB-LRU 3545 i 41 7 BE i 9 2 54
i & (5.2 4 s 5t J5 . 4 LRU,CFLRU,LRU-WSR,
CCF-LRU, AD-LRU FIA X #) APB-LRU B34 i
1721 TR R L (5. 3~5. 6 711,

5.1 L&t

S5 ] Flash-DBSim™"*/© 57 & 848 A 77 47 it
#4t. Flash-DBSim J& —Fft 5 2 af =5 ] A a] g g
N A7 R Gef B8 & v DARR R 1 2 i ) i =5
FERLAUL R AN [R) e T A A DA T AT DA {5 o
J2 R A AR IR B L AR 2 O A i BF 58 CLE an SOk
C11-12 D #CR A T izl g i 17 S s R RE 1Y T A,

TATRA G SCHRLLL ] —HE /) 2 800 & B34
RPAE L — > 128MB 1) NAND [A] 47 [ 25 8, 1% 8 &
F TR ) NAND [ £F (9 5085 0T K/ & 2 KB, &
AEHE P 64 A B U, TEAN I A S B0 L
1.

& 1 NAND HFEMHESH

S8 &
TR 2048 B
WA 64 pages
BN 25 ps/page
HHRH 200 ps/page

BN 1. 5ms/block
PERR B 100000

FESEAT SRR RE LB 45 22 oh X B 4
i B 50 A B R SR E R DA G A,
CFLRU H 240 w BBy 0.5 CHIR A SCmk[12]
75 %% AD-LRU Il CFLRU B/ w {) , AD-LRU
BT min_Le BUE A 0. 1CS STk [ 127 By B AH
D). 76 HAR S B, X F X 43 % ORI # 0T i A5k
(LRU-WSR,CCF-LRU #l AD-LRU) . i 3} 75 4 )¢
BOHE 250 A i — AN AR AT F T BRI T A T
MRV DU W T4 22 0h X 43 g 24 IX i 533k (CCF-
LRU fl AD-LRU) , 78 2% v X 4 2% P 4 A — > W5
A (dummy node), A L X 43 ¥ X Fl # [X.. Flash-
DBSim i i G2 1 N A7 1Y B2 IR 5 OB 48 R 8L
DL R SR A iy i S i B[R] L A5 2] S A i 17 B ] 52

BT SRR LR A AR I RSB T LA
275 MG 3C.

W S K B A PB-LRU Bk, X T Ir A
R ER 4 L AR KB 7 B 2 0. 99 B (RIS X
Jre i BN 0.0 B PR RE 4 BT R R B, PR
APB-LRU B8 X F A & 0.01; [ A,
XF T A I AR L R X B 0. 8 B
R R BE At 2 B R FRAIK, T L APB-LRU &
DRI A E R 0. 8.

TR AT R IS AR AU S PR R R S as AT
(R 55 DU [l S =, FR AT R FH SCik [ 14 r i i 3
J7 SUEAT I A2 T 4 B AT A Zipf 43 A5 0 I3 £k
i Hge 5 B ER 20 b5/ 5 )7 x — 51 b
(2 60/ y 007 2o o kS A 0 3t 5 4k A T L A
TES T BAER 2% BHAE S T A #IEN v
IR FRE B 2 Y0/ oy Vo 3 i Xob e Al 3K E 4 i
B MRS BAEE AR v B T DL R
TR AR A 2R VF A 22 i DX 40 B30 125 1 1 i
(D A 325 (2) Py AR G INAE) I (3D 1
PG EAE CH NS BB (D) is 47 B[] 33X AN X,
B AR AR R BT H 8, O BRI R 55
P A BE L L 38 2 A S A I YR BORE T LA
St 25 A SR A BR R AR I 1 O

F2 MAHEBENSRITER
PAEITE S iR B BEE Jai s
T, 3000000 90%/10% 60%/40%
T, 3000000 30%/70% 70%/30%
Ts 3000000 60%/40% 60%/40%
T, 3000000 80%/20% 80%/20%

5.2 APB-LRU BiEREBHMERIERE

ARSI 6 0 AN W) A R e A R P APB-LRU &
21 BB B R e DT R Wl R SR 1 AR A S A0 1 E I
(R B A . FRATT 3T T 4 Bl AS W) 19 18 T2 (RIS T
AB.CHI D), 5 3 i T HMAEIE T 0T s
I T R 6 AR 32

®3 AMAENERE

{3/ B e fili ik
A 1:1 [ &5 E 24 45 4 T i N E B
B SO T DT 5 DT A A R

SR AT R
C  (HRMHEBRARM « R0 DL KA HER B4 5 0
D 1:0 SRS B T i

@ Flash-DBSim. http: //kdelab. ustc. edu. cn/flash-dbsim/
index_en. html, retrieved, May 2009
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A5 T M3 1 R e L TR — AT 2 B 7 k. AR
SCEEH Y APB-LRU B394 78 i A3 I 32X 45 9% 45 Fn 22
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X 7540 5 MB, KR 5 T, 0 %A 2% 18 50
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W T ASRAS T e i i vh
5.4 WEERERY

K8 JB/R T %A b K B e Sk AE is 17 AR R 1
03 250 40 A1 R 0 4 B A A R . N R LU
5 8T BCHE VT IR ARRE 1 Bk LR AR R BUE D
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UOBARL / F BR G 5 B v 0T 9 557 (CCF-LRU
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