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Abstract:  Solid state driver (SSD) based on flash memory has been widely used in various types of applications such as mobile devices,
PC machines, and servers. Compared with conventional disk, SSD enjoys faster access speed, better shock resistance, and lower power.
However, it will not completely replace the disk as the secondary storage in the short run due to its inherent properties such as asymmetric
read/write and high price of per gigabyte. Integrating SSD and magnetic disk together can benefit from different performance advantage to
obtain good high performance and low cost. This paper proposes a flash-aware multi-level cache scheme (FAMC) which considers the
significant discrepancy between MLC type and SLC type SSDs. FAMC uses two types of SSD as a cache layer between main memory and
magnetic disk. Depending on the characteristics of data access in database application and file management, FAMC conditionally caches
the page evicted by buffer manager to different types of SSD. FAMC considers the impact of the write pattern and type of workloads on
the system performance, which adopts flash-aware algorithms and data structures to manage the data stored in SSD. Furthermore, in view

of the asymmetry of the replacement cost, the study proposes a flash-friendly buffer replacement policy. The strategy is implemented on a
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simulation storage system based on SLC type SSDs and MLC type SSDs, and its performance is evaluated. The experimental results show
that FAMC can significantly reduce system response time and disk 1/O cost.

Key words: solid state driver; database; multi-level cache; replacement cost; buffer
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1) D7 T4 B O A7 A IR B0 =N [R),SLC 4 5 e A7 it 1 AN LU AL, MLC 5 5 e /7 fif 2 A LLAF 7. SLC F1 MLC
B SSD LMK+ 325 M REAN A iy A5 J7 T 19 A UK K 22 5 AR SO0 223 SSD 7= i BB 4T T PR RE MK, 36 1 45 th 3L
3 35 SSD 7 IR PEREXT LL.
Table 1 Comparison of price and performance for MLC-based SSDs and SLC-based SSDs
% 1 MLC % SSD 1 SLC % SSD ke 4 LL

4KB BHALYI 17 75 1 (I0PS) I 1 i) 45 55 (MB/s)

K g

SSD A TR GLAT T GLAE fr#($/GB)
MLC1_SSD 10 989 4 407 156.2 54.7 1.37
MLC2_SSD 36278 13177 254.39 83.17 2.12
SLC SSD 38018 23223 261.2 189.23 13.81
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&% 1. Selectvictim(buffer B sizeratio o).

N B JE T D 0P X o/ BA A BE EE B A

1. L=Length(Q.) IIFEBF O, I B
2. L;~=Length(Q,) I BNB) 0, K BE
3.if L/L,<wthen

4.  g=select the tail of Q; queue 1IN Q3BT ¢
5. else

6.  g=select the tail of O, queue /AN Q. IEBERHETT ¢
7. end if

8. return ¢

k1 W 2ol THH 0. 81 0, MBAFIKE, ol {5 SSD A H s B B . 7 A 2 5 LK 5 35 15 1) #
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S22, U7 T BA A 38 B A
2.3 SSD#IEEIE
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Fig.2 Average response time on different I/O sizes Fig.3 Throughput on different I/O sizes
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5B P AR K R A B T 1 7 3 [T s R SSD RS PERE. 5 — 7 TS RS I B S R AR
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1) R AT SRS SR FH TR A7 B0 PR 0000 A7 s 0 i S5 SR t/ X SSD B AL S B4, 78 70 R HE L R I (1 BE AL 132 1 e
55230 T 2.3.2 WK BN HPFASESEE SSD K BYE PSS NG 2.3.1 YRR, WS U B, S0 LB
") M_SSD 1 S_SSD Z3jjl$& & MLC ZUFI SLC B! SSD.

2.3.1 M_SSD ¥l 1

M_SSD A fit 5k LK AN M AR LA, FL SR AE W P e 55 S_SSD AH24,{H M_SSD B4, JUH 2 hi bl
TR BER 25 SCHR[141%F SSD 55 i ()3 &5 TR 2 W - DRV [tk 245 1) 1) BB ML 5 80 2 AT R G 1k e B ) B
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XF SSD IBEHLS #F. — S8 TAFERE T SCHR[ 15142 t i Log-Structure 5 FH S MG K Py A7 B 45 i 1 0T LU 360
JiRE N SSDAXF 5 ik AR T DLt S BEAL 'S # 45 (R T 2 S A Zpe ke i, I as n0 AR B 875 %8, /0 SSD i
PIAES i 1) 2 2 H b2 £ P9 A0 0 B i % R P G IR 47 1 Sk R SR IR A7 4. SSD I8 ifi i . 3 i s 4r
SSD (4545 2 56 i 1 e 1) HE 22 R 38 .M_SSD R A7 1) B4 0 R i P9 A ZE U JE IS, A 4R H AR B TR
BLMFEIR 2 NAF R CPU %HU8. SCHR[ 16148 H AL INAA A7 it RGP ,CPU AN 5 RS0 B8 B 5% AH I LA IR 338
25 FEUR 2 0 R 3G B4 Aii 45 SSD, 28 1) [l R B 5 91 75 22 7 FH K B 10 R 40 TR IR A6 SCRR[ 7] b A # dd i
PERRMNA R B X SSD SR F K /O v ) 5 lg A5 FI T & # SSD WM FFAT I B HLH], R Mk Re 4R T+ B35 3
T LR FAMC K M_SSD A FI B DL T B Sy BAA7 20 SR — A BA B, BEAS TUBR K /N2 512KB. 24 77 22
X B 4 O DU, A B R AR LRU i 1) DURE B RE 00T 5 N M_SSD A7 fif 3. M_SSD 44 5 N\ )ik 72 0L &
W 2T HORL RE (R R R R 2 SR B N A S TR R A R D O N A NS R B BE L S R E T e 3
AN B Y AE B ON B T PAT B BR B R R R B A R TR N U B E AT IS DR e R A B A i

SHIRE 2 W EHAE T R SRR 0T LLE — 8 2R b B AR B Pl #5551 3 338 1 3R A3 8 4 1) /O
PEBE AR SO I ST 0 AN [ SREBE 1 (¥ SSD W RS IR BIEAT T Ge vk (AR SCER 3.2.2 71), 45 R 3 L 56 T ks B 1 B4
BRI T R 0 B OB B A

H 3% 2. write MLC(-).

1. if SSD is full then /AU SR SSD BEAT AT A7 if 2 1A */

2. evictSegment(-)

3. end if

4. do while curent segment is not full NG B N AT segment*/

5. get p from the LRU of Q. /TN Q. &AL T LRU i R £ H5 4 B N A7E
6. if p is not exist in SSD then

7. write p to current segment

8. endif

9. loop

SELHIER 4 47~58 9 AT ¥ HU 5N SSD, 24 SSD A7 2% (M) AN AL N S0 58 2 AT e e ik 45t SSD, LA™
A R T A )L A P R e SR B R T ) Sl P K e AR D U ) (B DU e RS R R R
LEATAR Z TP DR N A TRCTE IS = 8 b X TR B 02 R b R A DR 1 R 1 80808 V5 ) 1) R 301 AR E S 11 A Sk
(1713 =05 ol A0 RE 5 22 (R B8 0T 28 90 9% A7 1 e 14 D R L U i) g 30 1 B0 K 8 A7 iy 1 %6 B /8 FAMC. 25545 % 18 0L
SRV i) A50RE FASCHE AT R0, Ve T SE B T A T e 1) B A SR B R e R LB 3.

Bk 3. evictSegment(-).

1. Snum=total number of segment //Snum &4 H1 SSD 111 segment $ &

2. for =1 to Snum

3. weight[il=frenquency(i)/invalid_count(i) HFHER i A segment IRAHE

4 if periodfre(i)<T then PRSI R 1K) segment IINFEJREE T f*/
5. weight[il=weight[i]xf

6 end if

7. next i

8. victim_segment=min(weight)

9. swap out victim_segment

SE 3 S 2 AT~45 7 AT VSRR DU B AU 5 W ASUAEL AR DAL 3R B4 U IR L TG 28 Kl T i A
I TR) E 9k I Lo frenquency )R] T VS 0T B b K gl T4 ) BRRE e B 1) ) DCBR N B AE SSD A
invalid_count()ZETHBTHL i N JE R (A e X HL S AR FR 1052 AN M_SSD 2 N A A IR A A8 14,2 D JIE O,
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M_SSD HHAH B (1) I B S AR AR TR R0 T BRI U 1) 4505 1Y) SR RN, B R B 4 AT ~28 6 4T X TR (1 5[] Al
JEE AT 3 9ok, 76— 2 BT 1) B L, U7 W) B T 7 00 T, L ) 0088 0 3 o B AR V0 K 2 8 AT L B8 9 AT IE A
{H I/ segment B4t SSD.IA A M_SSD A7 2 4 0T, 78 e b 5 25 s B0l 22 63 B0V w1 [l i 1) 2 2
2.3.2 S SSD Hmir

S_SSD A A 1R I RENLE S 1 5, FAMC H S_SSD 2247 M N A7 & 4 th (M IE UL .S_SSD Hh 1y 4 LA Tk Hpir
e R % > LRU BAF:01,0,,...,0,, T A~ A F1 B B e 4 58 20 IR 1 £08is BU2H 5, BR A O, v X Bidfs LA A1) O,
HI R A S L SC R BE B AE S_SSD(i<y). B dh B e i SV 1 S0 s A M AT SE R AR B BA B AR e ke Ak T
LRU ¥ ff) DU 4 th S_SSD.S_SSD ‘& 4 th (115 2 B4 75 22 5 Rl 4 8. n Sk S_SSD v J &2 B 22 Ik I i DL 4R
FA7E S_SSD,JUI AT LAYg /> 1 45 151 5 1/O B Uk, 38 T H8 v B 48 1) M e A 1k FAMC X 51 6] 47 S_SSD (1132 F1 5 $:4F
T S_SSD 5 A L S 4 58 K (9 U o) A E 5090 0T p S 40 2 A 3R (2):

. q 3 CW
Q_prl(p)—logz[pa,d + pis dirty ?1:log, C ] 2

Foh,C M €, A3 S_SSD B BARY porg R T p Z HI VT i) KR EAE p BEUT ) iy N, i 2 5K(2) o 5% 0T
(1 R S G, VA RS p 33 N KRS IR A 5 9 BA 31 FAMC [ I 25 58T U7 [n) 5015 1) SRR 0N, 8 — BN T pAY, ) 1) 2 4
B BB DR 2 Bl 4 3 ST AR — R BA 1. S_SSD $idii vy il ik B WL AR 4.

H3% 4. Access S_SSD(page p,operation type).

BN :p & TS K5 AN HIEUE T pe 2 8RR AL,
1. if fype is read then /AL 8 AR SR A
2 p.frenquency++
3 updatepriority(p)
4 adjustqueue(-)
5. else
6
7
8
9

if SSD is not full then P*SFTECE GO D ) S AN B AL SE g/
p.frenquency=p. frenquency+int(C,/C,)
updatepriority(p)
. adjustqueue(-)
10. O=locatequeue(p)
11. insert p to the tail of O
12.  else 1 AAIE G G A AR 1R A 51 328 b 49 T +/
13. QO=findminpriority(-)
14. remove g from Q
15. insert p to the tail of O
16. write g to disk
17.  endif
18. end if
19. adjustqueue(-)
20.  for each p in a queue /R AL A S 1) B e e
21. if periodfre(p)<6 then
22. k=p.priority
23. remove p from its O[k—1]
24. insert p into the head of Q[k-2]
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25.  endif

26. next p

BV 4 (5 LAT~36 44T AbERX S_SSD WY B4 58 247+ 38 34T 50 1 p W B WL Je 28 44T 1) adjustqueue()
o 3 A7 ] 0 R BRANG 1R) DUBEAT PR A B Y A R W BV I A 19 AT~3E 26 4T P . S O SR o Uy im0 R
AR, G S AE — 5 W 1) B L, B50HE 00 p B0 100 DB T 3K — B, D6 % s DOdE AT D 5 2 1 B 0 Ak B0 4 1% i e
NG — G0 1 i BA 53X Tl 5 W6 TT DATE — 8 b R0 2 I ) P 088 R AR, ok /> 2% A5 S % S_SSD )
FUER AT RE LIS S AT~ 17 4TSS R S SSD A AR IR A, 28 7 ATX C,/C AR p BE N
Vi I BRE SR A 8 AT~E 11 AT IR R 4% p B AL ¥ p B AN B MRU i, iR S_SSD f# £ =
) L, IR 2R 13 A7~3 16 1T B AR SE A I BA B, IF 5 40T LRU A7 2 /) TUE et S_SSD.S_SSD %l &
WSR2 LRU BAF G544, f 3 V5 10 45 20 1R B0 2 gl U S DR B A SSD.J3 A0 B RN INF X 73 A A7 X SSD [F B2 Fl
T SR, 5 BRI (0 B A T v I O S X AR AR KRR R BT LAD I R 5 5k I d B 1/0 ikt
3 KBEREDH

AR FAMC 2 2 9247 s I A 2tk B AT T 36 ik, 55 SCRR[ 10142 1Y lazy-cleaning(LC) 5 g Fll SCRR[ 11148
Hi 1Y) FaCE SR BEAT T 12 RS bh. 5258 B A B0 W /> $idis 48 25 T TPC-C 5 E, K H] BenchmarkSQL JZ 1T PostgreSQL
B PR SR AR A AR G HE B R 2.

Table 2 Statistics of the datasets used in our experiment

R2 SRR SHE

LSLES 2RV E20 8 5K BEH
Tl 2193 476 1 805 230 388 246 82.3%/17.7%
T2 1988 563 1262 737 725 826 63.5%/36.5%

3.1 XWINE

A SCHET DiskSim 4.0 S K A6 1%L % DiskSim 4.0 1) SSD Model ™ ¥ v SEHL T — AN 2 L 2 A7 5256 475
HF & .DiskSim4.0 42— MER L m . BLE RIS R A G RS0 5 LR T R 1 SSD Model B 5tk
fiffi, AT CE P e L SRS ] C SEIN,IFIEATAE Ubuntu B:4E R 5L, UK/ N 4KB.ZE X KN BESE
J 4MB,M_SSD i1 S_SSD [ %% & Lt Jy 5:1.4E Disksim [f] Cache Devices #4371 SLC SSD Al MLC SSD
PR 4%, A7 i P e 3 30E T Intel X25-E SSD Al Intel X25-M SSD.#£ Cachemem Fll Cachedev FEHL 435 5
LT FAMC F LC {44 2% 2247 505
3.2 MEEEXTEE

A T % FAMC (9 R Gi 1 66, 19 645 A trace SUHEAM I AL L — A7 1 % LIS AT, L0 45 R 4 fiow.

10000 "
Il HDD
8000 C1SSD(MLC)
. Bl SSD(SLC)
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=
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19
2000
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ENGILEE €S

Fig.4 Comparison of running time for different storage devices when executing T1~T2

K 4 AFEAEE ST T1~T2 S AT B L
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NI 4 ] LU H:SSD 78 PRI EH 4 F 3 A7 R o ) 5 28 6 T WA 8, T1 A T2 76 SLC % SSD b {932 4T I ]
439 A MLC &L SSD 1 17.1%F1 15.4%.
3.2.1 JBATHI A

I VEAR 5 (LRU)POVAN 5 3 56 ) (FIFO) I 28 o X 457 B 45k Ay 28 L 1R 90055, L T 0% VF 22 I JH RGeS T 4
T IGAIE FAMC S0 B9 B0, A S0 S2BL T FaCE Al LC 360 PR E 4115 FAMC 34T PEREXT b Hodh LC 284755
& S P (#2 LRU-2 092,10 FaCE SR H IR /2 56 T FIFO 1% JRA JLAE S S 4 AN F] SSD FINAE R BT
BRI AT I AT T X b sz e 45 SR i 5 FI i 6 frw, = LC-S 37~ il S_SSD i LC ¥ 2% 47,LC-M
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Fig.5 Comparison of time when executing T1 Fig.6 Comparison of time when executing T2
5 IBAT T1 MBS ELA 6 IZAT T2 M) LA
5 R T HARE T1 A5 3 FhOEAF SN R RIS AT I ) NS 45 ARG AEAF K SSD A4 N, Hul 4
FAMC L RJIZ4T ) ] L LC-M Fl FaCE-M ¥4 KM BRI 4 78 4 N A7 JR (1 [ 254524 S_SSD B, 7E#: /) SSD #

HHR,ET M_SSD R S_SSD VRA A 1) FAMC A4 [ $0AT B 7] <3 % 51 F LC-S F FaCE-S.p# SSD %% (113
K, FAMC HIPAT IS 1A) 26 AW/, 24 SSD 5 W fE A e L i i 25 I, FAMC S AT HE R T-3EF S_SSD 1
LC-S 1 FaCE-S §iE. A AN RAEER 1 B Bos R ZEAL SSD i ks RISz 56 v AS [F] 2628 SSD 2% 2 L AT LA HE,
FAMC 1§ {5 SSD I i K42 S_SSD #5161 29%. K, FAMC 7E 3815 2 G P g 32 T 10 ] I, 3 4 280 A1
T AL AR, XA BT FRAR S BB S O AR R I B AR A 5 T SE 56 45 SR fln N 427 LC SR LRU-2 B
LR SSD A, 44 LRU #3R 2 T EUR 2 MBEHL S B E A 00 BEAL S 8 4F 88 7 K= R 40 %0, 30 1
W SAT RGN PERE FE IR LC-M KM A& 5 WL H:FE% M_SSD 7% == 138 K B8 S48 47 I [l 1k G 42
FHAHA . FaCE-M &5 LC-M AH LG, PR 2 SR FI WU 38 I i 5 =K, 5 5 AE A AT LC-M (R BB AL 3 VE A5 2 25 B G F
fiI%,4 SSD #E 1 KN, FaCE-M 447 A 2K T LC-M S0 75 T0F: 2 (02 o6 e o — W& 14T I Al (] 4
7R),>4 SSD M A7 75 2 LLik F) 25 L, FAMC 3847 i [HIIE T S_SSD #1047 i ] 3% T B4 48 T2, 88 5 #
L L s 4R T1 90K, FAMC R AR T AU i PERE. B ] 6 7T LA 4 SSD M A7 I 45 = Lk B 30
I ,FAMC 1 LC-S Fl FaCE-S FIFAT I [A] JE A K] 24 {5 FAMC 1€ 2% 77 i A M i@ A T LC-S Al FaCE-S.X 3 %2
KA FAMC SRS 7] ) 22 A7 S A B3 GORYE 00, SSD $dh B B 503E 7840 % 18 T AN[A) SSD 77 i [ 38 55 4 ik
FUGTHPIR S AT LL 2 N 06 T B3R R 8 2 (R 15 10 508, LC KIS 51 & (BN B 4™ EH LA T R MERENR T 2B
R4 T2 T,FaCE-M MM REIRAR T LC-M,H EZ R R {E T:FaCE Kl £ A ILA7 S, 4 3 A7 v 1 25040 T
B %) SSD B, FaCE K iZ 048 DU b 5 N, TH AR B4 W Bt B 24 6230 X o S g% 3 5 7% SSD 1 BEAL S 45 4%,
T ST A AR 1) A8 %) SSD IS B AR AR E /AN, DR R A T I T 241K T~ LC-M 50125 25545 W b 47 48, FAMC 7E
FRGNERE R T AR AR A W5 5 T RAF T AR L IR B, 2% A7 SR R PEAN L B .
322 SSD H#AERHE
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fig, 2L SSD F5 i A X} FAMC,LC-S fil FaCE-S IX 3 Ff 4L #4755 36 ok B2 H 7= 4 119 SSD W B Wk Bl AT T 4e il
Iy M XML S BRI R AE SSD Bt A i 47 Hes 42 7 28 10 S B S 0 R AP R e . BRI A A I
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Fig.7 Comparison of SSD write

when executing T1
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Fig.8 Comparison of SSD write

when executing T2
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Fig.9 Comparison of hit ratio
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Fig.10 Comparison of hit ratio

when executing T2
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