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ABSTRACT

Since in-place updates for pages are not allowed in flash memory, all new page writes should be written in an out-of-place manner.
The old overwritten pages are invalidated. Such invalidated pages eventually trigger the costly garbage collection process. Since the garbage
collection causes numerous read and write operations, it is one of the flash memory's major performance issues. In 2R, it modified the
garbage collection algorithm, which applies the I/O characteristics of the On-Line Transaction Process workload to improve the Write
Amplification Factor. However, this algorithm has a region pollution problem. Therefore, in this paper, we developed 2R++ that additionally
separates pages with long access intervals to solve the region pollution problem. 2R++ introduces an extra bit per block to separate

warm pages based on a second chance mechanism. Prevents warm pages from being misidentified as cold pages to solve region pollution
problem. We conducted the experiments on TPC-C and Linkbench to make the performance comparison. The experiment showed that
2R++ achieved a Write Amplification Factor improvement of 57.8% and 13.8% compared to 2R, respectively.
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2R++ Algorithm
1: procedure WRITE (P)

2 /* CurBlk: current normal block for write #/

3 if no free page in CurBlk then

4; CurBlk = GET_NEW_BLOCK(W);

5 end if

6: if P is already existing in any block then

7. mark invalid in original block

8: end if

3 write P to CurBlk:

10:  end procedure

1

12: procedure GET_NEW_BLOCK(S)

13 if $ == W AND no free block then

14 GARBAGE_COLLECT();

15 end if

16: if S == W then

17: set FreeBlockbit = 00; /* It means normal block to write #/
18 elif $ == N then

19 set FreeBlockbit = 01; /* It means normal block to copyback *
20: elif S == C then

21 set FreeBlock.bit = 10; /* It means cold block to copyback *
22 end if

23 return FreeBlock:

24: end procedure

25

26: procedure GARBAGE_COLLECT()

27:  /* victim selection using the FIFO policy */

28: select N victim blocks from one region

20: /* ColBlk: current normal block for copyback */
30:  /* NorBlie current normal block for copyback #/
30 if page in 00 normal block then

32 copy valid pages in NorBlk;

33 if no free page in NorBlk then

34 NorBlk = GET_NEW_BLOCK(N);

35 end if
36 elif page in 01 normal block or cold block then

37 copy valid pages in ColBlk;

38 if no free page in ColBlk then
39 ColBlk = GET_NEW_BLOCK(C);
40: end if

41:  endif

42: erase N victim blocks;

43: end procedure

Fig. 7. Algorithm of 2R++
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Table 1. Structure of SSD
Pages per Line | Total Lines Total Pages
8GB 1,152 2,048 2,359,296
10GB 1,024 2,816 2,883,584

Table 2. Experiment Setup

Size of Database Total or
SSD Size Write size(%)
fio 8GB 8GB 360GB 10
TPC-C 10GB 1GB to 10GB 240GB 10
Linkbench 10GB 1GB to 10GB | 2,400GB 10
4.2 fio

fio wlo]aa wWixulze Yzoz E AoA:
skewness AHES all zipf distribution ¥4 ARE5}]
A AYtATH6]. AHL2 8GBO mHY Ao =04 gAYk
HO| 27|(F 360GB 27))E XHst3itt. A8 SSDY 771
= 8GBolH, 10%9] &7} OP ¥ Fo| = UK Table 2).

4.3 OLTP Hix|0j=2

2 =RoA: diEZQ OLTP #WXut=el TPC-C<t
LinkbenchollA A8S st AF Ao dsfire
Table 2] A5ttt

[

1) TPC-C

TPC-C& HA FAHE ZPstHA LAY sH= DBMS 4
o] ERMYA A L AlEdelHdsks HlxutIeltH2).
2 Aol A= FEMU 2404 4KB o] x]o] gt 6T
9] 27|(F 240GB #7))& AP, dlo|EHo]Ao] Ato]
2= 1GBoIA 10GB7HA] S7Fattt. A8 SSDe| 371+
10GBoIH, 712 10%2] OP Y99S T3ct.

2) Linkbench

Linkbenchs H|o|AEOA AFols A4 JH= ndFy
of tigt Wixjut=olth7, 8]. ¥ AFo|AE= FEMU E70A4
4KB Ho]xo] tigt 69 o] A7](F 2400GB A7) A
P, dojEHo] A9 Alo]ZE 1GBOA 10GB7HA &7}5}
At} AFRE SSDO] Z7]& 10GBoIH, 10%2] %7} OP %
o] EAgitt.

5.2 u

AL fio, TPC-C, Linkbencholl tiall Z+2+ 1], 2R,
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Running WAF
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Write Sequence

Fig. 9A. Running WAF of fio

W05 ——

2R09 ——

R11 ——
R++05 ——

6 [ 2R++09 —a—

R++11 —a—

Running WAF
.

1 L L . . . . L
0.010% 1.0*107 2.0*107 3.0*10 7 4.0*10 7 5.0*107 6.0*107 7.0*107 8.0*107 9.0*107

Write Sequence

Fig. 9B. Running WAF of fio with Different Zipf Distribution

5.1 fio Mizn 2M

Fig. 9A%} Fig. 9B fio9] A% ZAFE Fig. 9A= zipf
distribution®] gto] 0.9%1 %ol Al 7FA] FTLe| thgt A F
Aito|t}. Fig. 9ACIA fioe FZo] B5F ARHE 5% AHE
Aglo] XFP=E7| Lo 1T B¢ WAF/F 27|58 =2
A Z7tete RS ERIT & Utk Fig. 9BE zipf distri-
bution®] o] 0.5, 0.9, 1.1%1 A%l H3] 2RI} 2R++0]
s AE Xyt T zmolot MR utAo] AIZEE &5
7HA £7g7k 2 2 WAFSE 2R3} Bl ek 2R++9] 7iAdE
< Table 30| YAt 7HA-Eof gt F42 Equation
(Dell eIt WAFS] ghollA 1S B WAFS] 712 3t

= MNAEE ke 3494 ALttt
zipf & 0.59014 AL 6.126%, 0.9914 12.255%,
1.1914 60.383%=2 skewness?} #ZA4E 2R++0 2t
WAF9] 7j4d&0] =obd& &1 £ Slot. Skewness7t &
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2R++: Warm Page AMES &%t 2R FTL 7 425

Table 3. Cumulative WAF of fio

Improvement
2R 2R+ Ratepof 2R++(%)
fio(zipf = 0.5) 6.196 5.896 6.126
fio(zipf = 0.9) 4.223 3.871 12.255
fio(zipf = 1.1) 1.771 1.481 60.383

(WAFof2R— WAFof2R++)

MaE = (WAFof2R++ —1) W

HE7} W2 warm/cold #0]A]9] &= F713tt. Warm H
oj|X|9] Z7l= AF 2 BEAE FEsH] 2ol skewness
7t Z7VEE 2R++9] 7fAEo] Fobdt

5.2 TPC-C A&zt 24
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Fig. 10A. Running WAF of TPC-C
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19 | 2R+ —s—
18 |
17 |
[ 16 L
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=
g 15t
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g 14t
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0.00° 10707 20707 30707 40707 50707 6.0%107
Write Sequence

Fig. 10B. Running WAF of TPC-C in Detail
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Table 4. Cumulative WAF of OLTP

Greedy 2R 2R++
TPC-C 3.286 1.356 1.225
Linkbench 3.379 1.217 1.19
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Fig. 11A. Running WAF of Linkbench
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Fig. 11B. Running WAF of Linkbench in Detail
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