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Abstract

The ever increasing requirement for high performance and high capacity memories of
emerging handheld devices or applications has led to the widespread adoption of DRAM and
NAND type flash memories. Thus, the buffering policy for flash based systems has to

improve the overall performance.

Hence, the use of flash memory requires new buffer replacement policies considering not
only buffer hit and miss rates but also the number of read , write and erase operations. Most
of the traditional buffer replacement algorithms focued on the hit ratio improvement alone,
but not the number of write counts caused by dirty pages to be propagated to the flash

memory, which is the main factor to be considered in flash memory based systems.

The dissertation is mainly focused initially to determine the optimal window size for Clean
First LRU algorithm and then to evaluate the performance of LRU, CFLRU and ADLRU
buffer replacement algorithms. Finally, the comaparative study based on quantitative analysis
of those algorithms is performed based on the hit/miss rates and the number write counts. The
evaluation is conducted in a simulation environment using three kinds of synthetic traces :
random, readmost, and writemost. The dissertation finally concluded that the ADLRU is
superior to LRU and CFLRU in most of the cases. Hence, for flash based systems, the
ADLRU buffer replacement algorithm is the best option due to its high hit rates and at the

same time low write counts.

Keywords:- Flash Memory, replacement policy, buffer management, LRU page

replacement algorithm, Clean First LRU (CFLRU) buffer replacement algorithm, Adaptive
LRU (ADLRU) buffer replacement algorithm, Page faults, Cold LRU, Hot LRU, write

counts, hit rate, miss rate.



Table of Contents

<
ACKNOWIEdZEMENLS ...uvvnnriiiniiiniiiiniiiniiiietiietiiietiintosnstsesrosnsssessosnsssessosnsons i
N 1] =T ii
Table OF CONTENES v.uviuineiniiniieiieieiiniieeieeerentiacescesensensessescnsonsessessnsansassnsnns iv
LISt Of FIQUIES teuieiieiiieiieietiiinteeeneententeecesenssncescescnsansessessnsonsossmessnsssnsnns iX
List 0f Tables .oviiiiiiiniiiiiiiiinneiiiiiiiiinseesiieessssssssssccsssssssssssccsssessssssscsssssnes X
List of ADDIreviations ......ccceeieiieiiiiiieiiiieeeietieeerecenteneesesensescsnsensenssansonsones Xi
CHAPTER 1
Background & Introduction
1.1 Background. .........cooiiiii e 1-5
LLLFIaSh MEMOTY ... e, 1
1.1.2 Performance MEtriCs. ......ovoueirii e e 3-4
1.1.2.1Page Fault Count.........oooviniiiii e, 3
1122 WIHite COUNES. ...uvnt it 3
1.1.2.3 HitRate and MisS RatesS...........ccovviiiiiiiiiiiiiieieeae 4
1.1.3 Program Behavior...........ooiuiiiiiiii e 4-5
1.1.3.1 Locality of Reference..............ccoovviiiiiiiiiiiiieeeen 4
1.1.3.2 Memory Reference Pattern...............ccoooviiiiiiiiiiiinns. 4-5
L2 INErOTUCTION. ..ottt 5-7
1.2.1 Problem Statement............ooouiiiiiiiiii e 5
1.2.2 ODJECHIVES. ..ottt 6
L.2.3 MOLIVALION. ... s 6
1.3 ThesSiS OrganiZation. .........c.eerirint ittt e e 7



CHAPTER 2
Literature Review & Methodology

2.1 LIterature REVIEW .. ...ttt e e 8-19
2.1.1 Buffer Replacement Algorithms..............ccoooiiiiiiiiiiiiii e, 8
2.1.2 Traditionl Bufffer Replacement Algorithms.................cccoeiiiiiiiiin, 8-15

2.1.2.1 OPT Page Replacement Algorithm........................o 8
2.1.2.2 LRU Based Page Replacement Algorithms............................ 9-12
2.1.2.2.1 General LRU Page Replacement Algorithm............... 9
2.1.2.2.2 NRU Page Replacement Algoritthm........................ 9
2.1.2.2.3 MRU Page Replacement Algorithm......................... 10
2.1.2.2.4 LFU Page Replacement Algorithm........................... 10
2.1.2.2.5 LRFU Page Replacement Algorithm ........................ 11
2.1.2.2.6 LRU-K Page Replacement Algorithm ...................... 11
2.1.2.2.7 2Q Page Replacement Algorithm ........................... 11
2.1.2.2.8 LIRS Page Replacement Algorithm ........................ 12
2.1.2.2.9 ARC Page Replacement Algorithm ........................ 12
2.1.2.3 CLOCK Based Page Replacement Algorithms.....................oooiin, 13-15
2.1.2.3.1 CLOCK Page Replacement Algorithm....................cccee.l 13
2.1.2.3.2 GCLOCK Page Replacement Algorithm .....................o.e.. 13
2.1.2.3.3 CAR Page Replacement Algorithm.................ooooiiininn, 14
2.1.2.3.4 CART Page Replacement Algorithm...................cccceeuennn 14
2.1.2.3.5 CLOCK-Pro Page Replacement Algorithm......................... 14
2.1.2.3.6 Adaptive CLOCK-Pro Page Replacement Algorithm...............15
2.1.2.4 Buffer Replacement Algorithms for Flash Based Systems.................. 15-19
2024 L CFLRU. ...ttt 15
20242 ARC. ..o 15



21243 CFDC... ..o 16

21244 CASA . o, 17
21245 LRU-WSR... ..o 17
2.1.24.6 LIRS-WSR... ..ot 18
21247 AD-LRU. ... 18
21248 CCF-LRU.. ..o 19

2.2 Research Methodology ........c.cooviiiiiii e 19

CHAPTER 3

Buffer Replacement Algorithms for Flash Memory based systems in this
Dissertation

3.1 LRU Buffer Replacement. ...........coooiiiiiiii e 20-25
3.1.1 LRU Buffer Replacement Algorithm Implementation Issues................. 20
3.1.2 LRU Buffer Replacement Algorithm Tracing................ccooeevinennn.. 21-25
3.2 CFLRU Buffer Replacement.............c.oiiiiiiiiiiiiiiieiie e 26-33
3.2.1 CFLRU Buffer Replacement Algorithm..................ooooiiiii. 26-27
3.2.2 CFLRU Buffer Replacement Algorithm Tracing.................ccceeenenn.. 28-33
3.3 ADLRU Buffer Replacement............c.oiiuiiiiiiiiiiiii e 33-42
3.3.1 ADLRU Buffer Replacement Algorithm.................cooiiiiiiiini. 34-36
3.3.2 ADLRU Buffer Replacement Tracing..............ccoooviviiiiiniiiiiiinnn.. 37-42
3.4 Determination of optimal window size (w) for CFLRU ........................o.... 43

Vi



CHAPTER 4

Implementation and Testing

AL TOOIS USEU. ...t 44-45
4.1.1 Programming Language...........c.ooveriiriiiii e, 44
4.1.2NetBeans IDE.........oiii 45

4.2 Data StruCtures USEA. ..o 45-50
4.2.1 Doubly Linked LiSt (DLL)........coviititiiiiiie e 45-46
4.2.2 Structure of LRU, CFLRU & ADLRU nodes ............................ 46-50

4.3 Flowcharts of the Algorithms Taken.....................cooiiiiiiiiiiiisieeienn . D153

431 LRU FIOWChArt. ..o 51
4.3.2 CFLRU FIOWChart. ........oeieii e 52
4.3.3 ADLRU FIOWChart.........cooiiiiiiiiii e 53
4.4 SamMPle TeSt CaSES. . ..vit ittt e 54-55
CHAPTER 5
Test Results & Analysis
5.1 Test WOrkloads. .........ouininiii e 56
5.2 T@SHINE. .. ettt et 56-60
5.2.1 Test result of Workload 1[random traces]............cccooevevvenininnnnn. 57-58
5.2.1.1 Test result for CFLRU for finding optimal value of window size(w) for
WOrKIOad 1... ..o 57
5.2.1.2 Test result for three algorithms with varying buffer size...... 58
5.2.2 Test result of Workload 2[readmost traces].............ccevevvenvnnnnn, 58-59
5.2.2.1 Test result for CFLRU for finding optimal value of window size(w) for
WOTKIOad 2..... o 58
5.2.2.2 Test result for three algorithms with varying buffer size....... 59
5.2.3 Test result of Workload 3[writemost traces].................ccevnnen.. 59-60

vii



5.2.3.1 Test result for CFLRU for finding optimal value of window size(w) for

WOrKIOad 3 ... 59

5.2.3.2Test result for three algorithms with varying buffer size......... 60

5.3 ANAIY SIS, .ot 61-67
CHAPTER 6

Conclusion and Recommendation

(T L 00) 1 1ed 11 5 T PP 68
B.2 FULUIE WOTK. ... .o e 69
i?eferences ................................................................................... 70-71
APPENAICES. . ueinniiniiieiiniiiiieiiieietiatiteeatsssosssssssssossssssssssssssssssnsonses 72-77

viii



List of Figures

P
<

Fig. No. Caption Pages

Fig 1.1 - A simple architecture of Flash based storage Systems ..............ccccovvviininnnnn. 1
Fig 1.2 - Demand Paging using ONeNAND ... ..ottt e 2
Fig.2.1 Example of CFLRU algorithm..............oooiiiii e 15
Fig. 2.2 Example of CEDC... ..ot e e e 16
Figure 2.3 Example of CASA Algorithm...... ..., 17
Fig4.1 - Flowchart of LRU Algorithm............ooouiiiiiiiiii i o1
Fig4.2 - Flowchart of CFLRU Algorithm.............ccoooiiiiiiii e 52
Fig4.3 - Flowchart of ADLRU Algorithm.............oiiiiiiiiiiiiieie e, 53

Fig5.1 - Graph for Table 5.1 showing hit rate for CFLRU with varying window_size .....61
Fig5.2 - Graph for Table 5.1 showing write counts for CFLRU with varying window_size..61
Fig5.3 - Graph for Table 5.2 showing hitrate................ccooiiiiiiiiii e 62

Fig5.4 - Graph for Table 5.2 showing write COUNtS.................oooiiiiiiiiiin . 62
Fig5.5 - Graph for Table 5.3 showing hit rate for CFLRU with varying window_size .....63
Fig5.6 - Graph for Table 5.3 showing write counts for CFLRU with varying window_size..63

Fig5.7 - Graph for Table 5.4 showing hitrate..............oooiiiiiiii 64
Fig5.8 - Graph for Table 5.4 showing Write COUNTS............cooviriiiiiiiiiieeeeae, 64
Fig5.9 - Graph for Table 5.5 showing hit rate for CFLRU with varying window_size ...... 65
Fig5.10 - Graph for Table 5.5 showing write counts for CFLRU with varying window_size
...65
Fig5.11- Graph for Table 5.6 showing hitrate...............cooooiiiiiiiiiii e 66
Fig5.12- Graph for Table 5.6 showing write COUNES.............ccoiiiiiiiiiiii e, 66



P

List of Tables
Table No. Caption

Pages
Table 1.1 - Motivation of the Dissertation

Table 5.1-Test result for CFLRU for finding optimal value of window size for Workloadl

Table 5.2 - Test results of Workload 1 with varying buffer size

Table 5.3-Test result for CFLRU for finding optimal value of window size for Workload 2

Table 5.4 - Test results of Workload 2 with varying buffer size

Table 5.5-Test result for CFLRU for finding optimal value of window size for Workload 3



P

List of Abbreviations ‘

ADLRU
ARC
CASA
CFDC
CFLRU
CMOS
CPU
DLL
DRAM
EEPROM
HPC
HR
IDE
1/0
JIT
JVM
LFU
LIRS
LRFU
LRU
MLC
MR
MRU
NAND
NDP
NPF
NRU
(ON)
PDA
PMP
SLC
XIP

Adaptive Least Recently Used
Adaptive Replacement Cache
Cost Aware Self Adaptive

Clean First Dirty Clustered
Clean First Least Recently Used
Complementary Metal Oxide Semiconductor
Central Processing Unit

Doubly Linked List

Dynamic RAM

Electrically Erasable Programmable Read Only Memory
Handheld Personal Computer

Hit Rate

Integrated Development Environment
Input / Output

Just In Time

Java Virtual Machine

Least Frequently Used

Low Inter-reference Recency Set
Least Recently Frequently Used
Least Recently Used

Multi Level Cell

Miss Rate

Most Recently Used

NOT AND

Number of Distinct Pages
Number of Page Fault

Not Recently Used

Operating System

Personal Digital Assitant
Portable Media Players

Single Level Cell

eXecute In Place

Xi

»



