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Dramatic price reduction of flash memory

SSD is emerging as a killer application for NAND flash
(desktop PC, enterprise server, camcorder)

Pros

e Low power consumption, high reliability and high
random access performance

cons
e EXpensive cost
To reduce the cost of SSD,

e MLC (multi-level cell) flash SSD is a popular recent
solution

e MLC has a slower performance and a shorter life
span, making the performance of SSD a critical
Issue.

D. Shin@SKKU NVRAMOS 2009 Fall 2

AL1gaaN



Hurdles towards High-Performance {7}

e Slow write performance compared to read performance.
e Use internal volatile write buffer (SDRAM)

—long write latency is inevitable when the buffer
should be flushed due to its limited capacity.

e Inferior sequential performance compared to HDD

e Use parallel architecture (multi-channel and multi-
way architecture)

—Program multiple pages on different chips at a
time
e Too large mapping information
e Use coarse-grained mapping such as superblock

—Large block merge overhead
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e Two critical issues on designing the NAND flash SSD

 how to select victim pages for the write buffer
flush

e how to map logical address into physical address
considering the parallel architecture of SSD

e Multi-level address mapping technique (MLAM)

e victim page selection for the write buffer
considering the block merge overhead

e dynamically determines the mapping granularity
based on the write pattern

—Provide fast performance with small mapping
table
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SSD Architectures

e Park [NVSM’'06] : multi-channel and multi-way
controller

e Kang [JSA'07] : striping, interleaving and pipelining
e Chang [ASP-DAC’08] : hybrid SSD architecture
e Agrawal [USENIX'08] : trace-driven simulator
e page-level mapping (async mode)
e superpage-level mapping (sync mode)
e Shin [ICS’09] : page stripping methods
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 No Iintensive research on the address mapping for flash
memory SSD.
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Multi-Level Address Mapping

e Wu [ICCAD'0O5] : two-level address mapping scheme
that dynamically switches between page-level and
block-level mappings

e Chang [TOS'05] : tree-based management scheme that
adopts multiple granularities

e Uu-FTL [EMSOFT’08] : multi-level mapping managed by
u-tree

« No consideration of the parallel handling for interleaved
flash chips in SSD
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Flash-Aware Buffer Schemes

e CFLRU: delays the flush of dirty pages in buffer cache

 FAB: block-level buffer replacement
e BPLRU: block-level LRU policy and block padding
 REF: considers the recent history on log buffer

 No buffer management scheme considering the parallel
architecture of SSD
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SSD Internals

e SDRAM Buffer: temporally stores data from the host
e Multi-Channels: can be accessed simultaneously
e Multi-Ways: can be accessed in interleaved manner

e Superchip: A group of chips which can be accessed
simultaneously.

super super super super
chip 0 chip 1 chip 2 chip 3 Data transfer time Page program time
| NAND | Channel A 2-way *
controller | | | | | | | | Channel A Flash Chip A0 | | |
chip | | chip chip | | chip chip | | chip chip || chip .
= A0 || A1 || A2 || A3 ||| a4 || A5 ||| A6 || A7 Flash Chip Al | | |
o E g NAND | Channel B Flash Chio BO | | |
o as i
£ 5 '5 controller | | | | | | | | Channel B P
o A ~ chip || chip chip || chip chip || chip chip || chip Flash Chip B1 | | |
k= é Bo || B1 ||| B2 || B3 || B4 || B5 ||| B6 || B
=
172}
o NAND | Channel C .
- Flash Chip CO
=N controller T 1 T T 1 T T 1 T 1 | Chmec pco| | |
chip | | chip || | chip | | chip ||| chip || chip || | chip || chip Flash Chip C1 | | |
Co Cl C2 C3 C4 C5 C6 C7
L_| NAND Channel D Flash Chip DO | | |
controller | | | | | | | | Channel D
chip | | chip chip || chip chip || chip chip || chip Flash Chip D1 | | |
Do || D1 ||| D2 || D3 ||| D4 || D5 ||| D6 || D7 - -
SSD Controller 200 us 800 us
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Superpage and Superblock

chip
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chip chip
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Superpage (page group)
e A group of pages uer ==
which can be G2

accessed in parallel

super

block

e All pages have the (4096KB)

same offset within a  re _I=

(4KB)

Chlp plock ~T|-

Superblock (block group) o
e Extension of

superpage to a group

of blocks.
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Address Mapping

e Goal: minimize block merge overhead with
small mapping table

e Page mapping: chip selection issue, async
or sync, too large map table

e Superpage mapping (hybrid mapping):
fragmentation, large map table

e Superblock mapping: fragmentation, large
SB merge overhead

e Multi-level mapping
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Mapping Table

Mapping Level

128GB SSD

Entry Size

Total Size

# of Entry

Page-level 4 bytes 128GB/4KB = 32M 128 MB
Superpage-level 3 bytes 128GB/32KB = 4096K 12 MB
Superblock-level 2 bytes 128GB/4MB = 32K 64 KB

_ Log 3 bytes 13GB/32KB= 400K

Hybrid-level 1.2MB
Data 2 bytes 115GB/4MB = 29K
Page: 4KB

Superpage: 32KB
Superblock: 4MB
Hybrid: log buffer is 10% of total storage
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Mapping Levels

LSPs (PLSE)
oD LSE
LSP
LP LP LSP LSP
i vy
;" I . P!P v ¥ ™
pp rp ﬁ
rer Fsp PSB
PSPs (PPSE)
Flash Memory
e oy
- Superpage mapping Multi-level Superblock
Page mapping Hybnd mapping mapping mapping
abbr.

LP:Logical Page  LSP: Logical Superpage PLSE: Partial Logical Superblock LS5H: Logical Superiblock
PP Physical Pazpe PEP. Phiysical Sapapape PPSEB. Palial Physical Supreblim k. P3B. Physical Supeeridouk
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Superpage-Level Mapping
o"@a*t“
SDEAM Write Buffer LPN /P‘E-FH PSEN 0 LPN
5 5 | 7 I =TT T31: 5 7
=] 9 (0] 012 |15 13]15| B 9 ] 10 | 1L ] 12 ] 13 | 14 | 15
s (17 (e[ [20]an]lxn]n] » [ [ [ ig 10 20 [21 22|33
24 I 3 M2 s 278 230 31 Ll
3 [ 32 133 | 34 | 35 | 36 | 37 | 38 | 39
I MII'E f I f I f
127 [ 1016 [ 1017 | 1018 | 1010 | 1020 | 1021 | 1022 | 1023 ~
Superpage Map Table ol
-
g 3
LSPH PSPH PSBN 100 E:‘gr
0 0 == 12800 =
1| 1=+ 12801 12 o [ 1 [ 2 [ 345 [6]7 5, &
3 T e 12800 1201 8 | 9 |10 | 11 | 12 | 13 | 14 | 15 8
3 3 = 12803 12 16 |17 | 18] 19 [20 | 1 | 2 | 23
3 3 12803 24 25 [ 26 | 27 | 28 | 20 | 30 | 31 |ege
3 3 iovalid page
. valid page
free
page 12027

« Small mapping table compared to page-level mapping,

but still too _Iarge In large-scaled SSD (LPN % Nqyy,) = ChiplD
. Fragmentatlon (there are unuggd pages) (in-place for all pages)
e Requires copyback for unmodified pages
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Superblock-Level Mapping

SDEAM Write Buffer LPN PSBN 0 LPN
r
5 16 ® S T e G [ R L
8] 9 (0|12 ]|13]14]15 8 | 0 | 10 | 11 | 12 | 13 | 14 [ 15
16 | 17 18] 1w [2o]2an]=n]zm 16 | 17 | 18 | 19 | 20 | 21 | 22 | 23
24 I 23 R 25 | 26 | 27 | 28 | 29 | 30 | 31
I write - ! - | - : e -
1016 [ 1017 | 1018 | 1019 | 1020 | 1021 | 1022 | 1023 =
Superblock Map Table % E
ISEN  PSBN PSBN 100 &'z
? ﬂ"';nm D 1 1] 213 141]5] 6] 7 g
8 | @ |10 |11 |1213]14]15 =
2 13
3 20
4 2
imvalid paze
valid page
fres page

« Small mapping table
 Large fragmentation
» Superblock merge overhead for small-sized requests
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Hybrid Mappmg

SDRAM Write Buffer LP PSPN PSBN 0 (Data Superblock) LPN

1% buffer flush 3 3 =] 0 0 0 3 3 3 r 72 F
R ] 9 |10 1L 12|13 |1a]1s A s T [z s s | 1S
6 | 17 | 18 | 19 | 20 | 21 | 22 | 23 2 P06 |17 |1 a9 |20 [ ar |2z |
24 3 e as 26 [ 27 | 28 | 29 | 30 | 31

4 [32 ]33 3435 [36 |37 ]38 30
2" buffer flush T036 [ 1037 | 1038 ] 1039
1040 | 1041 | 1042 | 1043 | 1044 | 1045 | 1046 | 1047 127 (1016 | 1017 [ 1018 | 1019 | 1020 | 1021 | 1022 | 1023
I048 [ 1049 | 1050 ) 1051 | 1032

PSBN [ (Data Superblock)

(um/pear 10)
yoeqAdoo

write 128 [1024 [1025 [ 1026 [ 1027 [ 1028 [ 1029 [ 1030 [ 1031
Superblock Map Table % 1032 | 1033 1 1034 | 1035 § 1036 | 1037 | 1038 | 1039
LSBN  PSBN Ao [1040 1104017042 71043 [ 1044 | 1045 [ 1046 [ 1047
0 0 131 [ 1048 [ 1049 [ 1050 [ 1051 [ 1052 [i053 [ 1054 [ 1055
! ' 132 | 1036 [ 1057 | 1058 | 1039 | 1060 | 1061 | 1062 | 1063
2 1mn Z g 2 A B Z g
3 12
4 20 255 | 2040 [ 2041 [ 2042 [ 2043 [ 2044 [ 2045 [ 2046 [ 2047
N PSBN 100 {Log Superblock)
Log block Map Table 128000 0 1 2 3 4 3 & 7
LSPN PSP 12801 8 9 |10 [ 11 |12 | 13 ] 14 | 15
foamel 16 | 17 [ 18 [ 19 [20 [ 21 [ 227 23
0 12800
: I gz [ 20 [ 25 | 26 | 27 | 28 | 20 | 30 | 31 e Log buffer
,, TE 1240 1032 | 1033 | 1034 [ 1035 | 1036 | 1037 | 1038 | 1039
12805 [ 1040 | 1041 [ 1042 [ 1043 | 1044 | 1045 [ 1046 [ 1047
129 12804 —
30 7505 invalid page 12506 | 1048 | 1049 | 1050 [ 1051 [ 1052 § 1053 | 1054 | 1055 |t
131 12806 vahid page
free page
oo 12927
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Superpage-level or hybrid-level mapping will be more
efficient than superblock-level mapping if a workload
has high temporal locality and low spatial locality
(random pattern).

However, write requests on flash chips come through
several buffers, which perform merging and sorting for
small-sized write requests

Therefore, they have little temporal locality but high
spatial locality (due to buffer's merging operation)

How about multiple mapping granularity?

But arbitrary mapping granularities require high
complexity (eg. u-FTL)
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Sub-Superblock

Physical chip chip chip chip chip chip chip chip
page number ~_ AD B0 Co Do Al Bl Cl D1
4 Superblock 1Ty
( 16 superpages 2
= 512KB) T L2 L
e R St g ==
/4 Superblock -
(32 superpages
= 2048KB) . 1 _ .
';;’?’f“Fﬂh]ﬂck . , . 1/2" superblocks or
orsereses (L - 1| © | | © 27" superpages (0 < n < m)
Fl'l}’SiEH] Block [37 117 177 T37 T3 137 T3 i
(128 pages —F
= 512KB) Superblock (4096KB)
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Find the largest mapping
unit which invokes a
merge overhead less than
the predefined portion.

LSBO|of1[2[3]4]|5]6]7
LO

LSB 1({ol1l203l4al5]67]
LO

LSB2|ol1[2[3]4]5]6]7
LO

LSBO|o]l1][2]3]4

LSB1|of1]2[3] (4

Flo| P o

ol __ |01
ol [lr

LSB2|ol1]2[314]5
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SDRAM Write Buffer LPN PSPN PSBN 0 LPN
1¥ buffer flush 5 % —F 0 0 ] 3 3 1 3 P K
8 1 0 [ 10 [t 1213|1415 T el e Tl lie]is
6 | 17 [as |9 20 [ar 22 s I T A T T O T R
24 3 a5 26 |27 [ 28 [ 29 | 30 | 31
15 120 121 122 123 124 125 1 126 127
2" buffer flush T036 | 1037 ] 1038 | 1030 16 [ 128 | 120 | 130 | 131 | 132 | 133 | 134 | 135
1040 [ 1041 [ 1042 [ 1043 | 1044 | 1045 | 1046 [ 1047
27 20 102 2 [1023
1520 1521 [1522 [1523 [1524 [ 1525 ] 127 [1016 [ 1017 [ 1018 [ 1019 [ 1020 J1021 [ 1022 [ 1023
- =)
write PSPN PSBN 1 Len| 5
(1]
~+]
L0 Map Table 128 J1024 1025 [1026 [ 1027 [ 1028 [ 1029 [ 1030 103% =9
¥ 4 7 =
LSBN  PSBN ){J/]on 1033 [ 1034 [ 1035 [ro3e [1037 [ 1038 T 1039 z
0 0 ) T
| | 190 [ 15200 1521 | 1522 [ 1523 {1524 § 1525 F 1526 [ 15327 -
5 y 191 [1528] 1529 (1530 [ 1531 ] 1532 ] 1533 | 1534 | 1535
192 [1536 [ 1537 [ 1538 [ 1539 [ 1540 [ 1541 [ 1542 [ 1543
@ 255 2040 [ 2041 [ 2042 [ 2043 | 2044 [ 2045 [ 2046 [ 2047
LO Map Table L1 Map Table LPN
LSBN  PSBN LSSBN  PSSBN SPN PSBN 100
L2 1 2 | 047 | 047 28080 T L 2] 21201516717
103 |mIOUEE 12801 8 | 0 | 10 | WL ] 12] 13| 14]15
147 | 147 T )
T 16 [ 17 [ s [19o [0 [2r[22]23
12803 24 [725 | 26 | 27 | 28 | 29 ] 30 | 3
L2 Map Table L3 Map Table : | -
LSSBN  PSSBN LSSBN  PSSBN SN ze Jian Jiz2 Tios [ uad Tias 126 T 127
[023 [ 023 | 0.0 100.0 Mraggp [1024 [1025 J1026 [1027 [1028 [ 1029 11030 [ 1031
0.1 0.1 . |1032 [ 1033 [ 1034 [ 1035 [ 1036 | 1037 [ 1038 | 1039
12878 | 1520 [ 1521 [ 1522 [1523 [1524 [ 1525 ] 1526 [ 1527
12570 [T528 | 1529 | 1530 ] 1531 | 1532 | 1533 | 1534 | 15355 | ¥
invalid page 12880
valid page
free page
12927 [ 1
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e Sub-superblock writing invokes the fragmentations
within PSB

e Write by the unit of PSB

e Compose one virtual superblock with several sub-
superblocks and write the VSB at a PSB

 We need several victim logical superblocks to compose
a VSB
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Victim LSB Selection

e SIZE policy

e Choose the biggest LSB which means that most data
are to be updated.

e Small-sized LSB could remains without being flushed.
e LRU policy

e (Choose the LSB which has not been accessed for the
longest time.

e Old and small-sized LSB may deteriorate performance.
e LRU+Size policy
e Consider both two factors

t(B:)
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Pr(B;) =« - + (1 —a) -
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Virtual Superblock Composition

Each victim LSB is
partitioned into sub-SBs if
It has more than k
empty blocks

Group the victim sub-SBs
based on the superchip
iIndex

Compose a VSB for each
superchip such that it has
the largest number of
updated pages

Select the largest-sized
VSB among the VSBs for
several superchips

empty
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Candidate victim LSBs in write buffer
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Superchip 0 P P
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2731 1506171
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Flash memory

sub-superblock index

( before eviction of V)

{ after eviction of V)

Flash memory

4 sub-superhlock index A 4 nvalidate N
PSB# PSB# iv
1{:||u'£|1|1|3] w o 51 | 213 |
w o] T 27135 ] :{> 20 [ o] ;2 1,3 | |write
sl o |1 | 2] 3 | 154 [ o | [12 3 ]
w2 o [ 1] 2 [ 3] 62 | 0 | (12 ||3 |
I\ J copybagk  gopybagk
s6 | o [T |T3 ™
. J/
LSB  psh  tab LSB psb, psh, tab, tab, index psb_loc
0 10 00 ol o [ o |2]1 o 10 |1
l 20 00 NI R 1| 20 o
2 154 0D :D 2 154 00 2 56 |1
3 162 00 3 162 0]o L, mapping table
4 - - 4 | | - 2| - index psh, loc, psh, loc,
L, mapping table L, mapping table of 1o o 56|l
(initial state) 1| 56 |0 -
L, mapping table
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Experiments

e Our SSD simulator

e 4-channel and 2-way

e 16—~128 MB SDRAM

e 32 1GB MLC flash chips

e 5 real disk I/0 traces
and 1 benchmark trace

parameter value parameter Value

Page size Page read 60 us
Block size 512KB Page write 800 us
(128 pages)
Superpage 32KB Block erase 1.5ms
size
Superblock 4096KB Page copyback 860 us
size

D. Shin@SKKU

128 768 1408 2048 2688 3328 Others
Sector length

1000000 . 1000000
< 100000 S 100000
= =
@ 10000 8192 sectors g 10000 8192 sectors
@ =
E 1000 ‘g 1000
< 100 < 100
- -
é 10 ‘; 10
z 1 Z= 1
128 1792 3456 5120 6784 8448 Others 128 2304 4480 6656 8832 Others
Sector length Sector length
(a) Desktop (b) pcFAT32
. 1000000 . 100000
$ 100000 $ 10000
{'; 10000 8192 sectors L,_? 1000 8192 sectors
2 ]
= 1000 E 100
'; 100 =
5 10 5 10 |
E 1 E 1 L1 . S
“ 128 4608 9088 13568 18048 22528 Others ~ 128 3200 6272 9344 12416 15488 Others
Sector length Sector length
(c) pcNTFES (d) JPEG File Copy
» 100000 1 . 100000
5 10000 5 10000
] 2 8192 sectors
= 1000 = looo
E £
z 100 = 100
= s
5 10 5 10
= =
g 1 s 1
z z

128 6272 12416 18560 24704 30848 Others
Sector length

(e) Internet Explorer
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Experiments

e Mapping level comparison with varying

K

same to

0 1 2 3 4 5 6 7<:‘_| SUprblOCk

mapping
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2 2
3 3
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s 3
St S
D D
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4 4
0 1 2 3 4 5 6 7 o 1 2 3 4 5 6 17
(c) pcNTFS (d) JPEG File Copy
100000
E E 80000
% é 60000 -
= = 40000 -
= =
g £ 20000 -
= =
z z 0
0o 1 2 3 4 5 6 17 0 1 2 3 4 5 6 7
(e) Internet Explorer (f) Tozone
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Experiments

e Execution time comparison with varying k

empty

400 — 2000
300 : 1500
< 200 - < 1000 —
& 2 P——
= 100 =500
0 .—-_.—-_k'ﬁ-u--. 0 il el

(a) Desktop

(b) pcNTFS

=== Buffer-flush Cost

=== Reorganization Overhead

Total Cost
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Experiments

e Execution time comparison with varying k

empty
400 l 400
300 T — - 300 =
< 200 BB B B0 Z 2024225 N B 8
-] *]
£ E
£ 100 4 — — |[£ 100 -
0 - 0 -
o 1 2 3 4 5 6 7 o1 2 3 4 5 6 7
(a) Desktop (b) pcFAT32
2000 120
100 Bl B
~ 1500 I: jrrrrarEe o i
E 100 T = == E 60 -
Z 50— - g 407
I I I I l 20
0 - 0
0o 1 2 3 4 5 6 7 o1 2 3 4 5 6 7
(c) peNTFS (d) JPEG File Copy
25 3000
20 — = 2500
- s 1113 BB . 2000 -
e - 1500
£ 107 E oo 4451 R
0 - 0 =
o0 1 2 3 4 5 6 7 01 2 3 4 5 6 1
(¢) Internet Explorer (f) Tozone

| B Erase [l RNW [ Copyback [l Write [l Readl

D. Shin@SKKU NVRAMOS 2009 Fall 26



Experiments

e Execution time comparison while varying the buffer size

400 300
| 230 T
300
[ | 200 —
<200 | = 150
-] -*]
E 100 - £ 1001
N -
0 - T T T 0 - T T T
16MB 32MB ©64MB 128MB 16MB 32MB ©64MB 128MB
(a) Desktop (b) pcFAT32
1200 100
]
1000 80 —— e = ==
800 -
z | | % 60 1
T 600 — =
o =)
E 400 — | |E 7
= [=
|
0 T T T 0 - T T T
16MB 32MB 64MB 128MB 16MB 32MB ©64MB 128MB
(c) peNTFS (d) JPEG File Copy
30 3000
25 2500
20 — 2000
‘g 15 ] — ?E" 1500
= 10 = 1000 e —
= =
5 500
0 T T T 0
1eMB 32ZME 64MB 128MB 16MB 32MB 64MB 128MB
(&) Internet Explorer (f) Iozone

| [ Erase [l RNW [ Copyback [l Write [l Readl
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Experiments

e Comparison between victim selection policies
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700 600
600 — 500 +—
500 400 ——
2 400 - e 00— _
£ 300 T —— — £ —
& o0 d— B = 200 T T e e e e
100 +— _ _— _ 100
0 —-—,—-—,—.—,—-1 0 -
FlushAll LRU Size LRUSize MLAM FlushAll LRU Size LRUSize MLAM
(a) Desktop (b) pcFAT32
160
120 T— —
g E 30 T —— I —— I ——— e —
= =
40 7
0 -
FlushAll LRU Size LRUSize MLAM FlushAll LRU Size LRUSize MLAM
(c) pcNTFS (d) JPEG File Copy
40 4000
30 T 3000 . —
g 20 +— g 2000
= =
10-] I I I I: NIBEERI]

FlushAll LRU Size  LRUSize MLAM

FlushAll LRU Size LRUSize MLAM

(e) Internet Explorer

(f) lozone

’ B Erase M RNW M Copyback M Write [H Read‘
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e The parallel architecture (multi-channel and
multi-way) is essential to the high performance
NAND flash SSD.

e The coarse-grained mapping can show poor
performance when there are many random and
scattered write requests.

e Can reduce the superblock merge overhead
significantly by allowing multi-level mappings.
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