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SUMMARY  Flash SSDs are being incorporated in many enterprise to provide a good performance on thousands of hard disks.
storage platforms recently and expected to play a notale fow 10- Similar studies based on characteristics of flash SSDs are
intensive applications. However, the 10 characteristitfiash SSDs are also strongly required to achieve expected performance im-

very different from those of hard disks. Since existent storage starsg H h f f | .
are designed on the basis of characteristics of hard dibkslQ perfor- provement. owever there are few reports for evaluating

mance of flash SSDs may not be obtained as expected. This paper ~ detailed behaviors of SSDs.
vides an evaluation of flash SSDs in transaction processis@mss with This paper provides evaluation on the 10 behaviors
TPC-C benchmark. We present performance results with wsugonfigu- of SSDs running an actual database application. The on-

rations and describe our observations of the IO behaviafgfatent levels . . . ] . .
along the 10 path, which helps to understand the performaidtash- line transaction processing is taken for the examination. A

based transaction processing systems and provides ceefairences to traditional file system, ext2fs, and a typical log-struetlir

build flash-based systems for 10-intensive applications. file system, nilfs2, were adopted. We ran TPC-C bench-
key words: Flash SSD; Database; Transaction Processing System mark with two DBMSs (commercial and open-source), three

high-end flash SSDs (Mtron, Intel and OCZ), and two 10
1. Introduction schedulers (Anticipatory and Noop). Thefdrences of ba-

sic performance of three SSDs have been measured and an

Flash SSDs are likely to be used in enterprise storage platalyzed. Then, the detailed behavior of IO path has been in-
forms for achieving high performance in data-intensive ap- vestigated. Lastly, we have a comprehensive knowledge that
plications. Many researchers have proposed solutions todesign of log-structured file system should be carefully-con
modify the current applications with consideration of the sidered for SSDs.
characteristics of flash SSDs [1][2][3][4][5][6]. These-so The rest of this paper is organized as follow: Section
lutions are &ective to improve the potential performance of 2 gives a brief introduction to flash SSD and an experimen-
flash SSDs in an experimental system. In current enterprisgi@l study on the basic performance. Section 3 provides the
systems, storage subsystems are usually virtualizedéahin €valuation that we conducted TPC-C benchmark with two
storage network, such as Network Attached Storage (NAS)different DBMSs and three fiiérent SSDs. Section 4 will
and Storage Area Network (SAN), with complex software discuss some SSD-specific features. The related works are
stacks. Optimization techniques along such a long 10 pathsummarized in Section 5. Finally, our conclusion and future
are also important for achieving high performance. The pos-works are provided in Section 6.
sibility of this kind of optimizations has been prelimingri
demonstrated in [7] with a log-structured file system. 2. Flash SSDs and Basic Performance

The stacks of current storage systems have been well
tuned to the characteristics of hard disks for decades.2.1 Flash SSDs
With different characteristics such as seek-less accesses and
“erase-before-write” design, flash SSDs may rteetively NAND flash memory is a kind of EEPROM (Electrically
provide their high performance when they are simply placed Erasable Programmable Read-Only Memory). The memory
into the existing system. space can be divided into many blocks, each block being

In order to better utilize flash SSDs in I0-intensive sys- composed of multiple pages. There are three operations for
tems fully, we need to have a comprehensive understandingNAND flash memory: read, program, and erase. The read
of the 10 behavior along the 10 path. The 10 path has beenand program operations are conducted on an arbitrary page
designed to hide the seek latency and utilize the sequentia®nce the page is programmed, it cannot be re-programmeo
bandwidth. The whole system has been studied and adjustedirectly. An erase operation is required to reset the state
of the whole block before the concerned page can be pro-
Manuscript received June 4, 2010. grammed with new data. Read and program operations can
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2
Table 2  Storage devices in our experimental system, with the peidoce specifications
Manufacture | SLG/MLC Form . Cache Headg .
Model /RPM Factor Interface | Capacity Size Channels Sustained Rate | Performance Value
HGST 7200 SATA Seek time:
HDS72107 RPM 35 3.0Gbps| 750GB | 32MB 8 heads 300MB/st 8.2ms read (typical)
[9] 9.2ms write (typical)
Mtron Sequential Read IOPS(4KB): 12,000
PRO 7500 , SATA ” Read: 130MBs | Sequential Write IOPS(4KB): 21,000
[10] SLC 35" | 30Gbps | S2CB | 16MBT 4 channef® | e’ 120MBs | Random Read IOPS(4KB): 12,000
Random Write IOPS(4KB): 130
Intel ) SATA 4| 10 channels| Read: 250MBs Random Read IOPS(4KB): 35,000
X25-E[11] SLC 25 3.0Gbps 64GB 16MB [12] Write: 170 MB/s | Random Write IOPS(4KB): 3,300
0oCz SATA
VERTEX EX SLC 25" 3.0Gbps | 120GB | 64MB Not found | Read: 260MBs Seek Time: less than 0.1ms
[13] Write: 100 MB/s

1 This bandwidth is connection bandwidth. Sustained transte is not disclosed in the data sheet.
2 Reported by hdparm[14] in our test system.

3 Estimated by the number of Flash Bus Controller (FBC) in foelbdiagram.

4 Obtained by the memory chip used in the 32GB model.[15]

write. enabled. For comparison, HGST’s hard disk was also stud-
ied in the experiment.
Tablel Parameters of Samsung 4GB flash memory chip We developed a micro benchmark tool for measuring
Page Read (4KB) 2515 the 10 performance by issuing several types of IO sequences
Page Program (4KB) 20Qus (e.g. purely sequential reads or 50% random reads plus 50%
Block Erase (256KB) 150Qus random writes) to a target device. The benchmark tool was

set to bypass the file system and the O&din order to

clarify the pure performance of the concerned device.
With the rapid development of NAND flash memory fy pure p

chips, the flash SSD (Solid State Drive) has appeared in the, 5 -
markets. The flash SSD is assembled with large-capacity

flash memory chips and a dedicated control system. Therepse firstly examined the 10 throughput of sequential ac-
ma.y be a number Of ﬂaSh Channe|S Connected in parallel be‘cesses' Three cases are Compared for each device in F|g
tween the flash chips and the control system. The control1 Higher throughputs were confirmed in most of the cases
system contains the mapping logic called Flash Translationjy the SSDs than the hard disk, but several exceptions were
Layer (FTL) and the biier cache, which together provide gjso seen. In Fig. 1(b), the read and write throughputs
disk device emulation. Application running on the server of Mtron's SSD were close to each other and saturated at
can use traditional block reamrite commands to access the  5round 120MBs, which is consistent with the bandwidth
data stored in the flash SSD as if the data is stored in thespeciﬁcations in Table 2. In F|g 1(0)’ the read and write
conventional hard disk. throughputs of Intel's SSD were much higher than that of
Mtron’s SSD, but the write throughput decreased when re-
guest size became larger than 32768 bytes. The acclaimec
bandwidth in Table 2 was also confirmed in Fig. 1(c) when
the request size was set to 1MBIn Fig. 1(d), the read
throughput of OCZ’s SSD was higher too, but the write

The flash SSD has the capability of disk emulation, but ihqughput was the worst. The confirmed bandwidth here
its internal mechanism is fierent of that of conventional |45 |ower than that indicated in the Table 2.

hard disk. The performance characteristics should be care-  rRandom accesses were next studied. Fig. 2(a) to 2(d)
fully studied when we think about the deploymentinto data- ghow the throughputs that were observed for random ac-

intensive systems. In this section, we present our experi-cesses when the number of outstanding 10s was set to one
mental examination with three major SSD products.

We built a Linux server on a DELL Precision 390

IO Throughput

2.2 Basic Performance Study

2.2.1 System Setup

tioned later in section 2.2.2, this limited information @tenough

. . ) to explain overall performance of SSDs. The overall perfomoe
workstation, with Dual-core Intel 1.86GHz CPU and 2GB is afected by complex of various design factors such as flash’chips

memory. Table 2 describes three high-end flash SSDs usedlerformance characteristics, internal channel latanydwidth,
in our system from the major product lines of Mtron, Intel controller processing power, external (device to hosgriannec-
and OCZ! We employed default settings in all the experi- tion latencybandwidth and even software algorithm employed in

ments: read-ahead prefetching and write-back caching werghe controller. We could know the basic performance firsirakte
did the experiments described in section 2.2.

"Table 2 summarizes internal design information such asscach "We do not show the data with the request size larger than
size and channel number that vendors have disclosed. Asris me 262,144(256K) bytes in Fig. 1, 2 or 3 for the brevity.
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The read throughput kept untouched as that of sequentiaing 10s. The results are shown in Fig. 3(a) to 3(d).

Fig.4

+100% Read #100% Write +50% Read 50% Write
300

£ 250
=
= 200
B
% 150
g
£ 100
=
s 50

0

SI2 L0 2088 409 12 16384 32768 65536 131072262144
10 Size [bytes]
(b) Mtron
Fig.1

+100% Read #100% Write +50% Read 50% Write

1
W
8

3

o

o

1024 2048 4096 8192 16388 32768 63536 131072 262144

10 Size [bytes]

(b) Mtron

Fig. 2

+100% Read #100% Write +50% Read 50% Write

- D oW oA oo o
s s 3 3 &8 3

10 Throughput [K IOPS]

0 P -+ .

r ? :
SI2 104 2048 4096 8192 16384 32768 65,536 131,072 262,144

10 Size [bytes]

(b) Mtron
Fig.3

—100% Read —100% Write --50% Read 50% Write

— 100 ———
|
|

a »
s 3

5}
S

Cumulative Frequency [%
-
- &

1 100 10000
Response Time [us]

(b) Mtron

1000000

+100% Read #*100% Write +50% Read 50% Write
300

SI2 1024 2048 4096 8192 16384 32768 65,536 131,072262,144

10 Size [bytes]

(c) Intel

10 Throughput for Sequential Access

+100% Read #100% Write +50% Read 50% Write

|
w
8

7

10 Throughput [K IOPS
w o

o

512 L0240 2048 409 8192 16380 32768 65536 131072 262144

10 Size [bytes]

(c) Intel

10 Throughput for Random Access (Single Thread)

+100% Read #*100% Write +50% Read 50% Write
7 60

550

¥ 40

230

)

é 20

E10 pm

o I
S L4 2048 46 K192 163 268 65556 131072 262144

10 Size [bytes]

(c) Intel

10 Throughput for Random Access (Thirty Threads)

—100% Read —100% Write --50% Read 50% Write

—100 ——
X

= 80 I

z

g

g 60 1

g 0 |

F [

g 20 {

£ o /

a 1 100 10000 1000000

Response Time [us]

(c) Intel

IO Response Time Distribution for Random Access (Singles@tly

+100% Read #*100% Write +50% Read 50% Write
300

SI2 1024 2048 4096 8192 16384 32768 65,536 131,072262,144

10 Size [bytes]

(d) ocz

+100% Read #100% Write +50% Read 50% Write

1
©
8

w

10 Throughput [K IOPS
>

2 L24 2088 4096 8192 16384 32768 65,536 131072 262,144

10 Size [bytes]

(d) ocz

+100% Read #*100% Write +50% Read 50% Write
= 60

550

SI2 1024 2048 409 8192 16384 32768 65,536 131,072 262,144

10 Size [bytes]

(d) ocz

—100% Read —100% Write --50% Read 50% Write
— 100

o »
S 3

S}
o S

Cumulative Frequency [%
IS
S

1 100 10000
Response Time [us]

(d) ocz

1000000

The

throughput and much higher than that of the hard disk, while read throughput improved clearly on the hard disk, Intel’s
the write and the mixed-access throughputs were drasticall SSD and OCZ's SSD, while significant improvement was
degraded on Mtron’s SSD and OCZ's SSD. In the case of not confirmed for the read throughput in Mtron’s SSD and
mixed access, reads and writes were respectively given 50%he write and mixed-access throughputs in all the SSDs.

probability. We had expected that the mixed-access through

Let us look back at the vendor-disclosed design infor-

put would fall between the read throughput and the write mation such as cache size and channel number cited in Ta-
throughput, but the observation was that the mixed-accesdle 2. Unfortunately we could not find strong relationship

throughput was comparable with the write throughput. Sim- between such design information and the experimental re-
ilar observations are also confirmed by other researchdrs an sults above presented. The overall performance is also im-

this characteristic is sometimes calledthtub effect[16].

puts were clearly better than that on hard disk.

pacted by more other design factors, yet vendors only dis-
Only on Intel's SSD, the write and mixed-access through- closed limited design information. Fig. 1 shows that Irgtel’
SSD has relatively high transfer rate than Mtron’s SSD. This
The same experiment was conducted with 30 outstand-might be brought by design fiierence of internal channels;
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Intel's SSD holds ten channels whereas Mtron’s SSD hasthreads to simulate 30 virtual users with 30 warehouses. The
only four. But, even bandwidth of internal channels, namely initial database size was 2.7GB. TKey and Thinking time
MB/s, is not disclosed. Further analysis is not possible for was set to zero in order to measure the maximum perfor-
us due to the lack of information. Experiment presented in mance. The mix of the transaction types is shown in the
this section can be seen as an alternative way for us to unormal column of Table 3. Unless specially stated, we used

derstand the basic performance characteristics. this mix for the experiment. Besides the normal mix in Ta-
ble 3, we also configured another two types of workloads:

2.2.3 10 Response Time read intensive andwrite intensive, in which theread-only
andread-write transactions are dominant respectively.

Since the random access performance is important to typi- DBMS serves the requests from TPC-C benchmark. In

cal database applications such as the transaction progessi the experiment, we set up a commercial DBMS and an open-
systems, we further studied the response time. The responssource DBMS MySQL. The detailed configuration of these
time distribution is shown in Fig. 4. We can have the fol- DBMSs is shown in Table 4.
lowing observations: We selected two file systems for evaluation, the tradi-
Random Read The random read response time was tional EXT2 file system (ext2fs) and a recent implementa-
close to each other among three SSDs. Note that we saw dion of log-structured file system, nilfs2 [18]. The block
single sharp clf in each cumulative frequency curve for the size was set to 4KB for both of them. The garbage collec-
SSDs. This means that most of random reads could com-ion (GC) is disabled by default in nilfs2 for the simplicity
plete in a very small range of response times. Such smallanalysis. We will also show the influence of GC in Section
variance in response times was not confirmed in conven-3.2.3.
tional hard disk, where the rotational platter always gives We also used two 10 schedulers, Anticipatory and
unpredictability of response times. Noop in this Linux server. By default, the Anticipatory was
Random Write Compared with random read, random used in the experiment because it is the default one in our

write gave more complicated characteristics. Two major Linux distribution.
cliffts were confirmed around 100 microsecond and 10,000
microsecond respectively in Mtron’s SSD. Although the in-
side logic is not documented, our conjecture is that the long
response time is caused by the inside flush operations. When MySQL Commercial
the on-disk befer is full, the control system will flush some DBMS
pages and make room for the new requests. The flush op- (T T T oskemel
eration is very time-consuming since it may incur the erase i ext2fs || nilfs2
operations. Similarly, multiple diis were also confirmed in T Kernel

;

I

1

Intel's SSD and OCZ's SSD. Tracer

Random 50% Read 50% Write This pattern is close to
very high and almost predictable, the write performance and - Fla-sh SSDs
the mixed-access performance were sometimes much poor for Database

Random Write. Although the pure read performance was
and its variance was significant.

[ TPC-C Benchmark ]

Fig.5 Stack of system configuration
3. Performance Evaluation By TPC-C Benchmark

We present our experimental examination of three major

. Table 3  Transaction types in TPC-C benchmark
SSDs with a standard benchmark TPC-C. P

Transaction % of mix .
. 10 Property read write
3.1 Experimental setup Type normal | iensive | intensive
New-Order read-write 43.48 4.35 96.00
We built a database server on the same system described in|_Payment read-write | 43.48 4.35 1.00
Section 2.2.1. The software stacks can be illustrated in Fig ggz’frﬁ’e\/el frzzcé"’grf]ilts i-gg ;‘3-3458 1-88
5. We will describe it in a top-down manner. Order-Status| Tead-only 135 1378 1o

In Fig. 5, TPC-C [17] benchmark is at the top of our
experimental system. TPC-C is a standard benchmark sim-
ulating real online transaction processing workloadss It i
actually accepted by many hardware and software vendors3.2 Transaction Throughput
The workload of TPC-C is composed of two read-only and
three update transactions, which together provide manyran3.2.1 Transaction Throughput
dom reads and writes to the storage device.

In our TPC-C benchmark application, we started 30 Fig. 6 shows the transaction throughput in terms of
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Table 4  Configuration of DBMS

® Read Rate (ext2fs) ™ Write Rate (ext2fs) ™ Read Rate (nilfs2) ™ Write Rate (nilfs2)

Commercial DBMS | MySQL(InnoDB) 100

Data bufer size 8MB 4MB = 9%

Log buffer size SMB 2MB 2 %

Data block size 4KB 16KB é 70

Data file fixed, 5.5GB, database size is 2.7GB 2 60

Synchronous 10 Yes | Yes :? 50

Log flushing method flushing log at transaction commit % 40

E 30

T 20

mext2fs Wnilfs2 ~ 10 -
14,000 o |l
12,000 HGST Mtron Intel 0oCczZ HGST Mtron Intel 0oCZ
Commercial DBMS MySQL

10,000

8,000 Fig.7 Logical IO Rate

6,000

® Read Rate (ext2fs) ™ Write Rate (ext2fs) ™ Read Rate (nilfs2) ™ Write Rate (nilfs2)
100

90
80
70
60
50
40
30
20
transactions-per-minute (tpm). 10|

The advantage of flash SSDs over hard disk is clear; 0
the transaction throughput on the SSDs was higher than that
on HGST in either DBMS.

For Mtron SSD, a noticeable improvement of nilfs2 Fig.8 Physical IO Rate
over ext2fs on commercial DBMS was observed. This
stemmed from the log-structured design that nilfs2 holds.
That is, in nilfs2, every time a write is requested, the file
system allocates a new space for that request. This helps
to avoid the time-consuming erase operation on flash SSDs.
Even if DBMS requests a sequence of random writes to the
file system, it can give a converted sequence of virtually se-
guential writes. See again Section 2.2, where we confirmed
that Mtron’s SSD has higher throughput of sequential writes
rather than random writes. Nilfs2 successfully exploited t
characteristic to derive improved performance. However,

4,000 -

Transaction Throughput [tpm]

2,000

.l -I.I—

HGST Mtron Intel ocz HGST | Mtron Intel ocz

Commercial DBMS MySQL

Fig.6 Transaction Throughput

Read/Write Rate to device [MB/s]

| 1 |

HGST Mtron Intel ocz HGST Mtron Intel ocz

Commercial DBMS MySQL

® Read Size (ext2fs) MW Write Size (ext2fs) ™ Read Size (nilfs2) ™ Write Size (nilfs2)
60,000

50,000

40,000

30,000

20,000

Average Read/Write Size [bytes]

10,000 -

contrary to expectation, the advantage of log-structuted fi 0
system is not clear in Intel's and OCZ's SSDs. We gives HGST | Muon | el | OCZ | HGST | Mton | Intel | OCZ
analysis on this point in later sections. Commercial DBMS MysQL

Fig.9 Average IO Size
3.2.2 10 Throughput

So as to understand the system behavior more, we tracednalysis is required on the 10s in the underlying layers.
in-kernel 1O events by using SystemTap[19]. Fig. 7 shows In order to understand the 10 path thoroughly, we also
the throughput of file system access given by DBMS under analyzed how these logical IOs are processed in the underly-
the TPC-C execution. For reference, let us call these fileing layers. Fig. 8 presents the throughputs of storage devic
system accességical |0s. The workload nature of TPC-C  accesses in the same execution. Let us call these accesse
is 10 intensive. The overall transaction throughputis yain  physical 10s. The physical IO rate is the consequence fu-
determined by the available 10 power. Seeing Fig. 6 and eled by the file system capabilities and the device power.
Fig. 7, we could verified that the transaction throughputs Read throughputs were always higher than write through-
actually followed the logical 10 throughputs. Note that the puts in Fig. 7, whereas write throughputs were higher in
logical 10s may not directly go to the storage device, but Fig. 8. This means that the file system absorbed many read
rather be split, merged or fiered by the file system. Further requests in its hiier.
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When ext2fs is used, write throughputs are almost the served in all the experimental cases. As garbage collec-
same between logical throughput and physical throughput.tion occurred more frequently, the transaction throughput
It is probably because that write requests are temporarilydecreased more. The degradation ratios were varied arounc
stored in the file system ffiier, but most are directly flushed 0.77%—10.44% with a moderate configuration (10 seconds)
out to the storage device. and 1751% - 38.83% even with a severe configuration (1

In contrast, when nilfs2 is used, write requests are moresecond). Mtron’s SSD for both DBMSs and OCZ's SSD
eagerly optimized. As is mentioned before, nilfs2 has em- for commercial DBMS were relatively sensitive to garbage
ployed the log-structured design. Each time a write is re- collection, while Intel’s SSD for commercial DBMS and
guested, a new storage block is allocated and the write re-MySQL and OCZ’s SSD for MySQL were less sensitive.
guest is routed to the block. This helps avoiding slow erase
operations in the flash SSDs. It is clear in Fig. 9 that
the write size of nilfs2 is larger than that of ext2fs because
nilfs2 has coalesced the random writes into large seqguentia
writes. Large sequential request is beneficial on hard disks

10,000
and some SSDs. Actually, we could improve the transaction so000
throughput by using nilfs2 in Mtron’s SSD. However, our
observation also suggests that we cannot ignore two pessibl 6,000
drawbacks of this strategy. First, log-structured strateas £ .
the possibilities of producing more writes. This was con- ’
firmed by Fig. 7 and Fig. 8. More writes were issued at the 2,000
physical layer than the logical layer. Even if nilfs2 can im- , ‘

10 5 2 1

prove the 10 throughput by converting random writes into o

sequential writes, additional writes may finally degrade th Garbage Collection Interval [sec.]
overall application performance. Second, too large I0ssize (a) Commercial DBMS
have the possibilities of degrading the throughput. Inlste

and OCZ's SSDs, sequential performance decreases when gy
the request size is larger than 32KB, as discussed in Section 1,800

2.2.2. This explains why the physical write rate of nilfs2 on 1,600
Intel and OCZ'’s SSD in Fig. 8 is much better than that of 1,400
ext2fs for the commercial DBMS because the average write 1,200
size is smaller. For MySQL, since the request size is very 1000
large (100KB), the physical write rate of nilfs2 on Intel’'s g
SSD is not so much better than that of ext2fs, on OCZ’s SSD Zzz ]
it is even worse than that of ext2fs. Note that although the 0
write 10 rate of nilfs2 is always higher than that of ext2fs 0
10 5 2 1

for Intel's SSD, the transaction throughput of nilfs2 is Ew »
than that O.I: eXthS Garbage Collection Interval [sec.]
(b) MySQL

Mtron ®Intel ®mOCZ
12,000

Transaction Throughput [tpm]

Mtron ®Intel ®mOCZ

Transaction Throughput [tpm]

3.2.3 Garbage Collection Fig.10 Transaction Throughput with Garbage Collection Enabled

The log-structured file system tries to allocate a new data

block for writing a data, even if it overwrites the existing

data. This strategy produces lots of invalid blocks when 3.3 Transaction Throughput by Various Configurations

write-intensive workload runs for a long time. Garbage col-

lection (GC), a.k.a. segment cleaning, is an essentialfunc 3.3.1 Bufer Size

tion, which collects such invalid blocks and makes them

reusable for future writes. The database Ifier plays a vital role to the cache hit rate, the
So far, we have done the experiments with garbage col-write merging and re-ordering. The fiber size is influential

lection disabled. This was intended for us to measure theto the performance. The complexity is that DBMS reserves

potential performance of the system. In real systems, peaksome portion of the available main memory for the database

workloads may not continue so long and disabling garbagebuffer, but the remaining memory space is also used as the

collections can be an acceptable solution in such limited buffer cache for the file system, where some optimizations

time. But, garbage collection is also an inevitable topic may be tried too. Fig. 11 shows the transaction through-

when we think about long-time operation. We also stud- puts that we measured by varying thefleu size on Mtron’s

ied the influence of garbage collection. We got the trans- SSD. The absolute performance increased as we increase

action throughput with dierent cleaning interval as shown the bufer size of two DBMSs on both file systems. How-

in Fig. 10. Monotonic performance degradation was ob- ever, the performance speedup of nilfs2 to ext2fs decreased
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With large database Iffier size, a lot of random writes can be EXT2 SENILFS2 - speedup

cached in the databasefter, the amount of random writes o ’
reaching to the file system was greatly reduced. The advan- 12000 s
tage of log-structured file system is then reduced.

10000

8000

3.3.2 Workload Type

6000

S}

In the experiments presented so far, we have only employed
a standard mix of transactions. Here we present another two
types of workloads, read intensive and write intensive, as
indicated in Table 3. As shown in Fig. 12, absolute transac- O e v e v st s 16
tion throughputs were higher for read-intensive workloads " Buffer Size bytes]

The speedups from ext2fs to nilfs2 were conversely higher (a) Commercial DBMS

for write-intensive workloads.
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3.3.3 10 Scheduler
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E

The 10 strategies can also be implemented bfedent 10 fzsoo 20
schedulers. Two 10 schedulers are selected for comparison; = £, l -
Anticipatory and Noop. The Anticipatory scheduler will do H 15 ?:éL
the requests merging and ordering, arrange the requests in =~ £ """ | ’
the one-way elevator and delay some time to anticipate the 1000 , e
next request, to reduce the movement of disk head. The = _, I I 0s
Noop scheduler is the simplest one, which only merges the
requests, and serves them in FIFO order. O s e o e s s s 16

The Noop scheduler is believed to be the best choice for Buffer Size [bytes]
the flash SSDs since there is no mechanical moving parts. (b) MySQL

Fig. 13 shows the transaction throughput with Noop and
Anticipatory schedulers. The Noop scheduler can help to
have further improvement in the case of nilfs2 on Mtron
SSD and ext2fs on Intel SSD. But it is not clear about su-
periority over the Anticipatory scheduler in the rest cases
and the Noop scheduler is even worse in some cases. 18000

16000

Fig.11 Transaction throughput on Mtron SSD witHterent biffer size
of database system

mext2fs ®nilfs2

x4.01

4. Discussion on SSD-Specific Features 14000
12000

One innate characteristic of flash chips is the limited pro- 10000

gramming cycles, which leads to limited lifespan of SSD.
If a particular flash page is written in many times, that page
will be worn out (i.e. coming to be unable to hold a writ-

6000
o x0.97 x1.63 x3.61
ten data safely) soon even though other pages are healthy. ™" [ B

8000
X5.63 x7.90

Transaction Throughput [tpm]

. . . 0
It would shorten the life time of flash SSDs. Balancing the radintensive| nomal | wiite  readimtnsive| nommal | wit
write count among all the flash pages, often called wear- intensive intensive
leveling, is an essential solution. One typical technicgie i Commercial DEMS MySQL

to redistribute hot (frequently written) pages to othecBR  Fig.12  Transaction throughput of commercial database witfettnt
[20][21]. If TPC-C is running on a conventional in-place- workload on Mtron SSD

update file system such as ext2fs, writes are often skewed

on particular pages. This technique seems essential to pro-

long the life span. When we use a log-structured file system Although the wear-leveling can prolong the lifespan of
such as nilfs2, the file system itself is self-balancing.tifia  the whole disk, the overall write operation count is stithdi

it can automatically distribute most of pages over the whole ited. The limitation of write operation counts is directlr
address space in a copy-on-write manner. Potentially weardated to the reliability of the SSD. We collected the reliabi
leveling could be mostly relieved. But wear-leveling is an ity information of each SSD, as shown in Table 5. Given the
internal function that is mainly implemented in SSD con- information in Table 5, we try to roughly calculate the en-
troller. Real algorithms are not disclosed by any vendors atdurance of the SSDs in the transaction processing system by
present. We would like to study théfect of wear-leveling  the 10 throughput at the driver level in our experiment. inte
on the choice of file systems in the future. discloses in the specification that the SSD we used is guar-
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= Anticipatory ™ Noop Table 6 SSDs endurance in years by the 10 throughput in Fig. 8
20000

18000

Intel (years)
Commercial DBMS with ext2fs 5.47
MySQL with ext2fs 2.19
Commercial DBMS with nilfs2 2.32

16000

14000

12000

MySQL with nilfs2 1.43
10000
8000
6000
4000 3 ) . )
2000 data (such as inode, directory or catalog). This logicad-del
o | NN tion strategy is beneficial in terms of performance, but it

ex2fs | nilfs | ex2fs | omif2 | ex2fs | nilfs2 would abandon a chance of SSDs to know what page has

Mtron Intel ocz been deleted by the file systems or the database systems

Fig. 13  Transaction Throughput byfiiérent 10 schedulers on commer- TRIM, a new storage command, has been proposed as a so
cial DBMS lution to this. It can inform flash SSDs of which page has
been logically deleted, so that the notified SSDs can pre-

emptively erase and release the concerned page. This ofter

Transaction Throughput [tpm]

Table 5 Reliability Information of SSDs helps the performance improvement by hiding slow erase
Manufacture & Model | Reliability Information operations. Unfortunately this new command has not been
Mtron PRO 7500 [10] | MTBFT: 1,000,000 hours, write en supported in our experimental system, so we could not ex-

durance is greater than140 years at 506B  periment this. We would like to investigate thezt in the
write/day at 32GB SSB future work
Intel X25-E[11] MTBFL 2,000,000 hours, 64 GB drivé )
supports 2 petabyte of lifetime random
writes. 5. Related Work

OCZ VERTEX EX[13] | MTBFt 1,500,000 hours

1 MTBF: Mean Time between Failures.
2 The above calculation is based on the guaranteed 100,0@8apno
and erase cycles of SLC type flash memory from vendors and the

assumption that the write is performed in sequential majidgr The Log-structured file system (LFS)[23] is designed to ex-
ploit fast sequential write performance of hard disk. It can
convert the random writes into sequential writes. However
anteed two petabytes of lifetime random writes. Random the side &ect is that the sequential reads may also be scat-
write produces the largest write counts in general. We ob-tered into random reads. Overall, the performance can be
tained an expected minimum lifetime by dividing this guar- improved to write-intensive applications. The LFS is also
anteed lifetime write amount (in bytes) by average through- expected to improve the random write performance of flash
put (MB/s) shown in Fig. 8. Mtron also discloses its guar- memory, since the fast read performance of flash memory
anteed lifetime write amount, but it is measured only for well mitigates the sidefBect. For the garbage collection

sequential writes. OCZ does not disclose any guaranteecf |FS, an adaptive method based on usage patterns is pro-
lifetime write amount. We could not obtain an expected life- posed in [24].

time for Mtron’s SSD or OCZ'’s SSD. The result is shown
in Table 6. We can see that Intel's 64GB SSD could only .
last 1.43 years in the shortest case. Note that, in our exper-5'2 Flash-based Technologies
iments, TPC-C ran at top speed, namely without any key- ]
ing or thinking time, in order to measure the potential per- 9-2-1 Flash Translation Layer
formance of SSDs for transaction processing. In real sys-
tems, most of SSDs may be running at moderate workloadsFTL bridges the operating system and flash memory. The
in most of time, and thus they possibly can survive much main function of FTL is mapping the logical blocks to the
longer time. Further investigation is necessary on thiafpoi  physical flash data units, emulating flash memory to be a
Boboila et al.[20] had shown that the endurance of tested block device like hard disk. Early FTL used a simple page-
flash chips is far longer than the nominal values by man- to-page mapping[25] with a log-structured architectudg[2
ufactures. More solutions such as the redundancy of SSDIt required a lot of space to store the mapping table. The
or fat provision of flash chips could be also considered to block mapping scheme was proposed in order to reduce the
improve the reliability. space for mapping table. The scheme introduced the block
Another feature specific to SSDs is the TRIM com- mapping table with pagefiset to map the logical pages to
mand [22]. When trying to delete a page in a file volume flash pages[26]. However, the block-copy may happen fre-
andor a database, many file systems /andlatabase sys- quently. To solve this problem, Kim improved the block
tems do not physically erase content of the concerned pagemapping scheme to the hybrid scheme by using a log block
but merely drop a pointer to the page in the volume meta mapping table[27].

5.1 Log-structured File System
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5.2.2 File System

(4]
Most of the file systems for flash memory exploit the de-
sign of Log-structured file system[23] to overcome the write 5
latency caused by the slow erase operations. JFFS2[28]
is a journaling file system for flash with wear-leveling.
YAFFS[29] is a flash file system for embedded devices.
DFSJ1] provides a file system design on flash storage layer
instead of the FTL layer. The DFS is designed to bypass the
traditional file system bifier and perform direct access to the
SSDs via the flash storage layer.

(6]

(7]

(8]
El

5.2.3 Database System
[10]

Early design for database system on flash memory mainly
focused on the embedded systems. FlashDB[6] is a self- [17]
tuning database system optimized for sensor networks, with
two modes; disk mode for infrequent write and log mode
for frequent write. LGeDBMS[30], is a relational database
system for mobile phone. For enterprise database design
on flash memory, In-Page Logging[5] is proposed. The key [13
idea is to co-locate a data page and its log records in the
same physical location.

As flash SSDs are being used in enterprise storage plat- [14]
forms, many researchers are focusing on the performance ofl1®
the flash SSDs instead of the raw flash memory. Agrawal
et al.[31] studied the internal design tra¢isdhat will have
impact on the performance. Myers[32] had a study on the
usage of flash SSD in database systems and provided the IO
throughput comparison between the LFS and the conven- (17
tional file system. We also had evaluation of LFS on SSD

[12]

[16]

8

using TPC-C benchmark[7][33]. e
6. Conclusion and Future Work [19]
[20]

We have presented experimental performance evaluations[21]
of three major flash SSDs. First, we have clarified the ba-
sic performance characteristics of flash SSDs and compared;
them with a conventional hard disk. Next, we have mea-
sured and analyzed the application performance and the in-
kernel 10 behavior on three flash SSDs and two file sys- [23]
tems with TPC-C benchmark. Finally, we have also studied
a variety of configurations for TPC-C. These measurements 24]
have provided some practical experiences for building flash
based database systems. The performance benefits of log-
structured design were confirmed only in limited cases. It [25]
was against our early expectation. The necessity of careful

. . S [26]
design was verified. We plan to study eager optimization 27]
techniques for database applications running on flash SSDs.
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