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ABSTRACT 1. INTRODUCTION
The popularity of high-density flash memory as data storage m Since a prototype NAND-type flash memory was introduced in

dia has increased steadily for a wide spectrum of computitg d 1987, high-density flash memory has been increasingly adopt
vices such as PDA's, MP3 players, mobile phones and digitm-c ~ as data storage media for a wide spectrum of computing device

eras. More recently, computer manufacturers started liogaew such as PDAs, MP3 players, mobile phones and digital casnera
lines of mobile or portable computers that did away with megn The success of flash memory as a storage alternative for enobil
disk drives altogether, replacing them with tens of gigabyof computers is due mainly to its superiority such as smallee,si
NAND flash memory. Like EEPROM and magnetic disk drives, lighter weight, better shock resistance, lower power constion,
flash memory is non-volatile and retains its contents eveervthe less noise, and faster read performance than magnetic vels 6].
power is turned off. As its capacity increases and price siréipsh Many market experts expect that this trend will continue tfoe
memory will compete more successfully with lower-end, lowe coming years. This trend is reflected on the fact that one @f th
capacity disk drives. It is thus not inconceivable to coasidin- leading flash device manufacturers recently started langafew
ning a full database system on the flash-only computing qiais lines of mobile personal computers that did away with digkedr

or running an embedded database system on the lightweight co  altogether, replacing them with tens of gigabytes of NANDBstila
puting devices. In this paper, we present a new design called ~ memory [12]. The integration of high-density flash memorg ha
page logging (IPL) for flash memory based database servers. This been accelerated twice every year for past few years [19]anie-
new design overcomes the limitations of flash memory suclighs h  ipate that flash memory products in the hundreds of gigalmates

write latency, and exploits unique characteristics of flasmory will be available in the market in the near future. .
to achieve the best attainable performance for flash-basiethase Like EEPROM and magnetic disk drives, flash memory is non-
servers. We show empirically that the IPL approach can ygela volatile and retains its contents even when the power istlioff.

siderable performance benefit over traditional designis-thased ~ As its capacity increases and price drops, flash memory witi-c
database servers. We also show that the basic design of iPheca  pete more successfully with lower-end, lower-capacitk disves [21].

elegantly extended to support transactional databasgagco It is thus not inconceivable to consider running a full datssys-
tem on the flash-only computing platforms or running an endeed

Categories and Subject Descriptors databasc_a system on the lightweight cqmputlng dewce_s R4im
. the application development perspective, the next geinerato-

H. Information SystemsH.2 DATABASE MANAGEMENT ]:H.2.2  bile or embedded devices are expected to handle large, eampl
Physical Design and more data-centric tasks. Therefore, application dgegt for
such devices will be interested in taking advantage of theldee

General Terms technology €.9., SQL-like API) in order to bring more products to

Design, Algorithms, Performance, Reliability market faster.
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gorithms and access methods will function adequately withoy
modification. On the other hand, due to a few limitations offfla
memory, this approach is not likely to yield the best attbiager-
formance. With flash memory, no data item can be updated aepla
without erasing a large block of flash memory (callrdse unit)
containing the data item. As is shown in Table 1, writing a@ec
into a clean (or erased) region of flash memory is much slokzgar t
reading a sector. Since overwriting a sector must be precbge
erasing the erase unit containing the sector, the effeatiite band-
width of flash memory will be even worse than that. It has been r
ported that flash memory exhibits poor write performancetipa
ularly when small-to-moderate sized writes are requestedran-
dom order [2], which is quite a common access pattern fortdesta
applications such as on-line transaction processing (QLTese
unique characteristics of flash memory necessitate eltbtiesh-
aware data structures and algorithms in order to effegtiuélize
flash memory as data storage media.

In this paper, we present a novatpage logging (IPL) approach
toward the new design of flash-based database servers, atech
comes the limitations of and exploit the advantages of flasmm
ory. To avoid the high latency of write and erase operatidma t
would be caused by small random write requests, changes toade
a data page are buffered in memory onpeepage basis instead of
writing the page in its entirety, and then the change logswitéen
sector by sector to the log area in flash memory for the chattges
be eventually merged to the database.

The most common types of flash memory are NOR and NAND.
NOR-type flash memory has a fully memory-mapped random ac-
cess interface with dedicated address and data lines. Cuottibe
hand, NAND-type flash memory has no dedicated address lives a
is controlled by sending commands and addresses througidan i
rect 10-like interface, which makes NAND-type flash memoey b
have similarly to magnetic disk drives it was originallyentded to
replace [15]. The unit of read and write operations for NANDe
flash memory is a sector of typically 512 bytes, which coissid
with the size of a magnetic disk sector. For the reason, thepoo-
ing platforms we aim at in this paper are assumed to be eqdippe
with NAND-type flash memory instead of magnetic disk drives.
Hereinafter, we use the term flash memory to refer to NANDetyp
flash memory, unless we need to distinguish it from NOR-tygshfl
memory.

The key contributions of this work are summarized as follows

e A novel storage management strategy cailegage logging
is proposed to overcome the limitations of and exploit the

advantages of flash memory, which is emerging as a replace-

ment storage medium for magnetic disks. For the first time,

we expose the opportunities and challenges posed by flash

memory for the unique workload characteristics of database
applications. Our empirical study demonstrates that tte 1P
approach can improve the write performance of conventional

be reduced considerably. This will also help minimize the
memory foot-print of a database server, which is partidular
beneficial to mobile or embedded systems.

The rest of this paper is organized as follows. Section 2Adises
the characteristics of flash memory and their impact on tissed
database servers, and then presents the design objedtiiestor-
age subsystem we propose. Section 3 describes the baseptenc
and the design of the in-page logging (IPL) scheme. In Seetjo
we analyze the performance of a traditional disk-basedbdata
server with the TPC-C benchmark, and demonstrate the paitent
of the in-page logging for considerable improvement of vper-
formance through a simulation study. Section 5 discussesthe
basic IPL design can be extended to support transactiotethalse
recovery. Lastly, Section 6 surveys the related work, arctiGe 7
summarizes the contributions of this paper.

2. DESIGN PRINCIPLES

In this section, we describe the key characteristics of flasm-
ory that distinguish itself from magnetic disk drives, ataberate
on how they would affect the performance of traditional eliglsed
database servers. We then provide the design principlesdior
flash-based database servers.

2.1 Characteristics of Flash Memory

2.1.1 No In-Place Update

Most traditional database systems assume magnetic diske as
secondary storage media and take advantage of efficientagof
data items by overwriting them in place. On the other handh wi
flash memory, no data item (or a sector containing the data)ite
can be updated in place just by overwriting it. In order to ated
an existing data item, a time-consuming erase operationt bus
performed before overwriting. To make it even worse, thesera
operation cannot be performed selectively on the particdida
item or sector, but can only be done for an entire block of flash
memory callecerase unit containing the data item, which is much
larger than a sector (typically 16 KBytes or 128 KBytes). c8in
every update request will cause an erase operation folldvyeal
write, the effective update performance may degrade sagmifly
on database servers with a flash-based storage system.

Consequently, in order to overcome tirase-before-write limi-
tation of flash memory, it is essential to reconsider theenirde-
sign of storage subsystems and reduce the requests of @&ogras
eration to the minimum so that the overall performance woli ine
impaired.

2.1.2 No Mechanical Latency

Flash memory is a purely electronic device and thus has no me-
chanically moving parts like disk heads in a magnetic disiedr

database servers by up to an order of magnitude or more for Therefore, flash memory can provide uniform random accessasp

the OLTP type applications.

The IPL design helps achieve the best attainable perforenanc
from flash memory while minimizing the changes made to
the overall database server architecture. This showsttlat i
not only feasible but also viable to run a full-fledged datzba
server on a wide spectrum of computing platforms with flash
memory replacing magnetic disk drives.

With a few simple modifications to the basic IPL design, the
update logs of the IPL can be used to realize a lean recov-

Unlike magnetic disks whose seek and rotational delay dfen
comes the dominant cost of reading or writing a sector, the ti
to access data in flash memory is almost linearly proportitma
the amount of data irrespective of their physical locationash
memory.!

The ability of flash memory to quickly perform a sector read
or a sector (clean) write located anywhere in flash memonnés o
of the key characteristics we can take advantage of. In fhi,

1Even though it takes a rather long time for NAND flash to read ou
the first data byte compared to NOR flash because of the nesésta

ery mechanism for transactions such that the overhead dur- of the NAND cell array, this time is still much shorter thare theek

ing normal processing and the cost of system recovery can

time for a magnetic disk by several orders of magnitude [15].



brings new opportunities for more efficient design of flastsdx
database server architectureg( non-sequential logging with no
performance penalty). We will show how this property of flash
memory can be exploited in our design of in-page logging.

2.1.3 Asymmetric Speed of Read/Write

The read and write speed of flash memory is asymmetric, simply
because it takes longer to write (or inject charge into) & wedil
reaching a stable status than to read the status from a cslis A
shown in Table 1, the read speed is typically at least twistefa
than write speed. On the other hand, most existing softwgse s
tems with magnetic disks implicitly assume that the speecad
and write operations is almost the same. Not surprisindigret
is little work targeted at the principles and algorithms $torage
media with asymmetric speed of read and write operations.

This property of asymmetric speed makes us review many-exist
ing techniques for DBMS implementation. We ultimately rzal
that it is critical to find ways to reduce write operationsdarase
operations as a result of that), even though it increasesuhwber
of read operations, as long as the overall performance inegto

2.2 Problems with Conventional Designs
Most disk-based database systems rely on a paged I/O mech

anism for database update and buffer management and take ad-

vantage of sequential accesses given the hardware chisticte
of disk storage media composed of sectors, tracks and eyknd
One of the immediate implications is that even an update af-a s
gle record will cause an entire page (typically of 4 or 8 KByte
containing the record to be overwritten. If the access patte
database records is random and scattered, and the update gra
larity is small (as is often observed in the OLTP applicagipnthe
aggregate amount of data to be overwritten is likely to be muc
larger than the actual amount of data to be updated. Normsthel
most disk-based database systems are still capable ohdevwilih
such frequent updates, as is mentioned before, by ovengitiem

in place.

performance to the detriment of read performance to thenextat
the overall performance of transactional database prowessay
not be actually improved [9]. In addition, this approachdgto
consume free sectors quite rapidly, which in turn requiregdent
garbage collections to reclaim obsolete sectors to theqfarased
sectors.

Under either of these two approaches, nanielplace updating
andsequential logging, the average latency of an update operation
increases due to frequent execution of costly erase opagatrhis
may become the major bottleneck in the overall performarice o
database server particularly for write-intensive workloa

2.2.1 Disk-Based Server Performance

To make the points raised above more acute, we ran a commer-
cial database server on two computer systems that wereigeent
except that one was equipped with a magnetic disk drive agd th
other with a flash memory storage device instead of the diste.dr
In each case of the experiment, we executed an SQL querydhat a
cessed the same base table differently - sequentially cloraly,
and measured the response time of the query in the wall clioek t
Table 2 summarizes the read and write performance of the mag-
netic disk drive and the flash memory device, respectivalteims
of the random-to-sequential performance ratio.

Random-to-Sequential Ratio

Media Read workload| Write workload
Magnetic Disk 43~123 45~ 10.0
NAND Flash 11~1.2 24~ 142

Disk: Seagate Barracuda 7200.7 ST380011A
¥NAND Flash: Samsung K9WAGO08U1A 16 Gbits SLC NAND

Table 2: DBMS Performance: Sequential vs. Random

In the case of a magnetic disk drive, the random-to-secaienti
ratio was fairly high for both read and write queries. Thisul¢

Suppose all the magnetic disks are replaced by flash memory inshoyid not be surprising, given the high seek and rotatitaahcy

the computing platform which a conventional disk-basedblase

of magnetic disks. In the case of a flash memory device, thdtres

system runs on. If the database system insists on updattag da a5 mixed and indeed quite surprising. The performance efd r

items in place, then, due to the erase-before-write linoiteaf flash
memory, each update can only be carried out by erasing areenti
erase unit after reading its content to memory followed bitimg

the updated content back to the erase unit. This will ob\jolesd

to high update latency due to the cost of frequent erase tipesa

as well as an increased amount of data to read and write fram an

query was insensitive to access patterns, which can beqglgré-
plained by the no-mechanical-latency property of flash nrgnin
contrast, the performance of a write query was even mordtsens
to access patterns than the case of disk. This is becausea van-
dom access pattern, each update request is very likely wecau
erase unit containing the data page being updated to beccejsie-

to flash memory. Moreover, at the presence of hot data items re \here and erased. This clearly demonstrates that databases

peatedly updated, this would shorten the life span of flasimomg
because an erase unit can be put through a finite number & eras
cycles (typically up to 100,000 times) before becomingistiaally
unreliable.

Most flash memory devices or host systems adopt a processl call
wear leveling within the device themselves or in the software layers
in order to ensure that erase cycles are evenly distributexba the
entire segment of flash memory so that the life span of flash-mem
ory is prolonged. For example, a log-based flash file systefd EL
achieves wear leveling by creating a new sequential logydotr
each write operation. Thus, flash memory is used sequenéhll
the way through, only returning to previously used sectftes all
of the sectors have been written to at least once [5]. Sinagpan
date is performed by writing the content into a new sectdecght
from the current sector it was read from, an update does noine
an erase operation as long as a free,(erased) sector is avail-
able. This sequential logging approach, however, optimizdte

would potentially suffer serious update performance ddatian if

they ran on a computing platform equipped with flash memory in
stead of magnetic disks. See Section 4.1 for more detail isf th
experiment.

2.3 Design Manifesto

When designing a storage subsystem for flash-based database
servers, we assume that the memory hierarchy of target ctimgpu
platforms consists of two levels: volatile system RAM andno

volatile NAND flash memory replacing magnetic disks. Guidthgd

the unique characteristics of flash memory described irséition,
the design objectives of the storage subsystem are stafeltbags.

e Take advantage of new features of flash memory such as uni-
form random access speed and asymmetric read/write speed.
The fact that there is no substantial penalty for scatteaaed r
dom accesses allows us more freedom in locating data ob-



jects and log records across the flash-based storage space. | considering the fact that read is typically at least twicgtdathan
other word, log records can be scattered all over flash mem- write for flash memory. Consequently, the IPL approach can im

ory and need not be written sequentially. prove the overall write performance considerably.
e Overcome the erase-before-write limitation of flash mem-
ory. In order to run a database server efficiently on the targe Traditional
computing platforms, it is critical to minimize the numbér o In-Place Update
write and/or erase requests to flash memory. Since the read ﬂ  No ir-place: update
bandwidth of flash memory is much faster than that of write,
we may need to find ways to avoid write and erase opera- Log-Structured
tions even at the expense of more read operations. This strat Approach
egy can also be justified by an observation that the fraction ﬂ * No mechanical latency
of writes among all IO operations increases, as the memory * Fast read speed
capacity of database servers grows larger [9]. In-Page Logging
Approach
e Minimize the changes made to the overall DBMS architec-

tures. Due to the modular design of contemporary DBMS
architectures, the design changes we propose to make will be Figure 1: From Update-In-Place to In-Page Logging
limited to the buffer manager and storage manager.
Figure 1 illustrates how the IPL approach is evolved from the

3. IN-PAGE LOGGING APPROACH traditional update-in-place and log-structured appreachWhile

. . . logging is a consequential decision due to the erase-befote
. In this section, we present the basic concepts oftiage Log- (or no update-in-place) limitation of flash memairy;page logging
ging (IPL) approach that we propose to overcome the problems of i+ axe advantage of the desirable properties, o mechanical
the conventional designs for disk-based database seMé&rshen latency and fast reads) of flash memory.
present the architectural design and the core operatiotiseoin-
Page Logging. In Section 5, we will show how the basic designo 3.2 The Design of IPL

IPL can be extended to provide transactional databaseegcov As is mentioned in the design manifesto (Section 2.3), thema

3.1 Basic Concepts design changes we propose to make to the overall DBMS archi-
tecture are limited to the buffer manager and storage manage

order to realize the basic concepts of the in-page loggirp thie

minimal cost, logging needs to be done by the buffer manager a

well as the storage manager. See Figure 2 for the illustratidche

IPL design.

As described in Section 2.2, due to the erase-before-wirite |
itation of flash memory, updating even a single record in aepag
results in invalidating the current page containing theordcand
writing a new version of the page into an already-erasedespac
flash memory, which leads to frequent write and erase opesti
In order to avoid this, we propose that only the changes made t
page are written (ologged) to the database on thper-page basis, . update-in-place
instead of writing the page in its entirety. Database | in-memory e

Like conventionakequential logging approachesg(g., log-structured Buffer | datapage { E‘ in-memory
file system [23]), all the log records might be written segigly to @K )
a storage medium regardless of the locations of changeslar to
minimize the seek latency, if the storage medium were a dgle =~ |~ mrtTrTrmmmmmmmsmommommeommsmsmomemosomene oo
serious concern with this style of logging, however, is tivhen- Flash E

log sector
(512B)

ever a data page is to be read from database, the currenbwersi Memory

of the page has to be re-created by applying the changesistore physical block 15 data pages
the log to the previous version of the page. Since log recbeds (erase unit): 128K :
longing to the data page may be scattered and can be founéynly
scanning the log, it may be very costly to re-create the cpage
from the database.

In contrast, since flash memory comes with no mechanical com-
ponent, there is no considerable performance penaltyngrisom
scattered writes [8], and there is no compelling reason fewsg
records sequentially either. Therefore, w@locate a data page

and its log records in the same physical location of flash nmgmo copy of the data page is updated just as done by traditiotabdae
specifically, in the same erase unit. (Hence we cdli-Page log- servers. In addition, the IPL buffer manager adds a physicb

ging.) Since we only need to access the previous data page andng record on the per-page basis to thememory log sector asso-

its log records stored in the same erase unit, the currersiorer ciated with the in-memory copy of the data page. An in-memory
of the page can be re-created efficiently under the IPL approa o4 sector can be allocated on demand when a data page becomes
Although the amount of data to read will increase by the numbe dirty, and can be released when the log records are writterldg

of log records belonging to the data page, it will still be ase sector on the flash memory. The log records in an in-memory log
ble trade-off for the reduced write and erase operationtiqodairly sector are written to flash memory when the in-memory logmsect

2 GeDBMS, recently developed for embedded systems with flash Pécomes full or when a dirty data page is evicted from theebuff
memory, adopted the sequential logging approach for upglatata pool. The effect of the in-memory logging is similar to thatwaite
pages [17]. caching [22], so that multiple log records can be writteretbgr

} log region (8K):
16 sectors

Figure 2: The Design of In-Page Logging

Whenever an update is performed on a data page, the in-memory




at once and consequently frequent erase operations camitedy Algorithm 1: Merge Operation
When a dirty page is evicted, it is not necessary to write treent
of the dirty page back to flash memory, because all of its wg=dat Input:  B,: an old erase unit to merge
are saved in the form of log records in flash memory. Thus, the  Output: B: a new erase unit with merged content
previous version of the data page remains intact in flash mgmo
but is just augmented with the update log records. procedure Merge(B,, B)

When an in-memory log sector is to be flushed to flash memory, 1: allocate a free erase uniit
its content is written to a flash log sector in the erase unictwvh 2 for each data page p in B, do

its corresponding data page belongs to, so that the datagraje 3 if any log record for p existsthen
its log records are physically co-located in the same eraite To 4 p" < apply the log record(s) tp
do this, the IPL storage manager divides each erase unitsif fla S: write p’ to B

memory into two segments — one for data pages and the other for else

log sectors. For example, as shown in Figure 2, an erase finit o 6: write p to B

128 KBytes (commonly known as large block NAND flash) can be endif

divided into 15 data pages of 8 KBytes each and 16 log secfors o endfor

512 bytes each. (Obviously, the size of an in-memory logasect 7: erase and fre®,
must be the same as that of a flash log sector.) When an erdse uni
runs out of free log sectors, the IPL storage manager metges t
data pages and log sectors in the erase unit into a new erése un
This newmerge operation proposed as an internal function of IPL
will be presented in Section 3.3 in more detail.

This new logic for update requires the redefinition of readrep
ation as well. When a data page is to be read from flash memory
due to a page fault, the current version of the page has toine co
puted on the fly by applying its log records to the previousigar
of the data page fetched from flash memory. This new logic for
read operation clearly incurs additional overhead for H@tcost
(to fetch a log sector from flash memory) and computationat co
(to compute the current version of a data page). As is poioted
in Section 3.1, however, this in-page logging approach evi#n-
tually improve the overall performance of the buffer andrage
managers considerably, because write and erase operatibbe
requested less frequently.

The memory overhead is another factor to be examined for the
design of IPL. In the worst case in which all the pages in thésbu
pool are dirty, an in-memory log sector has to be allocateeééach
buffer page. In the real-world applications, however, adaip to
a base item is likely to be quickly followed by updates to tame
or related items (known as update locality) [1], and the ager 4. PERFORMANCE EVALUATION
ratio of dirty pages in buffer is about 5 to 20 percent [14]. thVi In this section, we analyze the performance charactesistia
such a low ratio of dirty pages, if a data page is 8 KBytes and conventional disk-based database server to expose thetopipies
an in-memory log sector is 512 bytes, then the additional a/gm  and challenges posed by flash memory as a replacement medium
pool. Refer to Section 4.2.2 for the update pattern of the-TPC  TpC-C benchmark to demonstrate the potential of the IP L

cerase fOr 10 plus the computation required for applying log record
to data pages. Heré, andk; denote the number of data sectors
and log sectors in an erase unit, respectively. Note thatrgerap-
eration is requested only when all the log sectors are coaduwmn
an erase unit. This actually helps avoid frequent write andesop-
erations that would be requested by in-place updating aresspl
logging method of traditional database servers.

When a merge operation is completed for the data pages stored
in a particular erase unit, the content of the erase urgt, the
merged data pages) is physically relocated to another enaise
in flash memory. Therefore, the logical-to-physical mapgpof
the data pages should be updated as well. Most flash memory
devices store the mapping information persistently in flasm-
ory, which is maintained as meta-data by the flash translddiger
(FTL) [16, 18]. Note again that the mapping information reed
to be updated only when a merge operation is performed, and th
performance impact will be even less under the IPL design tha
traditional database servers that require updating thepimgpn-
formation more frequently for all write operations.

benchmark. for considerable improvement of write performance.
3.3 Merge Operation 4.1 Disk-Based Server Performance
An in-memory log sector can store only a finite number of log  In this section, we analyze the performance charactesistia

records, and the content is flushed into a flash log sector ithen ~conventional disk-based database server with respectferetit
becomes full. Since there are only a small number of log secto types of storage media, namely, magnetic disk and flash memor
available in each erase unit of flash memory, if data pagebdeit .

from the same erase unit get updated often, the erase unitmay ~ 4-1.1  Setup for Experiment

out of free log sectors. It is when merging data pages and lthgpi We ran a commercial database server on two Linux systemis, eac
sectors is triggered by the IPL storage manager. If there isae with a 2.0 GHz Intel Pentium IV processor and 1 GB RAM. The
log sector left in an erase unit, the IPL storage managecatés computer systems were identical except that one was eqiiipiple
a free erase unit, computes the new version of the data pages b a magnetic disk drive and the other with a flash memory storage
applying the log records to the previous version, writes ribe device instead of the disk drive. The model of the disk drivasw
version into the free erase unit, and then erases and freesldh Seagate Barracuda 7200.7 ST380011A, and the model of tlhe flas
erase unit. The algorithmic description of the merge opanats memory device was M-Tron MSD-P35 [11] (shown in Figure 3),
given in Algorithm 1. which internally deploys Samsung K9WAGO08U1A 16 Gbits SLC
The cost of a merge operation is clearly much higher than that NAND flash. Both storage devices were connected to the caenput
of a basic read or write operation. Specifically, the cost nfeage systems via an IDE/ATA interface.

operationc,erge Willamount to ¢q + k1) X ¢reqd + kd X Cuwrite + In order to minimize the interference by data caching and log



Read Query processing time (se Write Query processing time (se¢)
Queries Disk | Flash Queries Disk | Flash
Sequential Q1) 14.04 11.02 Sequential Q4) 34.03 26.01
Random Q-2) 61.07 12.05 Random Qs) 151.92 61.76
Random @3) 172.01 13.05 Random Q) 340.72 369.88

Table 3: Read and Write Query Performance of a Commercial Daabase Server

to quasi-random@- andQs). Given the high seek and rotational
latency of magnetic disks, this result was not surprisirgsause

the more random the access pattern is, the more frequeetljisk

arm has to move. On the other hand, in the case of flash memory,
the amount of increase in the response times was almostiizgli

This result was also quite predictable, because flash metrasy

no mechanically moving parts nor mechanical latency.

4.1.3 Write Performance

To compare the write performance of magnetic disk and flash
memory, we ran the following querigd,, Qs andQs on each of
the two computer systemg)s updates all the pages in the table
sequentially;Qs andQs update all the pages in the table in a ran-
dom order but differently. The detailed description of theedes is
given below.

Q4: update each page in the entire table sequentially.

Qs: update a page each time such that two pages updated in
sequence are apart by 16 pages in the table. The id’s of
pages updated by this query are in the following order:
0,16,32,...,63984,1,17,33, .. ..
update a page each time such that two pages updated
in sequence are apart by 128 pages in the table. The
id’'s of pages updated by this query are in the following
order:0,128, 256, ..., 63872, 1,129, 257, .. ..

The response times of the queries measured in the wall clock
time are presented in Table 3. In the case of disk, the trend in
the write performance was similar to that observed in the -
formance. As the access pattern became more random, thg quer
response time became longer due to prolonged seek andrathti

Figure 3: MSD-P35 NAND Flash-based Solid State Disk

ging, the commercial database server was set to accessyipeth t
of storage as a raw device, and no logging option was chostraso
most of 10 activities were confined to data pages of a base taiul .
index nodes. The size of a buffer pool was limited to 20 MBytes Qs:
and the page size was 8 KBytes by default for the databaserserv

A sample table was created on each of the storage devices, and
then populated with 640,000 records of 650 bytes each. ®iacke
data page (of 8 KBytes) stored up to 10 records, the table aras c
posed of 64,000 pages. In case of the flash memory device, this
table was spanned over 4,000 erase units, because each 28 KB
erase unit had sixteen 8 KByte data pages in it. The domaimeof t
first two columns of the table was integer, and the valuesefitht

. ; latency.
two columns were given by the following formulas In the case of flash memory, however, a striking contrast Wwas o
coli = |record_id/160] served between the read performance and the write perf@enan
coly = recordid (mod 160) As the access pattern_ changed from sequentle_ll to randonopthe
date query response time became longer, and it was actuatsew
so that we could fully control data access patterns througHrBe than that of disk foiQs. As is discussed previously, the dominant
indices created on the first two columns. factor of write performance for flash memory is how often aaser
operation has to be performed.
4.1.2 Read Performance In principle, each and every update operation can causesae er

To compare the read performance of magnetic disk and flash unit to be copied elsewhere and erased. In practice, hoyveest
memory, we ran the following querig3;, Q> andQs on each of of flash memory products are augmented with a DRAM buffer to

the two computer system§): scans the table sequentialy; and avoid as many erase operations as possible. The MSD-P35 NAND
Qs read the table randomly. The detailed description of theigge  flash solid state disk comes with a 16 MByte DRAM buffer, each
is given below. one MByte segment of which can store eight contiguous enaite u

Q1: scan the entire table of 64,000 pages sequentially. If data pages are updated sequentially, they can be buffarad

Q2. pick 16 consecutive pages randomly and read them to- DRAM buffer segment and written to the same erase unit at.once
gether at once; repeat this until each and every page of This was precisely what happened@a. Due to the sequential or-
the table is read only once. der of updates, each of the 4000 erase units of the table vpéesdco

Qs: read a page each time such that two pages read in se- and erased only once during the processing@of
guence are apart by 16 pages in the table. The id's On the other hand))s and Qs updated data pages in a random
of pages read by this query are in the following order:  order but differently. Each pair of pages updatedayin sequence
0,16,32,...,63984,1,17,33,.... were apart by 16 pages, which is equivalent to an erase uniteS

The response times of the queries measured in the wall clock a total of eight consecutive erase units are mapped to a DRAM
time are presented in Table 3. In the case of disk, the respons buffer segment of one MByte, an erase operation was reqlieste
time increased as the access pattern changed from sedéntja ery eight page updates.d, a total 0of64000/8 = 8000 erases).



The pages updated l8ys were apart from the previous and the fol-
lowing pages by 128 pages, which is equivalent to a DRAM buffe
segment of one MByte. Consequently, each page update&gsby
caused an erase operatior( a total of 64000 erases). This is the
reason whyQs took considerably more time thaps, which in turn
took more tharQ,.

4.2 Simulation with TPC-C Benchmark

In this section, we examine the write performance of the IPL a
proach and compare it with that of a disk-based databaserderv
more realistic workload. We used a reference stream of tHe-TP
benchmark, which is a representative workload for on-lirseg-
action processing, and estimated the performance of arsaiue-
aging database stored in flash memory, with and without the IP
features. As pointed out in Section 3, the IPL read operatiay
incur additional overhead to fetch log sectors from flash gm
However, due to its superior read performance of flash mernory
respective of access patterns, as shown in Table 3, we ettct
the benefit from the improved write performance will outwetge
increased cost of read operations.

4.2.1 TPC-C Trace Generation

physical page writes. For example, th& 20M 100u trace con-
tained 625527 log records of physical page writes in addliticthe
784278 physiological log records.

[ Operation]]  occurrences | avg. length|
Insert 86902 (11.08%) 43.5
Delete 284 (0.06%) 20.0
Update || 697092 (88.88%)|  49.4

[ Total [ 784278 (100.00%) 48.7 |

Table 4: Update Log Statistics of thelG. 20M 100u Trace

Second, we examined the log reference locality by countieg t
number of log records that updated individual data pageshawn
in Figure 4(a), the distribution of update frequencies waghlly
skewed. We also examined the distribution of referencesrimg
of how frequently individual data pages were physicallytten
to the database. Note that the frequency distribution ofjulay
page writes is expected to be correlated to the log referkued-
ity above, but may be slightly different, because a data paghed
in the buffer pool can be modified multiple times (generatimgj-

To generate a reference stream of the TPC-C benchmark, wetiple log records), until it is evicted and written to the alaase. We

used a workload generation tool calléthmmerora [7]. Ham-
merora is an open source tool written in Tcl/Tk. It suppor®CFC
version 5.1, and allows us to create database schemas,appul
database tables of different cardinality, and run queresfa dif-
ferent number of simulated users.

We ran the Hammerora tool with the commercial database serve
on a Linux platform under a few different configurations, ahis a
combination of the size of database, the number of simulateds,
and the size of a system buffer pool. When the database sarver
under each configuration, it generated (physiological)riegprds
during the course of query processing. In our experimengs,sed
the following traces to simulate the update behaviors oftaluese

server with and without the IPL feature.
100M 20M 10u: 100 MByte database, 20 MByte buffer

pool, 10 simulated users

1G 20M 100u: 1 GByte database, 20 MByte buffer
pool, 100 simulated users
1G 40M 100u: 1 GByte database, 40 MByte buffer

pool, 100 simulated users
Note that each of the traces contained update log recorgs onl
because the database server did not produce any log recaoehtb
operations. Nonetheless, these traces provided us witlgénio-
formation, as our empirical study was focused on analyzhmy t
update behaviors of a database server with flash memory.

4.2.2 Update Pattern of the TPC-C Benchmark

First, we examined the lengths of log records. Since the num-
ber of log records kept in memory by the IPL buffer manager is
determined by the average length of log records and the dize o
a flash sector, which is typically 512 bytes, the averagettend
log records is an indicator suggesting how quickly an in-ragm
log sector becomes full and gets written to flash memory. €ldbl

obtained the page write count for each data page from thegrac
which contained the information of individual data pagemge
written to database, in addition to the update log recordiy- F
ure 4(b) shows the distribution of the frequency of physjuae
writes for the 2000 most frequently updated pages iltBe20M 100u
trace. The distribution of the write frequencies is als@adieskewed.
In this case, the 2000 most frequently written pages (1.6%tof

tal of 128K pages in the database) were written 29% of thegime
(637823 updates). We also derived the physical erase frequen-
cies by mapping each page to its corresponding erase urgt. Fi
ure 4(c) shows the erase frequencies of erase units for the sa
1G 20M 100u trace.

Third, we examined the temporal locality of data page update
by running a sliding window of length 16 through each trace of
physical write operations. We counted the number of dispages
within individual windows, and averaged them across thérent
span of the trace. For theG. 20M 100u trace, the probability
that 16 consecutive physical writes would be done for 16ttt
data pages was 99.9%. We can derive the similar analysisdeee
units. The probability that 16 consecutive physical writesild be
done for 16 distinct erase units was 93.1%&.(on average 14.89
out of 16). Due to this remarkable lack of temporal localttye
update patterns of the TPC-C benchmark are expected to eause
large number of erase operations with flash memory.

4.2.3 Write Performance Estimation

In order to evaluate the impact of the IPL design on the perfor
mance of flash-based database servers, we implementedratn eve
driven simulator modeling the IPL buffer and storage marags
described in Section 3. This simulator reads log records ftioe
TPC-C traces described in Section 4.2.1, and mimics theaeper
tions that would be carried out by the IPL managers accorting

shows the average length of log records by the types of opera- the types of log records. The simulator was implementedenCh

tions for thelG 20M 100u trace. Since the average length is
no longer than 50 bytes, a log sector of 512 bytes can store up t
10 log records on average. This implies that an in-memonstog

tor will not be flushed to flash memory until its associatedadat

language, and its pseudo-code is shown in Algorithm 2.

There are four types of log records in the traces: three tgpes
physiological log records (namely, insert, delete, andabg@dplus
log records for physical writes of data pages. When a phygio&l

page gets updated 10 times on average, unless the data page iSths trend of skewedness appears to coincide with the TPC-C

evicted by a buffer replacement mechanism. In additionedhiee
types of physiological log records, the traces contain émprds of

characterization of DB2 UDB traces [4]. The DB2 UDB traces
contained both read and write references.
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Algorithm 2: Pseudo-code of the IPL Simulator

Input:  {L;}: atrace from the TPC-C benchmark

procedure Simulate({L;})
1: for each log record L; do

2: if L;.opcode € {insert, delete, update} then
3: if log_count(L;.pageid) > 7, then
4: generate a sector-write event
5: log_count(L;.pageid)— 0
endif
6: log_count(Z;.pageid)++
else
Il L; is a log record of physical page write
7 generate a sector-write event
8: log_count(Z;.pageid)— 0
endif
endfor

eventhandler SectorWrite({L:})

9: eid + erase unit id of the sector
10: if logsector_count(eid) > 7. then
11: globalmergecount++
12: logsectorcount(eid)<— O
endif

logsectorcount(eid)++
globalsectorwrite_count++

13:
14:

log record is accepted as input, the simulator mimics adtiadog
record into the corresponding in-memory log sector by inw@at-
ing the log record counter of the particular seédf.the counter

of the in-memory log sector has already reached the limidckd

by 75 in the pseudo-code), then the counter is reset, and an @htern
sector-write event is created to mimic flushing the in-memory log
sector to a flash log sector (Lines 3 to 5).

When a log record of physical page write is accepted as input,
the simulator mimics flushing the in-memory log sector ofpage
being written to the database by creating an internal sective
event (Lines 7 to 8). Note that the in-memory log sector ishitus
even when it is not full, because the log record indicates ttha
corresponding data page is being evicted from the buffek. poo

Whenever an internal sector-write event is generated, ithe s
ulator increments the number of consumed log sectors indhe ¢
responding erase unit by one. If the counter of the consuimgd |
sectors has already reached the limit (denoted.kip the pseudo-

4Since the traces do not include any record of physical paagsre
we can not tell when the page is fetched from the databaset but
is inferred from the log record that the page referenced byldl
record must have been fetched before the reference.

code), then the counter is reset, and the simulator incresrtee
global counter of merges by one to mimic the execution of agmer
operation and to keep track of total number of merges (Lires 1
to 13). The simulator also increments the global counteeofa
writes by one to keep track of total number of sector writes.

| Trace || No of update logg No of sector writes|
100M 20M 10u 79136 46893
1G 40M 100u 784278 594694
1G 20M 100u 785535 559391

Table 5: Statistics of Log Records and Sector Writes

When we ran the IPL simulator through each of the traces, we in
creased the size of the log region in each erase unit from 8&By
to 64 KBytes by 8 KBytes to observe the impact of the log re-
gion size on the write performance. The IPL simulator refumo
counters at the completion of analyzing a trace, namelytdte
number of sector writes and the total number of erase unigeser
The number of sector writes is determined by the updateerter
pattern in a given trace and the buffer replacement by thebadae
server, independently of the size of a log region in the evasts.
Table 5 summarizes the total number of references in each &rd
the number of sector writes reported by the IPL simulatorgfach
trace. Note that, even with the relatively small sizes chdeethe
buffer pool, which causes in-memory log sectors to be flugired
maturely, the number of sector writes was reduced by a riviadtr
margin compared with the number of update references.
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1G.40M.100u —e—
| 100M.20M.10u
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Figure 5: Simulated Merge Counts

On the other hand, the number of merges is affected by thekize
a log region. Figure 5 shows the number of merges for eacheof th

three traceslOOM 20M 10u,1G. 20M 100u and1G. 40M 100u,
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with a varying size of the log region. As the size of the logioag
increased, the number of merge operations decreased dcalyat
at the cost of increased storage space for database. As wevebls
in Figure 4(a), the distribution of update frequencies waskewed
that a small fraction of data pages were updated much more fre
quently than the rest, before they were evicted from thedoyibol.
This implies that the erase units containing the hot pagkawested
their log regions rapidly, and became prone to merge opeTsti
very often. For the reason, the more flash log sectors weredadd
to an erase unit, the less frequently the erase unit was héirge
copied and erased), because more updates were absorbeddg th
sectors of the erase unit.

ory is expected to drop steadily, however, we expect thairthe
crease throughput will outweigh the increased cost foregter

We also examined how the performance of a database senver wit
the IPL features was affected by the capacity of the systefferbu
pool. To do this, we generated three additional trdg@s60M 100u,
1G 80M 100u and1G 100M 100u by running the database server
with the buffer pool of different capacities, namely, 60 M@, MB
and 100 MB. Figures 7(a) and 7 (b) show the total number obsect
writes and the total number of merges with a varying capatitiie
buffer pool. Not surprisingly, as the buffer capacity iresed, the
total number of pages replaced by the buffer manager destteas
Consequently, Figure 7(c) shows the similar trend in thereged

To understand the performance impact of the reduced merge op write time, as the buffer capacity increases.

erations more realistically, we used the following formtdaesti-
mate the time that an IPL-enabled database server wouldi spen
performing the insert, delete and update operations in €-T
traces.

(# of sector writes)x 200
+ (# of merges)x 20ms

trpr

The average time (2Q3) spent on writing a flash sector is from

Table 1° The average time (20 ms) spent on merging an erase unit

can be calculated from Table 1 by adding the average timesntak
for reading, writing and erasing an erase Unit.

Figure 6(a) shows the write time estimated by the;, formula
for each of the three traces. The performance benefit froninthe
creased number of log sectors was evident, but the spackeadr
as shown in Figure 6(b), was not trivial. As the price of flagtnm

SWriting a 512-byte sector takes the same amount of time &s wri
ing a 2-KByte block on large block NAND flash devices.

5This average time of merge coincides with the measuremeengi
by Birrel et al. [2].

In addition, Figure 7(c) shows the expected write time thadira
ventional database server would spend without the IPL featu
The write time of this case was estimated by the followingrfola,

tconw (a x # of page writep x 20ms

where the parameter denotes the probability that a page write
will cause the container erase unit to be copied and erasdeigt

ure 7(c), the value oft was set to 90% and 50%. (Recall that in
Section 4.2.2 the probability of 16 consecutive physicatesrbe-

ing done to 16 distinct erase units was 93.1%.) Even when the
value ofa was arbitrarily adjusted from 90% to 50%, the write per-
formance of the IPL server was an order of magnitude bettar th
that of the conventional server. Note that the y-axis of Fégi(c)

is in the logarithmic scale.

4.3 Summary

High density flash memory has been successfully adopted by
personal media players, because flash memory yields extesdked
and write performance for sequential access patterns. Howas
shown in Table 3, the write performance of flash memory dete-



riorates drastically, as the access pattern becomes ranabith
is quite common for the OLTP-type applications. The simalat
study reported in this section demonstrates that the IRitegy can
help database servers overcome the limitations of flash meamal
achieve the best attainable performance.

5. SUPPORT FOR RECOVERY

In this section, we discuss how the basic IPL design can be aug
mented to support transactional database recovery. Théuker
and storage managers, as described in Section 3, rely omtpgg
updates temporarily in main memory and persistently in frasim-
ory in order to overcome the erase-before-write limitatidrilash
memory. The update logs of IPL can also be used to realizena lea
recovery mechanism for transactions with the minimal ogath
during the normal processing such that the cost of systeovesg
can be reduced considerably. This will help minimize the mgm
foot-print of database servers particularly for mobile orteedded
systems.

5.1 Additional Logging and Data Structure

For the support of transactional database recovery, itdesgary
to adopt the conventional system-wide logging maintaingm- t
cally in a separate storage, for keeping track of the stadteard
(i.e., commit or abort) of transactions. Like ti@nsaction log of
the Postgres No-Overwrite Storage [25], the only purposthisf
system-wide logging is to determine the status of transastat
the time of system failure during the recovery. Since no taiul
log records (other than those by the in-page logging) aratece
for updates, the overall space and processing overheadvierse
than that of conventional recovery systems.

In addition to the transaction log/ist of dirty pagesin the buffer
pool can be maintained in memory during the normal processin
so that a committing transaction or an aborting transacton by
the system failure) can quickly locate the in-memory logt@ex
containing the log records added by the transaction.

5.2 Transaction Commit

Most disk-based database systems adapt-force buffer man-
agement policy for performance reasons [13]. With a fordecpo
all the data pages modified by a committing transaction wbaick
to be forced out to disk, which might often lead to random aisk
cesses for an increased volume of data rather than justrilyshe
log tail sequentially to a stable storage. With a no-forcécgp
only the log tail is forced to a stable storage. Consequehtiw-
ever, data pages resident on disks may not be current. Tlnes) &
system failure occurs, REDO recovery actions should beopaed
for committed transactions at the system restart.

To adopt a no-force policy for the IPL design, the corresjogd

sequentially, and this process will cause no substantrédpeance
degradation at commit time.

We claim that, even with the no-force policy, the IPL design
does not require REDO actions explicitly for committed sac+
tions at the system restart. Rather, any necessary RED@haeil
be performed implicitly as part of normal database procesdie-
cause the redefined IPL read applies log records on the flytto da
pages being fetched from flash memory, and all the changes mad
by a committed transaction are available in the log recandiash
memory. In other words, under the IPL design, the mategdliz
database [13] consists not only of data pages but also afdbei
responding log records.

5.3 Transaction Abort

When an individual transactiof aborts (not by a system fail-
ure), T’s log records that still remain in the in-memory log sectors
can be located via the list of dirty pages maintained in mgnrer
moved from the in-memory log sectors, and de-applied to te ¢
responding data pages in the buffer pool. Som&’sflog records,
however, may have already been written to flash log sectothdoy
IPL buffer manager. To make the matter even more complicated
the IPL merge operation described in Section 3.3 createssa ne
version of data pages in an erase unit by applying the logrdsco
to the previous version, and frees the old erase unit in flasm-m
ory. Since, when a merge is completed, the log records theg we
stored in the old erase unit are abandoned, it would be inifess
to rollback the changes made by an aborting transactionowith
providing a separate logging mechanism for UNDO actions.

To cope with this issue, we proposesaective merge operation
instead of the regulamerge so that we can take advantage of the
in-page logging and simplify the UNDO recovery for aborteshs-
actions or incomplete transactions at the time of systeshcrahe
idea of the selective merge is simply to keep log records foem
ing applied to data pages if the corresponding transactomstill
active when a merge is invoked. With this selective mergecave
always rollback the changes made by uncommitted transegjist
by discarding their log records, because no changes by trense
actions are applied to any data page in flash memory until they
commit.

When a selective merge is invoked for a particular erase tingt
IPL storage manager inspects each log record stored in #seer
unit, and performs a different action according to the statithe
transaction responsible for the log record. If the trarisads com-
mitted, then the log record is applied to a relevant data pHglee
transaction is aborted, then the log record is simply igdot&the
transaction is still active, the log record is moved to thgedector in
a newly allocated erase unit. Obviously, when multiple legards
are moved to a new erase unit, they are compacted into thesfewe

in-memory log sectors need to be written to flash memory when a number of log sectors.

transaction commits. Note that, in the basic IPL design asriteed

in Section 3.2, an in-memory log sector is written to flash ragm
when it becomes full or its associated data page is evictau fr
the buffer pool. In addition to that, for the sake of trangawl
recovery, the IPL buffer manager has to force out an in-mgmor
log sector to flash memory, if it contains at least one log meod

a committing transaction.

Unlike a log tail sequentially written to a stable storagedisk-
based database systems, the IPL in-memory log sectors ienwr
to non-consecutive locations of flash memory, because thsy be
co-located with their corresponding data pages. The agustsn
is thus expected to be random. With no mechanical latencysifl
memory, however, the cost of writing the in-memory log sexto
flash memory will be just about the same as the cost of writiegt

There is a concern, however, that may be raised when too many
log records need to be moved to a new erase unit. For example, i
all the transactions associated with the log records alteastive,
then none of the log records will be dropped when they are chove
to a new erase unit. The problem in such a case is that the newly
merged erase unit is prone to another merge in the near fdteréo
the lack of free slots in the log sectors, which will causeitioical
write and erase operations.

One way of avoiding such a thrashing behavior of the selectiv
merge is to allow an erase unit being merged to have overfigw lo
sectors allocated in a separate erase unit. When a seleotixge
is triggered by an in-memory log sector being flushed to aseera
unit (say E), the IPL storage manager estimates what fraction of
log records would be carried over to a new erase unit. If the-fr



Algorithm 3: Selective Merge Operation

Input:  B,: an old erase unit to merge
Output: B: a new erase unit with merged content

procedure Merge(B,, B)
. iIf carry-over-fraction > 7 then
// the log sector is added to an overflow log area
return B, asB
endif
: allocate a free erase urnit
: for each datapage p in B, do
if any committed log record for p existsthen
p’ « apply thecommitted log record(s) t
write p’ to B
else
write pto B
endif
endfor
compact and write alkctive log records taB
erase and fre®,

w

o NGk

10:
11:

tion is over a certain threshold value the erase unifz remains
intact, but instead the in-memory log sector is written taalillog
sector in a separate erase unit allocated as an overflowEneal-
gorithmic description of the selective merge operationrespnted
in Algorithm 3.

With the selective merge replacing the regular merge, itos n
necessary to explicitly perform UNDO actions for abortedroer
complete transactions. Rather, any necessary UNDO actitbn w
be performed implicitly as part of normal database procesbiy
preventing any change made by aborted or incomplete traosac
from being merged to data pages. Note that the log records by
aborted or incomplete transactions are not explicitly lickzed by
the IPL storage manager in order not to incur any unneces$€ary
but instead dropped by selective merge operations duri@gdin-
mal processing, and eventually garbage-collected anééras

5.4 System Restart

be written to a stable storage in order to ensure the dutaluifi
transactions. Since the log tail is always written in theusedial
manner, the commit-time overhead will be minimal even witgm
netic disk drives with high mechanical latency. Under theoxery
mechanism supported by the IPL scheme (Section 5), whens tra
action commits, its log records still cached in the buffeolpare
written to corresponding log sectors in flash memory in thet-sc
tered fashion. Due to no mechanical latency of flash memaowy; h
ever, small random writes can be processed efficiently ag &n
costly erase operations are not involved [8]. Since the IEHeme
can keep the the number of merge.( copy and erase) operations
to the minimum, the commit-time overhead is likely to bel &biv.

As large and cheap magnetic disks were available in the mid
1990s, the concept of “no-overwrite storage manager” was pr
posed for Postgres [25]. The main idea was, instead of ouamgr
data in disk, to store the historical delta records of upslateddi-
tion to the original contents of data. By taking the no-oweétev
policy, it can travel the history of changes for a data itemd a
more importantly, recover from database failures very kiyicln
this respect, it is similar to our in-page logging. Howeuvbg no-
overwrite storage manager of Postgres must force to diskrat ¢
mit time all pages written by a transaction by random 10. &her
fore, it was retrospected that the no-overwrite storagelavbe-
come a viable storage option only with stable main memeny.,(
FeRAM) [26].

In the late 90s, PicoDBMS [3] was developed for EEPROM,
which was then the major storage media for Smartcard in tiee la
1990s. The main bottleneck of EEPROM is its write perforneanc
While the read time per word is about 60 250 ns, the write
time per word is about & 5 ms. Since EEPROM allows over-
write unlike flash memory, PicoDBMS was built on the update-
in-place approach. If flash memory is used instead of EEPROM,
PicoDBMS will suffer the same performance degradation a&s th
traditional disk-based database servers (see Table 3)d&edi-
coDBMS frequently uses pointer-based data accesses in fwrde
minimize the size of database, and to take advantage of #e fa
read accesses of EEPROM. However, the read speed of NAND
flash memory is not as fast, compared with EEPROM. Therefore,
the intensive use of pointer-based data access will be anpér-
formance bottleneck for flash-based systems.

As described above, the IPL storage manager maintains data Finally, we would like to discuss the limitations of flashrista-

pages and their log records in such a way that a consistemiatse
state with respect to all the committed transactions camaysvibe
derived from data pages and log records. Consequently, theth
REDO and UNDO actions can be performed implicitly, just a&yth
are done during the normal processing.

When the database server is recovered from a system faigre,
transaction log (described in Section 5.1) is examined terdéne
the status of transactions at the time of the failure. Foaadaction
whose commit or abort record appears in the transactionrog,
recovery action needs to be performed. For a transactidniths
active at the time of failure, an abort record should be added
the transaction log, so that any change made by this traoeact
can be rolled back by the subsequent processing of the IPag&o
manager.

6. RELATED WORK

Most commercial database systems rely on the in-place epdat
and the no-force buffer replacement. Without the no-forakcy,
the commit-time overhead may be high, because scatteredman
writes are required to propagate all the changes made byaath
every committing transaction. With the no-force policy, thre
other hand, whenever a transaction commits, the log tailtbas

tion layers (FTL) for database workloads. The main goal of'&T
is to minimize erase operations even for small random ugddiee
pattern of random writes typically dealt with by a file systén
quite different from that of database workload. Specificalh a
file system, most random writes are required for meta-dath su
as FAT (file allocation table) and I-node map, and the writes a
scattered over only a very limited address space (typitedly than
several megabytes) [18]. Therefore, this type of randontesican
be efficiently handled by the LSF-like techniques adoptedibogt
FTL’s. In contrast, the write patterns typical in databasekloads
are scattered randomly over a large address space (usuaily m
than several gigabytes). Consequently, most existing$-ate not
well suited for processing database workload.

Table 6 summarizes the representatives of the previous wmeerk
lated to the in-page logging approach proposed in this pafies
table classifies database storage techniques with respiaet tlata
update policy i(e., in-place vs. no in-place) and the data access
latency (.e., with or without mechanical latency).

7. CONCLUSIONS

The evidence that high-density flash memory can replace mag-
netic disks for a wide spectrum of computing platforms isackend



[ In-place update | Noin-place update |

Mechanical Traditional DB Postgres Storage [25
Latency Storage and recovery [10, 20] (Disk)
(Disk)
No mechanical PicoDBMS [3] In-page logging
latency (EEPROM) (Flash Memory)

Table 6: Classification of Database Storage Techniques

present. While multimedia applications tend to acces®larglio
or video files sequentially, database applications teneo and
write data in small pieces in the scattered and random fasiiae
to the erase-before-write limitation of flash memory, treglttional
database servers designed for disk-based storage sysiérmisfw
fer seriously deteriorated write performance.

To the best of our knowledge, it is the first time we expose

the opportunities and challenges posed by flash memory for th

unique workload characteristics of database applicatibpsun-
ning a commercial database server on a flash-based storstgensy
The in-page logging (IPL) proposed in this paper has dematest
its potential for considerable improvement of write penfiance
for OLTP-type applications by exploiting the advantagedlagh

memory such as no mechanical latency and high read bandwidth

Besides, the IPL design can be extended to realize a leavnamrco
mechanism for transactions.
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