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Abstract: Although the technology of flash memory is rapidly improving, SSD usagglisimited due to the high cost per storage
capacity. An alternative is to construct the hybrid structure where a 888 partition is combined with the large HDD patrtition, to
expand the file system space to HDD storage capacity while exploiting therperfice advantage of SSD. In such a hybrid structure,
increasing the space utilization of SSD partition is the critical aspect in garmghagh 1/0 performance. In this paper, we present HFM
(Hybrid File Mapping) that has been implemented for the hybrid file systésgiiated with SSD. HFM enables to divide SSD partition
into several, logical data sections with each composed of the differtanitesize. To minimize fragmentation overhead, HFM defines
three different ways of partitioning functions based on the extent sipadf data section. Furthermore, file allocations on the extent
are performed on the partitioned unit (segment) of extents to reusertte@niag free space as much as possible. The experimental
result of HFM using three public benchmarks shows that HFM can leetéfé in increasing the usage of SSD partition and enables to
contribute to provide better 1/O throughput.
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1 Introduction large-scale storage space with only SSD still remains,

which is the high ratio of cost per capacity as compared to
Many file systems have been developed for the purpose ofhat of HDD[31, 36].
optimizing the moving overhead of HDD disk arms in 1/O . . . .
operations. However, as the new technologies, such a An a_Iter_natlve for solvmg_ the _problem Is to provide
SSD (Solid State Device), are rapidly improved, the file 1€ Nybrid file system space in which both HDD and SSD

system research for integrating those technologies ireto thiPartitions are integrated in a single, virtual file system

storage capacity has become received the great attentio"?"fjdress space in the cos_t-effec_:twe_ way. In t_he_ hybrid
because they possess the promising performanc@trucmre'.f[he.major con5|derat|_o.n Is to maximize the
characteristics to satisfy the need of commercial SPace utilization of SSD partition while efficiently
applications. Especially, SSD that uses flash memory af)\rrangl_ng SSD address space to generate the better 1/0
the storage medium is considered the next-generatio andwidth.
storage device, due to its advantages such as high random In this paper, we present the hybrid file mapping
I/0 speed and non-volatility]. method, called HFM (Hybrid File Mapping), where the
Although SSD reveals the peculiar device file system space is provided by constructing the hybrid
characteristics that do not take place in HDD, such asstructure with HDD and SSD partitions. To maximize the
wear-leveling and block erasuré, 3], several researches space utilization of SSD partition, HFM supports the
to overcome those obstacles have been performed eith@apability of dividing the address space of SSD patrtition
by implementing FTL (Flash Translation Layer[21], into multiple, logical data sections with each composed of
or by implementing flash-specific file syste®s9]. the different I/O unit (extent). The mapping between files
However, the major impediment in utilizing the and data sections can be performed by considering the file
performance advantage of SSD for constructing theaccess characteristics including file size or usage.
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Furthermore, such a file mapping can be changed withoulog block can be used by pages belonging to any data
affecting the directory hierarchy. blocks so that the merge with the data block can be
In order to reduce the fragmentation overhead indelayed to reduce the write and erase costs. However, if
providing the elastic extent size, file allocations in the the pages in the log block belong to the different data
data section are performed in the units of segmentdlocks, then the method can cause the significant erase
consisting of extents, which enables to reuse extent®perations to merge with the data blocks.
containing the remaining free space as much as possible. Another way of increasing the space utilization of log
By evaluating HFM with three public benchmarks blocks is to group data blocks into N data groups and also
including TPC-C, PostMark, and 10zone, we tried to to provide K log blocks at maximum for each data group.
show the effectiveness of HFM in generating high I/O The merge operation between pages in the log block and
performance. This paper is organized as follows: Inoriginal data blocks takes place in the dedicated data
section 2, several researches related to SSD and filegroupR9]. Chiang et al. also proposed data clustering
systems are presented. The detailed structure of HFM islgorithm where data blocks are divided into several
described in sectior8. In section4, the experimental regions based on the write access frequesjcyvhen a
results using the benchmarks are presented. Finally, welata block is updated, it moves to the upper region. On
conclude in sectiob. the other hand, if a segment is selected for cleaning, then
all the valid blocks in the segment are copied into the
lower region. Therefore, the separation between hot data
2 Related Studies and cold data can be done to reduce the erase operations.
Wu et al. proposed the adaptive flash translation layer
The SSD uses NAND flash memory for the storagewhere the page-level mapping and the block-level
medium. Each flash memory is composed of a set ofmapping are used according to the recentdé}s[The
blocks that are the erase units?,22,35] and again a page-level mapping is used for the most recently used
block is consisted of a set of pages that are 10 units. Thepages. Since the size of the page-level mapping table is
flash memory only allows erase-write-once behavior.limited, some least recently used pages are moved to the
Therefore, to update to the same location, a free block idlock-level mapping by using LRU list. Also, the
selected and then the new data is written to the blockdual-pool algorithm proposed by Chang and Du manages
along with copying the live data in the original block. The data blocks based on the erase count and prevents the old
original block is erased for the block reclamation. As block from being involved in the block reclamatidih|
blocks are involved in the erase operations they become Also, there were several researches related to the
worn out and also the lifetime of a flash block for which it write behavior of SSD. For example, Rajimwale et al.
guarantees data reliability is limited (100K for SLC and found that the write amplification can be reduced by
10K for MLC)[27]. As a result, evenly distributing the merging and aligning data to stripe siZ&3[ However,
erase-write cycles among flash blocks is the critical issuesince the related information, such as SSD stripe size, is
in SSDs, which is called wear-levelirif, 37]. rarely available to file systems, delegating the block
The wear-leveling is deeply related to the logical to management to SSD and exposing the object-oriented
physical address mapping since the block worn-outinterface, such as OSDL 12], to file system might be
depends on how often each block is used for writing dataeffective.
In general, there are two kinds of address mappings to Birrell et al. proposed a way of improving random
convert the logical addresses to physical addresseswvrites on flash disks, by introducing the volatile data
page-level mapping and block-level mapping. Although structures}]. They tested several UFDs (USB Flash
the address translation speed of the page-level mapping Bisks) while varying the distance between consequent
faster than that of block-level mapping, it suffers from the writes and found that several UFDs deploy the
large memory requirement to store the map table. On thgerformance degradation with far distance between writes
other hand, the block-level mapping suffers from the slowdue to read-modify-write to the new flash location. They
translation speed due to the page-copy opera2@a[]. proposed the volatile data structures and algorithms to
To overcome the disadvantages of both mappingsmitigate such an overhead in random writes.
several hybrid address translations were proposed. In the Besides implementing the sophisticated method in
log block-based mappingl], a few number of log blocks FTL, several researches tried to find a way of reducing
are reserved to collect flash pages. When all the logwrite and erase costs by rearranging data before passing
blocks are exhausted, the pages in the log blocks ar¢hem to FTL. Most of such researches were to provide
merged with the corresponding data blocks. However, thed.RU list to keep the frequently referenced pages in the
log block-based mapping can suffer from the low spacebuffer since those pages will likely to be used soon. Due
utilization due to the limited number of log blocks, to the limited buffer space, the least referenced pages will
resulting in the frequent write and erase operations. be written to flash pages. There are several approaches for
The fully-associative section translati@8] tried to  selecting pages to evict them from the buffer. CFLBU)[
solve the low space utilization by eliminating the conceptdivides the LRU list into two regions based on a window
of dedicating each log block to a specific data block. Thesize: working region for including the recently used pages
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and clean-first region for including clean pages. The Many researche6[10,18,23] tried to reduce the cost

victim for the eviction is the page in the clean-first region. for write and erase operations by implementing the
The CFLRU/C, CFLRU/E, and DL-CFLRU/E[] added log-structured 1/O scheme on top of file systems. The
more flexibility in choosing the victim, by referencing the log-structured file systerff] was proposed to reduce the

access frequency and block erase count. For example, idata positioning overhead on top of HDD. Instead of
CFLRU/C, if no clean page is available for the eviction, modifying data in-place, it provides out-of-place updates
then the dirty page with the lowest access frequency willby appending the logs at the tail. Since such an 1/O
be selected as a candidate. On the other hand, ipattern well fits to flash memory, many flash file systems
CFLRU/E, the dirty page with the lowest block erase have adopted the log-structured /O in their
count will be chosen for the eviction. implementations. JFFS, JFFS2, and YAFFS were

In CFDC]28], the clean-first region of CFLRU is implemented based on the log-structured mechanism.
arranged in two queues: one for the clean queue and the JFFS2B9 organizes logs consisted of a linked list of

clustered. The page linked at the tail of the clean queue i§uch as file name and inode number, and a range of data
first selected as a victim. If no clean page is available,in the file. When the file system is mounted, the nodes are
then the first page in the lowest-priority cluster is seldcte Scanned to construct the directory hierarchy and the map
as a victim. LRU-WSR[7] proposed the page Petween file positions and physical flash addresses. In
replacement referencing an additional flag, called coldYAFFS[10], fixed-sized chunks are organized to contain
checked. If it is marked, then the page is considered as 8umber zero includes file metadata and is used for
victim. In case that a dirty page with its cold flag not constructing the directory hierarchy at file system mount.

being marked is referenced, the page is moved to MRUYAFFS uses the tree-structured map to locate the physical
position while marking the cold-flag. addresses associated with file positions.

. . . TFFSP] was designed for the small embedded
CCF-LRUP6] is another replacement algorithm using systems.p]ln TFFS egach erase unit is consisted of

the cold detection. It differentiates the clean pages " - .
between hot and cold by using the cold-flag. It first variable-length sectors and the sectors are divided into

searches the cold clean page for the eviction. If no sucﬁ[w0 parts: one for including descriptors containing the

. ) ) . index to the associated data in the unit and the other for
page Is gvallable, then it chooses the cold dirty page as feal data. It also uses the logical pointer to reduce the
victim, instead of choosing the hot clean page. In

FAB[15], pages in the buffer are clustered based on theoverhead of pointer modification due to the unit erasure.

erasure block unit. When the buffer is full, FAB chooses aOne of the interesting flash file systems is FlexF5[

block containing the largest number of pages asavictimWhere the storage space is_constructed in the hybrid
with the expectation of the switch merge in FTL. In CaseStructure by using MLC and SLC. The new data is first

that the number of maximum pages of multiple blocks is collected in the write buffer an.d_ flushed into M_LC or SLC
T log blocks. If no space for writing data is available, then
the same, a victim is chosen based on LRU order. . :
o the data migration takes place to create more free spaces,
BPLRU[20] also selects a block as a victim. It uses the yy moving data from the SLC region to the MLC region.
blocks. If a logical sector is referenced, then all sectorspy combining disk to RAM with battery backup. It stores
belonging to the same block are moved to the front of thesmg|| files and metadata in RAM and stores large files in
list. It also chooses the least recent block for the evictiongisk to favor the performance potential of RAM. The
while flushing all sectors in the yictim together to flash hFSK2] is another hybrid file system that provides the file
memory to reduce the log blocks in FTL. system space by combining the in-place update pattern of
Although the FTL and replacement algorithms FFS with the out-of-place update of LFS (Log-structured
mentioned contribute to reduce the write and erase costle system). Also, TxFlasiBP] provides a new device
in flash memory, most of them need to have accesses tmterface to allow the transactional model. TxFlash
SSD internals, in order to obtain the block erase count orexports WriteAtomic(ps, .., pn) that enables to issue a
to use the buffer inside SSD. However, such knowledge oisequence of writes in the transaction. The consistency is
accesses cannot be available when using the commercigkovided by implementing the new cyclic commit
SSD products. In HFM, we tried to exploit a way of protocol.
reducing the flash overhead on VFS layer without Finally, DFS[L6] provides a support for the
requiring the knowledge about SSD internals, except forvirtualized flash storage layer using fusion-io ioDrive.
the flash block size. In our method, given the flash blockThe virtualized flash storage layer integrates the
size is known to HFM, the extent size of each data sectiortraditional block device driver with FTL, to provide a thin
can be determined to be aligned to flash block boundariessoftware layer while favoring the fast direct speed of
In case that the extent size is smaller than the flash blockoDrive controller. Also, the layer is responsible for the
size, before passing data to SSD partition, the extents ardirect data path between DFS and the controller, logical
collected in the in-core map table. block to physical page mapping, wear-leveling, and data
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distribution between multiple ioDrives. However, since
the layer is tightly coupled with the ioDrive controller, it
may not be portable to be used other than ioDrive. |,
Furthermore, the cost for providing DFS address space is| |
much higher than that of HDD.
The difference between flash file systems and HFM is | -
that HFM was designed to provide a large-scale storage’

[ MIE 3= ity .. mts) ‘:

l E)IE

capacity by constructing the hybrid file system space.| o o | [J2eriem

Furthermore, 1/0Os in HFM take place in-place even ’HH ﬂ” “'EH }“
though it collects data in units of segments within extents | a
before passing them to SSD. Also, HFM does not use a EHH Ey E__ fi;g';h;
single I/0 unit for the entire SSD storage space. Instead,’ e
the different extent size (/O unit) can be configured for  Farsus—raa™ | =5 e

each logical data section, thus storing files to the differen "
data section with the appropriate extent size is possible.  ratsuwe—rizcg«—!|

Fatrbutes—I(Ey.2)

3 System Model

Fig. 1: An overview of HFM
3.1 Overview

The first objective of HFM is to improve the space

utilization of the restricted SSD storage resources files and subdirectories to be created untenall, /mid,
Second, HFM has been implemented to reduce 1/0 cos@nd /large are mapped t®1, D2, and D3, respectively,

by mapping files to the appropriate data section whileaccording to the mapping script. In case that file attributes
considering their attributes, such as file size, usage, anére changed, for instance creating a directory to store
access pattern. The third objective is to collect as manyarge-size files in/small, the data section being mapped
data as flash block size on VFS layer prior to passingto the new directory can be switched to the other data
them to SSD partition, in order to reduce FTL overhead insection consisted of large-size extents, without changing
write and erase operations. the directory hierarchy.

In Fig. 1, the entire file system space of SSD partition  In the dynamic HFM, the files are mapped in any data
is composed of three logical data sections. On top of thos&ection based on file size. Len[f] be the file size in
data sections, their extent size can elastically be define@locks of a filef. In /dynamic, if len[f] <x, thenf is
based on the file attributes. The number of data sectiongllocated inD;. If len[f] > zthenf is allocated inDs. In
and the extent and section sizes are defined at file systeimeither of cases, is allocated irD,. Eventually, in HFM,
creation. In Fig1, three data sectionBy, D,, andD3, are  the I/O cost for accessing large-size files can be reduced
defined with the different extent sizesin blocks forD1, by assigning large-size extents to them. Also, the files
yin blocks forD,, andzin blocks forDz wherex < y < z. denoting the sequential access pattern, such as

Definition 1. Given a data sectioB,, the associated multimedia files, can have /O benefit by using the
HFM is defined asF : attributes — IL(E,s,p). The large-size extents.

partitioning function I, of D, is composed of the On the other hand, the files representing the
followings: unpredictable access pattern or size, such as emails, are

assigned to small-size extents to minimize the extent

— Eisthe extent oD, andsis its size in blocks. fragmentation overhead. Furthermore, the files for backup

- pe{1,23}Ugis the parameter for the segment can bypass SSD partition, resulting in storing only in
partitioning on extents. The = ¢ denotes the bypass HDD partition. As a result, the limited SSD space can be
operation. used for only files requiring fast I/O bandwidth.

In providing with the logical data sections configured
with the elastic extent size, the major problem impeding
the space utilization is the extent fragmentation overhead3.2 Segment Partitioning
HFM attempts to solve the fragmentation overhead by
classifying files according to file attributes and by In this section, we first describe the partitioning function
partitioning the extents to use the remaining space aspplied to each data section. Since data sections are
much as possible. There are two kinds of HFM for a file. composed of the different extent sizes, HFM provides the
In the static HFM, the mapping between a file and datadifferent partitioning function for each data section, to
section is defined by the mapping script, which isreuse the extents possessing the enough free spaces to
submitted at file system mount. For instance, in Eighe  allocate several files. Also, we describe the map function
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segments at level zero are the same a&{k,s,p) with

p = 1. On the other hand, for the child segments of the
level one, gart[sgl'] = s/2 and len[sgf'] = 1. Also,

vk > H,gart[sgf] = s/2 + 2¢ and len[sgl] = 2<.
Therefore[(E,y,2) is defined as

,—2(E7y72): L
{(s95,0)} U{(s9p,2)i € 0,1, , (logzy) — 2}U

e Example. Fig. 2(b) shows an example of
LT |IW ek 1 FEEN nEyv2withy—es:
();,,(,Ei:r:g,;:::;‘;,:s,i;,,,d,,é,:,_):;;, {(Sgg 70)1 (%87 1)7 (Sgcl), 2)7 Ty (%ga 16>} U
o {($]}—_|732)?($2a33)7(Sg%534)a ,(59?,48)}

e | 522"

Fig. 2: The partitioning function, according to the extent In the partitioning functiory(E, s, p) with p = 3, the
size ando segment partitioning is recursively performed into the
subsequent level. In Fid., with the partitioning function
I3(E,z3) of the data sectio®s, as long as the size of
segments is no smaller thax{segment index i$0g,0d),
corresponding to each partitioning function, which is usedthe segments are partitioned into the lower level. This
to determine the block position for the next file allocation. partitioning function is used for the large-size extents to
consume the free spaces in extents after file allocations.
In the level zeroE is first partitioned into(logz) +
3.2.1 Partitioning Function 1 segments whose starting block positions and lengths in
blocks are the same as specifiedi(E,s, p) with p = 1.
In the partitioning function(E,s,p) with p =1 fora  The segments whose lengths in blocks are no smaller than
data sectioy, E is consisted oflogys) + 1 segments. In  d are recursively partitioned into the lower level until the
Fig. 1, on top of D1, Ii(E,x,1) partitions E into lengths of all the child segments become smaller han
{sgp|H <i < logox} whereH = —1. Thei denotes the Let s , be a segment at leveL — 1 and
segment index ifE. If i = H, then it is the head segment. lenjsg® ,] > &. Then, sgP , is partitioned into
Let start[sgp] andlen[sg,] be the starting block position { j||_||- i i < p). Also sta;-t[l H] — sart[sgf ] and
and length in blocks of segment Then, start[sgi] = 0 I a I<Pr ’ S Sg'-‘lj
and lensgh] = 1. Also, Vi > H, dart[sgy] = 2' and len[sg] = 1. Furthermore, Vj > H, dart[sg] =

eniSgo . . b
len[sgh] = 2'. The partitioning function foD is defined ~ Start[sgi_,] +2" andlen[sy/] = 2). As aresult/3(E,z 3)

as is defined as
_ H I3(E,z3) o
o 2 oL (loga) -1} = (50 .0)) U (2 € 0,1, logz2) 1)
= {(so! tart[sgf ) }u

Example. Fig. 2(a) shows an example of _
r(E,x 1) WiLh X—8 : ) . if sgf_, is the parent of those chunks are[sg] ;] > &
{(s95,0). (99, 1), (595, 2). (95, 4)} -
v = {(sgl',, start[sg]])}U
{($I|f+l7$art[sgﬁ+l] + 2k)|k € O? 1a Tty J - 1})

In the partitioning functior,(E, s, p) with p = 2, the forngi such thaten[sg{] >
segment partitioning is performed in two levels. As -
pictured in Fig.1, in the partitioning function»(E,y,2) Example. Fig. 2(c) shows an example d&(E,z 3) with
of Dy, E is partitioned in two levels. In level zerg is 7—512 andd = 32 -
consisted of logyy segments. To minimize the
fragmentation overhead, the largest segniéodyy) — 1 H 01y ... 8
is further split into the child segments in level one, The {f(jgsggO),(sgo,l), (800,256}
starting block position and the length in blocks of the —— {(sg},256), (sg?,257), -, (sg8,320),-- }
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for sgf
—— {(s0},320), (s05.321), -, (505,352} i [21] <1pos< 211 and] > logy5

for 5 ) . i <Ipos< and] > logz0, _
— {($3 7352)7 (%37353)7 ($37 368)} I'na.p(l pOS,p) = mp(l pos = pos— dart [ngjl_]vp)

3.2.2 Map Function (levell)
P if [2¢] <1pos< 2! andk < logy9,
Definition 2. Given a HFMF : attributes — ',(E,s, p) of map(l pos, p) = (sgit?, start[sgf'] 4 2¢+1)

the data sectio,, let pos be the block position ort
where the last file has been allocated. If the free space is if [2¢| <Ipos< 2¢t1 andk > log,3,
larger than a threshold value, themap(pos,p) map(l pos, p) = map(l pos = pos— start [sg,_] pP)
determines the starting segment from which the next file
is allocated orE.
Example.
In IL(E,s,p) with p = 1, E is partitioned into(logzs) + 1
segments. Therefore, if the last segment allocated to a file
is segment, then the next allocation starts from segment 1. InTn(E,s,p) with s=8 andp = 1, letpos= 3. The

i1, next allocation takes place at segment 2:
1 2
casep =1: map(3,1) Z=>2, (sg2,4)

map(pos, p) = (sgst,2+1) where 2 < pos < 2'+1

In IL(E,s, p) with p = 2, E is partitioned into two levels. 2. In IL(E,s,p) with s= 64 andp = 2, let pos = 35.

In case that an allocation ends a segmednt(logss) — 2, The next allocation takes place at segment 2 at level
the next allocation starts frorn+ 1. Otherwise, the last one:

segment(logys) — 1 is further partitioned into the child

segments in level one and the next allocation processes on map(35,2) 35-5/2(32)=3

them. 1 2
map(3,2) 2=5%, (sg2,32-+ 4 = 36)
casep =2
if 21 < pos < 2”rl andi < (Ioggs)
let pos = 161. The next allocation takes place at
if 21 < pos < 21 andi > (logs) — 2, segment 1 at level two:
map( pos, map(l pos= pos—s/2
p(p( @1 8/25_(2%1) P /2,0) map(161.3) 27<161<28 161 dart[sgl| (128)=33
k| < k+1 25<33<26 161 8](128+32=160)=1
where|2¢| <Ipos< 2 map(33,3) < 161-start[sg3](128+ )
In M(E,s,p) with p — 3, E is first split into (10gzs) + 1 map(1,3) 2552, (sgl,160+ 2 = 162)
and any segment whose length in blocks is no smaller
than d (segment index i$o0gy9d) is further partitioned in
the subsequent level. As a result, on the level zero, if the
last allocation is completed in segmeénrt 10g,d, then the
next allocation starts from segment+ 1. Otherwise, Theorem 1. With extents of sizes in blocks
segment + 1 is further split prior to the next allocation composed of segmentssgL where i € {H,0,-
process. (logzs) — 1}, there is at least a sequence of file allocat|on

processes by using HFM of the data sectipn
casep =3: (level 0)

if 21 < pos < 21 andi < 10929, Proof. Let u; be the probability that, after executing the
map(pos, p) = (sg'+1 2i+1) finite partitioning stepssg] no longer participates in the
_ _ segment partitioning. Also, lep“(¢) be the probability

if 2 < pos< 21 andi > log,J, _ that k partitioning steps take place a, and ; be the
map(pos, p) = map(l pos= pos— start[sgy|, o) probability distribution of the segments for incoming

files. Let T be the used portion adg; . In case that the

(level 1) remaining spacden[sgl] — T becomes smaller thad

if |2/] <Ipos<2/*tandj <log.3, after k partitioning steps, the segment partitioningsgt
map(l pos,p) = (sg’1+1 sart[sgy] +2/+1) does not take place. Therefor,is determined as
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MT (E,s,p) with p = 3, the segments partitioned at each

level are managed by the different table to be organized at
@) the level. _

In MT(E,s,p), each table entrent; is connected to

the linked list of extent descriptors whose associated
Fornfiles, extents have the largest free space starting from segment
i. The extent descriptor contains the mapping information
about the associated extent, such as extent address, data

W= { Wiau, O<len[sg]—T<d
"l p(@Wiog, lenfsgi ] —T> 0

Y= Yl + P size mapped to the extent, and pointer to the callback
= Yi—1Ui + p(@)[Pi—2ui + p(@) Yi—2] function to be invoked when the corresponding extent is
= _1Ui + (@) Yi_2u;i + p?(@) [Wi_3ui + p(@) Yi_3] moved to the other table entry. It also contains the
= (i_1Ui + p(@) Yi—2Ui + P*(@) Yi—3ui + P> (@) Pi_3 :ggcg;ngﬂﬁ]nbgsout the files mapped to the extent including
= YU+ +pe O)Yi— (k1) Vi + P (@) (k41) Fig. 1 shows theMT (E,s,p) structure according to
= gpi Ui + the extent size ang. Let Eq(r),Eq(r),- - ,Ex(r) be the

largest free spaces of exteris, E;,---,Ex where those
Z p'( it P @)y (ki1) free spaces start from segmersdt levelL. Also, for VK,

let d(Ex) be the extent descriptor & and start[Ex(r)]
andlen[Ex(r)] be the starting block position and length in
blocks of the largest free space . Suppose that the
descriptors are linked together, in the order of
d(Eo),d(Ea),-- -, d(Ex).

Becausey;_1U; implies no partitioning steps being
taken place fon files, it becomes 1. Also, the partitioning
steps cannot excedd p“t1(@)y;_ (k+1) — 0. Therefore,

k Definition 3. GivenMT (E,s,p), a table entryent; of
P=1+ z P (P (41U (2)  n_atlevell is defined as: _
r=1 ent; = {d(Ex)|Vk > 0,start[Ex(r)] = start[sg; ] and
In (2), on average, len[Eo(r)] > len[Eq(r)] > ---}

In case that the largest free spaces of several extents
Zp O rppuil/n= (¢ —1)/n (3)  start from the same segment, their descriptors are linked
together in the decreasing order of free spaces. In
If n files are all allocated on extents in terms of L (E,s,p) with s=512 andp = 3, suppose that a file of
segments, theg; — n. As a result, 162 in blocks was allocated in an empty extent.
According to 1the partitioning rule, the next allocation
starts from(sg;,162). The extent descriptor is linked to
Z P (@) (r+1) uj/n=(n-1)/nx=1 (4) ent; of mz(inzMT()E s,p). If several extents have the
largest free space starting frosyl, then their extent
As a consequence, we notice that a file can eventuallyjescriptors are linked tent; in the decreasing order of
be allocated in extents by using the segment partitionfree spaces.
defined in HFM. Fig. 3 shows the steps for reusing extents whose free
spaces are larger than a thresh@ldrhe f is the new file
to be allocated andme denotes the difference between the
3.3 Extent Reuse time for which the associated extent has been inserted into
the map table and the time for which the extent is checked
In HFM, the extent reuse is performed by using the in-corefor the file allocation. In the algorithm, if the flash block
map tableMT (E,s,p). TheMT (E,s, p) is responsible for  sizebs is known to HFM and the extent sizeis smaller
managing the extent free space in memory for reuse priothanbs, then the extent collection takes place in memory
to the write operation to SSD partition. Also, given the before writing to SSD partition. Figl describes the steps
flash block size of SSD patrtition is known to HFM, if the to determine the segment index and level where the next
extent size of a data section is smaller than the flash bloclallocation process on the same extent takes place.
size, then collecting the extents before write operatisns i HFM maintains the extent bitmap per data section for
performed in the map table. the extent availability. At file system mount, HFM checks
TheMT (E,s,p) is constructed per data section and is the extent bitmap for each data section and pre-allocates
differently organized according to the extent size and 1K of empty extents to the map table. In HFM, file write
With p =1, MT(E,s, p) is consisted of a single tabigty operations are simultaneously performed on both
to manage the segments split frdin On the other hand, partitions. When either of partitions completes the write
with p = 2, two tables are included iNT (E,s,p): mto operation, control returns user.
for managing the segments in level zero amt for The write completion is denoted by a two bits flag,
managing the child segments in level one. Finally, incalled SSD_write.done, stored in inode: 00 for
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Algorithm 1 Extent Reuse Algorithm 2 Map
Input: MT(E,s,p), f, flash block sizésiif available Input: pos, p
Output: MT(E,s,p) Output: id, level
1. HFM periodically organizesKl of empty extents and 1. case
their descriptors are linked @ty to mto; 2. p=1:
2.if (len[f] > s) 3. calculate such that 2< pos < 21+1;
3. use empty extents linked ety in mig 4. return (i +1,0)
for allocatingf;
4. letE be the last extent anpbs be the last 5. p=2:
block position allocated té onE; 6. if (pos>s/2)
5. else 7. | pos= pos—s/2;
6. forall entj € mty in MT(E,s,p) 8. calculatek such that 2K < 1pos < 2¢+1;
7. select exterE whose largest free space is no 9. return (k+1,1)
smaller tharien[f] andtime(E) is the longest; 10. else _ _
8. let pos be the last block position allocated fo 11. calculate such that 2< pos < 2'+1;
9. endfor 12. return (i+1,0)
10. endif 13. end if
11. /*id andlevel are the segment index and level for the
next allocation */ 14. p=3:
12. callMap(pos,p,x*id,*level); 15. level =0;
13. if (the remaining space drops belély 16. calculate such that b< pos < 21
14. if (s< bs) 17. if (len[sgy] < &) return (i +1,0) end if;
15. collect extents until the total size reachess 18. while (i >logy9) _
16. endif; 19. | pos = pos— start[sg| g ]; level 4+
17. else 20. calculaté such that 2' | <|pos< 2'*1;
18. move the extent descriptor Bfto entjy of Mtjeyg 21. if (len[sglqq] < 6) return (i + 1, level) end if;
inMT(E,s, p); 22. end while
19. end if 23. end case
Fig. 3: Algorithm for the Extent Reuse Fig. 4: Algorithm for the map function
initialization, 01 for the completion on HDD partition, 10 Table 1: HFM definition and map table
for the completion on SSD partition, and 11 for the
completion on both partitions. The flag is also used for the HFM(1) map directory;/hfm/small
file read operation. If the flag for SSD partition is marked F :attributes — L (E, s, p)
as one, then the data is read from SSD partition by using withs=8andp =1
the extent addresses stored in inode. Otherwise, the read MT(E s p) = {mo}
operation is performed in HDD partition, followed by the | HFM(2) map directory;/hfm/mid
duplication to SSD partition as a background. F :attributes — ' (E, s, p)
with s= 64 andp =2
MT(E.s,p) =/{mo,/m1}
: HFM(3) map directory;/hfm/large
4 Performance Evaluation F - attributes - Fn(E. 5, p)
. withs=512 ando =3
4.1 Experimental Platform MT(E,s,p) = {mio, My, - ,ma}

We executed the performance evaluation by using a PC

equipped with an AMD Phenom 8650 Triple-core

2.3GHz processor, 4GB of RAM, and Seagate Barracuda

320GB HDD. The SSD is 80GB of fusion-ioDrive]|

The NAND type of fusion-ioDrive is SLC and the respectively. Each data section size is 16GB and HFM
reported bandwidth is 760MB/sec. for reads andblock size is set to 1KB. Thed for the segment
540MB/sec. for writes. The access latency is 26s and ifpartitioning is marked as 32. Therefore, with 512KB of
uses PCI-E bus interface. In the evaluation, we dividedextent size, the number of partitioning levels is 5
SSD partition into three logical data sections and mappedlogys/d + 1), resulting in constructing five map tables.
to /hfm/small, /hfm/mid, and /hfm/large, which are  Table 1 represents the HFM and map table associated
composed of 8KB, 64KB, and 512KB of extent sizes, with each directory hierarchy.
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that of xfs and ext2. Also, in Fih(b), the HDD partition
T ) of HFM is integrated with ext4 and its transaction rate is
SHWG WHME HEMO) compared to that of ext4. In both figures, the RAM size
was configured to 4GB. The number of clients
simultaneously connected to database is varied from 50 to
500. As can be seen in the figures, the performance
advantage of SSD is apparent because the performance of
xfs, ext2 and ext4 installed on SSD shows the large orders
of magnitude 1/0 improvement, compared to that of those
three file systems installed on HDD.

Although the database queries of TPC-C produce
various transactions that require to access data from the

-
S

=

15

Transaction rates (x1000)

o kN ow & o o~ ® ©

® W w0 random disk position, SSD rarely generates the
No. of clents positioning overhead for such 1/O patterns. In Figa)

and5(b), we can notice that, with 50 client connections,

(a) HFM integrated with ext2 the transaction rate of HFM(3) where the extent size is

512KB is 11% and 6% higher, respectively, than that of
HFM(1) where the extent size is 8KB. In the database, the
average data size for a single write operation is about
900KB that is larger than any of extent sizes in HFM.
Also, since we do not have the information about the flash
block size, the steps to collect extents whose sizes are
smaller than the flash block size do not take place prior to
the write operation. Consequently, the cost for taking the
necessary extents in HFM(1) is higher than that in
HFM(3).

As the number of client connections increases, the
transaction rates become small because of the contention
in 1/0 devices. Even in this case, the performance
5 w oW w5 superiority of SSD is noticeable as compared to that of
HDD.

Fig. 6(a)and6(b) show the transaction rate with 1GB
of RAM where the HDD partition of HFM is integrated
with ext2 in Fig.6(a) and with ext4 in Fig.6(b). Due to
_ ) ) the fact that the experiments use the smaller RAM size
Fig. 5: TPC-C Transaction rates (x1000) with 4GB of than that in Fig.5(a) and 5(b), the virtual /O activity
RAM takes place in processing the transactions. For example, in

Fig. 6(a)and6(b), the transaction rate of HFM(1) with 50
clients decreases about 17% and 20%, respectively, as
. compared to that with 4GB of RAM in Fidh(a)and 5(b).
4.2 TPC-C Experiments However, the benefit using the large-size extent is still
available since, with the same number of connections,
TPC-C [] is the public benchmark for measuring the HFM(3) integrated with ext2 in Figé(a) shows 12% of
performance of online transaction processing systemspeedup, compared to HFM(1). The similar I/O behavior
using database. TPC-C typically generates five types otan be observed in Fig6(b) where almost 6% of
transactions and constructs nine variously structurecperformance improvement can be possible with HFM(3)
tables in database. The transactions are randomlas compared to HFM(1).
generated by a given number of simultaneously connected
clients. In TPC-C, we used Mysql 5.5 and the database
was installed on both HDD and SSD partitions. We 4.3 PostMark Experiments
executed TPC-C on top of HFM(1), HFM(2), and
HFM(3) and compared their transaction rates. Also, thePostMark has been implemented to measure the
performance result of HFM is compared to that of ext2, performance of short-lived files, such as electronic mail,
ext4 and xfs installed on HDD and SSD. Each file systemnetnews, and commerce servicBd] As we did with
uses the database installed on the same partition tdPC-C, we executed PostMark on three HFM
minimize the overhead for the database connection. configurations and compared their performance results.

In Fig. 5(a), the HDD partition of HFM is integrated The number of files was changed from 1,000 to 20,000

with ext2 and its transaction ratepmC) is compared to and the file sizes were ranged between 500bytes and

-
I
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Fig. 6: TPC-C Transaction rates (x1000) with 1GB of Fig. 7: PostMark Transaction rates (x1000) with 100,000
RAM transactions

9.77Kbytes. In Fig7(a), the HDD partition of HFM was 1/O behavior could reduce the FTL bottleneck in SSD
integrated with ext2 and in Fig.(b), the HDD partition of ~ partition by converting into the large, sequential 1/O
HFM was integrated with ext4. In both figures, we ran access pattern.
100,000 transactions and marked bias read as 5, In PostMark, the small-size files are continuously
therefore append and read operations are equally likely tgenerated so that there is little delay in the map table to
occur. As can be seen, with large number of files such agollect files into the large-size extents. However, if the
more than or equal to 10,000 files, the performancedelay becomes larger, then collecting files in the map
advantage of SSD is apparent in the file systems due téable can be an obstacle in achieving high /O
the rarely generated the mechanical moving overhead iperformance. Therefore, choosing the appropriate HFM
locating the desired data. configuration should carefully be performed to achieve
When we executed PostMark on top of HFM(1), it /O improvement. The transaction rates of the
generates the similar bandwidth to ext2 and ext4 installecexperiments decrease as the number of files becomes
on SSD. However, on top of HFM(3) with 1000 files, we large because of the reduced number of the available
can observe about 6% performance speedup on ext2 aridodes in the current directory.
ext4. As a result, coalescing data into the large I/O  Fig. 8(a) and 8(b) show the performance results with
granularity on VFS layer would be effective on accessing500,000 transactions. In case of xfs, accessing the large
the continuously being produced small-size files, bynumber of small-size files does not produce high 1/O
reducing the allocation cost. Also, we guess that such amandwidth on HDD due to the mechanical moving
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Fig. 8: PostMark Transaction rates (x1000) with 500,000 Fig. 9: Type 1 10zone bandwidth

transactions

overhead. However, in Fig(a), we can observe that, with 10zone in which about 32GB of HDD space and 16GB of
1000 files, such an overhead can be alleviated in SSHusion-io SSD space are filled with two types of files. In
because of its device characteristics. Also, ext2 and HFMhe first type, 96% (266,240) of small-size files whose
all favor such a promising performance benefit on SSD.sizes are ranged from 8KB to 16KB and 4% (10,200) of
On the other hand, in Figg(b), with less than 10,000 large-size files whose sizes are from 512KB to 4MB are
files, there is little advantage in using SSD on top of ext4randomly generated to occupy both HDD and SSD
due to its extent metadata structure. However, convertingpaces. In the second type, only the large-size files from
into the large granularity still produces the performance512KB to 4MB are written in two devices. We measured
improvement, as can be seen in the bandwidththe bandwidth of the two types with HFM(1), HFM(2),
comparison between ext4 and HFM(3). As the number ofand HEM(3). Also, the I/O throughput of ext2, ext4 and
files increases the bandwidth decrement takes place dugfs installed on HDD and SSD was compared to that of
to the large number of files being created in the directory. HFM.

The first objective of this experiment is to verify the
hybrid structure of HFM by observing whether it can
4.4 10zone Experiments possess the performance advantage of SSD partition
while expanding the storage capacity as much as its HDD
In this section, we describe the performance results opartition offers. The second objective is to notice the
I0zone benchmark. In the first experiment, we modifiedeffect of its hybrid file mapping based on the file size.
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capacity, the period between consecutive replacements
700 becomes longer so that the turbulence would be
==¥= xfs(HDD) =~6-- ex2(HDD) ==4== ext4(HDD) .
~a alleviated.
§' O, Ao Brens) Fig. 10(a)illustrates the write throughput of type 2 for
g™ ext2, ext4 and xfs installed on HDD and SSD. In Type 2,
2w the file sizes being written are between 512KB and 4MB.
s \ With such file sizes, the storage capacity of SSD is
3 0 \ exhausted when the number of files exceeds about 7,500.
£ \ However, as can be seen in Fi)(b) and 10(c), the file
8 system space of HFM is restricted by HDD capacity
N I e o S s = rather than SSD due to its hybrid structure. In Hi§(b),
| T "'*"’"’*’""“* with the large-size files, the performance advantage of
e HFM(3) is apparent as compared to that of ext2 installed
No. offles on SSD and that of HFM(1). This is because HFM(3)
requires to allocate the less number of I/O units than ext2
(a) ext2, ext4 and xfs and HFM(1) do. For example, with 1,000 files, HFM(3)

shows 23% and 16% of performance improvement,
compared to ext2 on SSD and HFM(1). We can observe
m vuo the similar 1/0 behavior in Figl0(c) where about 14%
SE) -8Ry B SEN) S B and 9% of bandwidth speedup can be observed with
HFM(3) as compared to that of ext4 on SSD and HFM(1).
In the second experiment pictured in Figl(a)
and 11(b) where the HDD partition of HFM was
integrated with ext2 in Figll(a)and was with ext4 in
3n0 Fig. 11(b). We varied file sizes and mapped those files to
each extent size of HFM, in order to observe what kind of
mapping is effective for each file size. In both figures,
o wo with 8KB of file size, using HFM(3) composed of 512KB
of extent size produces rather less I/O throughput than
T 1 1 O, 1 P11 BT S0 0 N Hon 2 using HFM(].) composed of 8KB of extent size. This is
because 8KB of file sizes should wait at the map table
until the whole extent size is used for storing several files.
However, with 256MB of files, using HFM(3) shows 6%
of improvement in Figll(a)and 3% of improvement in
, ) Fig. 11(b)as compared to using HFM(1). This is because
Fig. 10: Type 2 I0zone bandwidth it does not cause any delay at the map table and also
needs the less number of extents than using 8KB of
extents.
It is noted that the mapping between files and SSD
Fig. 9(a) shows the write throughput of type 1 for data section should carefully be performed to produce
ext2, ext4 and xfs installed of HDD and SSD. Also, both petter 1/0 performance. One efficient way is to use the
Fig. 9(b) and Fig.9(c) show the result of the same type on l|arge-size extent for storing the large-size files. Also,
HFM integrated with ext2 and ext4, respectively. using the large-size extent can be effective even with the
Although ext2, ext4 and xfs installed on SSD enable tosmall-sized streaming files. However, for the
produce high 1/O performance, their storage capacity isunpredictable-sized files, using the large-size extent may
quickly exhausted as compared to that of the same filgot be efficient due to the delay to fill out the whole
systems built on HDD. However, in HFM, since its file extent. In this case, those files should be mapped to SSD
system space is integrated with HDD, it can write until data section configured with the small-size or
the entire HDD partition is occupied with files. medium-size extent.
In type 1, the majority is the small-size files and
therefore the delay in the map table takes place with the
large-size extents, which degrades I/O bandwidth with§ Conclusion
HFM(3). In Fig.9(b) and Figured(c), we can observe that
about 12% and 14% of performance difference occursDue to its promising advantages, integrating SSD into the
between HFM(1) and HFM(3) with 10,000 files, storage capacity is becoming the main issue in the file
respectively. Also, we can notice that the periodic system development. Although its peculiar device
performance turbulence takes place in HFM due to thecharacteristics, such as  erase-write-once and
extent replacement. We believe that, with the larger SSDwear-leveling, can be overcome either by implementing
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allocation steps are performed in units of segments in the
B o extent. In the medium-size exterip = 2), the last
segment is more split into level one to reuse the
remaining free space of the extent and then in the
large-size extentp = 3), the segments whose segment
size is larger than or equal to the thresidld are
recursively partitioned until the sizes of all segments
become smaller than the threshold. We executed the
performance evaluation of HFM by using three public
benchmarks, including TPC-C, PostMark, and I0zone. In
the evaluation, SSD partition is divided into three logical
data sections and each data section is configured with
8B OHEB SIKE B VB IGVB  GME  250MB 8KB, 64KB, and 512KB of extents, followed by mapping
Fie size them to the different directory hierarchies. In TPC-C, the
performance advantage of SSD is apparent because the
(a) HFM integrated with ext2 performance of HFM and ext2 and ext4 installed on SSD
shows the large orders of magnitude 1/O improvement,
compared to those file systems installed on HDD. Also,
1000 since /0O size in TPC-C is larger than any of extent sizes,
Doufon) oSy WHMG  EHMQ)  EHEMG using the large I/O granularity produces better 1/O
bandwidth than using the small-size extent. Such an 1/O
behavior is also available even though the transaction
rates become small due to the increased number of
simultaneous client connections. In PostMark experiment,
we can notice that, in most cases, SSD works better than
HDD in accessing small-size files because of the absence
of the mechanical moving overhead in SSD. Also, even
with small-size files, using the large-size extent
contributes to generate the performance speedup because
BB BB SIKB B VB LVB 6B 25MB the delay in the map table is reduced due to the
contiguously being generated files. In |IOzone benchmark,
we can observe that HFM enables to expand its storage
capacity to its HDD partition due to the hybrid structure.
However, there is a delay in writing small-size files with
_ ) the large-size extent, therefore the mapping between files
Fig. 11:10zone bandwidth compared to ext2, ext4 and xfs 3nd SSD data section should carefully be performed. One
installed on HDD and SSD efficient way is to use the large-size extent for storing the
large-size files or the small-sized streaming files.
However, for the unpredictable-sized files, using the
large-size extent may not be efficient due to the delay to
an efficient FTL algorithm, or by implementing fill outthe whole extent. In this case, those files should be
flash-specific file systems, the high ratio of cost permapped to SSD data section configured with the
capacity as compared to HDD remains an obstacle irsmall-size or medium-size extent. As a future work, we
building the large-scale storage subsystems with onlywill experiment HFM with real applications where a large
SSDs. An alternative is to construct the hybrid structurenumber of various-sized files are generated, to verify its
where a small SSD partition is combined with the large effectiveness in generating better 1/0O performance.
HDD partition, to provide a single virtual address space
while favoring the performance advantage of SSD. In
such a hybrid structure, maximizing the space usage of
SSD partition is the critical issue in generating high I/0 Acknowledgement
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