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ABSTRACT
In this paper, we present the scalable and efficient flash file
system using the combination of NAND and Phase-change
RAM (PRAM). Until now, several flash file systems have
been developed considering the physical characteristics of
NAND flash. However, previous flash file systems still have
a high performance overhead and a scalability problem of the
mounting time and the memory usage because, in most case,
the metadata is written with several words at a single update
even though the writes in NAND flash must be performed
in terms of page, which is typically 2 KiB. The proposed
flash file system called PFFS uses PRAM to mitigate the
limitation of NAND flash. The PRAM is a next generation
non-volatile memory and good for dealing with word level
read/write of a small size of data. PFFS hence separates
the metadata from the regular data in a file system and
saves them into PRAM. Consequently, the PFFS manages
all the files and directories in the PRAM and outperforms
other flash file systems. The experimental results show that
the performance of PFFS is 25% better than YAFFS2 for
small-file writes while matching YAFFS2 performance for
large writes and the mouting time and the memory usage of
PFFS are O(1).

Categories and Subject Descriptors
C.3 [Special-Purpose And Application-Based Systems]:
[Real-time and embedded systems]; D.4.3 [Operating Sys-
tems]: File systems Management—Flash file system design
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Various non-volatile memories such as PRAM (Phase-
change RAM), FRAM (Ferroelectric RAM) and MRAM (Mag-
netic RAM) have been developed as a next generation mem-
ory technologies. These non-volatile memory technologies
attempt to gain acceptance as an alternative of embedded
storage by their notable features such as non-volatility, ran-
dom access capability, in-place update, fast write speed,
low power usage, and long write endurance. Among them,
PRAM is especially remarkable for its fairly high-density
and current progress of commercialization. Already, Sam-
sung announced 512Mbit working prototype of PRAM while
the production of MRAM and FRAM are only 4Mbit[13].
This prototype has thirty times faster write speed and ten
times longer endurance than conventional flash memory and
it is expected that PRAM can replace high-density NOR
flash memories within the next decade.

In comparison with the PRAM, NAND flash memory is
widely used as data storage in embedded system and has
benefits of a large capacity and relatively high performance
for a large size of read/write requests. However, a read/write
unit of NAND flash is typically the 2KiB of a page with
64byte spare region. In addition, the write operation of
NAND flash should be preceded by an erase operation. The
erase operation performs in terms of block. The block is
much larger than a write unit so the erase time is much
longer than the write time. As a result, flash memory sys-
tems adopt the out-place update scheme. When the data is
modified, the new data will be written to available live pages
and the old version of data is then invalidated and consid-
ered as dead pages. Later, when there are not enough live
pages in the flash memory, the garbage collection reclaims
the space occupied by dead pages.

In order to address current limits of NAND flash, sev-
eral flash file systems, e.g. JFFS2[6], YAFFS2[3], CFFS[14],
were designed. JFFS2 is a log structured file system that se-
quentially stores the nodes containing data and metadata in
the flash memory but it does not consider the characteristics
of NAND flash such as the spare regions and the read/write
units. On the other hand, in the design of YAFFS2, the
physical characteristics of NAND flash is fully considered so
that it is more efficient than JFFS2. However, JFFS2 and
YFFS2 has serious scalability problems. Because the loca-
tion of a updated page is saved in NAND flash pages or spare
regions, the file system should scans the entire flash space
at a mounting time and the entire directory and file system
structures must be saved in main memory at that time. Be-
sides, the mounting time and the memory usage is increased
linearly according to the NAND flash size and the number
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of files in file system. The CFFS stores the entire data in-
dex pointers in each inode and uses pseudo-hot-cold separa-
tion, which allocates the different flash blocks for metadata
and data. By separating the metadata, CFFS can reduce
the region to be scanned when the file system is mounted
and improve the garbage collection performance. However,
CFFS brings additional page writes to modify data index
pointers in an inode when every file is updated. Further-
more, because CFFS contains directory and file structures
in memory, it still has the overhead to construct and manage
them.

In this paper, an efficient and scalable flash file system,
which is named PFFS using PRAM and NAND flash is pre-
sented. Basically, in PFFS, the metadata and data are sepa-
rated and only the metadata is maintained in PRAM. Also,
the matata of PFFS includes directory structures as well
as data index pointers. Thus, PFFS reduces the cost of
metadata updates and totally resolves the scalability prob-
lem of previous flash memory file systems. In addition, we
propose the wear-leveling technique of PRAM in order to
prevent PRAM from being worn out earlier than NAND
flash. The proposd technique divides PRAM into segments
and switches the data stored in segments to contol the write
counts equally among segments.

2. FLASH FILE SYSTEM (PFFS) DESIGN

2.1 Metadata Separation
Figure 1 shows the structure of PFFS compared with

YAFFS2. In YAFFS2, only NAND flash is used as a storage
device and all metadata and data are stored in NAND flash.
However the PFFS is designed on a hybrid embedded stor-
age composed of PRAM and NAND flash. Based on PRAM,
PFFS separates metadata from regular file data and stores
the metadata in PRAM. This metadata separation brings
two important advantages for PFFS.
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Figure 1: The comparison of YAFFS2 and PFFS
structure

First, the metadata updates overhead is reduced. As

shown in Figure 1(a), YAFFS2 writes a 512 or 2KiB of a
NAND flash page for each update of metadata. However,
it is well-known that the metadata is frequently updated
and the most updates of metadata perform in about sev-
eral bytes[9]. In YAFFS2, metadata updates generate many
invalidated pages and reduce the performance of file sys-
tem. On the other hand, PFFS writes metadata in terms of
2bytes word because PFFS maintains metadata in PRAM
such as Fig. 1(b). Consequently, the metadata separation
of PFFS reduces the number of page writes and improves
the performance of metadata updates.

Second, PFFS provides a fixed mounting time and mem-
ory usage. Other flash file systems need to scan a lot of
NAND flash pages at mount time and keep the data index
and directory strcuture in main memory after the file sys-
tem is mounted. For example, YAFFS2 scans all the spare
regions and metadata pages and makes a data index tree in
main memory such as Figure 1(a). However, in the design of
PFFS, each metadata contains directory structures as well
as file attributes and data index pointers in PRAM. Because
any data in a file of PFFS can be found from the metadata
in PRAM, PFFS dose not scan NAND flash page and spare
region at all. Also, PFFS is not necessary to keep tempo-
ral data indexes and directory structures in main memory.
This means that the PFFS has no scalability problem of the
mounting time and memory usage.

2.2 Metadata Structure
The file system layout and the metadata structure of PFFS

is shown in Figure 2. The basic file system layout and meta-
data structure of the PFFS are similar to Ext2. The su-
perblock is used for basic description of the file system and
the inode and data page bitmaps are sequences of bits that
specify whether the corresponding inodes or data pages are
free or not. The inode region contains the inodes which de-
scribe and manage each file in PFFS. However, in PFFS,
the data block information region is additionally used for
the management of NAND flash blocks and the file or di-
rectory name is stored in the file name region of PRAM. In
next subsections, we describe metadata structure in more
detail.

i_mode i_uid i_size i_atim i_ctime
i_mtime i_dtime i_gid i_nlinks i_blocks

Data Index Pointer * 44

i_file_acl
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Figure 2: File system layout and metdata structure
of PFFS

2.2.1 Data Indexing Structure
For data indexing in PFFS, the inode of a file contains 48

page pointers - 44 data page pointers, 2 indirect index page
pointers, 2 double indirect index page pointers. The 44 data
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page pointers directly point to the pages corresponding to
the first 44 pages of a file while other 4 index page pointers
point to the indirect or double indirect index pages such as
Figure 2. The indirect index page includes data page point-
ers and the double indirect index page stores indirect index
page pointers and 128 or 512 page pointers are contained
in these index pages according to the page size of NAND
flash. Therefore, if we assume that the page size of NAND
flash is 2KiB, PFFS addresses only 88KiB of data using the
data page pointer in PRAM and remaining data can be ac-
cessed by index pages in NAND flash. Also, in previous
assumption, the 512MiB of data can be address through so
maximum file size in PFFS is larger than 1GiB.

The reason why PFFS uses NAND flash for data indexing
is related with the size and write speed of PRAM. First, if
we assume that file systems can require up to a 1-2% over-
head for metadata[7], PFFS needs 40MiB of PRAM for 4GiB
NAND flash memory. It is not cost-effective to keep the en-
tire metadata in PRAM even though PRAM is larger than
other non-volatile memories. Of all kinds of the metadata,
the space-overhead of data indexes is high. For the previ-
ous example, because PFFS uses at least 8MiB of PRAM
to index all the pages of 4GiB NAND flash, the overhead
for data indexing in the metadata is much more than 20%.
Therefore PFFS can reduce much PRAM space for data in-
dexing as allocating indirect and double indirect index pages
into NAND flash. In PFFS, each inode uses only 192bytes
of data indexing and PFFS can store about 60000 files of
maximun 1GiB with only 32MiB PRAM.

Second, the write speed of PRAM is not faster than NAND
flash if we write more than several hundred bytes of data.
For that reason, when a lot of data indexes are updated at
once in PFFS, that is, creating or copying large files, it is
better to store the data indexs into NAND flash. In addi-
tion, recent studies[5, 4, 12] confirm that the most files are
small and most write accesses are for small files; however,
most storage capacity is consumed by large files that are usu-
ally only accessed for reading. Consequently, it is ineffective
that PFFS allocates the data indexes, which are infrequently
updated, of large files in PRAM. By index pages contained
in NAND flash, PFFS rather reduces the overhead of data
index updates when it writes large amount of data.

2.2.2 Directory Structure
PFFS organizes its entire directory structure in PRAM.

As shown in Figure 2, the file name region includes the name
of all files and directories Also, the inode of a file and di-
rectory contains the inode pointers (i parent, i child, i prev,
i next) to link the inodes of related files and directories.
All the sub-directories and files in a directory are connected
by the i prev and i next pointers as a doubly linked list.
The i parent and i child in the inode of a directory are used
to represent the relation among directories. The i parent
points out the inode of a parent directory and the i child is
used to indicate the first entry of the list which includes its
sub-directories and files. Consequently, through these four
inode pointers, we can find the inode of any files or directo-
ries from the root directory of PFFS and access any data in
the PFFS from the data indexing structure of that inode.

However, the simple linked list structure is not effective for
directory lookup because the time to search a file is increased
according to the number of files in a directory. For the fast
directory lookup, PFFS generates the hash key (i hash key)

of the file name and saves it in the each inode of a file. After
that, PFFS sorts the directory list by the hash keys. Hence,
we can quickly find the entries which have same hash key of
desired file then compare the file name only for those entries
and reduce the total directory lookup time.

2.3 Garbage Collection
During the garbage collection, any live pages in the re-

claimed block must be copied to the other block. For ef-
ficient garbage collection, previous researches have tried to
minimize the amount of copying the pages that store hot
and live data because hot data, which has a higher proba-
bility for updates, has more chance to generate a dead page
in the near future.

Like other flash memory file systems, PFFS needs garbage
collection to reclaim dead pages. The garbage collection
of PFFS is much more efficient than other flash memory
file systems because PFFS stores the metadata in PRAM.
From the viewpoint of file system, the metadata is usually
hot data because the metadata is more frequently updated
than the regular data[9, 14]. Anytime and anywhere, a write
operation accompanies metadata updates. Even when there
is no writing of data, the metadata should be modified for
several reasons; file movement, renaming operations, file at-
tribute modifications and so on. PFFS totally separates hot
metadata from the regular data and stores the metadata in
PRAM. This means that the most of copied live pages during
garbage collection of the PFFS are cold data and relatively
have low possibility to be updated and dead pages later. As
the result, the metadata separation decreases the overhead
of garbage collection and increases overall performance of
the PFFS.

3. WEAR-LEVELING OF PRAM
Before we explain our wear-leveling design, it is neces-

sary to refer to the worn-out characteristic of PRAM in
the PFFS. Actually, PRAM has at least 10-times longer en-
durance than the conventional flash memory[13]. It seems
to be acceptable to use PRAM without considering worn-
out possibility. However, in PFFS, we have to notice that
PRAM contains the metadata. As we previously mentioned,
the metadata is more frequently updated than regular data.
Because PRAM also uses the in-place update scheme, the
metadata update pattern of PFFS is directly reflected to
PRAM. This is a big problem because generally the meta-
data update pattern is highly irregular. For example, the
super block which records the number of free page is up-
dated after every NAND page write. The write counts of
the superblock region in PRAM is much higher than other
metadata regions. In summary, in the current PFFS de-
sign, the total life time of PRAM is seriously reduced by the
frequent and ununiform updates of the metadata.

For accurate wear-leveling of PRAM, it is the best that we
control the write count of PRAM in word level. However,
PFFS manages the PRAM as 4KiB segment unit because it
causes a lot of management overhead. Figure 3 shows the
wear-leveling desing of PFFS. First of all, PFFS virtually
divides the metadata in Figure 2 into 4KiB segments and
the virtual segment is allocated to any physical segment in
PRAM. Therefore, the physical location of metadata can be
changed in PRAM. In order to manage the segments, PFFS
allocates a segmentation table, usage count and bitmap in
the fixed regions of PRAM. The segmentation table has the
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mapping information where the virtual segment is physically
saved. The write usage count region holds the total write
count of each segment and PFFS can find the free segment
which is not currently used by the segmentation bitmap.

Segmentation 
Table

Segmentation
Bitmap

(a) Segment Switching

Segmentation 
Usage Count

Youngest 
Segment

Oldest
Segment

………… 

Segmentation 
Table

Segmentation
Bitmap

Segmentation 
Usage Count ………… 

(b) Word Level Shifting
Word Shift

Figure 3: PRAM Segmentation and Wear-leveling
Design

Based on this segmentation, the key features of our wear-
leveling algorithms is the segmentation switching and word
level shifting. The wear-leveling of PRAM is similar with
hot-cold swapping[11, 10]. If the difference between the
write count of the oldest segment and youngest segments
is larger than a threshold, the data in oldest segment and in
the youngest segment is swapped as shown in Figure 3. Seg-
ment changing prevents the segments from being unevenly
worn but the worn-out level of each word within segments
cannot be controlled. For example, if the segment holds the
inodes of the files, the words, which store the size of a file
(i size), are more frequently updated in the segment. To
moderate this problem, the word-level shifting is proposed
as shown in Figure 3. Whenever PFFS swaps two segments,
PFFS store the segments after shifting several words of the
data from start of the segments. The word-level shifting pre-
vents that the specific usage pattern in the virtual segment
is repeated in other physical segments.

4. EXPERIMENTAL RESULTS
In order to test PFFS, we developed the evaluation board

as shown in Figure 4. This evaluation board has a 266MHz
ARM processor and 64MiB SDRAM. It also includes most
of storage devices which are currently used for embedded
systems; NOR, SLC and MLC NAND, OneNAND, UtRAM
as well as PRAM. We were offered PRAM prototype by
Samsung and implemented the PFFS in a Linux OS with
kernel version 2.6.19 using 32MiB PRAM prototype1 and
Samsung K9F2G08U0A NAND flash memory[2] in our eval-
uation board. The NAND flash characteristic is summarized
in Table 1.

However, PRAM is not freely available for us to test var-
ious and heavy workloads. We just verify the functionality
of PFFS using PRAM. The performance test is actually car-
ried by emulated PRAM. We analyze the read/write time
of PRAM and emulate that by power backed UtRAM[1]
with delay. Our emulation method is quite accurate because
the PRAM read/write time is deterministic and the data
in power backed UtRAM is not volatilized. We compared
the performance and scalability of PFFS with YAFFS2 and
show the wear-leveling results of PRAM.

1We cannot reveal the detailed specification of PRAM be-
cause it is confidential for the Samsung electronics.

Figure 4: The evaluation board to test the PFFS

Table 1: NAND flash memory characteristics
Part number K9F2G08U0A
Block size (128K+4K) Bytes
Page size (2K + 64) Bytes

Page read time 25µs
Page write time 200µs
Block erase time 1.5ms

4.1 Read/WritePerformance
At first, we compared the the small-file performance of

PFFS with YAFFS2. We used the PostMark[8] benchmark
program, which is well-known for measuring file system per-
formance over a workload composed of many short-lived,
relatively small files. We configure the PostMark to create
500 files with a file size range of 512 bytes to 16KiB. We
increase the number of transactions from 15000 to 30000 for
every run and collect the results. For all experiments, the ra-
tio of file creation/deletion is 5:5 and the ratio of read/write
operation is 1:9.

Figure 5 shows the results of performance comparison.
The bar graph represents the total execution time of Post-
Mark and the line graph shows the number of NAND page
writes during experiments. This results shows that the per-
formance of PFFS is better. It is mainly because the number
of NAND page writes is reduced using PRAM as metadata
region.

Figure 5: Small-file performance under PostMark
benchmark
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Figure 6: Comparison of garbage collection under
PostMark bechmark

Especially the performance gap between PFFS and YAFFS2
is increased as the number of transaction is performed. This
is the effect of garbage collection. Figure 6 shows the results
of garbage collection when we execute above performance
test. The bar graph shows the number of GC (Garbage Col-
lection) and the line graph shows the number of total live
page copies during GC. From the Figure 5 and 6, we note
that the difference of the number of GC affects to the differ-
ence of performance between PFFS and YAFFS2. However,
after 30000 transactions, the number of GC in the PFFS
is larger than YAFFS2 but the number of live page copies
of YAFFS2 is much more than PFFS. This means that the
performance of GC in the PFFS is better than YAFFS2.
On average, the extra writes of the PFFS is only 0.84 times
per GC although YAFFS2 is more than 2.7 times per GC.
As we mentioned in section 2.4, metadata separation also
increases the garbage collection performance and this will
affect overall performance of the PFFS.

The weak point of the PFFS is the performance of large
file writes. Table 2 shows the execution time and the number
of NAND page write when we wrote 100MiB file with block
size 2KiB. The time to write of the PFFS is about six percent
longer than YAFFS2. It is mainly because there is only one
metadata updated for file creation so the effect of metadata
separation and PRAM is not shown. Rather, the PFFS
needs to update the page bitmap in metadata continuously
and many writes in PRAM cause the overhead. However
this overhead will be reduced more because the write time
of current PRAM prototype is continuously improved.

Table 2: Large-file write performance

PFFS YAFFS2
Write time (s) 90.2 85.3

# of Flash page writes 51301 51202

4.2 ScalabilityTest
In this section, we compare the mounting time and mem-

ory usage of PFFS and YAFFS2. We measure mounting
time and memory usage of each flash file system after we
writes a large file or many small files. Table 3 and 4 show
the results of the scalability test.

For the mounting time in Table 3, we can easily know that
the mounting time of YAFFS2 is linearly increased accord-
ing to the growth of used pages in NAND and the number of
files in YAFFS2. During file system mounting, the mount-
ing time is proportional to the number of data pages and

Table 3: Comparison of mounting time

Test environment PFFS YAFFS2
No file write 0.159 (s) 0.281 (s)
After a 50MiB file write 0.159 (s) 2.054 (s)
After a 100MiB file write 0.159 (s) 3.817 (s)
After a 200MiB file write 0.159 (s) 7.201 (s)
After 12800 2KiB files write 0.159 (s) 3.655 (s)
After 25600 2KiB files write 0.159 (s) 8.406 (s)

Table 4: Comparison of memory usage

Test environment PFFS YAFFS2
No file write 64KiB 48KiB
After a 50MiB file write 64KiB 84KiB
After a 100MiB file write 64KiB 124KiB
After a 200MiB file write 64KiB 300KiB
After 12800 2KiB files write 64KiB 2572KiB
After 25600 2KiB files write 64KiB 5228KiB

files because YAFFS2 must scan the metadata pages and
spare regions of NAND flash. On the other hand, the PFFS
scans only fixed regions in PRAM regardless of any other
conditions.

Similar to the mounting time, the memory usage of YAFFS2
is not scalable as shown in Table 4. This proves that YAFFS2
contains dynamically many data in memory. Especially if
there are many files in YAFFS2, it needs much memory to
save the directory structures. However, the memory usage of
the PFFS is fixed because the PFFS store whole directories
and flash memory management structures in PRAM, As a
results, the PFFS is completely scalable in all aspect and we
can apply the PFFS to any resource constrained embedded
system.

4.3 Wear-leveling of PRAM
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Figure 7: Write access pattern of PRAM without
wear-leveling

Figure 7 shows the write counts of PRAM in the PFFS
when we execute the PostMark benchmark with the con-
figuration of executing 40000 transactions without wear-
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leveling. The x-axis shows the byte address in PRAM and
the y-axis represents the write counts of each bytes. From
this Figure, we can see that the write is concentrated in
the specific region of PRAM and some region has about 600
write counts although the write counts of most other region
are under 100 times and what is worse is that there are a
lot of unused region in PRAM. This proves that the PFFS
has the worn-out problem of PRAM.

 0

 100

 200

 300

 400

 500

 600

 0  5e+06  1e+07 1.5e+07 2e+07 2.5e+07 3e+07 3.5e+07

W
rit

e 
co

un
t

N bytes

With wear-leveling

Figure 8: Write access pattern of PRAM with wear-
leveling

Figure 8 shows the results after we applied the wear-
leveling design to solve this wear-leveling problem. If we
apply our segmentation design, the maximum write counts
are reduced under 200 for all bytes in PRAM. In special, the
write that is concentrated on the beginning parts of PRAM
in previous test is moved to the unused segments by segmen-
tation changing. If more write are occurred in PRAM, this
unused segments is continuously used instead of increasing
the write counts of previously used segments. Therefore, us-
ing our segmentation technique, all bytes in PRAM will not
wear out before flash memory is worn out.

5. CONCLUSION
In this paper, we presented a scalable flash memory file

system, called PFFS, for the hybrid architecture of PRAM
and NAND flash memory. PRAM is one of the next gen-
eration non-volatile memories and has many good features
comparing with flash memory. We use PRAM as the meta-
data storage for NAND flash file system. By separating
metadata from NAND flash memory, we totally solve the
scalability problem of previous NAND flash file system. The
experimental results show that the mounting time and the
memory usage of PFFS are O(1). This also improves the file
write and garbage collection performance. The performance
of PFFS is 25% better than YAFFS2 for small-file writes
while matching YAFFS2 performance for large writes. In
addition, we propose the segmentation of PRAM and solve
the wear-leveling problem of PRAM in the PFFS. Currently

it is the limits of the PFFS that we need the PRAM as
metadata storage. However, PRAM is expected to replace
the NOR flash memory for code execution and PRAM will
be used with NAND flash memory in the future embedded
systems. Then, our PFFS will be more easily applied to
various embedded systems.
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