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ABSTRACT
While flash memory has been widely adopted for storage
systems for various embedded systems, issues on perfor-
mance and reliability have started receiving growing atten-
tion in recent years. How to provide efficient roll back and
quick mounting for flash-memory file systems has become
important research topics in recent years, in addition to the
work on effective garbage collection and superb run-time
performance. Such an observation motivates our work on
the investigation of efficient initialization and crash recov-
ery of flash-memory file systems based on log structures.
A methodology is proposed for the acceleration of mount-
ing and crash recovery for log-based file systems. A sys-
tem prototype based on a well-known flash-memory file sys-
tem YAFFS was implemented with performance evaluation.
The experimental results show that the proposed method-
ology can reduce the mounting time significantly, regardless
of whether the file system is properly unmounted.

1. INTRODUCTION
Flash memory is non-volatile, shock-resistant, and power-

economic. As a result, flash memory is now among the
top choices for storage media in embedded systems. There
are two major approaches in the implementations of flash-
memory file systems: The native file system approach (e.g.,
[8, 10]) and the block-device emulation approach (e.g., [9,
11, 12, 14]). The two approaches share the same objective,
which is to have applications accessing data on flash mem-
ory transparently via standard file operations. Regardless
of which approach is taken, major fundamental design is-
sues remain. One essential issue is on the mounting of file
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systems. When a flash-memory file system is first mounted,
the common practice is to scan all spare areas of pages in a
brute-force fashion over the flash memory to reconstruct its
house-keeping data structures in the main memory. Such a
procedure is not only time consuming but also impractical
in the near future1.

In this paper, a method for efficient initialization and
crash recovery is proposed for flash-memory file systems.
A log management scheme for flash-memory file systems is
presented. The proposed log management method is imple-
mented in a log-record manager (referred to as LRM here-
after) and a logger. The LRM collects log records generated
by the file systems (additional to the writes/updates to the
file systems) in the main memory and merges/deletes them
whenever necessary. The responsibility of the logger is to
commit log records(processed by the LRM) onto flash mem-
ory with a data structure called check regions, where check
regions provide fast references to log records stored on flash
memory. During initialization or crash recovery, the house-
keeping data structure (i.e., the view) of a flash-memory file
system could be properly and efficiently constructed based
on the scanning of check regions. The objective is to pro-
vide efficient initialization and crash recovery for the log-
based flash-memory file system, regardless of whether the
file system is properly unmounted or crashed.

The rest of this paper is organized as follows: Section
2 introduces an overview of flash memory technology. Re-
lated work and motivation is summarized in Section 3. Sec-
tion 4 introduces an efficient management method for the
mounting and crash recovery of log-based flash-memory file
systems. Section 5 provides performance and overhead eval-
uation of the proposed method over YAFFS. Section 6 is the
conclusion.

2. FLASH-MEMORY CHARACTERISTICS
A NAND2 flash memory consists of many blocks, and each

block is of a fixed number of pages. A block is the smallest
unit for erase operations, while reads and writes are done
in pages. A page contains a user area and a spare area,
where the user area is for the storage of raw data, and the
spare area stores ECC and other house-keeping information.

1Such a procedure is getting impractical as the capacity of
flash memory chips are growing quickly. 8Gb NAND flash
memory chips are, in fact, under mass production at this
time point.
2We focus our discussions on NAND flash because it is more
suitable to the designs of file/storage systems.



The typical sizes of the user area and spare area of a page
are 512B and 16B, respectively. The typical block size of
a NAND flash memory is 16KB. Because flash memory is
write-once, we do not overwrite data on each update. In-
stead, data are written to free space, and the old versions
of data are invalidated (or considered as dead). The up-
date strategy is called “out-place update”. In other words,
any existing data on flash memory could not be over-written
(updated) unless it is erased. The pages store live data and
dead data are called “live pages” and “dead pages”, respec-
tively.

After a certain number of page writes, free space on flash
memory would become low. Activities that consist of a se-
ries of reads, writes, and erases with the intention to re-
claim free space would then start. The activities are called
“garbage collection” and considered as overhead in flash-
memory management. The objective of garbage collection
is to recycle dead pages scattered over blocks such that
they could become free pages after the erasions. How to
smartly choose blocks for erasing is the responsibility of
a block-recycling policy. The block-recycling policy should
try to minimize the overhead of garbage collection, due to
live data copies. Under the current technology, each flash-
memory block has a limitation on the erase cycle count, e.g.,
1 million (106). A worn-out block could suffer from frequent
write errors. The “wear-levelling” policy should try to erase
blocks over flash memory evenly such that a longer overall
lifetime can be achieved.

3. RELATED WORK AND MOTIVATION
There are two major approaches in the implementations of

file systems over flash-memory storage systems: The block-
device emulation approach and the native file-system ap-
proach. Well-known examples of native file systems are
JFFS/ JFFS2[10], and YAFFS/YAFFS2 [8], which man-
age raw flash memory directly. Such a file-system approach
is closely related to log-structured file systems (LFS) [13].
The implementations of LFS are considered being natural
in the manipulation of flash memory because flash mem-
ory does not encourage in-place updates. Examples of the
block-device emulation are FTL/FTL-Lite [11, 12], Com-
pactFlash [9], and SmartMedia [14]. The block-device emu-
lation approach encourages a quick/popular deployment of
flash-memory technology. Many well-known and popular
(disk) file systems could be used with flash-memory block-
emulated devices.

For flash-memory management, data are moved over flash
memory from time to time, due to out-place updates, garbage
collection, and wear-levelling. In order to resolve the resid-
ing location problem for data on flash memory, the con-
cept of logical address space is adopted, where the log-
ical address space is either indexed by logical block ad-
dresses (LBA’s) under a block-device emulation or (file-id,
file-offset) pairs in native flash-memory file systems. Un-
der the block-device emulation, a RAM-resident translation
table is usually adopted, and each entry of the table (in-
dexed by LBA’s) contains the physical address of the corre-
sponding LBA. Note that a page contains a user area and
a spare area, where the user area is for the storage of data
for a logical block, and the spare area stores the correspond-
ing LBA, ECC, and other house-keeping information for the
data. When a flash-memory file/storage system is mounted,
the translation table is re-built by scanning all of the spare
areas of pages on the flash memory. On the other hand,
many native flash-memory file systems adopt variable-sized
records with (file-id, file-offset) pairs to summarize the work

done by writes and updates. Similar to the initialization
procedure for the block-device emulation, all records on flash
memory are examined to construct a logical view for files.

The scanning of records generated by a native file sys-
tem (or spare areas under the block-device emulation) has
become a serious issue in the near future, due to availabil-
ity of large-scaled flash memory. As reported in [3], it could
take approximately 25 seconds to mount a native file system
over a 256MB NAND flash memory! The lengthy mounting
time is obviously intolerable to many users, especially when
the capacity of flash memory grows rapidly. One solution is
to commit the snapshot of the data structure for the flash
memory when the file system is unmounted [3]. Such an ap-
proach suffers from serious challenges when the file system is
powered off or unmounted improperly. Stale snapshots are
not useful in the reconstruction of the required data struc-
ture for the flash-memory management because we have no
idea about what data have been modified. In addition to
the above issue, the committing of the snapshot might in-
troduce a lengthy shutdown procedure because the file sys-
tem size might be very large. Such observations motive this
research. We aim at the acceleration of the initialization
of flash-memory file systems, regardless of whether the file
systems crash.

4. A LOG-BASED METHOD FOR FLASH-
MEMORY FILE SYSTEMS

4.1 Overview
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Figure 1: System Architecture

When a write/upadte is done to a flash-memory page,
the corresponding spare area of the page is written with
related house-keeping information for the data. The collec-
tion of information stored in the spare areas of all pages is
called the backup memory image (BMI) of the file system.
The memory-resident data structure adopted by a native file
system to describe the view of the file system is called the
primary memory image (PMI) of the file system. With the
BMI of a native file system, its PMI could be reconstructed.

The objective of this research is to provide efficient ini-
tialization of flash-memory file systems, even though a sys-
tem crash occurs. We propose to let a flash-memory file
system generate additional log records which provide meta
data for writes/updates to the file system, where each log
record describes a collection of writes/updates to a contin-
uous segment of a file. Under the block-device emulation,
each log record can describe a collection of writes/updates
to a continuous segment of flash memory with a starting



logical address and a size. Note that this paper focuses the
discussions on native file systems, and the results could be
extended for the block-device emulation.

Log records on the flash memory are organized in check
regions to provide fast references in the reconstruction of
the PMI (Please see Section 4.3). As shown in Figure 1, two
procedures (that could also be implemented as tasks) are
used to process and commit log records onto the flash mem-
ory: The log-record manager (LRM) and the logger. The
LRM collects log records generated by the file systems in
the main memory and merges/deletes them whenever nec-
essary. The responsibility of the logger is to commit log
records (processed by the LRM) onto flash memory. During
initialization or crash recovery, the PMI, i.e., the view, of
a flash-memory file system could be properly and efficiently
constructed based on the scanning of check regions. Note
that logging and recovery have been important research top-
ics [4, 5, 6, 7, 13] for database systems and file processing in
the past decades. Distinct from the past work, the approach
proposed in this paper targets the needs and characteristics
of flash memory, instead of disks in many previous results.
Technology developed for disk-based systems could not be
directly applied to flash-memory-based systems.

4.2 The Log-Record Manager
A log record, that describes writes/updates to a continu-

ous segment of a file, is a tuple (file id, start offset, start
address, size, version), where file id, start offset, size,
and version denote the file ID (e.g., the inode number),
the starting file offset, the segment size, and the version tag,
respectively. The version tag of a log record is maintained by
the LRM to reflect the recency of the log record. Since the
corresponding writes/updates of a log record must be stored
in a continuous space on the flash memory, start address
denotes the starting address on the flash memory (i.e., the
physical page address on the flash memory) to store the cor-
responding writes/updates. When start offset = −1, the
page in start address of the corresponding log record is for
the updates of the file attributes, such as the access mode,
access time, uid, gid, and nlink. Note that start offset,
start address, and size are in units of a page because NAND
flash memory is accessed in pages.

Log records generated by file-system operations are held
temporarily in a RAM-resident buffer for the processing of
the LRM. Log records are processed and later flushed onto
flash memory in a batch fashion because the size of a log
record is relatively small than that of a flash-memory page.
Let U denote the current collection of log records buffered in
RAM, and δi some specific log record in U . Let fields file id,
start offset, start address, size, version of a log record δi be
denoted by δi.fid, δi.so, δi.sa, δi.size, and δi.ver, respec-
tively. Let δi.L and δi.P denote the collections of consec-
utive logical addresses and physical addresses in intervals
[δi.so, δi.so+δi.size) and [δi.sa, δi.sa+δi.size), respectively.

As writes/updates are issued to a file system, the following
log records are generated and monitored by the LRM. Log
records in U are organized as a hierarchical data structure,
e.g., an R-tree, in terms of the logical addresses of log records
(e.g., δi.L). Let Φ(U, RA) be an operation supported by the
LRM in the finding of a set of log records δi in U with a
non-null intersection of their logical address range with RA,
i.e., (δi.L ∩RA) 6= φ3. We propose to adopt two operations
for the LRM to reduce the number of log records in U for
the committing onto flash memory, as follows:

3Tree-based indices, such as an R-tree, could be adopted for
the implementation of Φ(U, RA).

Merge: Let δi be a new log record received by the LRM,
and δj be an existing log record in Φ(U, [(δi.so+δi.size), (δi.so
+δi.size+1)]). Note that there is only one such a log record;
otherwise, those log records must have been merged, as self-
explained in this paragraph. If δi.fid = δj .fid, (δi.so +
δi.size)=δj .so, and (δi.sa + δi.size)=δj .sa, then δi and δj

are merged into a new log record δk such that δk equals to δi,
except that δk.size = (δi.size+δj .size). δk.ver is redefined
by the LRM as needed. Note that we shall also do the same
merging for the log record δi (or the merged log record δk)
and that discovered by Φ(U, [δi.so− 1, δi.so]) accordingly.

Delete: Let δi be an existing log record in U , and Si be
the set of all log records in U such that ∀δj ∈ Si, δj .ver >
δi.ver and δj .L ∩ δi.L 6= φ. If δi.L ⊆ ⋃

δj∈Si
(δj .L), then δi

is removed from U .
We must point out that the implementation of the LRM

in index management, such as that based on R-trees, might
not encourage the splitting of log records, due to partial
invalidations, because an extra number of writes to flash
memory could occur in the storing of split log records. In
the experiments, we show that the amount of time in ini-
tialization would increase significantly if the LRM does not
adopt the merge and delete operations.

4.3 The Logger
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Figure 2: The Composition of Check Regions

This section is meant to present the design of the log-
ger for the flushing and compacting of log records on flash
memory with an objective in the efficient reconstruction of
the PMI for the file system. The organization of log records
is done by logical units called check regions. Due to the
“out-place update” of flash memory, the check regions can
not be in fixed locations such as disks, the logger should
distribute the check regions into different locations of flash
memory. Therefore, a check region is defined as a number of
log segments and a log-segment directory. A log segment is
a collection of consecutive flash-memory blocks for the stor-
ing of log records. Log records are written in an appending
(and sequential) fashion to any log segment with available
free space. In other words, a log segment is identified as
the last log segment where new log records are written. The
adoption of log segments can prevent the check regions from
locating in fixed locations of flash memory and provide the
file systems the wear-levelling considerations. In this paper,
each log segment is of a flash-memory block (for the simplic-
ity of presentation). Note that a number of check regions
could coexist on flash memory, and they might share log
segments, as shown in Figure 2, where Log Segment 4 and
Log Segment 5 are shared in the two check regions. The
most-recent check region is used in the construction of the
PMI of a file system.



Since a check region consists of a number of log segments
scattering over flash memory, a technical issue is how to ef-
ficiently locate proper log segments for the most-recent check
region in the initialization procedure. In order to resolve
this issue, log-segment directories are created for the orga-
nization of check regions. In each log-segment directory,
the physical addresses of the log segments of the corre-
sponding check region are stored for efficient referencing.
Log-segments directories are stored in a collection of pre-
allocated pages, e.g., the first 20 blocks. During the initial-
ization, the PMI is reconstructed by scanning log segments
in the most-recent log-segment directory (i.e., that for the
most-recent check region).

As mentioned in the previous section, even though the
LRM could remove some invalidated log records in the buffer,
log records stored in log segments might have no up-to-date
data. To improve space utilization and to reduce the number
of log segments accessed during initialization, we propose
to identify log segments for compacting in each initializa-
tion whenever necessary. The idea is to retrieve log records
in log segments that still contain up-to-date data and save
them in the last log segment. We must point out the check
regions that contain the compacted log segments still exist
such that the flash-memory file system could survive sys-
tem failures even before a new check region is created. Note
that the compacting policy of log segments is similar to those
for garbage collection over flash memory, and excellent ap-
proaches are proposed, e.g., [1, 2]. In this paper, we adopt
a greedy policy [1] to choose the less overhead of the log
segments for compacting.

4.4 Efficient Crash Recovery
In many implementations of flash-memory file systems,

writes are written in an appending fashion, even inside a
block (i.e., from the first page of the block to its last page).
Version tags that are stored in the spare areas are used to
track the recency of data. When a system crash occurs,
some log records in the LRM might be lost (before they are
flushed onto the flash memory by the logger). In order to
reconstruct a consistent PMI, we shall first locate the most-
recent and consistent check region and then scan the spare
areas of pages intelligently based on the information in the
check region (by some blocks skipping): The scanning of
the flash memory starts with the first block until the last
one. We should skip the scanning of all of the pages in one
block if the first page of the block is free (i.e., other pages
of the block are also free), or the meta-data (e.g., file-id,
file-offset, version, etc) stored in the spare area of the last
page of the block match with those described in some log
records of the check region (i.e., all of the data in the block
are also identified by the check region). It could be shown
that the above crash recovery procedure would not skip the
scanning of any block that contains information in addition
to that maintained in the check region for the construction
of the PMI.

Theorem 4.4.1. The crash recovery procedure would not
skip the scanning of any block that should be scanned in the
construction of the PMI.

Proof. The correctness of this theorem follows that the
fact that pages in each block are used and written sequen-
tially (i.e., in an “appending” fashion).

5. PERFORMANCE EVALUATION

5.1 Experimental Setup and Performance Met-
rics

The experiments were conducted over the YAFFS with an
enhancement of our proposed method. The file system was
over an 1GB NAND flash memory. The block size, the page
size, and the size of the spare area of each page were 16KB,
512B, and 16B, respectively, where there were 32 pages in
a block. There were 400MB of data written to 100 files
in each run of the experiments. The average size of each
modification to a file was 10KB, and 80% of the 400MB
were written to 20% of the 100 files (i.e., an emulation of a
80-20 locality [13]). Modifications and updates to the files
were controlled by a parameter append ratio (referred to as
AR hereafter) which denoted the ratio of the amount of new
data which were to be sequentially appended to the files to
the amount of data which were updated over existing data in
the files. As AR decreased, the access pattern of files in a file
system was randomized. A large value for AR implied that
more new data were appended to files. The other parameter
buffer size (referred to as BS hereafter) which controlled
the maximum number of log records possibly held in the
buffer of the LRM. A larger value for BS implied a better
opportunity in merging or deleting log records. However, a
large value for BS increased the vulnerability of a file system
in surviving power failures.

The performance of the YAFFS with/without the pro-
posed method was evaluated in terms of the amount of time
in mounting a file system (for initialization or crash recov-
ery). In the following sections, the setup of AR and BS
varied to provide insight on the speedup behavior of the
proposed method.

5.2 Different Append Ratios

YAFFS with/ without the Average/standard
AR proposed method deviation of the file size

(Unit: ms) (Unit: KB)
0.2 87 / 8,768 465.3 / 684.6
0.4 114 / 11,915 849.7 / 1,328.9
0.6 128 / 14,023 1,248.4 / 1,962.5
0.8 136 / 14,864 1,638.9 / 2,591.6

Table 1: The total amount of time in initialization
under different append ratios

During the mounting of a clean file system, YAFFS with
the proposed method only needed to scan the pages in the
latest check region. On the other hand, the original YAFFS
might scan the spare areas of all pages on flash memory.
Note that the sizes of spare area and a page were very dif-
ferent (i.e., 512B and 16B respectively), their access times
were about 156us and 30us, respectively [15].

In this part of experiments, BS was fixed as 2,000 such
that the LRM could hold up to 2,000 log records in its
buffer. Different values for AR were experimented for dif-
ferent workload behaviors: With a larger value for AR, new
data were more likely sequentially appended to files. File
sizes were often large. On the other hand, the smaller the
AR value was, the smaller the average file size. The total
amount of time in each initialization of the file system under
different AR’s was shown in Table 1. It was clear that the
proposed method could significantly reduce the mount of
time in the mounting of a file system, regardless what value
of AR was. As astute readers might notice, the initialization
time increased when AR has a larger value. It was because
the average file size was relatively large such that more log
records had to be maintained when AR has a large value



(as shown in the right column of Table 1). Note that com-
pared to [3], the time for scanning the snapshot of the file
system which was stored in NAND flash memory was about
94ms ∼ 218ms, when the size of stored data was about 40 ∼
100MB. In comparison, our proposed log-based file system
could provide better initialization performance. Note that
the amount of time in initialization was measured. That
was roughly 5,258ms if the LRM did not adopt the merge
and delete operations, where the merge operations could de-
crease 95% redundant log records in this case.

5.3 Different Buffer Sizes

The average size of Average/deviation
BS a check region of the file size

(Unit: Page) (Unit: KB)
500 764 1,053.5 / 1,651.5

1,000 733 1,053.5 / 1,651.5
1,500 706 1,053.5 / 1,651.5
2,000 680 1,053.5 / 1,651.5
2,500 655 1,053.5 / 1,651.5
3,000 633 1,053.5 / 1,651.5

Table 2: The average size of a check region in ini-
tialization under different buffer sizes

In this part of experiments, the overhead of the proposed
method, in terms of the average check region size, were eval-
uated under different values of BS. Note that the initializa-
tion time was proportional to the average check region size.
AR was set as 0.5, and the values of BS varied from 500 to
3,000. Table 2 shows the average size of a check region for
different values of BS. It was shown that a larger value of
BS implied a smaller check region size because the LRM had
a larger buffer when BS had a larger value. A large buffer
provided a better opportunity in the merging and deleting
of log records. Note that when BS was 3,000, a check region
was of roughly 316KB for a 1GB flash-memory file system.
We shall address the crash recovery issues in the next sec-
tion.

5.4 Crash Recovery

BS Recovery Time
(Unit: ms)

500 2,272
1,000 2,575
1,500 2,880
2,000 3,185
2,500 3,488
3,000 3,795

Table 3: The crash recovery time for different num-
bers of log records lost in a system crash (i.e., BS)

In this part of experiments, the crash recovery time for
different numbers of log records lost in a system crash was
measured. AR was set as 0.5, and the values of BS varied
from 500 to 3,000. Because the log records held in the buffer
of the LRM were not committed onto flash memory when a
system crash occurred, we assume that the number of the
lost log records was BS during a system crash. Table 3
shows the crash recovery time in the mounting of a dirty
file system under different numbers of lost log records. It
was consistent with the expectation that a larger value for
BS implied a longer recovery time because more log records

were lost during a system crash. The crash recovery time
was linearly proportional to the value of BS. In comparison,
it took roughly 13,096ms for the original YAFFS to mount
a dirty file system for the same set of experiments. The
proposed method was shown being much superior in the
crash recovery because the number of spare aeras scanned
during a recovery was effectively reduced.

6. CONCLUSION
This paper proposes a method for efficient initialization

and crash recovery for flash-memory file systems. A log
management scheme for the flash-memory file systems is
presented. The proposed log management method is imple-
mented in a log-record manager and a logger. The log-record
manager collects log records generated by the file system in
the main memory and merges/deletes records whenever nec-
essary. The logger commits the log records onto flash mem-
ory in check regions. During initialization or crash recovery,
the house-keeping data structure of a flash-memory file sys-
tem is efficiently reconstructed based on check regions. The
proposed method was evaluated under a series of experi-
ments with different access patterns and buffer sizes for log
records. It was shown that the proposed method could sig-
nificantly reduce the crash recovery time and improve the
initialization time with limited space overhead.
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