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Abstract—Write-ahead logging (WAL) has been widely used
to provide transactional atomicity in databases, such as SQLite
and MySQL/InnoDB. However, the WAL introduces duplicate
writes, where changes are recorded in the WAL file and then
written to the database file, called checkpointing writes. On the
other hand, NAND flash-based SSDs, which have an inherent
indirection software layer, called flash translation layer (FTL),
become commonplace in modern storage systems. Innovative SSD
designs have been proposed to eliminate the WAL overheads by
exploiting the FTL, such as providing an atomic write interface or
utilizing its address remapping. However, these designs introduce
significant performance overheads of maintaining and persisting
extra transactional information to guarantee the transactional
atomicity or mapping consistency.

In this paper, we propose single-write WAL (SW-WAL), a novel
cross-layer design, to eliminate WAL-induced duplicate writes
on SSDs with minimal overheads. The SSD exposes an address
remapping interface to the host, through which the checkpointing
writes can be completed without conducting real data writes. To
ensure the transactional atomicity and mapping consistency, we
make the SSD aware of the transactional writes to the WAL file.
Specifically, when transactional data are written to the WAL file,
both transactional and mapping semantics are delivered from the
host to the SSD and persisted in relevant flash pages as house-
keeping metadata without any extra overheads. We implement a
prototype of SW-WAL, which runs a popular database SQLite
on an emulated NVMe SSD. Experimental results show that SW-
WAL improves the database performance by up to 62% compared
with original SQLite that bears the WAL overheads and up to
32% compared with the state-of-the-art design that eliminates the
WAL overheads.

I. INTRODUCTION

Many databases adopt write-ahead logging (WAL) to provide
transactional atomicity and thus guarantee data consistency
despite sudden system crashes. Instead of updating a database
file directly, the WAL appends data updates of a transaction in a
separate log, called redo log or WAL file. After the transaction
is committed and the WAL file is flushed to persistent storage,
the updates are applied to the database file through checkpoint
writes. However, the WAL introduces duplicate writes, causing
performance degradation [1].

On the other hand, flash-based solid state drives (SSDs)
are replacing mechanical hard disks and become commonplace
in modern storage systems. SSDs write/program data in units
of flash pages, and a page cannot be rewritten unless it is
erased. An erase operation is performed in units of flash blocks.
Each block contains hundreds of flash pages and has limited
write endurance. SSDs employ a flash translation layer (FTL)

to perform out-of-place updates and maintain a logical-to-
physical (L2P) page mapping table to translate host logical
page numbers (LPNs) to physical page numbers (PPNs) on
flash memory. The L2P mapping table is persisted on flash
memory and also cached in the built-in DRAM of SSDs to
accelerate the lookups [2]. When logical data pages are written
to flash pages, the relevant LPNs are stored in the out-of-
band (OOB) area of the flash pages, which is transparent to
users. Such PPN-to-LPN (P2L) reverse mappings are necessary
to maintain data consistency as detailed in Section II-B1.
Furthermore, the FTL performs garbage collection (GC) when
the free pages are consumed to a low watermark by writes. GC
operations reclaim flash pages storing invalid data by migrating
valid data pages in victim blocks and then erasing the blocks.
GC overheads are a critical factor that degrades the performance
and lifetime of SSDs [3], [4].

To eliminate duplicate writes caused by journaling mech-
anisms including WAL, two kinds of innovative SSD designs
have been proposed by utilizing the FTL. First, an atomic write
interface can be exposed by an SSD. Applications can update
data through the atomic write interface, so journaling mech-
anisms can be entirely removed. However, these approaches
either contradict the steal policy of buffer management which is
used by default for high performance [5], [6] or introduce extra
overheads of maintaining and persisting an additional transac-
tional page mapping table [7] to guarantee the transactional
atomicity.

Second, duplicate writes can be conducted without real
data transfers and flash writes by directly modifying the L2P
mapping table, called address remapping [8]–[12]. However,
LPNs stored in the OOB area of remapped flash pages can
not be modified due to the non-overwrite characteristic of flash
memory. Thus, the P2L mappings become inconsistent with
the L2P mapping table, which finally causes data losses. Note
that it is not feasible to maintain the relevant P2L mappings of
remapped flash pages in a separate and persistent log mainly
due to high lookup overheads, as discussed in Section II-B1.

In this paper, we propose single-write WAL (SW-WAL), a
novel cross-layer design, to eliminate WAL-induced duplicate
writes on SSDs with minimal overheads. The SSD exposes
an address remapping interface to the host, through which the
checkpointing writes can be completed without conducting real
data writes. To ensure the transactional atomicity and mapping
consistency, we make the SSD aware of the transactional
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writes to the WAL file. Specifically, when transactional data
are written to the WAL file, both transactional and mapping
semantics are delivered from the host to the SSD and persisted
in relevant flash pages as house-keeping metadata without any
extra overheads. We perform a case study on the WAL mode
of SQLite running on an emulated NVMe SSD to validate our
proposed design. Experimental results show that our proposed
design improves the bandwidth by up to 62% and reduces
the writes to the flash by up to 45% compared with original
SQLite that suffers from the WAL overheads, and improves
the bandwidth by up to 32% and reduces the writes to the
flash by up to 23% compared with a state-of-the-art design
that eliminates the WAL overheads. Our design can also be
easily implemented and applied to other databases that adopt
WAL and in file system journaling such as in EXT4.

The remainder of the paper is organized as follows: Section
II-B introduce the background and motivation of the research;
Section III describes the design of our proposed design and
Section IV presents a case study based on SQLite and FEMU;
Section V validates and evaluates the design; Section VI
introduces related work; Section VII concludes our work.

II. BACKGROUND AND MOTIVATION

A. Write-ahead logging

We take SQLite as an example to illustrate the WAL mech-
anism. SQLite is a lightweight database which is widely used
in embedded systems such as smart phones. WAL is utilized in
SQLite to provide transactional atomicity and thus guarantee
data consistency.

Fig. 1. The WAL file format of SQLite.

When a transaction updates data pages (P1...Pn) of the
database file, the changes (P1 new...Pn new) are appended to
the WAL file instead of directly applied to home locations in
the database file. When the WAL file is full or the database
file is closed, committed changes in the WAL file are rewritten
to their home locations in the database file (i.e., checkpointing
writes). Figure 1 shows the default structure of the WAL file of
SQLite. The WAL file consists of a 32 bytes WAL header and
multiple frames. A frame contains a 24 bytes frame header and
a database page. The frame header records the page number of
the database page, a commit flag and some checksum data.

B. Motivation

In this subsection, we analyze the problems of conventional
SSD designs providing an atomic write interface or utilizing
address remapping.

1) Mapping Inconsistency Caused by Address Remapping:
A flash page has a data area storing user data and an OOB
area storing house-keeping metadata including the LPN. In the
common case, such a P2L mapping stored in the OOB area is
consistent with the LPN of this page in the L2P mapping table.

Maintaining the P2L mapping is necessary for two reasons.
Firstly, when a physical page is relocated to another place (e.g.

in garbage collection), we must look up the P2L mapping to
identify the logical page mapped to this physical page and
modify its L2P mapping to point to the new location. Secondly,
the FTL needs to rebuild the latest L2P mappings based on
the persistent P2L mappings after a sudden system crashes or
power outage, where the latest L2P mappings cached in the
DRAM may have gotten lost [13].

(a) Conventional address remapping.

(b) Incorrect L2P mappings after GC.

(c) Incorrect L2P mappings after the power-off recovery.

Fig. 2. Conventional address remapping and the mapping inconsistency issue.

Address remapping has been utilized in many prior studies to
reduce duplicate writes on SSDs [8]–[12], [14]–[16], including
checkpointing writes in the WAL. As illustrated in Figure 2,
updated pages (L1’, L2’, L3’) are written to the WAL file. Then
address remapping modifies the L2P mapping table and remaps
the home-location LPNs (original LPNs in the database file),
i.e. (L1, L2, L3), to PPNs of updated data in the WAL file,
i.e. (P4, P5, P6). However, the LPNs stored in the OOB area
of remapped pages, i.e. (L4, L5, L6) marked in red, become
inconsistent with the LPNs of these page in the L2P mapping
table, i.e. (L1, L2, L3) marked in red. These stale P2L mappings
will result in incorrect L2P mappings and thus data losses in the
SSD during internal data migrations or the power-off recovery
(POR), as shown in Figure 2(b) and Figure 2(c).

A straightforward solution is to maintain and persist a remap-
ping log by appending the latest P2L mappings, which has been
adopted in some prior works [10], [14], [16]. However, such a
method is ill-considered for three reasons. First, maintaining
a remapping log in the volatile DRAM still suffers from
the risk of data losses after a sudden power outage. Second,
persisting the remapping log to the flash causes extra writes
and performance losses. Furthermore, as address remapping
operations are conducted over time, the size of the remapping
log continuously increases, which leads to increased and finally
prohibitively high lookup overheads (i.e. scanning the entire
remapping log) during data migrations of GC. Suppose that
the data page size is 4KB and each remapping entry takes 12
bytes [14], [16]. when 10GB and 100GB data page have been
remapped, the remapping log size is at least as large as 30MB
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and 300MB, respectively. WAL-SSD [12] stores home-location
LPNs in the OOB area of remapped flash pages to guarantee
mapping consistency. However, it uses individual commands to
send home-location LPNs to the SSD, which must be completed
before writing the relevant pages to the flash. This incurs extra
performance overheads. What’s more, it doesn’t guarantee the
transactional atomicity during SSD POR, which is discussed in
Section III-C.

2) Problems in Atomic-write SSDs: Prior works have pre-
sented innovative SSDs that expose a transactional atomic write
interface to the host by leveraging the inherent indirection layer
inside SSDs. In these approaches, the SSD is not aware of
multiple write requests that belong to the same transaction.
Thus, they only guarantee limited transactional atomicity either
on a per-call basis or when the whole set of pages are flushed
from the buffer at once [5], [6]. This requirement contradicts
the steal policy of buffer management adopted by default in
most database systems for performance reasons.

Another work, X-FTL [7], adds an additional transactional
logical-to-physical page mapping table (or X-L2P table in
short) in the SSD to guarantee the transactional atomicity
without compromising the steal policy. The X-L2P table records
L2P mappings of pages of uncommitted transactions and the
original L2P mappings of these pages are kept unchanged until
the relevant transaction is committed. However, X-FTL needs
to persist the X-L2P table to the flash memory whenever a
transaction is committed, which not only increases writes to
the flash but also degrades the performance. Especially, studies
[7], [17] show that the write sizes of most transactions in
SQLite are smaller than 20KB, implying significant persistence
overheads of the X-L2P table. We conducted experiments
to show extra writes caused by the X-L2P table in X-FTL.
Detailed configurations are presented in Section V-A. The
experiments include inserting a stream of key-value entries into
a SQLite database file and then updates these entries, and the
size of each entry is about 20KB. Experimental results show
that persisting the X-L2P table increases writes to the flash
memory by 11%∼23% (the relevant figure is not shown) and
subsequently incur more GC operations.

In summary, these analyses motivate us to propose a novel
design whose goal is to utilize the SSD address remapping to
eliminate the duplicate WAL writes and maintain the mapping
consistency and transactional atomicity with minimal perfor-
mance overheads.

III. DESIGN

A. Overview

In this paper, we propose SW-WAL, a novel cross-layer
design. The SSD exposes an address remapping interface to the
host, through which the checkpointing writes can be completed
without conducting real data writes. We add a new command
to the interface command set:

• remap (src lpn, dst lpn, N): it modifies the L2P mapping
table of the SSD by remapping N contiguous LPNs
starting from dst lpn to PPNs previously mapped to N
contiguous source LPNs starting from src lpn and leaving
the source LPNs unmapped.

Home-location LPNs (e.g., (h-L1, h-L2, h-L3) in Figure 3) can
be remapped to PPNs of transactional data pages written to
the WAL file. The original LPNs (e.g., (L1, L2, L3) in Figure
3) of transactional data pages will be left unmapped. Adding a
customized command in the command set is supported by most
interface techniques, such as NVMe, an advanced interface
technique designed for SSDs and has become mainstream in
various storage systems.

Fig. 3. Overview of SW-WAL.

To ensure the transactional atomicity and mapping consis-
tency, SW-WAL makes the SSD aware of the transactional
writes to the WAL file. Specifically, we observe that check-
pointing writes have deterministic destination addresses, i.e.
home locations in the database file. When transactional data
are written to the WAL file, both transactional and mapping
semantics are delivered from the host to the SSD and persisted
in the OOB area of relevant flash pages as house-keeping
metadata.

As shown in Figure 3, when a transaction writes data pages
to the WAL file, whose LPNs are (L1, L2, L3), SW-WAL
obtains necessary mapping and transactional semantics (L1-
S, L2-S, L3-S) (hereinafter referred to as MT-semantics) from
the file system and the database, including their home-location
LPNs (h-LPNs) in the database file, transaction IDs (TxIDs)
and page identifiers. The page identifier (2 bytes) contains an
offset of a page in the transaction and a 1-bit end flag indicating
whether the page is the end page of the transaction. For other
non-transactional data without h-LPNs, their MT-semantics are
filled with NULL value and won’t be remapped by SW-WAL.
Usually, the data page size is 4KB and the ratio of OOB area
size to data area size is about 1/8 in the latest flash chips [18].
For example, if the flash page contains a 16KB data area and
a 2KB OOB area, 4 data pages can be stored in the data area
and the OOB area usually has sufficient space to store the MT-
semantics, whose size is 40 bytes (4×(4 bytes h-LPN + 4 bytes
TxID + 2 bytes page identifier)).

B. Maintaining the Mapping Consistency in GC

Thanks to the mapping semantics persisted in the OOB area
of flash pages, SW-WAL avoids the mapping inconsistency
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between L2P mappings and P2L mappings caused by address
remapping. When valid pages of flash blocks chosen by GC
are migrated to new flash pages, FTL should scan the OOB
area of migrated pages to obtain correct reverse mappings. For
pages without MT-semantics in the OOB area, the FTL can
directly acquire the correct LPNs. For pages with MT-semantics
in the OOB area, the FTL looks up the corresponding L2P
mappings to identify whether these pages have been remapped
or not. If these pages have not been remapped, the original
LPNs and MT-semantics in the OOB area should be written
to the OOB area of new flash pages. For example, as shown
in Figure 4(a), transactional data pages (P1, P2, P3) have not
been address remapped and are migrated to new flash pages
(P4, P5, P6) during GC. Then the MT-semantics are written
to the OOB area of new pages and the FTL modifies the L2P
mapping table, mapping (L1, L2, L3) to new flash pages (P4,
P5, P6). Otherwise, if these pages are remapped to their home-
location LPNs, then only home-location LPNs will be written
to the OOB area of new flash pages and the corresponding L2P
mappings are modified. As illustrated in Figure 4(b), pages (P1,
P2, P3) are remapped to their home-location LPNs (h-L1, h-
L2, h-L3), then only (h-L1, h-L2, h-L3) will be written to the
OOB area of new flash pages (P7, P8, P9) when (P1, P2, P3)
are migrated.

(a) GC before address remapping.

(b) GC after address remapping.

Fig. 4. Maintaining the mapping consistency in GC.

C. Power-Off Recovery

Upon a sudden system crash or power outage, SW-WAL en-
sures both the transactional atomicity and mapping consistency
by scanning the OOB area of all flash pages. For pages without
MT-semantics in the OOB area, the FTL directly maps LPNs in
the OOB area to the PPNs of these pages, such as P1 in Figure
5. SW-WAL identifies whether all pages of a transaction have
been persisted to the flash or not through page identifiers in
the OOB area of flash pages. If all pages of a transaction have
been persisted to the flash, such a complete transaction can
be applied to the database file. Therefore, the FTL maps h-
LPNs in the OOB area to the PPNs of these pages, such as the
transaction Ti consisting of pages (P4, P5, P6) in Figure 5. On
the contrary, incomplete transactions can not be applied to the
database file to guarantee the transactional atomicity. Then the

FTL maps original LPNs (WAL file LPNs) in the OOB area
to the PPNs of these pages, such as transaction Tj with pages
(P10, P11) in Figure 5.

Fig. 5. Power-off recovery of SW-WAL.

IV. CASE STUDY: SQLITE ON AN NVME SSD

To demonstrate the effectiveness of our design, we imple-
ment SW-WAL on an NVMe SSD hosting EXT4 and SQLite
(version 3.31.0). NVMe supports a host metadata feature, which
allows self-defined metadata to be transferred from the host to
the SSD along with written LBA data. In this paper, we directly
utilize NVMe host metadata support to deliver a few bytes of
semantics for each transactional data page between the host
software and the SSD.

A. Changes Made in SQLite

One challenge is that data pages appended to the WAL file
are not aligned with the logical blocks of the file system (as
illustrated in Figure 1) and the address remapping can not
be successfully performed. Therefore, we modify the WAL
file format, i.e., place the WAL header and frame headers in
the front of the WAL file and append database pages from
a 4KB-aligned offset. Since SQLite performs checkpointing
when committed transactions in the WAL file accumulate more
than 1000 frames, 10 blocks are reserved for relevant headers
in the front of the WAL file, as illustrated in Figure 6.

Fig. 6. Modified SQLite WAL file format.

We extend the ioctl system call to replace the OsWrite
function in SQLite to write a database page to the WAL file
and pass necessary information from SQLite to the kernel. For
inserted data pages that don’t have home-location LPNs, we fill
their MT-semantics as NULL value. We also extend the ioctl
system call to issue the remap command to perform address
remapping, replacing the procedure of reading the WAL file and
writing the database file during the checkpointing of SQLite.

B. Changes Made in the Host System Kernel and FTL

Since SQLite doesn’t generate a unique ID for each transac-
tion, we deliver other semantics to the SSD and allow the FTL
to generate a unique ID for each transaction. When SQLite
writes a frame, including a header and a database page, to
the WAL file, SW-WAL passes the file descriptor (fd) of the
database file, page number (pgno) of the database page in the
database file, page offset (pgoff ) of the database page in the
WAL file and an end flag (pgfg) to the kernel space through the
extended ioctl. Finally, these semantics are transferred to the
SSD by the NVMe host metadata interface. After receiving the
(ino, pgoff, pgfg and h-LPN) in the SSD, the FTL generates the
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Fig. 8. SQLite Performance analysis.

page identifiers and a unique TxID for each transaction. Then
the TxID, page identifier and h-LPN are stored in the OOB area
of each transactional page. Implementing SW-WAL prototype
modifies only fewer than 300 lines of code (LoC) in the SQLite
and host system kernel.

V. EVALUATION

A. Experimental Setup

We use FEMU, a widely used QEMU-based emulator [19],
to obtain an NVMe SSD and add support for host metadata
delivery and the remap command. The kernel of the FEMU
host system is Linux 4.15 and the file system of the mounted
SSD is EXT4. In the experiments, a 32GB SSD with 4GB over-
provisioned space is emulated. The SSD has two channels and
four dies in each channel. The flash page size is 4KB and
latencies of page read, page write and block erase are 50µs,
500µs and 5ms [20], respectively.

The selected benchmark [21] is released by Google and used
to test performance of SQLite. In our experiments, we let the
selected benchmark for SQLite (db bench sqlite3.cc) issue a
stream of entries, each for writing a key and its associated
certain sized value into the database. To obtain an aged SSD
and stable performance results, we first insert a stream of entries
into the database file and let GC operations triggered. Then we
randomly/sequentially update entries and collect the statistic
data during the update stage to get the experimental results.

We tested the influence of transaction sizes, e.g. 4KB value,
8KB value and 16KB value. We also conducted experiments
under different synchronous settings of SQLite, i.e. NORMAL
and FULL [22]. In the NORMAL mode, the WAL file is
synchronized before each checkpoint and the database file is
synchronized after each completed checkpoint. This setting is
a good choice for most applications running in WAL mode. In

the FULL mode, SQLite uses the xSync function of the VFS
after each transaction commit. We compare SW-WAL with both
original SQLite, which bears WAL overheads and is referred to
as Base, and X-FTL [7], which removes the WAL overheads
but needs to maintain and persist an additional transactional
page mapping table for transactional atomicity.

B. Experimental Results

Figure 7 illustrates the normalized flash page writes, which
is a critical factor that limits the performance and lifetime
of SSDs. Figure 8 shows the SQLite performance of three
schemes.

Flash Page Writes: Compared with Base, X-FTL and SW-
WAL has less host IO data writes (DW-IO) owing to reduced
duplicated checkpointing writes. However, X-FTL needs to
persists the X-L2P table to the flash whenever receiving a
page with the end flag, which increases writes to the flash
and subsequently incurs more GC operations. Especially in
the sequential update workloads when the size of transactions
is small (value size is 4KB or 8KB), X-FTL has more addi-
tional flash page writes (DW-Others) than Base and SW-WAL.
When the synchronous setting is NORMAL, SW-WAL reduces
16%∼45% flash page writes compared with Base, and reduces
11%∼23% flash page writes compared with X-FTL, as shown
in Figure 7(a). When the synchronous setting is FULL, the
xSync is called to persist data to the flash whenever a transaction
is committed, which leads to numerous writes to the flash and
extremely low performance. SW-WAL reduces 11%∼37% flash
page writes compared with Base, and reduces 9%∼14% flash
page writes compared with X-FTL, as shown in Figure 7(b).
Note that SW-WAL has higher performance gain and less flash
page writes compared with X-FTL when the value size is small.
More transactions will be recorded in the WAL file if the value
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size is small, which causes more additional X-L2P table writes
when the WAL file is synchronized.

SQLite Performance: When the synchronous setting is
NORMAL, SW-WAL improves the performance by 20%∼62%
compared with Base, and improves the performance by
8%∼32% compared with X-FTL, as shown in Figure 8(a).
When the synchronous setting is FULL, SW-WAL improves the
performance by 5%∼21% compared with Base, and improves
the performance by 5%∼25% compared with X-FTL, as illus-
trated in Figure 8(b). In the FULL mode and S-8KB workload,
X-FTL even has worse performance than Base as it has more
extra flash writes than Base. The performance overheads caused
by the metadata delivery are also evaluated by using fio to
write data and deliver metadata to the SSD. Experimental
results show that the host metadata delivery causes negligible
performance degradation (up to 0.5%) when the metadata size
is 12 bytes (in our experiments, the size of delivered semantics
of a 4KB data page is 12 bytes). The relevant figure is not
shown due to the limit of space.

VI. RELATED WORK

Address remapping has been utilized in many prior studies
to reduce duplicate writes on SSDs. Some approaches modify
the mapping table to remap home-location LPNs of data in the
database file to the PPNs of pages storing updated data in the
WAL file, eliminating duplicate checkpointing writes [8], [9],
[11], [16]. Ni et al. map new LPNs to the PPNs of pages storing
original data, replacing data copy operations in the rollback
journaling [10]. Hahn et al. utilize address remapping to achieve
zero-copy logical defragmentations [14]. K. Han et al. leverage
address remapping to eliminate duplicate writes in WAL and
stores home-location LPNs in the OOB area of remapped flash
pages [12].

Prior works have presented innovative SSDs that expose an
atomic write interface to the host. Some approaches, such as
transactional flash [6], store additional transactional information
in the OOB area of flash pages to guarantee transactional
atomicity. However, these approaches support the atomicity of
a multi-page transaction only on a per-call basis or flushing
all data pages of the transaction from the buffer at once
[5], [6]. By contrast, SW-WAL supports general transactional
atomicity, where the data pages in a transaction can be written
to the flash at any time, by bridging the gap on transactional
semantics between the host and SSD. Another work, X-FTL
[7] exposes an atomic write interface to the host and maintains
an additional transactional page mapping table in the FTL to
provide transactional atomicity without compromising the steal
policy. Drawbacks of these approaches have been discussed in
Section II-B.

VII. CONCLUSION

In this paper, we propose SW-WAL, a novel cross-layer
design, to eliminate the WAL-induced duplicate writes on
SSDs with minimal overheads. The SSD exposes an address
remapping interface to the host to complete the checkpointing
without conducting real data writes. To ensure the transactional
atomicity and mapping consistency, SW-WAL delivers mapping

and transactional semantics from the host to the SSD and
persists these semantics in relevant flash pages as house-
keeping metadata without any extra overheads. We implement
an prototype of SW-WAL in SQLite running on an emulated
NVMe SSD of FEMU. The experimental results show that our
proposed design can reduce writes to the flash and improve the
system performance, compared with the original SQLite and
an state-of-the-art design that eliminates the WAL overheads.
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