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A B S T R A C T

With the development of high-density flash memory techniques, SSDs have achieved high performance and
large capacity. Databases often use logging to ensure transactional atomicity of data updates. However, it
introduces duplicate writes because of multi-versioning, which significantly weakens the performance and
endurance of SSDs. This is also often considered as the main reason for slow response of databases. This
paper proposes a novel flash translation layer (FTL) for SSDs, which we refer to as NoLgn-FTL, to reduce
the overhead of logging-induced duplicate writes by exploiting the inherent multi-version feature of flash
memories. Specifically, during a transaction, NoLgn-FTL retains the old data as valid and establishes the
mapping between the new physical addresses and the old physical addresses. Thus, the database can easily
roll back to the old-version data to maintain system consistency when a power failure occurs. To evaluate
NoLgn-FTL, we implement it within FEMU and modify the SQLite database and the file system to make them
compatible with the extended abstractions provided by NoLgn-FTL. Experimental results show that, in normal
synchronization mode, NoLgn-FTL can reduce SSD writes by 20% and improve database performance by 15%
on average.
1. Introduction

Solid-state drives (SSDs) have been widely adopted in database sys-
tems due to their high performance. Databases employ logging-based
methods, such as write-ahead logging (WAL) and rollback journals, to
ensure the transactional atomicity of multiple data updates. In these
methods, data is first written to persistent logs before updating the
original data, which induces duplicate writes [1]. For SSDs, duplicate
writes occur in the following manner. First, the updated data and
metadata are written into log files in flash memory. Then, due to the
inherent out-of-place update nature of the SSD [2], the updated data
is written into new flash pages rather than overwriting the original
ones [3]. Thus, one user data write induces two SSD internal writes
onto two different flash pages, increasing extra program/erase (P/E)
cycles. This reduces SSD lifespan and degrades overall performance by
consuming write throughput.

To address the issue of SSD duplicate writes in logging-based
databases, researchers have proposed data remapping methods. These
methods aim to convert logs directly into new data by modifying the
mapping between logical pages (LPs) and physical pages (PPs) in flash
memory [4,5]. However, dealing with the inconsistency of logging and
data LPs is challenging during power failures.

∗ Corresponding author.
E-mail address: dyj@whut.edu.cn (Y. Du).

To investigate the performance of database logging in SSD, this
paper first performs a preliminary study to collect latency that happens
during WAL-based data updates. We find that WAL takes a larger
proportion of latency than regular data updates, especially for small
data updates. This inspires us to design a direct update scheme to
alleviate the overhead of duplicate writes by leveraging the out-of-
place update feature of flash memory. This feature inherently maintains
multiple versions of data upon updates, allowing the database to easily
roll back to the previous version of the data in the event of a power
failure or system crash, ensuring data consistency without the need for
explicit logging.

This paper proposes a no-logging flash translation layer (NoLgn-
FTL) by reusing old flash data pages. The key idea is to keep the
mapping information of old data during transactions, eliminating the
need for separate log writes. We establish a mapping table between
new and old physical addresses (called a P2P table) in the RAM of
the flash controller. Meanwhile, the old physical address is written
into the out-of-band area of new flash pages, providing a backup
of the mapping information. In this way, uncommitted transactions
can be rolled back to the old data version upon power failure, thus
maintaining consistency. We implement NoLgn-FTL within FEMU and
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evaluate it with the SQLite database. Experimental results show that,
in normal synchronization mode, NoLgn-FTL can reduce SSD writes by
0% and improve database performance by 15% on average, compared
o existing methods. Our paper makes the following contributions.

• We conduct a preliminary study that reveals the significant la-
tency impact of logging, compared to pure data updates in
databases, motivating the need for a more efficient approach to
handling duplicate writes.

• We propose a novel SSD FTL, called NoLgn-FTL, which fully
utilizes the out-of-place update nature of flash memory to largely
remove duplicate writes caused by database logging.

• We modify SQLite and integrate NoLgn-FTL in the FEMU simula-
tor. We verify the efficiency of NoLgn-FTL in reducing duplicate
writes and improving database performance through extensive
experiments.

The rest of this paper is organized as follows. Section 2 introduces
the basics of SSDs and logging methods as well as the motivation of
this paper. Section 3 presents the design of NoLgn-FTL. Section 4 shows
the experimental setup and evaluation results of NoLgn-FTL. Section 5
reviews existing work, and Section 6 concludes this paper.

2. Background and motivation

This section begins by introducing the basics of SSDs, with a focus
n logging methods. Then, we present existing remapping-based meth-

ods. Finally, we present the preliminary study as the motivation for this
paper.

2.1. Basics of SSD

Flash memory utilizes a flash translation layer (FTL) to store and
anage a logical-to-physical address translation, called L2P mapping.
his mapping is often stored in the SRAM internal to the SSD to achieve
igh access performance. Meanwhile, the logical address is also stored
n the out-of-band (OOB) area of physical flash pages. Upon a data
pdate request, the FTL first stores the new data in new flash pages and
nvalidates the old flash pages. Meanwhile, the L2P mapping is directed
o the new physical page addresses, and the requested logical addresses
re also stored in the OOB areas as the new flash pages are written. The
nvalidated old pages are reclaimed during garbage collection (GC).
s shown in Fig. 1a, when data with physical addresses P1, P2, and
3 need to be updated, new data would eventually be stored in new
hysical pages P1′, P2′, and P3′. (Note L𝑖 and P𝑖 in the figure represent

the logical address and physical addresses).

2.2. Write ahead logging

Relational databases are typically run in rollback mode or write-
head log mode in order to support atomic execution of transactions [1,

6,7]. New updates are first written in a dedicated log, and the data
s kept consistent by rolling back or forwarding to the log. How-
ver, using logs often generates write amplification, affecting database
erformance. Write-ahead logging (WAL) serves as an example. A
AL-based transaction update includes three steps: WAL writing, WAL

ynchronization, and database writing, as shown in Fig. 1a. First, when
a transaction is initiated, the new data are written into the page cache
of WAL files (Step 1). Upon transaction commit, the WAL files are
physically written to flash memory (WAL synchronization) (Step 2).
Finally, the database data is updated during system checkpointing. As
his checkpoint is performed at the database software level, WAL data

cannot be directly moved into the database data. Thus, the WAL file is
read again into the page cache (Step 3) and written into flash memory
upon database synchronization (Step 4). Duplicated writes introduced

by WAL are detrimental to flash memory endurance and performance.

2 
The write overhead incurred by WAL cannot be overlooked com-
ared to directly updating the page. Multiple update operations may
e performed on the same data page in the buffer, but during a
heckpoint, the storage engine writes the latest data page to a database
ile. Fig. 2 illustrates the storage engine layer writing process. In the

example, two concurrent transactions, Transaction1 and Transaction2,
modify the database. Transaction1 updates A and B with values 2
and 4, while Transaction2 updates A and C with values 3 and 7.

uring the first step of the write merging process, the modifications
ade by both transactions are recorded in the WAL file. The WAL file
aintains separate regions for each transaction, capturing the updated
age identifiers and their corresponding values. Consequently, the WAL
ile contains two distinct entries: one for Transaction1, documenting
he updates to pages A(2) and B(4), and another for Transaction2,
ecording the updates to pages A(3) and C(7). In the second step, the
hanges recorded in the WAL file are applied to the database during the
heckpointing process. As both transactions modify page A, the WAL
echanism merges these updates into a single write operation. The
AL mechanism consolidates the updates and writes the final value

f page A(3) to the database file. A contains the merged value of 3,
hile B and C hold 4 and 7.

2.3. Existing solutions

Existing works propose to exploit data remapping to eliminate
duplicate writes in SSDs [8–10]. The key design is not to remove the
ut-of-place data update but to directly remap the WAL file to the
ew-version data, as shown in Fig. 1b.

However, address remapping can lead to mapping inconsistency.
lash pages are divided into a data area for storing user data and
n OOB area for maintaining metadata. The OOB area contains the
hysical-to-logical (P2L) mappings, which are crucial for maintaining
ata consistency during garbage collection and database recovery.
uring garbage collection, the P2L mappings enable quick identifica-

ion of the logical address corresponding to a physical address, which
ccelerates the update of L2P mappings during data migration. During
ecovery upon a system crash, the FTL can reconstruct the lost L2P
apping table using the P2L mapping stored within the page.

Without remapping, the P2L mappings in the OOB area directly
correspond to the LPN in the L2P mapping table. However, mapping
inconsistencies may arise after remapping because remapping opera-
tions do not simultaneously update the related P2L mappings in the
OOB area.

2.4. Preliminary study and motivation

To investigate the performance of database transactions, we conduct
preliminary experiments using the FEMU simulator [11], which is
iscussed in more detail in Section 4.

We run the SQLite database, perform 1 million overwrite operations
for each fixed value size, and collect the transaction latency under four
value sizes. In Fig. 3, the 𝑥-axis represents the transaction value size and
the 𝑦-axis represents the percentage of the time spent on WAL writes,
WAL synchronization, data writes, and data synchronization.

From Fig. 3, we observe that WAL (WAL write and WAL synchro-
nization) takes up a significant portion of the total transaction latency.
Compared to the data (data write and data synchronization) operations,
he proportion is significantly higher for small value sizes, while for the
6 KB size, the two are comparable.

Two main factors contribute to this phenomenon. Firstly, WAL
ntroduces additional overhead by writing an extra frame header for

each transaction. This header contains essential recovery information
and is stored alongside the normal data. Consequently, the relative
overhead of the frame header becomes more significant for smaller
transactions. Secondly, although WAL consolidates multiple updates to

the same data pages into a single write operation during checkpointing,
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Fig. 1. Existing write-ahead logging schemes in SSDs.
Fig. 2. Multi-version pages in the WAL.

the logging mechanism still necessitates storing multiple versions of
the same data in log files. It results in increased storage requirements,
particularly affecting smaller transactions with frequent updates on the
same page, as the overhead of maintaining multiple versions becomes
more significant relative to the size of the transactions.

This paper proposes a novel approach by directly updating data and
leveraging the inherent multi-version characteristic of flash memory.
Shifting the focus of transaction support to flash can reduce the reliance
on logs and frequent file synchronization operations in the database.
This leads to faster application response times as it reduces the need
for excessive logging and synchronization.

3. The proposed NoLgn-FTL

We first introduce the overview of the whole system flow using an
no-logging flash translation layer, which, hereafter, we simply refer to
as NoLgn-FTL. Then, we delve into the design details of NoLgn-FTL,
including old page information storage, transaction process, garbage
collection (GC), and data recovery. Without loss of generality, the SQL
database is used in discussing the use of NoLgn-FTL. Finally, we analyze
and discuss the overhead associated with NoLgn-FTL.
3 
Fig. 3. Transaction latency distribution in SQLite database.

3.1. Overview

We propose NoLgn-FTL, a novel approach that optimizes both soft-
ware and hardware architectures to efficiently manage transactions and
data version control at the FTL layer, thereby avoiding the overhead of
logs in databases. At the core of NoLgn-FTL is the novel FTL, where
transaction information is utilized to perform mapping conversion of
logical and physical addresses in the L2P and P2P tables only when
data is written, minimizing overhead. However, the use of NoLgn-
FTL starts at the database layer where the transaction information is
attached to write requests. The file system layer also plays a crucial role
by providing transaction-related interfaces and transmitting necessary
transactional metadata.

Fig. 4 shows the overall workflow with an example of transactional
data update on three pages in L1, L2, and L3. The process is divided
into three key stages: transaction delivery, transaction persistence, and
GC. These stages can be further subdivided into six steps.

First, the database assigns transaction flags to each transaction ( 1⃝
in Fig. 4) to indicate the completion status of the transaction. Then, a
transaction ID is added to the original transactional data request ( 2⃝).
To retain transaction flags and IDs, we design new interfaces in the file
system ( 3⃝).
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Fig. 4. Overview of NoLgn-FTL.
In the second stage, which occurs within the SSDs, the flash con-
troller identifies transaction data by transaction flags and IDs. Data and
transaction information are persisted, obtaining their corresponding
physical addresses. The old addresses and transaction information are
written in the OOB area of the corresponding flash pages, as well as in
the P2P table in DRAM ( 4⃝). The old pages remain valid in this step
but will be invalidated only after the transaction is committed ( 5⃝).

As transactions are continuously executed, a large amount of invalid
data accumulates in the flash memory. The GC process ( 6⃝) reclaims the
invalid data. The collaboration between the database, file system, and
flash controller in NoLgn-FTL ensures data consistency and integrity
throughout the transactional data update process.

The modified file system interfaces play a crucial role in preserving
the necessary transaction metadata. The design of NoLgn-FTL in the
above-mentioned three main stages will be presented in Sections 3.2,
3.3, and 3.4.

3.2. Metadata management in transaction delivery

In the transaction delivery process, we introduce additional meta-
data to facilitate the implementation of the no-logging scheme. This
metadata is passed along with the transactional data requests to en-
sure proper handling and management of transactions throughout the
system.

In the FTL, we establish a physical-to-physical (P2P) table that
stores the mapping between new and old physical pages (i.e., their old
version). In detail, one entry in the P2P table includes the transaction
ID, the physical page number (PPN) of the new page and the PPN of the
corresponding old page. To ensure persistent P2P mappings, the PPNs
4 
of the old pages are also stored in the OOB area of the new flash pages.
The primary purposes of the P2P table are twofold: firstly, to facilitate
the management of transactional information by the underlying FTL,
and secondly, to enhance the performance during GC and transaction
operations. Note that locating old pages can be accelerated by using the
P2P table, thereby avoiding frequent access on flash pages to the OOB
area. This table does not need to be written to flash memory and can be
recovered through a full scan even after a sudden power failure, thus
avoiding frequent writes of transaction information to flash memory.

Furthermore, transaction information, including transaction IDs and
flags, is stored in the OOB area of new flash pages. In detail, flags S,
M, and E represent the starting page, the middle pages, and the end
page of a transaction, respectively. In the implementation of transac-
tion flags, since we are only concerned whether the transaction has
ended, we use only one bit to mark the transaction’s completion. By
storing transaction information alongside the corresponding pages, the
progress and state of transactions can be more effectively tracked,
enabling data recovery in case of unexpected failures or interruptions.
Database recovery will be explained in Section 3.5.

In addition to transaction information, one extra bit, referred to
as the lock bit, is used to indicate the block lock state. The lock bit
value ‘1’ signifies that valid old pages exist in the current block, while
‘0’ indicates the block is stale and can be reclaimed during GC. By
embedding the lock bit within the FTL, blocks containing valid old
pages and normal blocks can be efficiently distinguished, allowing for
GC optimization. The GC process under NoLgn-FTL will be presented
in Section 3.4.
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3.3. Transaction persistence in NoLgn-FTL

To ensure transaction persistence, the transaction needs to do the
following during its write and commit process. During transaction
writing, NoLgn-FTL first looks up the original L2P table to find the
old PPN corresponding to the requested logical addresses. As shown in
Fig. 4, the old PPNs are P1, P2, and P3 for the requested L1, L2, and L3,
respectively. Then, the updated data are written into the new pages P1′,
2′, and P3′, respectively. At the same time, transaction information
nd the old PPN are written into the OOB area of these new pages.
inally, NoLgn-FTL stores the mapping entry of P1, P2, and P3 into the
2P table. Different from the original flash write, the old page remains
alid. Meanwhile, the block’s lock state containing valid old pages is
et to ‘1’.

During transaction commit, NoLgn-FTL first searches the P2P table
o find old valid pages and then invalidates them. Then, the block’s lock

state containing these old valid pages would be set to ‘0’. Finally, the
corresponding entries in the P2P table are deleted.

3.4. Garbage collection with NoLgn-FTL

GC in NoLgn-FTL requires handling valid old pages temporarily
generated during transaction processing. Selecting a victim block for
GC involves several steps to ensure data integrity and efficient space
reclamation.

When selecting a victim block for GC, the first step is to check the
block’s lock state. If the lock state is ‘1’, valid old pages still exist within
he block, and therefore, the block cannot be reclaimed. At this time,
he next victim block in the queue is selected until the selected block’s
ock state is ‘0’. Then, whether there is a transaction page in the block

must be checked. As the transaction information and old PPN are stored
in the OOB area of the new valid pages, GC in NoLgn-FTL deals with
hem differently depending on the transaction state. That is, before the

transaction is committed, GC will migrate these valid pages together
with the OOB area. However, after a commit has occurred, GC only

igrates valid page data, removing the extra metadata of NoLgn-FTL
hat resides in the OOB area.

3.5. Database recovery with NoLgn-FTL

In the event of a power-off or system crash, data stored in the
flash controller’s RAM is lost, and only the OOB area of flash pages
can be used for system recovery. One solution is to recover to the
consistent states in the latest checkpoint, which requires periodically
storing checkpoints. The other solution involves a full flash scan to
ebuild mappings, as shown in Step 1 of Fig. 5. Physical pages and
heir OOB area would be read one by one (Step 2). For pages that

do not have transaction information in the OOB area, NoLgn-FTL can
directly recover the L2P table of PPNs based on the LPNs in their OOB
area. Otherwise, NoLgn-FTL decides to recover old-version pages or
not according to transaction information. NoLgn-FTL would first obtain
pages with the same transaction ID. If the page with the end flag bit
can be found, these pages would be directly put into the L2P table
together with their LPNs (Step 3). Otherwise, if all pages have the flag
bit ‘0’, which indicates that the current transaction is not committed,
the old-version pages would be first read out (Step 4), and only the L2P
mappings of old-version pages would then be put into the L2P table.

3.6. Discussion and overhead analysis

Compared to existing logging methods that store extra logs for each
transaction, the use of NoLgn-FTL allows normal data updates without
the need for additional logging. The overhead of NoLgn-FTL is due
to the storage of extra metadata, including the P2P table, transaction
information, and the block lock state.
5 
P2P Table Storage and Overhead: The P2P table is stored in the RAM
of the flash controller. The number of entries in the P2P table depends
n the number of concurrent transactions. In our experiment, the table
ontains 10 000 entries. Each P2P entry takes 12 bytes, including a 4-
yte transaction ID and 4 bytes each for the new page PPN and the
ld page PPN. The total size of the P2P table is about 120 KB. The

DRAM size is usually around 1
1024 of the SSD capacity. For an SSD with

a 1TB capacity, the DRAM size will be 1 GB, and the P2P table will be
0.12 MB, which is only 0.012% of the DRAM size and is negligible. The
block lock state is stored in the metadata of data blocks as a bitmap,
with each block requiring only 1 bit, which is insignificant in terms of
overhead. This lock bit is loaded into the SSD’s DRAM during startup.

Transaction Information Storage in OOB Area: Transaction informa-
tion is stored in the OOB area of flash pages. NoLgn-FTL uses 4 bytes for
old PPNs and 4 bytes for transaction information (comprising the trans-
action ID and 1 bit for transaction flag). In current flash chips, the ratio
of the OOB area size to the data area size is about 1

8 [12]. Therefore,
the OOB area has enough space to store transaction information.

4. Evaluation

In this section, we present a comprehensive evaluation of NoLgn-
TL, using an SQLite and Ext4 combination as a case study. We first

describe the experimental setup. Then, we present the sqlite-bench
experimental results, focusing on two key aspects: flash write and
database performance. We also investigate the impact of NoLgn-FTL
on GC. Furthermore, we show the performance of real-world workloads
with the YCSB and TPC-C benchmarks.

4.1. Experimental setup

NoLgn-FTL is implemented on FEMU [13–15], a QEMU-based NVMe
SSD emulator. The host system kernel of FEMU is Linux 5.15, and the
file system is Ext4. To ensure a representative and consistent setup, the
simulated SSD has a 16 GB logical capacity, with 1024 pages per flash
block and a 4 KB page size. The flash latency for read, write, and erase
operations is 50 μs, 500 μs, and 5 ms, respectively [16]. To ensure the
GC (Garbage Collection) mechanism is appropriately triggered during
our experiments, we conducted 4 million 4 KB write operations on the
SSD in each test. This setup guarantees that GC operations occur as part
of the evaluation.

For the logging database, we make use of SQLite. We make nec-
ssary modifications to the Linux kernel to receive and process trans-
ction information from the SQLite database. To enable SQLite to
ransmit transaction information to the kernel, we utilize the ioctl
ystem call to change database write, commit, and abort operations into
write, commit, and abort commands. As SQLite does not automatically
generate unique transaction IDs for each transaction, the transaction
Ds are generated in the kernel after each transaction is committed.
pon receiving the written information from SQLite, the kernel first
ssigns flags to the requested transaction pages. This enables the kernel
o keep track of the transaction status and perform necessary operations
ccordingly. Approximately 150 lines of code were modified in SQLite,
round 100 lines in the file system, and about 300 lines in FEMU.

Hereafter, NoLgn-FTL will refer to the entire SQLite-Ext4-SSD sys-
tem stack modified to ensure the seamless integration and functionality
of NoLgn-FTL within the existing software and hardware stack. The
newly introduced commands, which are based on the ioctl system
call, are as follows.

write(page p, tid t, flag f). This command adds a transaction ID (tid),
, and a transaction flag, 𝑓 , to the original write operation. It is the
eginning of a transaction and corresponds to Step 4 in Fig. 4. The
nclusion of the transaction ID and flag enables the FTL to track and
anage the transaction.
commit (tid t). This command with the parameter of transaction ID

tid t is sent to NoLgn-FTL along with the original fsync command in the
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Fig. 5. Recovery with NoLgn-FTL.
Linux kernel. It indicates the successful completion of a transaction and
aligns with Step 5 in Fig. 4. Upon receiving this command, NoLgn-FTL
finalizes the transaction and ensures the durability of the associated
data.

abort(tid t). This command is invoked to terminate ongoing trans-
actions before committing transaction 𝑡. It indicates a rollback opera-
tion, reverting the data pages to their previous versions, akin to the
data recovery process for uncommitted transactions as mentioned in
Section 3.5.

We compare NoLgn-FTL with Base-WAL, the original SQLite, which
uses the native logging scheme, and SW-WAL [4], which reduces
duplicate writes by SSD remapping as shown in Fig. 1a. For each trans-
action size, the database runs separately, but these transactions share
the same SSD storage. It is important to consider that in real-world
scenarios, particularly in mobile environments, the characteristics of
write requests can significantly impact the performance of storage
systems. SQLite is a lightweight, embedded database commonly used in
mobile devices for local data storage, making it highly relevant to our
analysis. Studies have shown that approximately 90% of write requests
in Android applications, such as Facebook and Twitter, are related to
SQLite databases and journal files. In environments like these, the data
items stored in the database are typically small, often below 4 KB.
These small data items, such as individual records or key–value pairs,
are frequently written to the storage medium in the form of random
write operations. These operations usually target data blocks ranging
from 64B to 4 KB, and such small writes often involve high interaction
with the underlying file system, such as EXT4, which is commonly
used in Android devices [17,18]. Therefore, we set different transaction
sizes from 256B to 16 KB in the experiment to observe their impact on
performance.

We conduct experiments in both the FULL and NORMAL syn-
chronous modes of the database. In FULL mode, synchronization is
triggered after each transaction is committed. This forces all transaction
data to be written into SSDs, thus providing the highest atomicity
and durability. Conversely, in NORMAL mode, synchronization is not
triggered immediately after the transaction is committed. Typically,
transactions are synchronized into SSDs only when a certain number
of frames (including transaction heads and data) are accumulated.
Note that NoLgn-FTL has no explicit WAL synchronization operation.
In NORMAL mode, we manually control the frequency of commit in
NoLgn-FTL to keep consistent with the synchronization operation of the
other two existing methods. In NoLgn-FTL, a synchronization operation
will be triggered every 1000 data pages.

4.2. Results of flash page writes

We used sqlite-bench with 200 thousand overwrite operations to
observe the effect of NoLgn-FTL on flash memory page writes. Fig. 6
6 
shows the normalized number of writes in flash memory compared to
Base-WAL under two synchronization modes. In NORMAL mode, SW-
WAL reduces writes by 35% compared to Base-WAL, as it eliminates
extra writes caused by out-of-place updates through WAL file remap-
ping. On average, NoLgn-FTL reduces 55% and 20% of the flash page
writes compared to Base-WAL and SW-WAL, respectively. The superior
performance of NoLgn-FTL is due to its elimination of WAL writes
and WAL synchronization, resulting in a greater reduction of writes
compared to SW-WAL. Specifically, there are two reasons for NoLgn-
FTL’s write reduction. First, as WAL has to write an extra log header,
WAL write involves more data than normal data write. Second, since
synchronization does not happen immediately after each transaction,
in NORMAL mode, updates onto the same page are serviced from
the cache. NoLgn-FTL combines several updates into a single update,
thereby reducing writes. However, this combination cannot be realized
in SW-WAL as it uses different LPNs for data updates and WAL writes.

In FULL mode, NoLgn-FTL reduces flash page writes by 35% and
2% compared to Base-WAL and SW-WAL, respectively. Both methods
show reductions in page writes compared with Base-WAL, similar to the
NORMAL mode. However, the enhancement brought by NoLgn-FTL is
less than that of the NORMAL mode. As each transaction is forcibly
synchronized to flash memory after committing, there is no chance for
NoLgn-FTL to combine updates on the same page. The reduction from
log header writes is limited. Thus, in this mode, NoLgn-FTL behaves
similarly to SW-WAL.

4.3. Results of database performance

We used sqlite-bench to observe SQLite performance. Fig. 7 shows
the normalized throughput results of SQLite under the three com-
pared methods. In NORMAL mode, NoLgn-FTL achieves an average
performance improvement of 51% and 15% against Base-WAL and SW-
WAL, respectively. NoLgn-FTL performs particularly better compared
to SW-WAL for small-sized transactions, due to the reasons described
earlier.

In FULL mode, we observe that NoLgn-FTL outperforms Base-WAL
and SW-WAL by an average of 26% and 4%, respectively. This perfor-
mance improvement is primarily due to the reduction in the number
of writes achieved by NoLgn-FTL. Meanwhile, we find that both SW-
WAL and NoLgn-FTL demonstrate a gradual performance improvement
as the transaction size increases. This is because, for large-size trans-
actions, Base-WAL takes up more latency to write flash pages and GC.
Since SW-WAL and NoLgn-FTL reduce the number of data writes, this
degradation is mitigated. Even in this situation, the performance of
SW-WAL is still inferior to that of NoLgn-FTL, as it maintains head
information that consumes data write latency.
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Fig. 6. Results of flash page writes.
Fig. 7. SQLite database performance.
Fig. 8. SQLite database latency.
Besides, we also evaluated database latency data under different
conditions. Fig. 8 illustrates the normalized latency results under the
three compared methods: Base-WAL, SW-WAL, and NoLgn-FTL, in both
NORMAL and FULL modes.

In NORMAL mode, NoLgn-FTL demonstrates the lowest latency
among the three methods, achieving an average reduction of 34.4%
compared to Base-WAL and 11% compared to SW-WAL. The latency
advantage of NoLgn-FTL is particularly pronounced for small-sized
transactions (e.g., 256B and 512B). This stems from its ability to
reduce the number of writes and optimize metadata updates, minimiz-
ing the overhead typically associated with WAL. SW-WAL also shows
improved latency compared to Base-WAL, with an average reduction
of approximately 26.2%, thanks to its selective write strategy. How-
ever, its performance is still limited due to the additional overhead
introduced by writing WAL, which becomes increasingly noticeable for
smaller transactions. In FULL mode, the latency reduction achieved
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by NoLgn-FTL remains significant. Compared to Base-WAL, NoLgn-FTL
reduces latency by an average of 16.4%, and compared to SW-WAL,
the reduction is 3.7%. Both NoLgn-FTL and SW-WAL exhibit a gradual
latency improvement as transaction size increases, which aligns with
the behavior observed in throughput analysis. For larger transactions
(e.g., 8 KB and 16 KB), Base-WAL experiences higher latency due to
more extensive flash page writes and garbage collection overhead. In
contrast, NoLgn-FTL and SW-WAL effectively mitigate this degradation
by reducing the volume of writes.

4.4. Results of GC overhead

We used sqlite-bench to investigate the impact of block locking on
GC performance by collecting write distribution results under different
transaction sizes. Fig. 9 shows the write distribution of host requests,
GC migration, and block locking (denoted as additional pages) under
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Fig. 9. Results of GC overhead. NoLgn-FTL would lock certain blocks, which would affect victim block selection and induce more migrations.
Table 1
YCSB workloads.

Workload Description

A 50% read and 50% update, Zipfian distribution
B 95% read and 5% update, Zipfian distribution
C 100% read, Zipfian distribution
D 95% read and 5% insert, latest read
E 95% scan and 5% insert, Zipfian distribution
F 50% read and 50% read–modify–write, Zipfian distribution

different transaction sizes.
Two key observations can be made from Fig. 9. First, as transaction

value size increases, the proportion of valid page migration involved
in GC also increases, reaching a maximum of 62%. This trend can be
attributed to the fact that larger transaction sizes require more frequent
GC to accommodate new content. Second, the block locking mechanism
impacts the number of valid pages migrated. The maximum proportion
of additional migration pages due to block locking is 6%, with an
average increase of 3.5% in total write pages. This impact is more
significant for smaller transaction sizes, as updates may be concentrated
in fewer blocks, preventing them from being chosen as optimal victim
blocks for GC and leading to suboptimal data migration with more valid
pages.

Despite the extra page writes caused by block locking, these over-
heads are acceptable compared to the significant reduction in duplicate
writes achieved by NoLgn-FTL. The benefits of eliminating duplicate
writes and improving overall write performance outweigh the relatively
minor increase in valid page migrations caused by locking SSD blocks.

4.5. Results of YCSB and TPC-C performance

We also evaluate NoLgn-FTL using the YCSB benchmark to assess its
performance under various realistic workloads. YCSB provides six core
workloads as summarized in Table 1. To evaluate the long-term impact
of NoLgn-FTL, we use TPC-C benchmarks with four 4 warehouses [19]
tested under different SSD free space conditions. TPC-C contains the
following 5 transaction types: 43% new order, 43% payment, 4%
delivery, 4% order status, 4% stock level. The number of database
connections was set to 1 to avoid frequent aborts of update transactions.

Fig. 10 shows the normalized throughput results of SQLite under
YCSB benchmarks in NORMAL mode. On average, SW-WAL shows
a 10% performance improvement over Base-WAL, while NoLgn-FTL
achieves a 17% improvement. For write-intensive workloads (A and F),
both SW-WAL and NoLgn-FTL exhibit significantly better performance
than Base-WAL. However, for read-intensive workloads (B, D, and
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E), the improvements from both methods are not significant. This is
mainly because both methods only enhance write performance and
have little impact on read performance. Meanwhile, NoLgn-FTL still
outperforms SW-WAL due to its greater write performance benefits. In
the case of workload C, which only contains read requests, there are
no obvious differences in the three methods. This is because the remap-
based logging in SW-WAL and no-logging scheme in NoLgn-FTL are not
triggered. The slight performance fluctuations arise from the random
nature of read operations.

Fig. 11 shows the performance of SQLite in terms of transactions
per minute (tpmC) with different SSD free spaces. To obtain SSDs
with varying free space, sufficient random overwrite iterations are
performed before each of the experiments. TPC-C is a write-intensive
workload with operations such as new orders, payment, and delivery,
with an average of two pages updated per transaction. The results
show that when SSD free space is 75%, the performance differences
among the three modes are relatively small. However, as SSD free
space decreases, the performance gap widens. Overall, NoLgn-FTL sig-
nificantly outperforms Base-WAL and SW-WAL. On average, SW-WAL
improves transaction throughput by 20% compared to Base-WAL, while
NoLgn-FTL improves throughput by 38%. Notably, the performance
gains of SW-WAL and NoLgn-FTL become more pronounced when SSD
free space is limited. When SSD remaining space is 25%, NoLgn-FTL’s
throughput is 81% higher than Base-WAL. This is mainly because when
SSD free space is low, there may be a lack of free blocks, requiring
frequent GC to accommodate new writes. Additionally, TPC-C’s trans-
action data size is relatively small, allowing multiple data items to be
stored in a single page. Therefore, NoLgn-FTL effectively reduces write
operations and GC needs by minimizing duplicated writes.

5. Related works

Research addressing duplicate writes can be divided into two direc-
tions: optimization on atomic writes and remapping-based methods.

An atomic write interface was initially proposed by Park et al. [20],
which achieved atomicity for multi-page writes. Prabhakaran et al. [21]
further introduced a transactional FTL called txFlash, which provides
a transaction interface (WriteAtomic) to higher-level software. It pro-
vides isolation among multiple atomic write calls by ensuring that
no conflicting writes are issued. Xu et al. [22] used the native off-
site update feature of NAND flash memory to simulate copy-on-write
technology and, at the same time, used NVM to store the FTL mapping
table. However, these methods mostly supported atomicity for multi-
page writes only. Kang et al. presented X-FTL [23], aiming to support
general transactional atomicity, allowing data pages in a transaction
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Fig. 10. SQLite performance on YCSB benchmarks.
Fig. 11. SQLite performance on TPC-C benchmark.
to be written to flash at any time. However, it requires an additional
X-L2P table and needs to persist it to flash upon transaction commit.

Address remapping is another extensively researched method that
modifies the mapping table directly without performing actual writing.
Wu et al. [24] proposed KVSSD, which exploits the FTL mapping mech-
anism to implement copy-free compaction of LSM trees, and it enables
direct data allocation in flash memory for efficient garbage collection.
However, address remapping may suffer from mapping inconsistencies
due to the inability of flash memory to perform in-place updates.
Hahn et al. [25] use the address remapping operation for file system
defragmentation. However, after remapping, it uses file system logs to
deal with mapping inconsistencies. The larger log size results in longer
search times and increased memory consumption when performing
read operations. As the number of remappings escalates, the log can
become several hundred MB or even GB. Therefore, these methods
may incur significant lookup overhead. Zhou et al. [26] address this
issue by storing the new mapping table in Non-Volatile Memory, re-
ducing lookup overhead. Besides, Wu et al. [4] proposed SW-WAL, a
novel approach that emulates the maintenance of a mapping table by
inscribing transaction information directly into the OOB area of flash
pages. This strategy markedly reduces the footprint of the search table
and concurrently boosts search efficiency. Additionally, to deal with
the heavy query latency during WAL checkpointing, Yoon et al. [27]
proposed Check-In to align journal logs to the FTL mapping unit.
The FTL creates a checkpoint by remapping the journal logs to the
checkpoint, effectively reducing the checkpointing overhead and WAL’s
duplicate writes.
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6. Conclusion

In this paper, we presented NoLgn-FTL to directly update the
database in a no-logging way by reusing the old flash pages. NoLgn-
FTL uses a P2P table and OOB area of flash pages to keep old page
information and transaction information. Thus, systems can recover
to a consistent state when a crash happens. As there is no need to
store logging files in NoLgn-FTL, duplicate writes can be avoided. We
implemented a prototype of NoLgn-FTL on the FEMU SSD simulator
and integrated it with the SQLite database. The file system is modified
to enable SQLite to use the provided interface and transfer transaction
information. Experimental results demonstrate that NoLgn-FTL can
significantly reduce writes to SSDs and improve the performance of
SQLite, while still ensuring atomicity.
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