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Abstract—Block-based file systems, such as Btrfs, utilize the
copy-on-write (CoW) mechanism to guarantee data consistency on
solid-state drives (SSDs). Open-channel SSD provides opportuni-
ties for in-depth optimization of block-based file systems. However,
existing systems fail to co-design the two-layer semantics and
cannot take full advantage of the open-channel characteristics.
Specifically, synchronizing an overwrite in Btrfs will copy-on-write
all pages in the update path and induce severe write amplification.
In this paper, we propose a hybrid fine-grained copy-on-write and
journaling mechanism (HyFiM) to address these problems. We
first utilize persistent memories to preserve the address mapping
table of open-channel SSD. Then, we design an intra-FTL copy-on-
write mechanism (IFCoW) that eliminates the recursive updates
caused by overwrites. Finally, we devise fine-grained metadata
journals (FGMJ) to guarantee the consistency of metadata with
minimum overhead. We prototype HyFiM based on Btrfs in
the Linux kernel. Comprehensive evaluations demonstrate that
HyFiM can outperform over Btrfs by 30.77% and 33.82% for
sequential and random overwrites, respectively.

Index Terms—Persistent memory, file system, open-channel SSD

I. INTRODUCTION

Block-based file systems, such as Ext3 [1] and F2FS [2],
use the indirect block mapping scheme to manage file data,
which is fairly efficient for small files but will cause high
metadata overhead for large files. To overcome this problem,
Ext4 [3] and BtrFS [4] adopt an extent tree to manage file
data. An extent is a single descriptor that represents a range of
contiguous blocks. Therefore, it can significantly reduce the
write operations on metadata. However, Ext4 still needs to
employ the Write-Ahead Logging (WAL) [5], [6] mechanism to
ensure data consistency. WAL causes a double write problem,
which can seriously reduce the write performance. To mitigate
the write amplification of WAL, BtrFS adopts the Copy-on-
Write (CoW) [4] mechanism to guarantee data consistency.
Instead of recording redundant journals, the CoW mechanism
duplicates the updated page to a different location and modifies
the corresponding indicator in its parent.

Unfortunately, the CoW mechanism still suffers high over-
head for ensuring data consistency. First, the CoW mechanism
can induce recursive updates, i.e., one write operation propa-
gates the CoWs to the root of the file system. As a consequence,
file systems suffer from the high write amplification of meta-
data. Second, CoW should update file data out-of-place, which
causes a serious fragmentation problem for the extent tree. The
out-of-place updates will split the extents for each overwrite
operation and reduce the efficiency of locating file data. Third,

file systems still adopt a lightweight journal mechanism to
efficiently synchronize the metadata (e.g., inodes) rather than
conducting CoWs through the whole metadata path. Conse-
quently, the write-backs of logs introduce high overhead, akin
to the WAL mechanism.

Recently, the Open-Channel SSD (OCSSD) has been pro-
posed to provide in-depth optimization opportunities. Different
from traditional SSDs, OCSSDs allow the host to access the
storage via a host-side Flash Translation Layer (FTL). Such an
architecture provides possibilities of mitigating redundant logi-
cal modifications of file systems by manipulating the software-
level mapping table in FTL. Meanwhile, emerging Persistent
Memories (PM), such as PCM [7]–[9] and STT-RAM [10]–
[12], are promised to revolutionize storage systems by provid-
ing non-volatility, byte-addressability, and low latency. Hence,
PMs can help access and modify the host-side FTL in a fine-
grained way. To summarize, the flexibility of OCSSD and the
advanced features of PM bring opportunities to resolve the
above problems of block-based file systems.

In this paper, we propose a hybrid fine-grained copy-on-
write and journaling mechanism, called HyFiM, to mitigate the
consistency overhead of CoW-based file systems on OCSSD.
The main idea of HyFiM is to fully exploit the flexibility
of OCSSD and the advanced features of PM to eliminate
the redundant overhead of CoW-based file systems. HyFiM
employs two key techniques, including the intra-FTL copy-on-
write mechanism (IFCoW) and fine-grained metadata journals
(FGMJ), to perform non-recursive physical CoWs and achieve
high performance. We implement HyFiM in Linux kernel based
on Btrfs, and compare its performance with the original Btrfs.
Experimental results show that HyFiM achieves 30.77% and
33.82% improvement for sequential and random overwrites
over Btrfs, respectively.

The main contributions are summarised as follows:

• We conduct an in-depth investigation of the problems of
current CoW-based file systems.

• We propose a novel intra-FTL copy-on-write mechanism
and fine-grained metadata journals to optimize the perfor-
mance of CoW-based file systems on OCSSD.

• We prototype the proposed HyFiM based on Btrfs in
Linux. Comprehensive evaluations show that HyFiM sig-
nificantly outperforms the original Btrfs.

The rest of this paper is organized as follows. In Section II,
we introduce the problems of the conventional copy-on-write
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mechanism and show a motivational example with experiments.
We present the design of HyFiM in Section III. We show
evaluation results of HyFiM in Section IV. Section V concludes
the paper.

II. BACKGROUND AND MOTIVATION

A. Problems of the Copy-on-Write Mechanism

Existing block-based file systems, such as Ext3/Ext4 [1],
[3], BtrFS [4], and F2FS [2] are widely used in storage
systems, which adopt the Hard Disk Drive (HDD) or traditional
flash-based SSDs as the storage devices. To improve the data
reliability, the Write-Ahead Logging (WAL) [5], [6] and Copy-
on-Write (CoW) [2], [4] mechanisms are widely used in
block-based file systems for guaranteeing data consistency. For
example, the WAL mechanism is used in Ext3/Ext4, which
requires that all modifications are written to a log before
they are applied. Hence, the WAL mechanism can lead to a
double write problem, resulting in high write amplification
that can seriously degrade the performance of file systems.
To mitigate the write amplification of WAL, F2FS and BtrFS
adopt the CoW mechanism to guarantee data consistency. CoW
mechanism requires the file data only can be updated out-of-
place. However, this scheme still brings in three main problems.

First, the CoW mechanism can produce transactional CoW
propagation. To CoW a block, its parent descriptor should be
modified to index the new address. As a result, the parent
block will conduct another CoW. That means, the write op-
erations will trigger propagation of CoWs to the root of the
data indexing tree, whether the tree is an extent tree or an
indirect mapping tree. Therefore, CoWs lead to serious write
amplification when the tree is high enough and the I/O request
size is less than the page size.

Second, to improve the performance, BtrFS employs an
extent tree instead of the indirect mapping block scheme to
manage file data. The extent tree uses one single descriptor to
index a range of contiguous blocks. This scheme can signifi-
cantly shrink the scale of metadata structures. Meanwhile, it can
improve the efficiency of space management in terms of both
allocation and deallocation, especially for large files. However,
CoW will split the extent tree to locate new blocks. As a result,
the number of extents will continue to increase if a large file is
updated constantly. Accordingly, for the aged file systems, the
CoW mechanism can lead to an external fragmentation problem
and a high overhead of locating file data, which can severely
degrade the performance.

Third, although the high-performance CoW-based file sys-
tems, such as F2FS [2] and BtrFS [4], adopt the CoW mecha-
nism to ensure the consistency of data, the light-weight journals
are still needed to ensure the consistency of metadata. For
example, Btrfs records the modifications of metadata in a log
tree. In practical workloads, the structures of metadata are also
frequently-updated, inducing massive write operations on the
log area. As a consequence, the write-backs of journals can
also severely degrade the system performance.

B. Open-channel SSDs

Open-channel SSD (OCSSD) is a new type of SSD. Different
from traditional SSD, OCSSD allows the host to access the
storage via the physical address of NAND flash. In other words,
the Flash Translation Layer (FTL) is implemented on the host
side by utilizing the host CPU/memory capabilities. Compared
with traditional SSDs, the OCSSD provides flexibility with
regard to data placement decisions, over-provisioning, schedul-
ing, garbage collection (GC), and wear-leveling. Although the
detailed implementation of an OCSSD is still vendor-specific,
the LightNVM Open-Channel Specification [13] is widely used
to access the OCSSD.

In recent years, the OCSSD has been widely used in stor-
age systems as the underlying storage devices [14], [15]. By
exposing the physical details of the device to the host, the
flexibility of OCSSD instigates software designers to overcome
the trade-offs in the host storage stack. With OCSSD, the FTL
can be directly integrated or merged with storage management
in block-based file systems [16]. Accordingly, the emerging
OCSSD brings in more opportunities and challenges for the
design of block-based file systems to further improve the
system performance.

C. Persistent Memories

Emerging Persistent Memories (PMs), such as Spin-Transfer
Torque RAM (STT-RAM) [10]–[12] and Phase Change Mem-
ory (PCM) [7]–[9], have been actively developed in the past few
years. PMs are promised to revolutionize storage systems by
providing non-volatility, byte-addressability, low latency, high
density, and energy efficiency. These advanced features allow
PMs to be linked directly to the memory bus and accessed by
load/store instructions [17]–[19] like DRAM.

PMs are non-volatile, like Hard Disk Drive (HDD) and
flash memory (flash-based SSD). They also provide high-
performance and byte-addressability, similar to the DRAM. Es-
pecially, STT-RAM has lower power consumption than DRAM.
Therefore, the emerging PMs have the potential to optimize the
storage architecture and improve the performance of the block-
based file systems.

D. Motivation

We give a motivational example to demonstrate the overhead
of CoWs in a typical CoW-based file system, Btrfs. In our
example, we vary the size of I/O requests from 1KB to 512KB
and evaluate the file system with IOZone [20]. The underlying
block device of this evaluation is a true open-channel SSD.
As shown in Figure 1, we mount Btrfs with default (CoW)
and no-CoW parameters respectively. The y-axis presents the
throughput of file random writes. From this figure, we can
observe that the performance gap caused by CoWs is 39.06%
on average, ranging from 1.85% to 73.04%. Specifically, the
smaller I/O sizes introduce larger write amplification and cause
significant throughput degradation. This motivational example
illustrates the tremendous overhead of the conventional CoW
scheme and inspires us with the design philosophy.

Based on the above analysis, it can be concluded that the
overhead of CoWs can severely degrade the performance of

Design, Automation and Test in Europe Conference (DATE 2022) 499



1 2 4 8 16 32 64 128 256 512
0

100

200

300

400
Th
ro
ug
hp
ut
(M
B/
s)

Btrfs
Btrfs-nocow

The size of I/O requests (KBytes)
Figure 1. Comparison on random write operations.

cow-based file systems. In the following section, we pro-
pose a novel hybrid fine-grained copy-on-write and journaling
mechanism, denoted as HyFiM, for cow-based file systems on
open-channel SSDs. Our design goals include: (a) the CoWs
should not be recursively propagated upward; (b) massive
fragmentation should be avoided after CoWs; (c) the overhead
for the new scheme should be minimized.

III. HYFIM DESIGN

In this section, we present the design of the hybrid fine-
grained copy-on-write and journaling mechanism (HyFiM) to
mitigate the copy-on-write overhead of block-based file systems
on OCSSD. First, we show the hybrid storage architecture
of HyFiM. Then, we present an intra-FTL copy-on-write
mechanism and fine-grained metadata journals to eliminate the
propagated Copy-on-Write (CoW) of file systems. Finally, we
detail the crash consistency strategy of HyFiM.

A. Architecture Overview

CoW [2], [4] is expected to induce less write amplification
than Write-Ahead Logging (WAL) [5], [6] in theory. However,
this advantage can be dispelled by the coarse I/O granularity of
block devices and transactional CoW propagation. To address
these problems of CoW, we propose a DRAM-PM hybrid
architecture called HyFiM for Open-Channel SSDs (OCSSDs).
HyFiM aims to break the semantic barrier between file systems
and block devices, and mitigate the CoW overhead by using
the DRAM-like performance, byte-addressability, and non-
volatility of Persistent Memory (PM).

As Figure 2 shows, the PM in HyFiM is attached directly
to the memory bus and shares the unified address space
with DRAM. Hence, the PM is accessible with the load/store
instructions of the CPU. The underlying block device is an
OCSSD, whose FTL is manipulated in the host-end. Block-
based file systems, such as Btrfs [4] and Ext4 [3], utilize
standard block I/O requests to synchronize files from the host-
end to the flash memory. The host-end FTL resolves these
I/O requests and conducts physical operations on NAND flash
chips. Such logical to physical translations are accomplished
via a sector-level address mapping table. HyFiM stores the
mapping table and journals in PM for data consistency.

For buffered read/write operations, file systems process reg-
ular file management routines with the help of the page cache
in DRAM. For synchronization operations, such as opening a

VFS

User Applications

PM

Flash Memory

Garbage 
Collection

DRAM

Host-end FTL

   

Block I/O Requests Data Consistency

ReadUser Space

Kernel Space
POSIX Write

Channel 0
Flash

Channel 1
Flash

Channel N
Flash

···
Channel 2

Flash

Block-based File Systems
(e.g., Ext4/BtrFS/XFS/F2FS...)

Wear-Leveling

Crash Recovery Scheduling

Address Mapping

ECC

Page Cache Synchronization
(fdatasync/fsync, etc.)

Figure 2. The overview of HyFiM.

file with the synchronized flag (e.g., O SY NC) or writing
back dirty pages (e.g., fsync and fdatasync), data will be
flushed to the flash chips in the order specified in the transaction
routine for consistency requirements. In this case, the proposed
HyFiM will record fine-grained journals for the mapping table
of FTL and metadata of file systems in the PM. HyFiM employs
two key techniques, including Intra-FTL Copy-on-Write Mech-
anism (IFCoW) and Fine-Grained Metadata Journals (FGMJ),
to achieve high performance by avoiding the recursive updates
of CoW. The rest of this section will introduce the design and
implementation of these two techniques in detail.

B. Intra-FTL Copy-on-Write Mechanism

Based on the observations in Section II, the CoW of a data
page will trigger modifications of its parent extent node. This
modification will be propagated to the root by the CoW of each
layer in the path. Meanwhile, the migration of data pages also
splits the corresponding extents into massive fragmentation.
Therefore, we propose the intra-FTL copy-on-write mechanism
(IFCoW) to eliminate the recursive updates and fragmented
extents caused by overwrites.

The main idea of IFCoW is to conduct copy-on-write op-
erations in the FTL layer and avoid redundant logical modi-
fications in the file system layer. Figure 3 demonstrates how
IFCoW avoids fragmenting extents and cuts off the transac-
tional propagation of CoWs. When overwriting a data page, as
shown in Figure 3(a), IFCoW in-place updates the cached page
in DRAM. This step will not split the parent extent node, akin
to the routines without using CoW. Then, the synchronization
process goes different from existing schemes. As shown in
Figure 3(b), IFCoW writes the updated page back to a new
physical page while maintaining the pages on the updated
path unchanged. After that, IFCoW starts to swap the mapping
relationships of the new/stale page in the mapping table. In
Figure 3(c), IFCoW first records a small-sized journal on PM
for the next steps. The journal is comprised of four addresses,
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including the physical and logical addresses of both the new
and stale pages, respectively. Finally, an intra-FTL CoW will
be performed after persisting in this journal. As illustrated in
Figure 3(d), IFCoW exchanges the physical addresses of two
corresponding entries in the mapping table.

The proposed IFCoW achieves lightweight CoWs by ex-
ploiting the byte-addressability of PM. The updated pages are
written and redirected in the FTL layer without revising the
logical addresses maintained in the file system. Such intra-FTL
modifications break the propagation of CoWs as the metadata
keeps unchanged during the whole process. Moreover, this
invariability of metadata promises the continuity of existing
extents, preventing them from being split into considerable
fragmentation. Hence, IFCoW can significantly reduce the
overhead of CoW operations while ensuring data consistency.

C. Fine-grained Metadata Journals

The IFCoW mechanism eliminates the recursive updates
caused by overwrites on data pages. Although append writes
contribute no extent splits, however, they still require updating
parents by inserting new extent entries. Furthermore, node
splits triggered by insertions will modify their parents. Those
modifications will also be propagated to the root in conventional
CoW schemes. To address this issue, we propose fine-grained
metadata journals (FGMJ) for parent pages to eliminate the
recursive updates caused by append writes.

Since inserting an extent entry introduces only small-sized
updates on the extent node, we would record a fine-grained
journal for the updated node rather than conducting a whole
IFCoW process. When writing back a dirty extent node, FGMJ
only in-place updates the node as corresponding journals have
been recorded in PM. Once the insertion triggers a split
operation, the affected node will be split into two via a CoW.
Meanwhile, the addresses of the two newly created nodes will
substitute the stale one in their parent node. FGMJ treats the
updates in internal nodes the same as in extent nodes. It only
records journals for substitutions of new/stale entries rather than
continuing propagating these CoWs. As a result, benefit from
the fine-grained metadata journals in PM, the recursive CoWs
caused by append writes are confined in one node.

D. Crash Recovery

HyFiM stores the journals of two techniques in their dedi-
cated circular queue. Besides regular information, HyFiM also

records the state of each journal. When encountering power
failures or system crashes, the recovery process of HyFiM
will check the recorded journals one by one. HyFiM will start
the recovery operation if the state of a journal is not check-
pointed. This is because the other three states (i.e., committing,
committed, and checkpointing) of a transaction indicate that
its corresponding resources have been allocated, the updated
information of the synchronized file has been recorded, and the
corresponding synchronized file is being updating, respectively.
For the journal in committing or committed states, HyFiM
only needs to release the corresponding allocated resources.
For the journals in the checkpointing state, we recover the
system via the following steps. First, we extract information
from this journal, such as the address of new/stale pages, the
pointer of child nodes, and the size of updated data. Then,
for IFCoW journals, we update the corresponding entry of
the mapping table according to the information of journals.
For FGMJ journals, we retrieve the pointers of child nodes
from journals and update entries in the corresponding node.
Finally, we set the state of the transaction to checkpointed and
release the resources of the transaction. Till now, the recovery
process is completed and the file system has been recovered to
a consistent state.

IV. EVALUATION

A. Experimental setup
We implement the proposed HyFiM in Linux based on Btrfs.

As shown in Table I, evaluation experiments are conducted on
a workstation equipped with two Intel(R) Xeon(R) E5-2640
processors and 256GB DRAM. We partition 1G DRAM to
simulate the PM area. The operating system is Ubuntu 16.04
with Linux kernel 4.4.238. The underlying block device is an
open-channel SSD with our modified lightNVM [13] to support
intra-FTL CoWs. There are eight channels in the OCSSD, two
parallel units (PU) per channel, two planes per PU, 1478 blocks
per plane, and 768 pages per block.

We compare HyFiM with the original Btrfs in terms of per-
formance and extents fragmentation. We use various standard
benchmarks to conduct the evaluations. In the experiments,
we first evaluate the performance of sequential/random write
operations with IOZone [20], a widely-used micro-benchmark.
Then, we use the TPCC [21] and Filebench [22] as the macro-
benchmarks to evaluate the overall throughput of the two
schemes.
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Figure 4. Comparison of overwrites.

1 2 4 8 16 32 64 128 256 512 1024
0.0

5.0x104
1.0x105
1.5x105
2.0x105
2.5x105
3.0x105

N
um

be
ro
fe
xt
en
ts

Btrfs
HyFiM

The size of I/O requests (KBytes)

(a) Sequential write

0 1 2 3 4 5 6 7 8 9 10
0.0

3.0x103
6.0x103
9.0x103
1.2x104
1.5x104
1.8x104

N
um

be
ro
fe
xt
en
ts

Btrfs
HyFiM

Total size of overwrites (×100MBytes)

(b) Random write
Figure 5. Comparison of extents fragmentation.

Table I
SYSTEM CONFIGURATION

CPU Intel(R) Xeon(R) E5-2640
Capacity of DRAM 256GB

Kernel Version Linux 4.4.238
Available Volume of Open-Channel SSD 508 GB

# of Channels 8
Page Size 16 KB

B. Micro-benchmarks

Performance. In this subsection, we measure the perfor-
mance of HyFiM and original Btrfs. We first evaluate the
performance of sequential/random write operations. We use
IOZone [20] as the micro-benchmark, which is a widely-used
benchmark for performance evaluation on file systems. We set
one thread to create a 1GB-sized file and conduct sequen-
tial/random overwrites on it with IOZone. Figure 4 reports the
throughput of two schemes with I/O sizes ranging from 1KB
to 1024KB. Compared with the original Btrfs, HyFiM achieves
30.77% and 33.82% improvement on average for sequential and
random overwrites, respectively.

From the results, we can observe that the throughput of the
two schemes enlarges with the increase of I/O sizes. HyFiM
maintains 8.65% and 3.53% improvement for sequential and
random overwrites when the I/O size is 1024KB. Another
observation is that smaller I/O sizes bring larger improvements
in performance. Specifically, HyFiM gains 62.65% and 67.38%
improvement when the I/O size is 1KB. This is because small-
sized overwrites severely violate the structure of the extent tree
in Btrfs. Massive extent fragmentation introduces considerable
metadata updates in Btrfs. Moreover, the fragmented extent tree
provides poor performance in locating data pages. Compara-

tively, benefits from the IFCoW technique, overwrite operations
in HyFiM contribute no split of extents.

Fragmentation of extents. To further demonstrate the merits
of HyFiM in terms of reducing extent fragmentation, we count
the number of extents after overwrites. First, we utilize IOZone
to create a 1GB-sized file with 256KB I/O size. Then, we
conduct sequential overwrites on this file with different I/O
sizes and count the number of extents. As shown in Figure 5(a),
HyFiM keeps 4.1×103 extents for all I/O sizes, while the total
extents of Btrfs range from 4.1×103 to 2.6×105. Concretely,
Btrfs constantly produces 2.6×105 extents when I/O sizes vary
from 1-4KB. This is because the sector size of the underlying
OCSSD is 4KB. When the I/O sizes are larger than 256KB,
the numbers of extents become the same in both two schemes.
The reason is that the file is created with 256KB I/O size and
the broken extent tree is difficult to fix.

To show the side-effects of random writes, we create a
1GB-sized file with 2048KB I/O size. Then, we randomly
overwrite this file with 64KB I/O size. We vary the total
sizes of random writes and record the number of extents.
As shown in Figure 5(b), HyFiM remains 5×102 extents for
all written sizes. This is because HyFiM utilizes intra-FTL
physical CoWs without modifying logical information. On
contrary, Btrfs increases the number of extents to 1.6×104 after
overwriting 1000MB data. These evaluation results highlight
the advantages of HyFiM on micro-benchmarks.

C. Macro-benchmarks

In this subsection, we utilize the TPCC [21] and various
workloads of the Filebench [22] as the macro-benchmarks to
evaluate the overall throughput of two schemes. TPCC is an
on-line transaction processing benchmark that issues a large
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amount of synchronized random writes. In this experiment, we
run TPCC on MySQL [23], a typical and widely-used database
system. The numbers of warehouses in TPCC vary from 1 to 16.
We record the tpmC (transaction per minute) for each number
of warehouses. Figure 6 demonstrates that HyFiM outperforms
Btrfs by 13.4%.
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Figure 6. Comparison with the TPCC benchmark.

Besides, we also evaluate the two schemes with typical
workloads of Filebench, including oltp and fileserver. The oltp
emulates a database that performs file operations using the
Oracle 9i I/O model. It evaluates the performance of small
random reads and writes, while the fileserver evaluates the
performance of append writes. We set the number of writers
as 4 in oltp, and as 50 in fileserver, respectively. As shown
in Figure 7, HyFiM achieves 43.68% improvement in oltp.
Furthermore, HyFiM outperforms Btrfs by 26.82% in fileserver,
demonstrating the effectiveness of fine-grained metadata jour-
nals in append writes.
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Figure 7. Comparison with the Filebench workloads.

V. CONCLUSION

This paper investigated the problems of CoW-based file
systems. We proposed a hybrid architecture with OCSSD and
PM to achieve high performance for CoW-based file systems.
Experimental results show that our scheme achieves significant
speedup and reduces the fragmentation of extents.
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