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Abstract

The increasing deployment of data-intensive applications on
mobile devices poses a formidable challenge in designing
flash-based file systems tailored to these needs. Studies have
shown that adopting delta compression in log-structured file
systems is promising for such an environment as it can ef-
fectively reduce the write stress and improve flash longevity.
Unfortunately, delta compression suffers from large main-
tenance overhead. While prior works have introduced non-
volatile memory buffer or battery-backed DRAM to mitigate
this, they are less appealing for cost-sensitive mobile devices.

This paper introduces MedFS, a Metadata-enabled delta
compression on log-structured File System for mobile de-
vices, to achieve a good design trade-off in log-structured
file systems employing delta compression. Through a com-
prehensive analysis of mobile applications and file update
patterns, we develop delta-inlining technique, which consoli-
dates delta updates within the inline area of the file’s inode
block. By leveraging the inherent inode structure and automat-
ically flushing dirty inodes to storage, we effectively address
the maintenance overhead associated with delta compression.
Additionally, we propose a complementary delta maintenance
strategy that selectively manages delta chunks in the data area,
overcoming the space constraints of the inline area. Exper-
imental results show that MedFS significantly reduces the
write traffic by 55.1% on average, leading to the prolonged
storage endurance by 122.7% and improved I/O performance
by up to 37.3% over existing work. '

*Corresponding  authors:  Cheng Ji, Congming Gao, Email:
cheng.ji@njust.edu.cn, gaocm@xmu.edu.cn. This work was supported
in part by the National Natural Science Foundation of China (Grant No.
62106146, 62102179, and 62102219). This research is also partially
supported by the National Science and Technology Council, Taiwan, (Grant
No. NSTC 113-2221-E-A49-188-MY3) and the Fundamental Research
Funds for the Central Universities, N0.30923010933 and 20720230071.

IThe source code and benchmarks are available at
https://github.com/juanhair/MedFS.

1 Introduction

The fast technological advances in recent years have enabled
the deployment of traditional desktop applications, e.g., video
and photo streaming/editing, and social media, in modern
flash-based mobile systems. Such applications often generate
a large number of small files and updates while demanding
short response time, making it critical to design the corre-
sponding file system for achieving a good trade-off among
I/O performance, energy consumption, and flash storage life-
time [3,23,53,74].

Schemes have been proposed to optimize the file system
(FS) performance on mobile systems. F2FS [36], an LFS (Log-
structured File System) -based file system, keeps the updates
in logs to convert random writes to sequential ones, which
helps to mitigate write amplification and achieves superior
I/O performance over traditional JES (Journaling File System)
[50]. To support small files, F2FS keeps an inline area in
the file inode such that a file, if smaller than 3.69KB, can
store its data in it [36,65]. However, the applicability of this
technique is limited. Based on our analysis of real mobile
devices in Tab. 1, only about 25% of all files are eligible for
this optimization.

Data compression is another approach that can effectively
reduce the number of I/O writes to flash devices by compress-
ing several pages into one [11,13,21,33,55,58,60,86]. Adopt-
ing conventional compression methods, e.g., LZ4, achieves
better compression ratios on large files [63, 70] but tends to
be less effective on small files [9,38] and incur large compres-
sion/decompression overheads [63,70]. Recent works achieve
a better trade-off between high compression ratio and low
overhead by adopting delta compression [5, 16,29, 66,83, 84],
which only maintain the content difference (XOR) between
the new data and the old data. Delta compression exhibits
high compression efficiency when data are updated with few
content differences. Prior work showed that 70% of updat-
ing data in mobile devices are updated with less than a 10%
content difference [29].

Instead of focusing on space savings, we exploit delta com-
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pression to reduce write stress and enhance flash longevity.
However, delta compression requires managing both delta
chunks (XORed values) and base pages (original data). With-
out careful design, it can introduce significant overheads, in-
cluding additional reads of base pages and deltas, as well
as increased metadata accesses, such as references to delta
pointers. Storing delta chunks in an external buffer, e.g.,
NVRAM [4, 29], or battery-supported DRAM [66], helps
to mitigate flash writes but leads to increased hardware cost,
which is less appealing for cost-sensitive mobile devices.

In this paper, we propose MedFS, a Metadata-enabled delta
compression-based approach on log-structured File System,
to address the above challenges. Tiny deltas are embedded
into file system metadata, such as inodes, or multiple deltas
are packed into fewer data blocks to decrease the block write
count for file updates. Firstly, by exploiting the I/O behaviors
of mobile applications, we develop a delta inlining technique
to save delta chunks in the inline area of a file’s inode block.
Because file updating in LES makes inode dirty, embedding
small deltas to the inode inline space may only require rewrit-
ing the inode, avoiding data block writes for updates and
therefore reducing write I/Os. Secondly, constrained by the
limited inline area space, e.g., 3.69KB in F2FS, we develop ef-
fective delta chunk management policies to exploit its design
potential, in particular, for those deltas that cannot be stored
in the inline area, they are packed into fewer data blocks. Both
the two techniques help decrease the block write count re-
quired to handle file updates and thus enhance flash longevity.
To summarize, we make the following contributions.

* We study mobile I/O workloads and their behaviors in
log-structured file systems. We then analyze the pros and
cons of adopting delta compression in mobile devices.

* We develop DCI (Delta Chunk Inlining), a robust
metadata-enabled delta compression technique, which
leverages the unused inline area to achieve aggressive com-
pressing efficacy for reducing write I/Os with marginal
system overheads.

* We develop DCM (Delta Chunk Maintenance), a file
hotness-based management method for handling delta
chunks and updates that cannot be saved in the inline
area. DCM saves compressed delta chunks and updates to
the compact data pages, which effectively mitigates the
latency in handling I/O writes.

* We prototype MedFS in a real mobile system and com-
pare it with existing approaches [23,36]. Our experimental
results show that MedFS substantially reduces the write
volume by 55.1% on average, improves the average write
and read I/O performance by 28.8% (up to 37.3%) and
25.3% (up to 35.6%), respectively, and prolongs the stor-
age endurance by 122.7%.

To the best of our knowledge, MedFS is the first scheme
that implements delta compression on mobile devices that
mitigates read/write amplification without extra hardware to
enhance file system performance and prolong flash longevity.

2 Background

2.1 File System on Mobile Device

JFS (Journaled File System), e.g., EXT4, records updates in
the journal and updates files directly, which generates random
1/Os and degrades 1/0 performance [25, 50, 52]. In contrast,
LFS (Log-structured File System) records random updates in
sequentially organized log entries to retain the sequential I/O
performance [15, 64]. Flash Friendly File System (F2FS) is a
typical LFS, which has been widely adopted in commercial
mobile devices due to its performance advantages [23, 36,
44,78]. The logical address space in F2FS is divided into
multiple zones. Each zone consists of several segments, which
is further divided into hundreds of blocks. The granularity
of read/write operations is block, while segment cleaning is
maintained to reclaim invalid blocks [71]. In F2FS, each block
is 4KB, matching the size of each page in the page cache. For
the sake of simplicity in this paper, we use ‘page’ to denote
the fundamental unit of I/O.

Inode and Inline Area. The file structure in F2FS en-
compasses three node types: inode, direct node, and indi-
rect node. F2FS designates a 4KB page for the inode, with
approximately 3.69KB of space allocated to the inline area,
while the remaining space is utilized for storing metadata,
direct/indirect node information, and node footer. Small files
(< 3.69KB) store their data content within the inline area,
while larger files maintain the indices referring to the data
pages within it. Considering the page size as 4KB, a file
can maintain all its page indices within the inline area if
the file size is smaller than 923 x 4KB = 3.69MB, allow-

ing for a maximum of 923 4-byte indices in the inline area.
Both of these methods aim to enhance the file system’s ef-
ficiency by enabling direct access to more data content or
page indices from the inline area, thereby accelerating I/O
processing, rather than traversing through direct or indirect
nodes. Meanwhile, designers may choose to configure the file
attribute field (Xartr) in the inline area, which takes a space
of 200-byte.

2.2 Storage Endurance on Mobile Device

On mobile devices, storage endurance is a critical issue with
respect to the device lifetime. Since NAND flash only sup-
ports limited programming/erasing cycles (P/E cycles), stor-
age endurance is directly impacted by the write volume. Dur-
ing past years, plenty of works have been devoted to prolong
the storage endurance [10,26,49,69,72,77,85]. According
to [2], the storage lifetime influenced by the write volume
of data compression solutions can be calculated by Eq. 1,
where WA and OP are respectively write amplification and
over-provisioning factors, PEC is the P/E cycles of each flash
block, and Reompress is the compression ratio. The storage life-
time is inversely proportional to the number of full disk writes
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per day (DWPD) which depends on the amount of data writ-
ten. Thus, from the perspective of the host system, the write
traffic release which is determined by DWPD and Reopmpress-
is crucial for mobile storage endurance.

PEC x (1+ OP)
365 x DWPD x WA x Rcompress

Lifetime =

ey

2.3 Data Compression in File Systems

Compression techniques, such as LZO [23], LZ4 [13,43], and
Z1ib [51], have been extensively investigated due to the effec-
tiveness in write traffic reduction. However, these methods
exhibit reduced effectiveness on mobile devices due to their
high computation overhead [23,48]. Thus, recent works have
delved into delta compression techniques to meet the demand
for high compression ratios and minimal system overheads in
mobile devices [1,5, 16,83, 84].

Delta compression operates by only maintaining the
XORed data between updated and original data, named delta.
The delta is typically quite small (e.g., only a few dozen bytes
for a 4KB page) and can alleviate the 1/O traffics. However,
this approach also introduces additional write/read amplifica-
tion due to the maintenance of original page, delta chunk, and
their respective indices. Specifically, during the write path, the
indices linking the original page and the delta chunk must be
persisted to storage. On the other hand, on the read path, be-
sides the delta chunk, the indices and the original page should
be retrieved as well. Each delta chunk needs to be assigned
an in-page offset and delta size. Hence, the additional space
overhead increases when the differences between the updated
data and the original data are discrete and non-continuous.

2.4 The I/O Behaviors of Mobile Workloads

With the increasing deployment of data-intensive applications
on mobile devices, their excessive I/O requests frequently
contend for limited hardware resources, resulting in increased
I/0 latency and degraded system performance [17, 80]. In
particular, the large performance impact on block read 1/Os
leads to a worse user experience [54], and frequent I/O writes
consume the flash storage lifetime rapidly.

Further studies of mobile workloads have revealed that
small I/O requests (e.g., <2MB) constitute 50% or more of
I/O operations [23, 24]. This contrasts sharply with desk-
top or server workloads, where large I/O requests dominate.
Consequently, optimizations on traditional FS demonstrate
diminished efficacy on flash-based mobile systems. For in-
stance, compressing small I/O updates randomly in JFS re-
sults in storage space fragmentation. Similarly, FPC imposes
strict constraints on compression ratios, such as compressing
five updating pages into at most one page [23]. A signature
of file usage in mobile devices is the heavy involvement of
multimedia files, which are typically larger than other files.

However, they do not dominate the write traffic because they
are write-once and read mostly [24]. By contrast, we observe
that other files, e.g., SQLite files, and temporary files, receive
intensive updates, which can be optimized by our MedFS.
Specifically, mobile apps store small objects like cookies and
history in SQLite files, whose updates trigger eager data flush-
ing through frequent fsync() calls [22]. Updating temporary
files and even accessing immutable multimedia files generates
small file updates and history logs. These small changes are a
perfect target for write stress reduction.

3 Empirical Study on Delta Compression

In this section, we study delta compression applied to different
mobile workloads, elaborate on its limitations, and motivate
our design. For discussion purposes, we denote page as the
minimum read/write unit in both page cache and file system.

The importance and limitation of delta compression.
To study the effectiveness of applying delta compression in
mobile systems, we evaluated 17 popular user actions/tasks on
seven popular applications. On average, we observe that there
are 90% of the files generated/updated in modern applications
are smaller than 3.69MB, those that are smaller than 3.69KB
account for a relatively small percentage, i.e., around 25%.
The details are summarized in Tab. 1. We further find that
the 77.1% of the total write traffic comes from file updates,
while the average update difference between modified and
original page is only 13.8%, which exposes the great potential
for applying delta compression to mobile workloads.

We analyzed the file updates in the tasks shown in Tab. |
and summarized the results in Fig. | (a). From the figure, there
are two major types, i.e., updates to SQLite files and updates
to temporary files, which account for 54.4% and 14.5% of
all files, respectively. The SQLite files include db, db-journal,
db-wal, wal, and journal. The temporary files include the files
starting with todelete_ or random characters, and the files in
temp/tmp directories. These files are closely coupled with
popular user actions/tasks such that writing a large number of
small deltas tends to have a critical impact on user experience.
For example, when editing a photo in Polish, 39.6% temporary
files are generated to record the intermediate editing images.
When launching applications, 88.1% of their created files
are related to SQLite. Notably, other file types may also be
suitable for delta compression in certain apps. For Polish, files
including xml, json, etc, account for 54.3%. For Telegram,
files including dat, xml, etc, account for 69.3%.

Delta compression may incur additional maintenance over-
heads, such as extra I/Os for accessing the base data page
and its associated delta page during file reads and writes, as
well as increased space requirements for delta management
metadata. Storing delta chunks in an external buffer helps to
mitigate flash writes but increases hardware cost, which is
less appealing for mobile devices.
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Table 1: I/O update (overwrite) characteristics of typical mo-
bile application scenarios. Vol is the volume of write traffic in
MB, Small is the percentage of files smaller than 3.69MB, UR
is the file updating ratio in total write traffic, and UD is the
average updating difference between modified and original
page data.

App Task Vol | Small | UR UD
Launch application 0.7 |100.0% | 62.4% | 31.2%
Send T image 6.3 | 94.8% |89.6% |24.3%
Gmail Send 100 characters 9.0 | 924% |91.5% |25.3%
Receive I image 123 [ 89.1% | 71.1% | 30.2%
Receive 100 characters | 7.2 | 98.6% | 62.8% |29.0%
Polish Launch application 0.1 |100.0% | 78.6% | 0.9%
Edit a photo 130.6 [ 99.9% [51.8% | 2.7%

Launch application 4.4 1100.0% |93.1% | 5.5%
Listen to music 5Smin | 67.4 | 100.0% [ 62.3% [ 11.2%
Send | image 24 | 529% [85.1% | 5.2%
Send 10sec voice 34 [ 88.1% |92.7% | 3.6%
Telegram | Receive 100 characters | 4.8 | 64.4% [95.1% | 4.1%
Receive I image 35 | 51.7% [84.4% | 1.6%
Receive 10sec voice 47 172.1% [86.9% | 2.5%
Launch application 9.2 [100.0% | 61.4% |25.2%
Post 100 characters 12.5 [100.0% | 92.9% | 11.1%
Post T image 15.8 [ 100.0% | 84.5% | 8.3%
Watch news Smin 11751 99.2% [75.6% | 14.4%
Launch application 20 | 97.0% |67.1% | 14.4%
Send 100 characters 2.3 [ 94.6% |759% | 21.7%
Wechat | Receive 100 characters | 1.8 | 97.7% [76.5% |22.3%
Receive 10sec voice 2.8 | 854% |553% | 9.2%
Post T image 0.7 192.1% [61.2% | 14.7%
Zoom Attend Smin meeting | 207.4 | 82.0% [92.5% | 13.1%
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(a) File types. (b) Hit Rate and Inline Area Utilization.

Figure 1: File types and opportunity for delta-inlining.

The motivation. To tackle the aforementioned design chal-
lenge, we propose delta-inlining, a technique that leverages
the observation that most I/O updates are small and maintains
deltas in the file’s inline area. We studied the opportunities
of maintaining deltas in the inline area and summarized the
results in Fig. 1 (b). The vertical right axis indicates the av-
erage free inline area of files generated in the experiments.
The results indicate that delta-inlining is feasible while the
majority of files are smaller than 3.69 MB and make the inline
area space underutilized (94.0% inline area of involved files
is free), leaving available inline area for storing the deltas.
Moreover, since maintaining deltas in an inline area can be ac-
complished alone with its inode update (e.g., logical block ad-
dress (LBA) modification [36], Dirty Inode Flag Update [36]),
the delta compression process can be realized with minimal
management overhead.

The vertical left axis in Fig. 1 (b) indicates the cache hit
rate of file inodes and data. The hit rates of the file inodes

are very high, i.e., up to 100% and on average 99.97%. The
high hit rate is due to the fact that the file’s inode is always
accessed before any other file operations (such as read or
write). Once the inode is retrieved by the first file operation,
the following file operations have high probability to hit the
inode in the cache. Based on this, if deltas are maintained
in the inode, they can effectively leverage the hit rates to
reduce the maintenance overhead. Moreover, despite the hit
rate of data pages is relatively high (76.63%), most updated
data pages (more than 50.0%) cluster in a small LBA range
and have a relatively low hit rate. Hence, updated data still
dominate the write pressure on mobile device.

v Vfs_write@®
| Virtual File System |
vO
MedFS Y\ © ( Page Cache
o <>(inode | P20
DCM & DCI > | [D10]|(D11]D12]
)@ \\

Flash Device

EEOEEENEEA inode [P20]
[1Delta []Cpage @ Base

Figure 2: Architecture of MedFS.

4 The MedFS Design

In this section, we present the design details of MedFS. In-
stead of simply adopting delta compression in F2FS, MedFS
seamlessly combines the features of delta compression and
F2FS to reduce write traffic with marginal overhead *. Specif-
ically, MedFS leverages the out-of-place nature of LFS to
reduce the write amplification incurred by delta compression,
and the file inode organization for delta maintenance.

Fig. 2 presents an overview of MedFS. It consists of two
enhancements: Delta Chunk Inlining (DCI) and Delta Chunk
Maintenance (DCM). The former manages the generation of
delta chunks in response to update requests, while the latter
aims to capitalize on the advantages of delta compression
and leverage the data pages to further reduce I/O traffics. In
detail, when receiving update requests from the virtual file
system (@) that modify chunks (C10, C11, and C12), MedFS
activates DCI (@) to retrieve the base chunks (B10, B11, and
B12) from the flash if they miss in the cache to generate deltas
(D10, D11, and D12) (®). If sufficient unused space exists in
the inline area, DCI places all delta chunks there. However,
if space is insufficient, as many delta chunks as possible are
stored in the inline area, for example, D10 (®). The remaining
delta chunks (D11 and D12) are then passed to DCM (@),
which compacts these chunks into one data page (P20) in the

2MedFS could be developed on top of prevalent LES to be deployed on
commercial mobile devices, here we take F2FS as an example.
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page cache. Finally, P20 and the inode are synchronized with
the storage (®).

MedFS perceives the system idle status in FS to reduce
the overheads of DCM. As such, MedFS is implemented in
the file system instead of other layers, e.g., SQLite. In the
following discussion, Base and New refer to the original data
page and the updated data page, respectively.

wyUpdating®
N o " Page Cache
Arbitrator <€

(3} nline Area ﬁ
Compressor ) L) Y1010
S

BNew [1Base [Delta chunk [Delta index [Delta size

MedFS
DCI

Figure 3: Workflow of DCI.

4.1 Delta Chunk Inlining (DCI)

In MedFS, DCI conducts delta compression at the same 4KB
page size, which is consistent with F2FS. For the update oper-
ation, MedFS compresses the XORed value between the Base
and New into a single delta chunk using a conventional com-
pression algorithm (e.g., LZO). In decompression, the delta is
first decompressed from the inline area, followed by an XOR
operation with its Base page. Unlike traditional delta com-
pression methods [1,73], since the delta chunk is maintained
in the inline area and the Base page remains valid and acces-
sible via the original LBA, no additional address information
is required to be stored in MedFS. Moreover, because the
content is largely identical between the new and base pages,
their XOR results predominantly contain zeros and compress
really well.

4.1.1 Workflow of DCI

Fig. 3 depicts the process of DCI (Delta Chunk Inlining) dur-
ing the write path. Upon receiving a file update request in
the page cache (@), the arbitrator retrieves not only the file’s
inode but also the Base pages from the page cache or flash
memory. These Base pages are then forwarded to the arbi-
trator (@) for delta computation, specifically the compressed
XOR difference between the Base and New states. Based on
the delta’s size and the remaining space of the inline area, the
arbitrator determines whether to store the delta chunk in the
inline area @. If inline area space is sufficient and the delta
is smaller than a given threshold (discussed in Sec. 6.3), the
data chunk is identified as compressible chunk and its delta is
stored in the inline area, along with a delta tag and their corre-
sponding address and size (@), as illustrated by chunk 10 in
the figure. Otherwise, the Delta Chunk Maintenance (DCM)
mechanism is invoked, as detailed in Sec. 4.2. Incompress-
ible chunks (chunk 9 in the figure) are served as in existing

LFS. Note that MedFS keeps one delta per 4KB page. Let a
page be encoded by base B and delta D1. Upon update again,
base B is compared against the update to create a new delta
D2, which then replaces D1 in inline area without causing
additional space overhead. Over successive updates, the delta
gradually grows until incompressible.

In the read path, if the required New data is found in the
page cache, it is immediately returned. Otherwise, the file’s
inode is read to examine the delta tag. If the tag value is
true, indicating that the inline area holds the delta chunk
corresponding to the New data, DCI reconstructs the New data
after reading the Base data to fulfill the request. Otherwise,
only the Base data containing the most up-to-date content is
returned to the users.

Conventional delta compression requires additional I/O for
writing deltas to flash storage, regardless of whether updates
occur in the page cache or flash. In contrast, since the inode in
MedFS is consistently marked as dirty during file updates, the
delta chunks stored in the inode block can be flushed to flash
alongside the file’s inode without requiring additional I/O
operations. Consequently, MedFS substantially diminishes
write traffic, enhances system I/O performance, and extends
the flash lifespan.

When to compress. Delta compression can be performed
either while a data page is still in the page cache or when it is
being flushed to flash storage. However, the latter tends to im-
pact performance. This is because, in such cases, the original
page (Base) corresponding to the updated page (New) may
have been reclaimed, necessitating a read from external stor-
age to perform delta compression. Therefore, MedFS prefers
to execute delta compression while Base is still in the page
cache. We integrate it in function write_end () in the file
system layer.

4.1.2 Inline Area Organization

Given MedFS is built on top of F2FS whose inline area is
less than 4KB, the delta chunks and their metadata inside the
inline area should be choreographed. Figure 4 illustrates the
organization of inline area. For files larger than 3.49KB (Xattr
takes 200-byte) but smaller than 3.49MB, F2FS maintains the
in-file page offset (i.e., page address) within the inline area
(e.g., Data Offset Area in the figure). The remaining space
in the inline area is then utilized to store delta chunks along
with their metadata information. To optimize the packing of
delta chunks, each chunk necessitates two additional fields
to precisely determine its location within the inline area: the
delta index (c_addr) and delta size (c_size). Given the varying
sizes of compressed delta chunks, the c_size field is employed
to denote the number of bytes, while the c_addr field indi-
cates the page address of its Base page. Furthermore, given
the potential file size increments due to append operations
and the consequent expansion of the data offset area, MedFS
dynamically manages and extends the delta zone — housing
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delta chunks and their metadata — adjacent to the file’s Xartr
field, expanding from the tail of the inline area towards the
head, counter to the expansion direction of the data offset
area, as illustrated in the figure.

When a delta chunk undergoes subsequent updates, MedFS
creates a new delta zone, expanding as necessary while ob-
solete delta zones are removed. In situations where space
becomes insufficient but contains deleted delta zones, MedFS
reorganizes these zones to free up contiguous space. Impor-
tantly, this space reorganization process takes place within
the page cache, mitigating additional read/write amplification.
To cope with the situation that the free inline area space is
not enough to store more delta chunks, additional solution is
further proposed and presented in Sec. 4.1.3.

The number of compressed delta chunks that can be main-
tained in the inline area depends on both the file size (i.e.,
data offset size) and delta zone size. To save a 2MB file,
MedFS/F2FS stores file data in 256 data pages and thus al-
locates 256 x4=1024 bytes as the data offset in the inline
area, which leaves about 2.49KB of unused inline area. The
c_size and c_addr fields take 1B and 4B, respectively. Based
on our evaluation results (see Sec. 6), our delta compression
achieves an impressive average compression ratio of 97.43%.
This translates to compressing each updated page into a mere
106B. Consequently, allocating 109B per compressed delta
chunk allows us to store up to 23 such delta chunks.

Inline Area Direct/indirect
Metadata - DI [EWAe e Xattr.  node area e ELIREET

T For MedFS T

Figure 4: Inode layout of original FS and MedFS. While oth-
ers are maintained by both, the delta zone is inserted specifi-
cally by MedFS. From tail to head in the inline area, delta size
(c_size, each takes 1B to record <256Byte deltas) is placed

besides Xattr; delta index (c_addr, each takes 2B) is inserted
next; the delta chunk is at the end.

4.1.3 Complying with the space constraints

As DCI utilizes the inline area space to mitigate write pres-
sure of update operations, a potential problem may arise if
the free inline area space mismatches the space needed to
accommodate all compressed delta chunks. For example, we
assume there are 5 delta chunks, D1 to D5, and they already
exhaust the inline area space. Thus, we might encounter one
of the following three cases:

(1) File Size Grows with New Write Operations: As the
file size grows during runtime, necessitating the allocation
of page indices in the inline area, MedFS needs to evict
some delta chunks for releasing the their Data Offset Area
space. Therefore, MedFS adopts first-in-first-out eviction
of delta chunks, such as delta chunks D1 and D2, to free

up adequate Data Offset Area space for storing the page in-
dices of new pages. MedFS performs delta chunk eviction
by retrieving their Base pages, decompressing the delta
chunks, reconstructing the data pages, and subsequently
writing them back to the storage.

(2) File Updates with New Update Operations: If the file re-
ceives new compressed delta chunks, MedFS may replace
delta chunks in the inline area by comparing the benefits
of new delta chunks and existing delta chunks. For the
benefit derived from delta chunk replacement, we assume
each delta chunk occupies an average of o bytes in the
inline area, and the average I/O latency for writing a single
page is . The benefit is calculated as Ben = % x 3, where
RD represents the size of the replaced delta chunk in the
inline area. Regarding the overhead incurred by writing
the replaced delta chunk to flash, it can be expressed as
OH = HR x A+ (1 —HR) x 8+¢+ 3, where OH denotes
the overhead of replacement; HR signifies the hit rate of
Base in the page cache; A represents the read latency of
a hit base page in the page cache; 8 reflects the latency
of a miss base page and reading from flash; € accounts
for the decompression latency. Consequently, delta chunk
replacement is deemed beneficial if Ben exceeds OH. Oth-
erwise, the new updated data page is directly flushed to the
storage. For example, from the devices under evaluation in
Sec. 6.1, we have a=72B, p=954us, €=6.9us, HR=74.1%,
A=9.2us, and 6=250us. Based on these, the size difference
between the new and victim deltas RD should be larger
than 77.9B for the replacement benefits to outweigh the
overheads.

(3) Updating an Existing Delta Chunk in Inline Area: If
an update to an existing delta chunk has a smaller delta
chunk size, the existing delta chunk is directly replaced.
Otherwise, if it results in a larger delta chunk size, MedFS
abandons the delta-based compression and directly writes
the page into the storage as well.

4.2 Delta Chunk Maintenance (DCM)

To adhere to the space constraints of the inline area, DCI may
flush decompressed data pages (cases (1) and (2)) and/or new
update pages (case (3)) into the flash during runtime, thus
can not benefit from the advantages of delta compression. To
mitigate this, a solution is proposed, which compacts delta
chunks from inline area into a single data unit, labeled as
Compact page to retain the benefit of delta compression. With
the aid of the Compact page, the new update page (case (3))
also can benefit from the delta-based compression by storing
its delta chunk into the Compact page.

However, as the Compact page is independent of the in-
ode block, obtaining delta chunks stored in the Compact
page may suffer from read amplification, especially for these
read-intensive files. Therefore, we introduce a strategy named
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DCM (Delta Chunk Maintenance), designed to capitalize on
the advantages of delta compression while also reducing the
extra I/O traffic. This is achieved by deciding whether to
compact delta chunks into the Compact pages, based on the
file access pattern. Specifically, for files with a write-hot-
read-cold behavior, DCM prioritizes the creation of Compact
pages to conserve write I/O traffic. For other types of files,
DCM decides to flush data pages without applying compres-
sion to avoid read amplification, as read requests are more
latency-sensitive compared to write requests.

~ 4 Page Cache ™
MedFS . o3 DCM inode Meta-page
Helustere 1+ 2| (1121 @

DCl®
Caso18 -2 =
Case1&2 0 [ Compact-page
\

BGRes©
7 D13 /D14 |[D15[D16 [D17 |
vO0

Figure 5: Workflow of DCM. Meta-page records the logical
addresses of compact pages, and Compact page contains com-
pressed delta chunks.

4.2.1 Workflow of DCM

Fig. 5 presents how DCM works. For delta chunks and update
pages that cannot be processed in DCI @, DCM employs a
hotness clustering (HCluster) component to determine if a file
qualifies as a write-hot-read-cold file @. If it does (where a
file’s hotness is gauged by its read/write frequency tracked in
the file inode ®), DCM consolidates the delta chunks from
new updates (case (3)) or evicted delta chunks from case (1)
and case (2) into the Compact page. Otherwise, new updates
retain their original page format, while evicted delta chunks
are decompressed before being flushed to flash memory @.
To locate the Compact page, DCM uses a meta-page to store
the logical block address (LBA) of each Compact page and
records meta-page’s address in the inode block of a dedicated
file (more details are presented in Section 5) @ Thus, when a
Compact page is conducted, its LBA is updated in meta-page
®. After the completion of DCM, the Compact page, meta-
page, and the file’s inode are flushed to the flash memory ®.

DCM incorporates background data restoration (BGRes),
akin to background cleaning [71], which activates during
system idle periods. For files housing delta chunks within
Compact pages, BGRes employs Hcluster to assess their hot-
ness status @. If a file no longer write-hot-read-cold, DCM
decompresses its delta chunks resided in the Compact page,
forms the data pages in an uncompressed format ©, marks
them as dirty, and flushes them to the flash ©®.

Dynamic file hotness clustering (Hcluster). While the
majority of current studies concentrate on clustering hot data
at the page/block granularity access frequency [35, 40, 76],
some opt for clustering based on semantic/program context [7,
31,32,36] or file types [62]. MedFS opts for file granularity for

two primary reasons. Firstly, it is tailored for mobile systems
and specializes in managing small files, where the disparity
in hotness between different data pages tends to be minimal.
Secondly, enhancing user experience in mobile systems is
crucial, with file access latency being a critical determinant.
In such scenarios, clustering hot data based on page/block
granularity becomes irrelevant, as file access latency hinges
on the longest access latency for accessing cold data.

The hotness cluster component, Hcluster, operates as an on-
line algorithm designed to monitor file hotness. It records the
read and write counts of each file, along with the elapsed time
since the last invocation, as the inputs. These inputs are main-
tained within each file’s inode and are incremented as a result
of vfs_read and vfs_write calls. MedFS then computes the
average read and write times within a specified time window
and employs the K-Means clustering algorithm to categorize
files into four distinct groups: read-hot-write-cold, read-cold-
write-hot, read-cold-write-cold, or read-hot-write-hot [14,28].
Notably, the updating of cluster centroids occurs off the criti-
cal path, specifically during BGRes when the system is idle,
and all inputs are reset after the invocation.

Background data restoration (BGRes). BGRes focuses
on monitoring file hotness and employs decompression of
data chunks within Compact pages to alleviate the perfor-
mance impact of handling read requests. To facilitate this,
BGRes maintains a dual-linked inode list to keep track of
files containing Compact pages, with the list head stored in
the superblock. Within each inode’s inline area, an additional
inode number is stored to track the next inode in the list. Dur-
ing system idle periods, BGRes traverses the files in the list,
determining the hotness status of each file. If a file is deemed
read-hot, BGRes proceeds to decompress all delta chunks
of the file, which are managed by DCM. Following decom-
pression, the data pages are flagged as dirty and queued for
flushing to the flash storage.

S Implementation Remarks

The proposed approach is ready to be integrated as a com-
patible module in existing F2FS. In this section, we discuss
issues arising in implementation.

I/O path. In MedFS, when fulfilling a data read request,
MedFS first checks if the most up-to-date New page is present
in the page cache; if not, it retrieves the Base page from
flash. Subsequently: (1) If the page is uncompressed, MedFS
retrieves the Base page from flash and returns it to users. (2) If
the page is compressed, MedFS then fetches the delta chunk
to reconstruct the New page.

For a data write request, the incoming data page is the most
up-to-date New page and is marked as dirty. If compression
applies, a delta chunk is generated and stored in either the
inline area or the Compact page, depending on space avail-
ability. Otherwise, MedFS flushes the page to flash using a
standard write operation.
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D2D (delta chunks to data) mapping in DCI. DCI main-
tains the mapping between delta chunks and data in the inline
area, as depicted in Fig. 4. Each delta chunk contains a c_addr
field recording its in-file page offset, which corresponds to a
location in the Data Offset Area within the inline area. And
each i_addr in the Data Offset Area records the LBA of the
Base Page. To retrieve a compressed data page, MedFS tra-
verses the delta zones in the inline area to locate the specific
delta chunk with the matching c_addr. Due to the small size
of delta zones, the traversal overhead negligible.

D2D (delta to data) mapping in DCM. To recover a com-
pressed data page, both Base and its delta chunk are needed,
which are indexed by the LBA and the offset of the Base page
in the inline area. Besides, if there exist delta chunks stored
in the Compact page, the corresponding mapping stored in
the meta-page should be retrieved as well.

Main Data Area
Meta-page Compact page

i v1 M2 By c1 co I

<CN, FS, PI, DO> I<Size, Chunk>
Figure 6: D2D mapping in DCM. Size is the delta size, Chunk
is the delta chunk. CN is the number of delta chunks in the
compact page, FS is the free space left on the compact page,
PI indexes to the compact page, and DO records each delta
offset in the compact page.

To index the meta-page, DCM creates a pseudo file to
accommodate both the meta-page and Compact pages. The
inode number of the pseudo file (INO), occupying 4 Bytes, is
stored in the extra-attribute area located at the beginning of
the inline area, as illustrated in Fig. 6. Within the meta-page,
there exist multiple mapping pairs. Each pair includes the
number of delta chunks in a Compact page (CN, using 1B),
the available free space in the Compact page (FS, using 2B),
the index of the Compact page (PI, using 4B), and the in-
file offsets of the corresponding delta chunk in the Compact
page (DO, each using 2B). In each compact page, all delta
chunks are sequentially listed, along with the size of each
delta (using 2B), positioned before the respective delta chunk.
Consequently, when accessing the delta chunks within the
Compact page, DCM utilizes the INO to pinpoint the spe-
cific file. Subsequently, all mapping pairs in the meta-page
are traversed to verify the matched in-file offset, thereby de-
termining the corresponding Compact page to retrieve the
required delta chunk.

Data consistency. Delta compression might lead to data
corruption since the delta and Base are maintained separately.
If inconsistency happens between the delta chunk and its Base
or the versions of compressed and uncompressed data in a file,
the file might not be recovered if system crash occurs To avoid
this, MedFS strictly follows the writing sequence of flushing
file data ahead of delta chunks and finally inode for both

DCI and DCM. DClI retains data consistency by ensuring that
updated data is written to flash along with the dirty inode. For
DCM, MedFS guarantees data consistency by flushing with
the sequence of Compact pages, meta-pages, and file inode.
Experimental results indicate that the percentages of meta-
pages and Compact pages are small, consequently keeping
low flushing overhead for DCM. In this manner, MedFS keeps
data consistency via the current checkpoint mechanism even
in extreme cases, e.g., system crash happens while file data
and delta are flushed and inode is not, or none is flushed. The
system could be recovered by reading the last version of file
data, whose index is kept in the inode, as in existing LFS.

Another potential inconsistency happens in delta restora-
tion of delta eviction or replacement in DCI (Case 1 or 2
in Fig. 5), and BGRes in DCM. If system crash happens
when delta is evicted/replaced but the corresponding data is
not restored, the data could be corrupted. MedFS addresses
this issue by copying the target delta in memory. Only af-
ter the data is restored and flushed, the target delta will be
evicted/replaced from the inline area for DCI, or Compact
page for DCM. As such, if system crash happens before the
data is restored, the system could be recovered since the target
delta is not lost.

Segment Cleaning. To reclaim a victim segment in F2FS,
the system conducts segment cleaning, a process that involves
migrating valid blocks from the victim segment, updating the
page’s LBA of the migrated blocks in the inline area, and
subsequently reclaiming the segment [36]. In MedFS, DCI
exclusively updates the LBAs of corresponding delta chunks
in the Data Offset Area, without altering the in-file offset
of data pages. Obsolete base pages are reclaimed during
segment cleaning, which will not introduce extra burden
as file updating generates the same number of obsolete
pages. However, DCM introduces additional overhead dur-
ing segment cleaning by generating meta-pages and compact
pages.In data block allocation, the corresponding bitmap en-
tries of both pages will be assigned as valid (‘1’ in value, each
‘block’ in file system corresponds to a 4KB ‘page’ in the stor-
age device). As such, segment cleaning process traverses and
migrates all valid blocks in the victim segment to reclaim the
segment, during which the migration of meta-pages and com-
pact pages follows the procedure of migrating other pages.
The migration overhead of both pages proves negligible, as
we demonstrate in Sec. 6.4.

6 Evaluation

6.1 Experiment Setup

Experimental Environment. The experiments leverage a
OnePlus 8T smartphone equipped with an 8-core Snapdragon
865 CPU, 8GB DRAM, and 128GB UFS3.1 2-lane flash stor-
age. This device runs on LineageOS [46], featuring Android
14 and Linux kernel version 4.19. The default compression
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algorithm employed in delta chunk generation is LZO [56].
Note that MedFS mainly relies on the out-of-place updating
feature and inode organization of LFS, which are the key fea-
tures of LFS and does not change with the versions of Linux.
As such, MedFS could be implemented on existing Linux
with different versions. MedFS is developed as a prototype
built upon F2FS based on default file system settings includ-
ing the default POSIX sync [36]. Moreover, although MedFS
adopts XOR-based delta compression, repetition-based meth-
ods [1,72] can be seamlessly integrated with MedFS as they
share the common logic for delta management.

Table 2: I/0O workload characteristics. Vol is the write volume
to the storage disk in GB, /0 is the number of I/O requests,
RW is the percentage of write I/O in total, CCR is the com-
pression ratio of a conventional compression method LZO,
and DCR is the compression ratio of delta compression.

App [ Vol TO  RW —CCR_ DCR
GI;I . . (2 . (o} . (o}
PS | 039 11391 948% 53.1% 97.3%
ST | 027 33035 98.7% 282% 97.6%
TG | 045 12400 65.6% 24.6% 98.4%
TW | 0.88 19231 61.8% 30.0% 97.1%
WC | 138 32805 755% 39.4% 98.2%
ZM | 038 2041 727% 447% 96.5%

I/0 Workload. MedFS is evaluated with a set of popu-
lar applications, including Gmail (GM), polish (PS), Spotify
(ST), telegram (TG), Twitter (TW), WeChat (WC), and zoom
(ZM). These applications are performed with various com-
mon user scenarios, including sending/receiving messages
(TG, WCQ), listening to web music (ST), sending/receiving
email (GM), editing photos (PS), watching web news ( (TW)),
and attending cloud meetings (ZM). During the experiments,
each application undergoes a cold launch and is operated for
30 minutes, simulating a variety of user behaviors outlined
in Table 1. In the evaluation phase, we track and gather the
application’s file operation workloads from submit_bio ()
underneath the cache, capturing details such as file name,
inode number, operation type, timing, file content, and data
offset. To ensure a fair comparison across different compres-
sion methods, we precisely replicate the same set of work-
loads through a user-level process, faithfully adhering to the
sequence of each file operation, which is akin to the prior
works [23,79]. Table 2 provides a comprehensive overview
of the I/O characteristics of our workloads. Notably, the pre-
dominant user behaviors in the selected applications exhibit a
bias towards write-intensive operations, where delta compres-
sion emerges as a superior method compared to conventional
approaches. Finally, to ensure statistical reliability, all exper-
iments are repeated five times, and the average values are
computed as the final results.

SOTA Works. We conduct a comparative analysis of
MedFS against several existing approaches, including the
original F2FS without data compression (referred to as F2FS-
NODC) and the current F2FS with conventional data com-

pression (F2FS-DC). Additionally, we establish FPC [23]
as our baseline, representing a state-of-the-art (SOTA) tech-
nique that employs conventional compression methods to
compress random I/O requests. It’s important to note that
SOTA delta compression-based methodologies [29, 66] are
omitted from our evaluation. These methodologies rely on an
external buffer cache for delta maintenance, a solution deemed
impractical for mobile devices due to associated costs, size
constraints, and complexities in I/O management.

Our comparison encompasses three distinct approaches:
sole DCI, sole DCM, and MedFS. In the context of sole
DCI, we promptly decompress and flush all evicted delta
chunks upon occurrences of delta replacement or contention.
Conversely, in sole DCM, we compress selected data pages
and directly maintain delta chunks within the Compact pages,
as elaborated in Section 4. Notably, the hyperparameter T
in Hcluster is configured to 60 seconds, aligning with the
triggering frequency of background segment cleaning [36].

Metrics. MedFS utilizes delta compression to mitigate
the overhead of small-sized update operations. Consequently,
the primary focus of MedFS is on improving performance
and extending the system’s lifetime, particularly in relation
to update operations, rather than on saving storage space.
To demonstrate these benefits, we first introduce the metric
of Write Stress Release, which highlights the reduced write
volume achieved by integrating updated data into either the
inline area or Compact pages, thus minimizing the number of
file updates, thus prolonging the storage lifetime. Next, we
evaluate the user-perceived latency, which is reduced due to
fewer write operations being sent to the storage disk, leading
to a decrease in end-to-end latency. We then assess the 1/0
performance to showcase the advantages stemming from the
reduced write traffic. Finally, we provide a detailed evaluation
of the cache hit rate, Hcluster, and BGRes to further illustrate
the strengths of MedFS.

6.2 Experimental Results
6.2.1 Write Stress Release
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Figure 7: Normalized write volume of various approaches.
Fig. 7 illustrates the normalized write volume across vari-
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ous approaches, relative to F2FS-NODC as detailed in Tab. 2.
A lower value in the figure indicates superior performance,
implying a reduction in write traffic. On average, MedFS
reduces the write volume by 55.1%. At best, MedFS dimin-
ishes TG’s writing stress by up to 64.8%. The benefits derived
from MedFS are further elaborated in Fig. 1(a) and Tab. 1.
In mobile workloads, SQLite and temporary files are preva-
lent, often undergoing frequent updates with minor content
difference. MedFS effectively compresses these compressible
files, predominantly SQLite and temporary files, achieving an
exceptionally high compression ratio and thus significantly
reducing write traffic. Both DCI and DCM are pivotal in
alleviating writing stress. DCI, with an average write vol-
ume reduction of 37.9%, demonstrates a compression efficacy
akin to FPC. However, the inline area space constraints limit
DCTI’s ability to achieve aggressive compression. In contrast,
DCM achieves a higher average write volume reduction of
47.4% over F2FS-NODC. Nevertheless, DCM’s maintenance
of delta chunks in data pages results in a lower hit rate com-
pared to inodes, as depicted in Fig. 1(b). Given the consider-
able speed gap between DRAM and flash, this reduced hit rate
may affect the system performance. MedFS capitalizes on the
strengths of both DCI and DCM by predominantly maintain-
ing delta chunks in the inline area while selectively retaining
a few in the Compact pages, thereby enhancing compression
efficiency.

In contrast, traditional compression methods exhibit sub-
optimal compression effects. F2FS-DC, for instance, reduces
the write volume by only 10.9% on average compared to
F2FS-NODC, as it exclusively compresses sequential data
with a compression ratio exceeding 75%. FPC addresses this
limitation by compressing random pages, resulting in an aver-
age reduction in write traffic of 37.6%. However, FPC remains
constrained by the relatively modest compression ratios of
conventional compression methods. Furthermore, MedFsS is
orthogonal to conventional compression methods like FPC.
Thus, developers have the flexibility to employ conventional
compression methods for appending file data while leveraging
MedFS for updating file data, thereby achieving a more ag-
gressive compression efficacy. This possibility merits further
investigation as our future work.

In summary, MedFS significantly alleviates write stress
on mobile devices by predominantly storing delta chunks in
the inline area and selectively retaining them in the data area
when inline resources are exhausted.

Storage lifetime: The alleviated write traffic facilitated
by MedFS contributes to extending the lifespan of flash de-
vices [6,8,30,45,84]. Flash devices inherently possess limited
P/E cycles, thereby imposing a finite lifespan. Previous stud-
ies have consistently demonstrated the inverse relationship
between the volume of written data and the longevity of flash
devices [23]. As per Eq. 1 [2], the storage lifespan enhance-
ment achieved by MedFS amounts to 122.7% (calculated
as 1/(1 —55.1%) — 1) over F2FS-NODC, with 55.1% rep-

resenting the average reduction in write volume. According
to [68], a phone typically receives 131GB of writes per month.
Now, consider a 128 GB storage based on QLC flash, which
endures 1000 P/E cycles [61]. Ideally, the flash lifespan is
approximately 81.4 years (1000*128/131/12). However, it
can drastically reduce to 4.9 years, because the file system
and the mobile storage firmware amplify the write volume
by factors of 2 [39] and 8.27 [18], respectively. As the phone
replacement cycle has lengthened in recent generations, rang-
ing from 3 to 6 years for SAMSUNG smartphones [12,67],
storage lifespan has become a significant concern, demanding
immediate attention. With our MedFS, the lifespan can be re-
stored to around 11 years (4.9%(1+122.7%)). Moreover, phone
vendors avoid enabling swapping on flash storage, opting to
use zZRAM instead. Interestingly, they adopt an experimental
feature to re-enable this feature [41, 42], and the increased
write stress from swapping can be compensated by the write
reduction achieved by our MedFS.

6.2.2 User Perceived Latency

To study the impact of MedFS on user-perceived latency,
we conducted evaluations across three typical scenarios: app
launching (GM and PS), app switching from Earth to Facebook
(ER) and vice versa (FB), and importing 100 contacts from
SIM card to device (IM). In app switching, the former app
was actively used for 5 minutes (browsing news on Facebook
or viewing land-forms on Earth) to generate intensive I/O.
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Figure 8: User perceived latency of various approaches.

As depicted in Fig. 8, by reducing write traffic, MedFS
enhances user-perceived latency by an average of 7.9% com-
pared to F2FS-NODC. In IV, the latency is predominantly
influenced by SQLite file writing, constituting 90.2% of all
I/O operations, with 88.2% dedicated to SQLite file writing.
Consequently, MedFS significantly reduces IM’s write traffic
by 60.8%, leading to a performance improvement of 19.0%.
Similarly, EA experiences a latency reduction of 10.6% over
F2FS-NODC, with SQLite file writing accounting for 86.3%
of its write traffic. MedFS mitigates this issue by reducing
intensive writes during app switching, decreasing it by 52.3%.
Additionally, the latency of app switching in FB sees a 16.3%
reduction. In Facebook, since temporary files, constituting
74.5% of write traffic, undergo frequent but minor updates, as
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discussed in Sec. 3, MedFS effectively reduces FB’s update
traffic by 45.2%, thus reducing its switching latency.

Note that MedFS did not demonstrate performance im-
provements in app launching, with a slight increase of 3.0%
on average for both GM and PS over F2FS-NODC. The latency
during app launching is primarily influenced by I/O read la-
tency, which could be affected by MedFS’s decompression
latency. This can overshadow the benefits of write traffic re-
duction. Alternatively, users could opt to avoid compressing
critical I/O data, as in [23]. In summary, MedFS enhances
user-perceived latency in scenarios characterized by excessive
small file writings through aggressive data compression.
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Figure 9: I/O latency of various approaches.

6.2.3 1/0 Performance

The alleviated write stress on mobile devices has a positive
impact on I/O performance due to the reduction in I/O traf-
fic [45]. Fig. 9 provides an overview of the I/O latency across
various approaches. MedFS demonstrates outstanding I/O per-
formance, 25.3% faster on average for read I/Os and 28.8%
faster for write I/Os compared to F2FS-NODC, stemming
from the reduction in write volume. For example, MedFS re-
duces the read and write latencies of TG by 35.6% and 37.3%,
respectively. The substantial reduction in TG’s write traffic
helps alleviate the contention between I/O requests. Despite
MedFS introduces additional compression/decompression
overhead as discussed in Sec. 6.4, the I/O performance re-
mains unaffected, as delta compression occurs within the page
cache rather than in the I/O path.

To further examine the performance advantages of MedFS,
we also analyze the I/O performance of DCI and DCM, which

are presented alongside. Compared to F2FS-NODC, DCI re-
duces the average latency of read I/O by 13.0% and that of
write I/O by 17.5%. The achieved performance improvement
comes from not only the reduced I/O traffic, but also the
high cache hit rate (78.0%, as illustrated in Fig. 10). The
enhanced cache hit rate of DCI potentially enhances system
performance due to the significantly faster cache access speed
compared to flash devices. On the other hand, DCM enhances
I/0 performance by 20.8% for read I/Os and 24.5% for write
I/Os on average over F2FS-NODC. The superior I/O perfor-
mance compared to DCI primarily stems from more aggres-
sive write traffic reduction. However, as a trade-off, DCM
cannot address the issue of low cache hit rates caused by
delta compression, with an average cache hit rate of 59.9%,
as detailed in Fig. 10.
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Figure 10: Cache hit rate of page data.

6.2.4 Cache Hit Rate

In this section, we assessed the hit rate of file data in the
page cache, examining the cache hit rates of data pages, delta
chunks, and meta-block for DCI, DCM, and MedFS, and pre-
sented in Fig. 10. As previously discussed, DCI retains delta
chunks within file inodes, ensuring their presence in mem-
ory during file access. Consequently, the average cache hit
rate of DCI closely mirrors that of F2FS-NODC, standing at
78.0% compared to F2FS-NODC’s 78.7%. In contrast, DCM
exhibits a lower cache hit rate, averaging 59.8%, as delta
chunks are exclusively preserved in Compact pages, resulting
in diminished cache hit rates.

MedFS seamlessly integrates DCI to embed delta chunks
within the inode inline space and DCM to store delta chunks
in Compact pages. Consequently, MedFS achieves an average
page cache hit rate of 71.6%, much higher than that of using
DCM alone. The improved hit rate is primarily attributed to
inode hits enabled by DCI, as evidenced by the significant
write reduction of 37.9% achieved by DCI alone compared to
F2FS-NoDC, while MedFS achieves a total write reduction
of 55.1%. However, storing deltas in Compact pages can
negatively impact the page cache hit ratio. To address this
issue, as described in Sec. 4.2, MedFS applies DCM to read-
cold files only, effectively mitigating this drawback. As a
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result, MedFS maintains a page cache hit ratio close to that
of F2FS-NoDC (71.6% versus 78.7%) while delivering good
user-perceived performance, as demonstrated in Fig. 8.

6.2.5 Evaluation on Hcluster and BGRes

To mitigate the overhead of maintaining delta chunks within
Compact pages, MedFS introduces Hcluster in DCM. Fig. 11
(a) illustrates the clustering effect of files. We monitor the
read/write times of files within each minute during a 30-
minute period using GM and employ HCluster to classify
file hotness into four categories. The results indicate that the
hotness distribution of SQLite files across all clusters sug-
gests the inefficiency of file type-based clustering [62]. In
contrast, temporary files, which are a primary compression
target in MedFS, exhibit read-hot behavior, with the majority
clustering on the left side of the figure. That is, the adopted
HCluster can well identify the file access behavior.
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Figure 11: Effect of Hcluster. In (a), green points are read-
hot-write-cold files, blue points are read-hot-write-hot files,
red points are write-hot-read-cold files, black points are read-
cold-write-cold files.

To evaluate the effectiveness of Hcluster on read perfor-
mance, the FS is configured as DCM with and without Hclus-
ter. Small files were generated to trigger DCM: a IMB new
file was generated and subsequently updated by multiple
pages, each with minor content variations (ranging from 1
to 100 bytes) to facilitate compression. The proportion of
updated pages was set at 20%, 40%, 60%, and 80% respec-
tively. Subsequently, the file underwent random reads 1000
times to emulate a read-hot clustered state, and the average
file read latency was recorded. The results are depicted in
Fig. 11 (b). We can see that Hcluster contributes positively
to enhancing file read performance. As the number of com-
pressed pages within the file increases, the discrepancy in
read performance between DCM with and without Hcluster
becomes more evident. In the absence of Hcluster, DCM re-
tains more hot delta chunks in Compact pages, resulting in
a read performance decrease. In summary, maintaining delta
chunks from read-hot files in Compact pages can detrimen-
tally affect read performance, underscoring the necessity of
Hcluster.

Furthermore, file hotness is subject to change based on
user behaviors. For instance, as illustrated in Fig. 11 (a), the
hotness of 56.4% of files changes over time. Consequently,

MedFS introduces BGRes to periodically assess the hotness
of compressed files within DCM and decompress read-hot
files accordingly. Since BGRes is activated during idle period,
its time cost can be ignored.

6.3 Sensitivity Study

MedFS demonstrates sensitivity to the size of delta chunks
within both DCI and DCM. A smaller delta size corresponds
to greater savings in write volume. Consequently, we have
established a default delta size of 256 bytes, taking into ac-
count the constraints of the inline area space, to determine
whether data pages should undergo compression for enhanced
write volume reduction. This default value is chosen carefully
to optimize space utilization within the inline area. If the
delta size exceeds 256 bytes, it necessitates additional space
to accommodate both the delta size and the delta chunk value,
leading to inefficient usage of the inline area space. Therefore,
in DCI, only a delta chunk smaller than 256 bytes can be
maintained in the inline area.
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Figure 12: Sensitivity study and delta eviction time.

For DCM, TG is selected as the case study to investigate
sensitivity. The findings are depicted in Fig. 12 (a), The x-
axis represents the size threshold of compressed delta chunks,
determined by the number of original pages that can fit into
a Compact page, e.g., 0.8KB (819 bytes) corresponds to that
a Compact page storing deltas from 5 pages. Several ob-
servations emerge. Firstly, there exists a trade-off between
reducing write traffic and maintaining cache hit rate, influ-
enced by the size threshold. A larger threshold results in more
delta chunks in Compact pages, potentially exacerbating the
read/write amplification issue. We set the threshold to 5 to
achieve a Pareto-optimal balance between reducing write
traffic and maintaining cache hit rate, although this may not
always be the optimal choice. For instance, system designers
could exclusively maintain evicted/replaced deltas from DCI
within Compact pages for enhanced performance. Secondly, a
larger size threshold does not necessarily ensure significantly
improved compression efficacy. For instance, reducing the
threshold from 3 to 2 only yields a 1.5% reduction in write
traffic, whereas a reduction from 6 to 5 leads to a 6.1% re-
duction. This phenomenon arises because DCM maintains
a meta-page to record mapping information for each file. In
cases where files contain only two delta chunks, DCM fails
to benefit the system with a size threshold of 2.
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6.4 Overhead Analysis

Compress/Decompress Overhead. Delta compression offers
a significant advantage in terms of reduced compress and
decompress overhead compared to conventional compression
methods. In our experiments, conventional compression ex-
hibits average compress and decompress latencies of 48.8
and 45.2 microseconds, respectively. In contrast, delta com-
pression within MedFS demonstrates notably lower average
compress/decompress latencies of 7.4 and 8.3 microseconds.
These latencies are marginal in the I/O latency of reading
operations, which stands at 507.5 microseconds.

Energy consumption. We evaluated the device’s power
consumption using the Moonson High Voltage Power Monitor
(HVPM) [19]. Experiment results reveal that MedFS reduces
the average power consumption of the evaluated applications
detailed in Tab. 2 by 9.2% on average compared to F2FS-
NODC and by 2.6% compared to FPC.

Overhead of DCI. In DCI, when evicted delta chunks are
decompressed and flushed to ensure data consistency, the sys-
tem must temporarily suspend writing pages whose data offset
is about to be updated in the inline area. Consequently, this
delta eviction process results in an excessively prolonged tail
latency for page writing, violating the QoS requirements [47].
Since delta eviction occurs prior to page writing, we evaluate
the worst-case 1/O latency, containing the processing time
required for DCI to decompress and flush all evicted delta
chunks. As depicted in Fig. 12 (b), the average processing
time ranges from 42 to 475 milliseconds. Such extended pro-
cessing time could lead to frame-blocking or dropping, which
is unacceptable for user-experience-centric mobile devices.
This underscores the necessity for DCM in MedFS.

The second overhead of DCI arises from traversing delta
chunks in file inodes to locate the target. This traversal over-
head averages at 0.2 microseconds, which is negligible.

Overhead of DCM. DCM necessitates the creation of
meta-pages and Compact pages. In our approach, we propose
compressing a minimum of 5 pages into 1 page through DCM,
ensuring that flushing meta-pages and Compact pages does
not result in read/write amplification. In terms of storage over-
head, our experiments indicate that it requires only 7.1MB to
store meta-pages and Compact pages when generating 4.2GB
files. Furthermore, HCluster averages 1.2 microseconds for
clustering during data compression, a marginal addition to
the average 1/O latency. Centroid updating in HCluster occurs
exclusively in the background process BGRes, consuming
an average of 0.9 milliseconds. This updating process re-
mains hidden in the background, mitigating any impact on
foreground operations. The third overhead is attributed to
BGRes, which does not compromise system performance by
amortizing its overhead in the background.

7 Related Work

Data Reduction in File System. Betrfs [20] optimizes the
wandering tree problem of B-tree FS (e.g., BuFS, XFS) by
caching the file data into the inode. KevinFS [34] proposes a
key-value interface between the file system and the SSD to
reduce the I/0 traffic between the host and SSD. UFIA [75]
identifies the frequently updated inodes and reorganizes them
in adjacent physical locations on the block device. However,
they do not focus on data compression.

Conventional Data Compression. Ji ef al. [23] propose
FPC, which performs foreground compression on write-
intensive barely-read I/O data, and background compression
to re-organize read critical blocks of executable files. Under
FPC, the compression ratio could be limited to 0.2 due to the
constraint of the max number of compressed logical pages in
one physical page. EROFS ¢ral. [13] is a compression-friendly
read-only file system that leverages fixed-sized output com-
pression and memory-efficient decompression to achieve high
performance on mobile devices. Zhang et al. [82] propose to
accelerate the executable files compression with hardware in
FS. Zhang et al. [81] design a F2FS-coupled deduplication
scheme for removing duplicated data chunks. These works
cannot overcome the constraint of conventional compression
methods.

Delta Compression. To mitigate the detrimental effect of
conventional compression, some works perform delta com-
pression in the storage [1,27,59, 73, 83], which are orthog-
onal to our MedFS. On the host side, Lee et al. [37] adopt
differential logging to reduce the write stress of in-memory
DB systems. Other works [29, 57, 66] propose external non-
volatile buffers as the log buffer, which could increase the
cost of mobile devices, and thus are less attractive.

While there exist plenty of compression works, this study
delves into mobile device delta compression, using MedFS
to integrate compression modules into FS metadata. MedFS
stores most delta chunks inline to avoid external buffer costs,
fetches chunks from memory-resident inodes to limit read
amplification, and leverages LFS benefits alongside delta com-
pression to reduce write amplification.

8 Conclusion

This paper proposes a metadata-enabled delta compression-
based approach (MedFS) for aggressive write traffic reduction
in LFS-based mobile devices. MedFS leverages the benefits
of the large inline area in delta maintenance and manages
the inline area carefully for utmost compression efficacy. In
addition, MedFS introduces a novel main data area delta-
maintenance scheme, to break through the constraint of the
limited inline area. Finally, MedFS leverages LFS to mitigate
the write amplification issue of delta compression. Evaluation
results show that MedFS reaches a significant write traffic
reduction by effective data compression.
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