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Abstract
This paper introduces DeLFS, a novel decentralized log-
structured file system (LFS) designed for manycore scalability.
DeLFS decentralizes metadata/data organization and manage-
ment with an LFS-aware decentralized locking scheme that
distributes lock ownership to eliminate global contention. In
addition, DeLFS disentangles the critical path from the de-
ferrable path to further increase concurrency. We implement
DeLFS with three techniques in the Linux kernel and evalu-
ate it on a 128-core machine. The experimental results show
that DeLFS outperforms F2FS, MAX, and F2FSJ by up to
4.34×, 4.29×, and 4.50×, respectively, and delivers up to
2.00× higher sustained performance than ScaleLFS.

1 Introduction
Log-structured file systems (LFSs) [9, 11, 12, 15, 16, 18, 20,
21, 24, 27, 30, 34] are attractive for modern storage systems
because their append-only, log-structured design transforms
small, random updates into large, sequential write streams,
achieving high write efficiency on flash-based storage de-
vices [18, 24, 26]. Despite these advantages, existing LFSs
face scalability challenges because they rely on centralized
architecture and coordination for metadata and data manage-
ment, where multiple global locks serialize file operations
across many cores [17, 23]. This architecture limits concur-
rency and parallelism, thereby degrading I/O performance.
Challenges: Figure 1 shows the application throughput in var-
ious modern LFSs (i.e., F2FS [18], MAX [21], ScaleLFS [11],
F2FSJ [9]) under a random write workload generated by a
micro-benchmark (i.e., FIO [4]). As shown in the figure, the
raw performance of the NVMe SSD [2] scales well with the
number of cores, reaching up to 5.24 GB/s. However, the per-
formance of existing LFSs remains limited to around 1.06
GB/s even as the number of cores increases. In particular,
even when we combine ScaleCache [29], a scalable page
cache, with F2FS and other LFSs (as detailed in Section 3.1),
the performance unexpectedly remains almost unchanged or
even degrades. We observe that this limitation mainly stems
from severe lock contention caused by multiple global locks
on metadata and data management, serializing I/O operations
and restricting concurrency across cores.
Prior studies: Previous studies have explored LFSs to im-
prove scalability and reduce garbage collection (GC) over-
head. F2FSJ [9] introduces a decentralized, epoch-based jour-
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Figure 1: Scalability comparison of log-structured file systems.

naling technique for F2FS with an ordered journal mode to
reduce checkpointing time. MAX [21] is a multicore-friendly
LFS that scales access to in-memory index and cache while
maintaining multiple independent logs, but it still suffers from
lock contention. ScaleLFS [11] presents a scalable GC that
parallelizes the GC procedure and concurrent victim manage-
ment. Our study is inspired by and in line with these studies
in terms of investigating LFS scalability and performance. In
contrast, our study focuses on establishing a holistic decen-
tralized LFS architecture with LFS-aware locking.
Contributions: In this paper, we propose DeLFS, a decentral-
ized log-structured file system designed to improve scalability
on manycore systems. Our key idea is to leverage the potential
of distributing lock ownership across cores safely, enabling a
holistic, decentralized LFS architecture. Specifically, DeLFS
first proposes decentralized organization and management
of LFS resources by decomposing metadata and data lay-
outs into per-core domains. This design enables a one(core)-
to-one(resource) model and serves as the foundation of our
decentralized architecture, where each core primarily oper-
ates on its own local metadata and data while minimizing
cross-core interference.

Second, DeLFS adopts an LFS-aware decentralized and de-
coupled locking scheme that distributes lock ownership across
cores while enabling deadlock-free acquisition. In addition,
this scheme decouples certain updates into independently ex-
ecutable operations while still preserving atomic updates to
decentralized resources. Thus, this locking mechanism elim-
inates global lock contention without compromising crash
consistency. Finally, DeLFS presents lazy lock coordination,
which disentangles critical and deferrable operations to fur-
ther mitigate contention from inter-core decentralized lock
sharing. To do this, DeLFS employs a lazy lock coordinator
that handles deferred operations while preserving crash con-
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Figure 2: Throughput and tail latency with various LFSs.

sistency. As a result, DeLFS accelerates both application I/O
and GC I/O processing by mitigating lock contention and
improving core scalability.

We implement DeLFS with three techniques based on
F2FS [18] and ScaleCache [29] in Linux kernel 6.6.8. We
evaluate it on a 128-core machine with the NVMe SSD [2] us-
ing the micro [4] and macro [31] benchmarks and real-world
application [10]. The experimental results show DeLFS out-
performs F2FS, MAX [21], ScaleLFS [11], and F2FSJ [9]
by up to 4.34×, 4.29×, 4.10×, and 4.50×. Note that, even
with ScaleCache, the results show DeLFS outperforms F2FS,
MAX, ScaleLFS, and F2FSJ by up to 4.55×, 6.32×, 3.99×,
and 4.38×. Furthermore, DeLFS delivers up to 2.00× higher
sustained performance than ScaleLFS. To the best of our
knowledge, DeLFS is the first holistic, decentralized log-
structured file system with an LFS-aware locking scheme
across cores in modern many-core systems. Finally, we open
the source code of DeLFS and baselines used in our evaluation
at https://github.com/syslab-CAU/DeLFS to aid future
studies in LFSs.

2 Background and Motivation
A log-structured file system (LFS) follows an append-only
design, transforming small random writes into large sequen-
tial write streams. F2FS manages storage in segments (e.g.,
2 MB) and divides the space into a random-write area for
on-disk metadata (e.g., SIT (segment information table), NAT
(node address table), and SSA (segment summary area)) and
a sequential main area for node and data blocks, further sep-
arating node/data into hot, warm, and cold temperatures to
exploit device parallelism. However, the organization and
management of these metadata structures and related data
structures are centralized and protected by coarse-grained
global locks shared across all cores. As a result, the locks se-
rialize metadata and data updates, preventing full exploitation
of parallelism and limiting scalability on many-core systems.

3 Scalability Analysis
3.1 Scalability Analysis on Modern LFSs
To understand the scalability performance of modern LFSs
(F2FS, MAX, ScaleLFS, and F2FSJ), both with and with-

out ScaleCache [29], we run FIO with random write on our
testbed under the evaluation scenario as described in Sec-
tion 5.1 and 5.2. Figure 2 shows the throughput and tail la-
tency of LFSs on varying numbers of cores. The LFSs do not
scale well and exhibit almost the same throughput even as the
number of cores increases. In addition, latency spikes signif-
icantly at 128 cores compared with 64 cores. Furthermore,
even when combined with ScaleCache [29], the performance
of LFSs still does not improve and can even degrade (see
details in Section 3.2). Consequently, these results indicate
that the design of existing LFSs has limitations.

3.2 Identifying Root Causes
3.2.1 Limitation of Page Cache Flushing

The first root cause of low I/O performance in modern LFSs
is the serialized page-flushing path in the page cache. Un-
der data-intensive write workloads, a single flusher thread
flushes dirty pages for one inode at a time while throttling
application threads, a mechanism originally designed for
HDD-based systems [29]. On modern many-core servers
with high-performance SSDs, this design cannot provide
sufficient I/O parallelism, and the throttling intervals (e.g.,
io_schedule_timeout()) become the first bottleneck (Ta-
ble 1). ScaleCache [29] addresses this blocking bottleneck
with direct page flush (dflush), allowing application threads
to flush pages in parallel. Accordingly, we evaluate modern
LFSs with ScaleCache. However, as shown in Table 1, the
throughput improvement is negligible or even negative, indi-
cating that LFSs suffer from additional bottlenecks.

3.2.2 Scalability Obstacles in LFSs
We analyze the design of modern LFSs to identify the main
obstacles that hinder the scalability on manycores.
Serialized I/O process: After the blocking bottleneck by the
throttling mechanism is eliminated, modern LFSs encounter
the next bottleneck caused by lock contention on the serializa-
tion mutex (writepages) in the writeback path, as shown in
Table 1. This lock serializes writeback on a per-inode basis,
forcing flushers to wait until the current holder completes sub-
mitting pages for its inode. This design aligns file and segment
lifetimes by keeping pages of a file within a segment, thereby
avoiding inter-file interleaving. Thus, this design enforces
per-file writeback, which significantly limits I/O parallelism.
To enable more parallel I/O, we can simply eliminate this
serialization lock without compromising correctness or con-
sistency, as it only relaxes the alignment between file and
segment lifetimes. However, pages from multiple inodes may
become interleaved within a segment, potentially degrading
GC efficiency; we report that its impact on write amplifica-
tion is minor (Section 5.2). Despite this increased parallelism,
LFSs still suffer from the scalability bottleneck in multi-head
logging management.
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File system Different file system variants Throughput Execution time io_schedule_timeout() serialization mutex (writepages) curseg_mutex io_rwsem others

F2FS [18]
F2FS 1.05 GB/s 279.7s (100%) 269s (96.17%) 2.2s (0.8%) 0.3s (0.1%) 2.5s (0.9%) 5.7s (2.03%)

F2FS+SC 1.00 GB/s 293.7s (100%) 0s (0%) 152.7s (52%) 0.3s (0.1%) 0.3s (0.1%) 140.4s (47.8%)
F2FS+SC+Serialization-free 1.23 GB/s 238.7s (100%) 0s (0%) 0s (0%) 114.5s (47.95%) 5.7s (2.39%) 118.5s (49.66%)

MAX [21]
MAX 1.06 GB/s 277.1s (100%) 269.4s (97.21%) 1.7s (0.6%) 0.6s (0.2%) 1.9s (0.7%) 3.5s (1.29%)

MAX+SC 0.72 GB/s 407.9s (100%) 0s (0%) 215.8s (52.9%) 0.5s (0.13%) 3.3s (0.8%) 188.3s (46.17%)
MAX+SC+Serialization-free 0.71 GB/s 413.6s (100%) 0s (0%) 0s (0%) 0.5s (0.1%) 213.8s (51.7%) 199.3s (48.2%)

ScaleLFS [11]
ScaleLFS 1.11 GB/s 264.5s (100%) 253.2s (95.7%) 2.2s (0.83%) 0.3s (0.13%) 1.6s (0.62%) 7.2s (2.72%)

ScaleLFS+SC 1.14 GB/s 257.5s (100%) 0s (0%) 132.9s (51.6%) 0.5s (0.21%) 2.8s (1.1%) 121.3s (47.09%)
ScaleLFS+SC+Serialization-free 1.49 GB/s 197.1s (100%) 0s (0%) 0s (0%) 8.4s (4.3%) 74.6s (37.9%) 114.1s (57.8%)

F2FSJ [9]
F2FSJ 1.01 GB/s 290.8s (100%) 281.5s (96.8%) 2.1s (0.72%) 0.5s (0.17%) 3.2s (1.1%) 3.5s (1.21%)

F2FSJ+SC 1.04 GB/s 282.4s (100%) 0s (0%) 148.5s (52.6%) 0.4s (0.15%) 2.1s (0.74%) 131.3s (46.51%)
F2FSJ+SC+Serialization-free 1.17 GB/s 251.0s (100%) 0s (0%) 0s (0%) 63.7s (25.4%) 64.5s (25.7%) 122.8s (48.9%)

Table 1: Performance breakdown of modern LFSs on 128 cores (SC: ScaleCache [29]).

Multi-head logging management: When enabling parallel
I/O without the serialized design and lock (i.e., serialization-
free), the bottleneck shifts to lock contention (curseg_mutex)
from the space allocation in multi-head logging manage-
ment as shown in Table 1. F2FS adopts a multi-head log-
ging scheme with six active logs, where each log head cor-
responds to a current segment (curseg_info). Each current
segment sequentially allocates new blocks, thereby preserving
the append-only write pattern. However, the number of current
segments is fixed at six even on many-core systems. Moreover,
most data-intensive writes are allocated from the warm-data
log, and a mutex, the current segment lock (curseg_mutex)
must be acquired whenever a block is allocated. As a result,
this centralized lock becomes a severe bottleneck, as cores
contend for it during block allocation. Note that MAX [21]
targets this lock contention and solves it by the mlog scheme,
which allocates the space in a round-robin manner. However,
the bottleneck shifts to the I/O submit management.
Submit management: LFSs maintain six bio structures
(block I/O descriptors [7]), each corresponding to one of
the six log streams, so that I/O requests can be batched
and managed on a per-stream basis. During a flush, dirty
pages are classified by type and temperature and appended
to the corresponding bio. Each appended page is checked
for merge opportunities with existing pages; if mergeable,
the LFS performs the merge while holding the I/O submit
lock (io_rwsem) to ensure consistency of the bio’s internal
state. However, this design, which maintains only a fixed set
of six bios and protects their operations with the lock per bio,
limits parallel I/O on many-core systems. We observe severe
contention on this lock in MAX, ScaleLFS, and F2FSJ as
shown in Table 1. In particular, when the lock contention on
curseg_mutex is mitigated, the lock contention on io_rwsem
becomes the next dominant bottleneck.
Segment management: Even if the bottleneck in submit
management is mitigated, additional bottlenecks can still arise
in the I/O path, as shown in Table 4. For example, segment-
level metadata management also introduces synchronization
overhead. The SIT tracks the state of all segments in the main
data area. It contains multiple SIT entries, each of which
corresponds to a segment and maintains both the number of
valid blocks within the segment and a bitmap representing
the validity of each block. When a block is allocated for a

data page, the associated SIT entry is updated to mark it as
valid. However, to ensure correct updates, the SIT entries are
protected by a single read-write semaphore, the SIT entry lock
(sentry_lock). Thus, even if only one SIT entry needs to be
updated, this coarse-grained lock must be acquired, thereby
preventing concurrent access to the entire SIT.
Segment list management: Furthermore, segments are
tracked using multiple bitmaps according to their valid-
ity state: segments with a mix of valid and invalid blocks
are recorded in the dirty-segment bitmap, while segments
whose blocks are all invalid are recorded in the pre-segment
bitmap and are later reclaimed as free. However, both the
dirty and pre-segment bitmaps are protected by a single mu-
tex (seglist_lock). As a result, as the state of segments
changes, moving segments across the segment bitmaps re-
quires acquiring this lock, which limits concurrency.
Node management: Beyond segment management, LFSs
also face a scalability bottleneck in managing the NAT. Inodes
and internal nodes are tracked via NAT entries, which are
cached in memory in a global tree protected by a read-write
semaphore (nat_tree_lock) and managed by an LRU-style
NAT list protected by a spinlock (nat_list_lock). While
this NAT cache reduces storage I/Os for node lookups, its
centralized locking becomes a scalability bottleneck (Table 4).
MAX [21] mitigates NAT contention using file cells, but its
overall scalability remains limited because other bottlenecks
are not addressed.
Discard management: Finally, modern LFSs also suffer from
scalability bottlenecks in discard management. A global dis-
card command controller maintains a list of discard entries
protected by a single mutex (cmd_lock). During write I/O,
each newly allocated block must acquire cmd_lock to check
and remove any matching discard entry before reuse. Because
cmd_lock is a global lock shared by all discard operations, it
becomes a major source of lock contention once other bottle-
necks are alleviated (see Table 4).

4 Design and Implementation
Our key idea is to leverage the potential that lock ownership
can be distributed across cores safely, enabling a robust and
decentralized LFS architecture. The rationale behind this de-
sign choice is that there are a lot of LFS resources and their
locks, each of which protects a large critical section. Thus,
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it is hard to remove these locks, which may be less robust;
instead, we split large resources and their locks and distribute
the lock ownership of each resource across cores.

4.1 Design Goals of DeLFS
We design DeLFS to satisfy the following three goals.
Decentralizing LFS resources: To design a scalable LFS,
DeLFS should holistically decentralize LFS resources to mini-
mize interference from shared and global resources and maxi-
mize core and I/O parallelism.
Minimizing lock contention with safe synchronization:
To minimize global lock contention, DeLFS should provide
a lightweight locking mechanism to maximize concurrency
while preserving correctness via safe synchronization.
Coordinating inter-core sharing: To support inter-core shar-
ing when necessary, DeLFS should provide a coordination
technique to avoid waiting on operations from other cores
without sacrificing consistency.

4.2 Overall Architecture of DeLFS
Overall, DeLFS redesigns the centralized organization and
management of LFS resources into a fully decentralized meta-
data/data organization and its management, where each decen-
tralized LFS resource is efficiently protected by decentralized
locking and orchestrated by decentralized lazy lock coordi-
nation across cores. DeLFS consists of the following three
techniques and strategies to meet the goals.
Strategy 1: Decentralized organization and management.
To minimize interference from shared and global resources
among cores, DeLFS decentralizes LFS metadata and data
management into per-core domains. Each core owns and
manages its own subset of decentralized metadata (e.g., SIT,
NAT, multi-head logging, SSA as M0-0. . . Mk-0 for core0) and
its local segments (e.g., seg0-0. . . segk-0 for core0). This one-
core–one-resource design reduces cross-core interference and
forms the foundation of DeLFS’s decentralized architecture.
Strategy 2: Decentralized and decoupled locking. On top of
this organization, DeLFS decentralizes locks so that each core
primarily acquires locks on its own decentralized resources,
rather than contending for global locks. However, when inter-
core access is required, naive decentralized locking can still
cause cross-domain deadlocks and skewed contention. To
address this, DeLFS introduces decentralized and decoupled
locking (DDL), which decouples certain updates into individ-
ually executable operations while preserving atomicity and
enforces a lock-update-unlock discipline on one resource at a
time. This single-lock-hold property breaks potential deadlock
cycles, reduces lock hold time, and allows lock ownership to
be safely distributed across cores while preserving correctness
through the existing LFS checkpoint mechanism.
Strategy 3: Lazy lock coordination. To further reduce block-
ing from inter-core decentralized lock sharing, DeLFS intro-
duces lazy lock coordination. We observe that many opera-
tions can be split into a critical path and a lazily deferrable
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Figure 3: Decentralized organization of DeLFS (de: decentralized,
SE: SIT entry, NE: NAT entry, SSE: SSA entry, Seg: Segment).

path without affecting correctness. DeLFS therefore employs
per-core lock coordinators and delegates remote, deferrable
lock-acquisition tasks to the coordinator of the core that
owns the target resource, so that the critical path is no longer
blocked by remote lock acquisition. These delegated oper-
ations are processed lazily but are guaranteed to complete
before checkpointing, where DeLFS’s checkpoint procedure
waits for and cooperatively processes pending tasks at each
coordinator. As a result, lazy lock coordination accelerates
critical operations while preserving LFS crash consistency.

4.3 Decentralized Architecture
Decentralized organization: DeLFS decentralizes in-memory
metadata and on-disk data and node segments into per-
core domains, allowing each core to manage its own do-
main independently and thereby improving I/O scalabil-
ity. For example, as shown in Figure 3, metadata struc-
tures such as deSIT0–deSITn, deNAT0–deNATn, deSSA0–
deSSAn, and curseg-info0–curseg-infon are decentralized
across cores. Thus, each core primarily accesses its own
metadata, avoiding contention on shared metadata structures.
Specifically, per-core current segment information (curseg-
info, curseg_info) allows each core to allocate space from
its own multi-head log, naturally decentralizing node and data
segment allocation. During page flushing, each core exclu-
sively flushes all dirty data pages of a fetched inode to its own
space. This isolates the inode’s I/O path from other cores and
prevents data pages from being interleaved across cores, fur-
ther improving scalability and performance. Note that when
a core does not have enough free segments in its own space,
DeLFS allows it to allocate segments from the next core’s
domain in a round-robin manner, preserving space efficiency
while maintaining decentralized organization. As a result, this
architecture establishes a one(core)-to-one(resource) model
that eliminates global metadata hot spots and enables highly
parallel, low-contention I/O execution across cores.
Decentralized management: Figure 4 and 5 illustrate decen-
tralized management and how the I/O operation is performed
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in DeLFS. In these figures, a core begins by selecting an inode
(inode12) to flush dirty data pages belonging to that inode ( 1 ).
To flush dirty page0 ( 2 ), the core first locates the correspond-
ing NAT entry (NE0-0) in deNAT0 ( 3 ) and obtains the next
writable block address from its own current segment (curseg-
info0), which provides the target segment (segno0-0) and the
target block offset ( 4 ). The core then increments the block
offset in curseg-info0 to prepare for the next allocation. After
obtaining the target block, the core checks whether the block
is associated with a discard entry ( 5 ). Then, the core up-
dates the SIT entry for segno0-0 by increasing its valid-block

count and setting its bit in the valid-block bitmap ( 6 ). If there
is an old block to invalidate, the core decreases the valid-
block count and clears its bit in the valid-block bitmap ( 7 ).
If the valid-block count becomes 0, the core sets its bit in
the pre-segment bitmap and clears its bit in the dirty-segment
bitmap ( 8 ). Finally, the core records the page and its desti-
nation block in bio-vec0 and links it into bio-info0 ( 9 ). This
processing for dirty pages of the inode is repeated until all
its dirty pages are processed. After this process is completed,
the core flushes current bio-vec entries in its bio-info0 to
storage ( 10 ). Consequently, since each core uses its own de-
centralized current segment, the entire I/O path for an inode
remains isolated to that core, so that its data pages are writ-
ten using only segments owned by that core, without being
interleaved with blocks from other cores.
Cross-core space allocation: Figure 6 illustrates how core0
allocates free space from another core’s area when its current
segment is exhausted and no local free segments remain. In
the I/O process, the core first obtains the block at offset 511
of SEk-0 from curseg-info0 ( 1 ); after this allocation, all 512
blocks of SEk-0 are consumed. To prepare subsequent alloca-
tions, the core removes SEk-0 from curseg-info0, acquires the
free-info lock (flock0), and scans the free segments in free-
info0 for a replacement segment ( 2 , 3 ). Because all bits in
free-info0 are clear, indicating that no space assigned to core0
is free, it releases flock0 ( 4 ) and, following a round-robin
policy, accesses the free-space domain of core1 by acquir-
ing flock1 and checking free-info1 ( 5 ). Then, it finds SE3-1
marked as free and marks it as occupied ( 6 ), stores SE3-1 into
the segno of curseg-info0 ( 7 ), and resets the block offset to
0 ( 8 ). After completing this replacement, the core proceeds
to the next step ( 9 ). When a subsequent request for a block
occurs ( 1 ), it checks curseg-info0 to select block 0 in SE3-1,
updates the valid-block count of SE3-1, and completes the
allocation ( 2 ).

4.4 Decentralized and Decoupled Locking
Structure of decentralized locks: If a decentralized LFS
resource is not shared across cores, no lock is required.
However, even under a decentralized design, some resources
must still be shared among application threads, GC threads,
and the checkpoint thread. Thus, as shown in Figure 5,
DeLFS devises per-core decentralized locking for each LFS
resource and allows each core to acquire the correspond-
ing lock whenever it accesses its decentralized resource.
To do this, as shown in the figure, DeLFS provides de-
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Figure 8: Crash consistency with DDL (TAPP0 : application thread
in core0, TCP1 : checkpoint thread in core1, CPR/W: checkpoint
reader/writer lock, L: lock, VP: valid processing, IVP: invalid pro-
cessing, U: unlock, UP: update, NA: node A, Sn: sentry_lockn, S:
start, E: end, CP: checkpoint).

centralized locks. For example, in core0, the decentralized
NAT tree is protected by nat_tree_lock0 (ntlock0), and
the decentralized NAT list is protected by nat_list_lock0
(nllock0). Subsequently, the decentralized current segment,
SIT, I/O submission, segment list, and discard management
are protected by curseg_mutex0 (curlock0), sentry_lock0
(slock0), io_rwsem0 (iolock0), seglist_lock0 (sllock0),
cmd_lock0 (cmdlock0), respectively.
Lock ordering and consistency: Furthermore, DeLFS pre-
serves the original inner lock ordering of F2FS within each
core as depicted in Figure 4 and 5. Specifically, when a core
updates NAT, it first acquires the NAT-tree lock and, while
holding it, acquires the NAT-list lock ( 3 in Figure 4); simi-
larly, it acquires the SIT lock and, while holding it, acquires
the segment-list lock ( 6 , 7 , 8 in Figure 4). Thus, the lock or-
dering within a core is preserved without consistency issues.
Lock ownership and potential issue: Each core has own-
ership of its decentralized lock associated with its own local
resource instance and primarily acquires the decentralized
lock, thereby reducing lock contention by localizing access.
However, since decentralized resources can be shared among
threads as mentioned, the lock ownership of a resource in-
stance can be shifted across cores. In such cases, this shift
in lock ownership can lead to a critical deadlock issue. For
example, when a core naively attempts to acquire more than
one lock across decentralized resources, the system can fall

into a deadlock, which is described in more detail as follows.

4.4.1 Deadlock issue in decentralized locking
Deadlock issue: When accessing a resource in another core’s
domain, the core must acquire the decentralized lock for the
target resource owned by another core. In this case, naive de-
centralized locking can incur a deadlock. For example, when
updating the SIT for an overwrite page, there are two opera-
tions: (1) marking the newly allocated page as valid and (2)
invalidating the old page. Thus, during write operations, each
core allocates a new block for a dirty page in its own space
but may also need to invalidate the corresponding old block
if that block resides in another core’s space. In this process,
each core first acquires its own decentralized lock to update
its own SIT entry to mark the new block as valid and, while
holding this lock, then attempts to acquire the decentralized
lock of the core that owns the old block in order to update that
core’s SIT entry and mark the old block as invalid. When mul-
tiple cores behave in this way concurrently, they can end up
holding their own locks while waiting for each other’s locks,
which can create a circular wait and result in a deadlock.
Deadlock scenario: Figure 7a illustrates the deadlock sce-
nario under decentralized locking. Core0 and core1 first ac-
quire their own decentralized locks (lock0 and lock1) ( 1 , 1 )
to update their own SIT entries (deSIT0 and deSIT1) to mark
the new blocks as valid. While holding these locks, core0
then tries to acquire lock1 ( 2 ), whereas core1 tries to acquire
lock0 ( 2 ) simultaneously to perform the invalidation of the
old blocks. Consequently, the two cores require more than
one lock at the same time, thereby leading to a deadlock.

4.4.2 Deadlock-free locking with strict ordering
As a baseline for deadlock prevention, we consider a deadlock-
free locking scheme with strict ordering called DFL. In this
scheme, each core always acquires locks in ascending core-
number order and releases them in descending core-number
order. This strict lock-ordering discipline guarantees deadlock
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freedom by eliminating cyclic lock dependencies, similar to
conservative two-phase locking [5, 32].
Execution example: Figure 7b illustrates an example of how
DFL avoids deadlock by enforcing a predetermined global lock
order. As shown in the figure, we assume that core0 needs to
update both its own decentralized (de) SIT entry (SE0-0) for
valid processing and another core’s deSIT entry (SEk-1) for
invalid processing. Core1, in turn, performs the opposite: it
updates its own deSIT entry (SE0-1) for valid processing and
core0’s deSIT entry (SEk-0) for invalid processing.
Strict lock ordering: However, note that even if core1 is sup-
posed to update its own deSIT entry for valid processing, it
must first acquire core0’s lock to keep the lock-ordering rule
of DFL, which enforces that locks must always be acquired in
ascending core-number order. Accordingly, under this rule,
both cores first attempt to acquire the lock for deSIT0 ( 1 , 1 )
in the ascending order. In this case, core0 wins the contention
and acquires the lock, while core1 sleeps waiting for its re-
lease. After acquiring the lock for deSIT0, core0 acquires the
lock for deSIT1 ( 2 ) and performs the updates to SE0-0 and
SEk-1 ( 3 , 4 ). Once both locks are released in the descend-
ing order ( 5 , 6 ), the sleeping core1 wakes up, acquires the
lock for deSIT0 ( 2 ) and then the lock for deSIT1 ( 3 ), and
performs the updates to SE0-1 and SEk-0 ( 4 , 5 ). Finally, core1
releases both locks in the descending order ( 6 , 7 ).
Scalability limitation: By doing so, DFL successfully pre-
vents deadlock while preserving strong consistency, similar
to F2FS, since it performs updates only after acquiring all
required locks. However, this design forces cores to block
while waiting on each other’s locks. As a result, it can incur
blocking overhead and degrade scalability on manycores, par-
ticularly when there is a large number of invalid pages and
capacity is not enough (see Section 5.5).

4.4.3 Decentralized and decoupled locking in DeLFS
To mitigate blocking overhead while preventing deadlocks,
DeLFS adopts a decentralized and decoupled locking scheme,
called DDL, as its fundamental concurrency control mecha-
nism. In this mechanism, note that the key principle of DDL is
that each core never attempts to hold more than one lock of
the same type at a time, which provides a loose lock ordering
and prevents deadlocks. This principle is enabled by the fact
that certain metadata updates can be decoupled while preserv-
ing both in-memory and crash consistency. For example, as
mentioned in Section 4.4.1 and 4.4.2, overwriting a page re-
quires updating two SIT entries. In this case, we observe that
these two updates on disjoint SIT entries can be performed
by decoupling valid processing on the new SIT entry from
invalid processing on the old SIT entry. This is enabled by
two properties: (1) The node is always updated to point to the
new valid block only after both SIT entries have been updated
under the node lock, ensuring that it always points to a valid
block and maintains in-memory consistency (Figure 8); and
(2) the checkpoint always recovers a consistent SIT state, guar-

anteeing crash consistency (Figure 8). With these properties,
DDL performs two separate lock-update-unlock sequences: it
first acquires the lock for one SIT entry, updates the entry, and
releases the lock; it then acquires the lock for the other SIT
entry, updates it, and releases the lock.
Procedure: Figure 7c depicts how DDL prevents deadlocks
without forcing cores to block on each other’s locks. We
assume that core0 needs to update SE0-0 and SEk-1, while
core1 needs to update SE0-1 and SEk-0. Both cores first acquire
their own locks on deSIT0 and deSIT1, respectively ( 1 , 1 ).
Core0 then updates SE0-0 ( 2 ) and releases its lock ( 3 ), and
then tries to acquire the lock for deSIT1. In this case, core0
must wait for the lock on deSIT1 ( 4 ) since core1 still holds
that lock. After core1 completes the update and releases the
lock ( 2 , 3 ), core0 acquires the lock for deSIT1 ( 5 ), updates
SEk-1 ( 6 ), and releases it ( 7 ). Meanwhile, core1 acquires the
lock for deSIT0 ( 4 ), updates SEk-0 ( 5 ), and releases it ( 6 ). By
doing so, DDL reduces cross-core blocking on decentralized
locks while guaranteeing deadlock-free execution.
Crash consistency: DDL updates only one SIT entry at a time
and can therefore introduce transient inconsistencies between
entries. However, DDL preserves correctness and eventually
converges to a consistent state by leveraging the existing node
lock, LFS checkpoint mechanism, and its reader-writer lock
(i.e., cp_rwsem) which ensures eventual consistency. Specif-
ically, as shown in Figure 8, when flushing a dirty page to
the device, the application thread (TAPP0) first acquires the
checkpoint reader lock (CPR), the node (NA) lock associated
with the page, and the decentralized SIT entry lock in core0
(S0). Then, the thread performs valid processing for the asso-
ciated SIT entry in core0 and releases S0. Subsequently, the
thread acquires the decentralized SIT entry lock in core1 (S1),
performs invalid processing for the associated SIT entry, and
releases S1. Meanwhile, during invalid processing, the check-
point is triggered, at which point the checkpoint thread (TCP1)
acquires the checkpoint writer lock (CPW). After this point,
upcoming application threads cannot acquire CPR and must
wait until CPW is released. Also, the checkpoint thread waits
until the prior readers release all CPR locks before starting the
checkpoint. After invalidating the SIT entry, the application
thread updates the location of the new page to the node and
releases the node lock and CPR; by doing so, the in-memory
consistency is preserved. The checkpoint thread then performs
the checkpoint, finalizes it with a commit record, and finally
releases CPW.

As shown in the figure, even if crash (1) or (2) occurs,
since the checkpoint is not completed, the recovery restores
the previous state. When crash (3) occurs, since the check-
point includes the commit record, the recovery restores the
newly updated node and SIT entries. As a result, the system
eventually converges to the same SIT state as an atomic up-
date, and DDL does not incur any crash consistency issues.
Note that we observe that the checkpoint occurs infrequently
due to the roll-forward recovery [19, 20, 27, 33], resulting in

USENIX Association 20th USENIX Symposium on Operating Systems Design and Implementation    799



C0 C1 C2 Cn

1 1 1 1

2 2 2 2

3 3 3 3

4 4 4 4

... ... ... ...

Timeline 

Lock
Core
OP

Seg#
Blk#

0
1

IV
2

100

...

...

...

...

...

Task queue
deLLC0

Lock
Core
OP

Seg#
Blk#

2
n

IV
1

300

...

...

...

...

...

Task queue
deLLC2

Lock
Core
OP

Seg#
Blk#

1
2

IV
k

200

...

...

...

...

...

Task queue
deLLC1

Core0 Core1

A
cq

ui
re

Core2

4

deSIT0

SE1-0SE0-0 ... SEk-0 SE1-1SE0-1 ... SEk-1 SE1-2SE0-2 ... SEk-2

R
et

ur
n

...

Return

1
Wait for lock Wait for lock

deSIT2

Lock0

deSIT1

4 4 Return

2
Access (V)

3

SE2-0 SE2-1

Acquire

SE2-2

3

1

Lock2

2 Access (V) 2
Access (V)

  Lock1   Lock2

Acquire

Owner...Owner...... Owner

  Lock0

3
Delegate


task 1

Lock1

Access (IV) Delayed

access (IV)Delayed  access (IV)

Delegate

task

Lock
Core
OP

Seg#
Blk#

...

...

...

...

...

Task queue
deLLCn

Coren

SE1-nSE0-n ... SEk-n

deSITn

4 Return

SE2-n

3

1

Lockn

2
Access (V)

  Lockn

Acquire

Owner...

Delegate

task

Wait for lock

Delayed
access (IV)

Figure 9: Decentralized lazy lock coordinator in DeLFS (SE: SIT entry, deLLC: decentralized lazy lock coordinator, OP: operation to execute,
V/IV: valid/invalid processing, Cn: coren).

TAPP0

TCP2

L

CPR

L
NA

L
S0

VP
U

S0

UP

NA

U

NA

U

CPR

S

CP

L
CPW

Accelerate

IVP

U

CPW

E
CP

deLLC1
L
S1

IVP
U

S1

Delegate task

Checkpoint

Crash3Crash2Crash1

Figure 10: Crash consistency with lazy lock coordination (TAPP0:
application thread in core0, deLLC1: decentralized lazy lock coordi-
nator in core1, TCP2: checkpoint thread in core2, CPR/W: checkpoint
reader/writer lock, L: lock, U: unlock, UP: update, S: start, E: end,
NA: node A, S0: sentry_lock0, VP: valid processing, IVP: invalid
processing, CP: checkpoint).

minimal checkpoint overhead and lock contention.

4.5 Lazy Lock Coordination
Even though DDL reduces the blocking overhead caused by
the strict lock ordering of DFL, it can still incur substantial
blocking because threads must wait on locks held by other
cores. In particular, cross-core locking becomes frequent in
two situations: (1) when a core has exhausted its local space
and is forced to allocate from spaces owned by other cores,
and (2) when a core needs to process an invalid page that
resides in another core’s space. In both cases, the core must
acquire a decentralized lock for a resource owned by another
core, and this cross-core waiting time can become large, es-
pecially under space exhaustion and heavy invalidation (see
Section 5.5). For example, as shown in Figure 7c, core0 must
wait for lock1, which is already held by core1, even after it
finishes valid processing for the new data page, which is a
performance critical path.

To this end, DeLFS introduces a decentralized lazy lock co-
ordinator (deLLC) that further mitigates cross-core blocking
on decentralized locks while maintaining the DDL rule. In our
design, the coordinator performs invalid processing for pages
in remote spaces on behalf of the application thread. This
decouples invalid processing from the critical I/O path of the
application thread, avoiding blocking caused by remote lock
acquisition. Specifically, application threads perform the local
valid update under their own local locks, release those locks,

and then delegate the invalid update to the corresponding co-
ordinators for lazy processing. Thus, this design accelerates
the I/O path of application threads. Note that deferring invali-
dation in this way may transiently leave two valid blocks, but
it does not compromise either in-memory or crash consistency
for the following reasons: (1) The valid update is always com-
pleted first under the node lock, ensuring that the node never
points to an invalid block. Once the valid update and the node
update are completed, the old block is no longer referenced,
and (2) all deferred invalid processing is completed before
the checkpoint is committed. As a result, deLLC guarantees
consistency and is effective under both space exhaustion and
heavy invalidation, since in both situations a core must fre-
quently access decentralized locks owned by other cores.

Procedure: Figure 9 illustrates how deLLC operates. In this
example, when a dirty page is flushed, the new page is allo-
cated and marked valid, while the old page is marked invalid.
The cores (core0, core1, core2, and coren) first acquire their lo-
cal locks ( 1 , 1 , 1 , 1 ) to perform valid processing for their new
pages ( 2 , 2 , 2 , 2 ). In the case of core0, since both the new
and old pages reside in its own decentralized SIT, the applica-
tion thread can directly update both the valid and invalid bits
for the corresponding SIT entries (e.g., SE0-0 and SEk-0) ( 2 ,
3 ) and then immediately return ( 4 ) without involving deLLC.
For other cores, after completing the valid update (i.e., SE0-1,
SEk-2, SEk-n) ( 2 , 2 , 2 ), each thread delegates its invalidation
task to the corresponding deLLC instance that owns the target
SIT entries (i.e., SE2-0, SEk-1, SE1-2) ( 3 , 3 , 3 ). After delega-
tion, each thread immediately returns ( 4 , 4 , 4 ), leaving the
invalid processing to the coordinators. By doing so, since the
invalidation task is processed asynchronously by deLLC, this
can accelerate the critical path of valid processing.

Crash consistency: DeLFS devises a checkpoint mechanism
to support the asynchronous operation of deLLC. The check-
point waits for and cooperatively processes all pending dele-
gated tasks. Specifically, Figure 10 illustrates how DeLFS
maintains crash consistency with the devised checkpoint
mechanism. The initial procedure is similar to that of DDL
until the application thread performs valid processing on the
associated SIT entry in core0. After that, in contrast to DDL,
the thread delegates the task of invalidation to deLLC1. Sub-
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Figure 11: Garbage collection of DeLFS (slock0: sentry_lock of core0, sllock0: seglist_lock of core0, gclock: gc_lock, App0: application thread in
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sequently, the thread updates the node with the new page
location and releases the nodeA (NA) lock and CPR. Mean-
while, after releasing CPR, under CPW, the checkpoint thread
starts cooperatively processing the pending tasks in deLLC1,
which accelerates the invalid processing. Note that this proce-
dure ensures completion of all pending delegated tasks in all
deLLCs. After this procedure, the checkpoint thread performs
the checkpoint and writes the commit record. Similar to the
case of DDL, when a crash occurs before or after writing the
commit record, the recovery restores the previous or the up-
dated state. By doing so, DeLFS safely disentangles the critical
path from deferred invalidation work and thereby accelerates
the critical path.

4.6 Decentralized Garbage Collection
As an LFS ages, free segments decrease, and once they fall
below a threshold, the system triggers garbage collection
(GC). In existing LFSs (F2FS, MAX, F2FSJ), GC is serial-
ized: application threads are blocked and a single GC thread
performs all GC work until enough free segments are re-
claimed [11]. ScaleLFS improves this by using per-core GC
daemon threads and per-core cold-data write streams to par-
allelize GC. However, it still (1) uses a global segment list,
so each core must scan all segments to find a victim, and (2)
does not optimize normal I/O, so GC can increase the total
execution time, including both GC and foreground I/O (see
Section 5.2). Meanwhile, DeLFS provides a holistic, decen-
tralized GC procedure as described in Figure 11a and 11b
as well as a decentralized normal I/O path. The key idea is
to enable each core to perform GC procedure based on its
own decentralized resources similar to the normal I/O path,
effectively localizing GC. To do this, DeLFS leverages the GC
reader lock during GC execution and the GC writer lock at
checkpoint time.

Specifically, when the number of free segments falls be-
low the predefined threshold, DeLFS triggers GC, and ap-
plication threads begin GC ( 1 , 1 , 1 ). Unlike serialized GC
and ScaleLFS, these threads acquire the shared GCR lock

( 2 , 2 , 2 ), enabling concurrent and cooperative GC. Each
thread then acquires its own deSIT lock (slock) and segment-
list lock (sllock) ( 3 , 3 , 3 ) and selects a victim segment from
its local segment list ( 4 , 4 , 4 ). If a core (core1) has no dirty
segment, the thread (app1) releases its local locks ( 5 , 6 )
and, in round-robin order, moves to another core’s domain
( 7 , 8 ) to help perform GC for that core. Each thread then
performs migration independently through the decentralized
I/O path ( 5 , 9 , 5 ) and releases GCR when its migration is
done ( 6 , 10 , 6 ). The earliest thread to finish (app0) releases
GCR and then acquires GCW to block new GC starters, and
waits until all remaining threads holding GCR release it. After
app2 and app1 finish migration and release GCR, no thread
holds GCR anymore, so app0, still holding GCW, checks
whether any pre-segments consisting only of invalid pages
exist as a result of migration. Then, app0 converts the pre-
segments into free segments via the checkpoint process under
the checkpoint writer lock and releases GCW ( 7 ).

Subsequently, app2, which is waiting for GCW, acquires
GCW, finds no remaining pre-segments because app0 has al-
ready processed them, and immediately releases GCW ( 7 ).
Likewise, app1 finds no remaining pre-segments and com-
pletes GC ( 11 ). If appn attempts to start GC ( 1 ) while GCW
is held, it cannot acquire GCR and must wait; once GCW is
released, it starts a new GC cycle ( 2 ). Although localized
GC may select a higher-cost victim segment than a globally
optimal scheme, the impact on the total write amplification is
minor in our evaluation (Section 5.2). Even when dirty seg-
ments are skewed across cores, GC gradually expands from
local to other cores’ segments, ensuring global reclamation
progress. Finally, decentralized GC remains crash-consistent
because all GC activities and checkpoints are safely synchro-
nized by the GC locks.

5 Evaluation
5.1 Experimental Setup
Testbed: We use a 128-core machine equipped with two 64-
core AMD EPYC 7713 processors and 96 GB of DRAM. For
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Figure 12: Throughput, tail latency, and GC performance of LFSs (SC: ScaleCache, SF: serialization-free, BW: bandwidth, TP: throughput).

LFS
Combination Baseline SC SC + SF

F2FS 2.42 % 9.56 % 51.5 %
MAX 2.29 % 8.73 % 45.3 %

ScaleLFS 2.99 % 8.26 % 49.37 %
F2FSJ 2.45 % 8.96 % 57.03 %
DeLFS 47.56 %

Table 2: CPU utilization (SC: ScaleCache, SF: serialization-free).

storage, the machine is equipped with a FireCuda 530 NVMe
SSD [2]. The SSD has a capacity of 2 TB and provides raw
random write, read, and mixed random read/write throughput
of 5.3 GB/s, 3.2 GB/s, and 3.5 GB/s, respectively.
Comparison: We compare DeLFS with modern LFSs, includ-
ing F2FS [18], MAX [21], ScaleLFS [11], and F2FSJ [9], as
well as their variants combined with ScaleCache (SC) [29] and
the serialization-free (SF) scheme (mentioned in Section 3.2).
We run all LFSs and their variants on Ubuntu 22.04 LTS with
the Linux 6.6.8 kernel. For evaluation, we use FIO [4] as a
micro-benchmark, filebench [31] as a macro-benchmark, and
RocksDB [10] as a real-world application with YCSB [1]. We
run each test ten times and report the average result.

5.2 Micro-benchmark
We present the performance results of DeLFS and modern
LFSs using the FIO benchmark. We vary the number of
threads from 1 to 128, and use a 2.2 GB file size per thread
and a 4 KB request size. In the case of 128 threads, the total
dataset size is 281.6 GB. We use this configuration as the
default in all micro-benchmark tests unless stated otherwise.
Core scalability: Figure 12a shows the core scalability in
the case of random write. The existing LFSs show almost
the same performance, or even degrade even if the number
of cores increases. Meanwhile, DeLFS scales performance
well on various number of cores. Specifically, DeLFS achieves
4.34×, 4.29×, 4.10×, and 4.50× compared with F2FS, MAX,
ScaleLFS, and F2FSJ at 128 cores, respectively. This is be-
cause the existing LFSs suffer from the first bottleneck (i.e.,
blocking overhead) by I/O throttling in dirty-page manage-
ment as described in Section 3.2.1. To eliminate the blocking
overhead, even when combining LFSs with SC, the exist-
ing LFSs still suffer from the serialization lock as the sec-
ond bottleneck. Furthermore, even if the serialization lock is

eliminated (i.e., serialization-free (SF)), contention on sub-
sequent locks becomes the next bottleneck, as shown in Ta-
ble 1. Thus, with the decentralized design, DeLFS can achieve
3.70×, 6.41×, 3.05×, and 3.89× higher throughput compared
with F2FS+SC+SF, MAX+SC+SF, ScaleLFS+SC+SF, and
F2FSJ+SC+SF at 128 cores, respectively. Consequently, these
results demonstrate that DeLFS effectively scales performance
as the number of cores increases by leveraging decentralized
architecture and locking schemes.
Read-only performance: We evaluate the read-only perfor-
mance of DeLFS while increasing the number of cores as
shown in Figure 12b. Overall, the read performance of DeLFS
is similar to that of the other LFSs. This is because all LFSs
already achieve throughput close to the raw read performance
since the read path allows multiple threads to issue read opera-
tions concurrently under read locks. Consequently, the design
of DeLFS does not affect read performance.
Tail latency: Figure 12c shows tail latency in all the
LFS configurations while varying the number of cores. As
shown in the figure, at 128 cores, when comparing the best-
performing configurations among the LFS variants, DeLFS
achieves 3.73×, 2.75×, 3.5×, and 2.75× lower tail latency
than F2FS+SC+SF, MAX+SC+SF, ScaleLFS+SC+SF, and
F2FSJ+SC+SF, respectively. In particular, while existing
LFSs exhibit sharp latency spikes between 64 and 128 cores,
DeLFS suppresses these spikes and keeps the latency much
more stable. As a result, DeLFS outperforms the existing LFSs
in terms of tail latency as well as throughput.
CPU utilization: Table 2 shows CPU utilization across all
LFS configurations. As expected, the variant LFSs exhibit
higher CPU utilization than the existing LFSs, since they
can proceed without I/O throttling and the serialization lock.
DeLFS shows the highest CPU utilization among the existing
LFSs because it accelerates I/O processing with greater con-
currency and parallelism. As a result, DeLFS achieves higher
multi-core scalability at the cost of increased CPU utilization.
Garbage collection: Figure 12d and 12e present the applica-
tion throughput and device-level bandwidth during GC. To
fairly evaluate GC performance against ScaleLFS [11], we
follow the experimental setup described in the study. Specifi-
cally, we use a 30 GB partition and run the experiment with
128 threads, each issuing 228 MB of random writes, resulting
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Workload # of files # of threads Avg. file size R/W ratio Description

Fileserver 12,800 128 10 MB 2:1 Data-intensive
Varmail 25,600 128 10 MB 1:1 Metadata-intensive

Videoserver 128 128 480 MB 9:1 Read-intensive

Table 3: Workload configurations for macro-benchmark.

F2FS MAX ScaleLFS F2FSJ
F2FS+SC MAX+SC ScaleLFS+SC F2FSJ+SC
F2FS+SC+SF MAX+SC+SF ScaleLFS+SC+SF F2FSJ+SC+SF DeLFS
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Figure 13: Throughput on macro-benchmark.

in approximately 28.5 GB of total writes. We then rerun the
same workload as overwrites. As shown in the figures, DeLFS
achieves up to 2.77× lower application-level execution time
and delivers up to 2.32× higher device-level bandwidth than
the compared systems. This is because DeLFS performs a de-
centralized GC procedure that localizes GC and reduces lock
contention. Moreover, by improving both the write I/O path
and the GC I/O path, DeLFS further reduces total application
execution time compared with ScaleLFS. These results show
that DeLFS improves both normal I/O and GC performance.
Write amplification factor: We quantify the effect of subopti-
mal GC victim selection by comparing the WAF of F2FS and
DeLFS. In the above GC evaluation, the total WAF increases
slightly by 1.2%, from 1.088 in F2FS to 1.101 in DeLFS. The
resulting WAF of 1.101 is broadly consistent with the 13.7%
average gap between application-level throughput (1.31 GB/s
on average) in Figure 12d and device-level bandwidth (1.49
GB/s on average) in Figure 12e. Specifically, in the non-GC
phase, both file systems exhibit a similar WAF of approxi-
mately 1.065, mainly due to metadata overhead. Meanwhile,
the GC-induced WAF overhead is 0.036 in DeLFS and 0.023
in F2FS. However, this additional overhead contributes only
0.013 to the total WAF increase. Consequently, these results
show that although DeLFS may make less-than-optimal victim-
selection decisions, the impact on total WAF is minor.

5.3 Macro-benchmark
We use three filebench workloads as listed in Table 3.
Fileserver: Figure 13a shows the performance of the file-
server workload. DeLFS delivers 2.34×, 2.40×, 2.22×, and
2.43× higher performance than F2FS, MAX, ScaleLFS, and
F2FSJ, respectively. Meanwhile, the existing and variant LFSs
show similar performance, as in the micro-benchmark case.
Since fileserver is a write and data-intensive workload, the
LFSs are still constrained by bottlenecks in the write path.
Consequently, this result demonstrates that DeLFS yields high
performance gains under more realistic workload.
Varmail: Figure 13b shows the results for the varmail work-

load, where DeLFS achieves 1.66×, 1.86×, 1.18×, and 1.73×
higher throughput than F2FS, MAX, ScaleLFS, and F2FSJ,
respectively. In all systems except ScaleLFS and DeLFS,
delete operations contend heavily on the SIT entry lock
(sentry_lock). ScaleLFS alleviates this with atomic opera-
tions, while DeLFS removes this bottleneck via its decentral-
ized architecture and locking. Thus, DeLFS is effective for
both data-intensive and metadata-intensive workloads.
Videoserver: Figure 13c shows the results for the videoserver
workload. In the figure, DeLFS delivers 1.31×, 1.55×, 1.36×,
and 1.32× higher throughput than F2FS, MAX, ScaleLFS,
and F2FSJ, respectively. Although videoserver is read-
intensive, DeLFS still accelerates its execution because im-
provements in the write path can reduce interference between
read and write operations. Consequently, DeLFS provides
higher performance even for read-intensive workloads.

5.4 Real-world Application
To evaluate DeLFS with a real-world application, we run
RocksDB with YCSB workloads A, B, F, and update-only [3].
Workload A uses a 1:1 read-to-update ratio, B uses a 9.5:0.5
read-to-update ratio, F uses a 1:1 read-to-read-modify-write
ratio, and update-only issues 100% update operations. We use
1–128 client threads, 10 million records with 10 fields of 4
KB each, and 1.28 million operations per workload.
Workload A: Figure 14a shows that DeLFS achieves 1.78×,
1.60×, 1.81×, and 1.62× higher throughput than F2FS, MAX,
ScaleLFS, and F2FSJ, respectively, at 128 cores. We observe
that ScaleCache improves throughput by eliminating block-
ing overhead but the serialization-free scheme is ineffective
because the next lock becomes the bottleneck. These results
indicate that DeLFS is also effective for the real-world appli-
cation.
Workload B: As shown in Figure 14b, interestingly, even
under the read-intensive workload, DeLFS improves perfor-
mance by 1.19×, 1.26×, 1.77×, and 1.22× over F2FS, MAX,
ScaleLFS, and F2FSJ, respectively, at 128 cores. These results
indicate that an inefficient write path can significantly impact
read performance even under small write workloads.
Workload F: Figure 14c indicates that DeLFS achieves up to
1.98×, 1.95×, 1.71×, and 1.96× over F2FS, MAX, ScaleLFS,
and F2FSJ, respectively. Overall, DeLFS shows larger gains in
workload F than in A because the read-modify-write requests
in workload F stress both the write and read paths.
Update-only workload: Figure 14d shows DeLFS achieves
up to 2.24×, 2.14×, 2.54×, and 2.20× higher throughput
than F2FS, MAX, ScaleLFS, and F2FSJ, respectively. These
results indicate that DeLFS is particularly effective for write-
intensive workloads, the primary target of our design.

5.5 Performance Breakdown
Decentralized architecture: To illustrate the performance
impact of DeLFS in more detail, we report the performance
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Figure 14: Throughput of various LFSs with YCSB workloads.

File system Throughput io_schedule_timeout() writepages curseg_mutex io_rwsem sentry_lock nat_tree_lock nat_list_lock seglist_lock cmd_lock others
F2FS 1.05 GB/s 96.17% 0.8% 0.1% 0.9% 0.2% 0.1% 0.1% 0% 0.1% 1.53%

F2FS+SC 1.00 GB/s 0% 52% 0.1% 0.1% 0.2% 0.1% 0.2% 0% 0.2% 47.09%
F2FS+SC+SF 1.23 GB/s 0% 0% 47.95% 2.39% 0.7% 0.5% 0.1% 0.3% 0.7% 47.36%

De-curseg 0.51 GB/s 0% 0% 0.72% 14.36% 36.30% 0.23% 0.7% 0.1% 0.4% 47.19%
De-io 0.56 GB/s 0% 0% 0.73% 0.10% 49.80% 0.81% 0.62% 1.2% 0.40% 46.34%

De-sentry 1.49 GB/s 0% 0% 0.55% 0.11% 16.81% 5.7% 1.88% 13.17% 0.1% 61.68%
De-NAT 2.45 GB/s 0% 0% 0.77% 0.40% 25.19% 0.30% 0.12% 17.98% 0.3% 54.94%
De-LLC 3.04 GB/s 0% 0% 0.17% 0.31% 13.66% 0.7% 0.5% 70.80% 1.56% 12.3%

De-seglist 4.21 GB/s 0% 0% 0.38% 0.31% 0.33% 0.16% 0.17% 1.23% 21.37% 76.05%
De-discard 4.55 GB/s 0% 0% 0.26% 0.90% 0.29% 0.29% 0.14% 0.30% 0.65% 97.17%

Table 4: Breakdown of DeLFS (De: decentralized, SC: ScaleCache, SF: serialization-free, LLC: lazy lock coordinator).

breakdown as shown in Table 4. As shown in the table, the bot-
tleneck shifts from one lock to another as each decentralized
scheme is applied. Finally, DeLFS minimizes the contention of
target locks holistically. These results demonstrate that each
technique successfully resolves its corresponding scalability
bottleneck in the LFS operation.
Decentralized locking schemes: We compare the perfor-
mance of DFL, DDL, and deLLC in Table 5. For this experiment,
we first fill the SSD to 1.8 TB using FIO. We then overwrite
the data using the default FIO workload (281.6 GB) and
measure performance. During this process, approximately 73
million invalid pages are processed. deLLC outperforms DFL
and DDL by 89.63% and 43.83%, respectively. Moreover, the
total delegation time is only 1.32s, which is a minor overhead.

5.6 Overhead of DeLFS
Performance under aged state: To measure the overheads
of DeLFS under an aged state, we age the file system follow-
ing the methodology of prior work [8], as shown in Table 6.
Specifically, we perform 300 pulls from the Linux git repos-
itory and a recursive grep test, and then run the fileserver
workload under the aged state. As expected, aging decreases
grep performance in both file systems. Interestingly, DeLFS
achieves higher grep performance than F2FS in both the un-
aged and aged states as the number of threads increases, be-
cause it localizes blocks into core-local segments and im-
proves read coalescing. In the fileserver evaluation, similar
to the grep results, aging affects both file systems. Neverthe-
less, even in the aged state, DeLFS still outperforms F2FS by
up to 1.96×. Overall, aging degrades performance compared
with the unaged state, but DeLFS maintains its performance
advantage even in the aged state.
Skewed space allocation: We evaluate the impact of cross-

Metric
Scheme DFL DDL deLLC

Throughput 1303 MB/s 1718 MB/s 2471 MB/s
Total execution time 226 s 171 s 119 s
Total delegation count - - 71,377,706
Total delegation time - - 1.32 s

Table 5: Performance under heavy invalid page processing.

Workload Threads F2FS DeLFS
Unaged Aged Unaged Aged

Grep test

1 1.2 s 1.23 s 1.16 s 1.2 s
32 3.54 s 3.63 s 2.76 s 2.84 s
64 8.05 s 8.12 s 4.45 s 4.65 s

128 17.24 s 17.59 s 9.63 s 10.11 s

Fileserver

1 1501 ops/s 1480 ops/s 1970 ops/s 1938 ops/s
32 1549 ops/s 1530 ops/s 2307 ops/s 2304 ops/s
64 1553 ops/s 1551 ops/s 2753 ops/s 2492 ops/s

128 1559 ops/s 1557 ops/s 3469 ops/s 3047 ops/s

Table 6: Performance comparison between unaged and aged states.

LFS Metric Available space
1.5 TB (75%) 1 TB (50%) 0.5 TB (25%) 0.2 TB (10%) 0.02 TB (1%)

F2FS
# of create/delete 128 K 135 K 132 K 128 K 37 K

Total writes 1.16 TB 1.19 TB 1.18 TB 1.14 TB 0.75 TB
Throughput 1574 ops/s 1650 ops/s 1627 ops/s 1578 ops/s 458 ops/s

DeLFS
# of create/delete 305 K 260 K 217 K 151 K 38 K

Total writes 3.02 TB 2.60 TB 2.24 TB 1.57 TB 0.81 TB
Throughput 3730 ops/s 3180 ops/s 2662 ops/s 1848 ops/s 468 ops/s

Table 7: LFS performance under various available space conditions.

core space allocation as local space is gradually exhausted,
focusing on the performance overhead caused by lock con-
tention on remote cores. To generate sustained low-free-space
pressure, we pre-fill the device at different capacity levels and
run the fileserver workload, which continuously performs file
creation and deletion while generating substantial writes as
shown in Table 7. For the 75%, 50%, 25%, and 10% avail-
able space cases, DeLFS outperforms F2FS by 2.37×, 1.93×,
1.63×, and 1.17×, respectively. DeLFS performance gradually
decreases as the available space decreases because local free-
pool depletion incurs cross-core overheads. Especially in the
1% available space case, both file systems show almost the
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same performance because the available capacity is severely
limited. Nevertheless, these results show that even under se-
vere free-space pressure with continuous file creation/deletion
and large writes, DeLFS remains effective and maintains a per-
formance advantage over F2FS in most capacity settings.
Memory consumption: DeLFS requires additional memory
to support decentralized organization and management, but
the overhead is small. Across multi-head logging metadata,
checkpoint bookkeeping (per-log segno/blkoff), decentral-
ized locks and their protected data structures (e.g., XArrays),
and lock-coordinator/invalidation structures, DeLFS uses up
to about 1.1 MB (1121.67 KB) of extra memory under our
experimental setup. Given modern memory capacities, this
additional overhead is negligible in practice.
Storage overhead: As the number of multi-head logging in-
stances increases with the number of cores, the checkpointing
process requires an additional 11.9 KB of space to store the
segment number and block offset information maintained for
each multi-head logging instance.

5.7 Crash Consistency
To validate crash consistency of DeLFS, we use Crash-
Monkey [25]. Specifically, we test DeLFS with checkpoint
(checkpoint_example) and create/delete (create_delete)
workloads. The results confirm that DeLFS successfully han-
dles all test cases and maintains crash consistency.

6 Related Work
Scaling file and storage systems: SpanFS [13] scales file
systems by composing a set of micro file-system services.
ScaleFS [6] decouples in-memory and on-disk file systems
to reduce lock contention. CJFS [28] and Z-Journal [14] im-
prove the scalability of journaling file systems using concur-
rent and per-core schemes. uFS [22] is a semi-microkernel
file system that scales through partitioned data structures and
inode migration. ScaleCache [29] is a scalable page cache
that provides concurrent XArray and direct page flushing.
Our work aligns with these studies on scaling file and storage
systems [6, 13, 14, 22, 28, 29]. However, unlike these studies,
DeLFS targets LFSs and introduces a decentralized manage-
ment and locking approach that eliminates centralized bottle-
necks while accelerating both normal I/O and GC I/O paths.
Scalable LFSs: MAX [21] scales in-memory data-structure
access and provides a concurrency-friendly on-disk format,
but still limits parallelism. During flushing, MAX selects an
mlog cell in a round-robin manner, searches a shared free
bitmap, and sends data to the corresponding mlog. This one-
to-all allocation model and shared metadata still incur high
lock contention. F2FSJ [9] introduces an ordered-journal
mode for F2FS to reduce checkpointing time by journaling
metadata. Unlike F2FSJ, DeLFS targets data-intensive work-
loads where checkpoint overhead is relatively small; integrat-
ing F2FSJ-like journaling into DeLFS for metadata-intensive
workloads remains future work. ScaleLFS [11] scales garbage

collection with parallel GC and concurrent victim selection.
In contrast, DeLFS decentralizes and localizes GC while re-
ducing lock contention on the normal I/O path. As a result,
DeLFS further improves sustained performance. In summary,
our work is inspired by these designs and shares the goal
of improving scalability, but DeLFS holistically decentralizes
metadata and data management and employs decentralized,
decoupled locking to scale on many-core systems.

7 Conclusion
We present DeLFS, a decentralized log-structured file system
that overcomes the scalability limitations of existing LFSs
and scales I/O performance on manycores. DeLFS holistically
decentralizes metadata/data organization and management
into per-core domains with a novel decentralized locking
scheme. Furthermore, DeLFS disentangles the critical path
from the deferrable path to further increase concurrency. Our
evaluations show that DeLFS achieves up to 4.34×, 4.29×,
4.10×, and 4.50× higher throughput compared with F2FS,
MAX, ScaleLFS, and F2FSJ, respectively.
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