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Abstract

In this work, we propose a mechanism to free the log-
structured filesystem from running the garbage collection. We
exploit the garbage collection functionality of the underlying
flash storage to reclaim the invalid sections in the filesys-
tem partition. We call it a Log-structured Filesystem with
Device-Driven Garbage Collection, D2FS. D2FS consists of
three key ingredients: Coupled Garbage Collection, Migra-
tion Upcall, and Virtual Overprovisioning. Coupled Garbage
Collection consolidates the valid flash pages at the storage
device and remaps the migrated flash pages to new filesystem
locations so that the valid pages are clustered not only phys-
ically but also logically. Migration Upcall asynchronously
notifies the host about the file mappings updated by the Cou-
pled Garbage Collection, minimizing interference with the
foreground filesystem operations. Virtual Overprovisioning
separates the size of the filesystem partition from the physical
capacity of the associated storage partition and sets the size
of the filesystem partition larger than the physical storage
partition. Virtual overprovisioning ensures that FTL runs the
device-level garbage collection on time so that the filesystem
partition never runs out of free sections. By integrating these
techniques, we save the log-structured filesystem from the
garbage collection overhead, a primary obstacle hindering
its widespread adoption in production environments. D2FS
outperforms F2FS by 3 x (FIO), zoned F2FS by 1.7x (FI0),
and IPLFS by 1.5x (MySQL YCSB-F).

1 Introduction and Summary

In many storage media, e.g. Flash, Shingled Magnetic
Recording (SMR), and even DRAM, placing data consecu-
tively is much faster than placing each of them apart. Aligned
with this characteristic, numerous studies have proposed stor-
ing the data in a log-structured manner. They include log-
structured filesystem [45,46,64,66] and log-structured merge-
tree based key-value store [19,20,61,78,81].

Despite its promising characteristics, the log-structured
filesystem suffers from critical drawback: the overhead of
reclaiming the invalid filesystem blocks, the garbage collec-
tion overhead. The garbage collection involves suspending
incoming write requests [5], and updating and checkpointing
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Figure 1: Performance Overhead of Garbage Collection;
filesystem-level garbage collection vs. device-level garbage
collection (Samsung 970 Pro [74])

the filesystem state [3], rendering a significant performance
drop and an excessive tail latency.

Numerous works were proposed to mitigate the garbage
collection overhead. They include performing the garbage
collection in a pre-emptible manner [82] or during idle periods
[18,54], clustering the filesystem blocks with similar lifespans
in the same section' [46,56,75], offloading consolidation of
valid filesystem blocks to the storage [28], or exporting an
excessively large filesystem partition to avoid running out of
free sections [40]. All of these works have pros and cons and
leave substantial room for improvement. Fully pre-emptible
garbage collection is practically impossible [42]. Predicting
the filesystem idle period is error-prone [18,59]. Exporting a
very large filesystem partition [40] requires the FTL to handle
prohibitively large LBA space, leading to excessive memory
pressure and complexity in the L2P mapping design.

Modern flash storage performs device-level garbage col-
lection to reclaim invalid flash pages. When a log-structured
filesystem runs on top of flash storage, both the filesystem
and the underlying storage perform their own garbage collec-
tion routines in an uncoordinated manner, increasing write
amplification and degrading the system performance [80]. To
mitigate this redundant garbage collection overhead, some
works involve performing garbage collection solely on the
host [16, 17,49, 58]. In this approach, the host is fully re-
sponsible for reclaiming invalid flash blocks, so device-level
garbage collection is eliminated. However, this approach is
not free from costly filesystem garbage collection overhead,

!n this paper, we refer to the garbage collection unit of a log-structured
filesystem as a section.

USENIX Association

23rd USENIX Conference on File and Storage Technologies 337



such as checkpoint overhead, and user request suspension.

We examine the overhead of filesystem-level and device-
level garbage collections (Fig. 1). We create 256 GByte stor-
age partition on 512 GByte SSD. For filesystem-level garbage
collection test, we format the storage partition with stock
F2FS and fill 70% of the partition with a single file. Then,
we perform random write [13] on the file. We leave non-
partitioned storage space empty. The filesystem runs garbage
collection when the storage partition is full. Since the storage
device still has free space left, it does not run garbage collec-
tion. For device-level garbage collection test, we fill 70% of
the 256 GByte storage partition with data. We also fill the non-
partitioned storage space with dummy data. We mount the
storage partition as a raw device and perform random write
on the data in the storage partition. When the device runs out
of free flash pages, it triggers garbage collection. We observe
that both filesystem-level and device-level garbage collec-
tions degrade the application performance (Fig. 1). However,
filesystem-level garbage collection has a more drastic impact,
lowering benchmark throughput to % Device-level garbage
collection reduces the performance by up to 20%.

In this work, we revisit the issue of addressing the garbage
collection overhead in the log-structured filesystem. The es-
sential idea is simple; the storage device reclaims the free sec-
tions at the filesystem on behalf of the filesystem with minimal
interference to the foreground filesystem activity. We exploit
the garbage collection mechanism of the underlying storage
in reclaiming the free sections at the log-structured filesystem.
Our work distinguishes itself from the earlier works in that
we delegate the garbage collection from the filesystem to the
storage device, not vice versa.

We need to address three technical challenges in realiz-
ing device-driven filesystem-level garbage collection. First
is filemap update. The storage device should be able to up-
date the logical block address (LBA) of the consolidated flash
page and seamlessly synchronize it with the host. The sec-
ond is the lightweight device-host interface. The storage de-
vice should be able to inform the host about the updated
LBA without significant IO communication overhead. Third
is the timely activation of the device-level garbage collec-
tion. Before the filesystem runs out of the free sections, the
device-level garbage collection should timely reclaim the free
sections on filesystem. We address these challenges through
the following key technical ingredients; Coupled Garbage
Collection, Migration Upcall, and Virtual Overprovisioning.

In Coupled Garbage Collection, the device-level garbage
collection not only consolidates the valid flash pages but also
remaps them to the new filesystem location. Coupled Garbage
Collection consolidates the valid filesystem blocks without
physically copying them to the new locations.

With Migration Upcall, the storage device piggybacks the
event notification about updated LBAs onto the other IO com-
pletion signal sent to the host, thereby avoiding the need for
dedicated polling or interrupt to notify LBA updates. Migra-

tion Upcall neither consumes host CPU cycles nor requires
defining a new interrupt.

In Virtual Overprovisioning, we separate the filesystem
partition size from the underlying storage device capacity. By
virtually expanding the filesystem partition, we ensure that
the storage device runs garbage collection and reclaims free
sections before the filesystem runs out of free sections.

Combining these, we present D2FS, a log-structured filesys-
tem with device-driven filesystem garbage collection. It is a
variant of F2FS. The contributions of our work are as follows.

* We free the host CPU from the overhead of running garbage
collection. We achieve this by orchestrating the existing
IO stack features, e.g. device garbage collection, filesys-
tem overprovisioning, and the NVMe interface, without
introducing significant changes to the IO stack design.

* We discover that by employing a moderate degree of virtual
overprovisioning, such as 2.4, the device-level garbage col-
lection can seamlessly supply free sections to the filesystem.
This finding highlights that we can eliminate filesystem-
level garbage collection without requiring an excessively
overprovisioned filesystem partition by leveraging device-
driven filesystem garbage collection.

* We show that by piggybacking the notification signal to
the other IO completion signal from the device to the host,
the storage device can deliver the updated file mapping
information to the host without relying on host-centric
event detection mechanisms such as interrupt and polling.

Eliminating the filesystem-level garbage collection, D2FS
outperforms F2FS by 3, IPLFS [40] by 1.5x (YCSB-F), and
F2FS ported on ZNS SSD [4] by 1.7x (FIO). D2FS reduces
device memory pressure by ﬁ compared to IPLFS.

2 Background
2.1 Flash Storage

Flash storage has three operations; read, write (program)
and erase, and it defines three corresponding units; page,
block, and superblock. A flash page is the write unit, typ-
ically ranging from 4 to 64 KByte. A flash block is the erase
unit, consisting of 512 to 1024 pages depending on the SSD
design. Modern SSD controllers employ multiple levels of
parallelism, including at the channel, way, and chip levels. A
superpage and superblock are a group of flash pages and a
group of flash blocks that are at the same offset within the
chips across different ways and channels [27,55,72,77], re-
spectively. SSD controller uses a superpage and a superblock
as a unit of write (program) and a unit of garbage collection
to exploit the internal parallelism, respectively.

Flash Translation Layer (FTL) is a software layer within
SSD. FTL is responsible for logical-to-physical address (L.2P)
mapping, garbage collection, and wear-leveling. When there
runs out of free flash blocks, FTL performs device-level
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garbage collection; it selects a victim block based upon
its victim selection policy [36, 52, 70], copies valid pages
in the victim block to the destination free block, and then
erases the victim block to reclaim it. Often, recent SSD per-
forms device-level garbage collection at superblock granu-
larity [27,77]. Flash storage defines Discard command (or
TRIM command) [69]. Discard command informs the storage
about the filesystem blocks that are no longer in use. Discard
command prevents FTL from blindly migrating invalid file
blocks during device-level garbage collection [8, 16,40, 63].

2.2 Log-structured Filesystem

The log-structured filesystem is an append-only filesystem
initially developed to mitigate the seek overhead in accessing
data and associated metadata in HDDs [64, 66]. It partitions
the entire filesystem into a sequence of fixed-size units, called
segments. A segment is a set of filesystem blocks that are al-
located and written together to the storage device [46,64,66].
When the log-structured filesystem runs out of free segments,
it consolidates the valid file blocks to the new segments, and
reclaims the old segments. We call this activity garbage col-
lection. Early log-structured filesystems [64] use the segment
as a unit for both flush and garbage collection. A recent log-
structured filesystem for flash storage, F2FS [46], separates
the garbage collection unit from the allocation unit (or unit of
flush, equivalently). F2FS defines the garbage collection unit
as a section. A section is a set of one or more segments.

The separation of sections and segments in F2FS is an
important and wise design decision. To minimize write ampli-
fication in reclaiming the free filesystem space, the filesystem
needs to align its garbage collection unit size with the device-
level garbage collection unit size. The segment size of F2FS,
2 MByte, is deeply embedded in its design. Changing the 2
MByte segment size in F2FS is practically infeasible since
one needs to overhaul the entire filesystem design. The size of
the device-level garbage collection unit varies across devices.
Instead of blindly using 2 MByte segment as the garbage
collection unit, F2FS introduces a new notion, a section. The
section size can be configured to match the garbage collection
unit size of the underlying device.

The filesystem-level garbage collection is expensive. Dur-
ing the garbage collection, the filesystem acquires an exclu-
sive lock [5], suspends all operations that update the filesys-
tem state, e.g. write(), unlink, create(), etc. Before and
after the garbage collection, the filesystem checkpoints its
states to the storage. This is to ensure the crash consistency
of the garbage collection.

2.3 Addressing Garbage Collection Overhead

We categorize the existing efforts for addressing the
garbage collection overhead into two: algorithmic improve-
ment and framework redesign.

Algoritmic Improvement. The most common approach is
to cluster the file blocks with similar lifespans at the same
section [56]. The lifespan can be estimated by using the file
extension [46], by using the hint from user [43, 62], or by
using the update frequency [75]. Some works proposed to
perform the garbage collection during the idle period [18,
54, 59]. Numerous works proposed to alleviate the device-
level garbage collection overhead. They include exploiting
the SSD’s internal parallelism [68], coordinating a flash array
to hide the garbage collection overhead [38, 50], and making
the garbage collection pre-emptible [42,48].

Framework Design. A few studies proposed that the host
filesystem directly consolidates the valid flash pages at the
storage device, eliminating the device-level garbage collection
overhead [17,49,58,82,83]. This requires the storage device to
expose its internal geometry to the host, which most vendors
are reluctant to do. Another approach is to use append-only
block devices like zoned namespace (ZNS) SSDs [16,28,57].
ZNS SSD organizes its partition as a set of zones. A zone is an
array of consecutive flash pages, which can be written only in
append-only manner. A zone is invalidated and reclaimed as
a single unit. ZNS SSD is free from device-level garbage col-
lection, but it passes the garbage collection to the application,
complicating the application design. IPLFS [40] takes the
opposite approach; it removes the garbage collection from the
filesystem and offloads it to the storage device. IPLFS defines
an extremely large, e.g. ZByte, filesystem partition so that
the filesystem never runs out of free sections during the SSD
lifespan. At the exchange, the underlying flash storage needs
to handle prohibitively large LBA space in its L2P mapping.

2.4 Device-Managed Filesystem Partition

In modern Operating System design, the host filesystem is
solely responsible for managing the the filesystem partition.
Recently, a few works proposed to endow storage device
with a limited capability to manage the filesystem partition.
In Range Write [11], the filesystem sends a set of LBAs
along with the write command to the disk. The disk selects
one of the offered LBAs and returns its choice to the host
after servicing the write command. In Nameless Write [84],
a host dispatches the write command to the storage without
specifying a destination LBA. The device selects the location
to place the data block, services the write request, and returns
the LBA of the selected location to the host.

An NVMe specification standardizes the concept of device-
managed filesystem partition [32]. In ZNS interface [16],
zone_append command [15] specifies only zone id when it
writes the data block to the storage. Then, the storage device
determines the location of the data block within the designated
zone, and returns the offset in a zone to the host. Several
works exploit the zone_append command to optimize the
key-value store [47], RAID [44], and swap subsystem [14].

Our work shares the same philosophy of allowing the de-
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Figure 2: Filesystem-level garbage collection, Device-level garbage collection and Coupled Garbage Collection

vice to manage the filesystem partition with other works. We
allow the storage device to allocate the free blocks at the
filesystem partition and to update the filemap.

3 Design Principle

We exploit the garbage collection mechanism of the flash
storage to reclaim the free sections at the filesystem parti-
tion. Our approach consists of three key technical ingredients:
Device-Driven filemap management, Device-Host interface,
and Timely garbage collection.

* Device-Driven Filemap Management. For the storage
device to consolidate the valid filesystem blocks, the de-
vice firmware needs to modify the LBA of the physical
block and update the associated filemap at the host. The
storage device needs to seamlessly update the filemap of
the filesystem without interfering with ongoing filesystem
activities.

* Device-Centric 10 Interface. The device needs to inform
the host about the updated filesystem state with minimum
interference. Legacy IO interface is host-centric. Both in-
terrupt and polling are designed to capture the event pre-
defined by the host. We carefully argue that they do not
well suit for informing the host about the device-initiated
activity such as device-level garbage collection.

¢ Timely Activation of the Garbage Collection. The stor-
age device needs to run garbage collection on time so that
it can provide the free sections to the filesystem without
any interruption. We need to align the timing to run the
device-level garbage collection with the availability of the
free sections in the filesystem partition.

For device-driven filemap management, we develop Cou-
pled Garbage Collection. For device-driven IO interface, we
develop Migration Upcall. For timely synchronization of the
garbage collection, we propose Virtual Overprovisioning. We
will explain these three techniques in the following sections.

4 Coupled Garbage Collection

4.1 A Concept

Coupled Garbage Collection (CGC) is device-level garbage
collection that reclaims not only the free blocks at the flash
storage but also the free sections at the filesystem. Determin-
ing the physical location of a given filesystem block consists
of two mapping layers; (i) from a file block ([fd, offset]) to an
LBA and (ii) from an LBA to a physical page address in the
flash storage (PPA). We call the former and the latter as F2L
mapping and L2P mapping, respectively. For F2L. mapping,
the filesystem navigates through the one or more indirect
blocks (or index blocks) to find the LBA of a given file block.
The data structure associated with identifying the LBA of a
given file block ([fd, offset]) is called filemap.

[fd,offset] 725 LBA 225 PPA (1)

In legacy IO stack, F2L mapping and L2P mapping are ex-
clusively managed by the host filesystem and the device FTL,
respectively. Fig. 2 illustrates the concept of filesystem-level
garbage collection and device-level garbage collection. In the
original layout (Fig. 2a), there are four sections in the filesys-
tem partition and four flash blocks at the storage partition.
Fig. 2b illustrates the filesystem state after filesystem-level
garbage collection runs. The three sections are reclaimed at
the filesystem partition. The victim blocks are relocated to the
new filesystem location. Filesystem-level garbage collection
updates F2L mapping. The L2P mapping remains unchanged.

Fig. 2c illustrates the filesystem state and storage system
state after the device-level garbage collection runs. Device-
level garbage collection places the valid flash pages at the new
flash block. It updates the L2P mapping. Two flash blocks are
reclaimed as a result of running device-level garbage collec-
tion. Here, the F2L mapping remains unchanged.

Coupled Garbage Collection updates both F2L. mapping
and L2P mapping. After CGC migrates the victim flash pages
to the new flash block, CGC updates not only the associated
mapping table entry at the storage device but also the LBA of
the victim flash page. We call the CGC'’s activity of updating
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the logical block address of the victim flash page as remap.
Fig. 2d illustrates the filesystem state and storage state after
CGC runs. With CGC, FTL frees two flash blocks and three
filesystem sections. CGC migrates the victim flash pages and
updates their LBAs. CGC ensures that the victim flash pages
are clustered not only physically, i.e. at the same flash block,
but also logically, i.e. at the same section at the filesystem
partition. It reclaims the free filesystem sections without any
data traffic between the host and the storage device.

Coupled Garbage Collection consists of three key ingre-
dients: Block Associative Mapping, Consolidation of Valid
blocks and F2L mapping Synchronization.

4.2 Block Associative Mapping

We develop Block Associative Mapping. For L2P mapping,
we use block mapping [39]. Unlike legacy block mapping, our
FTL allows the valid flash pages in the victim flash block to
be placed anywhere in the target flash block. The block offset
can change when a flash page is migrated to the target flash
block. This mechanism is called Block Associative Migration.
We call this L2P mapping scheme as Block Mapping with
Block Associative Migration, Block Associative Mapping,
for short. The key idea of Block Associative Mapping has
been around for several decades. It has been widely used in
managing the CPU cache, e.g. set-associative cache [9, 67],
or the main memory, e.g. virtual memory [10, 37].

To preserve the invariant of the Block Mapping, we develop
a mechanism, remap. In remap, if a flash page is migrated to
the new flash block, the FTL updates the LBA of the victim
flash page to a new one. With remap, the original content that
was placed at LBA L and associated physical address P is
migrated to the new LBA L' and new physical location P’.
Let us provide an example. Assume there are two filesystem
sections, starting at LBA 100 and LBA 200, respectively. For
convenience, we refer to the flash block mapped to the former
section as block o and the latter as block . A flash page in
block o with LBA 108 is migrated to block B, changing its
block offset from 8 to 1. Then, the LBA of the migrated flash
page is updated from 108 to 201.

A fair number of works have been proposed to have the
filesystem to manage device’s L2P mapping [17,49,58]. Block
Associative Mapping proposes the opposite way; the storage
device manages the host’s F2L mapping.

4.3 Consolidating Valid Flash Pages

Consolidating the valid flash pages consists of three phases:
(1) victim block selection, (ii) valid page copy and (iii) remap.
The first phase, victim block selection, uses the same mech-
anism as the existing device-level garbage collection in se-
lecting the victim blocks, e.g. greedy method [36], age pol-
icy [70], cost-benefit policy [64], and time window [25]. CGC
currently uses the greedy method for victim selection.

Regular
Region Lo

GC {L
Region

@ Victim Selection

lock Associative
Migration

Figure 3: Coupled Garbage Collection. (Ly: victim section,
L: target section)

The second phase is Block Associative Migration. The FTL
allocates a free flash block as a destination and sequentially
places the valid flash pages in the victim block to the desti-
nation. The offsets of the valid flash pages can change after
they are migrated to the destination.

The third phase is Remap. CGC allocates a free entry in
the mapping table and maps the destination flash block to
the newly found mapping table entry. In allocating the new
mapping table entry, the storage device may conflict with the
host’s filesystem. To prohibit the CGC from interfering with
the host, we reserve a small region in the filesystem partition
exclusively for CGC’s use. We call this region as garbage
collection region. CGC is allowed to allocate the mapping ta-
ble entries associated with only the garbage collection region.
Fig. 3 illustrates an example. CGC migrates the valid flash
pages at the victim flash block, Ly, to the destination flash
block. The block offset of the flash page changes when it is
migrated to the destination flash block. When the valid pages
are migrated to the new location, the destination block is as-
signed a mapping table entry, L;, from the garbage collection
region. The victim block Ly is discarded.

The key of CGC is remap. Through remap, CGC integrates
the filesystem-level garbage collection with the device-level
garbage collection; it consolidates the valid filesystem blocks
via migrating the valid flash pages to the new locations and
remapping them to the new LBAs.

4.4 Synchronizing Updated LBAs to the Host

When the storage device updates the LBA of the migrated
flash page, the storage device creates the record, <old LBA,
new LBA>. It denotes the old LBA and the new LBA of the
remapped page, respectively. We call it a migration record.
The storage device sends all or a subset of the outstanding
migration records to the host in a batched manner. When the
host receives the migration records from the device, the host
filesystem updates its F2L. mapping accordingly. A migration
record at the storage device can be in one of the three states:
buffered, in-flight, and synced. The migration record is in
buffered state from its creation until it is sent to the host. The
migration record is in in-flight state from when it is sent to
the host until the storage device is informed by the host that
the filesystem state has been properly updated. The migration
record enters the synced state when the storage device is
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notified that the host has updated the filesystem state properly.
The host updates the filemap based upon the migration record
which it has received from the storage device. When the
host finishes updating the filesystem state with respect to the
migration record, the host notifies it to the storage device.
There is a non-zero time interval between when the storage
device remaps the flash pages and when the host filesystem
updates the filemap based upon the migration records sent by
the storage device. During this time interval, the filesystem
state at the host and the filesystem state at the device are
inconsistent. Read (or discard) command from the host may
access the obsolete LBA whose page has been migrated to
the new LBA by the storage device. To avoid the filesystem
from reading or discarding an obsolete LBA, we develop
read-redirect and discard-redirect. When the read (or discard)
finds that the mapping table entry of the data block it needs to
access is NULL, the FTL looks up the outstanding migration
records. If it finds that the data block is migrated to the new
location, it redirects the read (or discard) to the new location.
The FTL recycles the mapping table entry only after it
ensures that the F2LL mapping at the host has been updated
with respect to the migration record. It is guaranteed that if
an incoming read request finds that the mapping table en-
try is NON-NULL, the mapping is consistent with the host
filesystem. For example, assume that the host issues a read
command at LBA 0x000101. The storage device has mi-
grated the flash page and updated its LBA from 0x000101 to
0x800101. The FTL finds that the mapping table entry for
the LBA 0x000101 is NULL and that there is a migration
record <0x000101, 0x800101>. Referring to the migration
record, the FTL redirects read command to 8x800101.

S Migration Upcall
5.1 A Concept

We develop an upcall [12] like mechanism to deliver the
migration records from the storage device to the host. We call
it a Migration Upcall. The existing IO interface mechanisms,
interrupt and polling, are host-centric. They leave substantial
room for improvement in informing the host about the device-
initiated activity such as Coupled Garbage Collection. Using
polling can waste host CPU cycles and can affect the fore-
ground application performance. Using the interrupt mecha-
nism for notifying the host about the migration activity is also
non-trivial. Adding a new interrupt for Migration Upcall in-
volves defining a new interrupt, modifying an interrupt vector
table, and writing a new interrupt handler, if we are lucky to
find an unused interrupt number available. Migration Upcall
is a device-centric 10 interface mechanism (Fig. 4). Migration
upcall is carefully designed to minimize any changes in the
existing 10 stack. Migration upcall does not introduce any
new data structures, interrupt handlers nor new interfaces.

Migration Upcall consists of an upcall ID, an array of mi-
gration records, and the number of migration records. The

Host [IO Corr|1mand Comeletion} [

@
Device i% ------------

1/0 Command

Migration Upcall

Figure 4: IO Command vs. Migration Upcall. (SQ: Submis-
sion Queue, CQ: Completion Queue)

control flow of the Migration Upcall is opposite to the control
flow of IO command in the legacy 10 stack. In Migration
Upcall, the device submits an upcall to the host. The host
processes it. Then, the host informs the storage device when
it finishes servicing the upcall.

We define Migration Upcall based upon the existing NVMe
standard. Migration upcall uses the command data structure
of NVMe [31]. Migration Upcall uses NVMe queue pair
(submission queue and completion queue) to send and receive
the migration records to and from the host, respectively. We
call it a Migration Queue pair. In submitting an upcall to the
host, the storage device places the upcall at the SQ of the
migration queue pair and notifies the host that the upcall is
ready (Fig. 4). When the host finishes processing the upcall,
it places a completion signal at the CQ of the migration queue
and rings a doorbell.

5.2 Upcall Piggybacking

The storage device needs to signal the host when it places
an upcall at the migration SQ. We do not use interrupt nor
polling in signaling the host about the upcall. We develop a
new mechanism to inform the host that the upcall is ready
at the SQ, Upcall Piggybacking. In Upcall Piggybacking,
the storage device piggybacks the upcall notification on the
NVMe command completion signal [31]. In the legacy NVMe
interface, the 10 device places the command completion sig-
nal at the CQ when it finishes servicing the command.

When the storage device places the upcall at the migration
SQ, it looks for any command completion signal to be sent to
the host. When there is one, the storage device sets the newly
defined UPCALL flag at the command completion signal that
is going to be sent to the host. When the NVMe device driver
at the host finds the UPCALL flag at the incoming completion
signal, the device driver wakes up the upcall handler. The up-
call handler removes the migration upcall from the migration
SQ and services it.

With Upcall Piggybacking, the storage device can signal
the host about the migration upcall without significant inter-
ference on the host. Despite piggybacking, we do not find
any significant delay in delivering the migration records to
the host. This is because the device-level garbage collection
is triggered mostly (if not all) when there exist the frequent

342 23rd USENIX Conference on File and Storage Technologies

USENIX Association



File Mapping 1 '
. "L W @
8 — 1 —] Checkpoint| e—]
3 — [ =
K : L i :
w | 1 (@ Update F2L 1 (® Place
[7]
L) ! ﬁ-- Mapping ----:-----@-Completion -----
§e¢[ D=2 .S @ [mD=2 ]~.5Q, ca
F 2 [<Lo-Lo>|l @Signal <Lg.Lo> @' D=2 @
.98 }<L1,.L1> }/, Upcall <Ly y_L'1> Y : -
= L ':;> . ! | ® Upcall
—<2 @ Place Upcall — } Completion
o [ | —
< <Ly, L'o>Buffered | 1 (<Lg,Lip>1 Infight) 1
2 <Ly, L's> | Buffered 1{i<Ly, L'y>] Inflight | 1
L1 H | I SO — H 1
P : ; ; H
> <Ly, L'y> Buffered : <Ly, L'y> Buffered :
a
S
&a Migration Records : : Time
t7 : Submit Upcall : Fflz i'\lAJPda}e : t3: Complete Upcall
ile Mapping

Figure 5: Synchronizing the F2L mapping through Migration
Upcall (L: old LBA, L": new LBA); Checkpoint(®) makes up-
dated F2L mapping persistent. Then, the filesystem completes
the checkpointed upcall (®).

write requests from the host. There is no lack of IO commands
to piggyback the migration records when the storage device
needs to send the migration records. In the current implemen-
tation of D2FS, a single migration upcall can carry up to 256
migration records.

Fig. 5 illustrates the process of handling Migration Up-
call. The device inserts the upcall at the SQ of Migration
Queue (step @). Then, by Upcall Piggybacking, the device
informs the host that the upcall is ready (step @).

5.3 Handling a Migration Upcall

Handling a Migration Upcall consists of three tasks: (i) Up-
date the filesystem state with respect to the migration records,
(i1) Checkpoint the migration records that are reflected to the
filesystem, and (iii) Notify the storage about the completed
migration upcalls. We allocate a dedicated thread for handling
the migration upcalls. Unless noted otherwise, the description
here is based upon F2FS.

Filesystem Update. The upcall handler reads the migration
upcall from the SQ of the migration queue and extracts the
migration records from the migration upcall. For each mi-
gration record, the upcall handler updates the file mapping,
block bitmap and reverse mapping (step @ in Fig. 5). Block
bitmap (segment information table in F2FS) is a data structure
to keep track of the allocation status of the blocks in a seg-
ment. Reverse mapping (segment summary area in F2FS) is a
data structure to store the owner information of the filesystem
block, such as the inode ID and the file offset of the associ-
ated filesystem block. The upcall handler repeats updating
the filemap, block bitmap, and reverse mapping information
for each migration record in the migration upcall. The upcall
handler locates the filemap for the old LBA and updates it
to refer to the new LBA. Then, the upcall handler updates

the block bitmaps and the reverse mappings of an old and
anew LBA. The upcall handler also updates the number of
valid blocks in the sections associated with old LBA and new
LBA of the migration record, respectively. The upcall handler
may find that the old LBA of the migration record is invalid.
This can happen if the file block is invalidated, e.g. unlink ()
while the migration record is in transit. If the old LBA of
the migration record is invalid, the upcall handler marks it as
serviced without updating the filesystem state.

Filesystem Checkpoint. D2FS checkpoints its state under
the same condition as F2FS does. D2FS executes the check-
point when the number of dirty metadata entries or the number
of the invalid sections reach a certain threshold [1] (step @
in Fig. 5). Migration Upcall is failure-atomic and yet pre-
emptive. The filesystem checkpoint routine can preempt the
upcall handler and can store the partially updated filesystem
state. Migration upcall ensures the failure-atomicity with two
key technical ingredients. First, D2FS processes the migra-
tion records in the order in which they are created. D2FS
stores the (record id, upcall id) of the latest migration record
which it has processed at the checkpoint pack. Second, D2FS
processes a single migration record in failure-atomic manner.
The upcall handler disables the checkpoint routine when it
processes a migration record. The upcall handler acquires a
shared lock on a global rwsemaphore [2] so that it blocks
the checkpoint and yet it allows the other threads to use the
filesystem service.

Notify the Upcall Completion. The migration upcall is said
to be completed if all of its migration records are reflected
at the filesystem and the updated filesystem state is check-
pointed. When the checkpoint completes, the completion
thread notifies the storage device about the completed mi-
gration upcalls (step ® and ® in Fig. 5). The completion
thread places the completion signal that contains the ids of
completed upcalls at the CQ of the migration queue. Then it
rings a doorbell. When the storage device receives the comple-
tion signal, it changes the state of the migration records in the
completed migration upcalls from in-flight to synced. The mi-
gration records at synced state are deallocated asynchronously
by the storage FTL (step @).

Preserving the Order. The filesystem should process the
migration records in order. A flash page may be migrated
multiple times by CGC and the storage device can send the
associated migration records as a single batch. For the con-
sistency of the filesystem state, the upcall handler services
the migration records in a migration upcall in the order in
which CGC performs the associated migration. To this end,
the storage device places the migration records at the migra-
tion upcall object sequentially with respect to the order in
which the migration records are created. The storage device
inserts the migration upcall at the SQ of the single migration
queue in the order the migration upcalls are created. At the
host side, the filesystem receives the migration upcalls in the
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order the migration upcalls arrive at the SQ. For each migra-
tion upcall, the filesystem processes the migration records
one by one by scanning the array of migration records in it.

6 Virtual Overprovisioning
6.1 A Concept

Coupled Garbage Collection should reclaim the free flash
blocks on time so that the filesystem can be supplied with
the free sections without any interruption. Our approach to
achieve this objective is simple and yet effective. We separate
the size of the filesystem partition from the capacity of the
underlying storage [33,40]. We make the filesystem partition
size sufficiently larger than the capacity of the underlying
storage so that the storage runs out of free blocks before the
filesystem runs out of free sections. This ensures that the
CGC runs and reclaims the free sections for the filesystem
before the filesystem runs out of free sections. We call this
technique Virtual Overprovisioning. We use the term "virtual"
since the overprovisioned space does not physically exist.
The ratio of the filesystem partition size to the storage device
capacity is referred to as the virtual overprovisioning degree,
p,. For example, for 2 TByte virtual partition on 1 TByte
storage, p, is 2. Fig. 6 illustrates the virtual overprovisioning.
The filesystem runs out of free sections less frequently as its
partition size gets larger. IPLFS [40] is an extreme form of
virtual overprovisioning. IPLFS’s filesystem partition size is
fixed to 8 ZByte. For 1 TByte storage, p, is of 23% in IPLFS.

D2FS uses the best-effort policy in issuing the discard com-
mand to the storage device unlike the existing filesystems.
When using virtual overprovisioning, it is important to inform
the storage device about invalid filesystem blocks as early
as possible. In virtual overprovisioning, the filesystem uti-
lization is represented by the number of valid blocks in its
partition. As a result, the storage device can run out of free
flash blocks while the filesystem is not full. We call this situa-
tion a free section fault. A free section fault occurs because
the filesystem does not inform the invalid filesystem blocks
on time and because there is no invalid flash pages for the
storage device to reclaim. If the free section fault occurs, the
storage device cannot start reclaiming the free flash blocks
until the filesystem informs the storage device about the in-
validated filesystem blocks. To prevent the free section fault,
the filesystem needs to inform the storage device about the
invalid filesystem blocks as early as possible.

filema =
P Loto L'y [ o Lo =
r?gion Regular GC i Regular | GC ! Regular | GC
e ‘ !
P B0 |G- B0 | RO B

Figure 7: Updating file block on garbage collection region

Via a small degree of virtual overprovisioning combined
with the Coupled Garbage Collection, we save the log-
structured filesystem from the garbage collection.

6.2 Garbage Collection Region

In D2FS, not only the filesystem but also the storage device
can allocate the LBA from the filesystem partition. We devise
a mechanism to prohibit the storage device from conflicting
with the filesystem in allocating LBA. We set aside a region
in the filesystem partition and have this region exclusively
allocated by the storage device. We call this region garbage
collection region. We call it the garbage collection region
since this region is used by the Coupled Garbage Collection
to allocate the LBA for the destination flash block. To dis-
tinguish the rest of the filesystem partition from the garbage
collection region, we refer to the rest of the filesystem par-
tition as regular region. The filesystem can read, update, or
discard the file blocks in the garbage collection region, but
it cannot allocate the LBA from the garbage collection re-
gion. When the file block in the garbage collection region
is updated, the updated content is allocated from the regular
region. Fig. 7 illustrates this situation. The file block at LBA
Ly in the garbage collection region is updated. The updated
content is written to LBA L{, from the regular region. The
LBA for the updated file block is changed from Ly to L;,. The
filesystem discards Ly so that the Coupled Garbage Collection
can recycle it later.

6.3 Filesystem Implementation

Coupled Garbage Collection, Migration Upcall and Virtual
Overprovisioning can be used in any log-structured filesystem.
Currently, we implement D2FS on F2FS. There are a few
implementation-specific issues that deserve attention.

Filesystem Organization. The D2FS partition consists of
two regions: the regular region and the garbage collection
region. Fig. 8 illustrates the filesystem organization. The reg-
ular region is divided into two areas: metadata area where the
filesystem stores metadata, and main area where the filesys-
tem logs file blocks. D2FS has the same metadata structure
as F2FS. Further interested readers are kindly referred to
[46]. The size of the entire filesystem partition corresponds
to py X (storage device capacity). The amount of blocks in
the garbage collection region cannot exceed the storage de-
vice capacity. We set the size of the garbage collection region
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equal to the storage device capacity. The size of the regular
region corresponds to (p, — 1) X (storage device capacity).

Immediate Discard. Existing filesystems, e.g. F2FS,
BTRFS, send the discard commands in batched manner
[46,63]. This is to prohibit the discard commands from in-
terfering with the latency-sensitive commands from the host,
e.g. read or flush [6, 7]. For example, F2FS dispatches the
discard command only when the 1O is idle. Unlike the exist-
ing approaches, D2FS dispatches the discard command right
after it invalidates the filesystem blocks. This is to invalidate
the flash pages that contain the invalid filesystem blocks as
early as possible. We carefully suspect that immediate discard
policy is not infeasible primarily because the overhead of
servicing a discard command becomes much lighter in recent
SSD products than before [8, 16,26,30,65].

Specifying Block Type in IO Command D2FS defines two
block types for the blocks in its filesystem partition; data
block and filemap block. In sending the write command to
the storage, D2FS specifies the block type using stream inter-
face [31,35]. Coupled Garbage Collection clusters the flash
pages of the same block type at the same flash block.

7 Crash Recovery

The system may crash when the filesystem is in the middle
of servicing the migration upcall. In this case, the partial
subset of migration records for the migration upcall may have
been made durable. D2FS ensures the failure-atomicity of
servicing a migration upcall using redo semantics; in the
filesystem recovery, D2FS recovers the outstanding migration
records for the migration upcall and replays them.

There are three key ingredients to make the migration up-
call failure-atomic. First, the outstanding migration records,
i.e. the migration records with buffered or in-flight state, are
protected under unexpected power failure. Commodity SSD
products adopt the various techniques to protect the state
of the storage device against the unexpected power failure,
e.g. using supercap [23] or spare area of flash page [34]. We
assume that the outstanding migration records in device’s
memory are protected by these techniques. Second, D2FS
guarantees the failure-atomicity for processing a single mi-

gration record. The filesystem disables the checkpoint when
it processes a migration record. Via disabling the checkpoint
during this period, the filesystem ensures that while process-
ing a migration record, the transient state of the filesystem is
not made durable and is not externally visible. Third is the
re-submission of the outstanding migration records. In crash
recovery, the recovery routine of the filesystem examines the
checkpoint pack to identify the most recently serviced migra-
tion record and instructs the storage device to re-submit the
outstanding migration records, i.e. the migration records that
are in in-flight state. When the host receives the migration
records from the storage device, it checks if the migration
record is not serviced. By processing the remaining outstand-
ing migration records for the migration upcall, the recovery
routine redoes the migration upcall.

8 Evaluation

8.1 Experiment Setup

We implement D2FS and block IO layer in Linux (v5.11.0).
We use F2FS [46] as our baseline filesystem. The total LoC
in the Linux kernel and the storage firmware is approximately
5.4K. We use a server (Intel Xeon, 2.10 GHz, 40 cores, 512
GByte DRAM) for our experiment. We use the SSD emulator
NVMeVirt [41] for our experiment. With this emulator, we
model Samsung 970 Pro [74] (8 channels, 16 chips, 16 KByte
flash pages, 2 MByte flash blocks, 32 MByte superblock, and
7% OVP ratio). We set the size of the emulated SSD to 256
GByte and limit the host main memory size to 64 GByte.

We compare D2FS with F2FS [46], zoned F2FS [4] , and
IPLFS [40]. Zoned F2FS is a version of F2FS ported on
ZNS SSD. The zone size is set to 32 MByte, the size of a
superblock used in the prior works [28,29]. IPLFS is the
latest log-structured filesystem without garbage collection
known to the public. IPLFS is paired with Interval Mapping
FTL [40], which maintains a space-efficient L2P mapping
structure for the extremely large filesystem partition. We
examine the following: the effect of virtual overprovision-
ing degree (§8.2), the effect of eliminating filesystem-level
garbage collection (§8.3 and §8.4), comparison between the
filesystem-level garbage collection and device-level garbage
collection (§8.5), and memory pressure (§8.6).

We use FIO [13], TPC-C [60], YCSB [22] workload A and
F, and Fileserver [73] benchmarks. In FIO, a single thread
performs 4 KByte random write on a 180 GByte file for 1200
secs. In TPC-C, we fill the disk with 60 GByte cold file and
perform database operation on 155 GByte MySQL DB. In
TPC-C, 15 threads run 1700 warehouses on MySQL DB for
1800 secs. In YCSB, we create 50 GByte cold file and 175
GByte MySQL DB, and 15 threads perform 10M operations
on 16M of 8 KByte records. YCSB-A consists of 20% read
and 80% update. YCSB-F consists of 20% read and 80% read-
modify-write. In Fileserver, 45,000 files are initially created
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Figure 9: Emulator Fidelity Test (FIO, zoned F2FS)

and each file size is 4 MByte in average (total 180 GByte).
Fifteen threads perform create, write (4 MByte), append (4
KByte), and delete on those files randomly for 400 secs.

We examine the fidelity of the SSD emulator [41] used in
this work. We compare the performance of the SSD emulator
against the real SSD product, Samsung 970 Pro, which it
emulates. We run FIO benchmark with zoned F2FS. Fig. 9
illustrates the result. We carefully believe that the emulator
renders reasonably accurate performance to the real device.

8.2 Virtual Overprovisioning Degree

We vary the virtual overprovisioning degree, and examine
the performance of each workload (Fig. 10). The filesystem
partition consists of the regular region and the garbage col-
lection region. We vary the virtual overprovisioning degree
of regular region, P eeuiqr- Recall that the size of garbage col-
lection region is set to the device capacity. When p,cguiqr is
less than 1.4, the filesystem occasionally runs out of the free
sections. The filesystem temporarily freezes free block allo-
cation until the CGC reclaims the free sections. With pegusar
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Figure 10: Performance with varying Virtual Overprovision-
ing Degree. (the value at Y-axis is normalized to the value at
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Figure 12: FIO Throughput (zF2FS: zoned F2FS)

of 1.4 or larger, CGC always leaves sufficient free sections in
the filesystem. In all subsequent experiments, we set Peguiar
to 1.4, resulting in the virtual overprovisioning degree of the
entire filesystem partition, p,, being 2.4.

We examine how CGC reclaims the free flash blocks and
how the filesystem utilization changes as CGC proceeds
(Fig. 11). We use FIO in this experiment. The filesystem
region utilization is the ratio of filesystem blocks that are not
free in the filesystem partition. From the beginning till the
CGC starts, the utilization of regular region increases to 70%.
At this point, the storage device runs out of the free flash pages
and it starts CGC. The CGC reallocates the valid filesystem
blocks from the regular region to the garbage collection re-
gion. The utilization of regular region decreases while that of
the garbage collection region increases. After 1000 seconds,
the utilization of each region reaches a steady state. This is
because CGC creates the free sections at the same rate at
which the free sections are consumed by FIO benchmark.

8.3 Throughput

FIO. We examine the throughput for each filesystem
(Fig. 12). In D2FS, the FIO throughput decreases by 30%
when the device starts to reclaim the free flash blocks. F2FS
is subject to the filesystem-level as well as the device-level
garbage collection. It renders 80% performance drop when
garbage collections start. Zoned F2FS renders 75% perfor-
mance drop when the garbage collection start. The perfor-
mance drop is slightly less severe since the device-level
garbage collection does not run. D2FS outperforms zoned
F2FS by about 1.7x. This is because D2FS is free from
expensive filesystem-level garbage collection. As same as
D2FS, IPLFS dispenses with filesystem-level garbage collec-
tion. However, D2FS outperforms IPLFS by about 15%. This
is because IPLFS suffers from larger FTL overhead [40]. FTL
in IPLFS periodically reorganizes the L2P mapping structure
to minimize the FTL memory footprint. This activity hinders
the FTL from servicing the incoming IO commands, reducing
the system performance. We observe that D2FS, IPLFS and
zoned F2FS exhibit similar WAF (about 1.4). The WAF of
F2FS is slightly higher, 1.5. We carefully suspect that F2FS
renders higher WAF since both the filesystem and the storage
device run garbage collection.

346 23rd USENIX Conference on File and Storage Technologies

USENIX Association



mm D2FS mm |PLFS mm zF2FS = F2FS

R ™~ @ @~
< ~ N N
© ©

o [Te) - O
JF ) . <
- 1o) N

Normalized
Throughput

TPC-C
(Tx/sec)

YCSB-A
(KOPS)

YCSB-F Fileserver
(KOPS) (KOPS)

Figure 13: Macrobenchmark: Throughput (Tx: Transaction)

Macrobenchmark. D2FS yields better performance than
the other filesystems in macrobenchmarks (Fig. 13). D2FS
outperforms zoned F2FS by up to 1.4x in TPC-C. IPLFS
shows lower performance compared to zoned F2FS in YCSB.
The Interval Mapping FTL of IPLFS periodically reorganizes
its L2P mapping table to reduce its size [40]. During this
compaction, the FTL pauses to handle incoming I/O com-
mands. In fsync-intensive YCSB workloads, the compaction
overhead directly impacts the user application, as it waits for
I/O operations to complete.

8.4 Latency

FIO. We examine the impact of eliminating the filesystem-
level garbage collection on the 4 KByte write latency (Fig. 14).
Eliminating the filesystem-level garbage collection brings
notable improvements in tail latency, which is crucial for
performance predictability [38, 50, 79]. D2FS reduces the
99.99th tail latency to % compared to zoned F2FS and F2FS.

Macrobenchmark. We measure the latency of each bench-
mark operation (TPC-C: Payment Transaction, YCSB: 8
KByte record update and read, Fileserver: 4 MByte write).
By eliminating the garbage collection from the filesystem,
the average and tail latency improves significantly (Fig. 15).
Compared to F2FS, D2FS reduces the average latency and
the tail latency at 99.95% up to % and ﬁ (YCSB-F update),
respectively. D2FS reduces average latency to about % (File-
server) and % (YCSB-F update) compared to zoned F2FS.
Compared to IPLFS, D2FS reduces the average latency and
tail latency at 99.95% up to % and % (YCSB-F), respectively.
This is because the flash storage in D2FS is free from the
compaction overhead of the Interval Mapping FTL.
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Figure 14: FIO: Latency
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8.5 Device-level GC vs. Filesystem-level GC

Both D2FS and zoned F2FS aim at mitigating the garbage
collection overhead in IO stack. However, their approaches lie
at the other end of the extreme; ZNS SSD removes the garbage
collection from the storage device, and D2FS removes it from
the host filesystem. We examine the latencies of reclaiming a
single filesystem section via the filesystem-level garbage col-
lection (zoned F2FS) and via device-level garbage collection
(D2FS) (Fig. 16), respectively. Unsurprisingly, the filesystem-
level garbage collection is much more expensive than the
device-level garbage collection in reclaiming a filesystem
section. The latency of filesystem-level garbage collection is
longer than that of device-level garbage collection by 3x -
10x in reclaiming a single section in the filesystem.
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E@ FS-write 3 Page-cach

= Meta
=@ Checkpoint

D 2z D Z D Z D z D 2z
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Figure 16: Garbage Collection Latency Breakdown on a sin-
gle 32 MByte superblock (Dev: Device, FS: Filesystem, D:
D2FS, Z: zoned F2FS), (Meta: read metadata, Page-cache:
allocate page cache, Filemap: traverse filemap blocks)
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Filesystem F2FS | IPLFS | zF2FS | D2FS
Memory (MByte) | 256.0 | 392.0 10.4 27.2

Table 1: FTL Memory Overhead in FIO (256 GByte SSD)

The latency of filesystem-level garbage collection deserves
a closer look. In filesystem-level garbage collection, the over-
head of allocating the page cache entry and the overhead of
navigating through the filemap blocks account for 60 % of
total garbage collection latency. Also, the overhead of dis-
patching write command to the storage device is significant,
upto 13 % (YCSB-F) even though they are asynchronous
write. On the other hand, the overhead of reading the valid
file blocks from the storage device accounts for only about 5
% of the garbage collection latency. We find that most of the
valid file blocks are already in the page cache. The overhead
of checkpointing the filesystem state including the overhead
of writing the newly consolidated file section to the storage
corresponds to about 20 % of the garbage collection latency.

D2FS’s device-level garbage collection can dispense with
all these filesystem-level overhead and yet can reclaim the
free sections at the filesystem.

8.6 FTL Memory Overhead

We examine the FTL memory overhead of individual
filesystems we tested (Table 1). The page mapping FTL of
F2FS requires 256 MByte memory since it allocates 4 Byte
for 4 KByte logical block.

IPLFS uses a page granularity mapping FTL. It uses Inter-
val Mapping [40] to reduce the memory pressure for mapping.
The memory requirement for Interval Mapping is expected to
be as small as that of page mapping. In reality, it renders 1.5 x
larger L2P mapping table than page mapping table. Its mem-
ory saving mechanism does not work well under small random
write workload [40]. This memory overhead poses challenges
for deploying IPLFS in real-world storage devices with lim-
ited power and hardware budgets [24,53]. For 1 PByte SSD,
for example, IPLFS requires 1.5 TByte memory for mapping.

The FTL of zoned F2FS requires 10.4 MByte in total for
page mapping for the metadata area and the block mapping for
the main area. Its size is the smallest among all filesystems we
tested. The FTL of D2FS requires 2.4 x larger memory space
than zoned F2FS’s due to the Virtual Overprovisioning (total
25.2 MByte). The FTL of D2FS maintains the outstanding
migration records in its buffer. We examine how the buffer
size changes with respect to the frequency of the migration
upcall to the host. Fig. 17 depicts the buffer size for migration
records during running FIO benchmark. We observe that it is
sufficient to allocate 2 MByte for the buffer in all benchmarks.

9 Related Work

A number of log-structured filesystems have been crafted
to exploit an append-only nature of flash memory [28, 29,40,
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Figure 17: FIO: Upcall Submission Rate and Memory Foot-
print of Migration Record.

46,51,56]. ZNS+ [28] exploits SSD’s internal parallelism-
aware copyback command to mitigate the garbage collection
of ZNS SSD. IPLFS proposed to use a extremely large logical
partition to eliminate the filesystem garbage collection [40].

Several studies proposed that the host filesystem directly
manages the L2P mapping [16,17,49,58,82,83]. These works
are dedicated to eliminate the redundant effort between the
garbage collection at the host filesystem and the garbage
collection at the storage device. With this feature, the host
filesystem can directly consolidate the valid flash pages of the
flash device without relying on FTL. This approach, however,
suffers from costly filesystem garbage collection overhead.

Several works have been proposed to reduce the overhead
of the device-level garbage collection, such as hot/cold separa-
tion [21,35], pre-emptive garbage collection [42,48], and par-
allel garbage collection [68]. These techniques complement
our FTL and can be combined with our FTL. Some works
use the learned index for L2P mapping to reduce the space
overhead of mapping table [71,76]. Learned-index based L2P
mapping accompanies the overhead of model training. Our
L2P mapping can significantly minimize the mapping table
without that computational overhead.

10 Concluding Remarks

We propose yet another way to eliminate the garbage collec-
tion from the log-structured filesystem. Log-structured filesys-
tems were originally designed for hard disk drives, which lack
built-in garbage collection capabilities. In contrast, a flash
storage inherently supports garbage collection. We believe
that the log-structured filesystems on flash storage can dis-
pense with the filesystem-level garbage collection when we
can use the garbage collection functionality of the flash stor-
age to reclaim the free filesystem section. In this paper, we
demonstrate a method to achieve this.
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A Artifact Appendix

Abstract

D2FS is a log-structured filesystem that dispenses with
filesystem-level garbage collection by leveraging the garbage
collection functionality of the underlying flash storage. We
release the source code and experiment scripts to facilitate
further research on alleviating the garbage collection overhead
inherent to the log-structured filesystem.

Scope

The artifact includes experimental scripts and source code
to validate the following claims presented in our paper:

* Filesystem-level garbage collection has a significantly
more negative impact on application performance com-
pared to device-level garbage collection (Fig. 1).

* By offloading the garbage collection activity of the log-
structured filesystem to the underlying flash storage, D2FS
outperforms state-of-the-art log-structured filesystems, in-
cluding IPLFES [40], F2FS with ZNS support [4] and F2FS
[46] (Figs. 12, 13, 14, 15, and 16).

* D2FS significantly reduces the memory footprint of the
FTL compared to both page-mapping FTL and Interval
Mapping FTL [40] (Table. 1).

* In D2FS, the storage device seamlessly synchronizes LBA
updates to the host via the device-centric IO interface, Mi-
gration Upcall, and Virtual Overprovisioning of the filesys-
tem partition (Figs. 11 and 17).

Contents

The artifact includes the source code of D2FS and its cor-
responding SSD emulator, along with the scripts for running
benchmarks and generating graphs. Additionally, we provide
the source code of the other filesystems and their correspond-
ing SSD emulators evaluated in the paper.

Our artifact repository has five branches: D2FS, IPLFS,
zoned_F2FS, and F2FS. The branches D2FS, IPLFS,
zoned_F2FS, and F2FS correspond to the filesystems evalu-
ated in the paper. The F2FS-vanilla branch is used in the
experiments presented in the Fig. 1. The difference between
F2FS branch and F2FS-vanilla branch lies in their discard
command submission policies. F2FS-vanilla branch fol-
lows the original F2FS behavior, where discard commands
are submitted only when the system is idle. In contrast, the
F2FS branch aggressively submits discard commands.

The source code of each branch consists of four
directories: kernel, ssd_emulator, mkfs-tools, and
experiment_script. The contents of each directory are
as follows:

* The kernel directory contains the kernel source code and
the kernel compilation script, build_kernel.sh.

* The ssd_emulator directory consists of the SSD emula-
tor source code and the script, start_nvmevirt. sh, for
compiling and executing the SSD emulator.

e The mkfs-tools directory includes the source code that
makes the filesystem on the disk (mkfs) and the compila-
tion script for mkfs tools, build_tools.sh.

e The experiment_script directory contains experiment
scripts, graph-generating scripts, and experimental data.
The experiment_script directory includes directories
named FIO, TPC-C, YCSB-A, YCSB-F, and Fileserver.
These directories contain experiment scripts and experimen-
tal data for each benchmark. The experiment_script
directory also includes a directory graph. The directory
graph contains the scripts to generate experimental graphs
shown in the paper.

Hosting

The artifact is available at https://github.com/ESOS-
Lab/D2FS.
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