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Background & Motivation
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Log-Structured Filesystem

Rosenblum et al. (SOSP '91) and Margo Seltzer et al. (USENIX Winter '93)

« Write Optimized Filesystem.

« Append only nature > Efficiently handle random write workload.

' update (B') ; // B = B’
Random Writes on a file. AlelclplE ‘g;;zie(%é,; . jj geg b(;LrOCk
| update (A') ; // A 2> A’

Sequential Write

on Filesystem Partition.
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Log-Structured Filesystem for Flash Storage

« NAND flash requires sequential page writes. > fits append-only nature of LFS.
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< JFFS > The Journalling Flash File System

David Woodhouse
Red Hat, Inc.

dwmw2@cambridge. redhat.com

2001 2002

SFS:Random Write Considered Harmful in Solid State Drives

Changwoo Min®, Kangnyeon Kim®, Hyunjin Cho®, Sang-Won Lee?, Young Ik Eom®
abde Sungkyunkwan University, Korea
“Samsung Electronics, Korea
{multics69*, kangnuni® wonlee?,yieom® } @ece.skku.ac.kr, hj1120.cho°@samsung.com

Abstract The limited lifespan of SSDs remains a critical co
in reliability-sensitive environments, such as dataj
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zonefs)Mapping POSIX File System Interface to Raw Zoned
Device Accesses

Monday, February 24, 2020 - 9:30 am-10:00 am
Damien Le Moal, Western Digital Research; Ting Yao, Huazhong University of Science and Technology

Abstract:
Due to travel restrictions, Damien Le Moal and Ting Yao could not attend the conference and their work was presented by Matias Bjerling, Western Digital, Inc.

zonefs is a new file system being proposed for inclusion in the Linux kernel. zonefs exposes zones of a zoned block device as files to allow simplifying
application use of these type of storage devices. zonefs is not a full-featured POSIX compliant file system and is intended to replace and simplify device us:
cases where raw block device accesses are a better solution. This talk will present zonefs features, with a focus on how the rich POSIX system call interface
used and mapped to directly issue device specific control commands to zoned block devices. An example use of zonefs in Level DB will be shown and the

advantages in term of code simplicity over regular block device file access shown. Finally, we will discuss how zonefs can be extended to also support new
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UBI File System

Introduction

Jorn Engel
IBM Deutschland Entwicklung
<joern@wh.fh-wedel.de>

LogFS ) finally a scalable flash file system

Robert Mertens
University of Osnabriick
<robert.mertens@nos.de>

www.yaffs.net

UBIES file-svstern stands for UBI File Svste
file svstern, which rmeans it is desizned to w
is cornpletely different to any traditional file-|

+ ul £ £i1 + dedole, 1

Currently, two different solutions for filesystems on flash storage
exist: Flash Translation Layers in combination with traditional filesys-

F2FS:)A New File System for Flash Storage

Changman Lee, Dongho Sim, Joo-Young Hwang, and Sangyeun Cho

S/W Development Team
Memory Business
Samsung Electronics Co., Ltd.

Abstract disk drive (HDD), their mechanical county
file system designed to perform well on  comes to random I/O, SSDs perform order]
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Duplicate Garbage Collection

Filesystem Reclaim the filesystem segments.

Partition

Flash

Storage Reclaim the flash blocks.

Two garbage collections run redundantly.

WAF t GC Overhead t
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Mappings in I/O Stack

Files Logical Blocks Flash Pages
- —  XXXXXX
/77777
: 777777
F2L Mapping L2P Mapping
[fd,offset] > LBA LBA > PPA

O
‘o

g WALST

@;Qofm USENIX FAST ’25, SANTA CLARA, CA Juwon Kim et al.



Garbage Collection in Filesystem

Reclaim invalid filesystem blocks.

Files Logical Blocks Flash Pages
— — E M XXX XXX
: | —
. Consolidate
%45 :
<.... :
P D -
VIV III4
F2L Mapping L2P Mapping
[fd,offset] > LBA LBA > PPA

O
‘o

g WALST
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Garbage Collection in Filesystem

Reclaim invalid filesystem blocks.

Files Logical Blocks Flash Pages
- X >[XXXXXX
X -(IIIIL
X
- : 777777
Updated
F2L Mapping L2P Mapping
[fd,offset] 2 LBA' LBA > PPA
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Garbage Collection in Filesystem

Reclaim invalid filesystem blocks.

Files Logical Blocks Flash Pages
: Freed- PAAAAA
i1l
- Freed-
- : 777777
Updated
F2L Mapping L2P Mapping
[fd,offset] > LBA' LBA > PPA

O
‘o

g WALST
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Garbage Collection in Flash Storage

Reclaim invalid flash pages.

Files Logical Blocks Flash Pages
- —  XXXXXX
/77777
: 777777
F2L Mapping L2P Mapping
[fd,offset] > LBA LBA > PPA

O
‘o

g WALST
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Garbage Collection in Flash Storage

Reclaim invalid flash pages.

Flash Pages

Files Logical Blocks
° M XXXXXX
A1
/[
F2L Mapping

[fd,offset] > LBA

O
‘o

g WALST

RS-

L2P Mapping
LBA > PPA’

@;Qofm USENIX FAST ’25, SANTA CLARA, CA Juwon Kim et al.
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Garbage Collection in Flash Storage

Reclaim invalid flash pages.

Flash Pages

n
»
n
>
B
»

Files Logical Blocks
. > XXXXXX X
- X
(/77777
: X
Updated
F2L Mapping L2P Mapping
[fd,offset] > LBA LBA = PPA'

@;Qofm USENIX FAST ’25, SANTA CLARA, CA Juwon Kim et al.
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Garbage Collection in Flash Storage

Reclaim invalid flash pages.

Flash Pages

n
>
»
>
n
>

Files Logical Blocks
C M XXXXXX
A1
/[
Updated
F2L Mapping L2P Mapping
[fd,offset] > LBA LBA = PPA'

O
‘o

g WALST

}Fr'eed
}Fr'eed

@;Qofm USENIX FAST ’25, SANTA CLARA, CA Juwon Kim et al.
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Overhead of Garbage Collection

Garbage Collection Starts |
FIO 4KByte Random Write (Disk Utilization: 80%)

300
Drop by 80%
200 |
v
% I ' 1 F
< {
100 | k .ﬂ}( ‘\
0 . . . . .
0 200 400 600 800 1000 1200
Time (sec)
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Previous Approach to alleviate GC overhead

Birth of LFS AMF

SDF
(SOSP91) (ASPLOS '14)

(FAST'16) | ightnvm
(FAST '17)

1991 ... 2012 2014 2015 2016 2017 2018

SFS ParaF$S

(FAST '12) F2FS  (aTC 16) OrcFS
(FAST '15) (TOS '18)

Qo

g u:\t.'t

ZNS 1pLFS
(ATC21)  (aTc 22)

2021 2022 20f4
ZNS+ MIDAS
(0sDI'21) SePBIT  (FAST '24)

(FAST '22)
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Previous Approach to alleviate GC overhead

Birth of LFS <BF AMF NS o
(SOSP '91) . (FAST '16) , . .
(ASPLOS '14) LightNVM (ATC '21) (ATC '22)
(FAST '17)
1991 ... 2012 2014 2015 2016 2017 20]8 2021 2022 20{4
SFS ParaFS ZNS+ MIDAS

(FAST '12) F2FS  (aTc '16) OrcFS (OSDI '21) SePBIT  (FAST '24)

(FAST '15) (TOS '18) (FAST '22)

Cluster the file blocks with similar lifespan together.
- Reduce WAF.

o

)
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Previous Approach to alleviate GC overhead

Birth of LFS AMF

SDF ZINS  p s
(505P91) aspLos '14)  FAST '16) ioninvm (ATC 21) (a1c22)
(FAST '17)
1991 ... 2012 2014 2015 2016 2017 20]8 2021 2022 20{4
SFS ParaFS ZNS+ MIDAS
(FAST '12) F2FS  (aTc '16) OrcFS (0sDI ‘21) SePBIT  (FAST '24)
(FAST '15) (TOS '18) (FAST '22)

The filesystem cleans the storage device.
- Eliminate device GC.

o

Qo))
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Previous Approach to alleviate GC overhead

Birth of LFS AMF

SDF ZNS  1piFs
(SOSP™9D)  (aspLos 14y  (FAST 10D Lightnvm (ATC'21) (4vc 22y
(FAST '17)
1991 ... 2032 2014 2015 2016 2017 2018 2021 2022 20{4
SFS ParaFS ZNS+ MIDAS
(FAST '12) FeFS  (aTc 16) OrcFS (0SDI '21) SePBIT  (FAST '24)
(FAST '15) (TOS '18) (FAST '22)

Eliminate the filesystem GC.

- L2P mapping structure becomes huge and complex.
- Hard to deploy in the real world.
%‘\t\-‘;\‘d

Moéfae USENIX FAST ’25, SANTA CLARA, CA Juwon Kim et al. 18




Filesystem GC is much more costly than the Device GC |

300
g 200 | W 1- Device GC
O
—
N
100
Filesystem GC
0 . . . .
o) 200 400 600 800 1000 1200
Time (sec)
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Filesystem GC is more costly than Device GC.

Filesystem GC Device GC

Filesystem
Semantic-Aware

Checkpoint Overhead

Filemap Traversal
Overhead

’I

Metadata Update
Overhead

Host-Device Data
Transfer Overhead

Page Allocation Overhead

Filesystem GC involves too many sub-operations compared to Device GC !

gos:;s USENIX FAST ’25, SANTA CLARA, CA Juwon Kim et al.



Let the device clean the filesystem partition.

Filesystem Partition

Flash Storage

Our Approach

et , — : ; - _—

Qo
WAL

,L%ogﬁs USENIX FAST ’25, SANTA CLARA, CA Juwon Kim et al. 21



Device GC to clean Filesystem Partition

Host Filesystem

Files Logical Blocks
o MXXXXXX
Jill11
VIV IIV4
F2L Mapping

[fd, offset] > LBA

O
‘o

g WALST

Storage Device

Logical Blocks Flash Pages

QRXXXX

TTIIT Jdiiili

i

»//[////

L2P Mapping
LBA > PPA

Mofm USENIX FAST ’25, SANTA CLARA, CA

Juwon Kim et al.
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Device GC to clean Filesystem Partition

Host Filesystem

Files Logical Blocks
o MXXXXXX
Jill11
VIV IIV4
F2L Mapping

[fd, offset] > LBA

O
‘o

g WALST

Logical Blocks

Storage Device

QRXXXX

11111l

i

i

L2P Mappin
LBA >

&

Flash Pages

Consolidate
valid pages

Qﬂfw USENIX FAST ’25, SANTA CLARA, CA

Juwon Kim et al.
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Device GC to clean Filesystem Partition

Host Filesystem Storage Device
Files Logical Blocks Logical Blocks Flash Pages
: XXXKXX X
NI X
/77777 X :

Update both F2L & L2P mapping

F2L Mapping L2P Mappin
[fd, offset] > LBA M
LBA" > PPA’

O
‘o

g WALST

@;Qofm USENIX FAST ’25, SANTA CLARA, CA Juwon Kim et al.
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Device GC to clean Filesystem Partition

Files

Host Filesystem
Logical Blocks

MXXXXXX

Jdill11

"/

O
‘o

g WALST

F2L Mapping
[fd, offset] > LBA

Synchronize
LBA’

p

Logical Blocks

N

Storage Device

>Freed

»
L
[
»
[
»

L2P Mappin{q

LBA' > PPA’

Flash Pages

} Freed
} Freed

Qﬂfw USENIX FAST ’25, SANTA CLARA, CA

Juwon Kim et al.
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Device GC to clean Filesystem Partition

Host Filesystem Storage Device
Files Logical Blocks Logical Blocks Flash Pages
: X
X
< -

Update F2L mapping

F2L Mappin L2P Mappin
[fd, offset] > M

= LBA' LBA" > PPA’

@;Aofm USENIX FAST ’25, SANTA CLARA, CA Juwon Kim et al.
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Device GC to clean Filesystem Partition

Host Filesystem

Storage Device

Files Logical Blocks Logical Blocks Flash Pages

\

> Freed

[
»
[
»
[
»

O
‘o

g WALST

Update F2L mapping
F2L Mappin
[fd, offset] >
LBA’

»
L
[
»
[
»

L2P Mappin{q

LBA' > PPA’

@;Qofm USENIX FAST ’25, SANTA CLARA, CA Juwon Kim et al.
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Problem Formulation
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Challenges

Host Filesystem
4 )

F2L > F2L

. J

Synchronize

Updated F2L Mapping

e

2. Legacy mechanisms

(intferrupt and polling)

3. GC must run on time before

FS runs out of free segments.

are suboptimal

Device

F2L > F2L

L2P > L'2P

1. In legacy IO sack,
only the host can

update F2L mapping.

USENIX FAST ’25, SANTA CLARA, CA

Juwon Kim et al.
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Challenge 1. Device should be able to update F2L mapping

without interfering the filesystem activity.

Filesystem Partition

Host Filesystem | Storage Device
Conflict
Allocate LBA A =) || BA A | 4w  Allocate LBA A

USENIX FAST ’25, SANTA CLARA, CA

Juwon Kim et al.
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Challenge 2. Optimal Interface for device-host synchronization.

Saving the host CPU cycles

Seamless integration with
the existing I/0 stack

Polling X O
Interrupt O X
277 O O

Polling wastes the host CPU cycles.

Defining a new interrupt requires significant changes in existing I/0 stack...
* A new inferrupt, a new interrupt vector table, and a new interrupt handler.

QO
WALST

G

Qﬂfw USENIX FAST ’25, SANTA CLARA, CA

Juwon Kim et al.

31



Challenge 3. GC must run on time before FS runs out of free segments.

Filesystem Partition Storage Space

Waiting for GC

to reclaim invalid
file blocks !

Device runs GC on

its own schedule.

o))
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D2FS: Device-Driven Filesystem Garbage Collection

USENIX FAST ’25, SANTA CLARA, CA Juwon Kim et al.
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Design Overview of D2FS

Filesystem Partition

Virtually
Expanded

Migration Upcall

- Synchronize updated
F2L mapping.

=

Virtual Overprovisioning

- Prevent FS running out of free blocks.

Storage Device

—
S ~———

—_
"

~———

Update F2L

L2P Mapping Table Flash Blocks

GC

e

Coupled Garbage Collection
- Device updates F2L mapping.

Qﬂfﬂs USENIX FAST ’25, SANTA CLARA, CA

Juwon Kim et al.
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Storage Device

L2P Mapping Table Flash Blocks

H F

Update F2L

H H

Coupled Garbage Collection

- Device updates F2L mapping.




Device GC to clean Filesystem Partition

* Device garbage collection
« Update both PPA and LBA - Reclaim both flash block and filesystem segment together.

Logical Blocks Flash Pages
X X
%2 Consolidate
> <= valid pages
X Pag
Remap

Qo))

= LBA' &> PPA’
il

(sewe VUSENIXFAST '25, SANTA CLARA, CA Juwon Kim et al.



Dedicated Filesystem Region for Device GC

Filesystem Partition

Host Filesystem A

Regular Region

Allocate LBA > > « Only the host allocates LBA.

Storage Device
Garbage Collection Region

Only the device allocates < « Allocate LBA
LBA for GC.

o

)

(sewe VUSENIXFAST '25, SANTA CLARA, CA Juwon Kim et al.
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Coupled Garbage Collection

L2P Mapping Flash Block

Victim
’ | — —
I
Regular : | X -
Region | | I
3 SO ® | I SO ° I SO
| | --=-I
C——— i
NSUEE - Y - < i S .
GC <-!
Region 1951 51 Si| o
(D Victim Selection | @ Migration | ® Remap to GC Region
L@K‘:‘;\‘J

L—
=]
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Migration Upcall

- Synchronize updated
F2L mapping

4




Migration Upcall

Device-Driven I/0 for sending the LBA updates.

» The device sends the Upcall to the host. P Files Logical Blocks
« The host processes and completes the Upcall from the dqyjc‘éf - §
" Freed
UPCG” ID C
Upcall <oldLBA , new LBA> :

Update F2L mapping
F2L > F2L'

Qo

Device o
Upcall Completion
%‘ K\-;\‘-T

,Lﬂfm USENIX FAST ’25, SANTA CLARA, CA Juwon Kim et al.




I/0 Signaling Mechanism for Migration Upcall

Saving the host CPU cycles

Seamless integration with
the existing I/0 stack

Polling X O
Interrupt @, X
Upcall Piggybacking @, @,

* Piggyback the upcall notification on the completion signal of the other command.

USENIX FAST ’25, SANTA CLARA, CA

Juwon Kim et al.
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Upcall Piggybacking

I/0 Completion Upcall Submission
] 1 -
egacy
I/O Stack  HosT [] [ ] Device
<
® S & o N~
Y
Upcall ~
Piggybacking Host Device
<
N

USENIX FAST ’25, SANTA CLARA, CA Juwon Kim et al.



Processing Migration Upcall

1. Extract updated F2L mapping from Upcall. 2. Update filesystem state w.r.t. updated
F2L mapping.
Migration Upcall
Upcall ID Files Logical Blosks
<old LBA , new LBA> : %
<old LBA , new LBA> X -
X J
F2L > FaL’

- create free segments.

@;Qofm USENIX FAST ’25, SANTA CLARA, CA Juwon Kim et al.



Filesystem Partition

Virtually
Expanded

Virtual Overprovisioning

- Prevent FS running out of free blocks



Virtual Overprovisioning

« Separate the filesystem partition size from the storage capacity.

* Virtually expand the filesystem partition size.

pxS (p>1)

Filesystem Partition

Virtual Overprovision

Storage Capacity

QO

g u:\q

Mofm USENIX FAST ’25, SANTA CLARA, CA

Juwon Kim et al.
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In Legacy I/0 Stack

Filesystem Partition Storage Space

— —— GC must run on time
before the filesystem

Require device to

run GC immediately |

lacks of free blocks.

o))

%ﬁ USENIX FAST ’25, SANTA CLARA, CA Juwon Kim et al. 46




Virtual Overprovisioning

Filesystem Partition

Enough free Virtual

virtual segments. Overprovision

o

)

f

Storage Space

Device runs GC on

its own schedule.

ngs::._as USENIX FAST ’25, SANTA CLARA, CA Juwon Kim et al.
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Virtual Overprovisioning

Filesystem Partition Storage Space
r ——
—— ——
——
—
FS Partition Size | | ,
—| | Vadlid Storage
= Valid Blocks blocks Capacity
y . .
+ Invalid Blocks
+ Free Blocks In LCQC(CY I/0 STGCk,
valid blocks + invalid blocks + free blocks < storage
capacity
In Virtual Overprovisioning,
_ valid blocks < storage Capacity

)

@;Qofm USENIX FAST ’25, SANTA CLARA, CA Juwon Kim et al. 48




Optimal Virtual Overprovisioning Degree

< 2 . 4 X S g
Filesystem
L Regular Region GC Region
Partition
< 14x5S > IxS >
Experimentally determined Large enough to accommodate

migrated blocks
-+ YCSB-A(Read) -e- YCSB-A(Update) = FILESERVER
YCSB-F(Read) YCSB-F(Update)

-~ FIO TPC-C

"5'12 — 51’

g9 / o

S ©

3 6} — \

E / ~o =) ©
= 3 / —— o £ N N -
£ 0 9/8= . ‘ . ‘ 20 i e
S 1.1 12113 1.4]15 1.6 1.1 121.3 1.4]115 1.6
= pregular pregular

o

)

49
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Evaluation
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(oo

KD
@ KA

Evaluation

HW Setup
e CPU: Intel Xeon, 2.10 GHz, 40 cores

* Memory: 64 GByte
« Storage: 256 GByte emulated SSD (NVMeVirt, FAST '23)

* Modeling Samsung 970 Pro (8 channels, 32 MByte superblock)
« OS: Linux 5.11.0

Workloads
« FIO, TPC-C,YCSB-A, YCSB-F, Fileserver

st

=

(sewe VUSENIXFAST '25, SANTA CLARA, CA Juwon Kim et al.
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%

Evaluation

Compared Filesystems

Filesystem GC Device GC
F2FS O O
Zoned F2FS
(F2FS with ZNS support) O X
IPLFS X O
D2FS X O

QO
WALST

i
OSLAS

USENIX FAST ’25, SANTA CLARA, CA

Juwon Kim et al.
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Eliminating Filesystem GC

4KByte random write

250 T D2FS —— IPLFS — F2Fs — F2FS
\ V"\‘/ '

200 fi[ MW m
L 150 |
o
¥ 100 t

50

O ] ] | | | ]

0 200 400 600 800 1000 1200

Time (sec)

D2FS outperforms F2FS and zoned F2FS by 3x and 1.7

53

USENIX FAST ’25, SANTA CLARA, CA Juwon Kim et al.



Eliminating Filesystem GC

4KByte random write
Zoned

250 7_— D2FS —— IPLFS ~ F2FS —— F2FS
200 \/mm
SR
§ 150 | M‘”& M‘WV*W’N"“ W'
2 o0 | age i iy
50 | R
° 0 200 400 600 800 1000 1200

Time (sec)

D2FS outperforms IPLFS by 15%,
since IPLFS suffers from the L2P mapping compaction overhead.

== USENIX FAST ’25, SANTA CLARA, CA Juwon Kim et al. >4



Macrobenchmark
Zonhed

Bl DZ2FS B TPLFS ] FOFS H TPLFS
o N
%) ~ Or\O o N
1 (@) ¢. ol N
=2 O N}

Normalized
Throughput

TPC-C YCSB-A YCSB-F Fileserver
(Tx/sec) (KOPS) (KOPS) (KOPS)

D2FS outperforms F2FS by 2.6 x, zoned F2FS by 1.4 x and IPLFS by 1.5 x.

o

)
g
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Device GC vs. Filesystem GC

Dev-write @2 FS-read [ Meta
Dev-read = Filemap &2 Checkpoint
=7 FS-write [ Page-cache

6“ | | | I
& 30| : : : : | source of FS 6C Overhead
\.E./zo i l I I ! | ° Ch@CprlnT
> | | | | « Page Allocation
_ICIC_,J 10| ! ! ! !  Filemap-Traversing
CU | | | |
0 s e . Nz

Dev FS Dev FS Dev FS Dev FS Dev FS

—FIO—+ TPC-C —+ YCSB-A + YCSB-F —+Fileserver-

Filesystem GC takes 3 x longer than Device GC.

o

Qo))
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Conclusion

The filesystem GC is more expensive than the device GC.
- We make the device GC clean the filesystem partition.
> D2FS outperforms F2FS and zoned F2FS by 3x and 1.7x.  Our Approach

Legacy GC Host-Driven GC ‘ Device-Driven GC ‘

Filesystem | |§éﬁm [] ]

Partition

Flash Storage

@ u\‘;\q

Moéfae USENIX FAST ’25, SANTA CLARA, CA Juwon Kim et al. 57



o

Qo))

9Ty
=

{TosLA®

Question

Answer

USENIX FAST ’25, SANTA CLARA, CA

Juwon Kim et al.
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Filesystem Partition Layout

(oo
(g Qiuu

=
{TosLA®

p : Virtual Overprovisioning Degree

Super

Block Checkpoint

Node Address
Table

Reverse
Mapping

Block Bitmap

A
A 4
A

p x Device Capacity

A 4

Metadata —

Regular Region

Section | 0

| 1

Segment 101112131 | |

—

USENIX FAST ’25, SANTA CLARA, CA

Juwon Kim et al.



Processing the Migration Upcall

File mapping [ L

Filesystem —
sQ  €Q cQ
Upcall Legacy I/0
Queue Queue
Host
Device Created by Coupled GC
Migration : :
Records ~ -0-bo7 <br.bp”

(sewe VUSENIXFAST '25, SANTA CLARA, CA Juwon Kim et al.
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Processing the Migration Upcall

File mapping [ L

Filesystem —H I;

Place Upcall
| ID=64

Upcall N [ <Lto-Lo? Legacy I/0
Queue <Ly, L2 Queue
Device '

Migration : :
Records “Lo.Lo? <Lp.Ly>

o

)

f

(sewe VUSENIXFAST '25, SANTA CLARA, CA Juwon Kim et al.
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Processing the Migration Upcall

File mapping L,

Filesystem —
Y Ly
A ID-64 Upcall Piggybacking
5Q <Lp.Llp?> Q.
Upcall 0--0 Legacy I/0 | Completion
Queue | <Ly, L'g > Queve  \&7 UPCALL Flag
Host :
Device
Migration , , Complete servicing
Lo.L'no> <Ly,L'1>
Records 0-=07% ~=1.=17 the other command.
%‘ K‘:‘;\‘-T B
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Processing the Migration Upcall

File mapping L,

Filesystem —
Y Ly
A ID-64 Upcall Piggybacking
5Q <Lp.Llp?> Q.
Upcall 0--0 Legacy I/0 | Completion
Queue | <L1. Ly Queve B\ UPCALL Flag
Host :
Device Interrupt
Migration : :
Records “Lo.Lo> <L1.L12
gu\_\i\q ) . ] i _ -
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Processing the Migration Upcall

File mapping L,

Filesystem —
Y Ly
Host reads to Host identifies
the Migration UPCALL T the UPCALL Flag
o /| =64 @
Upcall @ Lo.Lo”|l  Legacy1/0 | Completion
Queue || <Ly, L'y > Queue ) |(UPCALL Flag
Host :
S
Migration : :
Records <Lto.to? <L1.lg>

o

Qo))
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Processing the Migration Upcall

File mapping
X :
- {C] Update the filesystem state.
Filesystem . ¢ (filemap, block bitmap, and reverse map)
o /] =64 Q
Upcall N | <Lto-Lo? Legacy I/0
Queue <L;, L2 Queue
Host :
Device
Migration : :
Records “to.Lo? <L1.Ly>
gu\_\i\q ) . ] i _ -
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Processing the Migration Upcall

File mapping
°- > L'O|
Filesystem .
SQ CQ

Checkpoint the filesystem state.

Device

Migration
Records

QO
WALST

G

<Lo.Lg> <Lg.Llg>

@wa USENIX FAST ’25, SANTA CLARA, CA

Juwon Kim et al.
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Processing the Migration Upcall

File mapping

——{Tg

Filesystem .
> L'1 |

Place Completion

SQ Q .- - CQ
Upcall \ | Completion ¢y T/0
Queve & &g ID=64 \|leue
Host ‘ RING OOPDEll s
Device
Migration s s
Records “lo.Lo? <Ly.Ly>
%‘K\;\‘J

@;Qofm USENIX FAST ’25, SANTA CLARA, CA Juwon Kim et al.
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Processing the Migration Upcall

File mapping
. > L'O|
Filesystem .
> L'1 |
SQ CQ - cQ
Upcall Completion ry 1/0
Queue ID=64 |eue
Host
Device Free

MigraTion M
< > <
Records ’ '

QO
WALST

G
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Recording Updated LBASs

: Recording < old LBA, new LBA>
Device <S50 + 1, S1+ 0>

Memory <SO + 3, 51 + 1>
L2P Mapping
Regular s - S X “i
Region 0 Coupled GC 0 “i'.
T | S
GC - <~
Region 51 51

ErO
(o

G e , — ,
15_—9% Ty USENIX FAST ’25, SANTA CLARA, CA Juwon Kim et al.



Upcall Piggybacking

Migration Upcall Legacy I/0 Completion i Host identifies UPCALL Flag
Upcall ID : |
<old LBA , new LBA> UPCALL Flag Tnterrupt
Upcall SQ Legacy CQ Upcall SQ Legacy CQ Upcall SQ Legacy CQ
(D submit Migration Upcall @  Sef UPCALL Flag | (3 Signal Piggybacking on
in Legacy I/O completion : Legacy I/0 Interrupt
L@u\_‘i;q ) . ] _
%@ USENIX FAST ’25, SANTA CLARA, CA Juwon Kim et al.
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Processing Migration Upcall

Migration Upcall File mapping Upcall Completion

Upcall ID . X Upcall ID
< old LBA , new LBA> : :

Upcall 5Q Upcall CQ | Upcall SQ Upcall €Q ©  Upcall SQ Upcall €Q

(D Read Migration Upcall (@ Update Filesystem State ®® Complete Migration Upcall
(F2L, Block Bitmap, etc.)

@3
@ u: ST
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G

FTL Memory Overhead

1.5 x larger than conventional

page mapping FTL

Filesystem

F2FS

IPLEFS

zF2FS

D2FS

Memory (MByte)

256.0

392.0

10.4

27.2

IPLFS is hard to be deploy in the real world with limited power and hardware budget.

D2FS uses the superblock-granularity L2P mapping. — Less FTL memory overhead.
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