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Log Structured Filesystem

Log Structured Filesystem

— Out-place update filesystem

— Append-only log

— Woriter does not recycle the old block

— Converts random writes into sequential writes
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Log Structured Filesystem

Allocating Write?

- write request claims a new block -> allocating write

- write request recycles an existing block -> non-allocating write

— LFS turns every write (random overwrite and append) into a sequential allocating write
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Log pointer
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Log Structured Filesystem

Why LFS?
-  Sequential write is storage-friendly!
- HDD: less seek time
- SSD: flash-friendly, reduces the write amplification

For conversion every writer should do additional operation

=  Trade off!
- Random Storage Access (IPU filesystem)
- Additional operation + Sequential Storage Access

The storage used to be the bottleneck. Paying the additional operation was worth the sequential access.

Our question: Does the trade-off still hold?
- The storage now delivers millions of IOPS (NVMe, PCIe 4.0, PCIe 5.0)
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Log Structured Filesystem

LFS Direct write Scalability on fast SSD.
- We observe the bottleneck of LFS on fast SSDs (PCIe 5.0) under Direct Write.
- The CPU cost of (random write -> sequential write) is no longer hidden.
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Direct write of LFS

Direct Write?
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A thread issues the IO to the storage, not to the page cache

Each thread enters the filesystem and does the work for the IO by itself
- e.g. dnode traversal, LBA mapping, space allocation, waiting for the IO completion (synchronous DIO)
The storage performance used to dominate the Direct Write performance
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Block allocation of LFS (Direct write)

Append only Allocation
- LFS allocates a block by appending the data at the end of the log
—  Multiple threads access the same log pointer

— A critical section protects the space allocation from the race condition

Block-at-a-time Allocation
When Thread request write for multiple blocks... (ex. 12 KB for 3 blocks)
— LFS claims one block per allocation

- After claiming a block, the thread claims the next one
- If the new block is not contiguous with the previous one, the thread stops and submits the bio

— To allocate N blocks, a thread repeats the allocation N times
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Block allocation of LFS_ example

Write sequence for Thread 1

write(CA, 3)
AlB|C
Block allocation (Critical section)
Log pointer Block BiTmap
\l, 96: 0 100: 0
D 97:0 101: O
Data-LBA Status 98: 1 102: 0
97 98 99 100 101 102 103 99: 0 103: 0
Storage
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Block allocation of LFS_ example

Write sequence for Thread 1

write(A, 3)
A|lB|C
Thread 1
Block allocation (Critical section)

Log pointer Block BiTmap
J, 96: 0 100: 01
97:0 101: 0 —»1

Data-LBA Status D AlB 98: 1 102: 0

97 98 99 100 101 102 103 99: 0 103: 0

Storage
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Block allocation of LFS_ example

Write sequence for Thread 1
write(A, 3)

Thread 2

Write sequence for Thread 2
write(D?,1) // D = D

Block allocation (Critical section)
Log pointer

J
Data-LBA Status M AlB|D

97 98 99 100 101 102 103

L@ WALST

Dl
Block Bitmap
96: 0 100: 1
97: 0 101: 1
98:1—+0 102: 0~»1
99: 0 103: 0
Storage
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Block allocation of LFS_ example

Write sequence for Thread 1

Write sequence for Thread 2

write(A, 3) write(D?,1) // D = D’
A|lB|C D’
Thread 2
Block allocation (Critical section)
Log pointer Block BiTmap
J 9: 0 100: 1
, 97:0 101: 1
Data-LBA Status M AlB D 98: 0 102: 1
97 98 99 100 101 102 103 99: 0 103 0
Thread 1 does not waitl write(A, 100, 2) )
write(D’, 102, 1) co)p Storage
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Block allocation of LFS_ example

Write sequence for Thread 1

Write sequence for Thread 2

write(CA, 3) write(D?,1) // D = D
AlB|C D
Thread 1
Block allocation (Critical section)
Log pointer Block BiTmap
J, 96: 0 100: 1
, 97: 0 101: 1
Data-LBA Status M AlBID'|C 98: 0 102: 1
97 98 99 100 101 102 103 99: 0 103: 0 —» 1
write(A, 100, 2) )
ite(D?, 102, 1
write(D?, b 1) ey Storage
(oo write(C, 103, 1) )
@\(h\"ﬂ _
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Block allocation of LFS_ example

Issue Command STor'age, Issue Command S'l'or-age
write(A, 100, 2) >
write(A, 100, 3) L
! write(D’, ' — !
write(D?, 103, 1) __, A|B|C|D : A|BID]|C
100 101 102 103 write(C, 103, 1) —p 100 101 102 103
Critical section entry : 4 Critical section entry : 4
<Without Contention> <With Contention>
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Analysis & Motivation
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Scalability of throughput
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0 g Ldeal Maximum: 2.6 MIOPS

0
0 5 10152025303540
Threads

<4KB Random write>

o

oo

MAX (ATC '21)

Throughput (GB/s)

3 Ideal Maximum: 13 GB/s

6 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
4 ...................................................
2& ..... Y G ;.-.9.10.4, Uhl

2 ::-‘A'::'L‘.'n'n‘n- 2 Al

0 .
0 5 10152025303540
Threads

<1MB Append>

,%@ ACM Workshop HotStorage’26, Prague, Czechia Hwanseok Yoo et al.

16



Latency breakdown

B Pre-process M Block Allocation £ Post-process
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Reason 1. Coarse grained locking

Log pointer SIT
operation operation

Pseudo Code 1: Block allocation: vanilla F2FS [4]

1 down_read(superblock—curseg_lock);

= W e

Block allocation transaction protects two data structure

1. Log pointer

2. Segment information table

-> Two transactions are coupled!

o

Qo)

6
7

8
9
10
11
12

13
14
15

16
17
18

19
20
21
22

Tatocation: Critical section

mutex_lock(&curseg—curseg_mutex);
down_write(&sit_i—sentry_lock):

Advance the log pointer;
blkpew <+ NEXT_BLKADDR(curseg);
curseg < curseg+1;

Update Block bitmap:
update_mtime(blk,;,. 0);
update_mtime(blk,e,, mtime ,q);
update_sit_valid(blk,ey):
update_sit_invalid(blk,4);

Segment switch if needed:
if no space in current segment then
allocate_new_segment(curseg);

Mark segments dirty:
set_dirty_seg(segment of blk,;);
set_dirty_seg(segment of blkyey);

up_write(&sit_i—sentry_lock);
mutex_unlock(&curseg—curseg_mutex);

up_;'ead( superblock—curseg_lock);

<Block allocation path in Vanilla F2FS>

f
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Reason 2. Fragmented logging

write(A, 256)//1MB

Thread A

write(B, 256)/1MB ,

Thread B

Ao

A1

Bo

B,

User Application

A25 +

BZ55

Contiguous user data

-

FileSystem

(block allocation)

Ao

Ay

100

102

A255

101

103

610

BZ55

611

__1_____1______

Issue Command

I
write(A,, 100, 1) —p

I
write(B,, 101, 1) —ip
I
I
I

write(A,,, 610, 1) L,
|
write(B,.,, 611, 1) L,

Storage

> Fragmented!
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Reason 2. Fragmented logging

Single Large request -> small many request

Increase entry of critical section
More extents

Issue Command ! Storage
I
I
|
I
write(A;, 100, 256) —»
|
write(B,, 356, 256) —-»
I
|
' Contiguous!

<W/o Contention>

Issue Command ! Storage

I
write(A,, 100, 1) —pp

I
write(B,, 101, 1) —p»
I
I

write(A,,, 610, 1) _i_>

write(Bys, 611, 1) _:" Fragmented!

<W/ Contention>
2 thread IMB write -> 512 bio issuel
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Is Block-at-a-time allocation always bad?

Block-at-a-time is a fine-grained allocation!
Pros: fairness, no starvation, lower tail latency
Cons: fragmented logging (more extents), more critical section entries

Thread 1
Thread 2
Thread 3
E*Omﬁzl -1 T=7 T=0 T=7
> Time > Time
<Block-at-a-time> ~ <claim multi block>
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Goal

Goal 1. Decrease critical section

Goal 2. Avoid block-at-a-time allocation
= Goal 2.1: Allocate N blocks in O(1) manner, not O(N)
— Goal 2.2 : Allocate N blocks in single critical section
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Overview

Scalog : logging method to better scalability of log-structured filesystem

<3 Design>

1. Split Transaction

2. Per segment range list

3. Multi-block allocation

L@ K\‘; \ST

Goal 1. Decrease critical section

_ Goal 2.1: Allocate N blocks in O(1)

manner, not O(N)

., Goal 2.2 : Allocate N blocks in

single critical section
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Design 1. Split transaction

The log pointer advance and the bitmap update are tightly coupled
- Split them into two transactions: Ty, Treta

- One thread updates the bitmap while another advances the log pointer

The two locks are held together only when the log needs a new segment

(] Allocate a block (Tj,4) [] Update block bitmap (T;,,e¢q)
A, A, ad Ao
@D g 0 g GO CoO
® g tDg ® &5 &
® o Er ® G5 a

» Time »Time

%' K\:\QT
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Design 2. Per segment Range logging

Even after Split Transaction, the block bitmap still has inefficiencies.

1. Validation and invalidation on different segments have no physical contention, yet the same
transaction protects them.

2. Allocating N blocks in a single critical section still costs O(N) bitmap operations.

o

Qo)
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Design 2. Per segment Range logging

Instead of updating the bitmap directly, Scalog logs the change as a range.

— Scalog keeps a range list per segment

-  The updates to different segments proceed in parallel

Log pointer ++

Current " M1 [ITTT1]
Segment :
Block
Bitmap [1]1]1]1]0]0] : [1[1]1]1]1]0]
_ Set valid on
@ Claim blocks @ bitmap

<Vanilla F2FS»>

> Time

<offset:4 , len:1, validation>
Log pointer ++ g

>

@ Claim blocks : @ Append Log

SC“”e”t ([IT+]: Il
egment :
Per-Seq seaN[I-  segN[H_
Range ListssgM[ H > | seeM[ H -
Block |

Bitmap 11[1]1[1]0]0] 1111]1[1]0]0]

<+Per segment range list>

%' K\:\QT
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Design 2. Commit

We need to commit range list to global bitmap!
- Validation sets the bits to 1, and invalidation sets them 1o O
— At checkpoint, the global bitmap must be up to date.

— Inother words, the checkpoint thread traverses every range list and applies all the changes to
the block bitmap.

seg1 X —
Per-Seg seg2 X— X —
Range List
segM X = X—X—
Vv

Parallel commit
oo (Before checkpoint)
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Design 2. Commit

If the checkpoint traverses many lists, the checkpoint overhead can increasel!
- Background commit

- When a list grows beyond a threshold, commit the segment in the background
= Parallel commit

- Before checkpoint, commit all the range lists with multiple threads

seg1 X —
iseggN X — X —X— i |
Per-Seg N X MX seg2 X — X —
Rangelist  isegM[ _1__|— | . Commit worker-pool
: - segM X X=X
g b ; bl - 606
| i CLIIMIIIIIIIIIIEIIIIE i
Block | i i
Bitmap ; 11111]1/1]0 : SIgiTIIgiIing i :
Background commit Parallel commit |
Qo (Before checkpoint)
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Design 3. Multi block allocation

Claim multiple blocks in a single critical section
- Fewer critical section entries

- Less fragmented logging

- Fewer extents per file

How many blocks in a single critical section?
Nyeq < # of block for the write
while (Nyeq > 0){
start critical section
N « min(Nreq; 5n0de; 5seg)
allocate N block
Nreq A Nreq —N
end critical section

}

Snoder The maximum number of blocks that the current data node can still map
8seg * The number of free blocks left in the current segment

@ K\‘; \ST
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Design 3. Multi block allocation

Scenario: allocating 3 blocks, no overwrite

| - <ofs:2, len:3>
Log pointer ++ ! Current @ wp +=3 TS 7
Current  ——r71 170 [TTTTT] s tII-I—I—PIIiII*lIII/I LT TTTT]
Segment egmen | N,
Block Per-Seg 5¢9 N | S€g NCH segN X — X—
- oy Setvalid on Block  rToTooM0] | ATARIONND | AAETITo)
@ Claim blocks E @ bitmap Bitmap E »Time
Repeat 3 times! @ Claim blocks | @ Append Log @ Commit
<Vanilla F2FS> <Scalog>
CRJO
g«.f\\%‘( _ _ _ _
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Overall design

o

pre-process

o

-1 | Invalidate an old block

+n| Allocate n blocks (log-pointer)

+n| Validate n new block

VN

+1

-1

+1

o

)

f

<Vanilla F2FS»>

o

<« Critical section

-Time

I per-seq list |
Ex faglfatg=
-11-11-11+3
<Scalog>
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Evaluation
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Evaluation

Hardware setup

- CPU: 40-core Intel

-  Memory: 128 GB DDR5

- Storage: Samsung 9100 PRO NVMe SSD (PCIe 5.0, 2.6 MIOPS)

- Kernel: Linux 6.1.0

-  Workload: FIO, psync engine, 4KB random write, 1IMB append, O_DIRECT

- FileSystem
- F2FS-Scalog
- F2Fs
- MAX (ATC '21)
- Each thread writes to its own file - Partition filled to at most 60% (no foreground GC)

e
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FIO throughput

-~ F2FS-Scalog A~ F2FS MAX

1.7x

e A A
/A_A\ = o5 A -~

Throughput (GB/s)

5 10 15 20 25 30 35 40 0O 5 1015 20 25 30 35 40
Threads Threads
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Latency Breakdown

] Pre-process B Block Allocation ©1  Post-process

5 102040 5 102040
———F2FS—F2FS-Scal.og

No. of Threads

5 10 20

No. of Threads

1o
—F2FS—+F2FS-Scal.og

Hwanseok Yoo et al.
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Latency Breakdown

B  Pre-process B Block Allocation 71 Post-process

30—

™ 25 f B

E 20

c15 my

GC) 10 .........................................

© - 81%
—1 5l BB Y

0 0
5102040 5 1020 40 5 102040 5 10 20 40
—F2FS—F2FS-Scalog ——F2FS—F2FS-Scal.og
No. of Threads No. of Threads
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Ablation study

Split Per segment Multi block
+ . + . I .
Bl F2FS ¥ * Transaction - Range List allocation
800 » 8000
1.7x 0 6.1x
g_j 600} E___ 6000
O 400¢ a 4000t
X o
200} = 2000t
0 < 0
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Fragmented logging

Number of IOs and lock requests, 1 MB Append

# of Threads 1 2 1 6 8 10
FoFS # of IOs 1 118 252 238 221 229
# of Lock Req | 256 256 256 256 256 256
# of IOs 1.3 1.3 1.3 1.5 1.6 1.6

F2FS-ScalLog
#of LockReq | 1.3 13 13 15 16 1.6

Hwanseok Yoo et al.
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Conclusion

Problem: LFS hits a CPU bottleneck under direct write on fast SSDs
— Coarse-grained locking

- Fragmented logging

Scalog: Split Transaction, Per-segment Range List, Multi-block Allocation
- 4 KB random write: 1.7x throughput

- 1 MB append: 6.1x throughput

(PCIe 5.0 SSD, 40 threads)

Future work

- Impact of fragmented logging on the read performance
—  Macro benchmarks on real applications

— Applying Scalog to the buffered write
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Thank you!
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