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Abstract In order to narrow the gap between the random write and sequential write performance of HDDs and SSDs,
file systems and block storage systems usually use the log-structured technique to convert random write to sequential
write. Therefore, modifications on log-structured storage system data and metadata are performed as out-of-place
writes. In log-structured storage systems, B+ trees are often used to manage metadata. The tree node adopts the out-of-
place update method, which will cause the tree node to be updated recursively, so it faces the wandering B+ tree
problem. Currently, the main ideas of the existing methods are: The logical index and physical address of the tree node
are separated, and a separate data structure and physical device space are used to store the mapping of the logical
index and physical address of the tree node, thereby avoiding recursive updating of the tree node. However, the
existing schemes not only introduce additional space overhead but also have the problem of non-sequential writing in
the additional physical device space. We propose an IBT B+ tree, internal node based translation B+ tree, which
embeds the logical index and physical addresses into the tree node. Based on the dirty linked list design, a non-
recursive update algorithm for flushing the IBT B+ tree is proposed. The IBT B+ tree not only solves the problem of
wandering B+ tree but also does not introduce additional data structure and space overhead. In this paper, the IBT B+
tree and the B+ tree designed by NAT, proposed in F2FS, are implemented respectively. On this basis, the Monty-Dev
block storage system is designed and implemented to evaluate the two B+ trees. Experiments show that on HDD and
SSD, the IBT B+ tree is better than the NAT B+ tree in both write amplification and flushing efficiency.
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HHRFELER TR EEZE,HRT B HRZELE SR GIERSE. 2 5 %I IBT B+ tree f2 2 T F2FS
NAT % it 89 B+ tree, /£ 3t 3K 2% £ 3% 3 52 3L Monty-Dev 3k & 4% % 48 VA3 4 2 4% B+ tree. £3 % 9, /£ HDD
#= SSD 4~ £, IBT B+ tree /& 5 7% K A= T R 2 £ 75 @ 3 £ T NAT B+ tree.
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Fig. 1 The case of NILFS2 user file and DAT file mapping "
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it fife e 1) g M . TR 4 R T 1 BRI A5 B R
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Fig. 4 Example of wandering B+ tree problem
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Fig. 5 The internal node and leaf node of IBT B+ tree
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WEHEATLH S, 4525 B+ tree #VE AT 1 F2 v, G0 SR 4%
RUNTELL A b, W75 2258 1) pbid MG J2 3 £ 132 X
ESY
2.3 IBT B+ tree fi R i it

2.2 1B A A R R RN B b bk o3 S Y
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A 45 B, 5% F shadow-clone %31 #Y B+ tree™" %
# 5. A ff F lock-coupling 41 k7 & im0 W i 52 5 B+
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A list[0]; 1 F 45 55 R i) key-value U= 35 3 LR,
VLT B 455 R, 4V C DR E 53X 2 445 05 B 45
R 1) key-value *F- 3] 53 FL 45 45 55 D M E. 4 45 5 D fE
Hid S/ key 545 5 D FE 1 8 R 515 04k
A key Fl value 3 A B 45 55 R . IU B AN 75 B R 45 5
D 1 E 53 e Yy #H k. AR s 1, R N e R

3) [ 6(c) FIE 6(d), 32 )2 ] T 5] B 25 55 4, H%
(10, 11) 4 A BN Z5 5 4 .

WE 6(b) it v, B A 4 1Y 55 & - B+ tree (1 26
2 2. KN B A AR 45 55 4k, B+ tree H A AT AT JZ &R vT fiE
FAE L oB 25 5, M REAR B+ tree BEERAE B 22, N 215
RERREE 5 2 % 45 . 25 b, BT As A Y dirty 85 3%
HORETES 22, X —Fe Pl P AR & B R F 1
Ay B+ tree.

Pl 6 T i B A B B VR S R v, R BT A R
Ui (0] BB 25 s S AR T dirty, [R] B BR AR AR 45 55040,
BT A dirty B 25 o5 7 FLAC SR 45 5 R S AR R
dirty.

list[0] Superblock
height | 3

index | 1

bid
cT3TR B el pbid L0

V
[ [<BF

list[1] | D
\
list[2]

1
cl2

AT

(b) 4 RRIYEL, BN

Superblock
height | 3
index | 1
pbid | 10

list[0]

list[1]

list[2]

(d) 7E45 15 A4 Nkey-value
Bt g Nclean [0 i A ffkey-value
7 IRIAEER S N

Fig. 6 Insert operation (insert {10, 11) )
K6 fABLE (A (10,11))
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i T dirty R AT, 2 I K B9HE ARRAEO R
@, AT, @J5 AT ; W Am A QT M = 1,
DFRAF BB 35 15 BAS IE B, 00 AR 25 4 mT BB 4 A B 1%
(4 2. BRI, B+ tree JC VA 32 R340 A RR A M IR & .
H F clean £% 22 X W) 55 AN BURR, B+ tree /5 7] 2 746 A
A R BRAE I R AT
242 THBRERAE

PAE 7(a) Fi 7% 09 3 By B+ tree i 1], 41 49 M &
(10, 11) B 5

1) ViR R 25 & R, F 45 43 R ARic O dirty, I
A # dirty £ 3% list[0] H.

2) B 7(b), 455 R KA 1 M4+ I, K44 D

;
list[0] ﬂ L Superblock
height | 3
index 1

lisi(1] [ e e pbid_] 10

wel [HEE [

(a) Vill4smiR

. Superblock
list(0] | R i rrerirs] [reien | 2
\_/ index 1
phid | 10
lisiT1 1[5]10 12]15
ISU lTT'W' |B 314

(c) Vil4h A
[] wessiomding

@ %145 5 N dirty %145 5 Nclean
[] #hsihclean  —» fiA# T4

g SR AY key-value $% U1 2 45 25 R v, M 55 45 05 D A
FHR S 2R [RIA, 4505 R 47K 45 55 D 19257, [ 7(b)
oD LSS AL WAFAESS S R A 1A Ho
TAE RO PRI, 45 5 R L] BRIME— Y i1 45 A

3) K 7(e) MK 7(d), B2 1m) T Vs la) )45 53 4, ¥4
(10, 11) &S A i BR.

WiE 7(0) fr s, B BR 19 dirty 5% % A B+ tree 1
552 2. S A BRAE R HL, dirty S 2 0 B BV OO B
552 RHESR, X —HEMEE TR R R T 1A B+
tree.

I 5% 45 4 T BB 5 R R v A B 1, PR OGN B R A
S BRERAE L M BR S A BRSO BEIE R AT

Superblock
) 1 3 height | 2
list{0] RIS T2 T71I<I3I8 index 1
S~ pbid | 10
Y
list[1] |A Hg {(1) |B 132 145
(b) W&l
Superblock
list[0] |R Rl % =5 132 3 height | 2
\_/ index 1
pbid | 10

S~ (d) MBkey-value
7] BBk fikey-value
7 fRmEER A N

Fig. 7 Remove operation (remove (10,11))

F7 MERERAE CMBR (10,11))

3 IBT B+ tree Tl

AT EEXF 2.1 55 B 05 2 e AL, SRR
IH S B A IBT B+ tree il 5575, MM fi# 28 wandering
B+ tree [f) . i 1 45 2 55 7 IBT B+ tree (140 & A48 7]
A1, IBT B+ tree R AR 45 s /b A W0 F 452 Fr A RE
o dirty FOA 25 50 S SR 45 mUIRS 1 R dirty; dirty 25
RUPIRAS XA R 45 RN B W] R Badk 2 M RedE,
TFT 43 90 388 2 T R B ik A ELAR 22 45 4 47 IBT B+ tree 1Y
Tl

B+ tree Rl £77E 2 FPAE O R BTG A4 45 6, £
i B+ tree A 2 58 I A 2 R G887 2 5 BAR SN
B+ tree 3E 5 U T kil BT A B4 45 RS dirty; 7
53 i, ALHE 4T B+ tree B4 45 550 dirty Y1 OL A2

i Z MR J&E B+ tree 745

ZWAE A MBREAE S, dirty B 25 55 5 A 5
R Ao 1] [ B 38 3] — 22 B {E, 75 244 B+ tree T A
RN dirty BB S5 55 Rl 2 P B A

by 3kt 3 T T BT B tree MY 45 44, IBT B+ tree F
il >R 1 2 B B 52 19 5 =X

5 1B B, A dirty 8 2 A EIBCE 2 2 1 LT R
FIFA 1 dirty 55 2.

1) AR dirty 55 3R T A 45 80, T el 4
FTA RS Ry dirty 194% 55

2) A T45 5 0 T ) B M ik O R R, OB 4% T4
KL ) 3 kb ik T SR B AC 4 b, I B R AC 4 sl
SRS,

o 2 BB, ¥ Superblock 5 | [ 12 AW BRI 4525 ).

B+ tree T Wil S5 QNG L 1 R
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3% 1. IBT B+ tree | il 8%
D procedure flush_dirty nodes(A)
@  for child «— A do

® if is_dirty(child) then

@ write(child) ;

® TR 2 5 A T child (4 B b AL
©® end if

@  end for

end procedure

© procedure flush_dirty _lists(tree)

O i depth(tree);

@  while i-1>0do

®@ for A < dirty list{i—1] do
® Sflush_dirty nodes(A);
end for

® i—;

end while

@ end procedure

procedure flush_btree( tree)
flush_dirty lists(tree);
write(root) ; I*55 1 [ Bt H2 3 */

@D BEA AR A W B Mk i SEAE superblock W
@  write(superblock) ; 1*55 2 Wi BL 4238 %/

@ end procedure

Superblock
lis[0] height | 3
~_ index 1
. pbid | 10
sl e o1
PR 9
list[2] 21|26
B '] ¥ 3[4 516
\// 777777777
(a) Thilzise1]
Superblock
lis[0] height | 3
~ index | 1
pbid | 10

(c) Thillzist[0]

[] #srondiny [ ] Mclean
cow WRESLSHTAAMAER  — BTN

&l 8 J&7R T B+ tree I hill 1Y B ZE B Be. 4% F ok, DU
& 6(d) BT 75 19 3 Bir B+ tree S 0], 45 & 51k 1 FIE 8
A48 B+ tree F T .

1) XFF & 6(d) B B+ tree, T8 B 1 A% pR %L
Sflush_btree T 3K B+ tree. flush_btree VA flush_dirty
lists I list[ 1] T4 ZEAARBERR, T AT AT dirty 5538,

2) Wil 8(a) 7w, X F list[1] W45 55 D, V5 F bR
U flush_dirty nodes, 45 5. D R — A RE N dirty 19
5 A R, E 8(b) s, 4 5 A4 Ly
PR HE I IC SR AE S &L D, [ 25 550 D il & 1)
4505 A RSP I H M clean. [RIREAY 7 AL lise[ 1] |
R e

3) &1 8(c) T hill ist[0], A4k £ D Fl E 43 Fie 49 3
R, =, sREX flush_dirty lists Y47 58 1.

4) & 8(d) N AR 45 5 R 43 L 4 B ik 15, 5 Rt
MR 45 5 R F W Superblock, SE 5 1 B HE32.

5) il Superblock 58 .55 2 By BE4R 52 .

4 IBT B+ tree ¥ EM RT3

ASCULH RS MR 5 RGN 5, 7RSS 2 AN
53R T IBT B+ tree, f## ¢ T wandering B+ tree
[a] 5. {2 J2&, XA IBT B+ tree H A 1 47 B $5 F  3K,
ME LI R AE A 6] 47 28T i R

Superblock
list[0] |R g ; . 261 height ?

~_ s o index
/ \ pbid | 10
tisf1] \/ND APAIVITEENES E o T4T9

\
list[2] 15110 1215 21126
) AR (s [ c B
\/
(b) list[1]7F Rl 56 %
Superblock

isdl

. height | 3
list[0] R TSRSl . ;
/ \ phid | 15
12
[9 ]
S

list[2]

(d) dirty £ s T Il 52 1%
L ROy B st 1 Ed %745 5 dirty %P4 55 Nclean

e W SETARMRR 7 IR

Fig. 8 Flush dirty node of IBT B+ tree
8 Tl IBT B+ tree [ dirty 455
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N4 TH PEMr IBT B+ tree 7 Fio A Filebench 37 &
TSR AT AR SR, T B R T S IR S A
i IBT B+ tree 3¢ FF 1 2% S A1 i, ELaE 4 1/O
B SCTLRY H AR S5 1 B A7t & S8 Monty-Dev.

kb B PE AR 3 T I 4 A A TR O i B OR
# IBT B+ tree 5K F NAT 77 ¥ 111 B+ tree(J5 3C
FRAE NAT B+ tree) #E47 X L. Hoit, NAT 5 Rkt 2
% Linux N #% 5.14 fUAR "F2FS 19 52 L. i T NAT #
il F2FS A& inode DA SCA W S 19 J7 =045 21, [ g
XA AN e 58 A K, e M fd ] radix-tree 4 2T A7
ZEAFI NAT B, FEA S F2FS /) 52 807 X & s Hor
W53 #4127 F2FS. 35k, XF T NAT H 1) version bitmap
T TR SE E TUER 1 b, 1 55 f2fs-tools™
g AL ERAE BT AN ]

AL Linux RGENF 6, &5 Linux N #%

s E B 1% 45 Monty-Dev & 4. T 1 43 B A A PE M &
4t Monty-Dev [ B A& T1 . JoEE & PE A R 4 layout.
4.1 Monty-Dev & G &k 2244

TR AN B A ML RN T il B4 e i) Iz 1)
WIS 5 L, B+ tree B 25 5 Il NAT BRI 22 A7 78 N A7
AR SC IR AR TIORORI ] 2 ) B £ A5 TR R T 5 T Y
M PEH. g DA I B #8409 52 i, Monty-Dev 5 48 3¢
+F Linux P #%H il 32 B9 Discard 1/0 # X.

Monty-Dev 7 48 Gl A4 4244 411 1] 9 Jir 735 . 7 1 A8 1)
MBEARR RSN 72, THZEZAH. PR
k48 B Monty-Dev R 4t, Lb anf)ad . M 15535 & A g
MAGHEE S, KA R G AR & 07,
H 4% 1] Monty-Dev 232135 1/0 i 3K . extd/xfs 55 304
Z LS, nl 1)l AR JE AR S VO, Discard /O
3K, Discard I/O J 2K SZRf SCIF R GE Y trim 454,

| Armn |

brifE i % 0

FHHRGNRE | MERASH

SR GATR

A
| wwemoas | | we
x
IO * A RSO
Monty-DevAik
BHZ
ORI Monty-DeviZ 02 RRER
1/0H £ SR
| HIOWR | BEI/OWER | Discard 1/0L%ﬂé| AR
A A A
-------------
HRss AT/ i UNMAP JCHR 5 : R
""""""" vy
LY/E R
<« HRR <> mHR <> JoEgER
Fig. 9 Architecture of Monty-Dev system
9 Monty-Dev G EEIALER
Monty-Dev # .0 £ B 52 B T 38 FH B )2 18358 43 log0 tree
F1L b1 JE % £ T BJR 697 K. 5 T Monty-Dev AN

Z 80 0] $UAT Fio MR, K Monty-Dev 15 £ 4% XAk b ¥
E SCHF 22 48 7T 3 A Filebench il

I, 38 3 Monty-Dev £ %t il i Fio 1 Filebench
T3, A 55 B+ tree AU AR L f A L MM BRERAE S LT
K, VAR TeE R T .
42 THIEEEER

Monty-Dev %) G £ 45 45 JHUA B 45 #4161 4n &1 10 Fir
7N, Ja SCFRAE Meta tree.

NAT B+ treesi KB
IBT B+ tree <«  Jogl tree

Disk tree Memory tree

Fig. 10  Structure diagram of Meta tree
K 10 Meta tree 2549 &

Meta tree & Bl H 1 £ 12 5 Hb bk A4 B8 b hE 49 mi
WRAR, TR TTEIEERAE, &\, mAL
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UNMAP. Meta tree £ 4 2 #B3, Sy J5 {5 4ifi i 7353 ik 1F
Disk tree 1 Memory tree, H: #' Disk tree 4 NAT B+
tree i, IBT B+ tree, A SCIT-I Hh R 45 s /N R £ 48 B
KNI 4KB.

AW 13 IBT B+ tree i3 NAT B+ tree & PG EUIE,
TUECHE T il 23 BHZE 1O A1 B %o 0 504l 1948 B, 5%
B Ao RO 5 O &, JCR VRS oo T el s
/O 2. R, 435 A Memory tree, 1145 log0 tree
F1 logl tree, 4t X A log tree. log tree K F SCHk [24] 12
H ) 3 F lock-coupling § & B i3 Y B+ tree, 2 BRM
BENAF, S0 S 5C R B BN log, HIRE G log(k
G CR B, FARHR A L BB UNMAP). 2 BRAN 52
B, TEEK log tree 40 B G 5 18 e, IR 75 BR log
tree #F17 45 . Disk tree 77 25 T hill 2 W ¥ % &, f£4 i
S IP Y

log tree LI RETT KA

1) 5 EJRE VO X oo B i & B log 19 75 5K
IC ST ke, 0 Sk Y N S Dy 322 B B 5 R G IR S O R
& AR,

2) log tree MY AT 7 FH 3k 21— 7 |5 {8 5l 2%
filh & T Wl G0 #5 O L T Rl B Meta tree T Rl B
T Bk ) log tree W AT log K Wl B 5 & A0 15 Bl 342 1R
log 28 # 7£ Disk tree I $HAT A N BB 2 4E . & IF 45
J&, MBE log tree.

3) A EAE R, JE A log tree 4% 1] Disk tree,
PRI Sy S5t 1) RSB G R B URR I SR TE log tree H.

25 I, log tree 75 ZEEE LN T Dy HE: 4l A L BB .
i I . 3 e SR SO [24] 48 H Y B+ tree # AT LA A2,
HAHWSCRBA R IHF R ILA.

i 3 Meta tree 45 B OCECHE , f#% 0 B+ tree T Kl 15
AN B T T 5 OC R (%) [ R, DTG 3kE A oG B840 T il BHL
FER P VO 3K, 52 ) 52 48 2 AR g e IR, ) i o 3k
BT VO bR SO e HeE T T
4.3 Monty-Dev % 4t layout

{67 11 IBT B+ tree 45 L% $6 b b A1y St bl 74 e
KA, T ZETER 25 (A1 2 575 3 17 TP Iradk i 2 F Btz
Tl B+ tree FFEK, A SAFREHI &S RGN L EAF B

{# FI NAT B+ tree, W 75 % NAT X 48 #l1 Checkpoint
X 35 : NAT X 38 55 F2FS 1 NAT IX 32 /9 2y i 4 7] 5
Checkpoint [X 32 i 5 NAT kA9 version bitmap.

5 MESHH

AT FE T 458 2 91 R H NAT B+ tree £l

IBT B+ tree % # Ju 50 #i5 119 2 4~ iU A& Monty-Dev £ 4t
CH IS, J5 3058 BIFRAE NAT JRA F IBT fRAS )
BEATPEIN . A5 3558 5 Fio™ Al Filebench™ i 47 il
R, UIPENE AR H 62 T, NAT B F1 IBT MUAS 78 G
BRSO AT AR T Y 22 7
51 KR

555 T R AR DGR Y AR 2 2 U m AR L gk
17.5.2 50 5.3 1AM 43078 SSD A1 HDD _E k4T
WK, LA UE IBT B+ tree 75 2 R it _E A9 DAL 38R

Table2 The Hardware Configuration of Testing Server

F2 WKRESH/EHEE

eSSl SR

CPU Intel (R) Xeon (R) E5645@2.40GHz, 2 %, 24 Zif¢
AT Ramaxel DDR3, 32GB, 1333MHz

WAk Seagate Constellation ES STI000NMO0011, 1TB, SATA
SSD Intel SSD DC P3700 Series, 400 GB, NVMe

DU B R BB N2 3 T /R . T NAT RRUAS AN
IBT RRUAS 1 JC $0 408 44 A7 7E 25 5 : NAT RUA (9 JC 5K
P51 FE NAT B Ml B+ tree B 45 45, 17 IBT WA (AL 5
B+ tree 4% s5. Kt , NAT ARZR Fi1 IBT W7 76 A8 ]
WG, JCEE B T Bl & T BEAEAE 22 5. LA, NAT
Ji A A7 A T 7 ) B 4% A5 1) B AL A a) 8, 17 IBT
WA AEAE. PR, JCEE T R L AT A7 AE 25 57

Table 3 The Software Configuration of Testing Server
*3 MAREFRGERE

gl fiA

BERSE CentOS Linux 7.8.2003, N#% 3.10.0-957.12.2
Fio 3.1

Filebench 1.4.9.1

5.2 Fio llix

2 ™ IRAS ) Monty-Dev 2 4t , 5% FRS i i & 15 11,
2 4k A5 SR S I 4 A 7R A 3 R, H B+
tree B4 4% 45 Y L A7 7E N A7 1, IBT B+ tree fl NAT B+
tree MY AT TR AT 22 5, PRI Fio BEALS

Fio M /) S 8N 3% 4 iR, DL3R 4 h S 80004 22
W 2 Wk, 43 5 RS FE w5 S R R
W 3 YICE- S48, i T Fio BEALE Mt & 2% 19 1/O 1
K W BE AL IE SR T 5, BRI AE S 80N 28 (1915 0L T &
K Fio MK A 1O J7 40 S0 [F]. 565 2 %803 RO o 25 55
5, 5% 5 MR XS T IBT B+ tree Fll NAT B+ tree 1 &
A AT AR R L, 2 AT S S PR NAT
JRAFN BT MUAFEIR A FIH AT Him 5 T2 5.
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Table 4 Fio Configuration Parameters

*x4 FioWMESE

SR SR
B R/AVTB 4
iodepth 512
HFLEE/KB 4
engine libaio
e randwrite
Hdlit/GB 200

Meta tree & - T Rl 35 %R 32 2 A~ E il 29 log tree
PAE &5 EBR s B+ tree AY dirty #4285 55 N7 5 FH L FR.
Horr, log tree WAt L BRAER /N, T il 491 %6 4 55 dirty
W48 S A o R e — A e A T R, 1 RR
/N, — 58 OO T I N, T R L PR, AR
A 51 log tree AT i I _EBR i 10 MB, 20 MB,
30 MB M1E LT, dirty #4845 55 P AF 5 H R 65 MB,
85 MB, 105 MB i}, NAT g 7% Fl IBT WA 1 Ik 5 Fil
5 1A i R R BRI T B T R S R, R I 4
SAE SSD F1 HDD | #E47 M35 H7 .

H T NAT JRASFI IBT WA (1947 2 oo 454 1t AH (7],
PRIt A 74 3 3k S B T el B P TR R R S OK.
5.2.1 % SSD f¥ Fio M3k

Fio M, kG M ES MR, ofds T
Tl XS L AR 1 11 R WSS A ] 1L, TTAS i 4 D 25ie:

1) X F oo EE T Rl i, IBT iR A 78 K 22 500 il
T T NAT RRAS, {H 22 7R/

2) log tree PNAF i L FRAE IS, TCE0E T Rl &t /)

3) NAT WA Al IBT jlR A<, 76 2 35 5 K log
tree PIAF b7 B BRACR, B ik 388Kk

4) log tree JC/NHIRI I, dirty 48 45 55 A7 5 ] |
PR XS TC A T i k52 e AR /)N

XFFH 444598, 45 7F Meta tree & F i 72 o,
dirty B 25 23 PUAE 5 D i B RR, 7 T S A I
Pl A 55F . th T log tree o WG OC R 4 B I% B 1 Ik HE
¥, T G A IT R A e B, R B E T R
45 05, (H ] e S B s 4 B °F R B4 v ] 245 A T e
g5 5 R, I dirty W25 8 N AE B B X
TR T il i 5 i AR /).

100 110 100 155
— IBTHA G % 1 IBTHRA %
== NATHA T I3 {109 I £ NATHUR AR
8 —— NATHA TE 50 F Rl it
8 °N’7 1108 ol > IBTHATCEE FhRE 154
108.1 Jas) 153.7 Jaa)
£ 96| 107.2 107.2 1072 1107 2 2 g4l 153.3 liss £
S ‘ ' ' B g ' 2
= —, . = 2 =
5 - NATHATEEE FRE {106 & 5| 7521 i
= ol > IBTHATE S PRI B4 lisy %
i {105 )ﬁé L 152.1 152.0 152.0 £
92.7 92.7 : I R
92.4 922 1104
92t 013 914 881 875 o001 g7 . 874 874 {151
103 7
86 |
90 102 150
65 85 105 65 85 105
dirty S &5 SN A7 EFR/MB dirty B4 25 55 77 o5 ) FR/MB
(a) log treeP 77 5 F EFRATOMBI kS () MERS (4D
100 82.0 100
o IBThRAF I % o IBThA T2
== NATHRAZ M % 99| O NATRZA G 11260
99 ¢ —— NATHRACEE Rl 815 & NATRUACER Pl
— IBTHR A TEEE T il 98 125 8\~ IBTRRA T T il &
| | | {1255
% 98 8:1\‘\‘ 81.0 & ¢ 97 g
) 80.9 BS gl I
= 80.8 = = =
29 18052 & -
= 805 80.45 S04 B L oost 112505
bis 95.9 B 124.9 s
95.4 93.0 932
| 92.9 |
os| 950 95.0 949 | s B oy 926 124.5
ol H 91.9
94 79.0 91 124.0
65 85 105 65 85 105
dirty 25 £ A7 5 A _EBR/MB dirty ¥ 45 5 A7 o5 AL FR/MB

(b) log tree A7 i H_EBRN20MBRI I E RS () MERZS ()
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99 69.5 99
1 IBTARARGRER O IBTHRAF 3
3 NATHRAFR I 3 C= NATHRAF I 2% 1120
98 - —— NATHRA ICEIE TRl & 63.9 98+ —— NAT/RA CE T il 5
e IBTHIATCRR TRl 2 1990 < IBTHUATERGR PRl
97+t o7 1194 {119 @
%) @) %) @)
& V = 118.5 118.5 =
= . z = ] =
S 96+ 9s. S 96
o . 95, 5 11>§.’2/M0 Ins &
h 95 1 ' b 95 1 94.9 ] g
94.6 94.6
ol 93.9 1675 ol 94.0 94.1 117
93.5 -
93 67.0 93 116
65 85 105 65 85 105
dirty S &5 SN A7 5 _EFR/MB dirty W &5 SN AE & R F/MB

(c) log tree 77 5 FH EFRA3OMBI (IS () MESRS (4)

Fig. 11 Comparison of throughput and the total amount of flushed metadata based on SSD
P11 T SSD YRRt ST Tl BT L

H T NAT A Al IBT i A< B+ tree 4fi A BT &
Fe B HE AR, PR 2R 255 18 Meta tree 5 1 Al
B 28 5. T A ik R R LA ], PRI NAT A
BT RRAS ) 70 K 4 T Rl 285 53 ) 1 B ) 522 W) 56 A A
[, O, AR 32 0 i o M s B T R NAT
AR A1 IBT AR B CBs SR, 3 5 et TH 11(a)
Hh, dirty B 45 5 AE o5 B BR O 85 MB I, 2 F il il
S99 18] ) ST R T Rl

Table S Total Amount of 2 Versions Flushed Metadata

Under Fio Test Based on SSD
Fz 5 ET SSD K Fio ik s 2 MEATHIETRIZE GB

Bk NAT JiiAs IBT JiiAs
HKS 108.1 107.2
BHES 153.3 152.7

MF 5 AT LU Y, IBT RRAS B9 JC RS B il 2 s A
F NAT iR 4%, {H NAT B+ tree F il Bt 77 26 JE T 55
NAT 75 119 70 5085 A0 55 NAT H Fl B+ tree B 25 4,
NAT B il 64549 BB 4 U5 [R5 Ay [ 58 1) PR 45 %5
] BRI 5, TR0 S I 5, NAT Je R8s af
IR . 2 5l NAT HR S 5L an 3% 6 7w,
Table 6 Statistics of Flushed NAT Block Under Fio Test

Based on SSD
% 6 ET SSD i Fio Mk & NAT R TRIZEIT

el NAT B F il #/GB L /%
HIRE 1.66 15
BEL 3.8 2.5

35 Wl NAT He 5 A& LG A BT

I E R R B+ tree A 45 5 BRI £, S HINAT
He OB £, BEALIE 2 NAT Be iy 30 Bl 4 K B il T
NAT He 5 F 07 5 0 H 48/, Xt P $is 5
PERER W EL /N, BT LA NAT BUAS AT IBT RROAS A9 75 i 3R
Z SAR/N BRI, BEALS & S BON S R £, 1%
AR DN A7 BB AR 5 i, 3o 7 Jed 30 0003 o S R AR B 1 R

NAT B+ tree | hill 75 2 T il i1 45 &5 T NAT 3,
IBT B+ tree Xf TR 25 A dirty (9 745 5, A if %
1 b BT A R AH SE G S — e Sk dirty, T IBT AR A (1 T
B T it/ T NAT bAS. L, IBT MAS B AR B i
FHEE—ENE R, (AT NAT 3R 5 R4, IBT
WA SEBRF I 5 NAT WA A S 5000 T NAT A
52.2 KT HDD £ Fio Jjiz

Fio MiX & By E ME XS 2 k)5, &t
SR JCRE TR 12 fr R ER A M I 12,
A5 5 A EEE.

1) XFF oo Eeds R, IBT WA 7E K 2 50 il
T T NAT RAS

2) PP, M F NAT JRAS, IBT FRA &
LR Tt 4.79%~13.8%, # 35 5 $& T+ 10.7%~20.3%, P11+
o7 FH D 4 T R

3) IBT MR i R RILILT- A 3Z dirty B 25 5 4
10 L PR R, 1 NAT AR 37 5% 0 48 K, 4 1) 2
K 12(b);

4) log tree WA i FH 1 FRABR K, b 58K

5) log tree N7 i I L IRAHTA, KZHUE N T,
dirty FF25 SN AE 5 BRI, Je e T Rl )

PLIE 12(a) dirty B 25 55 A7 T B BR R 85MB 2y
B, o Hr B T S A SR A O R LM T NAT fiR
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30 24 165
— IBTRHUA R 1114 1 IBTHUA AL
= NATH AL = NATHLA 5
28 | 2t —— NATHATCHARE T Rl
1123 1112 1588 s IBTHRACHGR FiRIE 160
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Fig. 12 Comparison of throughput and the total amount of flushed metadata based on HDD
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Table 7 Total Amount of 2 Versions Flushed Metadata
Under Fio Test Based on HDD
%7 ET HDD M Fio ik 2 MRATEIE TR EE GB

e/ NAT R IBT JiiAs
HIKE 110.6 109.1
BEL 155.0 154.5

Table 8 Statistics of Flushed NAT Block Under Fio Test

Based on HDD
&8 ET HDD i Fio Mlik &b NAT RISt
LIt/ NAT J¢ F il #/GB el
HIKE 1.8 1.6
s 4.0 2.5

R R T 2 B2 NAT BT il 0.

k8 frow, B35S WA b NAT iy 5 A & Fil
LU AR 38 T, DA S B A2 6 AR WUT 5 3 oK 3
% . IBT B+ tree M 45 i 5 22 T il , HAC SR 45 s
TR, X T R R FE A A ERAE, 2 B B i
45 55 AT A AH [R] i AH SE 45 AL T NAT B iR
TR 11> Btk 55 19 22 B 45 ST — S8 T BUE 1 i
(] )T R, T LA SRy 38 1 265 A 1) AR B A S — S T U2
NAT i) il 4

£ I, IBT B+ tree [ T RE MG 5T 4 3t A1) I 25 1] =)
P e I T B9 T B, ke A B AL U ) 45 T T 8K
P 09T il 2%, NAT fRAS, B+ tree H 45 5 S i £
R NAT BUi 2, 5 0K 8™ 5, 3 i HDD - 38 B
B DTG B AR R 8 A ik 32, (R, IBT MUAS #E e 8 5
TR R Rl 28023 5 T A 3R B34 T NAT AR,
5.3 Filebench iz

Skt f s 5, A L AN L BT N BRERAE
125 & PERE, 1 Filebench #4704, 12 2 I3 3 22
P& B varmail, fileserver iX 2 /M #k. e ERXT H IBT
B+ tree Fil NAT B+ tree 1 25 & 1 B8, 7] B 3 B 4 A7 ik
% 72 855, X Filebench H AR wml 1A i 0 3ok B[]
LARE . SCPF RN SO B B4R T 18 k. ik S 67 2
BIE e — A SRS, 2 BT AR

1) varmail, #2400 HE 4 Iz 55 4% B9 VO 2k, 1% 1 4%
2 LR PATAH RN 5. U AT I B . A8 —i8 n—
[F 25| se—Bfn—Iml 25 | S

2) fileserver, R SCAF Ik 55 % 119 /O fi 2k, %M
2 LR PUAT A [FAE 55 T A 2 SRS SO B
NS | BRSSO BRSO AR SCIRIRES.

M3 75 3 2 - 43 ) T HDD #i SSD @1 4TB 1)
Monty-Dev B4, k%ML K extd SCIFR S, {# ] discard

B 301 2 48 S0 FR 48 LA B+ tree (194 bR 45 1, A2
TUEAAT 1 h, BN EET 3 WK, S5 3O
53.1 5T SSD ¥ Filebench iz

Filebench 3% 45 5%, IBT Mt A< Al NAT it A< 3 A
AT, 22 R8N, FEIFERE: KRG ASHE
TR R R BRI, AR R RS
TEMEFEREARRFITE, 2 4 WA 22 7850
I, AR K& 5.3.2 7 B O oo 5o R el i PE A IBT
JRASFI NAT A . /i T Filebench i 4% B8 15 & if K
BEAT IR, R [ 32 Monty-Dev 1% 45 Wi 21 B9 1/0 i
SRECRAFE 22 5, R, AR R 5.3.2 1 o didis
il L 45146 BR P T R 59 5 R AR O
TCHE N il &=

R A

W (D BT 2, RS R WA 13 iR,

JeidE T il b= x100%. (1)

30} [ NATHAR
< - IBTHA
= 25T 2.19
= 2.1 .
= o0t
= 2
= oist 1.43 L5
§ .

W‘R 1.0
0.5}
0
varmail fileserver
Filebench 71 #;
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Table 9 Statistics of Flushed NAT Block for Different
Loads Under Filebench Test Based on SSD
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