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Abstract: A snapshot-based fine granularity versioning technique is presented to retain history data only for a
single directory or a single file, and bring flexibility to multi-version file systems. Adopting the strategy to search in
name space and version space separately, this paper also presents backward inheriting path-finding mechanism in
version space. This mechanism is beneficial to the performance and management, because it can utilize the coupling
relationship between versions to optimize the data layout of versions and build hierarchy in version space to
accelerate the path-finding procedure. In addition, fast index structures for directory versions and file versions are
designed. This prototype file system——THVFS can achieve both good performance and high availability with
these technologies mentioned above. The experimental results show that the average time of searching old versions
in THVFS was reduced by 34.4% than in ext3cow, the famous multi-version file system. In the trace experiment, the
average read response time in THVFS was 12% less than in ext3, and only 80% extra space was needed to retain all
history data when snapshots are taken every 72 minutes in THVFS.

Key words: version; backward inheriting path-finding; red black tree embedded in inode; red black tree with

weight and link; red black tree lock
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Fig.2 Comparison between two pathfinding method (t” denotes current time)
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WriteLock 0 0 0 [E) (1 SHE 25 06 2R oA 4], R R 9 0) B 11 AL PR 5 43l ol

{Rkey|Rlink}iu{RkeyyRcolor,RIink,Wcolor},%%%I“ﬂz:ﬁﬁz/f{{q‘{q]

58,1 LA ReadLock 5 ColorLock /&34 1;1M ReadLock 5 WriteLock J B (AL PR AR & Z (B A71E Ryey-Wiey F1
Riink-Wiink #1158, 9T LA ReadLock 5 WriteLock & AR 341,

1SRRI A5 b B A B ) A B R

K R ERAE 1 AR 22 - 0I5 B335 5 45 501K ReadLock, FLIREA it 28 fry e B (TIL) FR 7 Ji D7 R i i AR 45
R ReadLock 22 B, 2 40 434 HiAQ S5 45 1 ReadLock; 24 3k B 44 1 1) ReadLock 22 J& , 37 RIBE fift H:AQ 5% 45
1) ReadLock. 3 AN Bk #5470 4R 6 22 B B 4 AN AR 2 (1) B> FR 37 45 45 s 1) ColorLock, Fi it i) J5 fR
BT RS — L B 8 N TV IR AH W &5 5 F5 4T ColorLock B T LL3EE 5 55 JH Al 4 N BRI g 5046 DR ) A6 e &%
RUTT AR PS8, SREME LRAIE 5 H 2R 50 A I AT 3 A pR B P S 2 P 5 T2 4 N R I o 45 £ o 7 A oSO 44
SERI K5 AR R 45 5 - O 1) ColorLock %446l WrriteLock.

P T 45 1 2R 20 I 55 D IR 08 O a8 5 5 R (R B A 1T e 4 S i 2 5 R B I B 0 4R AR A RS IR S &R
e — BORES, XA — b ) AT A Linux P9k Y jod BBk ST R RN o R R R 4 4 )
Ak 1A S R L5, SR B restart YRR R jbd 45 H AR D RN B E SCE RS —E0RA.

3 HEREIEN

31 MRAEEXTERTE

58, IR I B [R) 22 RROAS SO 2R 48 v A RS AL SR S A 2R 00 A A T 11 53 oo, AT R P 7 A 2 v
FE P postmark, 76 I PEAS [R] SCAFHOR 30 55 HUN A% 48 SCAF R 4T ext3. 22 AR UM R 48 THVFS  ext3cow il wayback
56 JSCHEAS WU AR (1) S5 IS ] EL 2k, O N8 iR A s 28 5 1 6) 28 AR SO 2R 4 P e A 10 0 SRR A 7 i) A D 532
TR AT o5 T DI e FE )Y ImbenchfM DL in ot A D7 e 5 A 0 IR IR L B T AR 2 ROKR SO R A
wayback, THVFS Fil ext3cow =% SCAF 1) 5 —F5 8 A AT JE8 1 S U A (stat) (149 o 2 B 18] P8, 0 VAR I ) 4
PR, BT — 20478 T Imbench, 4 H BEAE 6] A [R] KA (1) JR A 205 ) J2 G 45 1 it sk s DT B 9F LUK AN
[Fi] 578 SR W5 U 1) )2 % 5 0 Th i D 2 H S B R RAS (137 339 I 1) 2038 20 I PR AR T e R OF gt 7 hie
A2 0] J2 9 45 4 1K) THVFS A1 ext3cow AT 45 i, A 148 1] Berkeley trace RESIM U PPl 22 i A SCAF R 457 1L
SEAS PR TR R B, H LIRS R W AR 2B s A P 25 1) 9 B iR 2 AR A 4 S R 4R ext3 B IRA M R 4
THVFS. ext3cow L A& wayback 31T % .

SEO6 FH AR 45 4% IR T & 0 sIntel Xeon 2GHz AbFE8%;512MB P 47 ;Adaptec aic7902 Ultra320 SCSI &L
R Linux BEAE R G5, W HZ A 2.4.22;SEAGATE ST336607LW fili 48, 25 5 by 34GB, Xl 43 S — A 43 X K P 22 4 %A
S ZR 8 IR S A8 1) ext3cow AR 4 0.1.4,wayback A 1.0.1.
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32 RFESRMEREMIR

S 5 WA SR P R AR SO 100 000,43 ) S AN ) 1) 2 45 #3247 postmark.Postmark H ) =
3% BAT SO &2 40 cache B /R H 19132 (read) . 3B N (append). €17 (create). M} % (delete) 1R &

Pl 4 Sy sz g A, o AT D0 RCAS BIL A AR 5 DN AR T SO R e 1) P L Bt A 3 45 502 AL 5 000 38 JinE1 50 000,
5 SO 2R 55 1R 5E B ) 4 2 28 M 48 K #4 wayback #

B, 5¢ BN ) 52 K THVES F1 ext3cow Iz, HLAEfig Al 400 ) o em

I ext3 1135 M I 57 24 975 KOk 50 000 % 41100y 5 ot o

) 4351 45 409s,129s,121s Fil 798 BA1 4 BT 1 ftt 25 4k, (1 J5t 1A 00{ o THVES | AT

f&:wayback A &S HENH BT KR ext3cow FI & JPd

THVFS sSSP 35 SR A S PRISUR 5, IE U s B 200 ‘ //

01024 W B 5 BRI L LA O 0 S A 1) 1 3t 3 for o0

B THVES 5% H T 400 18 AR 2 i 50 Wi 7 5 97 1 5 B A ot

T A SR A B 0 0 BT A 4 5 35 A ARG TR T i
SR 773079 813 0 b wayback, THVFS A1l ext3cow O 10000 20000 80000 40000 50000

HIRET ext3 HPEREASIL B 4 L #5615 3 A2 A SO 2 '

et 4 T 55 S IR 5 O AE4C F 47 W AR S 10 4 P04 Postmark results in ext3, wayback,

PSS T R ST ext3cow, and THVFS

fE Wayback, THVES 7l ext3cow (11 A HLEIF- 451 APEfig Kl 4 Postmark 7F ext3,wayback,ext3cow Al

594541y 444%,44%71 33%. THVFS HIaATIN I H

3.3 [ ARASHE 2R AR MK

FATHIE 0t (1 Imbench™ WK 22 JA SO R GERY R B 52 SCPERRAS (0 Pk B R A S R A2 55 1 25, B e
WOCHRER; 26 2 20 DL SO AR AR P i 8 SO IR 58 WA A S 80T stat() BRI 2, 56 b SO Fia 8 A TR A 28 I 152
I M 1R 4, BT LAAZ R K AT 1 D) 4 D A3 VE A0 R G0t SO 7 st AR (A 2 1k 65 28 3 205, M B AR S 44
AR SRR ALHE 100 AN SO, AN U &AE 41T RRASFD 100 A7 S B4R, J5 SCh RN 2R 0 ShRA. Hi 15
PISERRA S 3 2 5y S RRAR, — E 5 100 5 JJ7 S RRUAS.

1E 3 A2 WA A & 48 wayback, THVFS #l ext3cow H3E47 Imbench I35k 1¥) 45 5 2% 1H :wayback Fll i 04T
I (8] %8 THVFS F ext3cow it 4 AN 403X & T 7 wayback =4 [77 50 MOAS Uy n) 517 2 200 560 Wi AR I H &
R T HH AR IR R AR AR P 23 T P R AR

¥ 5 J& THVFS 5 ext3cow Rl &5 S b ] A AR b by ST RRCAS I RIUAR 5 AR s by B T, B 87 Ay s £l &1
ALOL XA 15 T s AR A HAT MR I 1], THVES 4 ext3cow 1 1.5 550055 25 5 J s FRAS A7 03k £ It
18], THVFS 2k ext3cow [1) 75%;XF 5 50 5 [ s R A AT WA 1) 1 (8], THVES 24 ext3cow ) 55.5%; % 25 100 5 [
SR ASHAT IR K I8 1), THVES XA ext3cow 1) 34.8%. 1] WL, B 25 il As 5 1 384 K THVES (93 04T I 11 JL T
AN T ext3cow HIFRILH T 26K (1ia A B b e 18 & THVFS ik 2 ext3cow, TR ESE 0 SIRA S5 150
SRAZ I T — B R ILR DR 28 0 5 A R 2 AT ISUAR, T LA B 307 1), AS T BEPAT WA K R 41

FH SE 0 B0 T 40, 24 AR 5K T 13 I, THVES $hAT M3 1) I 18] 1% o5 T ext3cow, L 5t PR 2 cext3cow i 4k 35 45 14
2H ZR R A T B R T 2R S ) AR A 2R W] [) e S -2 IR,
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5000 - [—e— ext3cow
|—*— THVFS Lt
4000 - . P
— /r"".
g 3000 | -
[} /r'"
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iZ 2000 4 4 N
s * PR S S
i i *
1000 4 .=~
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0.
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Version No.

Fig.5 Comparison of version access time between ext3cow and THVFS
5 ext3cow F THVFS fiA Ui I s 1] ) LL 42

T R 77 U452 THVRS A T ext3cow ar 58 J s Hcdls 111 B Inf [R] AR 44 7 73 B S 4Rt THVRS AH XS
T+ ext3cow X % J S RRCAS (1~100) AT JX A IR TE) A2 Ak 7753 LU, SR 5 5060 I 48 1 93 B SR S1- 24 8. 45 AR W] AR T
ext3cow, THVFS # %y 52 $eHis 1)1 B I I 4 il T 34.4%.

3.4 FERMIEREILER

AP AE ] Imbench, 7 i€ FC Dl e A8 JLBE 08 G 45 52 HUASE A ROA 22 18] J2 2 45 K25 4 45 R 1) B o 1
NSH(L) EREIRIE d: RV 2S5 R 25 W B 2 dr AR S W) 2 SR B ZE0h 4,00 d=4;(2) 2445
FREUE Bl E A5 K A2 H 36— A WO R AE i o 39608 17 B el SO oA A4 i i i A2, sl 20 o
IRA R AR 1 A i J L5 BT H s BIR 3 ANER SRR 1 2E i J 391, 9T A n=3.

RS 2 1 20, G PP 05 1 56 B (d-1) J2 H SR FE BRI 2 H s 10 AN ST 48 5 i 4
SE I ZH 0 N d, 3 AT 5 AR R R AR, B hoA 2% 8] 2 4R 46 44 56 2 282, ATHZ B s T0AE H 3% 48 58— i
A5 SRR JZE B 10 AN IR S 1% IR A R I AT open,stat AT close 8 4F, 3¢ 35033 1) 56 1 I 18] , 5% S 755 A [7]
FECA 5 0 IS FR T IR ) 5K 349, FRAT T A2 249 I T A Sk 4, VP A 2R 48 542 s RO 1R e 25 3 20 IR I H %
P

WA 53 5 7E THVFS F ext3cow HHEAT, HUE G L de[2,9,],ne[1,10]. 08 T A% bb 4% 5wk 11 1k g, 52 36 o
KT THVFS R A TRE R 5.

P 6(a) A 24 n=3 HL[A i ANAR IR 28 08 0 J2= 0 AR TEE o RS2 45 R ol P T DL, 2 THVES 12 245 1 4
A7 AR MBI ) L ext3cow H FYEERT. 2 2 4 4540 AT 2 J2 I8, THVFS i) A2 1 2 1) 1) LE ext3cow
W Aps, BT N JE 1K 94.8%; i E 6 Z I, THVFS w1 ) F- 420158 - 38 i 7] bh ext3cow ¥4 44ps, i &4
JE ¥ 96.9%; 4353 9 2N, THVFS Hh ¥ A2 AT 1IN B] LG ext3cow HY AT 424ps, 1T # 4 J5 # 1) 97.0%.

K 6(b)4 4 d=4 H.[H e ANAZIN, 38 90 58 0 )22 2 S5 K e BORE n (RSB 45 20 ch B AT, 24 n=4 I, 7 THVFS rf
PAT AR - 2 5 ) EE ext3eow H IR 8ps, B 7 A Ji 7 [ 93.8%; >4 n=10 I, THVFS 1 i) A2 K1~ 2 IS
/8] Lt ext3cow HH {14 92us, 7 & A JE & 1 95.0%.

W 77 A THVES B 32 00 B AH 0T T ext3cow MIPERE T 0 oSG oh 50 & Ik Sk B
(def2,9,]1,ne[1,10])" THVFS (¥ 52230l B I TR AHXT T~ ext3cow (#5423~ B4 I T (1 45 bG8 5 T 3
L Iy L SRP B 2 SRR W) SR S i) 4k R S48, THVFS 1913 542 I 7] 4 ext3cow ) 96.3%, 4641 T
3.7%. MR T PRI IR B AR T30 R 454 1 inode 5 dentry cache #2317 22 ph A5 T, 46 56 T P9 & 10 2508 [R) I
Bl 2 S5 R R I K Jinode £ a3 Wb cache AN R R T ROK BB T8, R85 T THVFS 1)
.
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Fig.6 Comparison of pathfinding strategy between ext3cow and THVFS
Kl 6 ext3cow Fl THVFS S48 555 0% 1t g L4
3.5 ETFBerkeley tracefyilik

% trace ST BEETHE IR 55 2% 1 LS B8 FR IS 8] 24 /NIECh T AR SO AR R S PR e, R AT TR trace
FETBON 5] 73310 4 24 73] 60 25K/ Be (segment), 735 30 s 45 I (8] BE Y 9152 5 ART (R34 Wiy 2 I 150 24 17
IR G 02 )0 FE, FRATTEL AR T trace R T80 58 B 7 SO &R Ge b AR T Y inode % LA R A48 2 i) 7 i) 4

BT THVFS Fl ext3cow & 5 T PR B R) 22 RO SO R GE, O T AREAEL 0 SEEATE FH R385 vb AR BIL sl 3o 1 G 1) 56 v,
7t THVFS &K trace W BERE 72 4B BT trace #5 A R =4 1T LAF B SRAE — k4l ks B AR TR T AR ext3cow
PR RO TUBERR 72 43 B IR SO R G A R UL

FE] 7 () DA S A5 1 T 250 S ] 86 AV s Sy B T B BE Y G\ g S0 B30T i) il #4457 Ay s b J&] T 60, wayback 114132
- S5 W) R T [ Al 3 b S R g v I A B 21 THVRS 1 ext3cow H A HIL N ) 5 IR A% 48 S0 2
SRR Ak RE 5 MR /N g P v - RF ] B 1) S 4 1) 7 [ P BT 35 V6 Dy R SR i 1k R I 5 &, VT SN 7E trace 3780
e AL CE R Y ext3 [ ART & 11.76us,wayback )24 747.78us,ext3cow [k 9.58us, THVFS )%
10.37us.wayback f#1i:PE GBS ext3 12 T 1 64 1%, ext3cow 3¢ T 18%, THVFS #2551 12%.

B 7(b) A 5 B AR S 380 i [ IS [ A8 AA A g I To) B B 5 A AR s DAy I T, 547 A s i J&1 RT 61, way back (1) 5 -3
Wi [ I T AR 8 K 3 A B G ] AR R A8 M AR 2 IR, THVES 1 ext3cow FF RS ML K1 5 | AN RIHE 88 S0 R 458 1
PRI BB R T — 2 I M 3K T 70 5k T PR BRI 22 IOAS SO R G, 2 3 DR BR™ A6 5 ‘BN B Bt I 3 0
SIANAT 0 TE IR B A OR B H B30 N R e 25 B [ B 1) S 4 i 12 F ] 73 BRSP4 4 O R 48 5 P e ) 38 =, R A A
trace #EAILFE R S U RS ext3 5 ART & 529.95us,wayback [¥) & 9191.58us,ext3cow [#) K
6680.53us, THVFS [ 6392.25us.wayback (1) 5 P 4 ext3 18 T 1T 17 4,1 ext3cow 18 T iT 13 5, THVFS 18 T
1T 12 5.

Trace #8050 BUG 7 MTHAE LK 200 T BUACAS [F) WA A= B SR W % 24 ) V1 6 4 1K) 2 Wi, 6 THVFS i
ext3cow, SEH G T T 4RI AIBE 43 34 72 Jr%h. 144 3 %hF 288 4y Bl UM RGAE trace 35T ARG 125 ]
Ll 2 AT L, wayback 7 SEAE H G A0 sk A S B Bt KB o Jo s A I R B AR G SCAF R T ext3
it P 2R 2 ext3eow A THVES (175 (i) o H 0 2 it R FEA 4 1) 338 Iy 369 005 THVES v 10 4000L 5 PR R
AR AEN PR B 45 & 2L H S0 I sk Bas , B 3L 25 8] oy B & el 3 B0 T g BB s 5E trace A AR T
ext3,wayback 75 Z i FERISL 48 15 (V17 23 18], 348 0 93%11) inode i F fit;ext3cow 7F 72 2B /E— VR R 1 4 B
T, B AERAL 146% A7 7 1), 385 N 67%11) inode &y I 2, THVFS 18 72 38 4F — U PR IR B A0 88 T A 75 223
FERSN 80% A7 fiff % A1), 15 )1 2291 inode 4 H ..
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Segment No.

(a) Read ART

(8) EARAE- 2 M I ]

Segment No.

‘—0—ext3cow —HE—ext3 —A—wayback —%—THVFS

(b) Write ART

(b) B HRARE -2 a0 [ I [f)
Fig.7 Average response time (ART) of read and write

K7 351 2 B I 3] (ART)

Table 2 Comparison of space exhausted

F 2 ARNHFELLE
File system Space exhausted (Bytes) Inodes exhausted
Ext3 432 750 592 8827
Wayback 21 257 042 273 (+20 824 291 681) 16 995 (+8 168)

Ext3cow/288min
Ext3cow/144min
Ext3cow/72min
THVFS/288min
THVFS/144min
THVFS/72min

646 426 624 (+213 676 032)
818 884 608 (+386 134 016)
1 063 399 424 (+630 648 832)
565 179 300 (+132 428 708)
658 586 186 (+225 835 594)
778 089 536 (+345 338 944)

10 877 (+2 050)
12 475 (+3 648)
14 771 (+5 944)
9510 (+683)
10 033 (+1 206)
10 808 (+1 981)

I e TR AR AR L RS B, BE 5 R AT 22 FROAS SCAE R GEANRE RS Jmi 8 H 3 SO B B RRCAS () 8 A
N FGE A AN]SR AN ST S AN TR] R AR 22 R SR e, 395 0 28 8 180 2R 35 1 30 3 47 7 22 1) g AR 22 ) o k7
S ST ZR T A RRCAS 2 18] 1) 2 1) 4k 7K 34 SRS, BT LA 78 23 R P RSCAS T (R AR DG 1k BB A T4 B, i d v 1 R Se

6 A5 P 2 20 (1 DR 2R 5 | 54, B TS PR © A 22 WROAS SCPF R GAs R A R PR REJR .

gy UL E OB AR S I 2 AR SO R GE THVFS B LA U (¥ v P, S LA 488 v 1) 1k il VP &5 SR 3%
BTHVFS (1 3 50 25040 U 1] P B4R 35 44 2 MOR SCIE R 28 ext3cow 3 1 34.4%, [l I, 2k 47 WA T i Sk 1D F 1] %
TF1) 45 042 S T 2 A2 1) 1S R A
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