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Subsequence Matching Under Time Warping in Time-Series Databases :

1.

Al

Observation, Optimization, and Performance Results
Man-Soon Kim' - Sang-Wook Kim'"

ABSTRACT

This paper discusses an effective processing of subsequence matching under time warping in time-series databases. Time warping is a trans-
formation that enables finding of sequences with similar patterns even when they are of different lengths. Through a preliminary experiment,
we first point out that the performance bottleneck of Naive-Scan, a basic method for processing of subsequence matching under time warping,
is on the CPU processing step. Then, we propose a novel method that optimizes the CPU processing step of Naive-Scan. The proposed method
maximizes the CPU performance by eliminating all the redundant calculations occurring in computing the time warping distance between the
query sequence and data subsequences. We formally prove the proposed method does not incur false dismissals and also is the optimal one for
processing Naive-Scan. Also, we discuss the ways to apply the proposed method to the post-processing step of LB-Scan and ST-Filter, the
previous methods for processing of subsequence matching under time warping. Then, we quantitatively verify the performance improvement ef-
fects obtained by the proposed method via extensive experiments. The result shows that the performance of all the three previous methods im-
proves by employing the proposed method. Especially, Naive-Scan, which is known to show the worst performance, performs much better than
ILB-Scan as well as ST-Filter in all cases when it employs the proposed method for CPU processing. This result is so meaningful in that the
performance inversion among Naive-Scan, I.LB-Scan, and ST-Filter has occurred by optimizing the CPU processing step, which is their perform-
ance bottleneck.

FI9IE : AlHIY HI0IEIHIOIA(Time-Series Databases), MEA|EA D§&l(Subsequence Matching), EY fIH(Time Warping)
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+g 8l g1 Zelolshi e R E SR & Tzl A9 MA2(query sequence)st W3te] sfE ol
ogasel: dokts 4R A wF
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olg vle]d(data mining) R ElolE o5} (data wa-
rehousing) £°F 23§ d4le]td1, 3-6].

ANEz o ol T 71E9] AdFeMe Zo] nd Adx
2 A9 T ¥ Hoz FFT wF, Zol nd F
48 Mz g T ANdx X(=[x, x5, xD9 v(=
[y, vz, 9. D) fAFE AEE SAske JE2A o}
o) Az o] HAHE Az 5 L(X, V)& Q8 A&
g}t L, & watet Ad(Manhattan distance), L. & +24
= A2(Euclidean distance), L& $HE 2 84 g %
o A F Ad ALE AW FHTL. SRAA Fo7 F&
A entt & L(X,Y)E 2= 499 T AA2 X, YE
FAFs AL 2bEgT, 4,6, 8-111.

L(X,Y) = *’\/ gl: Ix; —v;l?

L,A7 e o83 Ad2 WA B8AE AHER
7t Aske NREES AR X3te A$oF OWHSA
Aot ofeks &8 Zokell HII FA
model)& HAsHA A& 4 U= F HF(transform) g A
dar|= Pk 27]8 AFA F3 9 [1,4] FAAME W
e XA FRoy, o|Fde 2AYH (scaling)[3, 9],
A| = &) (shifting)[3, 9], A7+ 3Hnormalization)[10, 12, 13], 1%
B (moving average)[6, 141, B+l 9% (time warping)[15
-19] 59 thekd WSS A Yste s AAHAL

ol F Bl H¥2 A 7 a4 e A9 &
w2 MEAFE A& 5E3e Wio|tHi6) B 9 F
o F ANHEAE Y AYE ©9Y 99 A(time warping
distance)gt ¥tk F AlE2 S¢ Qe EHY #3 A
(time warping distance) Dt T&3 Zo] AAHZ A
o € tH16-18].

2 (similarity

(49 11

1) Dy (O, M) =0,

(2) Di(S, ) =D, (0, Q) =0

(3) Dy (S, Q) = (ILp(First(S), First(Q))lp + | min (D, (S,
Rest (Q)), Dy, (Rest (S),Q),D,, (Rest (S ),Rest (Q )"

o7]4, First(S)& 27t So R A 84 51 998k,
Rest(S)e s1& A& S9 uHA 2452 FHHE AH
2AF Ut <>& 847 EAEA g 9 AF2(null
sequence)E 1|3ttt ming Al A9 AAE F Y e

& 7HAE A& Hste ol L,e S8 AY
AL Agstad A8 5 ik

O

g =gt @4 71 ¥e A8HE BAE A
(Manhattan distance) L& 71#to2 st g9l 9% A3
A 979 24 9 3G F AUsEE Gpos
HE B9 438 9B Fo £ AB2E 09 B 93
Aoe AaBE $pez A9AT, 48 Eo), T AL

S=<20,21,21,20,20,23,23,23> ¢ Q=<20, 20, 21, 20, 23>E
Blo] 9o sl FUAF AP <20,20,21,21, 20,20,23,
23,23>02 Wgg 4 low, o] A D, (S, @ 00] gk

A&3 v} Zo], LpAge F Ajd2d o7l 59%
Agow 4 4 9k v, 89 949 Azls H\C’\EN\
ojaue AFE2ES Hoj7t NZ dEtA LpAY T

o] &3t Al ALE AH FHE + gle F 9l “H-r R
£3cH181D. A, 8§ 93 24 A4 EoplA 4
AHEHR Qon[20], AME dlolE, F7} dolE, 71 4
ole], 7|Y AFE vole FolT fAe oz L
F At

HZ, 89 93 39 AA2 o] FF thFd A7t
3o} Sioi15-19]. Bt 3§ 319 AEA wjA e Xz
e 71€9 7IHEL A of QA (fltering step)9}
&2 @A(post processing step)E FAETH o3 A=
Fold Zeof AE29 A FARHA] ¥e AF2ES v
AAGeZR HFT AR THE 7540 mf & Ad
2529 FAHE FH Y (candidate set)& T3
Aolth Ao AFAe HAZ FA1E AE2E HEY
AodA FE I o TEAANA Rate 84E Fe 7
Z(false dismissal)o]2} 3tk ubd, Aol Ahxgl FA18}A]
%o AR ANAAE T Y dAN FB A Yo T
gAIE EAE FQ AE(false alarm)olg} . FAHY
SAE FE AT &3t 4 ABAE U2AZRE 94
23ke] o]Zo] Feo] AF2e} AAZ FAEHY AR E
ggtozyi Ao g AAdE g

ZFa 4 15l E o7 @) glo] BE NI2E 47
o gt F9 AjFEX29e E}°‘ 49 AgYE ¥4 T2
# 0 (dynamic programming)& ©°}-§3dte] ALFe=HA E
o 949 3t AFE2 wFHE Adshs 7EE AgSHaA
B e=RdME Fz 53 1819 93L = of 7Ee
Naive-Scanolgt F-&tt. o3 @7 glo] BE AFLES
32 F#skE Naive-Scan L A7 A¥o] wj$¢ Ho
Aeg FAx T4 [16]7 (176 E o3 dAE Adsie

i

ot r.E

D ogs 22 44 NZ 98 dojd e AU2E e A 49
540l R7ECHI8l AA, F A5 AW 82 gl 4 F7)7 o
g Afelt dF 8o, ¥ Adxe o -r“]-‘i} &4 #§& FHsky, e
Af2e W Adoig 84 3% FHE £ o 24, 24 F7)e 24
o, &4 AR Aol g °]‘4 °ﬂ% go), & NExE =Hel 19
ARY ARHJAAT, GE AASE A2 dolHuolxe] Frisle) 0%
HE ZAHo] AFE g St} o9} o] NmaEnzl s APLEL Ho]
7t A2 48 B4 BY 9482 AF2EY AdAd a4 gl Folroh
T A wigte] waEs A5 AAHA o] dridt FAME
sretated f&3A AHEHE Wdolrt.
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Z1HEE Aokstnh & i o B 18)9 HH
& wet o] 7IMHEE 44 LB-Scan® ST-Filterg} #2t)
[B-Scan& ¥W3k9] A 7% Qlo] BE AHALS tgige
2 o dAE AEsA s, o] An wrgdEE TR
AR 2GS R $xE] dAE F38ct v, ST-
Filteriz dule] Ef(suffix tree)2hiz Hi=¢ za F2&E
ol g8te] ot GAE Y3t o] A BkEE: FH A
A2ERE Yoz £x8 dAE F9gdr}t. LB-Scan#
ST-Filter 25 X2 Aol A= Naive-Scanoll A &} #o]
Y ZRadEe ol8sq By 93 AYE AT,
Al o3& &} gho] A4 o] A (whole matching)z}
AHEA A~ o] A (subsequence matching) &2 FHH H4].

N ..v

o A oA AJAA S, S, e,
Wlo] 2~ DEH
2 gk,

- A—]H}\]?{!J/\_ U}];’d :

Sn& Xg}shi= dolH
Bl 2ol Al Qo frAbe Al A S
Adz S1,8y, S & e bl
olgujo]~ DEFE o A|dA Q9 FAM MEAH
A S[itklg xgsh= AL Sigi kae A48
th o7]A] j9 kiz AlE Sidel A Ao Aldae} F
AbgE A HAf 27 AlFbehis A9 Huis HAE ¢
v gk

MEAE 2 RS dA e dutsts ZlolBE[4,9,
16,21,22] 44 && —Er bl A dal AbgEc) gely B =
ol Aliz Huh A8l ele] 93 st9] g3Ad ABAHE
2 vy EAH LP—FJ—Z} gt} 7] & #|<td LB-Scan %
ST Filter$ ol &3te] 44 dgolAM ALE 7H5d AHme
MBA A2 o A5 98 F don, Ha dHolguo]~
oA oleldt VHHE ol &% AHEAAA WHE o}
Tz A 29 e 7 Ay AR LFIO17].
ubebA Bop sk AelE Ag 7k A% M dete] &
=

Naive-Scan®l 71¥ 42k 7z AlfAd fA2a 828 o
Az g B o A We] g qEA A gt F3
ZRogE o] g3tel dol Adxagty g 949 AGE
A4kshi= Zolt), o]#f & Naive-Scan® 7|8 AL 7]&9)
B OERS) 99 ate) MEAAA i g $RHE @
Aol Al FEHow AL&gc) uhebA Naive-Scan®] A&

2) olefgk Al b4 71 ool Far #¥ [16]914 A< FastMap 71
W/, @ wE [18,19]04 Aerer lelA slnt /] (index based
approach) %-°| ‘RlC’r. FastMap 7] ‘:’! 7198 thabgl 1Y) A (multidimen
sional index)i ©l &% o WA BHebo] whir A g AFsi,
4 17 HMAlFl: Rl ook E@, QleA vw s e
7| 7he fAlZIAl oML hakgl Qlela t‘l: ol &g o3 @A 79
Shir Z& viyold, Bl]l 99 A ANE st L1e 71 A g+
& *Fg"‘ﬂ‘ el A 7hA ZIirvRe: e, Lo 213 AY e AR
18,19, 7%, FastMap 719F 7143 °|‘*I-"- R R I
ol q g %% ok Aulo] Al zto|7t Qlrh B o A1z o]l ol
@ olste] o] Y A ZIWir& ol el ol9] tiAdol A A e)dtch

Ao AHg= V1EY o3 dAE Edst: 7IHEY 53
AIZbE BEAIIE 238 /HAEE B 99 519 AEA
Az oy dFNA wWE F2d & T, B =&
HE o] A& A<tsl Naive-Scans FHZH3}sl7] g df

<+ 27E EE A B =79 78 FHE 7
3] aopstd ohg3 Zrh

Naive-Scan®| AA A& A7te] F£& CPU AF

A zte] AR S Holm, CPU g 349 A7)

Naive-Scan®] #A A45& /HHg &

g o] A A3t

* Naive-Scan®] CPU x# #4& H3lst7]) 943 A=
& 71¥E At Ad 7]%‘9— Hol AA£E A
BAA2EZLY B 99 AES Alsie 3Ad
A dAEE B 55 3y 2 Hgﬁd g A
o AAFLEN CPU M8 A%< SUdd & drh

o AE 7%l e 717E EYAINA %5 Naive-

Scang A 9@ A9 N¥Ye ooz
299,
o AXD AHE 1Y & B AP e AuaEs

LI S R %74101] Hgahe Wk AN @

o ¥R AYEE B9 A% B Ssto AdE 7]
ol 71E9] 7IEd PlAle 4 AN 5dE A
Hoz HFdrh

ﬂ“

B =FY 74L& g 2o A2FdME #d
24 By 99 ste Adx miAS g 71EY 7
251, AUHES =93 AT AlA

%3t} Naive-Scan®] AA A& A7k 5 CPU A Al
o] A st H|Fo| WEEYE BT A4FdME 7]
of ZXg oA Az AN #HAHE B CPU 5
A EAAE A3, o83 FAFE dAse A
2% 7EE AgET AsFANE AQD J)1He) 44

> ok
o ot R

R o o 4

2 ohFE AYES VwoR s 4% WHE Boel @
Fyth 2om AGPAAEL ¥ ERE a%u, 8L
SELS

2 T o7

£ oA B d7EA 839 A3 st AEs oy
& &9 N glo] FYPst= V&Y AFEZA Naive-
Scan, LB-Scan, ST-Filter® &73th 2zt 7190 #&lo
(1) AA Af2 w3 e () AEAE2 v B, 3)
T8 EAd #ste =g

3) ST-Filter= e MEA@E2 i3S ddoz Agd 71y w9,
Neive Scan® LB-Scan® 24 s 9& W02 Ak slolnh ¥ 4
o) Naive-Scan3} LB-Scan$ 7|8 ofoltlolg o §stel MBAlax
W& Fash dua weke kv
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2.1 Naive-Scan[15]

HA o @ol: 232 5E 7 dio]g A|A2E g4
2% F, o] doJg Al S9} A9 AJEL Qe BHY 93
A Dy (S, Q8 Axgdozd A4 Q& +83} Dy,
(S, Q2 g oz AN 3 oz 53 T2
2" (dynamic programming)-2 AHE3THI5] AAFE Dyw(S,
Qztol LA g0l AT, T AFL ST A AlEx
Qe} FAbstha .

54 Zzadwe At SeF Qe Y 99 Ad
g Aite o), A8 %3 "ol E(cumulative distance table)
T 2zt 84 TG e %St 22 AHA A (recurrence
relation)o] &8t FAETHIG. 54 Z2adw dugdF
2 oty AT BAE o] &3Aq A FF HolE TE o}
el A A2 ALtz

TO,0=0
T(0,j) =T(, 0) =
TG, j) =1Qf] - SOl + min(TG - 1, ), TG, j-1), TG-1, j-1)

Bee (28 D 712 Ad g42A4 Liol 485 3%,
A7 &7 Hol&g o188 T Anx S9 Qe B 93 A
o A4 g ualt A4t 23, D (S, QE 127 €,

6 16 11 12
6 13 9 10
7 10 7 8
6 6 4 5
5 3 2 3
4 1 1 2
5 0 3 4 3

(a1 Ligol8st $=44,56766012 Q=443
Elel 2= 2] Astel of

AHAAL 0 g 7 dolE Adx ST faaz

AHzE ¥, Sol Hah= 2t ApAAs il o

Aol A2 Qotel B 9% A Dw(Shi il Q8

Z2aePe o) gt ANFORA ABADL v

S

i)

&

do ot ot
2

543 2AE 7AA ger2 FAY gAY
g Aol AUAA ATH18). F, ZE HolH AFg2EE
Haagie dalasiel Fries Fdo] Tk EI, (A
H)AHA2 S QY DwE ANE W CPU +3 At
O(sl* lQhelez wj¢ At oA7]A, ISIg QI 247 Al
A2 89 Qo A7|E Hu| @t o] 2, B AY2ER
TAHE HE dolEsels A= A Aol @

ol A,

2.2 | B-Scanl16]

A wjF grob: k]l 994 AT DY WE gEg g
4 e ke uigksle 3e €4 (lower-bound function)
DpE o3l o7 gAg FPdd F o3} A=
g23z2RE 7z gole AEAE HA2E T o] HolH
Ad2 So) Zeo] Ald2 Qo st D(S, QE A&7
ol 7 @A Dol ¥HE gho] 34 go]3ll HlolE Al
A2 S diEiAe 29 AE2 Q9 B9 9% A8 Dw
(8, QF Adste 38 2AZE FP3h DS, Q9
A%rE $18}e] Naive-Scan®t 93 Wao2 53 =2
A& ATl

ABAAL g et A% AN Dazny 2
dolEl AA~ S AA2T ¥, S &3k 72 AuAAs

© Shitjlst 29 AR Qo Wkl Du(Shi:jl, QF &%

o 7] MelA Dpel whE gro] 383 eolstd MEAA
2 Slijlel dEide §4 Z2aHgde o]&stq A9
Ad2 Qotel B %8 AY Dw(Sh:jl, QF ARtske=
FAE dAE FYP{h

544z A8 72§ A9 gounz o3 o
A BE Holg AFLE] YAARRE dA2H o
g g2z dA2 A2 Naive-Scan® FYsith o3}
SANME e (HB)AHL SoF Ao AldA Q 7] Dy,
7} AdEh 4 DS, QF ALE w9 CPU 8 A2
OUSI+IQNEA O(SI*IQNS! Dw(S, Q)¢ Hlmsted CPU
g Azko] w9 7] A7 GAE &I HF H
¥3E sMeAol fle MENFE2ES AH-d AYAZ
F geng A A Y Azke 3A 24 5 Yot
[18]. w&tA o=} DAl ALse (NE)AA2E] &
S A% A AR ZgE S =

2.3 ST-Filter[17]

A wfF gor: At dAE 5t dlolg o] Ulg
7 A2 24 FES AEBE "IN T, o]EL Huof
Eg(suffix tree)(24] Wol AZAZ o A= F
no] B AMEG ojgde A A2 Q99 € 93
A% D7t SE3 eoldtd 7t540] AE TR APE ¢
5 28 FX8 dAgM e ogd 7 §'& gide
2 53 z2adde AM-Ete Dw(S, QF At

ABAFAX oy ot o3 dAE fstd Z HolH
Algay ZH Hrjole 8 FES AER WAL, o8
S Hulol B8] ol AFAZY. o3 dAGME Fulof
E AY& Foto] 2o AE2 Qe B 943 718 Duw
7t 884 eoldtd 7hsAdel e PR MEAAL S
€ dejdn. ¥4 @AM e oA 7 Slijile o
22 Dw(Sli - jl', @F At

l
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£ 4vo ] A& AR R LB-Scandis X

gl A dlolg Aldaiio] okl Hulol Egle] YRubs
taaz e Agagoas o dAS 48 £ 3o
Ty o] Hvlo} Bl A= dojE] Alfaize] A43Y
dgrr) & Aol YurHelr) Eah £ Adx iy A%
& Aty 3 A9 2wl EF(categorization)[17]7}
44 Fom(18], U OIEM ojAe] ALk Ao A
Axvich HEAAA A7 4o & Aol7t Ak

3 AME ME 2 Am 24

Naive-Scan®] 7|# d&F& 7} A|HAE UAAZRE o
Aa gk & Aga U] zh MBEAfAY diste F3
Zzng-g o] &slte] Ao AlHsote ESl 93 AgH
A4beki= Aolt}, o2} Naive-Scand] 7]# dee 71E9
BE B 99 she] MRAAs o vpgie X8 @
AolA FEHor ALgH) B Fol 43z Naive-Scand U]
goil 8z Al AY A AxFgod B =EoA
A8 staxt shiz WAE A g

B il AT Naive-Scand o8 Al HAE 2~ w39 A
2 Aol a7EIz A 24E Time(Disk)® Time
(CPU)E 83}, Time(Disk)iz sig AlfiAd oAazzr
Bl Mgk o] 285 AZRE 9v|shd, Time(CPU)iz
B3 ZEngg o]gste] Ao Al A9 7t MBAAAL]
B H8 At Arbehed A8 "]7“" gt ot
Zol, A F AT F 7HA B4R FEE: olfiz
3 8 dAhg A gofsta, ol 5H73?5}7l A DS
ent2A FEsy] feiMelnt. B dAvelAis WA AA
Naive-Scan®] 28] A7t & o] F 7}A] 847} AX|3H= H|F
& soelr] flske] ohey e Abd AEE stk

ANy #go A5 drndol TPFL 128 GB 279
F7199%44 9 1.7GHz Pentium IV CPU% ®A]3 PColH,
AXEY S EPEL Linux Kernel Version 2.4.180]t}h A
go A ALgd AAYG diolEi= Zel7} 51291 620719}
o] A FA AlAxBolrh ASH A9 Alds9 zoliz
300019, 83 & 27Mol AN TATAY HF A HAzs}
Uo g AAsiguh < 1> olejd AW HY AnE
vhebd Aot

(E 1) Naive-Scang O|2%t Bt & 3l2f MEA|HEA
Ojale| 48 AjZH 24

Total Time | Time(CPL) | Time(DISK)
A2 AIZH (msec) 62515 6220 223
A <E oM dEhd A B2y 44 78 AL 62,

515msec & Time( CPU)Q} Time(DISK)+= Z}+2} 62,292msec
# 223msec® YEREEE %, A A Naive-Scan®] 48 Al

ZolA CPU g A7t w5 99% o4l Rolth oA
< CPU A #AL Aoz AA Naive-Scan?
P ATHE AA AT F UASE YvlstE Aotk EF,
o] 23 Naive-Scano] A AH&3lE CPU AHE #A-L 7]&49)
BE B A9 ste MBEAREA Wi VEEY EAE o
AA FEHez A= Yok wakA Naive-Scan®]
CPU Xz #A49 FHAZ+= 7189 o3 dAE L=
ZIHEY 8 ATE dEATE ETE HE 7 oR
2 g9 99 sty MEAFA2 fF AT e Fa%
oju] & 7hzich

-1

4. M

. O

olr
b

|58} ot

= AolMe B9 998 she] AEAds vy CPU A
g Aol Wi HHs} Ao dsp =@ WA A
418 M E Adste 78] 7S FI Y= &3
g AR, Al 42443 Fe HARE AF HEE
718E AT A 43" M= AdE 71He And B
49 datd =9sta, A 444N ALHE 7IHE
o3 dAE Edsts 71E9 o9 7Hd Hgehz @t
A A gt

tlo wo W

41 o|2X A

Naive-Scan CPU A3 #A 9 HAH3E st & =&
Al A AEEE 7ML e 2 ol 23 WA v|HleR
3t gleh

3 1
T AE2 S9 Qo distd, Sie) il HFo(prefix)
SI1:j1st Qobe] b A% A7 Dw(SIl:jl, QF DuwlS,
QE A3zl 9% B39 RALE(by-product) ZA A
A4t

[5%]

3 Z2agRE ol &3t S9 Qe 71E 3 HolE

(ZE D F2)e 4% o, w17 2290 T(SLIQNDE 7

Aat7] Al TGIQD7E B4 AdEE Bde=s Ao A
ik Rida )

n (=S| -l hg F34 AdEE ojgste] T,

case 1 'n=1G=18]-
TUSLIQN=1QLQI-SIUSH+min(TUSI-L,1QD, T(S|-1,1Q!-1),
TASLIQI-1)

Z, TISLIQDE Axste 49 A4 oA T(SI-1,1QD
7t ALt metA n=19 o ddgih
case 2:n=k(=1S|-

TUSLIQDE A4ste 3o o]dol oA T(ISI-k, QD7+
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AN 1A AL
case 3:n=k+1(G=1Sl- (k+1))
case 291 93t TS|, QNS Al4ste 9 ol
A TSIk, 1Qh7F AAtEick 7Fg3tt) =g, case 1
o 9atd TSIk, IQNE Atsts o A YA
T (SI-(k+1), [Q)7} AE S B4k oA T(S) QD
Axtsts 9 olde oA T(SI-(k+1), IQD7F ALt
oy 2828 n=k+19 @ A¥I
aez 3 Adye] ot 9 (A 11 4gdch

il

U

A= 21

Vi U<j<lQ) TG, 5 > e = Vk (k> i) Tk,1Q) > ¢
(&3]

WA, 54 Teadue o 4dd S Quel A 27 d
o BE TAY W, i WA P EE 84 TG 7t eRTt 2
e zteE AL i+l WA EE 24 TG+, )7 eitt & &
2 713 nan,

jol disted 348 Ad g o] &3] FHTh

case 1:j=1

T(i+1,1) = |Q[11-S[i+1]] + min(T(, 1), T(, 0), T(i+1,0))
= {QMI-Sh+1]l + min(T(, 1), o0, ) > ¢
e} A j=1%1 o gt
case 2:j=
TG+1,k) >e7} Aggcia gk
case 3:j=k+1
i WA o] BE gAL el & FE JIREE TG,
k+DD TG k)= ZF el & #h& zrerh %38 case 2
o o9&t TG+l ke eith & g 2tk maA

TG+1, k+1) = |QIk+1]—-S[i+1]] + min(TG, k+1),
TG, k), TG+1,Kk) > ¢

wahA j=k+19 o AF@sch
oje} o], #83 Fdwol o3t | HA P BE
TG, j)7F et & & 2= 29, i1 HA ] BRE

TG+, ))E2 extt & gg ek £ o]& A i+l
o BE 24 TG, 7t et & % MHAEE, i+
A Yo HE 24 T(+2,EE et} & & 2¢er §
g Ao AgS o;}Oi i WA Y BE QAT
7teRt & 28 2= 4¢ kG0 HA P ZE 2
Tk HEeL eity & %k:% 7}1171] HB2 e A
2R:k=%
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H B3 TE ONANE ol% §A% B2 AN, olAT 54 ol%
3 Az} kS ST-Filtero]l H-4% vk glch 22y} Naive-Scano] & ©l
A gae 2eaa ATzl

42 Hotsh= 7i¥

2 HoAEs A 4189 o249 wAE 7| OE Naive
-Scan® o &% €9l 99 3o MBAEA s A CPU
Ay AAE HAHgste I-E AdE

4.2.1 71¥ Az

7129 Naive-Scan®] Aol Al@2 SO ZF A HA|
A2 8] A<iglSl igi<IShell digtd 24z Mz b&
A &4 HolEg FAIL AEA S=<1,2,5798>%
e NP2 Q=<1,358>F A A (29 2 29
A2 Q9 AlF A 59 AEARE2 S[1:4], S[1:5], S[1:
619 Z+ A"l A HolE& TA3E A& Yed Ao
o} 2ol vebd uel o] Al Al 53 HolBE TellE

B FHo| ZAWT AnAAx S 4 W A &

A golBe HuABL S[1:5] 2 S[1:61S A% A &

2 HeolB9 1~48e] $A3] EgEm, JEAH2 S[1: 5]
Z 9% A £F HolE 9 MEAHx G161 AT
A &3 golEol ¢4dd XA oj9} o, 7|EY
Naive-Scan®] H4 2 BE 7b5d ABAA2E O3}
o Az 3 gHolEg NEHez T A9, "¢ B

< A HA Y FHo| YA Hrh
7| un|3|5]4 91197 ]9]5
slsl113]s6 7{u|3|5]4
2l1]3]4/10 A T
21 |3]4]10
1]0}4|6]13 Lo Ta 6 1
1 3 5 8 1 3 5 8
8
9119] 719
71135
50513
2l1{3]4]10
1[(0]4]6]13
1 3 5 8

(37 2) SYst Aol ZFoiel M MEARAS) s
Hal £ Holg

B A olgfdt At AAY F5& AAs] A%
Hog2M Alfa So] BE NEAFAVL ojd BE W
o S[i:IS[lel disiA et A=l &4 dHol&S F48t
& AL AlFd2 SUY Hulojrt opd ABAHEA Sfi:
il (A<i<ISl, i<j<IShE SS9 Aulo(suffix)2l Sli : ISI14
5ol (prefix)olt}. A 1o o3te] FHujoir} opd MBA]
Az Slizjle 29 B2 Qete BY 9% AY Dw(S
fi:j], Q% Dw(S[: IS, @9 A7 g A 74

ﬂ

1.
fl

L l:ﬂ-é}



AAZ CIOIHAIOIAM A EHY B ot MEAIMA ORE - 2HA, 2N 85 210 139

w2 A g A dety Alda se] 7 gujo] Sfi:
ISIlel diate] shubel Al S Holitg rATFoEM Al
#ze Sell EFE: (SRS Hmelzt obd MHAfAL
of wiet Ao A9~ Qehel ehel 94 Al DSzl Q)
$ o Ae 4 oqlon, of At 71-?: o] A i AEhE
<|s|1 8o Hlollt tAl AlHE BF AAN F A B =
wol Ml oleld ders HoJE 3% #FHtable sharing
strategy)°lgF 4 elgi},

(21 9] ollo] Holi W& Weke ALEEHA HE, S9
dulole] shtel S[1:6lel tig Ael %% wo|iturg ¢
ggto s ol HEelel sdyliz MHAldz S[1:1],
S[1:21, S[1:3], S[1:4], S[1:5], S[1:619) Ae AlAx

skol ehel 9134 At X5 pekA €

¥ A el Az CPU 8 Alzbe] # ¥ gt flste] Qe 2
i o] 89k I shve] dERg Aokt wlolil ¥ Ak
o Alqla SO Julo] SfiIS[lol e A %3 ol
ek A SS9 el (SI-i+D 7R *1?.*]?!
2235 S jlell digk de) Al Qotel v 98 Adid

i7b Sk MR sk HAS ofnigct Hel 2:z o

Hge) A Hmof §[i: ISH of gg Az #H Heli& j7}
Sz %) wi7hx] ghds] A dart oS a4 A
olt}, ¥, Hlo]4 *A4 J‘Vé"ﬂ’ﬁ j doll EAeli: 2L ghol
ool A Fofzl el Ak ] o]4el AHF> Fon|st
thiz gloltt, mebA of o] Heli pAde Was T
atal, 7o)z v 1 MHAIEALS HE AyelA QA
ALIAlZl 5 Uty ¥ =il A iz o] WS gl AF
# 2Htable cutting strategy)OIE]r A o] g},

(Crgl 20 7 2.2% g So] Hulo] $[1:6]4
gk Ay A HelHvkE A4Sk Aol shgsiak
Ao Al Fojil go] 28} 8, S[1:6]9] HiFole] sFE
ol oAl AEAlg s S[14l9F oS e B
ghol 28} An gHolf AL Fubglvh meiM o]F g
b gz MrAd e gk gl 9 Ay AN
e AAAZ 4

4.2.2 eagfst

(Farg]F D Hold of defs} goldt AW d¥HL
HE8 Aol Axis Qs doly] Al St MuAlfs
wi g bae] 5% vebd Zlejvh. f#e] Naive Scandl X4l
ol ez ¥te} sof 4 Hvloje] zfiFofel &
Gk vl *1}*_*]?1!2-‘;1-01] ez AE %4 ol

gkl 1., shte] fujojel digh Agl %3 H
ol -+ *‘P‘“’M shitel ol afgsiz 8.4 ghitol X
T et AA Hiz B9 ofde Hopt g 1YL 7
ghahal, b golofol] digh Holit A AlRHITHER] 5).

MHEAHAA o) F

1 FOR each suffix S[i :[S|] (1<i<|SD of data sequence S
2 FOR each j (1<j<IS} i)

3 fill the j th row of the cumulative distance table,
TG, k) (1<k<IQl), by dynamic programming

4 IF TG.QI is smaller than ¢, THEN add Sfi :j]
into the answer set

3 ELSE IF every TY, k) (1<k<IQD) is larger than
¢, THEN get out of the inner loop

(L22|F 1) ZXSHE MEAIEL E &T2E

4.2.3 =9 AV
um} [:qa] 3]:-1
ness)& A Alstoh

Eotel Alotel 71

7 314 (robust -

[A 3]
At 719 o] 83t el 9B sty MEAAA fH S
£k A$ FQ 7|7t MHAEkA] g
[5]
Az Sulel qlele] MHAFAA S[i:jliz S9 MY S
G:1Sel & AFole dulel ggdtk Ak 7)Hel A s
Sol BE Hu|ojire] oiste] A % golig T4sR
2 [AY 1o oste] 1 A M mE MBEAEAL] 4
o] A9 el 98 Al w3 glo] AltstA "ok
(FnelE 19 22l 5ol e, U MBAFALE HF
A3 opidellA wE AR FIARE, (A 20e) ojste] oY
g NBEAA2EE HF ZAufe Hold £ gliz Relth &
oF3lH, AQEE 71 RiIFABAIEALS deR o
Az elgl 93 Aelit A4k 7]1E9 Naive Scan
WA g4 AT HEF AvH: petAl "ok uhekA # et
g 7oA FHe 7142 wAsHA] ¥

1\

g AdE e 2e4dS FHE) V£ Naive-

Scan WAle| M1z R MuAAAng Y3 HEe AL %
A golig % pAwth Afda Sz 2% 0o(sP)
A ABAPzGe] AP 7+ HEAHNA S[i:jls
29 AWz Qe A7 FH geolHg Pah: AL
O(QIISH : jlholth. mata Ao Az Q9 Al¢lz: Sef
g MuAs vl Fasly] 98 CPU Hel A7k
o(Ql=IS*yer e,

W, A OkE 7)o A Elo) i F& ATk st A
2 sl Hmojie] dsjAT Aw & elo]ite At
A foh AlRAA SUeli= O(Sh7He Hulelito] EAjsin
2, Agte 1oz Ao Alda Qs AlfA Sol thg A
BAR2 WAL F987] 91F CPU Hal NS 0(Ql
ASP)7k Bek weba 7129 Bk 91 she] AraAlAA )
o] Fa) AHE ZA 22U vk $uk ofuel, Hojit
A" Agkd] olate] © oo o] Hojm @ 7 ois
A -:—31 Eﬂ°l-"-9- e T FustA sHmz 53

Ae HE FojEo

ol
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43 of7f S8 TEehe JlYSDel Fa Wl

o3 gAZ Tt 7|E9 LB-Scan? ST-Filterol Al
% Zxa DA oA Naive-Scandl| e A EAEA oA 3
A& T A goh 2 doAE Ackd JHE H3
SAE ZTgets 71E9) NHEHY AFsE Ut T
o =93tk &3 A 5FeXE AL 7RE V& 7H
of Aoz dojAe As MA Ede AT 48 2
#E AA G

4.3.1 LB-Scan#9] 4%

LB-Scandl e 2zt AA2 ¥ o3 @Az} FaEn
3 g A F4E Bod FuE AWY AuAA
252 YPoE Y AAAE A Z7te] g2z AxA
glo] vz Tz wAlol Sol7A "tk FH BANA
£ 7 33 ApAAxe} Ao A2z A 3 Ho)
Be TATORH I T MBAALE HE A9 A
THNLAY 2z BRI 2 o @ )& WA
e A7 23 HolBY T4 F5d Uae Fu ARA
D250 B3t AY 24 Ho|EL AUNoE TAHEE
382 CPU g9 Jul7l ARG, oA Fd3 Hn
olo] YHolal thhe] AHARASC] FuE HAH: 7
2o wag,

olgd@ BAL A7) Hstel B ATAE G} ©A
A AR S9 7 Hulole HFold] HLHE HEARA
252 g0z d7 BAS 29480 T3 74 Fu
2 HA" AT F dol7t /1% 1 AFolE B F
Az SANNE o] FFolgh He) AR~ A =3
HolEg Aoz TR MBAAAEY HFE Ax 3
e A ofrs AAH od AMs AHe E3
o BAF Auloje] HFoldl ARAALEY st A
27 go|2e FHad TS 71E B4 TAEL
A% 4 Ao B FA Al F3 Algre] 2A Fof
1=

4.3.2 ST-Filterstel 2%

ST-Filters] 7 @A AA AA2ES o=
T%8 Avlol Egd distd B9 Frt FAEA, o
gAY Fre Agd MEAFAES] <seqlD, startOff-
set, endOffset> FE)E wkslE T} of7|A, seqlDE 3T ¥
H ABAEZT XEEE A2 HAE VERT, start
Offset® endOffset> I A|F2A G TH ABA|EA
7t EAsE AF 913 2 94X F vEdch X8 94
dAE FH AEAYA B3 o] FHE of &3t &
2 AFAAE 232 RE A2, TR AEAR2S
o NP2 AT FF HoEE TFAHATGeEN 1 TR
ABAA2E AF 29 A TEALAY 4R E 23
gt

Aol B8 o] A NEAFAEL FYT AL
2H2E 2EHAEAY R BAQel EPHoz Aeld
t}h w3 7)&¢] ST-Filters] 348 FANE Fojo] E
2] 4L 5o waH s £A42 Zt 38 MEARAE
Ao Adxs} vmITH17). o8 Ml $aL o 2
& F 7HA WA ety FAES o] AlZlth

‘il"fl FA 2 HF = o]HL FUF HolE Al
g t2aziy ez AagosN B
= é—cr de] EAloltt. o] £AE Hrlo] EY HA9
Az, 22 Holy Adsd &ate ME B MHEA
F2E0] FRZ AGEE Fod B4 F 2L
Algzol &8tz FE AEAEaElHR & AdE F
mlo] B A9 Az HEHE APE Az g2
2 zZ4zte] HE fst 28 dioly MA2E H
23 25E o] d FAxsjof = Aot
e CPU A7 M= :o|RL A F4 HolE &
7t 7@ v R MBAF2ES dig A
3 "ol /MEHes FAToEN YA A
A At oA ZL AW2 Ul &3 F
A Hrjojel HFojQ tre) ABRADLREC] A
o] Eg] #AA9 A3} FrE MeHE 7§ BT
o &, olg0 FRE AYHE Ao ME fHanR
Zztel Agg ate i A 4 Holee 74
#of 3= Zeolh

19 g2z dA2 2 CPU Ay ¥t SAste
:‘i@"] FAe @ MEAA2ES] 54T ANALZRE
ZHAEA Y R @AYl Hulo Er Yo =¥A
o7 AZHH, @ F47 dANM Hulo] EY HAe A
#2 HEEE £4 2QE FE AEAELE do A
o} vt dof ok £ dTeAs o) A&
Ast7] Q8o tgn 2 A JEE AL A%
s YA e Fulo Ef A4 ZZ wEEHE §8
MEANR2EY A £HE ZRF22HN FUAT AR
ol EAshe 59 Juloj9 FFold FH MBAH2
£& d&3H oz Al
olE % FAH L g 2ok O 4 FE AME
A2 Adz} <seqlD, startOffset, endOffset>Z 7o
Ed 24 dAd 9ty wgHE SAUR F719%4H 4
o] A&zt @ <seglD, startOffset, endOffset>E HE 7]
(sort key)Z ALE3le] FolA AFF BE FH AMBHAFX
AEzES AP @ dA @0 93t FEH AR
Z AE2 SE AHE d2a25E AL, ABL S
U 593 Huloje) FFQ FH JHAAAES gl
e A %3 Holgg FATLEN o FH AA2E
3} Ao Algdzste] Bl 98 AgE Addch



A[HIE CIOIEAHIOIA0IA Bt -

oJeja A3t /o skl Fu ABAALE LF
12 ARAL daazYE ¢ BUE AHAHE, FAG A
vlojo] 4Folel AuAAatel thatel A %4 Holds
Fuato] Pk Tlee] EAYE BF H2Y F sk

5 45 #7}

B ogolAi: Agel @ A% BHE Fahol ALY 7]

o MAHoRA dehi: 4% AN Adw YRz
e WA, A 51AA: A% BE A% 49 84
& ARah A 5220141 A% ¥ Aua AT 2
A,

,A

51 A8 &4
At Mz A BEAE st AA dolEHolx
K_Stock_Data®} $4d dlol¥ Syn Data® AMHS8HETE Ko
Stock Datai= 8¢ Al 4 dolg2A Zo}7}l 3009
62071e] wojE Ajlgaiz rAdEc §4 del® Syn_
Datad o237 722 W9 Y A(random walk) |2 A
B AEA S = (sysy, 8059 Hgelth

s;=1s8;. 1tz

A71A zii P [-0.1,01] AbelelA] HUE BEE F
sz @yl o], Al R 84 ghosi& P31, 10]
Abolo] Qloje] & HEn& Sl dEY AAE el
o]l Ao digt A¥E #sked Z+z+ 1,00071, 2,0007H,
300070, 4000789 Zlol7F 2002] diold AlAABR FAH
Y 7Fx Syn Dataii@F zloj7b Ztzh 200, 300, 400, 500¢!
1,00078¢) dloly A@x%2 tA4" vl 7h4 Syn Datat &
oz st

dol Algs Qi dlolEue|2R A E ez MeEg ¢
NHAAZRE Zlo|7} Len(QY 199 $1X]9] AMBAAA
& Adegste] “oijR” Abgel: Wed BYSAT. 29
T Aol Fa F3 (2100 Vel whel o), A9 A4
H(query selectivity) & olefle] i} o] Fojsta, 7 2
of tisle] k= MHAEE WHFLE LA & 2HF
Aot ma, Ay APz MEAAL i £ N
ARE-3Fd o, %"J?P $7AA M2 & da AAA 5070
of digh +a AhE HFste oL HARE FetArh

;>L

doleislol old do] NAx Qs ¢ ohAleh: Wi MG £
delelelo] ol A 2017 LeniQ)d] Ko it dlold] AMABAES] &

M -

AY-E A% srngde £#H4EL 1.7GHz Pentium IV}
1,280 MBe| F71qFA7 F&E PCH AHgstgod, Ax
Eglo] ZHEL 2o A A Linux Kernel Version 24.18 ¥

stal MEAIEA O @ 28, 3g) 85 21 1393

A Glibe 2248 A&t 48 F & 229 Y
AR ZEALERY 3E HES BARY] A5t £9
AAE G A8 REZ MAAste] BE AR ZEA A
ES AAS A8 4P =8, HEy 238 g
&1, A4 t2m dHN2g BASEE 87] 9lste B &
o] &34 ¢¥ 10 "]*F—*‘ Z(system cal)Z A3t
ST Filterg 93 =9l #F(domain categorization) W4
o024 Ho dEzy 1%(max1mum entropy method)$
o] &3t} Lmelo] 5079 FHE ZAEE AT

9 < 2> 7 AgdA AR A gEE %
3t 740]1;].

(E 2) ME0IM ARZE Xt 2=

expl exp2 exp3 expd exps
e | g [ [ Sonc o S
seaNum | 620 620 620 |1000~4000] 1000
sealen | 300 30 300 200 | 200~300
queryLen | 110 10 | 80~260 | 60 | 60~240
imaxWRatio 5 3~12 5 5 5
selectivity | “90°7 | 9130107 | 2134107 | 1474107 | 147%10”

497x10

52 ME BT U 24
49 19 2o gdge Hstl wae Ad A4%
719 9% AN 2k A1 AR Ao, B9 2
& WshTIEA AHE HHS D AE WS 42

o

3 Hlmatgeh AbgE Ao MeEL 710410 (HAE
3270, 213x107(AF A3 :67)), 355x10 (3% 2
31 107), 49710 (A% A3} 1470)olnh AHEE "] A
A9 dol= 1100t

<E e 49 19 #d3E Jekd Aot} F-Timed
PP—TimeS 77} o3 A, FHE dANA 285 Al
& Jehdiel, Total® WA MEAAA ofye 8 A
& L}E}‘ﬂlﬁ}. Original® Optimized= 27 Naive Scan,
LB-Scan, ST-Filter®] #xg @A Az 2oz 7]
£9 7|3 AgE FHHg 7|HE gt B, 4 of
candidates’t= LB-Scan¥ ST-Filter?] o3 thA o] Axz
e $3 JEAALEY £§ vehdo,

#A, Naive-Scan®] A& EAstch Atd HA3g 7]y

nm fo o iy
S

2 gAA XHE—‘JOP— Naive-Scan, LB-Scan, ST- Filter
159
271

& 7129 43} ulmete] MelGol e} o 40uol M 62
EEECEREREE EER SRR
AL ALY Hol FH 4% 9 Aol A ol ke

ZHA YL BAFE Aotk LB-Scan FAl Agtd 7]
Ao 2 T4 Al A% g a2t dEgd
ulgl Seefel Al 1179744 == Ao Jehstth olgt
ZAE gAdAY A Ao Qste AA AY A &
Bel s AN a¥i 1.24004 2508} Ale] = JEltT),



1394 ME2X2ISSI=ZX D M11-DHE HI7=(2004.12)
(E 3y MEHE Hiso| w2 mHokE J|Hel Ms WM &3t
Selectivity 7.10%10* 2.13x107 355x107 497x107
e B e I R e e Rl e el gl s I
] Original 0 7418 4,680 0 8447 14,523 0 8940 17,719 0 9,19 19,121
F-Time Optimized 0 7.421 4,703 0 8464 | 14501 0 8979 | 17,705 0 9,236 | 19,141
) Original | 55,327 1872 4 69,991 11,397 2 92,599 14,054 22 110,016 14,537 22
FP-Time Optimized| 1,379 16 2 1,483 98 4 1,648 189 6 1,773 263 7
Original { 55,327 9,290 4,684 69,991 19,844 14,545 92,599 22,994 17,741 110,016 23733 19,143
Total Optimized| 1,379 7437 4,705 1,483 8,562 [ 14,505 1,648 9,168 | 17,7111 1,773 9499 | 19,148
# of candidates - 195,909 531 - (1,244,275 2564 - [1,552,827 2567 - 11,604,689 2,796
ST-Filters] A%, At 7[HE AL ozH dojA|i= o] Ay AT de ¢4 9d Aol TGS Kol
A% Y 239t Ad gl ALZ JERth ole ST- Zolth o]y ARE 71E AF YA KE WS =
Filter?] o3} WAE Fste] Yetd $H NBEAFAEY g dyolt}
7t WS- o, Bel opvE ofE tiR&e] 3o AR
2o ¥§H7] dFolt). TAg dANA 288 £ A o Naive-Scan original —5— LB Scan original
B EReAE A% AA Ea Ao AA 22 AT & e Lo Scmoptmed e STrier oyt
wolA BW Ao W gle FFEoIth F, ST-Filter:s 1,000,000
A7 Al £ ATl AX FY A7k REE
AR @} ;T
(1 3¢ <F 2>9) WA £ A 44 WY £ - _ﬁ
JEE T2 JH2 TS Aon. VtEFHS HHEY
A7) dehie, 423 B9 99 sk} HuAs o) 1,000 > . * *
7‘(1_0,] Zi %]] ﬂa] }\]7]_% L]—E]-L“E} 7‘4\3] A]7}o] 1 iﬂ]?—._] 7.10E-08 2.13E-:;ectiViti3::5E-07 4.97E-07
Z #F8HAL Folshor 3. ST-Filterd) 35, HHg
o A% ANz Avlame, A48 A% So T (32 3) Mg w0l WE s 2
7t AS TdE B UBR. LB-Scand| B, HH 3 29 200A% o) WarpRatio[151% #8171 8A zletel

of st A 4% M9 &35 HHrh Naive-Scan
o] AL, HAHAR AT A% A 537 M FRHAA
tebth 53, Nawe—ScanO] FAe @A FAg del
714 dolxe= AsS Rgoy AAHE Tde HAdg

Hsto] #AAQo] ZE F$olA ST-Filtert} LB-Scan
Abgdt A9 4R o $& 4Ed Holw oz
Elteh o] AL At HH3t 7iHelA A8 HolE ¥
# W 4 HeolE AY Mo A% MM AR Naive-
Scanell A 7} FEHAA eSS ovsts Aot
oleigt dFH= Av HEA CPU Mg A4 & HAsge
2% 71& 71889 Naive-Scan, LB-Scan, ST-Filter 7t

L

94

o
=

5) o] A& o} ‘3741"?]*1 ARk digel Hulo E8]9] F3(traverse) Al
ol wf§- A7) dEolth MEAAL v AMEE Hulo] Ee
A7 Aoy A4 AAY dejedo]xe Fyjuch AN o At
Fug, B YA ALEE dojuolA A7 of 23MBelH, ol
ths dulo] Ealel A= o 8MBEA HoleHlolA 379 2087} |
AR e A

HH3 7M7) 7HE 44 £ dAA AEEe
Naive-Scan, LB-Scan, ST-Filtere]l & 288 =385
ot} ALEE H) WarpRatio= 3,6,9, 1201tk 48 29 53
& #Hdl WarpRatio®] ¥sto] uwhel e HH 35 7149

A MY &2d7t o9A YedertEs ﬁ“"ﬂﬂ A% el
ok AMEE Ao AfA9 Zelw 1100]M, E2 2.13x
1078 Ag-stg .

(¥ )5 49 Z2#4E Jeid otk 7lEHe
WarpRatio®] Z7]& vehlie, A2 %2 B 93
ABAA2 g3 A3 54 Mg 2o 2ALR
9

x_

o
3t 2]
vHe}
ZAoltt. o] WarpRatioZ} F71go] wet BE 7%
AA 8 AT HA Fohske Ao Uy o
) WarpRatio’} 4% MEAH2 W Z+ 824 3
ghid ¢ Qe 347t gdsiAnE, CPU A A
Z7HE 7] dEoldt, A9 19 Aot wpAMAR, At

A

fo X
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g #HH3} 1M ST-Filterd: 7918 LB-Scan ¥ Naive-
Scanol A & A% MA Eabd 29k 53], HAHG A
Naive-Scan®] A% &4 Z77F 426l A 52802 7} 2
Aoz debdow, of Azt A4 3 A7 HHoA i
BT 7 vty A5 g BAth o #Hsg
¥l Naive-Scan® + WA F& A4%& 2 HA3E

LB-Scanel] #]8} ufollA gu7tA] 1] FL A HYATH

—0— Naive-Scan original —0— LB-Scan original
—oO— ST-Filter original ——e— Naive-Scan optimized
~—&@— LB-Scan optimized ~—3— ST-Filter optimized
100,000 — —
o & ©
o
m —LF =]
% " = o -]
= 10,000
b [Emem— : W
E
=]
~— g * *
1,000
3 6 9 12

maximum warp ratio

(Z2! 4) =i WarpRatio 310 E Ms Ao}

A9 3ol Adir chekst zlo]o] do) Alglsed tidted kel
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