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Abstract This paper discusses an effective processing of similarity search that supports time
warping in large sequence databases. Time warping enables finding sequences with similar patterns
even when they are of different lengths. Previous methods fail to employ multi-dimensional indexes
without false dismissal since the time warping distance does not satisfy the triangular inequality. They
have to scan all the database, thus suffer from serious performance degradation in large databases.
Another method that hires the suffix tree also shows poor performance due to the large tree size. In
this paper, we propose a new novel method for similarity search that supports time warping. Qur primary
goal is to innovate on search performance in large databases without false dismissal. To attain this
goal, we devise a new distance function Dy that consistently underestimates the time warping
distance and also satisfies the triangular inequality. Diw-in uses a 4-tuple feature vector extracted from
each sequence and is invariant to time warping. For efficient processing, we employ a muitidimensional
index that uses the 4-tuple feature vector as indexing attributes and Dw 1, as a distance function. We
prove that our method does not incur false dismissal. To verify the superiority of our method, we
perform extensive experiments. The results reveal that our method achieves significant speedup up to
43 times with real-world S&P 500 stock data and up to 720 times with very large synthetic data.
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(1) Di(<>, <>) =0,
(2) Din(S, <>) = Dwl<>, Q) = o,
(3) Dw(S, Q) = MAX([First(S) - First(Q)l,
MIN(Dw (S, Rest(Q)),
Dw(Rest(S), Q),
Diw(Rest(S), Rest(Q))))
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B a4 4o Ag Aidsior gtk ¥bE, L. 7
7 &4 el Al 3o HE olRo] sleEe
2 Ay ez ze CPU HlgLo® Ay} 7bssic)

3.2 QN Hef

¥ dMe gy 98E AYse 74 242 98
QA Aol et =ofjch B AN FFshs
T8 2RE JYEH F9 AA9) wE AN 458 F
Alof RASH= Aojch

A A E gt o AnE RSl st
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HA gkl Smallest(S)E HAL ©)EL FojQ A9
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Duw (S, Q) = La(Feature(S), Feature(Q))

9714 Feature(S) = <First(S), Last(S), Greatest(S),
Smallest(S)>, Feature(Q) = <F1rst(Q), Last(Q),
Greatest(Q), Smallest(Q)> o]t}
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Bz A It

goje]l F AFEA S = gy, 859, ., S0, Q=
- > ol digte] ohgo] A Agdol
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DS, Q) = La(<First(S), Last(S)>, <First(Q),
Last(Q)>)
=

AEL 59 Qo By ABolF S¢ QE a4 s
& B3t HAo L8 e ANELER U3 =
740]‘:1' o] HEA AlEA
Q' =k (Sl < k QI <
DS, Q) = La(S, Q)
= Leo(<s1', 82/, .., s>, <ai/, a2y
= MAX(Lo(<sy’, ...
Gi-1'>), Leal<sy', s>, <q!, a'>)

= MAX(Lo(<s2', ..., sx1">, <@/,

ak-1">), Lx(<First(S), Last(S)>

<First(Q), Last(Q)>))

S Sh‘ Qe sz, I8} =
|2 .

qk’>)
, s> <a,

> La«(<First(S), Last(S)>, <First(Q),
Last(Q)>)
wEtd B2 AT 12 3 AYdch
Ol
Bz Ay 2

dole] F AJFEA S = <5y, 8, ., S0, Q =
o Gn>oll OI3}] Thgo) 84k Mg
DS, Q) = Lo(<Greatest(S), Smallest(S)>,
<Greatest(Q), Smallest(Q)>}

<ai, q,

&%
Bz A 1949 #Zol AEA Se) QY B 919
HEE AE2E SsH Qe s mEh #HE ¥
Greatest(S’), Smallest(S")¥} WA &= Q' 84E
2z} Greatest_Match(Q’), Smallest_Match(Q')°]g} %]
slxl, e WMoz WHE F Greatest(Q)
Q7 vWAEHE S’ 84y 77

, Smallest
Greatest_

HjolEbujol2 Al 28 B A 4 F(200112)

Match(S"), Smallest_Match(S")o]2} A 2)3}=}.

B 9o 18 19 Jehd uie} o] T A2
o] 84 o X W #Ad wel g s A
7HA A%o] chstel B B2 Feh 4YTL moln
gt =9 e W Greatest(S') = Greatest
QY & 7HA3in) wie] ZAS-de B Z9da atgd

S Q9 dee s sd fd
Case t Case 2 Case 3
Largest(S') Largest(S' Largest(S"y
Largest(Q")
s Largest(Q')
Q s
Smallest(S') s SmallesiQ')
Largest Q') SmallestS" o
o
Smallest(S'y
Smallest(Q') Smallest(Q

¥ 1 AE2 89 Q9 84 g X U #A

Case 1: '3 Q"9 W7t A& AAA &¥E B
Dw(S, Q) = Lu(8, Q)
> MAX(|Greatest(S')
Match(Q")l, [Smallest(Q’) -
Smallest_Match($")])
> MAX(|Greatest(S') - Greatest(Q')},
|Smallest(Q’) - Smallest(S")})
= L=(<Greatest(S'), Smallest(S')>
<Greatest(Q"), Smallest(Q")>)
= L.(<Greatest(5), Smallest(S)>,
<Greatest(Q), Smallest(Q)>)
Case 20 S’ M7} Q'9 ¥9lg Xste 4%
Duw(S, Q) = La(S,, Q)
> MAX(IGreatest(S') - Greatest_
Match(Q')l, |Smallest(S") —
Smallest_Match(Q")])
> MAX(|Greatest(S') - Greatest(Q')|,
[Smallest(S") - Smallest{Q"))
= L(<Greatest(S*), Smallest(S")>,
<Greatest(QY), Smallest(Q')>)
= L.{<Greatest(S), Smallest(S)>,
<Greatest(Q), Smallest(Q)>)
Case 3 S'¢} Q9] W/t AR HAAE A
DS, Q) = La(8, Q)
> MAX(|Greatest(S') - Greatest_
Match(Q"), ISmallest(Q’) -

- Greatest_
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Smallest_Match(S")])
> MAX(|Greatest(S’) - Greatest(Q")I,
|Smallest(Q’) - Smallest(S’)I)
= Lw(<Greatest(S'), Smallest(S')>,
<Greatest(Q'), Smallest(Q")>)
= Lo(<Greatest(S), Smallest(S)>,
<Greatest(Q), Smallest(Q)>)
ot o] F15E XE F-fol ulEld HYIIEZ B
Z AE 25 T AYPch
]
e 1
gdojo] F A|EA S = <5y, sz, ., S0, Q = <ai, Gz
- Gn> ol Uidtd O] B Hyd
Dw(S, Q) = Duw.n(S, Q)

of\

H:
DS, Q) = Le(Feature(S), Feature(Q))
= Lo(<First(S), Last(S), Greatest(S),

Smallest(S)>, <First(Q), Last{Q),

Greatest(Q), Smallest(Q)>)
= MAX(L«(<First(8), Last($)>,

<First(Q), Last(Q)>),

Lol <Greatest(S), Smallest(S)>,

<Greatest(Q), Smallest(Q)>))
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oz A wtA olgd EAEE Ao A
A7) 9% g x px2e R-EE(15], X-EF(16],
R+-EZ(17], R-E&[22] & o9 Ad2E 138
F At dda A dndFe ¢4 dHolehio)ay
o)zt ARE SE HAM 23l First(S), Last(S),
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2 A¥Adentifier) 2 FHHE JEAE Fo4A o
9 el o AYFoEH JAYAE TR B2
NAxT) olv] EAFe Arde ke A2
Wz 29 71¥0buk loading)[23, 24, 25]& ol 8%
24 Hc a9 Wyoe g QIdXE F4Y & Urh
332 "9 X
a9 2¢] Yebd TW_Sim_Searche AR Ay
o] gt Ao AB2 Q99 Dw7t ¢ oY /A
ANA2ES doleplol 22 RE HAMIe ¢nFE
yebd Aok @A (1) )‘1‘6 22 QEHEE U 7]'
ERNES F&35 @A dAE AR g
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TW_Sim_Search(query sequence Q, tolerance ¢)

(1) Get query features First(Q), Last(Q), Greatest
(Q), Smallest(Q);

(2} Perform a range search on the four dimensional
index using these features, &, Dw.n as a query
point, a range, and a distance function, respec-
tively;

(3) Make a candidate set CandSet consisting of
returned entries from Step (2);

(4) FOR each entry in CandSet DO

(5)  Read the corresponding sequence S from the

database;

(6) IF Dw(S, Q) < &, THEN return S;
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