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Index Structure for Multivariate Time Series under DTW Distance Metric
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Abstract: Existing index structures for multivariate time series can’t support similarity search under DTW distance efficiently. Firstly, a
transformation method, which converts unequal-length multivariate time series into equal-length univariate time series, is proposed and a
mathematical proof that the transformation satisfies lower bounding distance lemma is provided. Secondly, DTW lower bounding distance
is proposed, and its character is analyzed. Thirdly, based on DTW lower bounding distance proposed above, an index structure for
multivariate time series is proposed, allowing database of multivariate time series be organized. Further, similarity search algorithm and
process for multivariate time series are discussed, and related mathematical proofs that false dismissals can be avoided are given. Finally,
validity of proposed method is verified by experiments.

Key words: multivariate time series; dynamic time warping; lower bounding distance; index structure; similarity search
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Fig.1 Warping path and resulting alignment
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Fig.2 Process of two-step search
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IR L(TRIEESIIE). w7 Q Al C i RrfiE 42 X ek 1 F Wb S5 AE 25 7], A T PRUEFRAE 2% (7] (1) 48
AR AR, L AU . Dreature(F(Q),F(C)) < Dirue(Q,C), 2 ', Drcature A1 Dirue 73 7l 2 713 5 AIE 25 18] 11 i 4 2 ] 4 £
1.3 R-TreeZ 3|4

R-Tree 3] HH Guttman 1 1984 £EHE H B 5 AATTHE M IERE F 1 X AN ) (10 23 [r) 4V 75 SR 2 7 &P et
%, R*-Tree,R™-Tree 25,205 20 Z 4R R &, BWIL I T — MBI L0211 % 5] R-Tree 5K ik 8.R-Tree &£ —
Tob Kb T 2 0 K005 (0 25 )R 5| 405 00, e 1 22 25 )R 5 0525 P R il £ 2 1) 22 B 400 v o A 8 o7 00, () 45 1 4
S WIS B G RN S5 LA B SS SEEEE TTAN TR G (ptr, R) I, He v ptr AR b RN — R 45 SR e R 2
F0H5 ptr JT45 1] 45 25 9T A /) AL BR %R T (minimum bounding rectangle, {5 MBR) 8 #5 /N T - 45 A0 46 45
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TR ERICE N wis(i])6 5 IR Y 42 R 20 A AF T AR D X 003 wi= (i) PRSI R B j-r<i<j+r,
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Fig.3 Two kinds of warping windows
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SR MTS AT AR, SO R AR 5K MTS B30 454 UTS. N TR B LA, o SLREAT A7 S E 4
X AR 3 1) FL IR SE A,

PERT 2. AT 5 Q=(1,02 - - Q) C=(C1,Cas .., Cod, AE RN B4 P M 1 WL A7 4 — 4055 B 12, % 6 45 I
) RTS8 2 2 Fh @, ) DTW(Q,C) < .

TE B AE OB B B R 8k B 2 4 il R AR L P AR SRR AR W= (W, W, W W), TG R
W=(ij) B7s 0 5y LI VLHEL G R HAF B8 12 W58 1 R0 SR BE 3 2 0 ZL Dyase (W) 27N, 300

Dpase(Wi)=Dpase(0i,Cj)-

BUAEAE — 475 BB B W = (W, W), W W) PR S Dy (W) = a2

BARAT D D (W) < D% Do (W),

i DTW §i 85 11 3, DTW(Q,C) = Y Dy (W), B DTW(Q,C) <. O

PR 3. BI A4 Q =0y, Gpreens G ), Q' = (0, G- Gy ), € =(C1, €50, G, ), €' =(C1, G5, ) R Q5 QC' 5 C
K BE S SR IR, L Q,C AT )0 AR B B 38 KT Q,C E 0l /37 08 B 130, B0 Dy, (01,€) << Dy (1)),
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FE R O VT HE G 2R, FE VS IX B T AE 9 R R 16 500 2R 1 125 2 Fl e
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C'5 C 1A B 43 T AR [F).

B Q,C AT ZI M E S5 N 4= (CinGizs - Gim) ,G=(Ci1,Cjas - i), Fe Y 1<<i<Len(Q),1<j<Len(C);

Q' .CHEXR I ZIM 4 5k o = ayuCi = ¢,y .

Q.C AT SN ISP S h Dy (0,€) = D0 10 —Ce 5
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W UTS ol b 7 20 B KK RSO Lmax, iR AT B W 4 — o e 3102 4 Q' =(q;,q5,...,q;,),C' =
(€],ChyenChY SE S5 R myn,

FEFNg AT LA g Wi - F(QN)— Q'™ F AT 5 K B 3 1 i i 115 A Lmax+1 (11571,

FPAN R AT iR R AR RE D LRGBS T 0 Lmax+1-L /> 4 e(HYL e=0).

#l4,Q""=(Q",Q"),C""=(C",C""), HH1,Q"=(0,0,....,.0) maxe1-mC" =(0,0,...,0) maxe1-n-

T R B A DTW(Q'*,C’+)<DTW(Q’,C')E}if\‘/‘_.

Q.C'dp A 42 W & 4(a) i 7, dp A B A2 Aff 2 1 DG 5T 6 ik P 8 22 AR S DTW(Q',CY).

Q1 QQUULE,C H CCTULK, R Bk, Tk QL Crr X R AR B a5 K DT R 5 FR T 4 O i A D RS
Q',C' Ly s X UL L 3¢ & Fhff e Q7,C L [ s X DL AL ¢ &R.Q!,CHJy T Uy FH B 42 W,Q",C/ AT i a2 — Bl T it %
A, 40)FR. T QT.CT BRI HS A 0,37 LALE R I ) X VE L 5C 2R N, Q" Cr i) T L 5 3 f) B B 8 2 il g
DTW(Q',C"). I 7E Q" C"* B B I S B B 1 i vy £ A — 4% 25 B A8, i R A2 L 1 i) B 25 2 F12h DTW(Q',C),
t Pk 2 AT 40, DTW(Q™,C')<DTW(Q',C").
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Fig.4 DTW distance computation of extended time series
K4 w54 1 DTW B ik 5

23 DTWTRES
FSCHRH T RS K MTS 53 &K UTS 73, P4 &K UTS [\ DTW R 5 5.
W—ICEWTFF Q=(U1,Ua, ..., 0n), 25 HIBRATAE 42 JR AT 4 A B 1 i BR A v, XH 458741 U=(uy,u, ...,
U, L=(l, g, Lo
Ui=max(Qi_r,Gi+r) 4
li=min(Qi_r,Qi+r) (5)
UL 30k QL. FIAFFFLE S RILT Q 5 1. TS FFIMAEXR,Q #iwfE L. TR
TP BT 130 DR ek H 2 DX 4y 5 48 AR, A7 A X (6) AT
ViU =0 =l (6)
Ko )P4 Q,C [ DTW I FHH & UK
|c,—u; |, ifc, >y,
LB_DTW(U,L,C)=>1lc -1 |, ifc <], (7
o, otherwise

LB_DTW(U,L,C)nJ B Ay :C A7 v A 5 AR 1K) 45 [ 5 49300 S (R R 28 2 0, 1 ) 6 s

Fig.5 Query series and its upper and Fig.6 Anillustration of the lower bounding
lower bounding series function LB_DTW
K5 #AWFsEHEE FURF K6 RAME LB_DTW [/ K

NTHER LB_DTW(U,L,C)<<LB_DTW(Q,C),El LB_DTW(U,L,C)i# /& F F i & 5] B,
iEE}:]:-‘[‘[XL Q,C E‘]E'fiﬁ%ﬁé W=(W11W21--'1Wk1-''lWK)ll:‘:l DTW EET‘I%TE@Z?X?TF}‘ DTW(QIC):Z:ﬂDbase(Wk)’;H;EFl’
n<<K<2n-1, M J5 iy AR 6 oy
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e —ulife >y,
G =Ll ifo <l < YF Di(w) ®
<o, otherwise

T h B A2 LR ICE W) B A IQT<n) 0 R — AN B EZ A 38 IR j A BN TG E AN K FRd
A kematch. A (8) 28 Ky

L le—ulife >y,
Z{lci_li | ife <l < Z Dhase (Wi ) + z Diase (W, ) 9
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AR O AEE LM 53y 3 Tl e

o Y c>uy W ANSER MM | B0 el ASERAM Y Dy (W) TN TE N Dpase(Wi)=Ici—gjl.

Kxematch
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|ci—0jl, P |Ci—Ui| << Dpase(Wi);
o 24 o<l 5, [A] F AT 41F | 6i—1i| < Dpase(Wy);
o Y Ii<ci=u i, BRH 0<|ci—q|.

Jir LA,
e —ulife >y,
z ICi*li |, ifCi<|i < Z Dbase(Wk) (10)
=, otherwise <"
BB E LB B SLTTY D (W) =0 BB A R(O)H. H
xeunmatch

T S IERRE . AR R R B X 3 AN TN LB_DTW HEAT 43 47
(1) BARFYEHCH m(m>1) M AEK L Tei (1] 551 Q,CITAT B AT A (1 k(1<<k<sm) A &AL, A3 B A &K
— o P41 Q',C!, ik 5t 4 ) %11, DTW(Q',C') < DTW(Q,C); - I 3 514 e I ik B AN S — TN (]
A Q.CY &K —Joh MFF] Q,.C, HAA DTW(Q",C)<DTW(Q',C"); X T4 K —Jihf i)
H1QT.C ¥ QI by RIS T4 A U LA LB_DTW(U,L,C)<DTW(Q"",C™), It i
LB_DTW(U'*,L'",C"")<DTW(Q,C), TF#R #& ~ J i & 5| B 45 %1,LB_DTW(U'",L'",C"")& DTW(Q,C)IJ F
F A B AR P B R A A RN S A R IR
(2) MAA(7)FTELE H,LB_DTW T L 0R B2 6 454 UTS FA8E QTG E 77 23, st DG AE 26 28 B A, 76 T X
AHE 7 v _E#EEE S ST Minkowski B 88, K B[] DTW BE 8540 Lb, T 55 82 4% 1 W 0 BRI
(3) LB_DTW I FEH & (1) BB A Z) 1 1k 43 A, T SOR a8 5 52 56 % FEHEAT 40 1iF .
LB_Keogh K Lok 75k RaE H T-45K UTS, HA BRI BRPE; T LB_DTW LAYEJST 1~Pk 5t 4 24 310 T4,
SELT TG 2 TG NG I AN 3 R AR50 % NS K UTS i) SIS MTS, AT#L4 LB_Keogh
T .

3 ¥ DTW BEEKIRGISH

BT B T2 VAR S g AR B B SCRE DTW BB 2 TGN W U R 5L 45K 6 MTS it R AT
R IF 4 Y MTS AP R 570
3.1 i) 5 A 9 B RARE L

J T n BEE] NUTS e ) 482 3o %00 S B N B B — B s (B 1P 39 EAE i By
BB FEARFAE 3K T 3R 8 7 VAR O B TR) P 20 1) 4 B R BRI AL (pilecewise aggregate approximation, fiii i PAA).
A N R I ] FE 24 B8 W31 C BTN 428 () oh i 385 4 € =¢G0T, C HIES I AN TE R
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APV A (1) &

c-N i ¢, (11)
( 1)+1
B SERT 5] Q=(01 Gz, tn) C(C1,Carv. @Luﬂﬁﬂnﬁi%%ﬁdéﬁlﬁﬂéﬁmﬁ%%
DR(Q.C) =1 3114 G| (12)
Jf LA 24 2 (13) e, i W L SR [20]:
DRQ.C)<X ' lg-¢l (13)

3.2 E|GEHMREIL

SHFAC B n (G T F 5, 0 SR B R 5 HEAT AL, b o P o v, A R 5 ik e R 62
I AT R PAA J5E4E P A n 4EZ0985 N 4E(N<<n), R &R 5106 N 4k m ik T4 2. LB_DTW i A =2 n
YA TP F, T B — P R SEEE RS LB_PAAJLHI K N 4t [ 5 (J5U4R /7 51 1) PAA JER), X FEEREMETE N 4
R 50 E Sz IPE I &,

W= HWFS Q M L. NILF T U R L2 5 PAA 5iER R AU L :

n.
— N N
u, = F Uj (14)
j:%(l—l)ﬂ
i
_ N
l; =% Z l; (15)

z|>
T
=
¥
i

FAPEE LB_PAA £ X

le —ul, if ¢, >,

J— N —_— —_— J— —
LB_PAAU,L,C) Z% lc, 1|, ifc <l (16)
= o, otherwise
F 24 3 (13) T 01
LB_PAAU,L,C)<LB_DTW(U,L,C) (17)

i R-Tree % N 4 [0 S HFAT AL, 1% V A RG] BB 45 5 R=(L H) R n 5 1 45 21 VAL MBR, L,
H=(hy,hg,....hw),L=(Iplp, .. ) SRR B NO R R 9 B FIAR RUEEW L . FORLAMM N 4
[ H.Q 55 R MY B MinDist(U, L,R) & X H
L=l it >y
=Ll ifh <l (18)

I
MinDist(U,L,R) = |
0, otherwise

o
N

N
i=1

MinDist(U,L,R) /R #7541 Q 5 R A N 4k [ &= (1 fc /)y LB_PAA J 25, UF ] b i D0 SC ik [13]. PR s,
H MinDist(U,L,R) KT BN Q 5 R AT N 4k 7] ) LB_PAA B 25 #K T e, A 1T S5 B BY A 38 8 2h .

LB_DTW,LB_PAA FI MinDist ¥J &£t X} 5K —Jo i AT 5 DTW N A EE R 0N 32 &AW, e A
XG5y B — JCITEE A N 4E & (7501 PAA TEQ) A R-Tree & 51 1 MBR. =3 2 ' LB_DTW & JLiit;,
LB_PAA FlI MinDist &% LB_DTW ] ZE{H.
3.3 MU EEZ

N TH 45 H &3 9 22 459 RangeSearch(Q, g, rootNode), 5% LL— JC B ) B 41 Q. HH B B i &1 R-Tree MM 45
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xi rootNode 15 24 iy A 2R HI &5 3 V1 1 77 s UEEAT 4 28, A 7 s,

3%, RangeSearch(Q,&,P).
UL A QI By RS FH], U, L 45 8 HPAATE X

1. if Pis a non-leaf node

2. for each child node T of P

3. if MinDist(U,L,R) //RA:4: sTXH M IIMBR
4. RangeSearch(Q,&,T);

5. end

6. else

7. for each PAA point C in P

8. if LB_PAAU,L,C)<¢

9. Retrieve full sequence C from database;
10. if DTW(Q,C)<¢

11. Add C to Result;

12.  end

13. end

Fig.7 Algorithm of ¢range search

K7 Sul#ERAEL
4 MTS I ZERIE

RS D IR EVEANIE R T AR MTS AU 48 22 (1 55 B0 5 30, A SR iR b iy v AT 4
RS F DTW BEB AN K MTS R 38 2 5 B 4G 3 J7 10 P 4

1) HRFISEHHL MTS B e, i K 8 Fim;

(2 BREAEWEFEFIN L. TSR, mE 9 ik,

(3) AAWITHIMN by FRUFRIEAE R T G5 FRHAT AR 2R, ] 10 TR,

AR NAN FPog PAATT I MBR7 ik
AEKZ T L AR —TT L ERSTv L N L R 25|
U U > NAEE i /
N [i] 31 e 71 )5 37 i) 741 ik
Fig.8 Process of index construction
K8 Ryl
A A Fead & TR PAATT %
Fetzn] | [Fek—n] | [ek—e |4 £ F |yt
il 3127 Tl ARSI T R T BITRINGE

Fig.9 Feature extraction process of query upper and lower bounding series
9 AmWFH b FUA R IE R BURTE

%51 i) AL B

(EWEA L. T
FEFBIIINGE [ &

Ttk LN TS

\4

Fig.10 Process of similarity search

K10 ARMLPE IR R e

A JFH A% 5 R0 2 AR s 1 R MTS %ﬁm UTSAH T UTS (1 [ 2 B o, EL e FH & 5 | AT A R8¢
R HE R AR UTS 7 @ h 25K e 4 IR SR a8 ) PAA 748K UTS 4 N 4 & b N bR 5|45
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FA AR A B 1 4k P 55 35 i R-Tree R 51 45 F 5% AT 1) N 4t 1) S db AT 4L 4.

M MTS B P A T il R — Ay A D A 1y 500 R AR A P 9097 e 0 75 92 0 L e ok sE K — o
I 1] 3 51 A A5 )3 51 5 MTS odia 42 o et e 510 BATAR ] 1K B AR SR BBUE K — JUIN )21 19 = TR IA 5
Fe 8t 3 PAA J5IEAE L TR ISR S5 0 Fe e N4 i) A D AR AR R 5 A R KRR

FE TP SURE A JE At L MR 22 5K (16) 2~ 3 (18), A T & P 41 by NI G P A1 N 2 ) 8 3K A2 R 51 4
1 AT R AR R G A IR 4R

HI T DTW RS BB AR R 51 45 0 L AT R A 4R AN Sx 7 AR IR IR 22 5 LN BRI 511, DR E s 2000}
1638 SR WEAT I A0 2, RV 8 4 T 1) UT'S WU 0 J5 i MTS J5 MK TS BE A S5l MTS 55 2 50 #1341 ¥ DTW
PR, L BR U8 T oAk B 1) P S BRI TR R R e B KR, DR RE S B i A R R

5 SKEAM5ITR

5.1 SREINMES LR

SEYG A% O Matlab 7.0,Windows XP Professional SP3,300G fi#i#%,1.98G P 17,Intel(R) Core(TM)2 Duo CPU.
B 25 22 70 1N 1) 6 51 B 98 45 4 h 81984 4 Australian Sign Language#1 FlightData.

Australian Sign Language(ic. i ASL)2 21T 565 5 2udla 4k, e 22 NIELL AR i A L 0 T ISR E 2%
F 11 N8 1 270 6 AR (53 70006 B 6 A H ) RIS T I AL A7 .5 N RN & TR i . TR E S
¥ de 95 FBE R (95 NK), BREBHE 27 H)/p 5 A K — Mtk EECET 8 FhiE =6 R I P B1AE by S5 4L
PEHEGE  ASL),— 3L 216 ANSZEGFEAS.8 FiE =43 73 4 alive,all,answer,boy,building,buy,change-mind,cold,216 41
2 JGIN] 8] P 5 () IR 160 25 B A 47~95 2 (8], BT AU AR I — AN 5 3 10 T8 sh AR I 2.

FlightData J&—21 $ATH0 4, 2 id sk 7 58 LR I Zoel 72 b i) AT LA T8 T S5 50 20 #r 0is k' S
QU IR 8 I R AT I R SR AR 8 AT SR B BUE WSO .5 A AT EIE S
BEHE WOEBLIE. AKCPHUR . 180° e 360°4 e, S A sh TE A & 200 MFEAJTH. KATHIE . RAT R if
OUAR S R A AN 1] AR 3K 6 AR B BE AR R A N IX B8 /AT BE AT S B 4 .1 000 2H 2 T K AT B (¥ B I i R
11 240~319 Z 6] &AL IR AT — A 58 481K RAT s 1 FE.

A F SCHR[241 70 18 K [ 32 e 43 U 32 43 50l %o P 20 35008 SR R AT B 4, Uy 72 DURR % 280 0=80%, P . MTS $idi 4=
W4t 5 (R AS S50 S 2,45 B3 A ASL_DR,FlightData_ DR, Ji5 45 ) S 36 &1 %of B8 40 )5 i B0 BEAT 8.

52 RWHEREDH

% 2 JCI )7 31 Q,C A% FH 2R & Al 5 14 3 A AR S K — Joi 7 41 Q',C/ 3 FId i 5 TE S5 K — Ja i il
JFH Q. C U LR QU . FIASIFA, U LY RIC 4R U LR C i PAA L.

S 1. MTS ¥4k 2k UTS B8 5 IR 2 1 3 .

kR 4 00T AR B H A m(m>1) 1K % o R )5 41 Q,CL 3T 2 5 R 1K) k(L <Sk<sm) AR AR N, B 05 15 2 9
41— Jui WFA Q.C A AN Kk AHH R Cf BRI %, R b, A8 A 7 % — 3647 Y CX AL R ST
L MTS $64k 2 UTS B, i) i 46 gt £ 078 8 0 FN 5 58 BE B DR FE 2R s 8 SN

OMEE) )
BRI E AN TTVERT DTW BR B A CR4r 2 B2, O FH PP & P 07 S B 95 s RO, 0 A 2 46 35 Rk 47

e MTS #iffi 4 DsMts T3 n AN 41 AT — R AZ S AT 58 4B A O UTS #idli 4 DsUts. A\ DsUts
PR RIE R — DT HIME A ERFH] Q' ELE DsMts xR IKF 41k Q;DsUts H LAt /7 4114 C! (1<i<n-1),
‘B AE DsMts HORF R R F100 ) Cisi R Q5 Hifth n—1 AN 1 Cf (135 B B PR RF 2, WL 23 1((20):

1 «naDTW(Q,C/
AR DTW((Q,Ci))

(20)
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S SLYR R T DA 560, T DA ) 1 MBS O P S8 (R R B 57T 1
()i TSl A A TSR0 e
s=iyrs (21)

n
TR X B 4 04 4R FlightData_DR,ASL_DR 474 Rl A & ATy 2 1) s B9 R0 i A rh 10 A8 4 o 2,
AGIE A xq, X, W —IAFAE 3 T INAN S 5,45 R LK 1.
Table 1 Comparison of different variable addition schemes

z1 BEIMATEALR

LE % AN AT % S” (FlightData_DR) S" (ASL_DR)
ES! X1 0.1211 0.572 4
VE Y X2 0.7887 0.3796
VEX X1+X2 0.856 4 0.6737

M SZEG 45 JLA] DL 6T FlightData_ DR,ASL_DR, At A 77 #8975 5 348 F e At o7 45 20 /)
UTS % 424> 30 4 FlightData_ DR_UTS,ASL_DR_UTS. 4 T JE % I 1V 5T 4,48 ASL_DR_UTS ik #2551
ANFFE N EWFES] Q 2 HIiH 5T Q5 HAbEHI Cf (2<i<<216) i B DTW (Q',C/) ;3K i ASL_DR Htf B ¥
BRI EEE DTW(Q,Ci), &5 R il 11 Frzs. oA T 8 T8, I b A EC T 26 mT 50 /> 2. 7T BUF HE, DTW(Q,Ci) ¥
{HHRYE DTW(Q',C!) 2 b NS UE T PR 4 1 IE 3 1.

SEUS 2. ANEEK UTS S BN 4K UTS.

P39 e 5 A0S0 1 AR S RS () UT'S $idf 48 FlightData_ DR_UTS,ASL_DR_UTS 43 il #5464
K UTS $dm4E, 8 0 FlightData_ DR_UTS_ELen(3 A ({1741 K £ ¥4 o8 320),ASL_DR_UTS_ELen(F:H (1] )7 4]
KRN 96).

IR R A0 R T A

#£ ASL_DR_UTS_ELen " #8258 1 AN HIE N B T4 Q4 Q5 g h HAbF 5] C/* 2<
I<216) [ B DTW (Q'F,C/7) ;3K tH ASL_DR_UTS b 5= #1l {1 i 5 DTW (Q',C/) &5 & 12 fion. 4 7 1d
TR, I i AERHR T T 50 A A

Al LLE H, DTW(Q',C)) BIME#7E DTW(Q",C/7) 2 L, AT ¥ E T DTW(Q™,C/") < DTW(Q',C)).

20 18 ‘ ‘
18l —— DTW(Q'.C) n 16 " DTW(Q".C™) \
16l PTWQO) 4 R —— DTW(Q',C") I a
1 [ 1 A L i |
ueo
2t 1R ‘
10+
8
6L
4
2L
0 . . . . .
0 10 20 30 40 50 0 10 20 30 40 50
Fig.11 \Validation of variable addition method Fig.12 Validation of time series extended method
1L ARy VR A e f 12 FPHIYT R R I R

SZuG 3. R FEEE LB_DTW AY'Z 80hE 20 7.
SRR, U W S R R T S B B B A R R R AT A I 75 R R A b sz 8
i RAE BT RPN FRARE B N RS LB_DTW (S8t F A B LB_DTW M E %K Torw € XN
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_LB_DTW(U",L",C")

DTW = DTW(Q".C") Torw <[0,] (22)
BB P s SN
P:%,Pc[o,l] (23)

o N o A8 IRURE 314 7 905 250 5 90 EAT DTW B B8 153 A0 13 470 580, B D Bt 4 b 10 5 910 80 N Ko (e
NAPE R LB_DTW [t s MEH N AR 2L Al e AT DTW SR B35 1 7 51 44

BAE B B AR, R W BB AR, PR 0 o R B S, AT ek J Ak R R B Ak
# T LZE K UTS $4fs 4E FlightData_ DR_UTS_Elen,ASL_DR_UTS_ELen Jy Sz&&%f % 48 ] B — 28 XEIF vk it
ST A0 5 R B AR R Torw T3 LR [R] 26 B85 B e T BB BT 38, 45 5 4 3l L3R 2 JEn e 13 Fow.

Table 2 Tightness ratio of LB_DTW

R2 THEEE LB _DTW (%4545
SO0 B4 BT B (%)
FlightData_ DR_UTS_ELen 66.32
ASL_DR_UTS ElLen 55.21
1.0 08—
0.8 ]
= R 04
L o4 &
0.2
0.2
0ob—— 00—
0 0.4 0.8 1.2 1.6 2 0 2 4 6 8 10

1 5 3 {8 (< 10°) P 2 1

() FlightData_DR_UTS_ELen 1) 52 45 3 (b) ASL_DR_UTS_ELen 1 [f) 52t 4%

Fig.13 Pruning efficiency of the lower bounding function LB_DTW
K13 FAEE LB_DTW [(EBT R

S 44 AR PIALBCR SN, F BB LB_DTW HIS 4K T 500; B35 (LB AN 5 00 5
325 51 700 B b3 3 S B9 LB_DTW (15 S 42 1, 1 45340 o 103k 0 2t 1) 5B 8 1 B 0
5 B B /SIS0, 5 0 S A S5 R Rl B LB_DTW . s B o BT B 1, 4 2 D
K52 b7 DTW BB I, T 7755 B0 2 2 et 0 1 .

B 4. PAA T35 3 BOEUN IR E .

T UTS 205 PAA TR, 4 BOECN I i 771k, F 7B 85 LB_PAA ) 45 Toan 5 XU

LB_PAAU",L",C™)

~ T DIW(@Q.CY)

SR BUBON P 5 U7 L7, CF sk U L, C IR A LR N LA, B LR 2 8. L 46 K. UT'S 4 4 FlightData_
DR_UTS_Elen,ASL_DR_UTS_ELen Jy S5 5%t %, N HUAS [ IS A5 FH B — 28 I IE T 7157 S5 46 %6 Toaa (K134
B, A5 R 14 fros.

Toms <[0,1] (24)

PAA
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o | | 0.65
0.65f
0.55¢,
0.50 | )
0.45 | 5“;
0.40
0.35
0.30
0.25

48

0 50 100 150 200 250 300 350 0 20 40 60 80 100
BN FEBHN
() FlightData_DR_UTS_ELen 1) 52 45 3 (b) ASL_DR_UTS_ELen 1 [f) 52 i 45 4

Fig.14 Relation between N in PAA method and tightness ratio
K14 PAA ik r BUEON 55 B4 R 2 A6 &R

N SEHG 25 50T DL 4 B NGBR3 O Pl T B N 35 00, PAA 7320506 1 41 (1 0 AP J3E 8 20
P, N A LB_PAA BT S fr DTW BEES.

£t%} FlightData DR_UTS_Elen, ASL_DR_UTS_ELen,N 43 JH{ 320,96 Itf, F A FEE LB _PAA MI'S4i%Y
LB_DTW AHF.GX & B 24y B AL N LB ()7 910 (K A R BT ) 410 1) PAA TE R )7 %1 3 & ,LB_DTW,
LB_PAA HA #H [ & IE .

SCHR[21,22] 5% B, 06 v i 25 (0] R 51 454, U 4k FEBOR T 16 B, R 9 Mg & M 3 R ik, — I N<<16.
M 14 7F 2 N=16 B, B4R 045 5 E RIa.

Sei 5. N AEEE LB_DTW 5 DTW B B 1555 24 1 L 3%

TS BAS AHTRT, F AE RS LB_DTW v S 53 A AR T DTW S &, T S5 56 33047 50 E.

A FlightData_ DR_UTS_Elen,ASL_DR_UTS_ELen 2 S50 565 4, A 73 A Wi W 2R oR v B8 4 B0 TV B
S PRI 5 1R 2, LA B O v SRR I 1) B AR g BB G B, 45 JR L3k 3.

Table 3 Comparison of computation time between LB_DTW and DTW distance
% 3 LB_DTW,DTW [ &5 o1 5 I [7) (1 L A

S B AR tis prw/totw
FlightData_DR_UTS_ELen NF 1%
ASL_DR_UTS_ELen NT 1%

JASZHG 25 ] LA A A B &, R A EE S LB DTW B3I TR A2 DTW BHE ) 1%.3X & T
LB_DTW ZEJER M7 E#HAEH 2500 T Minkowski BB, )3 51) 18] 1 f06) DG 0 56 28 B ot 1 S50 B v AN s
2 18 B)) 25 W] [R) 25 i (1 S

6 LHERIE

AWM T —FMTS ) DTW N FFE 25 LB_DTW,; 4R i DL g FE A 42 1 T —Fh SZRF DTW JE 1 8 /1 MTS
BRG] 4k BE T4 AT B R AR AL 8 & S LB_DTW DU M R o B8 3243 Sl T N —Je £ 0. WK h)
ANGER 3 i TN BN — TO I 7 A4 BN S 2 o i )3 51, T3 % LB_Keogh 77 ¥ .
S A5 R WA SCHE 1 MTS R 5| 778051 s S 3 DTW BE & A3 %=, H AT R ok, 5 007 4
7L AR LG, RE U A AR S R AR

Bt 2% Mohammed Waleed Kadous 2 {1 1) 52 56 514 45 Australian Sign Language.
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