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# # 5070459321 : MAJOR COMPUTER ENGINEERING

KEY WORD : TIME SERIES RETRIEVAL / QUERY BY HUMMING / DYNAMIC TIME

WARPING / UNIFORM SCALING / LOWER BOUNDING FUNCTION
WAIYAWUTH EUACHONGPRASIT : ACCURATE MUSIC SEARCH BY
HUMMING USING UNIFORM SCALING, DYNAMIC TIME WARPING, AND
LOWER BOUNDING FUNCTION. THESIS ADVISOR : CHOTIRAT
RATANAMAHATANA, Ph.D., 98 pp.

Query-by-humming system is a system that allows users to conveniently search
for the music by just humming or singing some paris of the music. The most promising
method for the query-by-humming system, Scaled and Warped Matching or SWM,
which is a combination of Uniform Scaling and Dynamic Time Warping, still cannot
accurately search for the music from very large dalabases, although SWM appears to
deal with almost all users’ variations pruparly such as singing or humming in faster,
slower or inconsistence tempos. The rationale behind this inaccuracy is its failure to
realize the importance of normalization in SWM. Thus, to achieve accurate music
search by humming, this research proposes Uniform Scaling and Dynamic Time
Warping under normalization transformation, including its lower bounding function in
order to efficiently search for the music. Moreover, this research also applies an
efficient search algorithm_to the proposed method so as to speed up the calculation.
Finally, according to the experiments in this research, which use 100 sung queries
collected from 15 subjects of both genders under 1,000 songs, the accuracy of the
proposed method is 77Cpercent-with an average seraching time below 10 seconds,

giving significant improvement over all rival methods, including SWM.
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JzoenIEATYRRawitFRaUIaUY UX uazsidusauiaaans LX nudaysaunsu
1781 C asm"l,‘sﬁmumiﬁwmmﬂ'ﬁwzmwﬁﬂ%%‘gﬂﬁ@ﬁ%ﬂﬁﬁﬂﬁﬂ%’ﬂLmn:ij
Toyalunmmidrszoznig ﬁﬂﬁwaé’wfﬁ"l@ﬁaLﬂuﬂ"]szU:m\aa:am:%iﬂd@;@@luiaga
mgmunmﬁv'daaoﬁa%ﬂuﬁwﬁmamﬁ'u %w:LLammiﬁ@mmiwzm\ﬁzmwﬂﬁgmaa

iaga@T&ﬂdWQVLﬁLﬂuLﬁuiuLLuaéTaﬁagﬂ

C = Candidate sequence
Q = Query sequence

-» UX = Upper envelope
LX = Lower envelope

gﬂﬁ 2.4 MIFNWI AN TZLZNIVIVLAE1NVBIAD LT Inaasuts Tasfen r vinnu

5% VBINNY El’]’)“fl’a%lﬂ

o gt 6 g ad a 6 6 18 & a 2

MRIVWINTUVOULUAF92893D lawdn inairesuTanu sansafienla

it 19 LBX(Q,C) fia Warituvauiwaasnasislawiinindiasitsznitdayaanniy
A v v A . @ < A

1A Q waz C lasfianusnvasdayaauninnim Q uaz C azdasdumiairinni nude

m = n uazlw UX waz LX 1Tl Uia ezl § o L8190y say 32 ke

_[UX =) if g >UX,
LBX(Q,C) =D 4 (X, ~c)* if ¢ < LX; (2.5)
110 0 otherwise

UX; = MaX(Qringtiry -+ Omaiorm)
(2.6)

in = min(qmin(l,i—r)""'qmax(i+r,n))

U o 1 (3 ada a 6 6 1A s
wHANIIR I AN TEEENIaa T lawin InaasUTls azsNnInYeITy
anuudsEwmaluunwa laidwag1e@ ama"lsﬁ@’mﬁﬁa%laagmunmﬁmsmﬁaﬁm
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rwaagaiane ek ldenusiuglunisinitlewdnlndresuilsluldlunsia

ANuASIDATINUYITayRaUNINIAIAARY GedwNaazuidywainand Jeiauweis
o o v o { \ o =

lumsiaanuassafanudayaaynsunamninimenisiauuiaadiadiane 393z

naluwiatana b

2.6 n13usurwiatansy (Uniform Scaling)

miﬂ%'ummmangﬂLﬂuﬁ‘%ﬁ%w%aﬁmmmaﬁagaamgnmnmasm

FULEND ﬁauﬁﬁ]:ﬁwmmmﬂ'ﬁ:mmoé’w%%ﬂqﬂa@ NIBLN AL NN A VLN I 134NNT
o 1 U n‘d s a . .
mmmmi:mmwawaaﬂamgmunmmmmuﬂmﬂ@mammnm (Global Variation)
=2 o [ i & @ o ° o . @ {
I VLA WAILN G LANN TS 971140 9161 Q’mezsaomuaamﬁaL%amwam:l,wmﬁ
(=3 U d‘ ada o d‘v = > v '
mﬂﬂugmmaga Gﬁa'sﬁmiﬂiwm@LaﬂgﬂummsmaasummLLﬂwmaagﬂmaﬂma
Ienduatie é’aé’aamﬂugﬂﬁ 2.5 ﬁ'}ﬁmsmmmmaﬁaga B uuutan3y (lugﬂﬁ'm
Fruiia) MNAMNE12 0.83 1¥1INANNLIILAY (’Lugﬂéﬁumwﬁa) A IHNITIAAN

v =S L= 1 v v | 1 v QI J
ARBARINUITNINITaYs A Uazdays B Lﬂuvlﬂamagﬂ@aamﬂmmu

1 Unit [€— 0.83 Unit —>

gﬂﬁ 25 miﬂ"ﬁmm@hiwzmaﬁaﬂ%%miﬂ%'wmmangﬂ

fndunstiurwatengdun snansnfonaldasi 18 C = ¢, c,,c,..c,
Lﬂuﬁagaslumuﬁmadﬁagamgmmm (Prefix of Candidate Sequence) Naax817 |
wazidasnenisdasmatayseunsunablifianusiviiiy m azsunsnild

aIFuMIealUd [17]

C; = Cljum| where 1< j<m (2.7)
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[l dl v 1 v U s o U L
a9 lanad 13wt dn msﬂsw‘m@Laﬂg'ﬂmmmmml?jmuﬂumi
i’mwzmdLLmJqﬂﬁmLﬁam@iﬁ:mmaizmwﬁagam&mmﬁaaaaﬁﬁm’muﬂiﬁﬂ@ U

=) v A a U 1 ¥
EIa1 b6 TIsnaInReN laada Ll

ﬁmu@lﬁé’@md’mmimLLazﬁmummaﬁa%}amnq@ fa sfmin way
sfmax @U&1aU 1asf n > sfmax*m waz m waz n ?1'ammmwaﬁagaaaummmz
o A = a o @ o ') a o Aad o o
ma;&amz‘tﬁummﬂmumw ANRIAU mmuLLuaﬂﬂluﬂﬁsunﬁﬂiwumLaﬂgﬂmlﬂj
iauﬁumsi’mw:mdLLuuqﬂamﬁ,’u mmsnﬁﬂ@ﬂ@Umsmmizmmaﬁaﬂqmzij
o ' o o ~ a a A a '
magaaaummmzmummawagamzlﬂuﬂ’mﬂmumﬂu NUANLIITERING
- A Qo v 1 Q v {
sfmin*m 99 sfmax*m mgﬂﬂiwmﬂlmmﬂumms;mmawa;&aaaumuﬁmmma
M FRITURNNITIBNNTIATEEEN LA ﬂmsﬂ%'wmmaﬂgﬂffu R aIVa PG (M R

min(| sfmax*m |,n)

US(Q,C, sfmin,sfmax) =  min J D(RP(C,m,1),Q) (2.8)

1= sfmin=m
RR(C,m,1); = Gy, Where 1<i<m (2.9)

lasAwenaw US(Q,C, sfmin, sfmax) fia Wartunldsmusunmsdiwiten
eI sUTuvatengy uazdmiudsnou RP(C,m,1) iuisiduilddniunms

A A o ' @ A A
%@%Saﬂ(ﬂ“ﬂu’mmawagamu@umadal&ﬂiunm C nanuen | le]'V]ﬂ']"IﬁJU’YJ m

a9 lsAanw LLi’Tﬁmiﬁ’]mmmﬁ’mﬂ:maéﬁﬂ%%ﬂ%’ﬂ"ummangﬂﬁfu o
ﬁﬂﬁmﬁ@mwﬂﬁwUﬂﬁaﬁmzijﬁ’agamgnmnmﬁﬁmww%aﬁwm@mmsnﬁﬂ@”
1 AI ! 1 =) =) o 1 v =Y L= 1 I
AHILANIZRUNINDIY walTeEnTawlnn1sd i ma1szazn1Ia1835aInan asuiln
ﬁaﬁ%’uwwumﬁummm’amaa"ﬁagamL°1Tw il llguasnvinulaatnesiatsiuaszd

a a % g; K A v 6 o 1 s J di
UszanBnw asiudsddiaueandurauiraaiizasnisdivamaiandiu LiNa L Ly

Uyiadnan?

261 NanZwuauLsaa19209n135U5u2n1atansy (Lower Bounding

Function of Uniform Scaling)

Woﬁ%’maumeﬁmmaamsﬂ%’wmmaﬂgﬂ ﬁi’mqﬂ‘szaaﬁtﬁaa@ms:ms
° ' v ad v = o ° & & o o
A mA1zyznedsItliuawaengy mlmamlumsmmmﬂuﬁanmuwnmmu
mwmwaaifagam%% muﬁ'ﬂ"ﬂéfwnauqummuﬁu"uaumdwLﬂué’umuﬁa;&ﬂu
miﬂi:mm@hi:ﬂ:ma'«a'%aﬁvl,ﬁmﬂ'i%ﬂ%'wm@Laﬂgﬂﬁmamlugﬂﬁ 2.6 181 UY waz LY
wdusa ez EuTa LA WMNEIAY uaz Q favayarauniuua: C Aadayad
gl lunisidIouney a%’m%’uLﬁuluumé’aamamﬁamsmms:ﬂzmaﬁaU%%Qﬂﬁﬂ
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3z%d1a°ﬁa§aaaumuﬁuLéfwualuwummuﬁwauLm@lﬁm RNTUNRANTN Laa1NAT
A A TNIN T WA ULYAEIIRAAD AT HINIIREFANT bAAINNITAIWI AT HZN

izmwiagamgmmamﬁaaaa

C = Candidate sequence
Q = Query sequence

UY = Upper envelope
LY = Lower envelope

™Q

P o ! . ) A A A
31]7] 2.6 ﬂ'ﬁﬂ’]%ﬂlmﬂ’]iﬁﬂz‘ﬂ'}ﬂ‘ﬂaﬂLm@]ﬂqﬂmaﬂﬂqiﬂiﬂﬂl%’]@LaﬂEﬂ NFINNIDNAANRTDYA

2adeyazaunin Q lelugai 0.9, 1.1]

WattuveuwassraiTnslivmaiengy [17] sunaafionaldaah 19
LBY(Q,C) fa ﬁdﬁ“ﬁumauLm@a"mmaamiﬂ%'wm@Langﬂizm’mﬁagamgﬂmna’] Q uaz
C wazld UY waz LY Julduua Ui aunlazidunu o uiuaatda ua1ay aduaad be b

gUMIT (2.10) uaz (2.11)

@ =uY)* if g >V,
LBY(Q.C) =2 1 (a; —LY))* if g, <L, (2.10)
| 0 “otherwise

Uy, = maX(CLi*sfminJ""'C\_i*sfmaxj)
(2.11)
LY; = min(CLi*sfminj'---'CLi*sfmaxJ)

LLiTiwmsﬂ%'ummmaﬂgﬂazmylﬁmsi’@mmﬂﬁ’]Uﬂﬁaﬁumadﬁayjaﬁﬁ
NIRARIDHAUUIARINITONN LA DENILANIZRN B9 IINANY IWITULABAILNAILA8NT
v o U v o Q dl 1 dl QI/ = a = a a g o
o9 ua9 Q’Lmna:iaamuaﬂmam:ﬂvl,wmﬂ BUADIENANNULUTHULTIIRNNOUY 110
lﬁmﬁmwzmﬂ@Ul*’ﬁmiﬂ%'wmmaﬂgﬂL‘ﬁmasml,ﬁm 21992 MR NNTRNAIRITUNNT
o £ =3 g v e 1 1 =3 ad a 6 6 1Aa n:l'
'mm'mﬂmUﬂaanumawagaslugmmumﬂma at9lAenN AT lawin indaasuilen

MLEW LHK 8101307093 UANNLLTHW BT INTT a9V IWaINTIINIT INAIN LA A AT
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2 v @ add o ad o & o A @ = P
'Nv[,@‘maLﬁua'l‘ﬁ‘ﬂﬁ]zuﬂ’z‘ﬁ’l@Stﬂiz‘ﬂﬁd‘ﬂdﬁaosﬂNmJNmuﬂm‘walﬁﬂﬂiLﬂSUUL‘Vlﬂ‘]Jﬂ’J’]ZJ

v e v et 1 ) s QI g
AN Uﬂﬁx‘lﬂ%‘ﬂE]x‘]“IJE’JqﬁlaE]‘L!wﬂi&lL’Jﬂ’]@]\‘]ﬂﬂ’]’lﬁ’mﬁiﬂﬂ’ﬂ@ale‘]“l]%

2.7 m3dsuawianulndiasuils (Scaled and Warped Matching %32 SWM)

s o 6 6 1A A ad [ ad
nyUdsurwianylndqasutls ﬂE]ﬂ’]iwE*T’l%’Jﬁﬂ’]iﬂiU“llW]@]LElﬂEﬂLLat’Jﬁ
a 6 6 1A v Y o ‘ﬂ' a s d' a

lawiinlnidesuile [2] Whdunu taTeITuaNULUSHIAN TN T LazA NN LS
> a d! a &’ < U d' =3 L3 1 (% a 6
N la a0t 91980 611&m@mﬂ@ﬂmvl,ﬂlmagaﬂm'umama"l,@mﬂwqmnﬁmawgwa
1 v { v v v o U A =) g:
LT magamsmﬁauvlm ma;&m%mw‘]@ LLa:magaLﬁmiadmuaa WWudn TIn13TINATNI
FOIBLTIAION U ﬁ]z‘ﬁ’Jﬂlﬁﬂ’]iLﬂ%ﬂUL“?lilﬂﬂ’sﬁllﬂﬁ’]Uﬂﬁdﬁ%iz%jﬁdfﬂﬂaﬁdﬂdﬂi Y

% ] s (3 =3 s U ada a 6 6 1A A [
mmgﬂmaamnmwmsa@mmﬂmmmﬂummﬂ@muﬂvlﬂmasﬂﬂamamiﬂswm@

Laﬂgﬂl,ﬁmasml,ﬁm é’auamlugﬂﬁ 27

C = candidate
match

Q = query
0 100 120 140
!-—‘
¥ T C
2) i
Q (rescaled 1.54 )
[ 20 40 60 80 100 120 140
<
£ 2
Q5 g £
5} & £
° K]
3
>C
| / /

0 20 40 80 100 120

U7 2.7 nafSouifieisammdnszaenisuuuds 9 n) A8 lewniinindesuds

1) F5iurwmaiengd @) SnUivswanuindaesis 2]
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A ' a aad A o a o ° A P
lengUiNs9eE 190 I@mfﬁm:mmmmawayaLamsaamuaﬂﬂ'ﬂmmmmmm:au
ﬁaumiﬁwmmﬁﬁw:moéfaﬂ%%gﬂﬁ@ RUWANAINEIT 1.54 LYINUBIANNLINLAN
' =1 A o A ' A ' o o A
atind bsnaNw aﬁﬂiwmmaﬂgﬂLwmasmL@maz”lummsmaoium’mLLﬂiwumww:‘n
W Eaanbe inlwdntzaznian leainnisdnwimadnan LNz gud1nsun1IIan1u
asoatInuveastayndasTasiines uazd Tl 2.7 a) andumanawisniseadd
3 o é cA ad [ o 6 6 1A [ % nda%’ Y d'
80w GanaeIsnTUIUImanulnidiasiils nnraszeneciedsiazlwaszaznen
Qﬂ@”ama:mmzawmnﬁq@ 99 INRINITNTOITUNIANN LU THWALAAINNNTT 0
ruainddsnizliesn uaznasiasiuasndmiainidamznaslugiudayaldadng

FANNCRY

o g o 1 U ad (oo s 6 6 1A

RMTUMTIAIWI AT ENIIA2 83T US U wIanu Indqa5UTer1u1In
fenalaaadh ﬁ’mu@lﬁé’m’]mumimLLaz?J@mmmnmg@ fa sfmin way sfmax eN&1aL
Tauf n>sfmax*m waz m waz n ﬁammzmmaaiagaaaumuLLazﬁagaﬁﬁ]ﬂ"ﬁ’lums

a a o e < oA o a = a % v '
WIsuey aNd10u Huaa m’mmwamagamﬂﬂumnﬂmumﬂmaﬂwuaﬂm'}
mwamma\‘iil’agaaaumuﬂgﬂﬁmm@mnﬁq@ FPRLTENRTUA W AN TZHE NNt a e
q@maaﬁagaatgmmamﬁdaawﬁyﬁ%"’[@m%%ﬁm%ﬂﬂ@ ﬁﬁa;&aaaumwﬁummmﬁ@
%%ammm@"l,ﬁmﬂﬁq@ﬁmmsm sfminsm 89 sfmax*m lagaiu1ynusadtduauns
laaadt [2]
min(| sfmaxm |,n)

SWM(Q, C, sfmin, sfmax, r) = min  DTW_ ... (RP(C,m,1),Q,r) (2.12)

1=] sfminm |

RP(C,m,I),=¢,,,, where 1<i<m (2.13)

lagnWanTw SWM(Q,C,sfmin, sfmax,r) fa Wenaunldg1nsunng
fuwmarTzeznen eI tUSurwmanulndiasuts wazdnsuWensw RP(C,m,1) 1Tu
Waﬁ%’uﬁlﬁﬁ’m%’ummw‘%aﬁmmmlaaiagamuﬁummagmwnm C anugn | N

AMNLII M HuAa mwmwaﬁagaaaumsm'auﬁﬁ]:ﬁ@miw:maﬁaﬂ%’%vlewmﬁﬂvlmﬁ-
285114
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LA eINUAT lauin Inaaasuil LLaz'i%'ﬂ%'ummmangﬂ A5n15UU-
o P g o = ° ' ° o
awiany ndrasdtlel azltszazianlunsdszunanawin G9azvinle bignuisnsinunlg
e U U U t:ﬂld 1 v g; = A v A v v 6 o 1
Aunsdwmndenalugiudayanfivmalngld amuidiniduldaueiaiturevinasng
Q % =Y J
29m3dTurmanu Indesutsau [2]

2.7.1 Wenznaauizaavvain1susuawianulnidia5Uils (Lower Bound

Function of SWM)

WarTuwvauwaasuadnITlsuamwany indrasudenu d1iNaaan13zlu
o 1 [ ad > > 6 6 1A o [ a 6 o
NNIAIWI AT N9 TUTUIUIANY N31831UT9 F1ATULWIAAYBINIATUY a UL
] ad o 1 g; 7] % [ 6 o 1 aa a 4 6 1A
§19TAIATAINEIINY AFINWIUNIAT WAL WNa19093 T lauin Indra35UT9 uay
Q 1 Q Y { A |
ﬂdﬁ"ﬁmauLm@ma"uaamsﬂiwmmaﬂgﬂ I@Ummmuam%mgﬂﬁ 2.8 FLdwny
ﬁwmmiwzmdﬁaﬁ%ﬂqﬂﬁmwdwLé?umauwmuuuaué’fwamwdn UZ uaz LZ

aufeunUTeyageunIN Q

P C = Candidate sequence
Q = Query sequence
UZ = Upper envelope
LZ = Lower envelope

Q

gﬂﬁ 2.8 MIFNWIHANTZLZNNVAVLUAEaINTUTUIMmaNU InsaasUTe lawh

fvnalid r=5% uazlimansnvensatavwadayasounnaldlugis (0.9, 1.1]

WanTuuauLraa1szaInsUsvamanylndiasuds [2] saunsafienyle
a9t 1 LBZ(Q,C) Aa Werduvauiwaasvaimativamanuindresidszniedaya
aunIuIA1 Q uaz C uazli UZ uar LZ (wdusouiaaunuasiduauinadinud1oy

aougadlaluaunish (2.14) uaz (2.15)
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m (qi _Uzi)2 if G >UZi
LBZ(Q,C) = z (q-Lz)* ifg <LZ (2.14)
=1 0  otherwise

UZ, =max(c

max(L,| ixsfmin J-r) " Cmin(Li*sfmaxJH,n))
(2.15)
LZ, =min(c

max(1,| i*sfmin |-r) "7 Cmin(|_i*sfmaxj+r,n))

ém%’uluéwé’uﬁ'@vl,ﬂazl,ﬂumﬁhLauaﬁ‘%amﬁaiayamgﬂmn SRIGREY
mwﬁ%ﬁﬁzyama@alumﬂﬁwmwﬁﬂummﬂ%ﬂuLﬁuumwﬂﬁwﬁﬂﬁaﬁumaaﬁagamgmu

LIAENY 9

2.8 miaﬂﬁaﬁ’aga (Dimensionality Reduction)

fwsunadududayaaunsunailugrutoyssuwialng doyadnazgn
Joiivadluniioiiutayauuun@onil (Secondary Storage) Liw MMUTUANULLUTS
(Hard disk) G'fiaﬁmmqmnﬂ'j’mmmﬁuﬁagmmuﬂgugﬁ (Primary Storage) L%
Wi8ANENAN (Main Memory) #3a 3l (RAM) aghalsiana msdududayalunian
Lﬁuﬁagmmunaﬂgﬁfu srfndinduandeyalunisiiudeyauundgundain
LﬁaoﬁnﬂmmL%slumnﬁ'lﬁaﬁaga (Access Time) 289N HUWANUULLDS TinT1AaL52
lunsdnfedeyavasusy ﬁafuﬂﬂia@muﬁ@%%aﬂwsa@ﬁamao*’ﬁaga%’aﬁmmé’wﬁty
iofazaedadh (Index) °uaagm‘*ﬁagaé’aﬂdnﬁﬁmm@Lﬁmﬁmwaﬁ'«azﬁmﬁuaguwmaJ

[~3 v an o A 3 v oA v = a A a J
LﬂUTﬂHRLLUUﬂiNQNVL@ L‘wal%mmu@umagauﬂiza‘ﬂﬁmwmnmmu

l A A n‘lu v a o d'd d' > aa L%
Tugr9ningutland vl,mcnm?nmﬂm:nmmnumsa@mmawagaagmu
Lataani LI wINwInuIn Lﬁaomﬂgmia%magmwL'aa’f[@ﬂﬁ";"l,ﬂ anazliawalng F9vh
Iﬁﬁmwr{hLﬂuﬁﬁlzﬁaaa%aé’%ﬁiﬁﬁuﬁagam&munmmshﬁfu Lﬁalﬁmiﬁuﬁwﬁaga
a%mwnmmmmﬁﬂﬁaﬂwmm‘%a wacNsz&NTNIN ‘luﬂﬁ]ﬁ;ﬁumsa@ﬁaﬁagmmuﬁLa-
A @ aad] v o Aa Y va o @ o . '
\a [18] snm,ﬂu’aﬁﬂl"nmmua@mmagamgﬂ‘mnm laanmain Ul snwagsunsvansauin
n:l. g: o v aAaAa v nﬂl v e A v U ‘ﬂl I ndd‘d
Ng@ sawmmmﬂﬂmwmagaLwamwmul%nwagaagmwnm Whadannduwisng

ﬂix%ﬂ%mwgumﬂajsﬁh%au [10, 14, 16, 19, 20]

2.81 ﬂ’l‘iaﬁﬁafl/agatmuﬁtma (Piecewise Aggregate Approximation ED)

PAA)

msa@mmaa&mmuﬁmm L‘ﬂ%'l%ﬂ’liﬂ@u@]?lEN‘IJ@%]E\]Q‘L&T]?NL’]&’] UINOSEY

‘i]’]ﬂﬂ’]itLli(]“lTa%Jﬂa%ﬂim’mﬂaamﬂu N &% lagn N fa mmmmaﬁagaﬁéfaams
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------ Query sequence
—— PAA query sequence

v

gﬂﬁ 2.9 MIAaN6 BHQLLUU‘WLE}LE}
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fnsuWsnTuraInsaadadanauuuiiaia [18] awnsafenylaash 1

a
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X =X, Xy, Xg, oo Xy L udBUROYNINIAIATA1WEI2 n wazld N 1uaueld

AaAa v =

ADINT mwé‘fomsa@wmagmmuw&.ma lagn 1< N <n uaz N 1uartsznavvas

aa v a

4 o 9 -
smNaawfmaamm@uma;&mmuwww ﬁl:vlwagamgmunm X =X X5, X5, -
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auena N lasfidl x awnsam laasaunsaa lud
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i:F z Xj (216)
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6 & 1 { aa
2.8.2 ﬁaﬂ%uwaummmwaaifauaﬁnnamummuﬁtaLa (PAA Envelope

u u

Transformation)

fniuNaiturauivadsvesdayafignaniin laidiauaitniseds 9
o [ ad ) A Y & o | Aad A &
MENUWAAEAT 1% Keogh  Uazaudn 9 lalauwaNenTuaauiuaadzasis lawidn ng
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0 (q; _Ui’)2 if g >U/
I—Bnorm (Q"C) = Z (ql - Li')2 if g < I‘i' (33)
= 0 otherwise



36

U/ = max(Uz! WUZh )

max(l,i-r)?* "

C C

sfmax=j ~ “L..sfmax+m

SD(c,.

(Csfmin*j —Cy_sminem

UZ'’ = max
: SD(c,.

) where 1< j<m

.sfmin*m) .sfmax*m)

sfmin# j+k*—=
m

SD(c

1...|_sfmin*mj+k)

J - Cl..|_sfmin*mJ+k C[

C
[ m#(sfmax—sfmin) | {sfmin*j+k* J

J j " - Cl...|_sfmin*mj+k
= max -
k=0 SD(c,

i)

..|_sfmin*mj+k)
C ., —C . C .—C .
{sfmin*jﬁ-k*#J L[ stmin«m+k (sfmin*iﬁ-k*éw L. [ stminsm |+k

SD(c " SD(c

1...(sfmin*m'|+k) 1...fsfmin*m]+k)

max(L,i-r)?°*

L/ =min(LZ, L i)

C

C

sfmax+j — “1..sfmax=m

SD(c,.

Co . .. —(:1 ’
I Al sfmin j ...sfmin*m
LZ} = min(

) where 1<j<m
SD(CL..sfmin*m)

Asfmax*m)

C . f—C \ Is:
[m*(sfmaf—sfminﬂ tsfmin*Hk*iJ 1.. sfmin+m |+k {
= min ( -
k=0 SD(c

1... sfminzm J+k )

. —C :
sfmin*j+k*i—‘ L. | sfminm |+k
m

SD(c

1...Lsfmin*mJ+k)

C s : C ..—C .
[sfmin*jJrk*iJ L. [ sfmin+m]+k {sfmin*ﬁk*i—} L. [ sfmin+m+k
m m

SD(Cl.,.fsfmin*m]Jrk) ’ SD(ClA,.[sfmin*m]Jrk)

)

P , e @ 'Y ' o @ A A
Taan UZ' uas LZ' AolduaauluaUwlasl & uaaUluaatddInIunImhn

anunaGanlatieulauaunuus In-Susiayinniu 0 waz C AadLaaLund

1...sfmin¥m

Fayanazldlun1silisuisuaudainsniinan siminsm usg SD(C, pipn) AOA

.sfminxm

- CJ_,.sfmin*m 2

A8 A

Csfmin*i

Sb(c,.

o A o A A o A . > v & o
pasfayafiazshanlflunaoufioudin sfminxi Adunsudasldidunsiiagiu

Dasuuanasziuvesdeyaaiudainniieaan sfmin*m wuda

.sfmin*m)

mwazuuwn Z wsulunsdindasnshweisusuwassniauan lWlTnunsmnd
naudasdayaldiduosinagiulaslddiads azmunildlasnsazludiuaeinig

wise Do unInaIgIRlusuns (3.4) uss (3.5)

d' A % % 6 o ' d' %
Lwauuﬂummgﬂ@awaaﬁammaum@momaamsﬂmmm@Laﬂgﬂu,az
a 6 6 1A d' > L2 vV & % ﬁ' & 1 a 6
"L(ﬂmuﬂvlmmaiﬂﬂammiummﬂawa;&aﬁl,w,ﬂumimgm mﬂuauﬂumumaauwwgau
o ' Aa { o = A v o { 'y
ANV UNINTUY o UL A E198IITNUNLEWD TILITUAUILFUIINNNIANANUNTIIVA
Ganlaisaulassuuuus n-Fusdavinnu 0 mﬂﬁfuﬁwzﬁwﬂgaﬂud’mﬁmwuﬂ’?ﬂd
‘ﬂl o o a =1
yasdanluinulasnuuumnln-Fuzlawala 9



37

naefunn 1 anuduWensuvauivasivvasWsnion LB, (Q,C) lunsdinaaiu

norm(

9 dl' e o A = 1 o o g L2 ]
niwvasdeulviiaulasriuupyoln-Fuzdanriay 0% dmivdayaeuniuia Q
uaz C la 9 A%vwia m uaz n awd1eu uaz n > sfmax+m lasf Q' Aafayasaunia
nrumsudastayaldiduusiiagiudiuazuuu Z uaz C AetayanltlunmalSouifioy
Vwnldteyasaunin Q' munindanianasuwialalugag sfminsm 23 sfmax+m

Tagn 0<sfmin<1 waz sfmax >1
a '
Agouk

a ¢ = = & A ¢ A v & 4 v o
nmfigaingedund 1 wdunisfigasiinauaaslfiiuindrszoznenle

6 o ' A o A . v ' A @ ' AN o & @
nWstTuwsauwasINianessiiadasnitniainnudszaemef laanieisuns
Uinwaangtuszlawmsnlniefldsnsesiunsulastayalviduussiaguiana wu

(Q,C)<SWM __ (Q’,C,sfmin,sfmax,0) tdua3s

norm norm

fa miﬁgﬁlﬁdw LB

v @ A A P P &

m°11a;&aaaummgﬂv\@‘ﬁiaU@mu’mvl,ﬂﬂﬂ’s’msl’n sf *m I@]EW] sf aa
o ' A A o & o A o ~ P ' @
AAIMRIVNIINANRIDNITLUAVUIA muu‘uagam}zmmlﬂumﬂﬂmumaulua’m@m ﬁ]zgﬂ

daudsvmanianusn st +m wiaunsiinudasdayadindnliiduusiiagiudan

AZLUY Z AIRNNITN (3.6)

A B == 118

c = where 1< j<m 3.6
! SD(Cl..,sf*m) J ( )

fnSUNIBNANNNIITadEew lTIAUlagTINLL LT In-Fusiiayinny
0 LEUVOLLUALBLALLAUY B UIUAGIIVBIIDNUINEUD b G271 | LUaNNNTA (3.4) uae (3.5)

1 1 s o et é Y
azfidiiny UZ! wez LZ enudiau dvalain

C —-C C —C

U "> sfmini 1...sfmin¥m sfmax*i 1...sfmaxxm > LZ'
i= rees = i
SD(Cl...sfmin*m) SD(Cl...sfmax*m)
oA
wae
' Cot vi _Cl...sf*m ' -
[ >—————=2>L17 where sfmin<sf <sfmax
SD(Cl.,.sf*m)

1w sf xi=k azla

UZ/>c, >2LZ/ where sfminxi<k <sfmax=i



38
A%t 2 1670

(a4, -UZ))* <(g;-¢c)® if g >UZ]
(@ -LZ))* <(q-¢c)* ifq<LZ
0 otherwise

Na1som (g, —cp)® Lo sfminsi <k <sfmax+i 2zldd1 (g —c;)’ fha muirdaya
o A . a o o A = A o A . .8 o A
gaunNIN i AadszeznsiuteyanazllunadSoufisudaf sfminxi fsean
oA 1y o o & 8 = o : o o
sfmax i Gegnudaslfiduursiiagiuudaninue Sande nsdiwimdIzoEN &ML

ﬂitﬁﬁﬁagaaaumuﬁm‘m@LLazﬁ@mm@é’f\m@i sfmin D9 sfmax wtay a91waz laqn
LB, (Q'C)<SWM . (Q',C,sfmin,sfmax,0) ]

A & A A v N AN o & o '
NNMINFIUNOBHUNN 1 2216797 A1vzuzn 9N e nWIRTUTa LLUA R

P= A A o P o o A A& A v ' A
ArLawalunItNaINNI9aw e ULUUT Ln-Tuziann 0 azdid1asniinia
whﬁ'u@hizmmaﬁ"lﬁmnﬂoﬁ%’umsﬂ%’umm@LaﬂgﬂLLa:VL@mﬁn"Lwﬁ'sa%ﬂﬁaﬁsaa%’ums

wiasdayaldiduussnaginiana

naefunin 2 A dulvirurauwasiveeswsnos LB, (Q,C) lunsdinaaiu

norm

niwvavianlvisavuvvsln-Susdaila g
a 3
wgau

u

A & A A = o & o ' a &
mafigainguduni 2 asdlunshsdsuseuisassveslawmdning-
aa‘?ﬂ‘ﬂomﬂizqﬂ@ﬂ"ﬁﬁuﬁdﬁﬁumaumedﬁﬁwLauavl,ﬂa%m%umfﬁﬁmmﬂ’?ﬂwaalﬁau"lm
T9aulaasunuum n-Fusayinny 0 La2aA1IZyENIIN LaaINWIR T a UL AR197
o a v 1 A 1 s 1 d' £ 6 @ s
mLauaa:umuasm'nmam’mums:mzmmvl,@mnﬂaﬂmumsﬂsmm@Laﬂgﬂu,a:

a 6 & 1o A o v v & (S
lawdinTnieiudinsesiunisudaseyaldidudssiagmiase

nnNInTUTaULIIAaNdY8d3 D lawAntndlasutsluaunsn (2.5) aziin
IimERFwUIaUkLAzIEUIaUILAssINTaYaFaLDIN Q NRTWIA m LNahay
o a v o A o = A . = Ada
ihandedrszoznanudeyanazhanlslunsuisuifioy C adilsfionn lunsdlniinng
o ) ) ' @ A o ~ a Aa
siadusauvauuLaziduauasvndayaizihanldlunmsSouiiey C Alvwne
WinnuAe m LLﬁaﬁﬁmﬁﬂmizyzmaﬁ'uia;&aaaumu Q Aazldd1Tzaensvauaang

P9 lawin ndasUTlrwnw asaunisdalu



39

(g, -UX,)* if g, >UX,

LBX(Q,C) =>4 (q —LX,)* if g <LX, (3.7)
= 0  otherwise
UXi = I’nax(cmin(l,i—r) LA Cmax(i+r,n))
(3.8)
LX; = min(cmin(l,i—r)""’Cmax(i+r,n))
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Algorithm 1 : Initialize ResultList(Q)

1:

[ S S Y R SN T
o A W N P O

© 00 N O 0o b~ WDN

Q 16 <« reduceDimensionality(Q,16)

Foreach C € DATABASE do
C_envelope_16 < DATABASE
dip 16[C] < LBpan(Q_16,C_envelope_16)
IT di, 16[C] < best_so_far_tmp then
TempList < C,d, 16[C]
EndIFf
EndFor

Foreach C € TempList do
C < DATABASE
dist < SWMyom(Q,C,sfmin,sfmax,r)
ResultList <« C,dist

EndFor
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Algorithm 2 : Sequential_Search(Q)

1:

© 00 N O O A WDN

W W W W W W W W WNDNDNDDNDNDNDNDNDDNDNDNDNDNEPEPRPPEPPEPEPRPPEPPRPPRPPRPPR
© N O o0 W NP OO 0N O > WDNPEPEP O O 0 NO OO WDN PP O

Q_32 <« reduceDimension(Q,32)
Q_envelope_128 <« get DTW_Envelope(Q,r)

Foreach C € DATABASE do
IT dyp_16[C] < best so far AND C ¢ TempList then
C_envelope 32 L <« DATABASE
dist < LBpmEARLY(Q _32,C envelope 32 L)
IT dist < best so far then
C < DATABASE
Foreach sf € [0.6,0.8,1.0]
Cst < RPporn(C,sT)
dist <« LBpyEARLY(Q envelope_128,Csf)
IT dist < best so far then
dist < DTW_EARLY(Q,Csr)
IT dist < best so far then
ResultList < C,dist
EndIf
Endlf
EndFor
EndIf
C_envelope 32 H <« DATABASE
dist < LBpmEARLY(Q 32,C envelope 32 H)
IT dist < best so far then
C < DATABASE
Foreach sf € [1.2,1.4,1.6]
Cst < RPporn(C,st)
dist <« LBpyyEARLY(Q envelope_128,Csr)
If dist < best so far then
dist <« DTW_EARLY(Q,Cs)
IT dist < best _so_far then
ResultList <« C,dist
EndIf
EndIf
EndFor
EndIf
EndIf
EndFor
Return ResultList
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is most similar to the sung query. regardless of the higher or lower key sung.
However, to achieve this music key invariance, we musl remove any existing offsets
of both a query and a candidate sequence. If we do not normalise both sequences
before distance calculation, this measurement will not be sensible. In Fig. 1 a), the
shape of a query sequence extracted from a “Happy Birthday™ sung query and the
shape of a candidate sequence from the same part of the song are guite similar.
Nevertheless, if we measure the similarity of these sequences by using only Euclidean
distance without any pre-processing to the data, the distance will be excessive. Thus,
rescaling and then normalising both sequences before distance calculation are crucial
steps to achieve accurate and meaningful retrieval (see Fig. | b) and c)).

Though normalisation is one of the most important parts of similarity
measurement, the current technigue [3) has been developed while overlooking the
importance of normalisation, which causes their framework to appear impractical for
multimedia retrieval. Besides. their proposed lower-bounding function, which claims
large pruning power, is invalid under normalisation condition. Hence, we propose a
lower-bounding function that speeifically deals with this normalisation problem
efficiently and calculates a distance under the US, where no false dismissals are
guaranteed.

2 Background

‘We begin with a formal problem definition and reviews of necessary background.

Problem definition. Suppose we have a query sequence O of length m, where O =
G 1+G2:G3s- - G- It 15 scalable between lengths sfimin®m and sfimax®m, where sfimin and
sfinax arc minimum and maximum scaling factors respectively, i.c., we can shrink or
streich a query sequence from any length sfmin *m (o $fmax¥m, where sfmax > 1 and 0
< sfmin < 1. In addition, each candidate sequence C of length o, C = c,c2,03,...,Cpy IS
stored in a database D). For simplicity, here, we define n > sfmax*m. Finally, we want
to find the most similar-shaped candidate sequence C in the database I to the query
sequence (), which is also scalable in arbitrary lengths between sfinin®m and

sfmax®m.

Definition 1. Sguared Euclidean distance: We define a squared Euclidean distance
measure in eq.(1), which calculates distance between two sequences of equal length m
{query’s length). Note that the square root from the original Euchidean distance has
been removed for an optimization purpose [3].

DQ.01=Y (g, +¢)’ (1)
i=l

Definition 2. Uniform Scaling: Uniform Scaling is a techmigue that uniformly
stretches or shrinks a time series. In this approach, if we want to stretch a prefix of a
candidate sequence C of length [ to length m, we can use a scaling function in eq.(2);
shrinking of a candidate sequence is done similarly to a stretching process.
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We can formally define the US function as follows.

C; =€, Where 15 j<m (2)

For the US distance calculation, prefixes of a candidate sequence C of length [,
where Laﬁr:in # mJ << min[l_.-.ﬁna.x * mJ,n] . are rescaled to length m (query’s length).
Then we use a squared Euclidean disiance function to calculate distance between a
query sequence and all rescaled prefix sequences in order to find a minimum distance
value ranging from sfimin to sfmax.

The formal definition of a Uniform Scaling distance function (US) is defined in
eq.(3), where RP(C,m.[) is a Rescaled Prefix function that returns a prefix of a
candidate sequence ol length [ rescaled to length m.

mul_u.wc_wm}u}

D(RP(C,m,!),Q)

US(Q,C, sfinin, sfinax) = N 3)

where RP(C.m.[I), = ;1Zi<m and 1= j<m

CL,ilHrﬁJ
Definition 3. Lower bounding of Uniform Scaling [3, 6]: Lower bounding of Uniform
Scaling is a distance approximation function, which can quickly compute a lower-
bounding distance beiween a guery and a candidale sequences; however, this lower
bound value must not exceed the true distance value in order to be a valid lower-
bounding function. To illustrate the idea, two new sequences are created, an upper
envelope sequence UY and a lower envelope sequence LY enclosing a candidate
sequence. This envelope represents all scaled candidate sequences for a lower-
bounding distance calculation,

UY and LY are formally defined in eq.(4). Note that a lower bounding distance can
simply be a squared Euclidean distance between a query sequence and the candidate’s
envelope, as defined in eq.(5).

B = T0AE(C) e iwarsss Cpinsgmant)

4)
LY, = min(C)jugpuinfs-- sCisgims))
. [@-uvry irg>uy,
LBY(Q:C) = Y 44g, ~LY)* if g <LF, )

T 0 wotherwise

3 Our Proposed Method

As mentioned earlier, without realising an importance of normalisation, the distance
measurement under US scheme becomes almost meaningless. Besides, the existing
lower-bounding function cannot correctly calculate the distance for normalised
sequences without false dismissals. For example, in Fig. 2, a query @ is a rescaled
version of the candidate’s prefix C; hence, the distance between these two sequences
should be zero according to their shape similarity. However, in Fig. 2 b), il is apparent

80



510 W. Euachongprasit and C.A. Ratanamahatana

that the lower-bounding distance between a normalised guery and the lower-bounding
envelope is not zero as it should be. This phenomenon definitely violates the lower-
bounding criteria, where the lower-bounding distance must guarantee not to exceed
the true distance. Therefore, the existing lower-bounding funclion may cause some
false dismissals. In an attempt to correct this flaw, we propose the US under
normalisation condition, together with a corresponding lower-bounding function,
which guaraniees not o cause false dismissals, as shown in Fig. 2 ¢).

Cm Candidalesequence

@ & & B B I E E 3 B

5
&
&
¥
¥
4

Fig. 2. a) Raw pitch eontours are extracted from a “Happy Birthday™ song sequence. C
represents the candidate song, and (0 is the query sung in a slower tempo (scaling factor = 1.2).
b) and c) the query and the candidale sequences are z-normalised within the query's length
enclosed by different lower-bounding envelopes with the scaling factors ranging from (1.7 to
1.3. b) The previous lower hounding of US function [3]. ¢) Our proposed lower bounding of US
that is guaranteed not to canse any false dismissals.

Definition 4. Uniform Scaling with Normalisation: The Tormal definition of US with
normalisation is shown in eq.(6), where @ is a normalised query, and ¢, , and

SDic;. ;) are mean and standard deviation values of a candidate’s prefix of length {
respectively.

- i | i
US,..(Q",C. sfmin, sfmax) = o D(RP,,,(C.m,1),0")
o 6
c[.i"”-ﬂj _cl...! ( }

where RP,_(C.m.l), = (1<i<m and 1< j<m

SD(c,_ )

Definition 5. Lower bounding of Uniform Scaling with Nonnalisation: We develop a
bounding envelope as shown in eq.(7), where UZ"; and LZ" are an upper envelope and
a lower envelope respectively. The distance calculation function is shown in eq.(8).

UZ‘.’ p | max(c“ﬁ'i"" V00 _finoi ). Comurn ~CL Lohntorm )
SD(€, minim) SD(C; mirom)
_ Lm'hﬁ];;;ﬁnlj Ca] “Cubl+i Fa] " Cdbki Ca) T 6lei ol ~Crb]ei

1= SD{Cl..{an_f] ' SD[f]..{b]tr'} ' SD(':‘L_.[a]i-;} ! SD{CL{&P_J

(N

)
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Cominri — € it Cspmar+i ~ CL__gmarem
LZ:Z miﬂ{ sfminti L... . sfmim s s L __sfmar )
SD[CI._..ghl'n-u] S[){cl._..ghur*m }

=-"‘*‘;1“;;1’“‘”'"”{ﬂaj“‘I...m Tl "Cudbles Ga) T I8 Ta) T Cr b1
= SD(EI...[EJJd-j) SD(CI...[&JU'] SD(C]_..[EH_E} SD(fL_.[b]u')

LY NI P .
where a = sfmin*i+ j*—, b= sfmin*m
m

g, —uz)* it g >UZ
LBZ(Q,C)=Y 1(q,—LZ)* if g, < LZ ®)
- 0 otherwise

4 Experiment

In this section, we conduet an experiment o reconfirm that our approach is able to
efficiently search through large multimedia databases by evaluating pruning power of
the proposed lower-bounding function. The pruning power directly reflects the quality
of the lower-bounding function. It is defined as the ratio of the candidate objects that
can be disregarded from further calculations to the total number of candidates [6, 71,
as shown in cq.(9).

The number of pruned candidates
The total number of candidate sequences

Pruning Power =

&)}

In our experiments, we use 55 sung queries collected from 12 subjects of both
genders. Then we extract sequences of pitch from the sung queries by using
autocorrelation algorithm [8]. To observe the effect of different sequence lengths, we
select sung queries that are sufficiently long, and crop their prefixes to lengths 75,
100, and 125 data points. The candidate sequences in databases are generated from
the subsequences cxtracted from the MIDI files uwsing a sliding window size of
125%sfimax data points, where maximum scaling factor is 1.4.

To demonstrate the quality and utilities of our lower-bounding function, we test
our proposed lower-bounding function on a simple query-by-humming system in two
aspects using 1-nearest-neighbour algorithm.-First; we inspect ‘the pruning power
using different lengths and different ranges of scaling as shown in Fig. 3, where the
database contains 22441 subsequences: Second, we conduct-an-experiment to observe
the effect of database sizes on pruning power by varying the number of subsequences;
we use 22441, 55595, 107993 and 220378 subsequences from 100, 250, 500 and 1000
songs respectively to construct the databases. Note that queries’ length is 100 data
points, and the scaling factor ranges from 0.7 to 1.3. The result is shown in Fig. 4.

According to the experiment result in Fig. 3, the pruning power of our proposed
method is quite impressive since the proposed lower-bounding function can prune a
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Pruning Power

Fig. 3. The pruning power of different length and different ranges of scaling factors

Blj!—\ = o & =

W TRt i T ol im0
Fig. 4. The pruning powers in different-sized databases

large number of candidate sequences in database in every scaling. However, the wider
the range of scaling factors are, the smaller the pruning power will become because
the increasing range of scaling factors will also increase the size of the lower-
bounding envelope. In addition, longer sequences appear to have smaller pruning
power than that of the shorter sequences.

Fig. 4 demonstrates that pruning power will increase as the size of database
increases. This is one of the most desirable properties for lower-bounding functions.
However, the normalisation also affects the pruning power because the distance
between the normalised query and the normalised candidate sequences is greatly
reduced comparing with the distance between unnormalised sequences. Nonetheless,
we  would like to reemphasize the importance and necessity of normalisation,
especially in multimedia applications.

5 Conclusions

We have shown that a lower-bounding function of US lor normalised time series can
efficiently prune a large number of candidate sequences in the database and
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Fig. 1. a) A raw pitch contour extracted from a sung query represents a query sequence J, and
a MIDI pitch contour of “Happy Birnthday™ song represents a candidate sequence C. b) A re-
scaled query sequence { with scaling factor = 1.25. ¢) Both sequences after mean normaliza-
tion at the query's length. The shaded region shows their Euclidean distance.

2 Related Work

For the past decade, DTW has attracted many researchers because of its superiority in
accuracy over the ubiguitous Euclidean distance, which has been widely known in a
varicty of domains and applications [1-3, 5, 7-12, 14, 15]. However, lack of ability to
globally stretch or shrink a time series of DTW in dealing with tempo variations has
been known in music retrieval community [6, 16]. A straightforward solution is to
generate every possible scaled version of the query or the candidates to be used in the
measurement; it is, however, impractical for large databases. Thus, some researchers
have proposed the methods to address and resolve this concern efficiently. Keogh has
proposed a lower-bounding function for the US that can speed up the calculation by
two to three orders of magnitude [8]. In 2005, Fu et al. have extended Keogh's
method providing a solution for a lower-bounding distanice calculation under US with
DTW [12]). At this point, although thére have been relatively efficient solutions to
deal with both US and DTW, practically none of the researchers has realized the im-
portance and effects of normalization vnder US, and this is a primary cavse of flaws
in their methods due to the inapplicable distance calculation. Regardless of the dire
need in normalization a3 mentioned earlier, it has been neglected and in tum has
blocked up both US and DTW to achieve high accuracy and efficient retrieval.

Our contribution is 1o propose an efficient lower-bounding function for US with
DTW distance calculation under normalization requirement, which can prune a sig-
nificant number of unqualified candidate sequences. Nonetheless, we would like to
reemphasize that normalization is a crucial step to achieve a meaningful distance
calculation, especially in multimedia applications, as well as for efficient retricval of
the time series data.
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3 Background
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Fig, X oad Huw piteh cootoes cuieeied moen o “Thapps Bimludas” song. whene 0 seprosems b
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Lastly, to validue the correctness of ghe proposcd methnd, we complets this see-
e with o prowsf ol our loser bounding properties.
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Proposition 1. Let Q' be a normalized query sequence of length m, and C be a candi-
date sequence of length n. In addition, a minimum scaling factor and a maximum
scaling factor are sfinin and sfinax respectively, where 0 < sfimin < 1 and sfinax > 1,
i.e., the query can be scalable between sfininsm and s sm. Then the value of
LBZ(Q".C) is a lower-bounding distance of US,.(Q".C.sfimin,sfinax).

Proof. Suppose UZ'; = ¢ = LZ%, where UZY is an upper envelope, LZ is a lower
envelope, and ¢ is a normalized data point of a candidate scquence at an arbitrary
scaling between sfimin and sfmax, i.e., sfminsg < j < gfmax«i. Then LBZ(Q",C) <
US o Q" C.sfinin, sfinax).

If a query is stretched to length sf=m, where sf is a scaling factor, a prefix of a can-
didate sequence with length sfam will be rescaled into length m and z-normalized by
its mean and standard deviation, as shown in eq.(13).

R

c. = where 1<j<m 13
! 7 SDlcy g \ (=)

From eq.(%) and eq.(10), the upper and lower envelopes are defined as follows.

Uz! » St T Crrem - Ctmars ~ O gnaem oy (14)
! SDAE, v ) SDe, marm) I

From eq.(13) and (14), it follows that

UZ 2 ¢, 2 LZ] ~where sfmin®i <k < sfmax*i

(q,-UZ)y <(g,—¢;)" if g;>UZ]
{IZ;—Q',-}E < (Q, _c;]I if Q.' < Lz:
0 otherwise

LBZ(Q',C)< US,, . (Q".C,sfmin, sfmax) Q.ED.

5 Experiment

In the previous section, we introduce our proposed lower-bounding function as well
as. justification of its correctness in preserving the lower-bounding properties. In this
section, we carcfully evaluate the efficiency of our proposed method by conducting
sets of experiments to observe the pruning power [11,-12]. Note that the pruning
power is the fraction of the total candidate objects that can be discarded from further
calculation, as defined in eq.(15).

Number of pruned candidates
Total number of candidate sequences

Pruning Power =

(15)
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Fig. 4. The pruning powers of dilferent database’s sizes

the lower-bounding envelopes, causing a reduction in the lower bounding distance,
and hence its pruning power. In addition, longer sequences appear to give smaller
pruning power than that of the shorier sequences as illusirated in Figs. 3 and 4. In
contrast, the pruning power is found to increase as the database size increases (see
Fig. 4), which is a highly desirable property for lower-bounding functions.

Regardless of a few factors that decrease the pruning power, we discover no sig-
nificant improvement in aceuracy when we increase scaling factor range over 0.6-1.4
in our ¢xperiment. In addition, from recent rescarch [19], wider sizes of the global
constraint do not imply higher accuracy. In fact, in mosi cases, the size of the global
constraint of less than 10 percent ofien yields optimal accuracy.

Notice that the normalization does affect the pruning power because the distances
between the normalized query and the normalized candidate sequences are greatly
reduced, comparing with the distances among unnormalized sequences. However, we
would like to reemphasize that normalization 1s essential in many applications.

6 Discussion and Conclusions

We have shown that this proposed lower-bounding function of US with DTW under
normalization requirement can efficiently prune a large number of candidates in the
database, significantly reducing the time complexity in the data retrieval, especially
for multimedia retrieval, while no false dismissals are also guaranteed. Furthermore,
our approach can work well with other types of normalization. Nonctheless, we would
like 1o reemphasize the imporiance and necessily of normalization, especially in mul-
timedia applications.

Besides dramatically speeding up the calculations by pruning almost all candidates,
this lower-bounding function is possible to utilize dimensionality reduction and in-
dexing techniques [9] in order to be scalable to truly massive databases.

Acknowledgments. We would like to thank Dr. Boonserm Kijsirikul for valuable
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land Research Fund (Grant No. MRGS080246).
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