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TOM TAT

Motif trén chudi thoi gian la cdp chudi con giong nhau nhat trong mot chudi thoi gian hay
cde cdp chudi giong nhau nhat trong mét co sé div liu chudi thoi gian. Kham phd motif trén chudi
thoi gian la bai todn quan trong trong khai phd dir liéu chudi thoi gian. Gan ddy, mét so thudt todn
maoi da dwoc gioi thiéu cho bai toan kham pha motif dwa vao vector chira khodang cach gitta mot
chudi con véi lan cdn gd‘n nhat cia né. Cac thudt todn nay sw dung ki thugt két hop viéc chudn héa
chudi thoi gian vdo trong céng thirc tinh dé do khodng cdch Euclid khi tinh todn ma trdn khodng
cdach. Phurong phdp tiéu biéu cho cdch tiép cdn nay la thudt todn Scrimp++. Bdi bdo ndy gidi thiéu
mét phién ban cdi tién cia thudt todn Scrimp++ cho bai todn khdm phd motif nham cdi thién thoi
gian thuc thi cua thudt todn. Két qua thuc nghiém cho thd'y thudt toan dé xudt thuc hién tét hon
thudt todn goc vé mdt thoi gian nhing van dam bdo vé d chinh xdc.

Tir khoa: ma tran khodng cach; kham pha motif; chudi thoi gian; thuat toan Scrimp++; motif
trén chudi thoi gian

1.  Giéi thi¢u

Mot chudi thoi gian 1a mot ddy cac s thuc duoc ghi nhén tai nhimg khoang thoi gian
bang nhau. Dit liéu chudi thoi gian dwoc sir dung trong rat nhidu linh vuc khac nhau. Ngay
nay, dir lidu chudi thoi gian ngay cang chiém mét ti trong 16n trong dit lidu dugc cung cip
trén thé gioi.

Motif trén chudi thoi gian 13 cip chudi con giéng nhau nhit trong mot chudi thoi gian
dai hay céac cip chudi gidng nhau nhat trong mot co s& dir lidu chudi thoi gian (Mueen et
al., 2009). Phat hién motif trén chudi thoi gian 1a mot bai toan quan trong trong khai pha
dir liéu chudi thoi gian va nhan duoc nhiéu sy quan tdm nghién ctru trong cong dong
nghién ciru vé linh vyc nay.

Tu khi motif trén chudi thoi gian dugc Lin va cac cong sy hinh thirc héa vao ndm
2002 (Lin et al., 2002), rit nhiéu phuong phap phat hién motif da dwoc giéi thidu (Chiu et
al., 2003), (Ferreira et al., 2006), (Yankov et al., 2007), (Castro et al., 2010), (Lin et al.,
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2010), (Mueen et al., 2009), (Mohammad et al., 2014), (Truong et al., 2015), (Nguyen et
al., 2016). Cach tiép can chung thuong duoc cac phuwong phap phat hién motif sir dung la:
(1) dung mét ctra s6 truot dé trich cac chudi con, (2) chuan hoa cac chudi con va (3) sir
dung thuat toan dya vao mdt do do tuong tu dé phat hién motif. Céc thuat toan st dung
cach tiép can nay thuong phai thue hién hai 1an quét qua chudi thoi gian: 1an quét tha 1 dé
chuan hoa va 1an quét thtr 2 dé tinh toan khoang cach.

Gan day, mot sb thuat toan di duoc dé xuét cho bai toan phat hién motif trén chudi
thoi gian. Céc thuat toan nay st dung mot vector khoang cach goi 1a matrix profile. Vector
nay chira khoang cach ctia mdi chudi con v&i chudi con lan cin gan nhat voi nd trong
chudi thoi gian. Vector khoang cach duge tinh toan dua trén su két hop giita budc chuan
hoa va budc tinh toan khoang cach Euclid (Yeh et al., 2016; Zhu et al., 2016; Zhu et al.,
2018). Nhu vay, cac thuat toan su dung cach tiép can nay chi can thuc hién mot 1an quét
qua chudi thoi gian. Thut toan tiéu biéu cho cach tiép can nay la thuat toan Scrimp++.

Bai bao nay gidi thiéu mot phién ban cai tién cua thuat toan Scrimp++ cho bai toan
kham pha motif nham cai thién thoi gian thyc thi ctia thuat toan. Két qua thyc nghiém trén
cac tap dir liéu khac nhau cho théy thuét toan dé xuit thuc hién tét hon thut toan géc vé
mit thoi gian nhung van dam bao vé do chinh xAc.

Phén con lai cia bai bao gdm: phan 2 trinh bay vé cac kién thirc nén tang va cac cong
trinh lién quan; phan 3 trinh bay cach tiép can cta ching t6i cho bai toan phat hién motif:
phén 4 mo ta danh gia thuc nghiém trén cac tap dir liéu khac nhau. Cubi cung, két luan
duoc trinh bay trong phan 5.

2.  Noi dung

2.1. Kién thirc nén ting va cdc cong trinh lién quan

2.1.1.Cdc dinh nghia

Dinh nghia 1. Mot chudi thoi gian T 12 mot diy cac sd thue Ti: T= Ty, Ta, ..., Ta voin la
chiéu dai chudi thoi gian.

Dinh nghia 2. Mot chudi con Tim trong chudi thoi gian T 1a mot tip m gia tri lién tuc trong
T bat dau tir vi tri i. Nghia 13, Tim = Ti, Tist, ..., Tiem1 V6i 1 <i<n-m+1.

Dinh nghia 3. Vector khoang cach Dj 1 vector chtra khoang cach giita chudi con Tim v6i
mdi chudi con trong chudi thoi gian T. Nghia 1, Di = [dig, di2,..., dip-me1], VOi dij (1 <j <
n-m+1) la khoang cé&ch gitra Tim va Tjm.

Tap cac vector khoang céch Di (I <i < n-m+1) cua tat ca cac chudi con trong T s&
hinh thanh mot ma tran khoang cach. Ma tran nay 1a ma tran déi xtimg qua dudng chéo va
cac gié tri khoang cach trén duong chéo cia ma tran la 0.

Dinh nghia 4. Lan can gan nhat ciia mot chudi con

Cho Tim va Tjm 1 hai chudi con trong chudi thoi gian T. Tjm dwoc goi 1a 14n can gan

nhit cta Tim néu dist(Tim, Tjm) < dist(Tim, Tam), [i-j| > w, |i-a] > w voiw > 0.
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Chu v 1a trong dinh nghia 3 c6 ap dit mot rang budc dbi véi vi tri cua cac chudi con
khi so tring. D6 1a cac chudi con dugc so sanh phai cach nhau it nhat w vi tri. Diéu nay
gitip loai bo cac so trung tim thudng va dist() 1a ham tinh toan khoang cach giira hai
chudi con.

Dinh nghia 5. Motif trén chudi thoi gian 13 mot cip chudi con 1an can gan nhét c6 khoang
cach nho nhét trong tit ca cac cdp chudi 1an can gan nhat khac trong chudi thoi gian T.
Nghia 13, {Tam, Tom}1a motif néu va chi néu dist(Tam, Tom) < dist(Tim, Tim) Vi, j € {1, 2,
vy N-m+1}, {Tam, Tompva {Tim Tjm} 12 cic cip chudi con 14n cin gan nhét trong chudi
thoi gian T.

Dinh nghia 6. Khoang cach Euclid két hop voi chuan hoa zero-mean

Cho 2 chudi Tim va Tjm. Khoang cach Euclid két hop véi chuan hoa zero-mean giita
2 chudi Tim va Tjm dugc tinh theo cong thire sau (Zhu et al., 2016):

dist(Tym Tym) = sz(1 — TomTjm ittty 1)

maia]-

Trong 46, Ty ;T m = ym-l tikljk latich vo huéng clia 2 vector Tim va Tjm

4 VA 1 1an luot 13 Ki vong ctia Tim VA Tjm

oi, o lan luot 1a d6 1éch chuan cua Tim va Tjm

Trong cong thic (1) ta c6 thé tinh trude ki vong va do 1éch chuan cua tat ca cac chudi
con trong chudi thoi gian véi d6 phirc tap 13 O(n) bang cach ap dung ki thuat duoc gidi
thiéu trong Rakthanmanon va cong su (2013). Ngoai ra, trong Zhu va céng su (2016) da
ching minh Tix1Tj+1 ¢6 thé dugc tinh vai thoi gian 1a O(1) mot khi da biét trude TiT;

Ti+1Tj+r = TiTj — titj + tiemtj+m (@)

Méi quan hé giita Tiv1Tj+1 V& TiTj chi ra 1a mot khi chung ta c6 vector khoang cach Dj
ctia chudi con Tim véi cac chudi con khac trong T, ta c6 thé tinh vector khoang cach D+
ctia chudi con Ti+1,m v6i cac chudi con khéc trong T chi trong thoi gian O(n).

Trong trudng hop dic biét khi i = 1 hodc j = 1 ta c6 thé tinh trude tich vo hudng cua 2
vector TimTjm bang bién d6i Fourier nhanh (FFT).

Dinh nghia 7. Mot vector khoang cach 14n cin gan nhét D cua chudi thoi gian T c6 chiéu
dai n 12 mot vector chira khoang cach ctia mdi chudi con c¢6 chiéu dai m véi chudi con 1an
can khong tim thuong cta chung trong T. Nghia 13 D = [min(D1), min(D2),..., min(Dn.
m+1)] voi Di (1< i < n-m+1) 1a vector khoang cach giita chudi con Tim v6i cac chudi con
trong T.

Trong vector khoang cach 14n can gan nhat D, phan tir thir i cho ta biét khoang cach
giita chudi con Tim v6i chudi con l4n cin gan nhét ciia né trong chudi thoi gian T. Tuy
nhién, vector khoang cach lan can gan nhét khong cho biét vi tri ctia chudi 1an can gan nhat
ctia chudi Tim. Vi vy can phai st dung thém mot vector chi muc chua vi tri cac chudi lan
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can gan nhat cua tung chuoi con trong chuoi thoi gian T. Hinh 1 minh hoa moi quan h¢
gitra ma tran khoang cach véi vector khoang cach lan can gan nhat.

Cac vector khoang cach D, D> Dnm+1
Di di1 di2 e dn-me1
D D21 D2 . d2,n-me1
Dn-m+1 dn-me1,1 dn-me1,2 . On-m+1,n-met
Vector ke 14n c4n gin nhit
P[Min(D) [Min(Dy [.. | Min(Dn.me1) |

Hinh 1. Ma trdn khodng cdch va vector khoang céch ldn cdn gan nhat
cia cdc chudi con trong chudi thoi gian T
Dinh nghia 7. Mot vector chi muc I=[ly, Iz, ...,In-m+1] cia mot chudi thoi gian T 1a mot
vector v6i i, V1< i < n-m+1, 1a s6 nguyén chi vi tri ctia chudi 1an can gan nhét v6i chudi
con Tim. Chéng han, li = k cho biét chudi con Tim c6 chudi con 1an can gﬁn nhét véi no 1a
chudi con Tkm.
2.1.2.Cac cong trinh lién quan

Nhiéu thut toan da dugc gidi thiéu dé giai quyét bai toan phat hién motif trén chudi
thoi gian tir khi bai toan nay dugc hinh thirc héa vao nam 2002 (Lin et al., 2002). Trong
nghién ctru cia minh, Lin va cac cong sy dinh nghia bai todn phat hi€n motif trén chudi
thoi gian dwa vao mot ngudng R va mot chiéu dai motif m do nguoi ding xéac dinh. Do do
phtrc tap cao cua thuit toan phat hién motif chinh xéc, cadc nha nghién ctu da chuyén sang
nghién ctru cac giai phap phat hién motif xap xi. Néi chung, cc giai phap nay thuong co
d6 phuc tap 1a O(n) hodc O(nlogn) (n 1a sé chudi trong co s& dit lidu chudi thoi gian hay
chiéu dai cta chudi thoi gian ma tr d6 cac chudi con duogc trich ra) voi mot sb cac tham sd
phéi xac dinh trudc (Mueen et al., 2009). Nam 2003, Chiu va cac cdng su dé xuét thuat
toan chiéu ngiu nhién dé phat hién motif trén chudi thoi gian theo cach tiép can xap xi (B.
Chiu et al., 2003). Thuat toan nay dua trén ki thuat bam bdo toan tinh lan cén (locality
preserving hashing) va st dung phuong phép roi rac hoa SAX dé biéu dién cac chudi con
trong chudi thoi gian ban dau. Do phirc tap ciia thuat toan nay 14 tuyén tinh theo do dai ciia
tr SAX, sd chudi con, sb 1an lap va s6 1an dung do.

Trong (Yankov et al., 2007), Yankov va cac cong su da gioi thiéu mot thuat toan
duoc cai tién tir thuat toan chiéu ngdu nhién dé c6 thé kham pha motif ma khong bi anh
hudng boi su bién dbi co gidn theo truc hoanh. Khai niém vé motif trén dit liéu chudi thoi
gian d4 duoc dinh nghia lai theo nghia “lan c4n gan nhat”: motif 1a mot cip chudi con
gidng nhau nhat trong mot chudi thoi gian dai. Cach tiép can nay c6 nhuge diém gidng nhu
thudt toan chiéu ngau nhién. Ngoai ra tong chi phi ciia cich tiép cin nay cao do phai tim
cac hé s6 bién dbi co gidn theo truc hoanh tét nhat.
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Véi dinh nghia motif trong chudi thoi gian 14 cip chudi hoic chudi con giéng nhau
nhét, ndm 2009 Mueen va cac cong su da gioi thi€éu mot thuat toan phat hién motif chinh
xéc, goi 1a giai thuat MK (Mueen et al., 2009). Cach tiép can nay str dung cac diém tham
chiéu duoc chon ngau nhién va ¥ tudng tir bé sdm viée tinh toan khoang cach Euclid khi
tong tich liiy khoang cach hién hanh 16n hon khoang cach cta ng vién motif t6t nhat tai
thoi diém dang xét. Qua trinh phat hién motif cia thudt toan ndy dwa vao thong tin
heuristic duoc xac dinh boi tht tw cua khoang cach gitta ddi twong dang xét véi cac diém
tham chiéu ngiu nhién. Mueen va cac cong su di cho thiy rang thuat toan nay cé thé thuc
hién nhanh hon gip vai ngan 1an thuat toan brute-force khi tim trong co s dir liéu 16n, du
trong trudng hop x4u nhat do phuc tap cua thuat toan 1a bac hai.

Trong Nguyen va cong su (2016), cac tac gia da gidi thiéu thuat toan phat hién k
motif st dung céu trac chi myc da chiéu va chi muc duong chan troi (skyline index) két
hop véi phuong phap thu giam sé chiéu MP_C. Hai phuong phap nay giup ting toc do tim
kiém 1an can gr:fm nhét ctia mot chudi con. Tuy nhién, chung c6 nhugc diém 1a can nhiéu
tham sé dau vao. (Nguyen et al., 2006)

Gan day, mot sb thuat toan di duogc dé xuét cho bai toan phat hién motif trén chudi
thoi gian dua vao vector khoang cach 1an can gan nhét (Yeh et al., 2016; Zhu et al., 2016;
Zhu et al., 2018). Vi thoi gian tinh toan cac vector khoang cach chiém thoi gian l1au nhat,
cac thuat toan theo hudng tiép can nay thudng tip trung vao viéc giam thoi gian tinh toan
cac vector khoang céach. Thuat toan Stamp (Yeh et al., 2016) thuc hién tinh khodng cach
gitra chudi con Tim v6i mbi chudi con trong T theo thir tr ngiu nhién va sir dung phép bién
ddi Fourier nhanh dé tinh tich vo huéng gitta hai chudi con. P9 phtic tap tinh toan mot
vector khoang cach cua thuat toan nay 1a O(nlogn) véi n 1a chiéu dai chudi thoi gian T va
d6 phtc tap vé thoi gian cia toan b tién trinh 1a O(n?logn) (Zhu et al., 2018). Thuat toan
Stomp (Zhu et al., 2016) duoc cai tién tir thudt toan Stamp bing cach thay vi tinh cac
vector khoang cach mdt cach doc 1ap nhu thuat todn Stamp, thudt todn Stomp tinh vector
khoang cach dua vao sy phu thudc cua cac khoang cach giira cac chudi con lién tiép nhau.
Nghia 14 tich vo hudng ctia hai chudi con trong cong thtrc tinh khoang cach dugc tinh dua
vao tich vo huéng cua hai chudi con da duoc tinh trudce do. Chi phi tinh toan cua thuat toan
Stomp chi con O(n?). Thuét toan Scrimp++ két hop cac dic trung cua hai thuét toan Stamp
va Stomp nhu thoi gian tinh toan khong phu thudc vao chiéu dai chudi con, phi ton bd nhé
thap. Thuat toan Scrimp++ thuc hién phat hién motif qua hai giai doan: Pau tién xir Ii bang
thuat toan PreScrimp dé c6 vector 1an cin gan nhat xap xi, sau d6 tiép tuc tinh chinh vector
1an c4n gan nhit bang thuat toan Scrimp cho dén khi né hoi tu dén két qua chinh xac. Tuy
d6 phurc tap vé thoi gian cta thuat toan van 13 O(n?) nhung cho két qua hoi tu nhanh hon.
2.2. Thudt todn Scrimp++ va dé xudt cdi tién thudt todn

Thuat toan Scrimp++ (Zhu et al., 2018) dugc xay dung dua trén hai thudt toan
PreScrimp va Scrimp. Hinh 2 minh hoa y tudng cua thuat toan nay.
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5 Scrimp++ .
Chudi PreScrim Scrim ,. ector lan can gan
thoi gian P P * héit chinh X4C

\ 4

\A C .
Vector lan can gan nhat xap xi

Hinh 2. Y twdng thudt todn Scrimp++

2.2.1. Thugt toan PreScrimp
Thuat todn PreScrimp dua trén tinh chét duy tri lan can lién tuc (Consecutive
Neighborhood Preserving (CNP) Property) ctia cac chudi con trong chudi thoi gian (Zhu et
al., 2018). Tinh chat nay c6 thé mé ta nhu sau: vector chi muc c6 thé dugc phan chia thanh
nhiéu doan cac gia tri lién tuc. Trong mdi doan, mot tap cac chudi con lién tiép s€ c6 mot
tap cac chudi con lién tiép khac 1a 1an c4n gan nhat voi né. Tinh chét nay goi 1a tinh chét
CNP. Hinh 3 minh hoa tinh chat CNP.
Vi tri chudi con 1 2 3 4 59 60 61
Vi tri lan cdn gan nhdt 70 | 71| 111 | 112 [}... | 189 | 19d | 191

Hinh 3. Minh hoa vector chi muc I

Vi céc chudi con lién tiép trong chudi thoi gian thuong c6 doan giao nhau nén néu
chudi con thir i gidng v6i chudi con thit j thi chudi con thir i+1 c6 xac suit cao s& giéng voi
chudi con thtr j+1. Cac chudi mau dugc ldy tir chudi thoi gian T cach nhau mot khoang cb
dinh s. Dé théy 12 néu chon s cang nho thi d¢ chinh xac cua thuat toan cang cao, nhung thoi
gian thyc thi cia thuat toan cang lau. Téac gia da d& xuat nén chon s = m/4 dé dam bao tat
ca cac chudi con déu ¢6 phan giao véi it nhat mot chudi mau it nhét 1a 87,5%.

Vi mdi chudi mau, thuat toan sé tim chudi con 1an can gﬁn nhét véi nd dua vao tinh
chat CNP. Gia st, Tim 1a mot chudi mau va chudi con lan can gén nhét véino 1a Tjm. Theo
tinh chat CNP thi ¢6 kha ning cao 1an can gan nhit voi chudi con Tiskm 13 Tjskm (v6i k=-
s+1,-s+2, ..., -2, -1, 1, 2, ..., s-2, s-1). Khoang cach gitra cac cap chudi con nay duoc tinh
toan va néu né nho hon khoang cach twong tng hién co trong vector khoang cach 1an can
gan nhét thi vector 1an can gan nhat s& duoc cap nhat. Hinh 4 minh hoa thuét toan nay.

Dit liéu vao: Chudi thoi gian T, chiéu dai chudi con m, khoang cach lay mau s
Dir liéu ra: Véc to lan can gan nhat P va véc to chi muc |

(1) Tinh ki vong va do 1éch chuan cua tat ca cac chudi con

(2) Duyét qua lan luot cac vi tri chudi con duoc 14y mau trong T véi khoang cach 1dy mau 14 s, thuc
hién:

- Chon ngau nhién 1 chudi mau Tip

- Tim chudi con 1an can gén nhét Tjm cua Tim st dung d6 do (1).

- Cap nhat vao vector lan can gfin nhét P va vector chi muc |

- Tinh tich v6 huéng 2 chudi con Tim va Tjm

- Duyét lan luot qua cic cip chudi (Tikm, Tj+km), k=1, 2, ... cho dén khi gip chudi miu
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ké hodc dén cudi chudi thoi gian, véi mdi cip chudi thyuc hién:
+ Tinh tich v6 hudng cua cip chudi (Tiwkm, Tj+km) theo cong thirc (2)
+ Tinh khoang cach ctia cip chudi (Tikm, Tj+km) theo cong thirc (1)
+ Cap nhat lai gi4 tri trong vector 1an c4n gan nhit P va vector chi muc | néu khoing
céch vira tinh nho hon gié tri ctia phan tir twong tmg Pi+km hay Pj+m trong P
- Duyét 1an luot qua cac cip chudi (Tikm, Tixm), k=1, 2, ... cho dén khi gip chudi mau
phia trudc hodc dén dau chudi thoi gian, véi mdi cip chudi thyuc hién:
+ Tinh tich v hudng cua cap chudi (Tikm, Tjxm) theo cong thirc (2)
+ Tinh khoang cach cua cap chudi (Tikm, Tjkm) theo cong thirc (1)
+ Céap nhat lai gia tri trong vector lan céan gﬁn nhit P va vector chi muc | néu
khoang cach vira tinh nhé hon gia tri ciia phan tir trong tng Pixm hay Pjxm trong P
(3) Travé P val

Hinh 4. Minh hoa thudt todn PreScrimp

2.2.2. Thugt toan Scrimp

Thuét toan Scrimp (Zhu et al., 2018) dugc cac tac gia cai tién tir thuat toan Stomp
dua trén nhan xét: thuat todn Stomp tinh toan ma tran khodng cach (Hinh 1) theo thi tu
tung dong va cap nhat vao vector khoang cach. Tinh toan theo thur tu nay s€ ngan can viéc
phat hién sém motif ndm & vi tri cudi ciia chudi thoi gian T. Dé khéc phuc diéu nay, cac tac
gia thyc hién tinh toan ma tran khoang cich theo dudng chéo theo thir tw ngau nhién vi
cong thic (2) ¢ thé giup thyc hién diéu nay. Cac khoang cach dik, dak, ..., d nmezknme
duoc tinh toan lan lugt tung cai mdt. Vector lan can gﬁn nhét P va vector chi muc | s& duoc
cap nhat Néu dij+k1 nho hon Pi hay Pi+k.1. Hinh 5 minh hoa diéu nay va thuét toan Scrimp
dugc minh hoa trong Hinh 6.

Cap nhat néu nho hon P
| dik > P1
d2,Ik+1 PZ
Cap nhat >
A h 2 1
Ez‘lrll nho l dn—m+ik,n—m+1 | ) Pn—m+2—k
P Px Py+1 | e | Prom+1 |

Hinh 5. Minh hea céch tinh khodng cdch theo dwong chéo va cap nhdt vao P

Dir liéu vao: Chubi thoi gian T, chicu dai chudi con m
Dir liéu ra: Véc to lan can gan nhat P va Véc to chi muc |

(1) Tinh ki vong va do 1éch chuan cua tat ca cac chudi con
(2) Tao mét day thir tu tinh toan ngiu nhién Q cho cac phan tir trén duong chéo
(3) V&i méi k trong Q
- Véi mdi i tir 1 téi n-m+2-k
+Néu i = 1: tinh tich v6 huéng cta Ty, va Tem
Nguoc lai, tinh tich vo huéng cta Tim va Tiwk-1,m theo cong thire (2)
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+ Tinh khoang céch dist(Tim, Ti+k-1,m) theo cong thic (1)
+ Néu khoang cach vira tinh nhé hon gia tri twong g P; hodc Pixk1
thi cap nhat vao véc to khoang cach lan can gfin nhét P va véc to chi muc |.
(4) Travé P val

Hinh 6. Minh hoa thudt todn Scrimp
2.2.3. Cdi tién thugt toan Scrimp++

Dé tinh duge ddy du vector 1an can gan nhét, thuat toan Scrimp++ phai duyét qua tat
c4 cac chudi mau. V6i mdi chudi mau thuat toan phai tinh khoang cach giita chudi mau va
cac chudi con khac dé tim 1an can gan nhét ciia n6. Chudi thoi gian cang dai thi sb lugng
cap chudi con can so sanh cang nhiéu dé tim ra cip giéng nhau nhat. Liéu c6 thé giam sd
1an so sanh cac cip chudi con ma van c6 thé tim ra cap chudi con gidng nhau nhét?

bpé giai quyét van dé néu trén va nham muc dich tdng tdc d6 thuc thi cua thuét toan,
chiing t6i ap dung y tudng dudi day vao thuat toan Scrimp++: (1) Dung bai toan nghich li
ngdy sinh dé xac dinh sé luong chudi con can xem xét va (2) xac dinh thir ty chudi mau
can xem xét. Y tudng ndy twong tu nhu ¥ tudng duoc dé xuit trong (Pariwatthanasak et al.,
2019). Tuy nhién, c6 mot su khac biét gilra nghién ctru ciia chiing t6i va nghién ctru trong
bai bao cua Pariwatthanasak va cac cong su. D6 la Pariwatthanasak va cac cong sy ap dung
bai toan nghich |i ngay sinh va xac dinh thi ty chudi mau cin xem xét vao thuat toan
MASS dé tinh vector khoang cach 1an can gan nhét, trong khi chung t6i ap dung hai y
tudng trén vao thuat toan Scrimp++ dé xac dinh cip chudi con lan can gin nhat c6 khoang
cach nho nhét (motif). Y tudng cai tién nhu sau:

- Xac dinh trudc sd luong chudi con k can xem xét (sd lan lip trong thudt toan
Scrimp++) dé tim dugc cdp chudi con gidng nhau nhét dya vao bai toan nghich Ii ngay
sinh. Vi gia sir rang mdi ngdy trong nam (trir ngay 29 thang hai) c6 xac suit ngang nhau,
bai toan nay dugc phat biéu nhu sau: Trong mot nhom ngiu nhién 23 nguoi, xac sudt dé 2
nguoi trong nhom cé cung ngay sinh nhat 1a khoang 50%.

Bai toan tim cdp chudi con gidng nhau nhat trong mot chudi thoi gian tuong tw nhu
bai toan nghich Ii ngay sinh. Vi vay, ta c6 thé ap dung bai toan nghich i ngay sinh dé giam
s0 1an so sanh cac cip chudi con trong thudt toan Scrimp-++.

Xac xuét dé 2 ngudi trong mot nhom co cing ngay sinh nhat ¢6 thé xem giéng nhu
xéc suat dé 2 chudi con giéng nhau nhat trong mot chudi thoi gian. Trong d6, n-m+1 gian
c6 do dai n (m << n) dugc xem twong tw nhu 365 ngdy trong nim va n-m+1 chudi con
dugc xem tuong ty nhu s6 ngudi trong nhoém.

V6i y tudng cua bai toan nghich 1i ngay sinh ta c6 thé tinh dugc s6 lwong chudi con k
can thiét phai xem xét dé tim duogc cip chudi con gidng nhau nhit dua trén cong thic tinh
x4c suat dé c6 2 chudi con giéng nhau trong k chudi con nhu sau:

—K2

P(k,m,n) =1 — e2(n-m+1) (3)
Hinh 7 minh hoa thuét toan xac dinh sd lugng chudi con k can thiét phai xem xét dé
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tim dugc cap chudi con giong nhau nhat.

Input: Chiéu dai chudi thoi gian n, chidu dai chudi con m va ngudng xac suit p
Output: S6 chudi con k

k=1
xacsuat =0
Trong khi xacsuat < p
K2
xacsuat = 1 — ez(m-m+1)
k=k+1
Tra vé k

Hinh 7. Minh hoa thudt todn xdac dinh sé lan lap k
- Thér ty chudi miu can xem xét: Chudi mau dau tién Tim duoc 14y ngiu nhién nhu
thuat toan Scrimp++. Gia sir chudi con 1an can gan nhét véi Tim 1a Tjm. Cac chudi mau tiép
theo dugc chon theo nguyén tac: Néu Tjm da dugc chon lam chudi mau truée d6 thi chudi
mau tiép theo van dugc chon ngéu nhién, nguogc lai chon Tjm lam chudi mau tiép theo.
2.3. Ddnh gid bang thuc nghi¢gm

Trong nghién ciru nay, chung t6i so sanh thuat toan Scrimp++ cai tién va thuat toan
Scrimp va Scrimp++. Céc thuét toan duoc so sanh bang thyc nghiém véi cac truong hop
chiéu dai motif khac nhau va chiéu dai tap dit liéu khac nhau. Sy so sanh dya trén 2 tiéu
chi thoi gian thyuc thi va @6 chinh xac. BJ chinh xac dugc danh gia dua vao vi tri motif ma
thuat toan xac dinh duoc.

2.3.1. Moi truong va dir liéu thuc nghiém

Cac thuc nghiém duoc thuc hién trén may tinh Dell Inspiron 15, Inter® core™ i5-
4200U CPU @1.60GHz, 6GB RAM, hé diéu hanh Windows 10.

Thyc nghiém dugc thyc hién trén 1 tap dir li€u nhan tao duogc phat sinh ngéu nhién
(Random walk data) va hai tip dit liéu thuc: dit liéu song dia chin (Seismology data), dit
lidu vé hanh vi ciia con tring (Insect EPG data). Cac tap dit liéu nay duogc 1y trong khoang
5/2019, tir ngudn https:/sites.google.com/site/scrimpplusplus/. Hinh 8 minh hoa hinh anh céac
tap dir licu nay
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Hinh 8. Hinh anh cac tdp dir liéu dung trong thuc nghiém
2.3.2. Két qud theec nghiém

Bang 1 1a két qua thyc nghiém ba thuat toan trén tap dir liéu Random walk véi do dai
12 10.000 diém va chiéu dai motif thay doi tir 64 dén 1024. Bang 2 1a két qua thyc nghiém
ctia thuat toan trén tap dir liéu Random walk v6i do dai thay doi tir 8000 dén 30.000 va
chiéu dai motif 1a 64.

Két qua thyc nghiém trén tap dir liéu nay cho thiy thoi gian thuc thi ciia thuét toan

Scrimp++ cai tién nhanh hon khoang 5 1an (tinh trung binh) so v&i 2 thuat toan con lai.
Trong da sb truong hop do6 chinh xac ciia thuat toan 1a twong duong nhau. Chi riéng truong
hop d6 dai tap dir liéu 1a 10.000 va do dai motif 1a 256 thi vi tri chudi con dau tién cua
motif do thudt toan Scrimp++ cai tién tim duoc bi 1éch so v6i vi tri chudi con dau tién cua
motif do 2 thuét toan con lai tim duogc. Két qua thuc nghiém ciling cho théy thoi gian thyce
thi ciia cac thuat toan khong anh huéng nhiéu boi chidu dai motif ma chi bi anh hudng boi
chiéu dai cua chudi dit lidu.
Bing 1. Két qua thuc nghiém trén tdp Random walk véi chiéu dai la 10.000,
chiéu dai motif thay déi

Chidu Vi tri motif Tho1i gian thuc thi (gidy)
dai motiff  Scrimp Scrimp++ Scti.mﬂ++ Scrimp | Scrimp++ Scfi.mp;ﬁ
cal tien cail tien

64 (1957, 9839) | (1957, 9839) [(1957, 9839) 3,80 4,35 0,85
128 | (5919,7133) | (5919,7133) | (5919,7133)| 3,69 4,13 0,76
256 | (8585,9271) | (8585,9271) | (1075,9271)| 3,68 3,96 0,45
512 (824,8334) | (824,8334) | (824,8334) 3,65 3,78 0,40
1024 (311,7821) | (311,7821) | (311,7821) 3,25 3,17 0,32
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Bing 2. Két qua thuee nghiém trén tdgp Random walk véi chiéu dai thay doi,
chiéu dai motif la 64

Chiéu Vi tri motif Thoi gian thyc thi (gidy)
g;ll‘;aéi Scrimp Scrimp++ SEZITE:- Scrimp | Scrimp++ Sg;lir?ipé?
8000 | (1265,7193) | (1265,7193) | (1265,7193)| 2,68 3,83 0,90
10000 | (1957, 9839) | (1957, 9839) (1957, 9839)] 3,80 4,35 0,85
15000 ((8779,14593)((8779,14593)|(8779,14593) 9,51 10,91 2,21
20000 [(2055,15013)((2055,15013)|(2055,15013)] 16,70 18,19 2,91
25000 [(2055,15013)((2055,15013)|(2055,15013)] 26,35 29,05 4,33
30000 |(2055,15013)](2055,15013)|(2055,15013)] 37,41 44,62 6,20

Bang 3 1a két qua thuc nghiém trén tap dir liu Seismology v6i chiéu dai c¢b dinh 1a

10000 va chiéu dai motif thay d6i. Bang 4 1a két qua thuc nghiém trén tap dir liéu

Seismology v6i chiéu dai thay doi va chiéu dai motif ¢6 dinh 1a 64.

Bing 3. Két qua thuee nghiém trén tdp Seismology véi chiéu dai la 10000,

chiéu dai motif thay doi
Chidu dai Vi tri motif . . Thoi gian thuc thi (gié}_/)
motif Scrimp Scrimp++ Scrlm.p;H ca Scrimp | Scrimp++ Scfl.mpgﬁ
tien cai tien
64 (4601,7865) | (4601,7865) | (4601,7865) 4,74 5,81 0,97
128 (9614,9840) | (9614,9840) | (9614,9840) 4,60 5,07 0,71
256 (7021,9472) | (7021,9472) | (7021,9472) 4,20 4,17 0,49
512 (2056, 9288) | (2056, 9288) | (2056, 9288) 4,36 4,03 0,48
1024 (382,1641) | (382,1641) | (382,1641) 3,99 3,27 0,36

Bing 4. Két qua thuee nghiém trén tdp Seismology véi chiéu dai thay doi,
chiéu dai motif la 64

Chidu dai Vi tri motif ' ' Thoi gian thyce thi (gié}ll)
tap dir lieu|  Scrimp Scrimp++ S"“mﬁ“ cal Scrimp | Scrimp++ Sctl.mPAH
tien cai tien

8000 (4061,7865) | (4061,7865) | (4061,7865) 3,53 3,68 0,72
10000 | (4601,7865) | (4601,7865) | (4601,7865) 4,74 581 0,97
15000 |(8218, 13218)|(8218, 13218)|(8218, 13218)| 10,82 11,29 1,89
20000 |(10875,15695)[(10875,15695)[(10875,15695)] 19,75 22,02 3,74
25000 |(10875,15695)[(10875,15695)((10875,15695)] 27,81 32,17 4,56
30000 [(10875,15695)((10875,15695)[(10875,15695)] 40,98 42,99 6,75

Két qua thuc nghiém trén tap dit liéu nay cho thiy thoi gian thuc thi cua thut toan
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Scrimp++ cai tién nhanh hon khoang 6 1an (tinh trung binh) so véi 2 thuat toan con lai va
d6 chinh x4c cua 3 thuat toan 1a twong duong nhau. Két qua thuc nghiém ciing cho thiy
thoi gian thue thi cia cac thuat toan khong anh huong nhiéu boi chiéu dai motif ma chi bi
anh hudng bai chiéu dai cua chudi dir lidu.

Béang 5 1a két qua thuc nghiém trén tap dir liu Insect EPG véi chiéu dai ¢b dinh 1a
10000 va chiéu dai motif thay d6i. Bang 6 1a két qua thuc nghiém trén tap dit liéu Insect
EPG véi chiéu dai thay d6i va chiéu dai motif ¢6 dinh 13 64.

Két qua thuc nghiém trén tap dit liéu nay cho thiy thoi gian thuc thi cua thut toan
Scrimp++ cai tién nhanh hon khoang 6 1an (tinh trung binh) so véi 2 thuat toan con lai va
d6 chinh xac cua 3 thuat toan 1a twong duong nhau. Két qua thuc nghiém ciing cho thiy
thoi gian thue thi cia cac thuat toan khong anh huong nhiéu boi chiéu dai motif ma chi bi
anh hudng bai chiéu dai cua chudi dir lidu.

Bing 5. Két qua thuee nghiém trén tdp Seismology véi chiéu dai la 10.000,

chiéu dai motif thay doi
Chidu Vi tri motif . . Tho1i gian thuc thi (gié;_r)
dai motiff  Scrimp Scrimp++ S"“mﬁ* ca Scrimp | Scrimp++ SC':'.m.p;H
tien cail tien

64 (6189,7109) | (6189,7109) | (6189,7109) 4,74 4,76 0,86
128 (2459,9839) | (2459,9839) | (2459,9839) 4,58 4,52 0,61
256 (2531,6217) | (2531,6217) | (2531,6217) 3,91 4,00 0,53
512 (2507,2757) | (2507,2757) | (2507,2757) 3,96 4,00 0,42

1024 | (2587,6023) | (2587,6023) | (2587,6023) 3,41 3,37 0,35

Bing 6. Két qua thuee nghiém trén tdp Seismology véi chiéu dai thay doi,

chiéu dai motif la 64

Chiéu Vi tri motif Thoi gian thuc thi (gidy)
g;llti?zl Scrimp Scrimp++ Scrmtli%? cal Scrimp | Scrimp++ Sz;'in:i%r
8000 | (8218,13247) | (8218,13247) | (8218,13247) 2,39 3,48 0,70
10000 | (6189,7109) | (6189,7109) | (6189,7109) 4,74 4,76 0,86
15000 |(10875,15695)((10875,15695)[(10875,15695)( 8,65 9,17 1,79
20000 [(10875,15695)|(10875,15695)|(10875,15695)| 15,04 15,51 2,63
25000 [(10875,15695)|(10875,15695)](10875,15695)| 23,31 25,48 4,08
30000 [(10875,15695)((10875,15695)((10875,15695)| 32,92 35,46 5,38

3.  Kétluin

Trong bai bio niy, chung toi gidi thiéu mot phién ban cai tién cia thuat toan
Scrimp++ bang cach ap dung bang cach ap dung ¥ tudng bai toan nghich Ii ngay sinh va
thir tu chon chudi miu vao thuat toan Scrimp++ va danh gia bang thuc nghiém phuong
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phap dé xuét trén trén ba tap dir liéu (1 tap dir liéu dugc tao ngau nhién va 2 tap dir liéu
thuc). Két qua thuc nghiém cho thiy thoi gian thuc thi cua thuét toan cai tién nhanh hon
khoang 5 dén 6 1an (tinh trung binh) so vé6i thoi gian thuc thi ctia 2 thuat toan con lai nhung
van giir duoc d6 chinh x4c twong dwong trong hau hét cac truong hop thuc nghiém.

Trong tuong lai, chung toi s& tiép tuc cai tién thuat toan dé xuit sao cho do chinh xéc
cua thuat toan tuong duong véi 2 thuat toan con lai trong moi trudng hop nhung van dam
bao veé thoi gian thyec thi cua thuat toan tdt so voi 2 thuat toan con lai.

< Tuyén bé vé quyén lgi: CAc tac gid xac nhan hoan toan khéng c6 xung dét vé quyén loi.

% Loi cdm on: Bai bao duoc thuc hién tir kinh phi dé tai nghién ciu khoa hoc ndm 2021
ctia Truong Pai hoc Sw pham Ky thuat Thanh phé Hé Chi Minh.
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DISCOVERING TIME SERIES MOTIF
USING THE IMPROVED SCRIMP++ ALGORITHM

Nguyen Thanh Son", Tran Thi Dung
HCM City University of Technology and Education, Vietnam
“Corresponding author: Nguyen Thanh Son — Email: sontt@hcmue.edu.vn
Received: September 27, 2021; Revised: March 14, 2022; Accepted: March 18, 2022

ABSTRACT

A time series motif is a nearest neighbor subsequence pair of a long time series or a nearest
neighbor sequence pair in a time series database. Time series motif discovery is a vital task in time
series data mining. Recently, some algorithms were proposed for discovering time series motifs.
These algorithms use a vector called matrix profile which contains distances between each
subsequence and its nearest neighbor in time series. The vector is computed based on the
combination between time series normalization and Euclidean distance measure. The typical
method for the approach is the Scrimp++ algorithm. This paper introduces an improved version of
this algorithm to improve the speed of the algorithm. The experimental results shows that our
proposed algorithm outperforms the original algorithm in terms of running time with same
accuracy.

Keywords: matrix profile; motif discovery; time series; Scrimp++ algorithmtime series motif
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