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TOM TAT— K&t chudi con trén chudi thoi gian 13 mdt trong nhitng bai toan khai pha dit liéu chudi thoi gian quan trong.
Trong nghién ctvu ndy, chiing téi str dung mot giai thuat két chudi con hitu hiéu, cé tén EP-M, ma dwa vao dd do xoin thoi
gian dong (dynamic time warping - DTW) va phan doan chudi thei gian. Do tinh hiéu qua cao ctia dd do DTW so v&i cac do do
khoang c4ch khéc, da c6 nhiéu nd lwc trong cong dong nghién ctru nhdm khic phuc tinh trang chi phi tinh to4n cao cta dé do
DTW. Céc k§ thuat phin mém d€ tang tdc viéc tinh toan d6 do DTW trong khai pha chudi thi gian gdm c6 cac ki thuat tir bd
sém, cit tia dwa vao can dudi va 1ap chi muc. Tuy nhién, bén canh nhitng gidi phap dwa vao phan mém nhw vay ching ta nén
quay sang nhirng ky thuit dwa vao phin cirng dé€ cai thién hon nira tinh hitu hiéu ctia phwong phap hién cé. Trong nghién
clru nay, chung tdi thiét ké va danh gia mot gidi phap dwa vao phan cirng, d6 1a don vi xtr Iy d6 hoa (Graphics Processing Unit
-GPU) dé tang tdc giai thuat két chudi con EP-M bing cach song song héa. Két qua thwc nghiém trén mot s6 bd dir liéu miu
cho thiy tinh hitu hiéu cao ctia phwong phap dwa vao GPU dé xuat cho cong tac két chudi con trén chubi thoi gian.

Tir khéa— chudi thoi gian, két chudi con, dd do xoin thoi gian dong, phan doan, don vi xtr Iy d6 hoa GPU.
I. GIO'I THIEU

Két chudi con trén chudi thoi gian (time series) 1a tim ki€ém nhitng cdp chudi con twong tw nhau trén hai chudi
thoi gian 1én. Hai chudi thoi gian c6 thé két véi nhau tai bat ci vi tri ndo va cé chiéu dai bat ky. Két chubi con 1a
mot thao tac cé tinh d6i xitng va dem lai nhirng chudi con trung khép nhau theo kiéu 4nh xa nhiéu-nhiéu. Két
chudi con 1a sw tdng quat héa ca hai tac vu so tring toan chubi (whole sequence matching) va so triing chudi con
(subsequence matching). K&t chudi con dem lai nhitng thong tin hitu ich vé nhitng doan bién thién kha gidng
nhau clia hai chudi thoi gian. Thi du, trong 1anh vuc thi truedng tién té, rat cé ich khi thdy dwoc méi twong quan
gitra hai ti gia ngoai té dé c6 thé dwa ra dwgc nhitng quyét dinh dau tw. Trong trweong hop nay, ching ta cé thé
thuwc hién két chudi con trén hai dwdng biéu dién cia hai ti gia ngoai té dé thiy duwoc nhitng mau bién thién hoic
xu hwéng bién thién gidng nhau clia hai ngoai té. Mot thi du khac, 1a treong hop quan séat hai chudi thoi gian biéu
dién cao d6 nét nhac clia hai ban nhac, néu giita hai chudi thoi gian nay, khi két chudi con cho ra nhiéu cip chudi
con twong ddng nhau thi cé thé thiy cé hién twong dao nhac giita hai ban nhac nay. T4c vu két chudi con hitu ich
cho nhiéu thao tac khai pha chudi khac nhu kham pha motif va phat hién bat thwdng trén chubi thoi gian (Lin va
cac cong sw, 2010 [1]) hodc trén cac trinh ty sinh hoc.

D3 c6 mot s6 cong trinh nghién ctru vé két chudi con trén chudi thoi gian, c6 thé tém lwgce nhw sau. Lin va
McCool nam 2010 [2] dé xuit mot phwong phap két chudi con ma str dung mot ki thuat phan doan khong dong
déu (non-uniform segmentation) va tim kiém nhitng phin doan két véi nhau dwa vao mdt ham twong tyw
(similarity function) trén mét tap dac trung. Phwong phap nay khé hién thwe va c6 chi phi tinh toan cao nén né
khong thich hop dé& 1am viéc véi nhitng chudi thoi gian cé kich thwéc 16n. Mueen va cac cong sw, nim 2014 [3]
dé xuit mot phwong phap khac dé két chudi con ma dwa vao su twong quan giita cac chudi con ctia hai chudi thoi
gian. Cach tiép can nay hwéng dén viéc cuc dai hda hé s6 twong quan Pearson dé tim thay chudi con twong quan
nhit trong hai chudi thoi gian. Do dinh nghia dic biét nay vé két chudi con, giai thuat Jocor ma Mueen va cac
cong sw dé nghi ciing c6 d6 phirc tap tinh todn cao. Vinh va Anh, ndm 2016 [4], dé xudt mot phwong phap hitu
hiéu dé két chudi con trén chudi thoi gian dwa vao véi dd do xodn thoi gian déng (dynamic time warping ~-DTW)
va phan doan. Phwong phap nay, c6 tén 1a EP-M, gdm c6 hai bwéc chinh: (i) phan doan chudi thoi gian st dung
ki thuat diém cuc tri quan trong (Fink va Gandhi, 2007 [5]) va (ii) so tring chudi con, 1a mdt qua trinh lip st
dung ctra s6 trugt va dd do khoang cach DTW dé tim ra tit ca nhitng chudi con twong tw nhau trén hai chudi thoi
gian. Mot nhuwgc diém cua gidi thudt EP-M la vi stt dung dé do khoang cach DTW chi véi ky thuét tir bo sém
(early abandoning) nén khéng thé ting t6c dwoc nhiéu thao tic tinh toan d6 do khoang cach DTW. Thoi gian cla
giai thuat EP-M trén bo dit liéu chudi thoi gian dién tm dd Koski-ECG gobm 30.000 diém dir liéu sé t6n khoang 1
gior 46 phut. Do véy, giai thuit EP-M cin phai dwoc cai tién hon niva vé dd hiru hiéu tinh toan.

D3 c6 nhiéu ky thuit phin mém dé ting tdc viéc tinh todn dd do DTW trong bai toan tim kiém twong tw trén
chudi thoi gian, nhuw tir bé sém, cit tia dwa vao can duéi (lower-bound based pruning) va 1ap chi muc (indexing).
Tuy nhién chi dwa vao cac giai phap phan mém thi van chwa thé khic phuc dwoc chi phi tinh toan cao ctia dd do
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khoang cach DTW, nhit 1a trong tinh huéng 1am viéc vé&i cac bd dir lieu chudi thoi gian kich thudéc 16m. Do d6,
ching ta nén két hop cac ky thuat phin mém tét nhit véi cac gidi phap dwa vao phin cling dé ci tién hon nira
tinh hiru hiéu cta cac giai thuat hién hanh d€ d6i pho véi cac tinh huéng dit liéu 16n trong thoi dai hién nay.

Gan diy, vdi sy phat trién cha Don vi xtr 1y d6 hoa (Graphical Processing Units - GPU) cong dung tdng quat va
moi trwedng 14p trinh GPU, nhiéu nghién ctru di trién khai dé tim cach thwc hién cic céng tac khai pha di liéu
trén chudi thoi gian dwa vao GPU ([6], [7], [8], [9]). Sart va c4c cong sw, nim 2010 [6] 1an dau tién dé xuit mot
phuwong phap dwa vao GPU tiang t6c tim kiém twong tw trén chudi thoi gian dang ludng véi do do DTW. Chang va
cac cong sw, nam 2012 [7] thiét k€ mot cach hién thwce dwa vao GPU cho giai thuit phat hién shapelet d€ phan
16p chudi thoi gian. Zhu va cac cong sw, nim 2016 [8] dé xuidt mot giai thuat dwa vao GPU, dwoc goi 1a GPU-
STOMP, ma dwa vao thdng tin ma trdn khodng cich (distance matrix profile) dé ting tdc qua trinh phat hién
motif trén chudi thoi gian cé kich thuéc 16n. Gan day nhat, Zhu va cac cdng sw, nam 2021 [9] dé xuit mot khung
thirc dwa vao GPU dé tang tdc cong tac phat hién motif va bat thwong trén chudi thoi gian. Trong cong trinh nay,
Zhu va cac cong sw dua trén gidi thuat chidn phuong (brute-force) dé€ phat hién chudi con bat thudng nhat va
chia giai thuit nay thanh nidm phin dé xem xét 4p dung song song hoa v&i GPU. Nam phan d6 la: song song hoa
dwa trén chudi con, tinh d§ do Euclid, tinh d6 do Euclid chuin héa, tinh d6 do DTW va phat hién chudi con bat
thwong dung ki thuit ngirng sém (Early Stop). T4t ca cac nghién ctu néu trén da dat dwoc mic do ting tdc gidi
thuit tir hang chuc dén hang tram l4an nhanh hon.

Dugc goi cAm hirng tir bén cong trinh néu trén st dung GPU dé ting tdc cong tac khai pha dit liéu chudi thoi
gian, trong nghién ctru nay, chung téi hwéng dén thiét ké va danh gid mot gidi phap dwa vao phan clirng, cu thé la
GPU, dé cai thién dd hiru hiéu cta giai thuat EP-M trong bai toan két chudi con trén chudi thoi gian. O day, viéc
cai tién dd hiru hiéu cta giai thuit EP-M tip trung vao viéc ting tdc tim kiém twong tw véi dd do DTW trong giai
thuat bang cach song song héa khau tinh toan dd do khoang cach DTW giita cac cdp chudi con dwa vao GPU.

K&t qua thwc nghiém trén nam bd dit liéu mau cho thdy trong bai to4an két chudi con bing giai thuat EP-M, viéc
tinh todn cac d6 do khodng cach DTW trén GPU két hop v&i dai Sakoe-Chiba va ky thuat cin dwéi LB_Keogh [10]
c6 thé thwc thi nhanh gdp 13 l4n so véi giai thuit EP-M chay trén CPU ma c6 s dung bo k§y thudt UCR-DTW
(Rakthanmanon et al., 2012 [11]) dé ting tdc viéc tinh toan dd do khodng cach DTW.

Phin con lai ctia bai bio nay dwoc ciu tric nhw sau. Phin II gi¢i thiéu cac khai niém cin ban va cac cong trinh
lién quan dén bai to4an két chudi con. Phan IIl m6 ta phwong phap dé xuit song song héa dwa vao GPU dé ting
téc qua trinh két chudi con trén chudi thoi gian. Phan IV trinh bay két qua thwc nghiém d€ danh gia phwong
phép dé xuit. Va phan V trinh bay cac két luin va huéng phat trién cla nghién ctru nay.

II. CAC KHAI NIEM VA CONG TRINH LIEN QUAN

A. CAC PINH NGHIA
Mot chubi thoi gian T = (ty, tz,..., ta) 12 mot tAp c6 thir tw gdm n tri s thwe dwoc do dac tai nhitng diém thoi gian
cach déu nhau. Mot chudi con S véi chidu dai k ctia T dwgc ky hiéu nhw 13 S = (&, tivg, .., tisk1), VO 1< i< 0 - k+1.

Cho chubi thoi gian X = (x4, X2,.., X») v&i chiéu dai n va chubi thoi gian Y =(y1, y2,.., Ym) vOi chiéu dai m, nhitng
chudi con twong tw ctia X va Y 1a nhitng chudi con Sy (ctia X) va S, (clia Y) théa min diéu kién rang khoang cach
gitra Sy va S, nhé hon mét ngwdng khoang cach th cho trwéc. Trong nghién ciru nay, ching ta sé tim tit ca nhirng
cap chudi con twong tw Sy va S, tir hai chudi thoi gian.

B. PO PO XOAN THO'I GIAN PONG

Do do xodn thoi gian dong (DTW) 1a d6 do khoang cadch ma ta c6 thé 4nh xa mot diém tir chudi thoi gian nay dén
nhiéu hon mot diém trén chudi thoi gian kia (xem Hinh 1 (phia dwéi)). Do dé, dd do DTW cho phép tinh khoadng
céch gitra hai chudi thoi gian c6 chigu dai khac nhau.

Gia str chiing ta c6 hai chudi thei gian, chudi Q = (q1, 2, - Giy - Gn ) va chubdi € = (c1, ¢z, ..., Cjy -, Cm). D& tinh dd do
khoang cach DTW giita hai chudi thoi gian ndy, ching ta tao mdt ma tradn n x m, dwoc goi 1a ma trdn xodn
(warping matrix) ma mdi phan t D;; = d(qi, ¢j) chira khodng cach gitra hai diém g; va ¢; (tirc 12 d(q:, ¢)) = (qi- ¢))?).
DE tim mdt cach 4nh xa tdt nhat gitta hai chudi thoi gian, chiing ta tim mdt 16i di xuyén qua ma trdn ma cuc tiéu
héa khoang cach tich lily toan bo giira hai chudi thoi gian. Mot I67 di xodn (warping path) W 1a mot tap lwu cac
phén tir ké can trong ma tran ma dién td mot 4nh xa gitra Q va C. L6i di nay c6 thé dwoc tim thdy bang cach dung
quy hoach ddng dé tinh hé thitc truy hodi sau ddy ma dinh nghia khoang cach tich liiy (i, j) bing khodng cach d(j,
j) tai 6 hién hanh (i, j) va tri t6i thiu cla cac khodng cach tich liiy tai ba 6 ké cn:

AL J) =d(qi ¢) + min{y(i-1, ), {i,j-1), {i-1,j-1)}
%0,0)=0; fi,0) = {0, /) =0 i=1,2,.,m;j = 1,2, m
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Nhu vay, i, j) 1a téng cta d(i, j) = (g - ¢;)? va tri t6i thiéu ctia cic khodng cach tich liy tai nhitng 6 14n cin véi 6
(i, /). D6 do khoang cach cta hai chudi thoi gian Q va € 1a cin hai ctia do do khoang cach tich lily tai 6 (m, n).

DE ting tdc viéc tinh khoang cadch DTW, ching ta c6 thé gi¢i han 16i di xodn bing cach han ché khoang cach ma
né roi xa duwdng chéo clia ma tran. TAp con clla ma tran ma 16i di xodn dugc phép di qua dwoc goi 1a ctka s6 xodn
(warping window). Cach gi&i han 16i di xodn théng dung nhit 13 ddi Sakoe-Chiba dwgc dé nghi béi Sakoe va
Chiba, nim 1978 [11]. Dai Sakoe-Chiba band 12 mdt manh trong ma tran dwoc xac dinh béi hai duwong thing
song song v&i duong chéo chinh (xem Hinh 2).
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Hinh 1. Hai chudi thoi gian Q va C twong tw nhau vé hinh dang nhung léch pha: ding dé do Euclid (phia trén) va dé do DTW
(phia dwai).

0

Q“ @1% s C
"‘l& s r 2K,
——r

Hinh 2. Ddi Sakoe-Chiba véi bé rong R duoc ding dé giéi han 16i di xodn .

Ngoai viéc gidi han 18i di xodn, c6 cach khac dé ting tdc viéc tinh d6 do DTW 1a thay thé phan lén nhitng tinh
toan dd do DTW t6n kém bang viéc tinh todn cc can dwdi (lower-bound) rat dé thwc hién. Vai k§ thuat can duéi
dé thwc hién nhw can dwéi LB_Kim (Kim, 2002 [13]), va can dué¢i LB_Keogh (Keogh va Ratanamahatana, 2005
[10]). Trong mot ky thuat can dwéi ctia @6 do DTW, can duwéi ciia khodng cach DTW gitra hai chudi thoi gian Q va
C, dwoc ky hiéu 1a LB(Q, C), phai théa min bat dang thirc: LB(Q, C) < DTW(Q, C).

Néu LB(Q, C) > best_so_far, thi DTW(Q, C) > best_so_far va ching ta khong cin phai tinh DTW(Q, C) va két luin
rang hai chudi thoi gian Q va C khéng thé twong tw nhau.

Ngoai ra, mot phwong phap khic dé ting tdc viéc tinh d6 do DTW 13 sir dung k§y thuit tir bé sém (early
abandoning). Chung ta c6 thé tinh d0 do DTW tir trai sang phai va khi tinh gia ting tir 1 dén k, ta cong thém phin
d6 do DTW chwa day d0 véi phan déng gbép cia cdn duwdi tir k+1 dén n. Téng gid tri DTW(Q1:k, C1:k) +
LB(Qk+1:m, Ck+1:n) sé& 1a cin dwéi cha do do DTW thuc sw (tikc 14 DTW(Q1:m, C1:n)). Néu tai bat ky thoi diém
nao, cAn dwéi nay lén hon gia tri khoang cach best-so-far thi ta c6 thé dirng lai va bé qua chudi thei gian C nay.

C. BO KY THUAT UCR-DTW

Rakthanmanon va cic cdng sw, ndm 2013 [11] gi&i thiéu mot bo ki thuit ¢ tén UCR-DTW, d€ ting toc tim kiém
twong tw trén chudi thoi gian kich thwéc 16m véi dd do DTW. B ki thuat UCR-DTW str dung mot t6 hop gom bon
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y twéng: chuidn hoa cé tir bd sém, tir bd sém cd sdp thi tw lai, ddo ngugc vai tro gitra truy van va dir liéu khi tinh
can dwdi, va van dung lién hoan (cascading) hai k§ thuat can dwéi LB_Kim va LB_Keogh.

D. PHAN POAN CHUOQI THO'I GIAN DU'A VAO CAC PIEM CU'C TRI QUAN TRONG

Giai thuat EP-M st dung mot phwong phap phan doan chudi thdi gian ma dwa vao cac diém cuc tri quan trong
(major extreme point) dwgc dé xuit bai Fink and Gandhi, 2007 [5]. Bai bao [5] cho cac dinh nghia vé diém cuc
tiéu, diém cuc tiéu quan trong, diém cuc dai, diém cwc dai quan trong va dung chiing dé nén chubi thoi gian.
Trong phwong phap di€ém cuec tri quan trong, c6 mdt tham s6 ma ngudi dung phai xac dinh, d6 12 hé s6 nén R. Hé
s6 nén cang 16m thi sé c6 it diém dwoc rit trich ra tir chudi thoi gian. Bat dau tir diém dAu tién clia chudi thai gian
T, chiing ta c6 thé nhan dién ra moi diém cuc dai quan trong va moi diém cwc tiéu quan trong trong chudi thoi
gian nho vao giai thuat All-Extrema, cta Fink va Gandhi [5].

Trong giai thuat EP-M, sau khi tim ra moi diém cuc tri quan trong trong mot chudi thoi gian, giai thuat c6 thé
dung nhitng diém cuc tri quan trong nay dé rut trich nhitng phan doan (segment) tir chudi thoi gian.

E. GIAI THUAT EP-M KET CHUOI CON TREN CHUOI THO'I GIAN VO1P0 PO DTW

Giai thuat EP-M, dwgc dé xuit trong mot nghién ctiru truéc day (Vinh va Anh, nam 2016 [4]), d€ két chudi con
trén chudi thoi gian. Giai thuat nay c6 tén EP-M (viét tat tir Extreme Points and Matching). Giai thuat EP-M dé két
chudi con trén chudi thoi gian gom hai buéc chinh sau day.

Buéc 1 (Phan doan): Giai thuat tim tat cd nhitng diém cuwc tri quan trong cia hai chudi thoi gian T; va T2 Két qua
clia cdng viéc nay 1a tim dwoc m1 diém cuc tri quan trong trén chudi thoi gian Ty tai cac vi tri ep1s, ep1z,., eplm
va m2 diém cuc tri quan trong trén chudi thoi gian T tai cac vi tri ep21, ep2z,..., ep2m2. Gidi thuat dung hai danh
sach chira vi tri nhitng diém cuc tri quan trong cta T; va Tz, d6 1a EP1 = (ep1;, eplz,., eplmi) va EP2 = (ep2;,
ep22,..., ep2mz). Trong buéc tiép theo, khi tao ra nhirng chudi con tir mdt chudi thoi gian (T; hodc T), giai thuat
rat trich tirng doan chudi con ndm gitra hai diém cuc tri quan trong ep; va ep;.2.

Buéc 2 (K&t chudi con): Git chudi thei gian T; ¢6 dinh va (rng véi mdi chudi con s rit trich tir Ty, gidi thuat tim
tat ca nhitng chudi con khép véi né tir chudi Tz bing cach dich chuyén mot cira s6 trugt véi chidu dai bang véi
chiéu dai cta s doc theo chudi T; mdi Ian dich chuyén mdt diém. Gidi thuat lwu tit cd nhitng chudi con trung
khép vao tip két qua S;.

Gitr chudi thoi gian T ¢6 dinh va rng véi mdi chudi con s rit trich tir T, gidi thuat tim tit ca nhirng chudi con
khép véi né tir chudi T; bang cach dich chuyén mot cira s6 trugt véi chidu dai bang véi chiéu dai cia s doc theo
chudi T; mbi 1an dich chuyén mot diém. Giai thuat lwu tit ca nhitng chudi con trung khép vao tip két qua S.

Trong buéc 1, dé giai thuat c6 thé nhan dang moi diém cwc tri quan trong cia chudi thoi gian, ching ta phai xac
dinh thong s hé s6 nén R. Theo Fink va Gandhi [5], cac tac gia dé nghi R phéi 16n hon 1.

M3 gid mo ta Buwdc 2 cia gidi thuat EP-M dwoc cho nhw trong Giai thuat 1.
Giai thuat 1: Subsequence_Join (T¢[1.. n1], T2[1.. nz], th)
Input: T;va T;1a hai chudi thoi gian d3 dwoc phan doan;
th la ngwdng khodng cach dwoc cho.
Output: Hai tap S; va S; chita nhitng cip chudi con trung khép tim thdy
1. for mdi chudi con s rut trich tir T; trong Buéc 1 do
tim t4t cd nhitng chudi con trong T> twong tw v&i s bang cach goi trinh con Subsequence_Matching (s, Tz, th),

endfor

Lwu tit cd nhitng cap chudi con két qua trong tap S;
2. for mbi chubi con s rat trich tir T, trong Buéc 1 do

tim t4t ca nhitng chudi con trong T; twong tw v&i s bing cach goi trinh con Subsequence_Matching (s, Ty, th),
endfor

Luwu tit ca nhitng cip chubi con két qua trong tap Sz

Procedure Subsequence_Matching(s[1.. m], T[1.. n], th)

Input: T 12 mdt chudi thi gian cé chidu dai n, s 1a mét chudi con c6 chiéu dai m (m < n)
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va th 1a mot nguwdng khoadng cach
Output: S1a tap chita nhitng chudi con khép véi s trong T.
1 fori=1ton-m+1do
2 segment_of T = chudi con T; jsm-1
3 dtw_distance = DTW_EA(s, segment_of T)
4  if (dtw_distance <= th) then

5 lwu cdp <s, segment_of T> vao tip két qua S
6 endfor

end Procedure

Cht y ring trong giai thuat EP-M, khi tinh d6 do khoang cach DTW, giai thuat dung cach tinh khodng cAch DTW
truc ti€p c6 két hop véi ki thuat tir bé sém dwoc dé xuit bai Li va Wang (2009) [14] ma dwoc goi 1a DTW_EA
trong cau lénh 3 cta thi tuc Subsequence_Matching. D& su so trung c6 y nghia gitta hai chudi thoi gian, ca hai
chudi phai dwoc chudn héa. Péi véi giai thuat EP-M, trwdc khi 4p dung gidi thuat EP-M, chiing tdi dung phép
chudn héa cwc tiéu-cwc dai (min-max normalization) dé bién d6i tAm vuc (scale) clia mot chudi thoi gian vé tAm
virc cia mot chudi thoi gian khac dwa vao cac tri nhé nhat va 1én nhat ciia hai chudi thoi gian.

IIL. TANG TOC KET CHUOI CON TREN CHUOI THO'T GIAN DU’A VAO GPU
A. GPU

GPU 1a phwong tién phan citng rat phu hop d€ gidi quyét mot s6 van dé bang cach thuwc hién chiing théng qua
tinh todn song song vé mat dir liéu ([15], [16]). Pong vai tro chi (host) ddi véi thiét bi GPU, CPU t6 chirc va khai
ddéng cac ham hat nhdn (kernel function) lam viéc trén thiét bi GPU. M6t thiét bi GPU bao gobm mét s6 bé da xiv Iy
Iudng (Streaming Multiprocessor - SM), ma moéi SM gom cac bo may xt ly don gian dwoc goi 1a 16i CUDA (CUDA
core) trong thuat ngit ciia NVIDIA. M&i SM c6 mot bg nhé diing chung (shared memory) ma cé thé duoc truy cap
mot cach binh ding b&i moi 16i CUDA trong cting SM. Tai mét chu ky bat ky, cac 161 CUDA trong mot SM thuec thi
ciing mot cau 1énh trén nhiéu muc di liéu khac nhau. Cac SM trao ddi théng tin v&i nhau théng qua bd nhé todan
cuc (global memory) cia GPU (Xem Hinh 3.a).

Host Device
Grid 1
Kemd
———3 | Block Block
M sm || sm SM i s LRy
sw" Blod .'.
M SM M M A, e 0
,‘6&12 "‘ : ‘l
- 2 : |‘
M SM M M “h
Global Memory
Hinh 3. (a) Kién triic phdn citng CUDA (b) Mé hinh Idp trinh CUDA

Vé phwong dién 14p trinh, mé hinh CUDA bao gom mot tip hop ludng (thread) thwc thi song song. Mot warp 1a
mot tp hop ludng c6 thé thuce thi dong thoi trén mot SM. Kich thwéc clia mot warp 13 ¢6 dinh d6i véi mot GPU cu
thé. Lap trinh vién phai quyét dinh vé sd khdi (block) va s6 ludng dwoc thuc thi. Néu s6 khoi va s6 ludng vuwot
qua kich thwéc cia warp, ching sé& dwoc chia xé thoi gian véi nhau mdt cach ndi bd trong SM. Tap hop ludng ma
lam thanh mot khéi sé thyc thi trén mot bo da x 1y tai mét ldc nao d6. Mot khdi luéng (thread block) dwoc dinh
nghia nhw 1a mét 16 (batch) ludng ma dwoc ddm bao c6 thé thuc thi dong thoi va hop tac véi nhau thong qua cac
tai nguyén dung chung. Nhiéu khdi c6 thé dwgc gan vao mot bd da xir Iy va sw thwce thi clia ching c6 thé chia xé
thoi gian véi nhau. Mot thue thi don tao ra mot sé khoi. Tap hop tit ca cac khéi ciia mot thwe thi don dworc goi la
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mét lwdi (grid) (xem Hinh 3.b). T4t ca cic ludng cia mot khéi ma thwec thi trén cing mét bd da xi Iy don sé dung
chung tai nguyén ctia bd da xir Iy 6 mot cach binh dang véi nhau. Mdi ludng va mdi khéi dugc cho mdt dinh
danh (ID) dé c6 thé truy dat dén trong qua trinh thuwec thi ctia ludng. Mbi ludng thuc thi mot tap 1énh dwoc goi 1a
hat nhdn (kernel). Cac chi tiét sdu hon vé GPU, doc gia quan tAm c6 thé tham khdo tai liéu [15].

B. TANG TOC KET CHUOI CON TREN CHUOI THO'I GIAN DU'A VAO GPU

Viéc st dung cach ti€p cin GPU la hwéng dén tinh toan song song cac dd do khodng cach DTW dé gidm thiéu chi
phi tinh toan ctia két chudi con trén chudi thoi gian. O Budc 2 cla giai thuat EP-M, sau khi chudi thoi gian T;
dwoc phan doan thanh nhitng chudi con, véi mdi chudi con s trong T; ching ta tim kiém tat ca nhitng chudi con
trung khép véi né bing cach dich chuyén mot ctra sb trwot véi chiéu dai bing chiéu dai clia s doc theo chudi T
mdi 1an dich mot diém (Hinh 4). Cong viéc tim ki€m nhirng cdp chudi con twong tw véi do do DTW nay bao gdom
nhitng tac vu co ban 1a tinh d6 do DTW ctia méi cdp chudbi con va nhirng tac vu co ban nay cé thé dwoc song song
héa nhor vao GPU. Tiép theo, cong viéc tim kiém chudi con twong tw lai dwoc thuc hién trén chudi T; véi chudi T
doéng vai tro 1a chudi ¢6 dinh & vong 13p ngoai va cdng viéc tim kiém nhitng cip chudi con twong tw véi do do
DTW ciing dwgc song song hdéa nho vao GPU. Nhw vay, Giai thuit 1 (xem muc ILE) twong &ng véi buédce 2 trong
gidi thuat EP-M dwoc cai bién thanh phién ban song song héa Giai thuat 2 véi tén goi Subsequence_join_GPU.
Giai thuat 2 goi thu tuc Build_Headlist() dé 1ap danh sach nhirng chudi con trén chudi thoi gian dang xét sé phai
tinh d6 do DTW truc tiép dén chudi con truy van s.

Giai thuit 2: Subsequence_Join_GPU (T4[1.. n1], Tz[1.. nz], th)
Input: T; va T 1a hai chudi thi gian d3 dwoc phan doan;
th 1a nguwdng khoang cach dwoc cho.
Output: Hai tap S; va S; chita nhitng cip chudi con trung khép tim thly
1. for méi chudi con s rut trich tir T; trong Buéc 1 do
Build_Headlist(s, Tz, th, headlist2)
Xem xét tat ca chudi con trong headlist2 néu c6 dd do khodng cach DTW dén s nhé hon th s& dwoc dwa vao
tap két qua T; // qué trinh nay sé dwoc song song hda trén GPU
endfor
2. for mbi chubi con s rut trich tir T, trong Buéc 1 do
Build_Headlist(s, T3, th, headlist1)
Xem xét tit ca chudi con trong headlist1 néu c6 dd do khodng cach DTW dén s nhé hon th sé dwoc dwa vao
tap két qua T: // qua trinh nay sé dwoc song song hoa trén GPU

endfor

Procedure Build_Headlist(s[1.. m], T[1.. n], th, headlist)
Input: T1a mdt chudi thoi gian c6 chigu dai n, s 1a mdt chudi con cé chigu dai m (m < n)
va th 1a mot ngudng khoang cach
Output: headlist 12 danh sich chira nhitng chudi con trong T s& phai tinh d6 do DTW truc tiép dén chudi con s
1 fori=1ton-m+1do
2 segment_of T = chudi con T ism-1
3 if (LB_Keogh(segment_of T, s) <= th) then
4 dwa vi tri cia segment_of T vao danh sach headlist
5 endfor

end Procedure

[1]
(2]
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Hinh 4. So trung chudi con trong gidi thudt EP-M dwa vao GPU

Kién tric Mot Cau Lénh Nhiéu Dir Liéu (Single Instruction Multiple Data - SIMD) cho phép chiing ta trién khai mdi
lwot tinh d6 do khoang cdch DTW dwoc thuc thi song song trén nhiéu phin doan khéc nhau (dwéi ctra s6 truot)
clia mot chudi thoi gian. Cach hién thwc héa tinh toan d6 do khodng cach DTW mot cach song song trén GPU
dwoc thyc hién theo hai phién ban: DTW khong st dung ky thuat can dwéi LB_Keogh va DTW c¢6 st dung ky
thuit cAn duwdi LB_Keogh. Hinh 5 minh hoa tién trinh ctia cach hién thwc phién ban cta giai thuat EP-M dwa vao
GPU trong d6 dé do DTW c6 st dung ky thuat can dwéi LB_Keogh.

( Data Source )

-[ Raw Time Series ]

[ CPU H Normalization |

l-[ Normalized ]

[ CPU H Segmentation |
; —————————————————— -[ Segmented Normalized ]
[ CPU H Lower Bound Pruning |

] Head List J

[ GPU H Matching with DTW |

-[ Matched Subsequences ]

( Qutput )

Hinh 5. Hién thyc phién bdn ctia gidi thudt EP-M dwa vao GPU tinh todn dé do DTW cé st dung ky thudt cdn dwdi.

Doi v&i phién ban cta gidi thuit EP-M tinh toan d6 do DTW c¢6 st dung cin dwéi LB_Keogh, trong khi so trung
chudi con, néu cin dwéi clia chudi con truy van véi mot chudi con ndo dé 1émn hon nguéng khoang cach th, ching
ta c6 thé bo qua viéc tinh toan khoang cidch DTW ciia cip chudi con ndy. Sau khi phan doan chudi thoi gian Tj,

7 X X 9 a 2 7. e 2 z X pa z N X by A 2 ~
v&i moi chudi con s cia T;, ching ta phai so s v&i tat ca cac chuoi con rit trich tir chudi T, dwa vao mét clra s6
trwot, néu bat ky chudi con sz ndo trong cac chudi con nay théa diéu kién can dwéi (LB(s, s2) < th), thi ching ta sé&
lwu vi tri ctia sz vao danh sach c6 tén headlist. Cong viéc nay dwoc thé hién & thid tuc Build_Headlist().

Hinh 6 minh hoa vai tro cta danh sach headlist dung dé lwu vi tri ctia tit cd nhitng chudi con ma ching ta phai
tinh d6 do khodng cach DTW giita n6 véi chudi con truy van.

R6 rang 12 véi chudi con truy van q cé chiéu dai m va chudi thoi gian T c6 chiéu dai n, thi téng s6 phan tir trong
headList thwong nho hon n - m + 1 kha nhiéu khi ta 4p dung phién ban tinh d6 do DTW v&i k§ thuit cin dwdi.
Trong trwdng hop chiing ta 4p dung phién ban tinh d6 do DTW khéng dung k§ thuit cin dwdi, thi téng s6 phan
tlr trong headList bing dung n - m + 1. Cha y ring chiéu dai cla headlist s& d&nh huédng dén tinh hitu hiéu cta
cach hién thuc dwa vao GPU cia giai thuat EP-M. Piéu nay ham y ring viéc c6 st dung ky thuat can dwdi hay
khong trong gidi phap phin mém cta giai thuit EP-M sé anh hwdng dén hiéu nang cta viéc van dung gidi phap
phin clirng dwa vao GPU cho giai thuét nay.
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Chiso
Chudithoigian |0 (1{2(|3[4|5[6|7[8]9] ...
HeadList |1|3|4[6/[8|9|...|k|k+1] ...

Hinh 6. Headlist nhw Id mét danh sdch chiva vi tri ctia cdc chudi con

Cong viéc so trung chudi con trong giai thuat EP-M (tirc 1 trong cac vong lap trong clia Buéc 2 trong giai thuat
EP-M) c6 thé dwoc thuc thi song song trén GPU theo cach thirc nhw sau. Mdi ludng (thread) truy dat dén mot
phén doan ké ti€p nhau véi chiéu dai ctra s trwot (twong &ng véi mot phin ti trong headlist) dé kiém tra xem
né cé twong tw véi chudi con truy van hay khong. Néi mot cach khac, mdi ludng ciia GPU phai tinh mét dd do
khoang cadch DTW thuc sy gitta mot cip chudi con. Pidu nay c6 nghia 1a mdi ludng ctia GPU phai lam viéc trén
mdt ma tran xoan dwgc dinh nghia b&i mét cap chudi con nhw minh hoa & Hinh 2. Do d6, s6 ludng dwoc stt dung
trong coéng viéc nay bang v&i s6 phin tir trong headlist, ma length(headlist) <n - m + 1.

Khac v&i cach tinh todn tuan tw trén CPU, thiét bi GPU c6 thé 1am viéc véi bd nhé dung chung cia GPU. Do d6 sw
hién thwc héa dwa vao GPU ctia cong tac tinh todn do do DTW bao gom ba bwéc chinh: (i) CPU chép dit liéu sang
bd nh& ctia GPU, (ii) CPU goi hat nhan (kernel) GPU dé khdi dong viéc tinh todn trén GPU va (iii) CPU chép dir
liéu két qua tir GPU vé CPU.

Trong buéc thir nhit clia ba buéc néu trén, CPU chép nguyén chudi thoi gian sang bd nhé GPU. Néu chudi thoi
gian nay dai hon b nhé ctia GPU, CPU tach chudi nay thanh nhiéu 16 va xt Iy méi lan mot 16. Trong bwéc thir hai,
CPU goi hat nhan tai GPU. Mdi ludng hat nhan 1am viéc véi mot chudi con cu thé tai ctra s6 trugt dé tinh toan do
do khoang cach DTW thuc sv gitta chudi con nay véi chudi con truy van (xem Hinh 4). Cudi cung tai bwéc thi ba,
khi tat ca cac ludng két thic, CPU chép tat cd cac khoang cich DTW dworc tinh ma dwoc lwu tai mdt mang trong
b6 nhé ciia GPU vé bo nhé ctiia CPU.

Khi bat ddu mot Ian tinh khodng cach DTW, cac ludng hat nhan chép mat chudi con truy van cu thé tir bd nhé toan
cuc sang bd nhé dung chung (shared memory) cia GPU. C4u tric di liéu noi tai dé€ tinh todn d6 do DTW khong
nhat thiét phai 12 mét ma trdn m x m ma 1a mdt mang goém hai vector cot c6 kich thuwéc m. Digu nay 1a do khi 4p
dung quy hoach dong dé tinh @6 do DTW giita hai chudi con cé cting d6 dai, méi lwot 13p ctia vong lap ngoai clia giai
thuat chi lién quan dén hai cot k& cin nhau trong ma tran xodn. Nhw vay, nho vao sy 1é thudc dit liéu gitta hai cot
lan can, ching ta chi cAn dung mo6t mang gdm hai vector cot 1a da dé hd tro cho viéc tinh toan dd do khoang cach
DTW truec tiép. Hai vector cot nay thich hgp dé dwoc lru tai bd nhé ding chung khi chiéu dai chudi con m thwdong
nhd. Véi tit ca nhirng dit liéu da c6 tai chd nhu vay, viéc tinh todn d6 do DTW sé dwoc thuwc hién. Mdi ludng sé luu
khodng cich DTW dwoc tinh vao mét mang toan cuc ma duwgc danh chi sé theo ID ctia lubng.

IV. THU'C NGHIEM

Chting tdi thirc nghiém cac phwong phap d8i sanh trén nim bd dit liéu mAu d€ so sanh hiéu ning clia cAc phwong
phap vé phwong dién d6 hiru hiéu thi gian. CAc phwong phap d6i sanh dwoc 1ap trinh bang ngdén ngit C# va
CUDA v&i moi trweong Microsoft Visual Studio 2017. Cac thwe nghiém ddi véi cac phién ban song song dwoc tién
hanh trén nén tang GPU (NVIDIA TESLA P100 PCIE 16GB). CPU dwgc dung c6 cdu hinh Intel® Xeon® Silver
4114, 40 cores, 2.2GHz, RAM 200 GB. M6t vai thong s6 cia GPU TESLA P100 dwoc cho nhw sau. S6 b da xr ly
Streaming Multiprocessors (SMs) 1a 56; s6 16i CUDA 1a 3584; kich thwéc bo nhé 1a 16 GB; va bang thong bo nhé
la 720 GB/sec.

A. CACBO DU’ LIEU MAU VA CAC GIA TRI THAM SO

Cac thuc nghiém dwoc tién hanh trén ndm bd dit liéu mau tai vé tir thw vién di liéu chudi thoi gian cda tredong
bai Hoc California Riverside (The UCR Time Series Data Mining Archive [17]). Tén goi va chiéu dai cta tirng bo
dir liéu miu dwoc liét ké nhw sau. Power (35450 diém dit liéu), Koski-ECG (144002 diém dir liéu), Chromosome
(999541 diém dir liéu), Stock (2119415 diém di liéu), EEG (10957312 diém dir liéu). Nhitng bd dir liéu nay tir
nhitng lanh vyc rng dung khac nhau: y khoa, tai chinh va cong nghiép.

Vi két chudi con phai lam viéc trén hai chudi thoi gian ¢c6 mot mirc d6 twong tw véi nhau, cling giéng nhuw &
nghién ctru [4], trong nghién ctru nay, chdng tdi cAn mot phwong phap dé tao ra mot bd dir liéu tdng hop T tir bd
dit lidu chudi thoi gian T;. Bo dit lidu tong hop dugc tao ra bang cach ap dung qui tic sau day:

6

. X

Xi=Xi.1 1 |Xi1 - €| véi Ezh
6
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Trong cdng thirc trén, + hay - dwoc chon mdt cach ngiu nhién. Bo dir liéu téng hop dwoc tao ra sau khi bo dir
liéu twong Gng da dwoc chuidn hoéa.

Trong nghién cru nay, chung téi 4p dung heuristic sau diy d€ xac dinh gia tri cho hé sd nén R, mdt thong s6 cho
phwong phap diém cuc tri quan trong. Cho SD 1a d6 1éch chuén clia chudi thoi gian. Ching t6i chon R bing 1.5 *
SD. Nhu viy R thay d6i theo tirng b dit liéu. Bang 1 théng ké chiéu dai cia phin doan d4u tién dwoc rat trich tir
mdi chudi thoi gian mau.

Bang 1. Chiéu dai ctia phan doan ddu tién dworc rut trich tte méi chudi thoi gian méu

Bo dit liéu Power | ECG | Chromosome | Stock | EEG
Chiéu dai chudi con 201 101 | 51 11 201

Doi véi thong s6 ngwdng khodng cach th trong giai thuit EP-M, ching tdi chon tri cho théng s6 nay tuy thudc vao
dic diém clia tirng bd dir liéu mau va chon théng s nay thong qua thwc nghiém.

B. KET QUA THU’C NGHIEM

Trong cac thyc nghiém, ching tdi so sanh thaoi gian thyc thi cia nam phién ban hién thyc giai thuat EP-M:
mot phién ban tuin tw va bon phién ban song song dwa vao GPU véi cac tén goi nhw sau:

UCR_DTW (phién ban tuin tw ctia EP-M c6 str dung bé k§ thudt UCR-DTW khi tinh d6 do DTW)
pDTW (phién ban song song dwa vao GPU ctia EP-M st dung cach tinh d6 do DTW truec tiép)
pDTW_SC (phién ban song song dwa vao GPU ciia EP-M c6 két hop dai Sakoe-Chiba khi tinh d6 do DTW)
pDTW_LB (phién ban song song dwa vao GPU ctia EP-M c¢6 két hop ki thuét can dwéi LB_Keogh khi tinh
do do DTW)

e pDTW_LBSC (phién ban song song dwa vao GPU ciia EP-M c6 két hop dai Sakoe-Chiba va kj thuat cin

dwéi LB_Keogh khi tinh d6 do DTW).

Chu y rdng UCR_DTW la phién ban tuan tw cta EP-M ma str dung c4c giai phap phan mém t&t nhat khi tinh d6 do
DTW va pDTW_LBSC la phién ban song song cia EP-M ma két hop ky thuit ting téc dwa vao GPU véi hai ki
thuit phin mém rit hitu hiéu khi tinh toan d6 do DTW: dai Sakoe-Chiba va ky thuat cin dudi LB_Keogh. C6 hai
phién ban song song ctia EP-M ma c6 st dung k§ thuét cin dwéi LB_Keogh la pDTW_LB va pDTW_LBSC.

Trong cac thwc nghiém, chiing t6i tap trung vao viéc do dac thoi gian thyc thi cda nam phién ban cia giai thuit
EP-M trén nim bé dit liéu mau.

Thoi gian thwe thi thay déi theo tirng bd dit liéu, chiéu dai ctia tirng b dit liéu va tirng phién ban cta giai thuit
EP-M. Bang 2 cho thdy thoi gian thyc thi la mot ham cda chiéu dai cta bo dit liéu. Tir két qua thwc nghiém trong
Bang 2 chung ta c6 thé thiy pDTW_LB_SC la phwong phap hitu hiéu nhit trong bon phwong phap dwa vao GPU
dé ting tdc qua trinh két chudi con trén chubi thoi gian. Hiéu niang cao cta phién ban pDTW_LBSC cho thiy sw
két hop gitra ki thuat ting tdc dwa vao phin cirng véi cac gidi phap phin mém dwoc wa chudng c6 thé dem lai do
hitu hiéu vé thoi gian cao hon 1a chi sir dung ky thuét ting tdc dwa vao phin cing.

Bang 2. Thoi gian thwc thi (tinh bdng phtit) ctia b6n phién bdn song song héa ciia EP-M dwa vao GPU

A 1o Tia o 1 Phwong phap
BO dirliéu Chidudai 1= 5 T DTW SC | pDTW LB | pDTW LBSC
Power 10,000 | 0332 | 0.317 0.326 0312
25000 | 5.142 | 4.770 3.645 3.412
35450 | 11.906 | 11.066 | 8.405 7.849
Ecg 10,000 | 0380 | 0.363 0.232 0.223
25000 | 5.644 | 5.242 2.065 1.943
50,000 | 29.142 | 27.157 | 10.033 9.709
Chromosome | 10,000 | 0.186 | 0.180 0.132 0.130
25000 | 2477 | 2.312 0.436 0.423
50,000 | 12.737 | 11.908 | 1.088 1.074
Stock 10,000 | 0.224 | 0.216 0.143 0.140
25000 | 3.480 | 3.241 0.952 0.918
50,000 | 18480 | 17.246 | 1.788 1.737
Eeg 10,000 | 0.133 | 0.131 0.163 0.157
25000 | 1.237 | 1.172 0.869 0.842
50,000 | 6.144 | 5.809 3.531 3.432
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Bang 3 thdng ké hé sd tdng tdc (speed-up rate) clia phién ban song song pDTW_LBSC so v&i phién ban tuin tw
UCR_DTW trén nim bd di liéu. Tir két qua thwc nghiém trong Bang 3, chiing ta c6 thé thiy trung binh, phién ban
song song pDTW_LBSC thwc thi nhanh gdp 13 I4n so v&i phién ban tuin tw UCR_DTW.

V. KET LUAN

Trong nghién ctru trwéc day [4], giai thuat EP-M két chudi con trén chudi thoi gian véi do do DTW da dwoc deé
xuit. Mic du giai thuat EP-M twong ddi hiru hiéu, gidi thuat ndy van can dwoc cai tién hon nira vé d6 hitu hiéu
tinh toan dé né c6 thé thich &ng véi nhitng treong hop 1lam viéc véi chudi thei gian kha 16m. Bai bao nay trinh
bay céch ti€p cin dwa vao GPU dé ting tdc viéc tinh todn d6 do khoang cdch DTW va nho d6 gidm thiéu dwgc
téng chi phi thwc thi khi két chudi con trén chudi thoi gian bang giai thuat EP-M. Trong giai thuat song song dua
vao GPU nay, chung t6i phan b6 mot ludng (thread) phu trach viéc tinh todn d6 do DTW giita mébi cip chudi con
trong qua trinh so trung chudi con.

Béng 3. Thoi gian thuc thi (tinh bdng phiit) ctia phién bdng tudn tw cé str dung UCR-DTW va phién bdn song song pDTW_LBSC
cting véi do tdng téc gitka hai phién bdn trén méi bo dir liéu

Bo dir liéu oa e Phwong phap
Chiu dal e S Tww | pDTW LBSC P tang toc
Power 10,000 6.975 0.312 22.355
25,000 42.605 3.412 12.486
35,450 83.551 7.849 10.644
Ecg 10,000 4.373 0.223 19.609
25,000 28.378 1.943 14.673
50,000 94.195 9.709 9.698
Chromosome 10,000 1.588 0.130 12.125
25,000 4.855 0.423 11.477
50,000 9.828 1.074 9.150
Stock 10,000 1.74 0.140 12.428
25,000 14.923 0.918 16.255
50,000 24.719 1.737 14.230
Eeg 10,000 1.476 0.157 9.401
25,000 9.198 0.842 10.923
50,000 29.874 3.432 8.704

Két qua thuc nghiém véi nam bd dir liéu mau cho thdy viéc tinh toan do do khoang cdch DTW c6 sir dung dai
Sakoe-Chiba va ky thuit cdn dudi LB_Keogh trong giai thuit EP-M trén nén tang GPU dem lai mét sw ting téc
nhanh 1én gdp 13 I4n so véi phién ban EP-M trén CPU ma c6 st dung bo ky thudt UCR-DTW khi tinh toan dé do
DTW. Nhitng két qua thwc nghiém nay ham y rdng ching ta nén két hop nhitng k§ thuat phan mém dwoc wa
chudng véi ki thuat song song hdéa dwa vao GPU d€ cai thién do6 hitu hiéu tinh toan ciia phwong phap két chudi
con nay.

Trong twong lai, ching t6i dw dinh hién thyc giai thuat EP-M trén méi tredng song song va phan tan nhw Spark
hoZc MapReduce ([18], [19]) dé xem giai thuit nay c6 thé dwgc cai tién nhiéu hon vé d6 hitu hiéu khi so sanh véi
cach song song hoa dya vao GPU hay khong.
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ACCELERATING DYNAMIC TIME WARPING SUBSEQUENCE JOIN IN TIME
SERIES WITH GPUS
Lam Truong An, Duong Tuan Anh

ABSTRACT— Subsequence join over time series is one of important time series data mining tasks. Here we utilize an
efficient subsequence join method which is based on dynamic time warping (DTW) distance and segmentation. Given DTW’s
usefulness, there has been a large effect from research community to overcome its high computational cost. Proposed
software speedup techniques for DTW computation in time series data mining include early abandoning, lower-bound based
pruning and indexing. However, besides state-of-the art software solutions, we should turn to hardware-based solutions to
improve further the efficiency of the current method. In this work we design and evaluate a hardware-based solution,
Graphics Processing Unit (GPU), to accelerate our subsequence join method by applying parallelism. The experimental
evaluation on several datasets shows the high efficiency of the proposed GPU-based method for time series subsequence
join.

Keywords — time series, subsequence join, dynamic time warping, segmentation, GPU.
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