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Abstract

Time series classification is an important task in sensor monitoring, healthcare,
industrial diagnosis and financial analytics. Besides models that directly process one-
dimensional sequences, transforming time series into two-dimensional images allows
convolutional neural networks to exploit spatial patterns from encoded signals. This study does
not propose a new time-series imaging transform, instead, it provides a controlled and
reproducible comparison of four common two-dimensional representations, namely Gramian
Angular Field, Markov Transition Field, Recurrence Plot and short-time Fourier transform
images, using the same lightweight convolutional neural network. A 1D-CNN was used as the
direct baseline. Experiments were conducted on five public datasets from the UCR Time Series
Archive, including Coffee, ECG200, FordA, GunPoint and Wafer. The main experimental
setting used an image size of 64 x 64, 50 training epochs, a batch size of 32 and three random
seeds. Repeated runs under the same seed were averaged before final aggregation to improve
result stability. The results show that no two-dimensional representation was consistently
superior across all datasets. The 1D-CNN baseline achieved the highest overall average
accuracy and Macro Fl-score, reaching 74.57% and 62.70%, respectively. Among the two-
dimensional representations, Recurrence Plot obtained the best average performance, with
71.88% accuracy and 59.20% Macro Fl-score, and achieved the best results on FordA and
Wafer. Although the Light 2D-CNN configurations used fewer trainable parameters than the
ID-CNN baseline, they required longer average training time. These findings indicate that
time-series imaging can be useful for datasets with recurrent or dynamical structures,; however,
representation selection should depend on signal characteristics, model complexity and
deployment constraints.

Keywords: convolutional neural network, Gramian angular field, lightweight model,
recurrence plot, time series classification.

Tém tit

Phén loai chudi thoi gian la bdi todn quan trong trong gidm sdat cam bién, y té, cong
nghiép va phan tich dit liéu tai chinh. Bén canh hiedng xir Iy triee tiép chudi mot chiéu, chuyén
doi chudi thoi gian thanh anh hai chiéu cho phép mang no-ron tich chdp khai théic cau tric
khéng gian cia tin hiéu. Nghién ciru nay khéng dé xudt mét phép bién doi anh méi, ma tdp
trung xdy dung mét khung so sanh cé kiém sodt va cé kha néng tdi ldp giita bon ky thudt biéu
dién anh hai chiéu phé bién, gom Gramian Angular Field, Markov Transition Field, Recurrence
Plot va anh phé thoi gian - tan sé dwa trén bién doi Fourier thoi gian ngdan. Cdc biéu dién anh
dwege dwa vao cing mét kién tric Light 2D-CNN, trong khi mé hinh 1D-CNN dugc dimg lam
doi chieng voi chudi géc. Thuc nghiém dwoc tién hanh trén nam bé dir liéu thuéc UCR Time
Series Archive, gom Coffee, ECG200, FordA, GunPoint va Wafer. Thiét ldp thuc nghiém sir
dung anh ddu vao 64 x 64, 50 vong hudn luyén, kich thwéc 16 32 va ba gid tri khéi tao ngdu
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nhién; cac lan chay ldp trong ciing mot seed duge ldy trung binh trude khi tong hop. Két qua
cho thdy khong co ky thuqt biéu dién hai chiéu nao vueot tréi trén moi bo dir liéu. M6 hinh 1D-
CNN dat hiéu nang cao nhat véi dé chinh xdac 74,57% va Macro Fl-score 62,70%. T rong nhom
biéu dién hai chiéu, Recurrence Plot dat két qua 16t nhdt véi do chinh xac 71,88% va Macro
Fl-score 59,20%, dong thoi dat hiéu qud cao nhat trén FordA va Wafer. Méc dii cdc mé hinh
hai chiéu nhe ¢6 s6 tham s6 thap hon 1D-CNN, thoi gian hudn luyén lai dai hon. Két qua cho
thdy biéu dién anh hai chiéu ¢ thé hitu ich véi dit liéu c6 céau triic lap hoac dong luc hoc,
nhung can dwoc lea chon theo dic diém tin hiéu, dé phitc tap mo hinh va rang buoc trién khai.

T khéa: biéu dién dnh hai chiéu, chudi thoi gian, mang no-ron tich chdp nhe, phan loai,
Recurrence Plot.

1. Giéi thiéu

Dit liéu chudi thoi gian mat chiéu xuét hién phé bién trong nhiéu linh vuc nhu cam bién,
y té, cong nghiép, mang may tinh va tai chinh. Bai toan phan loai chudi thoi gian nham gan
nhan cho toan b chudi dya trén dic trung hinh dang, xu hudng, trang thai chuyén tiép hoic
mau lip cia tin hiéu. Tuy nhién, day la bai toan khé do dit liéu thuong nhiéu, 1éch pha, mét can

béng 16p, $6 lugng mau han ché va c6 su khac biét 16n gitra cac mién ung dung [7], [9].

Trong nhitng ndm gan diy, mang no-ron tich chap di duogc tmg dung hiéu qua cho phin
loai chudi thoi gian nhd kha ning tw dong hoc dic trung cuc bd va téng hop dac trung theo
nhiéu tang. C6 hai huéng tiép can chinh: xir Iy truc tiép chudi mot chiéu bang 1D-CNN hodc
chuyén d6i chudi thanh anh hai chiéu dé khai thac 2D-CNN. Hudng thir hai ¢6 tiém ning vi tan
dung duogc céac k¥ thuat xir Iy anh, nhung hiéu qué phu thuoc manh vao cach biéu dién dit liéu

dau vao.

Mot s6 ki thuat biéu dién anh hai chiéu tiéu biéu gom Gramian Angular Field (GAF),
Markov Transition Field (MTF), Recurrence Plot (RP) va Short-Time Fourier Transform
(STFT). Céc k¥ thuat nay duoc lwa chon vi dai dién cho bdn cach mi hoa bd sung ciia chudi
thoi gian: quan hé hinh hoc giita cac diém thoi gian, x4c suat chuyén trang thai, cdu tric tai xuat
hién va dic trung thoi gian - tan s6 [1], [2], [3]. Cac nghién ctru gan day tiép tuc cho thiy hudng
time-series imaging duoc tng dung trong nhiéu bdi canh cam bién, y sinh, k¥ thuat va du béo,
nhung hi€u qué con phu thuéc manh vao biéu dién dau vao, kién traic CNN va dic diém b dit
liéu [10], [12], [13]. Vi vay, can c6 thue nghiém so sanh trong cing diéu kién mé hinh dé danh
gi4 biéu dién nao phu hop hon véi timg loai dit lidu.

Bén canh d6 chinh xac, chi phi mé hinh ciing 13 yéu t6 quan trong trong cac tng dung
thyc té. Cac md hinh sau hodc ensemble thuong dat hiéu qua cao nhung kho trién khai trong

moi trudng tai nguyén han ché. Do d6, nghién ctru nay st dung kién tric Light 2D-CNN nham
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danh gia hi¢u qua phan loai cua cac bi€u dién anh hai chiéu trong di€u ki€n mo hinh gon nhe,

de tai lap va c6 so tham so thap.

Tir cac phén tich trén, bai bao dit ra cau hoi nghién ctru: trong cing mét kién trac mang
tich chap nhe, cac ki thuat biéu dién anh hai chiéu tir chudi thoi gian mét chiéu khac nhau nhu
thé nao vé hiéu qua phan loai va chi phi mé hinh? Nghién ctru so sanh bdn ky thuat GAF, MTF,
RP va STFT trén nam bo dir liéu UCR gém Coftee, ECG200, FordA, GunPoint va Wafer. Cac

két qua duoc d6i chiéu véi mo hinh 1D-CNN xtr Iy truc tiép chudi gbc.

Bai toan nghién ctru dugc xem xét trén tap gém N mau chudi thoi gian mot chiéu, moi
mau X; = (X1, X2, ..., X) ¢6 nhan y; thudc C 16p. Muc tiéu 1a hoc ham anh xa tir chudi dau vao
sang phan bd xac suat trén cac 16p dé dy doan nhan cho toan bd chudi. Pham vi thyc nghiém
gidi han & chudi thoi gian don bién nham kiém soat 1 tac dong ciia k¥ thuat biéu dién dau vao.

bong gop chinh cua bai bdo khong nam & viéc dé xuit mot phép bién d6i mdi, ma & viée
1am 16 gia tri thyc nghiém cia cac biéu dién anh hai chiéu trong mot bdi canh so sanh thong
nhat. Cu thé, bai bao: (i) hé thong hoa va lun giai vai trd cia bén nhém biéu dién GAF, MTF,
RP va STFT; (ii) x4y dung khung thuc nghiém so sanh cong bang giira cac biéu dién hai chiéu
trén cung kién trac Light 2D-CNN va mét mo hinh 1D-CNN d6i chimg; (iii) danh gia dong thoi
d6 chinh x4c, Macro F1-score, s6 tham s va thoi gian huan luyén; va (iv) rat ra ham y Iya chon
biéu dién theo dic diém tin hiéu thay vi mic dinh rang chuyén doi sang anh hai chiéu ludn cai

thién hiéu ning.
2. Phuong phap nghién ctru
2.1. Pham vi nghién ciru va gia thuyét

Nghién ctru tap trung vao bai toan phan loai chudi thoi gian don bién. Viéc gii han o dit
liéu don bién gitp kiém soat rd hon anh hudng cua ki thuat biéu dién dau vao, dong thoi bao
dam tinh nhat quan khi so sanh gifta cdc phuong phép. Cac bd dir liéu dugc lya chon tr UCR
Time Series Archive, mot kho dir liéu chuan duoc st dung rong ri trong cong ddng nghién ciru

phan loai chudi thoi gian [7].

Trong pham vi bai bao, dit liéu dau vao duoc xtr Iy theo hai huéng. Hudng tht nhét gt
nguyén chudi thoi gian mot chidu va dua truc tiép vao moé hinh 1D-CNN, dong vai tro ddi
chimg. Huéng thir hai chuyén d6i chudi thoi gian thanh anh hai chidu bang GAF, MTF, RP va
STFT, sau d6 st dung cung kién triic Light 2D-CNN dé phan loai. Cach thiét ké nay giup tach
riéng anh huong cua ki thuat biéu dién khoi anh hudéng cia kién trac mé hinh.
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Dbi véi dit liéu chudi thoi gian da bién, hudng tiép can trong bai bao c6 thé duge mé rong
bang cach chuyén mdi bién thanh mot kénh anh riéng, ghép nhiéu biéu dién thanh anh da kénh
hozc hop nhat dic trung gitra cac bién & cac tAng sau ciia mang. Cac mé rong ndy chua duoc
thue nghiém trong bai bao hién tai dé giir thiét ké nghién ctru tip trung vao tac dong cua biéu
dién hai chiéu d6i v6i chudi thoi gian mot chiu.

Tir pham vi nghién ctru trén, bai bao dat ra ba gia thuyét chinh. Thi nhét, biéu dién anh
hai chiéu ¢ thé hd trg mo6 hinh 2D-CNN hoc tdt hon véi dit liéu ¢ ciu trac 1ap, quan hé dai
han hoic bién d6i tan s6 rd rét. Th hai, ID-CNN c6 thé 1a dbi chimg manh khi thong tin thir
tu cuc bo cua chudi gdc dong vai trd quyét dinh. Thir ba, kién trac tich chap nhe, dic biét 1a
tich chap tach biét theo chiéu siu, c6 thé giam sb tham s6, nhung hiéu qua thuc té can dugc

danh gia dong thoi voi do chinh xac, Macro Fl-score va thoi gian hudn luyén.
2.2. Cac ky thuit biéu dién anh hai chiéu tir chudi thoi gian mot chiéu

Trong nghién ctru nay, bon k¥ thuat biéu dién anh hai chiéu tir chudi thoi gian mot chiéu
duoc sir dung dé so sanh, gdm GAF, MTF, RP va STFT. Viéc lua chon bdn k¥ thuat nay dua
trén ba tiéu chi: mirc do pho bién trong cac nghién ciru ma hoa chudi thoi gian thanh anh, kha
nang dai dién cho cac nhom déc trung khéc nhau ctia tin hiéu va tinh kha thi khi trién khai bé“mg
cac thu vién thong dung. Cac k¥ thuat nay déu chuyén chudi thoi gian thanh ma trdn hodc anh

hai chiéu, nhung mdi phuong phap nhdn manh mét dic trung khac nhau cua tin hiéu.

GAF mai hoa chudi thoi gian da chuan hoa vao hé toa do cuc, sau do xay dung ma tran
Gramian dé biéu dién quan h¢ goc giita cac diém thoi gian. Phuong phap nay c6 wu diém 14 bao
toan thong tin trat tu thoi gian va tao ra cau triic anh phi hop cho mang tich chap hai chiéu [1],

2]

MTEF biéu dién chudi thoi gian thong qua xac suat chuyén trang thai. Chudi duoc luong
tor hoa thanh céc trang thai roi rac, sau do ma tran chuyén trang thai Markov dugc anh xa 1én
cac cap thoi diém dé tao thanh anh hai chiéu. Biéu dién nay phu hop véi dit liéu ¢ dic trung
chuyén trang thi rd rét, chang han tin hiéu van hanh thiét bi hodc dit liéu y sinh [1].

RP mo ta s tai xuat hién ctia cac trang thai trong khong gian pha bang cach danh gia murc
d6 tuong ddng gitra cac vector trang thai tré. Do d6, RP phu hop vdi céc tin hiéu co tinh lip,
tinh chu ky hodc cu trac déng luc hoc phi tuyén [3].

STFT tao anh mién thoi gian - tin sd bang cach chia tin hiéu thanh cac ctra s6 ngin va
phan tich thanh phén tin sb trong timg ctra s6. Phuong phap nay phu hop véi cac tin hiéu co
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thanh phan dao dong thay ddi theo thoi gian, nhu 4m thanh, rung dong may méc hodc tin hiéu
dién sinh hoc. Tuy nhién, hiéu qua ctia STFT phu thudc vao kich thude cira s6, d6 chdng lan,

do phan giai anh va cach chuan hoa pho.

Nhin chung, GAF nhin manh quan hé hinh hoc giita cic diém thoi gian, MTF tap trung
vao quy luat chuyén trang thai, RP biéu dién cdu tric tai xuat hién cua trang thai, con STFT
1am ndi bat sy bién ddi tin sb theo thoi gian. Sy khac biét nay 1a 1y do bai bao khong lua chon
mot biéu dién duy nhét, ma so sanh dong thoi bén huéng ma hoa dé xem biéu dién nao phu hop
hon véi tirng loai dit li€u. Trong cai dat thuc nghiém, thu vién pyts dugc st dung dé tao céc

biéu dién GAF, MTF va RP [8].

Bing 1. So sanh khéi quat cac ky thuat biéu dién anh hai chiéu tir chudi thoi gian mot chiéu

KV thuat Théng tin dwec nhin manh Uu diém Han ché cin kiém soat

GAF/GASF/GADF Quan h¢ goc va tuong quan Gilr trat ty thoi gian, anh c6 Nhay v6i chuan hoa va kich
gitta cac thoi diém cau tric rd thudc anh

MTF Xac su'at c,huy_?n trang thai gita  Phu l}op _(iu liéu co trang thai Phy thudc s mitc luong tir hoa
céc mire tin hiéu ) chuyén ticp .

RP Mau lgp lai va tinh tai xuat Tot cho tin hi¢u chu ky hoéc Can chon ngudng va
hién cua trang thai . dong Iuc hoc embedding hop 1y .

STFT Néng lugng theo thoi gian -tan  Tot vai tin hi¢u dao dong, am Phu tl}uéc lgl'ch thudc cira so,
SO thanh, rung déng d6 chong lan va do phan giai

2.3. Kién triic md hinh phin loai

2.3.1. Mang 1D-CNN doi chiing.

Mang 1D-CNN duoc sir dung 1am mé hinh di chirng nham danh gia hiéu qua cua viéc
hoc dic trung tryc tiép tir chudi thoi gian gdc, khong qua budce chuyén doi sang anh hai chiéu.
M0 hinh nhan dau vao 1a chudi mot chiéu c¢6 kich thuéc T x 1, trong d6 T 1a d6 dai chudi cta
tirng bo dit lidu. Kién triic gdm hai khdi tich chap mdt chiéu, chuan hoa batch, mot 16p gop cuc
dai, mot 16p gop trung binh toan cuc, dropout va tang phan loai softmax. CAu hinh chi tiét ciia

mang 1D-CNN dugc trinh bay trong Bang 2a.

Bing 2a. Céu hinh kién trac mang 1D-CNN dbi ching

TAng/khbi Céhu hinh Muc dich
Input Chudi mt chiéu kich thude T x 1 Nhan tryc tiép chudi thoi gian gbe
Conv1D block 1 Convl1D, 32 filters, kernel size 5, padding same, ReLU Hoc dac trung cuc bd ban dAu trén chudi
Batch Normalization 1 BatchNorm sau 16p Conv1D thir nhét On dinh qua trinh huén luyén
Pooling MaxPooling1D, pool size 2 Giam chiéu chudi va chi phi tinh toan
Conv1D block 2 Convl1D, 64 filters, kernel size 3, padding same, ReLU Hoc dac trung murc cao hon
Batch Normalization 2 BatchNorm sau 16p Conv1D thir hai On dinh phan phéi dic trung
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TAng/khbi Céu hinh Muc dich
Global pooling GlobalAveragePoolingl D Fgfi(?;g hop ddc trmg theo toan bg chicu thdi
Regularization Dropout 0,3 Giam nguy co qua khop
Classifier Dense C, Softmax Phan loai chudi vao C 16p
Téng s6 tham sb 6.914v6i C=2 Déi chiéu v6i cac md hinh Light 2D-CNN

Ghi chii: Voi cac bg dir li¢u nhi phan trong nghién ciu nay, C = 2; té}ag s thamrsox cua mo
hinh 1D-CNN la 6.914, gom 6.722 tham so huan luyén va 192 tham s6 khong huan luyén do
cdc lop Batch Normalization.

Khéc vai Light 2D-CNN, m6 hinh 1D-CNN khong str dung thong tin khong gian tir 4nh
biéu dién hai chiéu ma hoc truc tiép cic mau cuc b trén chudi gbc. Do d6, mo hinh nay dong
vai tro ddi chtng tryc tiép dé danh gia liéu viéc chuyén ddi chudi thoi gian sang anh hai chiéu

c6 thuc su cai thién hiéu qua phén loai trong cung diéu kién huan luyén hay khong.

Muc tiéu ciia nghién ciru khong phai 14 xay dung mé hinh sau hodc t6i uu d6 chinh xac
tuyét d6i, ma la danh gia anh hudng cua cac k¥ thuat biéu dién dau vao ddi véi bai toan phan
loai chudi thoi gian. Vi vdy, mé hinh dugc thiét ké theo hudng gon nhe, d& cai dit, dé tai lap va
¢6 s6 tham s6 nho, nham bao dam viéc so sanh giita cac biéu dién anh hai chiéu dugc cong bang

hon.

Nghién ciru str dung mang no-ron tich chap mot chiéu (1D-CNN) 1am mé hinh ddi chimg
va mang no-ron tich chap hai chiéu nhe (Light 2D-CNN) cho cac biéu dién anh hai chiéu. Light
2D-CNN nhan dau véo 13 anh hai chiéu duoc tao tir chudi thoi gian mot chiéu bang céac ky thuat
Gramian Angular Field, Markov Transition Field, Recurrence Plot va Short-Time Fourier
Transform. Kién trac g@)m mot khoi tich chép hai chiéu chuén, hai khéi tich chép tach biét theo
chiéu sau, tang gdp trung binh toan cuc va ting phén loai softmax. Viéc sir dung tich chap tach
biét theo chiéu sau gitp giam s6 tham s6 nhung van duy tri kha ning hoc dic trung khong gian
tir anh dau vao.

M6 hinh 1D-CNN xtr 1y truc tiép chudi géc ma khong qua budc ma hoa anh. Cac mo hinh
duoc huin luyén trong cting diéu kién vé sé epoch, batch size, bo tdi wu va quy trinh dénh gia

nham han ché sai léch do thiét 1ap thuc nghi¢m.
2.3.2. Mang Light 2D-CNN cho biéu dién anh hai chiéu
Trong thiét 1ap chinh, kich thudc anh déu vao dwgc chuan hoa vé 64 x 64. Kich thude

nay phu hop v6i muc tiéu xdy dung mé hinh nhe, gitp giam chi phi tinh toan, han ché qua khop
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va bao dam kha ning thuc nghiém trén méi trudng tinh toan phd thong. Bang 2b trinh bay kién

trac tong quat cia md hinh Light 2D-CNN dugc sir dung trong nghién ctru.

Nhin chung, kién trac Light 2D-CNN duogc Iya chon nham bao dam su can béng gitra
hi€u qua phan loai va chi phi tinh toan. Vi¢c st dung céc khdi tich chap tach biét theo chiéu sau
gitp giam sd tham sd, trong khi ting gop trung binh toan cuc gop phan han ché overfitting va
lam mo hinh gon hon [5], [6]. Do d6, m6 hinh nay phu hop véi muc ti€u cia nghién ctru 1a danh
gia anh huong cua cac ky thuat biéu dién dau vao trong mot diéu kién mang nhe, dé cai dit va
c6 kha nang tai lap.

Trong nghién ciru ndy, cac siéu tham sd kién trac nhu sé 16p, s6 block, s6 bo loc, kich
thudc kernel va ty 18 dropout duoc giit ¢b dinh cho toan b bo dir liéu. Cach thiét 1ap nay nham
uu tién muyc ti€u so sanh anh hudng cua biéu dién dau vao trong cung mot diéu kién mo hinh,
thay vi tdi wu hiéu nang riéng cho tung b dir liu. Do do, Kkét qua phan anh hi¢u qua cua cac
biéu dién trong mdt cau hinh Light 2D-CNN thdng nhét; viéc hiéu chinh siu hon cac siéu tham

s0 kién truc dugc xem la mdt hudng mo rong.

Bdng 2b. Kién tric dé xuit cho mo hinh Light 2D-CNN

Tang/khoi Ciu hinh dé xuat Muc dich
Inout Anh hai chiéu kich thuéc 64 x 64,1 Nhan biéu dién GAF, MTF, RP hodc
pu kénh anh thoi gian - tn sb

Conv2D 3 x 3, 16 filters,

Conv block 1 BatchNorm, ReLU, MaxPooling

Hoc dac trung cuc bd cép thép

DS block 2 DepthwiseConv2D 3 x 3 + Giam tham sd, hoc dic trung trung
PointwiseConv2D 1 x 1, 32 filters gian
DepthwiseConv2D 3 x 3 + 2 < A
DS block 3 PointwiseConv2D 1 x 1, 64 filers 1 0 hop ddc trung sau hon
Classifier GlobalAveragePooling, Dropout 0,3, Phén loai C 16p va giam overfitting

Dense C, Softmax

3. Cai dat thuc nghiém
3.1. Quy trinh thuc nghiém

Quy trinh thuc nghiém gém cac bude chinh: lua chon bd dit liéu, tién xu 1y dir li€u, chuyén
d6i chudi thoi gian mot chidu thanh anh hai chiéu, huan luyén mé hinh, ddnh gia két qua va
phan tich két qua. Cac bg dir li¢u dugc chon tir UCR Time Series Archive nham béao dam tinh
chuan hoa va kha ning d6i chiéu véi cac nghién ctru trudc vé phan loai chudi thoi gian [7], [9].
Dir liéu duoc kiém tra gia tri thiéu, chuin hoa béng z-score hodc min-max va dua vé dinh dang
dau vao thdng nhat cho mé hinh.

O budc chuyén d6i, mdi chudi thoi gian duoc biéu dién thanh anh hai chiéu bang cac ki
thuat GAF, MTF, RP va STFT. Cac biéu dién GAF, MTF va RP dua trén céac phuong phéap ma
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hoa chudi thoi gian thanh anh da duoc cong bd trude day [1], [2], [3] va c6 thé trién khai bang
thu vién pyts [8]. Dé bao dam so sanh cong bang, toan bd anh dau vao dugc chuin héa vé cliing
kich thuéc. Khi do dai chudi 16n hon kich thudc anh yéu ciu, nghién ciru str dung Piecewise

Aggregate Approximation hodc 1dy mau lai dé giam chiéu dit liéu [11].

Sau d6, md hinh Light 2D-CNN duoc huan luyén trén timg loai biéu dién anh, trong khi
mo hinh 1D-CNN duoc sir dung 1am ddi ching voi chudi gbe. Két qua duoc danh gia biang do
chinh xac, macro Fl-score, sd tham sd, thoi gian huén luyén. Viéc st dung déng thoi d6 chinh
xé4c va macro Fl-score gitip phan anh day da hon hiéu qua phan loai, dic biét trong truong hop
dir lidu c6 kha ning mat can bang 16p [9]. Cach danh gia nay cho phép phan tich mo hinh khong

chi theo @6 chinh xac ma con theo chi phi tinh toan va kha nang trién khai thyc té.

) Tién xir Iy Biéu dién anh Light 2D-CNN Wi 2.0
Ditliéuchudi ID |mp| chuinhéa |mp|2D/GAF/MTF [mp| ID-CNNdsi |mp| 5 Macrord,
e " : S0 tham so0,
cat cura so /RP/STF1 chimg

Thoi gian hun luyén

Hinh 1. Quy trinh thyc nghiém so sanh biéu dién hai chiéu cho phan loai chudi thoi
gian bang mang tich chip nhe

3.2. B0 dir liéu thuc nghiém

Thyc nghiém duogc tién hanh trén nam bo dit liéu thuéc UCR Time Series Archive, gém
GunPoint, ECG200, Coffee, FordA va Wafer, dai dién cho cac mién dix liéu chuyén dong, y
sinh, phd/cam bién, cong nghiép va san xuat ban dan [7]. Bang 3 trinh bay thém tén 16p hodc ¥

nghia nhan dé 1am rd ddc trung phan loai clia timg b dit liéu.

Bdng 3. Danh sach bd dit li¢u st dung trong thuc nghi¢ém

A qm 1eA A o~ qen K qz A Jns e S0 mau
TT B¢ dir liéu Mieén dir li¢u So lop Do dai chuoi train/test
1 GunPoint Chuyén dong 2 150 50/150
2 ECG200 Tin hiéu y sinh 2 96 100/100
3 Coffee Phé/sensor 2 286 28/28
4 FordA Cam biér} cong 5 500 3601/1320
nghiép
5 Wafer San xuét ban din 2 152 1000/6174

Ghi cht: Tén 16p/y nghia nhan cua céac b dit liéu lan luot 14 GunPoint: rut sung / chi tay;
ECG200: binh thuong / thiéu méu co tim; Coffee: Arabica / Robusta; FordA: binh thuong / 1561
dong co; Wafer: binh thudng / bat thuong.

Céc ty 1é train/test trong Bang 3 duoc giit nguyén theo phan chia chuin cia UCR Time

Series Archive, khong phai la két qua tu phan tach lai cua tac gid. Vi vay, mot 6 bo dir lidu
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nhu GunPoint va Wafer ¢6 s mau hudn luyén nhé hon dang ké so v6i s6 mau kiém thu. Viée
gilt nguyén phén chia chuan giup bao dam kha ning so sanh véi cac nghién ciru trude, ddng
thoi tranh nguy co ro ri dir li¢u khi tai chia tap dir licu.

B0 dit liéu Coffee co kich thude rat nho, chi gdm 28 mau hudn luyén va 28 mau kiém thtr,
nén két qua trén bo dir liéu nay can dugc dién giai than trong do nguy co quéa khdp. Dé han ché
rtii ro nay, nghién ctru str dung kién trac gon nhe, Dropout, sé epoch ¢b dinh va danh gia trung
binh trén ba seed. Tuy nhién, bai bao thira nhin rang nim bd dit liéu hién tai chua du dé khai
quat hoa cho toan bd bai toan phan loai chudi thoi gian; cac thyc nghiém trén bd dir licu 16n

hon, bao gom dir liéu kinh té va tai chinh, s& dugc xem xét trong nghién ctru tiép theo.
3.3. Thiét lap thuc nghiém

Thiét 1ap thyc nghiém stir dung dnh dau vao kich thude 64 x 64, toi da 50 epoch, batch
size 32 va ba seed ngiu nhién 42, 2024, 2026. Bé bao dam tinh nhat quan khi tong hop két qua,
cac 1an chay lap trong cing mot seed dugc 1y trung binh trude khi tinh gia tri cudi cing. Céc

b dit liéu duoc str dung theo phan chia train/test chuan do UCR Time Series Archive cung cap.

3.4. Ciu hinh si¢u tham sb ciia cac biéu dién hai chiéu

Dé bao dam tinh nhat quan trong so sanh, cac k¥ thuat biéu dién anh hai chiéu dugc thiét
lap vo1 cung kich thudce anh dau ra 64 x 64 cho toan bd nam bo dit lidu. Céc siéu tham sb duogc
Iira chon theo cdu hinh théng nhat va c6 kha ning tai 1ap, khong tdi wu riéng cho ting bo dir
lidu. Cach thiét 1ap nay giup han ché nguy co thién 1éch do tinh chinh tham s6 theo ting tap dir
liéu cu thé, nhung dong thoi ciing c6 nghia rang két qua thyc nghiém phan anh hiéu qua cta
cac k§ thuat trong mot cdu hinh chung, chua phai 1a hidu nang tdi wu tuyét d6i ctia tmg phuong
phap biéu dién.

Bdng 3a. Cau hinh si€u tham s6 cua céac k¥ thuat bi€u dien hai chiéu

Ky thuat Ham/thw vién sir dung Siéu tham sb chinh Gia tri sir dung trong thwe nghiém  Xir 1y diu ra

GAF QramlapAngularFleld image._size, method }'mage_m_ze T 64; method = A‘nhlduqc chuxen sang float32
tir pyts.image — summation va bo sung chicu kénh.
MTF MarkovTransitionField image_size, n_bins image size = 64 n_bins =8 Anh dugc chuyén sang float32

tir pyts.image va bd sung chiu kénh.

Anh RP duogc resize vé 64 x
64 v6i anti_aliasing = True,
sau d6 chuyén sang float32 va
bd sung chiéu kénh.

RecurrencePlot tir ) St dung cAu hinh mic dinh cua
RP s imace Cau hinh RP pyts; khong dat riéng threshold,
pyts.imag dimension, time_delay trong code.

LAy phé bién do abs(zxx),
resize vé 64 x 64 voi
anti_aliasing = True, sau do
chuyén sang float32 va bd
sung chiéu kénh.

Str dung cAu hinh mic dinh cua
scipy.signal.stft; khong dat riéng
window_size, overlap, n_{fft trong
code.

STFT stft tir scipy.signal Céu hinh STFT
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Céch thiét l4p trén gitip cac biéu din hai chiéu dugc so sanh trong cting mot diéu kién
dau vao ciia md hinh Light 2D-CNN. Tuy nhién, hi¢u nang cia MTF, RP va STFT c6 thé thay
ddi khi diéu chinh céac siéu tham sd nhu sb muc luong tr hoa, ngudng tai xuét hién, kich thudc
ctra s6 hodc do chong 1an. Do d6, két qua trong nghién ctru nay nén duogc hiéu 1a két qua thu
duogc trong mot cAu hinh thuc nghiém thdng nhit va c6 kha ning tai 1ap, chwa phai 13 két qua
sau khi t6i vu siéu tham sb riéng cho timg bo dir lidu. Viéc khao sat anh hudng cua céac siéu

tham s ndy s& dugc xem xét trong cac nghién ctru tiép theo.
3.5. Mi trwomg phan cirng va phin mém

Céc thyc nghiém duogc thyc hién trén Google Colab véi GPU NVIDIA Tesla T4 15.360
MiB, CUDA 13.0, CPU Intel Xeon @ 2.00GHz, RAM h¢ théng khoang 12 GiB va Python
3.12.13. Cac thu vién chinh gé)m TensorFlow/Keras, NumPy, scikit-learn, pyts, SciPy va scikit-
image. Thoi gian hudn luyén trong Bang 5 duoc do trén cing méi truong thuc nghiém, khong
bao gdm thoi gian tai dir liéu, tién xir Iy va chuyén dbi chudi thoi gian thanh anh hai chiéu. Do
Google Colab cap phat tai nguyén dong, thoi gian huin luyén co thé thay doi nhe gitra cac phién

chay.
4. Két qua thwe nghiém va thio luin
4.1. Két qua phan loai theo tirng bd dir liéu

Bang 4 trinh bay két qua phan loai ctia cic md hinh theo hai chi s6 danh gia gdm d6 chinh
xéac (Acc) va Macro Fl-score (F1). Pé thun tién cho viéc d6i chiéu két qua giita cic phuong
phap, mdi mé hinh/biéu dién duoc chia thanh hai cot nho tuong tmg voi Ace va F1. Céc gia tri
dugc tinh trung binh trén ba seed sau khi gop cac lan chay lap trong ciing mot seed. Gia tri tot

nhét trén tung bo dir liéu dugc in dam.

Bing 4. Két qua phan loai theo Accuracy va Macro F1-score (%)

1D-CNN GAF + Light MTF + Light RP + Light STFT + Light
B¢ dir liéu 2D-CNN 2D-CNN 2D-CNN 2D-CNN

Acc F1 Acc F1 Acc F1 Acc F1 Acc F1
GunPoint 59.67 51.09 52.17 38.40 50.11 33.76 55.00 43.20 50.11 33.38
ECG200 77.50 73.21 64.00 39.02 64.00 39.02 65.28 44.75 64.00 39.02
Coffee 52.38 34.35 53.57 34.88 53.57 34.88 52.38 36.51 53.57 34.88
FordA 90.72 90.71 85.42 85.39 88.42 88.38 91.04 91.01 87.54 84.60
Wafer 92.57 64.14 90.74 55.27 79.19 57.04 95.69 80.53 89.21 47.15

Ghi chii: Acc la Accuracy; FI la Macro Fl-score. Cdc gid tri in ddm la két qua tot nhat
theo tirng b¢ dir liéu va tung chi so danh gia.

DOI: https://doi.org/10.65153/2eb69058
Journal of Science and Technology of East Asia University of Technology



https://doi.org/10.65153/geb69058

Tap chi Khoa hoc va Cong nghé Truong Pai hoc Cong nghé Pong A

So sanh Accuracy gilta cac bi€u dién va mé hinh

Accuracy (%)

GunPoint ECG200 Coffee FordA Wafer

BO dir ligu
B 1D-CNN E==1 RP + Light 2D-CNN

B GAF + Light 2D-CNN 34 STFT + Light 2D-CNN
IS MTF + Light 2D-CNN

Hinh 2. So sanh d6 chinh x4c gitra cdic mo hinh va k¥ thuét biéu dién trén nim bd dit liéu

Bang 4, Hinh 2 va Hinh 3 cho thay hiéu qua phan loai ctia cac md hinh theo hai chi s
Acc va F1. Nhin chung, 1D-CNN dat két qua tot trén GunPoint va ECG200, trong khi RP +
Light 2D-CNN ndi bat trén FordA va Wafer. Trén Coffee, cac phuong phap 2D c6 chénh léch
nho gitta Acc va F1, cho théy can danh gia d@)ng thoi ca hai chi sb, dic biét khi dit liéu c6 kha

nang mat can bang 16p.

So sanh Macro F1 gilra cac biéu dién va méd hinh

100 1

80 1

60

Macro F1 (%)

40 1

20 1

GunPoint ECG200 Coffee FordA Wafer

BO dir liéu
N 1D-CNN = RP + Light 2D-CNN

A GAF + Light 2D-CNN >4 STFT + Light 2D-CNN
BN MTF + Light 2D-CNN

Hinh 3. So sanh Macro F1-score gitra cac biéu dien va mo hinh trén nam bo dir licu

4.2. So sanh hi¢u nang trung binh va chi phi mé hinh.

Bang 5 trinh bay hiéu ning trung binh va chi phi huan luyén ciia cac mé hinh. Cac mo
hinh 2D dung chung kién triic Light 2D-CNN nén c6 ctng 3.826 tham sd, thip hon 6.914 tham
s6 ciia 1D-CNN. Tuy nhién, 1D-CNN dat d6 chinh xac va Macro F1-score trung binh cao nhét,
ddng thoi co thoi gian huin luyén ngin hon. Diéu nay cho thiy, trong thiét 1ap thuc nghiém
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nay, s6 tham s6 nho hon khong nhit thiét kéo theo chi phi hudn luyén thap hon khi dau vao

duoc biéu dién dudi dang anh hai chiéu.

Bing 5. Hiéu ning trung binh va chi phi huin luyén cta cac mé hinh

Thoi gian huidn

M& hinh/biéu dién Téng 2‘; tham tﬁi;‘g&"h"(ﬁz) I:fzfl;"bl:;hst,‘,’/:f luyén tr('lsl)ng binh 6 két qui téng hop
1D-CNN 6914 74.57 62.70 17.55 15
GAF + Light 2D-CNN 3826 69.18 50.59 42.56 15
MTF + Light 2D-CNN 3826 67.06 50.62 67.87 15
RP + Light 2D-CNN 3826 71.88 59.20 5836 15
STFT + Light 2D-CNN 3826 68.89 47.81 56.74 15

Trong Béng 5, s6 1an chay duoc tinh sau khi tong hop theo timg bg dit liu va seed. Vi
mdi md hinh/biéu dién, thyc nghiém dugc thyuc hién trén 5 b dir lidu va 3 seed ngiu nhién,
tuong tmg 15 két qua dung dé tinh trung binh. Céc 1an chay lip trong cting mot seed, néu co,

dugc lay trung binh trude khi tong hop.

So sanh sé tham s6 gilra cac mo hinh

7000 -

6000 -+

én

5000 -

4000 - 3826

3000 A

2000 1

S8 tham s6 huan luy

1000 ~

Hinh 4. So sanh sb tham s6 trung binh giita cac mo hinh

Hinh 4 va Hinh 5 tryc quan hoa sy khéc biét gitra s6 tham sd va thoi gian huén luyén cua
cac md hinh. Mic dui cic md hinh Light 2D-CNN ¢6 s tham s6 thip hon 1D-CNN, thoi gian
huén luyén trung binh lai cao hon. Két qua nay cho thdy, trong thiét 1ap thuc nghiém nay, sd
tham s6 nho hon khong nhat thiét kéo theo chi phi huin luyén thip hon, dic biét khi dau vao

dugc chuyén d6i thanh anh hai chiéu.
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So sanh thai gian huén luyén trung binh
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Hinh 5. So sanh thoi gian huan luyén trung binh giita cac mo hinh
4.3. Phuong phap tot nhit cho tirng bd dir liéu

Sau khi so sanh hiéu ning trung binh va chi phi huan luyén, can xac dinh phuong phap
dat két qua tdt nhat trén tung bd dir liéu cu thé. Béng 6 trinh bay mo hinh/biéu dién c6 do chinh

xé4c cao nhat tuong tng véi timg bo dit lidu.

Bdng 6. Phuong phap dat do chinh xac cao nhét theo tung bo dir licu

Boditig  TMUMEBuPGC Do chigh wcdht  MacroFlsore g pham g 56 1in chay
GunPoint ID-CNN 59.67 51.09 6914 3
ECG200 ID-CNN 77.50 73.21 6914 3

Coffee GAF E];;ﬁht 2D- 53.57 34.88 3826 3
FordA RP + Light 2D-CNN 91.04 91.01 3826 3
Wafer RP + Light 2D-CNN 95.69 80.53 3826 3

4.4. Phan tich va thio luin két qua

Két qua thyc nghiém duoc phan tich theo hiéu qua phan loai va chi phi mé hinh. Theo
Bang 5, 1D-CNN dat két qua trung binh cao nhét v6i d6 chinh xac 74,57% va Macro Fl-score
62,70%. Trong nhom biéu dién hai chiéu, RP dat hiéu qua tdt nhat v&i d6 chinh xac 71,88% va
Macro Fl-score 59,20%, tiép theo 1a GAF, STFT va MTF. Két qua nay cho thay chuyén d6i
chudi thoi gian sang anh hai chiéu khong ludn cai thién hiéu ning so véi mé hinh xir 1y truc

ti€p chuoi goc.
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Theo Bang 6, ID-CNN dat két qua t6t nhat trén GunPoint va ECG200, trong khi RP +
Light 2D-CNN ndi bét trén FordA va Wafer. Diéu nay cho thiy hiéu quéa cta timg biéu dién
phu thuoc vao dac diém tin hiéu; RP phu hop véi dir liéu co cAu tric tai xuat hién hodc dong
Iwe hoc 16 rét [3]. V& chi phi, cac mé hinh Light 2D-CNN c¢6 s6 tham s thip hon 1D-CNN
nhung thoi gian hudn luyén trung binh cao hon. Do d6, lya chon biéu dién dau vao can can nhic
déng thoi do chinh xéc, macro Fl-score, s6 tham sd, thoi gian huén luyén va dac diém dit liéu.
Bang 7 tong hop cac ham y chinh tir két qua thuc nghiém.

Céc két qua nay khong nham khang dinh mot ki thuat biéu dién anh hai chiéu 1a tdi vu
cho moi bd dir liéu. Ngugc lai, sy khac biét gitra GunPoint, ECG200, Coffee, FordA va Wafer
cho thay lua chon biéu dién can dua trén cau tréc tin hiéu, quy mo dit liéu, mirc mét can bang
16p va rang budc tinh toan. Pac bi¢t, vdi cac bg dir liéu nhé nhu Coffee, két qua thuc nghiém

nén dugc xem la chi bao ban dau thay vi bang ching khai quat héa manh.

Bing 7. Ham ¥ lya chon phuong phép biéu dién tir két qua thuc nghiém

Nhan dinh tir thwe

< Dién giai Ham y lwa chon
nghiém
1D-CNN dat trung binh ~ Chudi gdc van chira dii thong tin ~ Nén sir dung 1D-CNN lam mb
cao nhat phan biét trong nhiéu trudng hgp  hinh ddi ching bt budc
RP t6t nhit trong nhom Ut tién RP khi tin hiéu c6 cau

bidu dién hai chicu RP i bt trén FordA va Wafer o 12 1 0dc dong lue hoo

Light 2D-CNN c¢ it Céc md hinh Light 2D-CNN c6 Phu hop khi wu tién md hinh gon
tham s hon 3.826 tham s6, thap hon ID-CNN  nhe

Thoi gian huin luyén

L S AN Anbh hai chiéu lam tang chi phi xr  Can can nhac giira s6 tham so va
cua mo hinh hai chi¢u

1y du s6 tham s6 tha thoi gian huan luyén
cao hon y p g ye
Do chinh xadc va macro Mot s6 bd dir li€u c6 kha nang Khoéng nén chi dya vao do chinh
F1-score ¢6 chénh Iéch ~ mat can bang 16p xac khi danh gia

5. Két luan

Bai bao di xdy dung va thuc nghiém mot khung so sanh cac ky thuat biéu dién anh hai
chiéu tir chudi thoi gian mot chiéu cho bai toan phan loai bing mang no-ron tich chap nhe. Cac
biéu dién duoc khao sat gdbm GAF, MTF, RP va STFT; trong d6 Light 2D-CNN duoc sir dung

cho céc anh hai chiéu, con 1D-CNN dugc ding 1am mé hinh d6i ching truc tiép.

Két qua thuc nghiém cho thidy 1D-CNN dat hiéu ning trung binh cao nhét trén cac bo dit
lidu khao sat. Trong nhom biéu dién hai chiéu, RP cho két qua tot nhét, dic biét trén FordA va
Wafer. Diéu nay cho thiy chuyén d6i chudi thoi gian sang anh hai chidu co thé hitu ich trong
mot sd trudng hop, nhung hiéu qua phu thudce vao dic diém tin hiéu va khong nén duoc khai

quat hoa cho moi bai toan phan loai chudi thoi gian. Két qua ciing can duoc hiéu trong gidi han
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cua ndm bg dir liéu UCR dugc khao sat va phan chia train/test chuén cua tung bd dir li¢u; riéng

Coffee c6 kich thudc nho nén chi cung cip bing ching tham khéo ban dau.

Huéng nghién ctru tiép theo 13 mé rong thuc nghiém trén nhiéu bd dir liéu hon, dic biét
cac bo dir lidu 16m va da linh vuc nhu kinh té, tai chinh, cong nghi¢p va y sinh; bd sung kiém
dinh thong ké; bao cdo thoi gian suy luan trén mdi mau; va danh gia anh huong cia cac tham
s6 biéu dién nhu kich thudc anh, sb muc lugng tir hoa trong MTF, ngudng trong RP va ciu
hinh bién do6i thoi gian - tan s6. Dong thoi, can khao sat siéu tham s kién trac Light 2D-CNN
nhu s6 16p, s6 block, sd bo loc, kich thude kernel va dropout. Ngoai ra, nghién ctru co thé dugc
mo rong sang chudi thoi gian da bién thong qua bicu dién dnh da kénh hoic co ché hop nhat

dac trung gitra cac bien.
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