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Abstract. GNSS-RTK satellite positioning technology has been widely applied in structural
health monitoring (SHM) of cable-stayed bridges due to its ability to provide accurate and
continuous displacement data. However, a major challenge is that the monitoring data often
contain noise, outliers, and lack labels, which makes early detection of abnormal structural
states difficult. This study focuses on analyzing vertical GNSS-RTK displacement time series
from the Nhat Tan cable-stayed bridge (Hanoi) using two unsupervised clustering algorithms:
Hierarchical Agglomerative Clustering (HAC) and the Gaussian Mixture Model (GMM). The
analysis procedure includes data preprocessing (outlier removal using the Hampel filter,
interpolation, segmentation, and z-score normalization) and cluster validation through the
Silhouette index. The results show that both HAC and GMM identify the optimal number of
clusters as k = 2, representing two distinct displacement states, with GMM achieving better
clustering performance (Silhouette = 0.596) compared to HAC (= 0.520). These findings
confirm the feasibility of applying unsupervised clustering for early detection of abnormal
states in cable-stayed bridges, thereby enhancing proactive maintenance efficiency and
operational safety.
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Tom tat Cong ngh¢ dinh vi v¢ tinh GNSS-RTK dé va dang dugc mg dung pho bién trong
quan tric sirc khoe két cdu cau ddy vang nho kha ning cung cip dir lidu dich chuyen chinh
xé4c va lién tyc. Tuy nhién, thach thic 16n dit ra 13 dir liéu thuong chira nhiéu nhidu, gi tri
ngoai lai va khong c6 nhan, gay khé khin cho viéc phat hién sém cac trang thai bat thuong
ctia cong trinh. Nghién ctru nay tap trung vao phan tich chudi dich chuyén GNSS-RTK theo
phuong ding tai céu Nhat Tan (Ha No1) thong qua hai thudt toan phén cym khong giam sat:
Phan cym phan cap ket hop dan (HAC) va Mo hinh hdn ‘hop Gaussian (GMM). Quy trinh
phan tich bao gom tién xir Iy dit liu (loai bo ngoai lai bang bo loc Hampel, ndi suy, phan
doan va chuan héa z-score) va danh gia két qua bang chi s6 Silhouette. Két qua cho thay ca
HAC va GMM déu xé4c dinh s6 cum toi wu k = 2, phan anh hai trang thai dich chuyén dic
trung, trong d6 GMM dat chét luong phan cum tét hon (Silhouette ~ 0,596) so véi HAC (=
0,520). Két qua nghién ciru khang dinh tinh kha thi ciia viéc ing dung phén cum khoéng giam
sat trong phat hién sém cac trang thai bat thuong cua cau diy ving, gop phan nang cao hiéu
qua bdo tri cht dong va an toan khai thac.

Tir khéa: GNSS-RTK, phan cum HAC, md hinh hdn hop Gaussian (GMM), chi sb
Silhouette, hoc may khong giam sat, quan trac cau day vang
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1. PAT VAN PE

Heé théng dinh vi vé tinh toan cau — Pinh vi dong thoi gian thuc (Global Navigation
Satellite System — Real-Time Kinematic - GNSS-RTK) dang duoc (mg dung ngay cang rong
rai trong hé théng theo dbi bién dang cong trinh cau, dac biét la cac cau day nhip 16n (cAu day
vang, cau treo) trén thé gioi. Uu diém ndi bat cia GNSS-RTK 14 cung cap dir liéu dich
chuyén vé6i d6 chinh xac cao va gan thoi gian thuc, cho phép danh gia mutc d6 6n dinh két cau
duéi tac dong cua tai trong va diéu kién moi truong da dang [1]. Tai Viét Nam, tr sau nam
2010, GNSS-RTK da duogc tich hop vao hé théng quan tric stc khoe két cdu (Structural
Health Monitoring — SHM) trén nhiéu ciu day vang 16n nhu Can Tho, Bach Bang, Nhiat Tan,
Vam Cdng... Mot sé nghién ciru trong nude tap trung xur 1y dit liéu GNSS-RTK nham khir
nhiéu, loai bo dit liéu ngoai lai va bu di liéu thiéu dé nang cao do tin ciy phép do [2].

Tuy nhién, viéc phan tich chuyén siu chudi dir liéu GNSS-RTK dai han van con han
ché, din dén chua khai thac hét tiém ning cia cong nghé nay trong thuc tién van hanh cau
[3]. Trong nhiéu truong hop, luong dir 1idu khéng 16 thu thap duoc chi dugce luu trir dudi dang
tho, khong qua xur ly phan tich, gy ra tinh trang “bdi thuc dir li¢u” va kho khan trong phat
hién sém céc bat thuong [3]. Bén canh do, do su ¢b hu hong nghiém trong hiém khi xay ra, dir
liéu gin nhan trang thai hu hong thuc té gan nhu khong ton tai, khién cac phuong phap hoc
may co giam sat kho ap dung. Diéu nay dit ra nhu cu ap dung phuong phap hoc may khong
giam sat dé tu dong phat hién cac thay doi bat thuong trong hanh vi két cdu dua trén dir liéu
quan tric lién tuc [4].

Phan cum (clustering) 1a mot k¥ thuat hoc may khong giam sat quan trong, cho phép
phan nhom dir liéu theo murc dd twong dong ma khong can nhan trudce [5]. Trong bdi canh
quan trac cau, phan cum chudi thoi gian dich chuyén c6 thé gitip nhan dién céc trang thai van
hanh khac nhau, tir binh thuong 6n dinh dén dao dong bat thuong vugt ngudng. Cac nghién
ctru trude da chi ra tiém ‘nang cua phuong phap nay, vi du Diez va cong sy ap dung phan cym
dé phét hién céac Vi tri bat thuong trén cau Sydney [4]. Trong bdi canh qudc té, cac thuat toan
phan cum phén cap két hop dan (HAC) va mo hinh hdn hop Gaussian (GMM) da dugc tng
dung trong nhiéu bai toan phan cum dit lidu k¥ thuat, bao gom ca dir liéu dich chuyén cau.
Tuy nhién, tai Viét Nam, theo hiéu biét cia nhom tac gia, chua c6 nghién clru nao danh gia so
sanh tryc tiép hiéu qua cia HAC va GMM trén dir liéu GNSS-RTK thyc té tir cac cau day
vang, dac biét voi dir liéu quan tric dai han c6 dic trung nhiéu cao, phan bd khong dong déu
va khong nhan. Xuit phat tir khoang tréng nghién ctru trén, nghién ctru nay dé xuat va danh
gi4 kha nang ciia hai thuat toan phan cum tiéu biéu thudc hai hudng tiép can khac nhau:

- HAC dai dién cho phuong phap phan cp, cung cAp truc quan dang dendrogram (so d6
cay phan cum) va khong yéu cau biét trudc s6 cum.

- GMM dai dién cho phuong phap mé hinh xac suat, cho phép phan cum mém va danh
gid x4c suat thudc cum ctia timg diém.

Piém méi cua nghién ctru nam ¢ viée tich hop mot quy trinh tién xir Iy dit liéu GNSS-
RTK bai ban (loc ngoai lai béng Hampel, ndi suy, phan doan, chuén hoa z-score) trudc khi
phén cum, va so sanh toan di¢n HAC va GMM trén dit liéu GNSS-RTK thyc té tlr ciu Nhat
Tan (Viét Nam). Chi sb Silhouette dugc st dung 1am thude do hiéu qua phan cum, hd trg xac
dinh s6 cum t6i vu khi khong c6 nhdn dir liéu. Nghién ctru nay khong chi cung cép bang
chimg thyc nghiém vé hidu qua ciia cic phuong phap phan cum khong giam sat trong giam
sat bién dang cau ddy ving, ma con goi mo kha ning tich hop chung vao cic mo-dun canh
bao sém trong h¢ théng SHM tai Viét Nam.
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2.CO SO LY THUYET NGHIEN CUU
2.1. Nguyén ly hoat dong ciia GNSS-RTK trong quan tric ciu diy ving

Phuong phap dinh vi GNSS-RTK thyc hién dyga trén nguyén tac dinh vi tuong dbi cua
GNSS. Theo phuong phéap nay, tram co s& dugc dat tai mot diém khéng ché da biét toa do,
mdt hodc nhiéu tram do dit tai cac diém can xac dinh. Hai tram co s& va tram do lién két voi
nhau théng qua séng vién thong 4G (phd bién hién nay) hoic song radio va ciing thu nhan tin
hi€u tir cac v¢ tinh tai cung mot thoi diém do theo thoi gian thyc. Tram co s¢ thu nhan tin hi¢u
v¢€ tinh, xtr ly va xac dinh toa d6 tuc thoi cua diém co s&, so sanh véi toa dd da biét dé xac
dinh dai lwong hiéu chinh va truyén dai luong hiéu chinh dén cac tram do thong qua phuong
thirc 4G hodc radio. Hinh 1a mé ta nguyén tic co ban clia phuong phap dinh vi dong GNSS-
RTK.

Nguyén tac dinh vi GNSS-RTK t{mg dung trong cac hé thong quan trac SHM cta cau
day vang gom c6 mét tram co so thuong dugc xay dung gan Vi cong trinh ciu va cac tram
do dugc dat co dinh tai cac diém dic trung can quan tric trén cau nhu: tai dinh cac thap; chinh
giita cac nhip cia cau; tai dinh céc tru... Cac dau thu GNSS (sensors) duoc két ndi vé dau thu
dir 1iéu thong qua cép ndi va dit liéu do duoc quan 1y trén mot hé théng chung. Hinh 1b mo ta
so d6 quan tric GNSS-RTK ctia mdt cau ddy ving c6 hai try thap.

j\ﬂ"’; .“'ﬂ"& GPS GPS
j—ﬁ“‘ T ﬁf.s = K e tinh IE:EIS
o — GPS
2 Sy
Tram do 4G/Radio Tram co s& . sl ,' ; 1
o T - . » MIREe = QI
Tram co so Tram tham khao
a) Nguyén tic dinh vi GNSS-RTK [6]. b) So d6 quan traic GNSS-RTK ciia cau day

vang [2].
Hinh 1. Nguyén 1y dinh vi GNSS-RTK va tmg dung trong quan tric cau diy ving.
2.2. Co s 1y thuyét vé thuit toan HAC va GMM

Phan cum dit liéu 12 mét nhiém vu cbt 15i trong linh vuc hoc khong gidm sat
(unsupervised learning). Muc tiéu chinh ctia n6 1a phan chia mét tap hop cac ddi twong thanh
cac nhom, duoc goi 13 cac cum (clusters), sao cho cac d6i tuong trong cling mot cum c6 mirc
d6 twong dong véi nhau cao hon so Vi cac a6i tugng trong cac cum khac [7]. Ve ban chat,
phan cum 13 mot qué trinh kham pha cau trac, tim kiém cac mau hodc cac nhom tiém an trong
dir lidéu ma khong c6 bat ky kién thirc tién nghiém nao vé cac nhin cua di liéu [8].

Thach thuc co ban va cling 1a dac diém xac dinh cta hoc khong giam sat la su thiéu
vang cua cac nhan "su that nén" (ground-truth labels). Do d6, viéc danh gia chit lugng cua
mot két qua phan cum khéng thé dua vao viée so sanh véi mot dap an c6 san. Thay vao do,
viéc danh gid nay tré nén chu quan hon va doi hdi phdi sir dung céc chi sb xac thuc noi tai
(internal validation metrics). Cac chi s6 nay danh gia "tinh t&t" cta cdu trac cum chi dua trén
chinh dit liéu va két qua phan cum, bang cach do luong cac dic tinh nhu do co dong
(compactness) trong cum va do tach bié¢t (separation) gitra cac cum [9].
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Diéu quan trong 14 phai phéan biét 1 rang giita phan cum khong giam sat va phan loai c6
giam sat (supervised classification). Trong khi phan loai 1a mot nhi€ém vu du doan, st dung di
li¢u da duoc gén nhan dé huén luyén mdt mo hinh c6 kha nang gan nhan cho dir li¢u méi, thi
phan cum lai mang tinh chat kham pha. N6 khong dy doan mét nhéin da biét trude, ma thay
vao do la phat hién ra cac nhom c6 ¥ nghia trong dir ligu, tr d6 cung cép nhitng hiéu biét sau
sdc vé cau trac von co cua dit liéu do [5].

2.2.1. Thudt toan phan cum HAC

HAC la mét thut toan phan cum khong giam sat thuoc nhém phén cum phén cap
Phuong phap hoat dong theo hudng két  hop dan tir duéi Ién (bottom-up), khoi dau véi moi
diém dir liéu 12 mot cum riéng biét. O mdi bude, hai cum gan nhau nhat s& dugc hop nhét, qua
trinh nay lap lai cho dén khi chi con mot cum duy nhat hoic dat duoc sé cum mong mudn
[10].

Khoang cach giita cac cum c6 thé dugc xac dinh theo nhiéu tiéu chi khac nhau, bao
gom: khoang cach gan nhit (single linkage), khoang cach xa nhat (complete linkage), khoang
cach trung binh (average linkage), hoac khoang cach gitra cac trong tdm cum (centroid
linkage). Tuy nhién, trong nghién ctru nay, thuét toan HAC dugc trién khai v6i tiéu chi lién
két theo phuong sai tdi thiéu (ward linkage) [11].

Phuong phap lién két ward 1a mot tiéu chi ddc biét trong phan cum phan cdp. Thay vi
chi xét khoang cach hinh hoc gitta cac diém hodc cum, ward linkage thyc hién viéc hop nhét
hai cum sao cho lam giam t6i thiéu sy gia ting tong binh phuong sai sO trong cum (Within-
Cluster Sum of Squares - WCSS). Phuong phap nay co uu diém 1a tao ra cac cum c6 kich
thudce tuong d01 dong déu va giam thiéu sy phéan tan ndi cum, do d6 rat phi hop véi cac tap
dir liéu dang s6 c6 d6 phan tan thip hodc vira phai [11].

Cong thuce tinh khodng cach ward gitta hai cum A va B dugc dinh nghia nhu sau [11]:

[4]-18] —
A+ 15| . ||XA_XB||2 (1)

Dwa_rd (A- B) =

Trong do:
|Al, IBI: s0 lugng phan tu trong cum A va B,
X4, Xg : vector trung binh (centroid) cia cum A va B,

[I-1l: chuan Euclidean.

Két qua ctia HAC c6 thé dugc biéu dién dudi dang cdy phan cap (dendrogram), tur d6 c6
thé "cét cay" ¢ cac ngudng khac nhau dé xac dinh s6 cum phu hop. HAC c6 uu diém la khong
yéu cau xdac dinh s6 cum trudc va cung cép truc quan phén cap gilta cac cum, nhung han ché
vé hiéu suat tinh toan v6i dir liéu 16n va nhay cam véi nhiéu.

2.2.2. Thudt toan phan cum GMM

GMM 14 phuong phap phan cum xéc suat, gia dinh rang dir liéu dugc tao ra tir su két
hop ctia nhiéu phan phdi Gaussian (chudn) khac nhau. M&i cum tuong tng v&i mot thanh
phan Gaussian trong mé hinh [12].

Ham mat d6 x4c suat cia GMM 1a [12]:

P(x) = Eﬁzl ﬁkN(-’f |:“k-zk) (2)
Trong do:

1142



Tap chi Khoa hoc Giao thong van tai, Tap 76, S6 08 (10/2025), 1138-1150

x : diém dit liéu can phan cum
K :sb cum
7T, : trong s6 ctia cum thir k, thoa man ¥X_, m, =1
[y : vector trung tdm (mean) cua cum k
Z, : ma tran hiép phuong sai (covariance) cia cum k
N(x | e, Ep) : mat do xac suat Gaussian da chidu:
N (x| py, Zie) ——av—exp(——(x — ) I (x —,uk)) 3)
(2m)z|Zgl2
Ué6c luong tham s6: Thuat toan Expectation-Maximization (EM) [12]
Budc 1 (E-step): Tinh x4c suat diém dir liéu x; thudc vé cum k
TV (xi g Zg)
SRy N (1. x ) )
Budc 2 (M-step): Cap nhat tham s dua trén y;; :

Yie =

1
Ny = E?rzl Yie He = N—sz‘;l YirXi (5)

1 N 6

Ly :N_E?rzl Yire O — 1) G — )T, 7 :f ©)
Lap lai hai budc trén cho dén khi hoi tu. GMM linh hoat va hiéu qua trong viéc mo hinh

hoa cac cum c6 hinh dang phtre tap, nhung d& bi anh huong boi nhiéu va yéu cau chon sé cum

truoc, dong thoi co thé hoi tu vao nghiém cuc bo.
2.2.3. Ddnh gid hiéu qud phén cum bang chi sé Silhouette

Vi phan cum 1a mot nhiém vu khéng giam sat, khong c6 nhin bén ngoai dé danh gia. Do
do, cac chi s6 xéac thuce noi tai l1a can thiét dé danh gia chét luong ctia cac cum Kkét qua chi dya
trén dir liéu va chinh su phan hoach. Muc tiéu cta cac chi s6 nay 1a cung cdp mot diém sb
dinh luong dé giup xac dinh s6 luong cum t6i wu (k) cho mét tap dir liéu va thuat toan nhat
dinh. Phuong phap dlen hinh la chay thudt toan phan cum v6i mot loat cac gia tri k va vé bicu
d6 cac diém so chi sb két qua, tim kiém mot gia tri toi wu (vi du: mot gia tri cuc dai hodc cuc
tiéu).

Chi s Silhouette 14 mot phuong phap dé dién gidi va xac thyuc tinh nhat quan bén trong
cac cum dir liéu. N6 do luong mue d§ twuong dong cua mot doi tugng voi cum cua chinh no
(gan két) so véi cac cum khac (tach biét) [13].

Diém s6 cho mot diém dit liéu duy nhit i dugc tinh nhu sau [14]:

s(@) = max(a (i).b(i)) 7

Trong do :
a(i) (Cohesion - Do gin két): Khoang cach trung binh tir diém i dén tat ca cac diém khéc
trong cling mot cum. Gia tri a(i) nho c6 nghia 1a diém dé rt phu hop véi cum caa né.
b(i) (Separation - D¢ tach biét): Khoang cach trung binh nho nhat tir diém i dén tat ca
cac diém trong bat ky cum nao khac. Gia tri b(i) 16n c6 nghia la diém d6 ¢ xa cum lan cén.
Chi s s(i) nam trong khoang tir -1 dén +1.
=  Gan +1: Cho thay diém d6 ¢ xa cum lan cin va rat gan voi cum cta chinh n6 (phan
cum hoan hao).
= Bing 0: Cho thdy diém d6 nam trén ranh gidi giita hai cum.
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= Gan -1: Cho thdy diém d6 c6 kha ning bi gan sai cum.
Diém s6 téng thé 13 gid trj trung binh cua s(i) trén tat ca cac diém. Diém s trung binh
cao hon cho thay cac cum dugc xac dinh 10 rang hon.

3. TINH TOAN THU'C NGHIEM
3.1. Dir liéu nghién ciru

CAu Nhat Tén 1a mot cau ddy ving nhiéu try thap dugc xdy dung bic qua song Hong va
dua vao khai thac tir thang 1 nam 2015 (Hinh 2). Cau c6 tong chiéu dai 3,9 kilomet (trong do
chiéu dai vuot song 1a 2,5 kilomet) v61 5 tru thap hinh thoi va 6 nhip day vang [15]. H¢ thong
quan tric SHM ciia cau Nhat Tan dugc danh gia la h¢ thong day dua cac loai cam bién va hién
dai nhit & Viét Nam. Trong d6 hé théng quan tric GNSS bao gom 1 tram co sé va 17 tram do
gan trén 5 dinh thap va 12 diém trén dam ciu. Cac may thu GNSS ctia ciu Nhat Tan st dung
may thu cta hiang Leica, gdm dng-ten Leica AS10 cho tram do va Leica AR10 cho tram co s&
[15]. Hinh 3a mb ta so d6 vi tri lip dat cac may thu GNSS, hinh 3b mé ta vi tri lap dat may
thu GNSS trén dinh thap ctia cau.

A1 FHe P11 P12 P13 P14 P1§ P16 P17
a)
{ !
Wi tri tram do GNSS
-
Hudng
Hudmg Tiy Déng
b)

Hinh 3. So d ldp dit may thu GNSS trén cau day viang Nhat Tan [16].

Trong nghién ctru nay, nhom tac gia tép trung vao ghuf)i dir liéu GNSS-RTK chuyén
dich theo thang ding (phuong Z) dat trén dam gitra nhip cau Nhat Tan. Cu thé, dir li¢u duoc
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lay tai dlem ky hi¢u 3E (Hinh 4) trén dam chinh - ddy 12 mot trong cac vi tri rover trén cau voi
tan suat 1y mau 1Hz. Chudi dit liéu GNSS-RTK cua diém 3E duoc thu thap lién tuc trong 13
ngdy, tir 29/05 dén 11/06 (thoi gian nay du dai dé bao quat nhidu diéu kién khai thac cau khac
nhau). Hinh 5 biéu dién mot doan chudi dit liéu tho thu duoc, cho théy dao dong chuyén Vi
theo thoi gian cua diém quan tric.

105W

101W 102W

mo

Hinh 4. So d6 diém quan tric nghién ctru (3E).

Hé toa do céu

Bién déng do cao theo th&i gian trong ngay

(c6 khoang tréng néu thiéu dir lidu)
30,00

—— BdcaoH (m)
25,00
E
T
T 20,00
: [
© . L_ I | nl |
2 1500  — ||| T T | u’ ‘| I
10,00
S N N o o A o N
& & & & & & &
S N 0'\6:? & S o <% ¢
P P v P ¥ v v "
Thoi gian

Hinh 5. Biéu dién dit liéu tho thu duoc trong 13 ngay.

Hinh 5 cho thdy dif li¢u GNSS chira nhiéu gi4 tri bat thuong, anh huéng déng ké dén do
chinh xac va dg tin cdy cua phan tich két qua. Do do, viéc tién xu ly dir li€u la budce bat bude
va c6 y nghia quyét dinh trong toan b quy trinh phan tich.

3.2. Tién xir Iy dik liéu

Dtr liu GNSS-RTK thu dugc tai diém 3E voi tan suat 1 Hz trong 13 ngay (29/05—
11/06), twong tmg 1.123.200 méu thé. Do mdt sb gid quan tric c6 ty 18 dit liéu thiéu 16n, cac
gio ¢6 >10% dir liu thiéu da duoc loai bo (121 gio bi loai), con lai 191 g10 hop 1€ tuong tmg
687.600 mau (191 x 3600). Trén tap hop 191 gio hop 1€ nay, qua trinh tién xir 1y bao gom ba
budc: (i) phat hién va loai bo ngoai lai bang bo loc Hampel, (ii) ndi suy cac khoang thiéu nho

(<10%) va (111) rut mau (down-sampling) theo budc thoi gian 10 s nham glam chi phi tinh
toan. Téng s6 mau cudi cung dung cho phan cum 1a 68.760 (191 gid x 360 diém/gid).

3.2.1. X ly di¥ ligu bj thiéu (Missing Data Handling)

Sau khi loa_iqi bo cac khoang thoi gian ¢ thiéu dit liéu lc'yn hon‘ 10%, de~ liéu GI\ISS theo
phuong Z dugc to chuc lai thanh ma tran 191 gio lién tuc, moi gio gom 60 mau (1 mau/phut).
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Ma tran dir liéu theo gio (191 gio hgp I€)
Pa loai bé 121 gid ¢é6 >10% dir liéu thiéu
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Hinh 6. Ma tran dir liéu GNSS hop ¢ theo gio.
Hinh 6 minh hga ma tran dir 1iu véi truc quan hoéa gid tri d§ cao qua thang mau, cho
thay dir ligu du dieu kién dé ap dung céc thuat todn phan cum. Tir ma tran dir liéu c6 thé thay
cac gio quan trac cé muc do day du tuong doi cao.

Phan bé ty 1& di¥ liéu thiéu Sé gie» hop lé theo tirng ngay
1 £ 3 A
I Tat ca (312 gier) 20
[} Hop 1€ (191 gio)
200 : == Nguéng 0% 18
|
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> | g 12
5] : £
@ I % 10
100 1 “Q
1 w
I 8
1
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50
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a, Phan bo ty 1€ dir liéu thi€u theo gio. b, SO gio hop 1€ theo tirng ngay.

Hinh 7. Phan tich ty 18 dit liéu thiéu va phéan b sé gio hop 18 theo ngay.

Dé 1am rd hon dic diém chat luong dir liéu, Hinh 7a cho thdy phan 16n cac gio thu thap
co ty 1€ dir li€u thiéu dudi 10%, dap I’I,ng,diéu kién hop 1€ dé dua vao phan tich. Péng thoi,
Hinh 7b cling phan anh mirc d6 phén bo s6 gio hop 1¢ theo timg ngay, qua d6 c6 thé nhan dién
dugc nhitng khoang thoi gian c6 nguy co gian doan hodac thiéu dit li¢u rd rét hon.
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3.2.2. Xuwr ly dir liéu nhiéu (Outlier Detection and Removal)

Trude khi tién hanh phan tich, dit liéu GNSS thé dd dugc tién xtr I nhdm ning cao chat
luong. Trude hét, cac gia tri ngoai lai (nhitng do dac bit thuong do nhidu hoic 15i thiét bi)
trong chudi dit liéu duoc nhan dién va hiéu chinh bang phuong phap noi suy Hampel - mot ky
thuét loc nhleu dwa trén trung vi truot gitp loai bo cac dit liéu bét thuong va ndi suy khoang
trong do mat s lidu (cac truong hop dudi 10%). Két qua noi suy cho thdy chudi dir liéu muot
hon va phan 4nh chinh xac xu hudng dich chuyén cua két cu hon (Hinh 8 minh hoa chudi dit
li¢u trude va sau khi loc ngoai lai).

Dir liéu dd cao H (m) cla gi& thir 6

16 12 ~—— D@ ligu gée
—— Di¥ liéu sau lpc Hampel

16,10

Do cao H (m)

0 500 1000 1500 2000 2500 3000 3500
Thoi gian (giay)

Hinh 8. Két qua noi suy dir liéu bat thuong cua diém 3E.

3.2.3. Chudn hod dir liéu (Data Normalization)

Tiép theo, toan bd dit liéu sau khi xir Iy duoc chuan héa vé dang khong thir nguyén, véi
gi4 tri trung binh bang 0 va phuong sai bang 1 (z-score normalization). Viéc chuan hoa nay
dam bao rang céac thuat toan phan cum HAC va GMM vén hanh trén cung mot thang do, tranh
hién tuong bi Iéch do sy chénh 1éch vé don vi hodc d6 lon tuyét ddi gifra cac dac trung. Sau
budc chuan hoa, tap dit lidu di sin sang dé dua vao giai doan phan cum.

3.3. Phan cum dir liéu

Hai thuat toan phan cum HAC va GMM duogc trién khai trén bo dir liéu GNSS di qua
xtr 1y va chuan héa. Do chudi thoi gian ¢6 s6 luong diém dit lidu rat 16n, dé giam tai tinh toan
nhém nghién ctru da ldy mau lai (down-sampling) dit liéu v&i bude thoi gian thua hon trong
giai doan phan cum (muc tiéu nham dén cac xu huéng dai han hon 1a dao dong timg gidy). Cu
thé, chudi dir liéu sau tién xir Iy dugc ldy mau lai mdi 10 gidy mot diém, rat gon con khoang
110.000 mau, gitp viéc tinh toan phan cum kha thi trong thoi gian cho phép.

Viéc ldy méu lai dir liéu mdi 10 gidy gitip tap trung vao cac xu hudng chuyén vi dai han
va trung han do thay ddi nhiét d6 hodc tai trong giao thong kéo dai, déng thoi gidm dang ké
chi phi tinh toan. Cac dao dong tan sb cao tirc thoi khong phai 13 muc tiéu chinh cta phan tich
nay.

Trén tap dit liéu rat gon, khoang cach Euclid dugc str dung 1am thude do do twong dong
giita cac diém. Do dit liéu 1a chudi mét chiéu (vi tri theo truc Z), khoang cach Euclid twong
g véi mirc dd chénh 1éch gia tri chuyén vi gitra cac diém do.

Thuat toan HAC thyc hién phan cum dua trén cdy phan cép (dendrogram), trong do dir
li¢u dugc gom dan tir cac diém riéng 1¢ dén cac cum 16n hon, va c6 thé "cat" cay tai muc
tuong g voi s6 cum k. Trong khi d6, GMM dya trén mé hinh hdn hop Gaussian va st dung
thuat toan ky vong—tdi da (EM) dé udc luong cac tham sé va gan nhan cum cho timg diém
dua trén xac suét.
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Hinh 9. Biéu dd Silhouette Score theo s6 cum k gitra hai thuat toan HAC va GMM.

Hinh 9 trinh bay biéu dd chi sd Silhouette theo s6 lwong cum k tir 2 dén 10 déi voi ca
hai thuat toan HAC va GMM. Két qua cho thay khi k=2, ca hai thuét toan déu dat gia tri
Silhouette cao (trén 0,50), cho théy day la s6 cum toi wu voi chit lugng phan cum tdt nhat.
Diéu nay phan anh rang ca HAC va GMM déu phan cum hiéu qué khi chia dit liéu thanh hai
nhém chinh.
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Hinh 10. Hinh 4nh tryc quan héa két qua phan cum ctia HAC va GMM bang t-SNE véi k=2.

Hinh 10 minh hoa két qué phan cum cua hai thuat toan HAC va GMM véi s6 cum k=2,
duoc truc quan hoa bang ky thuat t-SNE nham hd trg quan sat truc tiép muc do tach biét gitra
cac cum trong khong gian hai chiéu. Ca hai thuat toan déu thé hién cdu truc phan cum rd rang,
phu hop véi két qua chi sé Silhouette cao & mirc k=2. Trong d6, GMM dat khoang 0,596 va
HAC dat khoang 0,52. Piéu nay cho thy ca hai thuat toan déu phan cum hiéu qua nhat khi
chia dit liéu thanh hai nhom, phan 4nh kha ning ton tai hai trang thai ddc trung trong chudi
chuyén vi GNSS. Sau mdc k=2, chi s Silhouette ctia ca hai mé hinh déu giam dan, cho thiy
viée ting s6 cum khong cai thién chat lwong phan cum ma con lam mo ranh gi6i giita cac
nhom di liéu. Nhin chung, GMM duy tri muc Silhouette cao hon HAC & hau hét cac gia tri &,
ching to kha nang tach cum cua GMM 16 rang va on dinh hon, duoc thé hién o6 hon trong
Hinh 11.
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Hinh 11. So sanh chi s6 Silhouette (k = 2) giita HAC va GMM.

4. KET LUAN

- Nghién ctru cho thiy hai thuét toan phan cum khong giam sat HAC va GMM déu c6
thé phén tach hi¢u qua dir liéu GNSS-RTK theo phuong Z tai cau Nhat Tan. GMM cho két
qua cum rd hon nhd mé hinh hoéa xéac suat linh hoat; HAC don gian hon nhung van déng tin
cay sau xtr Iy nhiéu.

- Ca hai phuong phap déu xac dinh s6 cum tbi vu 1a k = 2, twong tng véi hai trang thai
véan hanh cua cau: binh thuong (dao dong nho) va bat thuong (dao dong 16n). Két qua nay
phan anh ding thyc té van hanh ciia két cau cau day vang.

- HAC phui hop khi chua biét trudc sé cum va can truc quan héa cdu trac dit lidu. GMM
thich hop khi can danh gia xac suat hodc gia dinh phan phdi dir liéu. Viéc két hop ca hai co
thé tan dung uu diém timg phuong phap.

- Két qua khang dinh tiém ning (mg dung phan cum khong giam sat trong hé thong
SHM, giac biét trong viéc ty dong phat hién va canh bdo sém trang thai bat thuong cua cong
trinh cau.
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