Transport and Communications Science Journal, Vol 77, Issue 5 (06/2026), 672-686

Transport and Communications Science Journal

A HYBRID IF-LOF MACHINE LEARNING FRAMEWORK FOR
DETECTING GNSS-RTK OUTLIERS IN CABLE-STAYED
BRIDGES DISPLACEMENT MONITORING

Le Khanh Giang®, Ho Thi Lan Huong, Nguyen Thuy Linh
University of Transport and Communications, No 3 Cau Giay Street, Hanoi, Vietnam

ARTICLE INFO

TYPE: Research Article
Received: 07/03/2026

Revised: 10/06/2026

Accepted: 12/06/2026

Published online: 15/06/2026
https://doi.org/10.47869/tcsj.77.5.5

“ Corresponding author

Email: gianglk@utc.edu.vn; Tel: +84983663031

Abstract. Global Navigation Satellite System Real-Time Kinematic (GNSS-RTK)
technology is widely used in structural health monitoring (SHM) of long-span bridges
because it enables continuous three-dimensional displacement measurements with
millimetre-level accuracy. However, GNSS-RTK time-series data often contain abnormal
observations caused by multipath effects, signal interruptions, and environmental
disturbances. This study addresses the problem of detecting and removing outliers in GNSS-
RTK displacement data used for cable-stayed bridge monitoring. A hybrid machine-learning
framework combining Isolation Forest (IF) and Local Outlier Factor (LOF) is proposed. In
the first stage, IF performs global screening to identify potentially anomalous observations.
In the second stage, LOF evaluates the local density of these candidate samples to confirm
true outliers through a dual-confirmation mechanism. The method was validated using a
GNSS-RTK dataset collected from the Can Tho cable-stayed bridge in Vietnam, consisting
of 12,615 displacement samples. The hybrid framework detected 177 outliers (1.40%),
compared with 253 detected by IF and 379 detected by LOF. Furthermore, by restricting the
LOF analysis to a subset of suspicious observations identified by IF, the proposed framework
substantially reduced the computational burden of the local density evaluation stage while
preserving most valid structural responses. The results demonstrate that the proposed IF—
LOF framework provides an efficient preprocessing approach for improving the reliability of
GNSS-based bridge monitoring systems.

Keywords: GNSS-RTK, outlier detection, Isolation Forest, Local Outlier Factor, structural
health monitoring, cable-stayed bridges.
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Tom tat. Cong nghé dinh vi vé tinh GNSS-RTK duoc st dung rong réi trong cac hé thong
quan trac sic khoe cong trinh (SHM) cua cau day ving nhip 16n nho kha ning do chuyén
dich ba chiéu lién tuc véi d6 chinh xé&c cao. Tuy nhién, chudi di liéu GNSS-RTK thuong
chtra céc gia tri bat thuong do hiéu ung da dudng, gian doan tin hiéu va cac nhidu méi truong.
Nghién ctru nay tap trung vao bai toan phat hién va loai bo cac ngoai lai trong di liéu chuyén
dich GNSS-RTK cua cau day vang. Mot khung hoc may lai ghép két hop hai thuat toan
Isolation Forest (IF) va Local Outlier Factor (LOF) duoc dé xuat. Trong giai doan dau, IF
thue hién sang loc toan cuc dé xac dinh cac diém nghi ngd. Sau d6, LOF danh gia mat do cuc
bo cua cac diém ndy nham xac nhan cac ngoai lai thuc su thong qua co ché xéac nhan kép.
Phuong phap duoc kiém chang trén bo dir liéu GNSS-RTK cua cau Can Tho gdm 12.615
mau chuyén dich. Két qua cho thiy md hinh lai ghép phat hién 177 ngoai lai (1,40%), thap
hon so véi IF (253 diém) va LOF (379 diém). Bén canh d6, viéc chi 4p dung LOF trén tap
céc quan trac nghi ngd duoc xac dinh bai IF gilp giam dang ké khéi lugng tinh toan cua giai
doan phan tich mat d6 cuc bo trong khi van bao toan phan 16n di liéu quan tric hop lé. Két
qua nghién ctiu cho thdy phuong phap IF-LOF la mét giai phap tién xir 1y hiéu qua cho dix
liéu quan tric cau sir dung GNSS.

Tur khoa: GNSS-RTK, phét hién ngoai lai, Isolation Forest, Local Outlier Factor, quan tric
suc khoe cong trinh, cau day vang.
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1. PAT VAN PE

Cau déy vang 1a mot trong nhiing dang két cau phirc tap va nhay cam nhit trong hé thong
ha tang giao thdng hién dai. V6i dic trung nhip 16n, do cing tong thé thip va kha niang chiju
anh huong manh cua cac tac dong mdi truong, loai cAu nay thuong chiu cac tai trong dong phirc
tap nhu gio, luu luong giao thong va bién thién nhiét d6. Nhimng tic dong nay c6 thé gay ra céc
phan (ing chuyén dich dang ké cua két cau, dac biét doi vai cac nhip chinh dai [1]. Do do, cac
hé thong quan tric stc khoe cong trinh (Structural Health Monitoring — SHM) ngay cang dugc
trién khai rong rai nham theo doi lién tuc trang thai lam viéc cua cau va phat hién sém céc dau
hiéu bat thuong cua két cau [2].

Trong cac cong nghé quan trac hién nay, hé thong dinh vi vé tinh do dong thoi gian thuc
GNSS-RTK (Global Navigation Satellite System — Real Time Kinematic) dugc xem la mot giai
phép hiéu qua nho kha ning do tryc tiép chuyén dich ba chiéu cua két cau véi do chinh xac &
muc milimet va kha nang cung cap dit liéu lién tuc theo thoi gian thyc [3]. Khac véi cac cam
bién truyén thdng nhu gia téc ké, von chir yéu ghi nhan dao dong tan sé cao va khé chuyén doi
truc tiép sang chuyén vi tuyét d6i, GNSS-RTK cho phép thu thap chudi dir liéu chuyén dich dai
han caa cdng trinh [4]. Nho d6, hé théng GNSS-RTK c6 thé hd tro hiéu qua cho viéc phan tich
ca bién dang tinh va dao dong dong cua két cau cau nhip 1on.

Tuy nhién, di liéu GNSS-RTK thu thap trong méi truong cau thuong chiu anh huong cua
nhiéu ngudn nhidu khac nhau. Cac yéu t6 nhu hiéu ung da duong (multipath) do phan xa tin
hiu tir mat nudce, thap cau va hé thong day vang, nhidu khi quyén, hodc gian doan tin hiéu vé
tinh c6 thé tao ra cac gia tri do bat thuong trong chudi dix liéu. Nhiing gié tri nay thuong duoc
goi la ngoai lai (outliers) va cd thé xuat hién dudi dang cac nhiéu xung cuc bo hozc céc sai léch
I6n so v&i xu hudng chuyén dich chung cua két cau. Néu khong duoc phét hién va loai bo kip
thoi, cac ngoai lai ndy cd thé gay sai léch dang ké trong qué trinh phan tich phan tng két cau,
tham chi dan dén céc canh bao sai trong hé théng quan trac [5].

Trong c4c nghién ciru trude day, nhiéu phuong phap truyén théng nhu cac ky thuat thdng
ké, phuong phap ctra s6 truot hoic cac thuat toan loc da duoc sir dung dé phét hién ngoai lai
trong chudi dit liéu GNSS [6]. Tuy nhién, cac phuong phép nay thuong dua trén cac gia thiét
don gian vé phan b dir liéu va gap kho khan khi xir ly cac tap dir liéu phic tap, c6 tinh phi
tuyén hozc chira nhiéu loai nhidu khac nhau. Trong nhimg nam gan day, cac phuong phap hoc
may di duoc nghién cau rong réi va cho thay tiém niang vuot troi trong phat hién cac gia tri do
bat thuong. Chang han, nghién ctu [7] da dé xuat mot khung hoc khdng giam sét két hop t-
SNE va phan cum K-means nham nhan dang cac mau chuyén vi tiém an va hd tro phét hién cac
hanh vi bat thuong tir dit liéu GNSS-RTK phuc vu giam sat sizc khoe cau day viang. Ngoai ra,
cac thuat toan hoc may khac nhu K-Nearest Neighbors (KNN), One-Class Support Vector
Machine (OC-SVM), Gaussian Mixture Model (GMM), Density Peaks-based Fast Clustering
(DPFC) va mang no-ron tu ma hoéa ciing di dugc ap dung trong nhiéu nghién ciu vé phét hién
bat thuong va phét hién hu hong két cau [8].

Trong sb cac thuat toan hoc may khong giam sat, Isolation Forest (IF) va LOF duogc st
dung phé bién trong phét hién ngoai lai [9, 10]. IF c6 vu diém trong viéc phét hién cac ngoai
lai toan cuc va cd kha ning xtu Iy hiéu qua cac tap dir liéu Ion nho co ché phan tach ngau nhién
cua cay quyét dinh [9]. Trong khi 6, LOF dya trén phan tich mat do 1an can va dac biét hiéu
qua trong viéc phét hién cac bat thuong cuc b trong dit liéu [10]. Cac nghién ciru trude day
ciing chi ra rang LOF thudng c6 thoi gian thyc thi nhanh hon IF trong cac kich ban quan tric
thoi gian thuc [11]. Ngoai ra, nghién ctu [12] chi ra rang IF duoc str dung rong réi trong phat
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hién ngoai lai cia hé théng quan trac cong trinh nho kha ning xir Iy hiéu qua céc tap dit liu
I6n va chi phi huan luyén thap hon so v6i cac mo hinh phiic tap nhu mang no-ron [12]. Tuy
nhién, viéc &p dung truc tiép cac thuat toan nay cho dit liéu quan tric GNSS-RTK van con mot
s6 han ché. IF c6 thé danh ddu nham céc chuyén dich thuc caa két ciu I bat thuong, trong khi
LOF yéu cau tinh toan mat do l1an can gitta cac diém dit liéu, dan dén chi phi tinh toan cao khi
ap dung cho cac tap dir liéu lon.

Tai Viét Nam, mot s6 nghién cau gan day dé 4p dung cac phuong phap hoc may dé phat
hién ngoai lai trong chudi toa dd GNSS. Chang han, nghién ctu [13] dé so sanh ba thuat toan
IF, OC-SVM va LOF trong phat hién ngoai lai cia chudi toa ¢ GNSS mé phong va cho thay
IF dat hiéu sut tot nhat, trong khi LOF c6 kha ning phat hién ngoai lai kém hon dang ké. Tuy
nhién, cac nghién cau hién nay chu yéu tap trung vao chudi dit lieu GNSS dia dong hoic céc
hé thong cam bién khéc, trong khi viéc ap dung cac phuong phép hoc may cho phat hi¢n ngoai
lai trong dix liéu chuyén dich GNSS-RTK phuc vu quan tric cau day Vang van con tuong doi
han ché. Bén canh do, phan 16n céc nghién ctiu hién nay thuong sir dung céc thuat toan don 1¢,
diéu nay c6 thé dan dén viéc phat hién nhiéu ngoai lai gia hoic lam ting chi phi tinh toan khi
xu ly cac tap di liéu lon.

Pé khic phuc nhitng han ché néu trén, nghién ctru nay dé xuat mot khung hoc may lai ghép
két hop hai thuat toan IF va LOF nham phéat hién céc gia tri ngoai lai trong chudi dix liéu chuyén
dich GNSS-RTK. Trong khung phwong phap dé xuét, IF dwoc st dung dé sang loc nhanh céc
diém dix liéu nghi ngo trén toan bo tap dir liéu, sau d6 LOF duoc 4p dung dé phan tich mat do
cuc bd va xac nhan cac ngoai lai thuc sy. Céach tiép can nay gidp giam dang ké khéi luong tinh
toan ciia LOF dong thoi han ché viéc loai bo nham cac gia tri chuyén dich thuc cua két cau.

Hiéu qua cia phuong phap dé xuat duoc kiém chiing thong qua dit liéu quan tric chuyén
dich GNSS-RTK cua cau Can Tho. Két qua nghién ciru duoc déanh gia thong qua cac chi tiéu

vé kha ning phat hién ngoai lai, chi phi tinh toan va muc do cai thién chat lwong dit liéu chuyén
dich trong hé théng quan trac cau day ving.

2. PHUONG PHAP

2.1. Khung phwong phap

Nghién ctru dé xuat mot khung phét hién ngoai lai hai giai doan cho chudi dit liéu chuyén
dich GNSS-RTK, ket hop gitta IF va LOF. Muyc tiéu cua khung phuong phép la dat dugc sy can
bang gitra kha nang phat hi¢n bat thuong, chi phi tinh toan va do tin cdy cua tin hiéu quan trac.
Quy trinh xtr ly gom hai budc chinh:

(1) Sang loc toan cuc bang IF nhim xac dinh cac diém dix liéu nghi ngo trong toan bo chudi.

(2) Xac nhan cuc bo bang LOF dé danh gia mat do 1an can va xac dinh cac ngoai lai thuc
su.
Céch tiép can hai giai doan nay gilp gidm dang ké khoi lugng tinh toan cia LOF dong thoi
han cheé viéc loai bq nhél,m cac chuyén dich thuc cua két cau. Hinh 1 minh hoa chi tiet quy trinh
cua phuong phap dé xuat, bao gom cac budc sau:

ey — — — — —

Hinh 1. Khung phuong phap phat hién ngoai lai GNSS-RTK dya trén mo hinh lai ghép IF-LOF.
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« Tién xu Iy di ligu: Khoi phuc dit ligu thicu, loc trung vi va chuan hoa céc thanh phan
chuyén dich GNSS-RTK.
e Sang loc toan cuc (Giai doan 1 — IF): Ap dung thuat toan Isolation Forest trén toan bo

tap dix lidu dé tinh toan diém sé bt thuong (anomaly score) va xac dinh cac diém dir
liéu nghi ngo dua trén phan b cua diém sé.

e Tinh toan mat do khéng gian: }(ay dung ciu trl;c mat do 1an can bang thuat toan LQF
dua trén toan bo tap dir liéu nham gir nguyén cau trdc hinh hoc cua khdng gian chuyeén
dich.

«  Sang loc cuc b (Giai doan 2 — LOF): Tinh toan h¢ s6 LOF cho tap con cac diém nghi
ngo dugc xac dinh tir giai doan IF dé phat hién cac ngoai lai cuc bd.

e Co ché xéac nhan kép: Mot diém dit liéu chi duge xac dinh 12 ngoai lai khi dong thoi
duoc IF danh dau la nghi ngo va c6 gia tri LOF vuot ngudng xac dinh.,

« Danh gia hiéu qua: Hi¢u qua cia phuong phap duge danh gia thong qua cac chi tiéu
thong ké nham do luong mure do cai thién chat Iwgng chuoi dir liéu.

2.2. Dir liéu va tién xir Iy
2.2.1. D ligu ddu vao

Dir liéu dau vao la chudi toa dd GNSS-RTK thu thap lién tuc theo thoi gian, dugc biéu dién

dudi dang tap dir liéu:
D:{Pl,Pz,...,PN} (1)

Trong d6 mdi diém quan tric P; = (x;,y;, z;) biéu dién chuyén dich cua diém quan trac
theo ba phuong khong gian tai thoi diém t;, va N 1a tong sé mau quan trac trong chudi dit liéu.
2.2.2. Tien xar Iy diz lidu

(1) Lam sach di liéu

Trudc khi ap dung cac thgat toan h9c may, dir liéu duoc xr 1y so bd n‘hém bao dam tinh
Iiéﬁ tuc va do tin cay cua chuoi quan trac GNSS-RTK. Trong tap di Ii@u ton tai mot so quan
trac khéng hop 1€ dugc ma hda bang gia tri —9999, phan anh cac thoi diem mat tin hiéu GNSS
tam thoi hodc khong thu dugc nghiém dinh vi déng tin cay. Cac gia tri nay dugc chuyén thanh
NaN va dugc khéi phuc bang quy trinh noi suy gom noi suy tuyén tinh, Last Observation

Carried Forward (LOCF) va Next Observation Carried Backward (NOCB). Sau qua trinh néi
suy, khéng con gié tri thieu nao trong tap dir liéu.

(2) Loctrung vi

Dé giam nhiéu xung cuc bo thuong xuat hién trong dir liéu GNSS-RTK, mét b loc trung
vi voi kich thudc cira s6 bang 3 dugc 4p dung cho tirng thanh phan toa do. Bo loc trung vi gilp
loai bo cac nhidu don diém trong chudi dir liéu ma khong 1am suy giam dang ké bién do dao
dong thuc caa két cau.

(3) Chuan héa di liéu

Sau budc lam sach va loc trung vi, dir licu duoc chuan héa bang phuong phap
Standardization nham dua cac bién vé cuing thang do. Mdi thanh phan toa do dwoc chuan hoa
theo cong thuc:
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xinorm — xi;:x (2)

trong d6 py, Va oy lan luot 12 gid trj trung binh va do lIéch chuan caa chudi di liéu. Viéc
chuan héa gilp céac thuat toan dua trén khoang cach, dac biét 1a LOF, phan &nh chinh xac cau
trdc hinh hoc cua dir liéu trong khéng gian ba chiéu.

2.3. Giai doan 1: Phat hi¢n ngoai lai toan cuc bing Isolation Forest

IF 1a mot thuat toan phat hién ngoai lai khéng giam sat dua trén nguyén ly c6 lap dir liu
théng qua céc cay phan tach ngiu nhién. Cac diém ngoai lai thuong dé bi ¢ lap hon so véi cac
diém binh thuong do chiing hiém va khéc biét vé thudc tinh. Vi vay, cac diém nay c6 xu hudng
Xuat hién & cac nut 1a véi do sau nho trong cay phan tach [9].

Diém s bat thuong ctia mot diém dit lidu x dugc tinh toan nhu sau [9]:
_ E(h(®)
s(x,n) =2 <«m 3
Trong dé: h(x) la do sau caa diém x trén mot cay phan tach, E(h(x)) la gia tri ky vong
(trung binh) ciia d6 sdu h(x) trén toan bo "ring" (Forest) cay, c(N) 1a hé s6 chuan héa phu
thudc vao kich thusc mau:

c(N) = 2H(N — 1) - 2= @

Trong d6: H(N — 1): 12 56 diéu hoa duoc tinh theo:
H(N —1) = Tyl 5)

Trong nghién ctru nay, md hinh IF dugc xay dung vei 500 cay phan tach va tham sé
contamination bang 0.02 nham 6n dinh qué trinh huan luyén. Sau khi huan luyén, diém s6 bat
thuong dugc tinh cho toan bo dir liéu.

Dé xac dinh cac diém nghi ngo, cac ngudng phan vi cia phan bb anomaly score dugc sir
dung. Cu thé, céc quan tréc thuoc 2% thap nhat cia phan bd anomaly score dugc xem la ngoai
lai tiém nang (Outlier). Cac quan trac nam trong khoang 2%-7% dugc xem la cac diém nghi
ngd (Suspect), dai dién cho cac quan tric nam gan ranh gidi bat thuong, trong khi cac diém con
lai dugc xem 14 dit liéu binh thuong (Normal). Ngudng 7% duoc lya chon sau nhiéu thir nghiém
so bo trén tap dit liéu nghién ciru nham can bang giita kha ning loai b nhidu va bao toan di
licu. Hai nhom Suspect va Outlier dugc gop lai thanh tap con Dy, dé tiép tuc phan tich ¢ giai
doan tiép theo.

2.4. Giai doan 2: Phat hién ngoai lai cuc b bing Local Outlier Factor

Trong giai doan thu hai, thuat toan LOF duoc st dung dé danh gia mat do cuc bo cua cac
diém dir lieu. Khac véi IF, LOF xac dinh ngoai lai dua trén su suy giam mat d6 caa mot diem
S0 vai cac dieém lan can caa né [10]. Va&i moi dieém P, tap k lan can gan nhat duogc ky hiéu la:
N, (P).

Khoang cach tiép can (Reachability Distance) tir diém A dén diém B duoc dinh nghia:
reach_dist, (A, B) = max(k-distance(B), d(4, B)) (6)

Trong d6 d (4, B) 1a khoang cach Euclid, va k-distance(B) 1a khoang cach tir B dén diém
lan can thu k cua no.

Mat dd tiép can cuc bo (Local Reachability Density - LRD) caa diém A 1a nghich dao cua
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khoang céch tiép can trung binh ti k 1an can caa no:

1

-1
Nl Z BEN(A) reach_dist, (A, B)) (7)

LRD (4) = (

Cuébi cung, hé s6 LOF cua diém A la trung binh ty sb gitta mat d6 cua cac lan can va mat
d6 cua chinh no:

1 LRDy(B)
LOF(4) = INk(A)IZBENk(A) LRD (4) (8)

Trong thuc nghiém, thuat toan LOF dugc thiét 1ap voi tham s n_neighbors = 20. Khi &p
dung cho tap diém nghi ngo, moé hinh sir dung tham s6 contamination dé xac dinh cac quan trac
cd mat do suy giam dang ké so vai 1an can va dugc xem la ngoai lai.

2.5. M0 hinh lai ghép IF-LOF

Phuong phap gié xuat két hop hai thuét toan IF va LOF theo co ché phét hién hai giai doan.
Trong giai doan dau, IF dugc sur dung dé sang loc nhanh toan bo tap dir liéu va xac dinh mot
tap con cac quan trac nghi ngo, ky hiéu la Ds,,;, bao gom cac diém duoc gan nhdn Suspect va
Outlier.

Trong giai doan thi hai, thuét toan LOF duoc &p dung trén tap con D,,;, gOm cAc quan trac
dugc IF xac dinh la Suspect hoac Outlier nham danh gia mat d6 cuc bo va xac nhan cac ngoai
lai thuc su.

Mot diém dit liéu P; duoc xac dinh 1 ngoai lai cudi cung khi théa man hai diéu kién:

(1) Piém d6 duoc IF danh dau 1a Suspect hoic Outlier trong giai doan sang loc toan cuc.

(2) Gia tri LOF cua diém d6 cho thdy mat d6 cuc bo suy giam dang ké so véi cac 1an can

cua no.

Co ché x&c nhan kép nay gilp két hop wu diém cua c hai thuat toan: IF c6 kha ndng phat
hién nhanh cac ngoai lai toar] cuc, trong khi LOF cung céap danh gia chi ti€t dua trén mét do cuc
bo. Nho d6, phuong phap dé xuat vira giam s6 lugng canh béao gia cua IF vira han ché chi phi
tinh toan khi &p dung LOF trén cac tap dir liéu lon.

2.6. Panh gia hiéu qua mé hinh

Do dir liéu GNSS-RTK thyc té khong c6 nhan ngoai lai, hi¢u qua cua phuong phap dugc
danh gia gian tiép thong qua su cai thién do on dinh caa chuoi dir liéu.
2.6.1. P§ lgch chudn

Pai lugng danh gia su phan tan xung quanh truc dich chuyén trung binh cua dao dong. Vi
phuong X (twong tu cho Y va Z) [14]:

ox = == 2o, (X — iix)? 9)
Khi céc gia tri ngpai lai (mang’sai s6 16n) bi loai bo, o s& giam. Su 6n dinh cua chudi duoc
dinh lugng qua Chi so cai thién chat lugng (n).
2.6.2. Chi sé cdi thign chdt lweng di ligu
n = T 5 100% (10)

Otruéc
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Gia tri n cang 16n cho thay mutc d6 giam nhidu caa chudi dir liéu cang cao va do tin cay
cua dir ligu quan trac dugc cai thién dang ké.

3. THUC NGHIEM VA PANH GIA KET QUA
3.1. Dir liéu nghién cwiu

Dit liéu thuc nghiém duoc thu thap tir hé théng quan tric siec khoe cong trinh caa cau Can
Tho, mét cau day vang hai mat phang day vai nhip chinh dai 550 m va chiéu cao tru thap 164,8
m. Cau duoc thiét ké theo tiéu chuan AASHTO va c6 dic trung két cau mém, do d6 rat nhay
cam vai cac tac dong dong luc hoc nhur gio, tai trong giao thong va bién thién nhiét do [15].

Hé théng quan tric GNSS-RTK duoc lap dit tai nhiéu vi tri trén két cau cau nham ghi
nhan chuyén dich theo thoi gian thuc. So do bé tri cac thiét bi quan trac, bao gom anten GNSS,
cam bién gi6 va cam bién nhiét do, dugc minh hoa trong Hinh 2. Theo thong s6 k¥ thuat cia hé
thdng, d chinh x4c danh dinh cia phép do dat khoang +(10 mm + 1 ppm) theo phuong ngang
va £(20 mm + 1 ppm) theo phuong dung [16].

Trong nghién cau nay, mot chudi dit lidu chuyén dich GNSS-RTK da duoc trich xuét véi
khoang thoi gian 1ay mau trung binh khoang 10 phat (tic khoang mot quan tric m6i 10 phut)
trong khoang thoi gian tr 01/10/2017 dén 30/12/2017. Tap dir liéu ban dau bao gdom 12.615
quan trac lién tuc theo ba phuong khong gian: X — chuyén dich doc cau, Y — chuyén dich ngang
cau, Z — chuyén dich thang dimng.

Khao sat so bo cho thay chudi dit ligu chira mot sb nhiéu xung cuc bo va céc gia tri do
bat thuong co the phat sinh tir hiu ing da duong (multipath), gian doan tin hi¢u vé tinh hoac
sai s0 do dac. Do do, dit liéu can dugc tien xir 1y trude khi 4p dung cac thuat toan hoc may.

Thép Bic Thép Nam

GPS bazse ®
—

.e
—>

(o]
- — X T I —
i
L]

® GPS WMiydogié & Méy donhiétdkhongkhi Jce-- ) 8 may Tenxo met
Hinh 2. So d6 hé thdng quan tric GNSS-RTK cua cau Can Tho.

3.2. Két qua tién xir ly dir liéu

Quy trinh tién xir ly dir liéu dugc thyc hién theo phuong phap trinh bay trong Muc 2.2.2.
Trong bo dir liéu GNSS-RTK cua cau Can Tho, ¢6 21 quan trac khdng hop 1€ dugc ghi nhan.
Sau qua trinh tien xu ly, toan b cac gia tri thicu da duoc khoi phuc thanh cdng va khdng con
gié tri thiéu nao trong tap di liéu.

Tiép theo, dit liéu dugc loc nhidu va chuan héa trudce khi dua vao cac thuit toan phét hién

ngoai lai. Sau cac budc tién xur ly, toan bd 12.615 quan tric dwoc giir lai dé thuc hién cac thi
nghiém dugc trinh bay trong cac muc tiép theo.
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3.3. Két qua thuc nghiém

Két qua phat hién ngoai lai cua ba phuong phap IF, LOF va mé hinh lai ghép IF-LOF
dugc trinh bay trong Hinh 3 dudi dang chudi thoi gian chuyén dich theo ba phuong khong gian
X, Y va Z. Hinh 3 cho thdy phan 16n cac diém duoc danh diu ngoai lai tap trung tai cac thoi
diém xuat hién cac dot bién bién do 16n hodc cac sai léch cuc bo rd rét so véi xu huéng dao
dong chung cua két cau. Buong mau xanh biéu dién dit liéu gbc, cac diém duoc danh diu 13
ngoai lai (hoc nghi ngo trong truong hop IF) duoc thé hién bang ky hiéu tron, trong khi duong
nét dat mau cam biéu dién chudi dit liéu sau khi loai bo ngoai lai. Sau khi loc, dang dao dong
tong thé caa chudi chuyén dich van duoc duy tri, dic biét dbi vai thanh phan chuyén dich theo
phuong dung (Z), cho thiy cac phuong phép c6 xu hudng bao toan dang dao dong téng thé caa
chudi chuyén dich.
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Hinh 3. Két qua phét hién ngoai lai trén chudi chuyén dich GNSS-RTK theo ba phuong X, Y va Z
bang: (a) Isolation Forest (IF); (b) Local Outlier Factor (LOF); (c) md hinh lai ghép IF-LOF.
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3.3.1. Phat hign ngogi lai bang lIsolation Forest

Két quéa cua thuat toan IF dugc thé hién trong Hinh 3a. V&i cdu hinh 500 cdy phan tach,
mo hinh phat hién:

o 11.732 diém binh thudng (93,0%)
« 630 diém nghi ngod (4,99%)
o 253 diém ngoai lai (2,01%)

IF phat hién hiéu qua cac diém nam xa cum dit ligu chinh. Tuy nhién, do thuat toan dva
trén co che phan tach toan cuc trong khong gian déc trung, mot s6 chuyen dich c6 bién do lon
cua két cau ciing c6 thé bi danh dau nham 1a ngoai lai.

3.3.2. Phat hign ngogi lai bang Local Outlier Factor

Két qua phat hién ngoai lai cua LOF duogc thé hién trong Hinh 3b. Vi tham s6

n_neighbors = 20, thuat todn phat hién 379 diém ngoai lai, trong tng khoang 3% tong s6 mau.

Do LOF dénh gia mat do cuc bo cua timg diém so véi cac diém lan can, thuat toan c6 kha
nang phat hién cac bat thuong ’nhé nam sau trong cum dir liéu. Tuy nhién, do nh;;y cao cua
phuong phap cling c6 thé dan dén viéc phat hién so6 lugng ngoai lai I6n hon can thiét.

3.3.3. Két qud ciza mo hinh lai ghép IF-LOF

Két qua ctua phuong phép lai ghep dugc thé hién trong Hinh 3c. Trong phuong phap dé
xuat, Isolation Forest duogc sir dung dé sang loc cac diém nghi ngo trén toan bo tap dit lidu. Sau
d6, thuat toan LOF chi dwoc &p dung cho tap con nay dé xac nhan céc ngoai lai thuc su.

Két qua cudi cung cho thay:

o 12.438 diém binh thuong (98,6%)
o 177 diém ngoai lai (1,40%)

So vai cac thuat toan riéng I¢, md hinh lai ghép gilp gidm dang ké s6 lugng ngoai lai
dugc phat hién trong khi van git lai phan I6n dir liéu quan trac hop 1€. Két qua so sanh duoc
minh hoa trong Hinh 4.

400 379

350

w
(@]
()

253

N
(@)
o

177

S6 lwong ngoai lai
=N
[@)] (@]
(@) (@)

=
(@]
(@)

(@]
()

IF LOF Hybrid IF-LOF

Hinh 4. So sénh s6 lugng ngoai lai dugc phat hién cia cac phwong phap.
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3.4. So sanh chi phi tinh toan

So sanh chi phi tinh toan cua cac thuat toan cho thay thai gian thyc thi cua IF trén toan
bo tap dir liéu 14 2,92 s, trong khi LOF can 0,23 s khi dugc 4p dung trén toan bo dit liéu. Boi
v6i mo hinh IF-LOF, thoi gian thyuc hién budc xac nhan cuc b bang LOF trén tap con cac diém
nghi ngo Dg,,;, 1a khoang 0,06 s.

Mac du IF thuong dugc xem la thuat toan hi¢u qua d6i véi cac tap dir lieu lon, thoi gian
thue thi dai hon trong thuc nghiém nay cha yéu do mé hinh sir dung s6 lugng cay phan tach Ién
(n_estimators = 500). Qué trinh xay dung va danh gid mot tap hop nhiéu cay quyét dinh ngau
nhién c6 thé lam ting chi phi tinh toan khi kich thudc dix liéu & mac trung binh.

Trong khi d6, thuat toan LOF trong thuc nghiém nay chi yéu cau tinh toan 1an can gan
nhat véi s6 lwong 1an can nho (n_neighbors = 20), do d6 ¢o thé thyc thi nhanh hon trén tap di
liéu co kich thudc vira phai.

Déi voi md hinh lai ghép IF-LOF, thuat todn LOF chi dugc &p dung trén tap con cac diém
nghi ngo duoc xac dinh bai IF thay vi toan b tap dit lidu. Biéu nay gilp giam dang ké s lugng
phép tinh khoang cach can thiét dé udc luong mat d6 1an can. V& mat ly thuyét, chién luoc nay
gilp giam dang ké khdi luong tinh todn cua giai doan phan tich mat do cuc bo, do sb luong
diém can danh gia giam tir N xudng con M (M « N). Biéu nay dic biét co y nghia khi xir ly
cac tap dir liéu quan trac GNSS ¢6 kich thuéc 1on.

3.5. Panh gia chat lwong dir liéu sau khi loc

_ Hiéu qua lam sach dit ligu dugc danh gia thdng qua su thay doi cua do Iéch chuan cia
chuoi chuyén dich trudc va sau khi loc. Két qua dugc minh hoa trong Hinh 5 va tong hop trong
Bang 1.

~ Phan tich két qua trong Bang 1 cho thay thuat toan IF doc lap dat gia tri cai thién do léch
chuan I16n nhat theo phuong X (nx = 33,50%). Tuy nhién, ket qua nay can dugc dien giai than
trong trong boi canh quan trac chuyén dich két cau cau.

Trong cac hé théng quan trac sic khoe cong trinh, chudi dit liéu chuyén dich thuong chira
ca nhidu do dac va céc phan ung dao dong thuc cua két cdu. Viéc giam do léch chuan qua manh
c6 thé cho thay maot s6 gia tri dao dong bién do 16n cua két cau da bi loai boé cling véi nhiéu do.
Diéu nay co thé xay ra khi thuat toan phat hién ngoai lai toan cuc nhu Isolation Forest ddnh dau
cac quan tric nam xa trung tam phan b 1a ngoai lai.

Nguoc lai, md hinh lai ghép IF-LOF giit lai s6 lugng mau 16n nhat (12.438 quan tric)
trong khi vin giam dang ké do phan tan caa dir liéu (nx = 19,05%). Két qua nay cho thay
phuong phap dé xuit co kha niang loai bo hiéu qua cac nhiéu do 5 rét trong dit liéu GNSS-
RTK, d6ng thoi han ché viéc loai bo nham cac dao dong hop 18 caa két cau.

Do d6, trong bdi canh quan tric cau day ving, viéc dat duoc muc cai thién do léch chuan
vtra phai trong khi bao toan phan Ién dir liéu quan trac dugc xem la mét két qua hop 1y hon so
véi viéc giam manh d6 Iéch chuan bang cach loai bo nhiéu quan trac.

Do d6, muc tiéu caa nghién ciru khong phai 12 téi da hoa sé lugng ngoai lai dugc phat
hién, ma la dat duoc sy can bang gitra kha nang giam nhiéu va viéc bao toan cac phan ng thyuc
cua két ciu. Theo quan dlem nay, Mot phuong phap phat hién nhiéu ngoai lai hon chua chic da
mang lai két qua tot hon néu dong thoi 1am mat di cac thong tin dao dong c6 ¥ nghia ciia cong
trinh.
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Hinh 5. So sanh d9 léch chuan cua chudi chuyén dich theo ba phuwong khong gian trude va sau khi ap
dung cac phuong phap loc ngoai lai.

Bang 1. So s&nh hiéu qua cua cac phuong phap phat hién ngoai lai trén dir liéu GNSS-RTK.

Phwong phap S6 mau giir lai nx (%) ny (%) Nz (%)

IF 11.732 33,50 17,89 9,83
LOF 12.236 18,83 10,69 2,51
Hybrid IF-LOF 12.438 19,05 9,92 1,51

3.6. Thio luan

Céc két qua thuc nghiém cho thay mé hinh lai ghép IF-LOF mang lai mot s6 loi ich dang
ké cho viéc xtr ly dir liéu GNSS trong céc hé thong quan tric stc khoe cong trinh. Trudc hét,
co ché xac nhan kép cua phuong phép gitp glam nguy co loai bo nham cac chuyén dich hop I¢
cua két cau. Trong cac hé thong quan tric cau, CAc quan trac c6 bién do I6n khéng phai luc nao
ciing 14 nhiéu do ma ¢ thé phan anh phan tng dong luc hoc thuc cua cong trinh. Viéc chi loai
bo cac diém dir liéu duoc ca hai thuat toan xac nhan 1a ngoai lai gidp han ché hién tuong phéat
hién sai (false positives) khi sir dung cac thuat toan phat hién ngoai lai riéng lé.

Bén canh d6, phuong phap dé& xuét gitp giam khdi lwong tinh todn caa giai doan phan
tich mat do cuc bo. Nhu da trinh bay trong Muc 3.4, md hinh LOF dugc huan luyén trén toan
bo tap dix liu nham bao toan ciu tric mat do caa khdng gian dix lieu. Tuy nhién, viéc danh gia
diém sb LOF chi dugc thyc hién dol Vi tap con cac quan tric nghi ngo duge xac dinh boi IF.
Chién Iuoc nay gilp giam dang ke s6 lwong phép tinh khoang céach can thiét dé udc luong mat
d6 1an can, tir d6 cai thién hiéu suat xu ly cua hé théng.

Ngoai ra, khung phuong phap dé xuit c6 tinh linh hoat cao va c6 thé dé dang tich hop
vao cac quy trinh xir ly di liéu quan tric hién c6. Phuong phap nay c6 thé duoc st dung nhu
mét budc tién xir 1y trude khi thuc hién cac phan tich tiép theo, chang han nhu nhan dang dao
d6ng riéng, phan tich xu huéng chuyén dich dai han hoic phat hién hu hong két cau.
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Mic du dat duoc nhitng két qua kha quan, nghién ctru van ton tai mot s han ché can duogc
thtra nhan. Do b dir liéu GNSS-RTK duogc stir dung trong nghién ctru nay dugc thu thap tir mot
hé thdng quan tric cau thuc té, s6 lwong va vi tri chinh xac cua cac gia tri ngoai lai thuc su
khong duoc biét trude. Vi vay, hiéu ning cia khung phuong phap duoc dé xuét khdng thé duoc
danh gia bang céac chi sb phan loai truyén théng nhu d6 chinh x4c, do bao phu hoic F1-score.
Thay vao dé, viéc so sanh dugc thuc hién dua trén cac chi s gian tiép, bao gom muc do giam
d6 léch chuan, mic d6 giam RMSE, ty 1& mau duoc giit lai va mic d6 giam khéi lugng tinh
toan cua giai doan LOF.

Ngoai ra, mac du khung phuong phap dé xuét da cho thay hiéu nang day hira hen trén bo
dir liéu cua cau day vang Can Tho, viéc kiém dinh bd sung bang cac bo dit liéu téng hop c6
chén trudc cac gié tri ngoai lai da biét, ciing nhu cac bo dir lidu quan tric tir nhiéu loai cau khac
nhau, sé€ gitip danh gia nghiém ngat hon kha nang khai quat hoa cua phuong phap. Nhitng noi
dung nay s& duoc tiép tuc nghién ciru va 1am rd trong céc cong trinh tiép theo.

4. KET LUAN

Nghién ctru nay da dé xuat mot khung hoc may lai ghép két hop hai thuat toan IF va LOF
nham phat hién va loai bo cac gia tri ngoai lai trong chudi di liéu chuyén dich GNSS-RTK
phuc vu quan tric cau ddy ving. Phuong phap duoc kiém chang théng qua bo dir liéu quan tric
thuc té ciia cau Can Tho vé6i 12.615 mau chuyén dich theo ba phuong khong gian.

Két qua thuc nghiém cho thdy md hinh lai ghép IF-LOF c6 kha ning phat hién ngoai lai
hiéu qua trong khi van bao toan cac phan tng chuyén dich thuc cua két cau. So véi cac thuat
toan don 1¢, phuong phap dé xuat chi xac nhan 177 ngoai lai (1,40%), thap hon so véi IF (253
diém) va LOF (379 diém). Biéu nay cho thiy co ché x4c nhan kép caa mé hinh gilp giam déng
ké hién tuong phaét hién sai (false positives) trong dit liéu quan tric GNSS.

Bén canh dé, viéc chi 4p dung LOF trén tap cac quan trac nghi ngd duoc xac dinh bai IF
gilp giam dang ké khéi lugng tinh toan cua giai doan phan tich mat do cuc bo so véi viéc ap
dung tryc tiép LOF trén toan bo tap dir liéu. Diéu nay cho thay khung IF-LOF ¢ tiém ning
trién khai cho cac bai toan xu ly dit liéu quan traic GNSS quy md 16n.

Nhin chung, nghién ciru da chitng minh rang khung hoc may lai ghép IF-LOF 1a mot
phuong phap tién xtr Iy hiéu qua nham nang cao do tin cay cua dir liéu GNSS-RTK trong cac
hé thong quan trac suc khoe cdng trinh. Trong cac nghién ctu tiép theo, phuong phép can duoc
kiém chung trén nhiéu bo dir liéu quan trac khac nhau dé danh gia tinh tong quat, ddng thoi co
thé duoc maé rong dé xur ly cac chudi dix liéu dai han hoic tich hop véi cac phuong phap hoc
sau nham nang cao hon nita kha nang phat hién bat thuong trong cac hé théng SHM quy mo
lon.
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