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Figure 1 (Color online) Framework of the proposed method.
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Figure 2 (Color online) Cluster boundaries based on support vectors on two-dimensional datasets. (a) Single cluster;
(b) multiple clusters.
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FPR = 175 (22)
FN
FNR = (23)

TP + FN’
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*1 RIS DSMS HIBHHIE.
Table 1 Features of JiaoLong DSMS dateset.

Feature Range of feature values
Oxygen concentration [0.0,21.3]
Carbon dioxide concentration [0.0,0.1]
Pressure [0.0,104.2]
Humidity [0.0,69.9]
Life support system
Temperature [0.0, 34.4]
Emergency hydraulic source pressure [0.0,1.0]
Oxygen concentration backup [-0.2,0.7]
Carbon dioxide concentration backup [—0.3,0.3]
Fuel tank pressure [0.0,22.7]
Hydraulic system Fuel tank temperature 1 [—141.1,0.0]
Fuel tank temperature 2 [0.0,60.7]
Salinity [0.0,5.8]
External environment Temperature [0.0, 28.6]
Pressure [0.0,1.0]
b (b) ©
40 40 40
— 20 \ — 20 - 20
3 \ 3 3
©
<, e, !‘,-! %=EH - o Eh
> ’ > >
L ‘.r“,mu—“
-20 .‘ X -20 -20
L]
—40 'Qﬁi""' o —40 -40
-20 0 20 40 60 80 100 =20 0 20 40 60 80 100 =20 0 20 40 60 80 100
x (a.u.) x (a.u.) x (a.u.)
(d (©)
40 40

s b .| 9
L, ‘ s, ]
> >

-a0 -a0

=20 0 20 40 60 80 100 =20 0 20 40 60 80 100

x (a.u.) X (a.u.)

3 (MEHFE) KBS DSMS HEREFRMBEERNBESSH. (a) HIREFE [1,10000]; (b) HiEE
F% [10001,20000]; (c) #HBiEIFR [20001, 30000]; (d) ¥i#EEIFE [30001,40000]; (e) HHEIEIFR [40001, 50000].
Figure 3 (Color online) Data distribution of JiaoLong DSMS dataset in different time periods. (a) Data interval:

[1,10000]; (b) data interval: [10001,20000]; (c) data interval: [20001,30000]; (d) data interval: [30001,40000]; (e) data
interval: {40001, 50000].

Horh, TP o IR TN 2 K9 A 22 SRS RIFEAAN L, TN o IRR T 2 () 2 SRS AR AL, FN
FORANZ AR TN A 2 AR IREANEL, FP R 2 AR T A 22 AR REA N
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Table 2 Performance of DSVE and comparison methods under different L. The best results are in bold.

DSVE ARF LB HAT SVM XGBoost

G-mean (%) 96.51+2.71 87.56+0.78 77.79+1.16 78.1940.00 89.13+0.00 80.99+1.61

L =500 FPR (%) 3.53£0.08 2.36+0.16 2.78+0.18 2.52+0.00 2.52+0.00 11.70+£0.18
FNR (%) 4.414+0.19 21.474+0.20 37.76+0.44 37.2940.00 18.5040.00 25.714+0.38

Time (s) 379.18+25.48 32.714+5.03 20.98+4.11 17.61+2.39 28.98+6.41 37.71+£6.38

G-mean (%) 95.86+1.40 86.701+2.92 78.14+1.82 80.00+0.00 88.79+0.00  45.14+1.08

L =1000 FPR (%) 3.99£0.11 5.88+0.20 7.27£0.20 14.43+0.00 2.20£0.00  73.89+0.44
FNR (%) 7.19+0.12 20.131+0.65 34.16+0.38 25.2040.00 19.38+£0.00  21.96£0.27

Time (s) 367.25+£29.19  39.25+4.91 20.22£3.10 19.88+3.42 39.88+£7.80  44.39+8.58

G-mean (%) 96.72+1.44 92.83+1.22 93.95+1.92 86.1540.00 64.814+0.00 85.10£1.57

L = 1500 FPR (%) 2.01£0.00 1.52+0.44 0.25+0.08 1.6440.00 1.43+0.00 14.09£0.43
FNR (%) 6.46+0.41 12.49+0.18 11.51+£0.18 24.5440.00 57.3940.00 15.70+0.18

Time (s) 391.77+38.24 30.40+3.99 29.10+3.88 17.44+3.55 49.80+8.52 58.99+7.45

4.3 JEEFERBEIELE

T [F1) A7 5 AR 0 960 UF A AR P 53 20 35 4% 22 A VPl [ R, AR SCIE I T PR R BB IR B9 4 2 2 i, B4 =
FEH &ML (support vector machine, SVM) 41 FIAR R FEHE T (extreme gradient boosting, XGBoost) [+,
DL PPt L PIAE 2 27 ) T v, B EE R FEALAR AR (adaptive random forest, ARF) 431 ek i 7E 2648
#7715 (leveraging bagging, LB) *4 T 5A i DSVE JiikmbAMEREXT Lk, Bbah, BFERT B
TN (HAT) A NEEZ 772, DLSHIE T 3R 28 SCHF I SR IR A 2. ksl B B 2 B it 73t i)
WAV, AH FEASAZ X A g 36 1E AR 1) 22 4 PEA [ A .

SIS TR AL E N AR AR S AR E I, K DSVE IESIE 1 W 500 HEEER{K
S C WEN 0.9, AR AR, wEFENE T v A 1.4, HTX0HE, 36
ROBER AR A A8 k. 25 P8 2 A7 B IR B BRI, K s BBk IA %R M 08 12. DSVE il
MEEKH Scikit-multiflow FEHEIERINS . XFEET7VEH, SVM M XGBoost 73Kl T Scikit-learn
A XGBoost JiEHIYSEEL, 10 P ARRAE LR T3 VAR RT3 R R SR ARSI OK B T Scikit-multiflow J.
FI A0 B 712350 5% T A S o (B BRI S 501

4.4 EEMEEXTELSCIE

BT 4 it b 53 AN A2 THT [ B ity B0 F 3R R 1 22 A VEAh il R HE 1, BT DUR FHAIEG 1) L M
TCREAS B IR LI N LA R, FER FH ST VRS 7 25 AT PR R EAT M. S 784 % o il i
PERE, SRR T3 FANE IRIIE AR ICFEA AR, 18 L = {500, 1000, 1500}. % 2 @7~ 1 A XL
JTEPERERIL. 1 G-mean FEARFTLAE Y, DSVE 78 BRIV RE_ A0 T A X LTk, SR
ERT BIEMRFENEIEML, DSVE fEAF L T, 70 BHEMZ 0 RIS T 18.32%, 15.86% 1 10.57%
FIFETE, XUERR T, BT 5 Hh B 3028 SCHE n) 5 H2 USRI m DAE AT AR i 960 UF S 38 1) 22 4 P1-Ai I i A 2K
ML AR A5 IS, I B I v Aff b B 5 o A (AR AL

MIRIRZEFIFIRFE KRG, DSVE EFTH IGO0 N EYERFE 7 B ARIIRIRE, (B R AR R iR,
ST R, XA RER T DSVE J5iE A 2 4R B B IR F RS N BRE AN N HLAR I8 i S 8,
X AT DU 4R/ RA SR 1 SRR, (HS2, /AN R SR 12 5 AR P R A TE Ik
A B AR SR, AT BT RT M 0 B0 U AR B TR SRR AR, A LT 2 AR R R, A %
REIRIRAT RS FECEN E G R, R RATERMA R T Bk, fE52br Tl R, @
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4 (MERRFE) FRIFRCEEHITE AR G-mean MiZk. (a) ¥RICEEBIA 1%; (b) FRIEEEHIA 5%; (c) #Fid
EEfl 10%.

Figure 4 (Color online) G-mean curves of each method under different labeling proportions. (a) Labeling proportion 1%;
(b) labeling proportion 5%; (c) labeling proportion 10%.

2O BRI T k. Besh, BB AIAa nT RIARICREASCR AN, X bR IR i R
BERIERERT, H % XGBoost 5 SVM MITERERBEE L 3K 2ICEIES. iRy, M3l L
DR FEEFERAE T 4 Fons B IVETC i3 78 70 ) A 20 M 0 54 o A 7R 45 K fin D SE e i . Xl 3 3
TV R 2 RS ICFEASIN AR R 25, BB ICTR AL R S S A2 i X et 20 A 0 H A E A ) 1Al AR LR T
&, DSVE J5vA AT LU St IS X o0 SRR N DAAE 2R 508, B 2 MARICHEA AT B T DSVE J5i%
A AL SRIRAEAE B, T B iR B AR 2 A RE AN ME S RS I N e 7). it —28, R 2 \TRAE A
T HoAh 535, DSVE 75 B A AR BRI TR AR . HAz A7 I 18] 3 22V FEAE A% 25 (R B BRI 72 2k 50T
AR, HSE, SER I IEGE BRI L DN 9 h, i =T DSVE JHERIS T K, prifirik
AT UAEB R A BIDR R, 58 ot 7 Sk W I 50t AR AR L i A I 2 K.

N0 WA SO IR 75155 3 ME L~ 21 7 ik 7r ek BE, BENLAR 10 B it o (0 8 7 A
THOF LR EE R, REHUNIFRCE T 3 ML 31071k, BRIz A DSVE 1)
AL ARARIC IFEA T 22 3] AR R ICAEABCR [BE LU L = 1000, FEAARC ELGI 70500 i E N 1%,
5% 1 10%. xS T A FITTELE S SR T i 70 RV REARAL, B 4 BoR TAEANFE R AR L EL
~, DSVE 5§ 3 M{EL 2 I 7R3 13 ) G-mean PEREHIZE. 3£ 3 45 H1 T G-mean FIIHABYERESR bR
HUEZER. thdk 3 W, £ 1% F1 5% MIREARIC LS N, XS LT3R5 T BN RE AR 2215 R,
B3¢ DSVE JHERIAS T LR G-mean {H. SR80, 4£ 10% MIFEATSCHE T, X HIPNELZBHE T
SEAF A PRI FZ, (HZBUMBIHFE 73R 6000 MEARIARICITH. /AW, DSVE J7rik KRR
15 ARF M1 LB M 2 VP PERE. Z5 F, T th A B3 SR A R BRI W] DL ot L Rl in 2845
S, AT R PTG i i (14 B A

4.5 BSEHRMSH

AR DSVE Tkt 3 RS, e sl DR W B ERECE BIR M A4z
FASEA T . W EYIAPRCHEARSCR L = 1000, AN 204 7 AR ZEUE X Fr$E 7 i 70 SR BE RO RE .
H11& 5(a) AT WL, DSVE JERTRAFH) G-mean [HEHE W LB ETHES, A& T
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Table 3 Performance comparison of DSVE and online learning methods under different labeling proportions. The best

results are in bold.

167

DSVE ARF LB HAT
G-mean (%) 96.33+2.05 92.93+1.41 91.4340.85 93.89+3.01
Labeling proportion 1% FPR (%) 3.264+0.24 0.60+0.18 0.68+0.14 2.3140.42
FNR (%) 5.99+1.88 11.82+0.11 19.60£0.24 12.35+0.10
Time (s) 334.11£22.32 49.11+4.47 27.76+5.44 20.89+3.39
G-mean (%) 96.33+£2.05 94.64+1.54 93.33£1.79 95.91+2.31
Labeling proportion 5% FPR (%) 3.26+0.24 0.184+0.04 0.38+0.07 0.4340.12
FNR (%) 5.99+1.88 6.661+0.08 7.50£0.28 10.76+0.31
Time (s) 334.11£22.32 55.41+7.80 29.4745.74 23.33+5.85
G-mean (%) 96.331+2.05 99.844+0.39 99.8242.81 99.68+6.53
Labeling proportion 10% FPR (%) 3.26+0.24 0.06+0.11 0.05+0.01 0.0840.01
FNR (%) 5.99£1.88 0.46+0.08 0.5440.12 1.3440.26
Time (s) 334.11+£22.32 69.794+10.36 38.66+6.91 25.58+8.04
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E 5 (MERFE) FTRISHNEEMI. (a) BHEOKE; (b) BIRMRAEE; (c) FE0RHMEAEL.
Figure 5 (Color online) Sensitivity analysis of different parameters. (a) Length of sliding window; (b) maximum number
of hypersphere; (c) radius relaxation factor.
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Table 4 Classification performance comparison of DSVE and its variants. The best results are in bold.

DSVE DSVEnNoNOR DSVEnNoDSV DSVENoDW DSVENoRE DSVEyt
G-mean (%) 95.21+2.41 90.29+4.33 77.90+2.66 89.31£6.79 94.0240.00 92.54+3.07
FPR (%) 2.37+0.31 4.714+1.01 1.2240.11 1.09+0.20 1.59+0.00 3.77+0.69
FNR (%) 6.88+0.28 7.154+1.02 19.45+2.81 9.88+1.96 9.4440.00 10.81+1.46
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&6 (MERFE) DSVE EARERED TR ZIFER. (a) t = 100; (b) t = 300; (c) t = 600; (d) t = 9005
(e) t =1200; (f) t = 1500; (g) ¢ = 1800; (h) ¢ = 2000.

Figure 6 (Color online) Support vectors extracted by DSVE at different time steps. (a) t = 100; (b) ¢t = 300; (c) t = 600;
(d) ¢ = 900; (e) t = 1200; (f) t = 1500; (g) ¢ = 1800; (h) t = 2000.
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Abstract In non-stationary environments, real-time safety assessment of complex equipment holds immense
significance as it enables the timely detection of potential hazards. The dynamic changes in online monitoring
data emerge as the most prominent obstacle. While some incremental learning-based methods can dynamically
adjust based on monitoring data, they typically operate under the assumption that labels for all monitoring
data are available. However, in most real-world scenarios, only part of the initial data collected in advance or
historical data are labeled, leaving real-time monitoring data predominantly unlabeled, which poses a difficult
challenge known as the extreme verification latency problem. To address this issue, a real-time safety assessment
method based on dynamic support vector extraction is proposed. First, several hyperspheres with different
class monitoring data are constructed in the kernel space using the support vector domain description, with the
purpose of capturing the geometric structure of monitoring data. Second, the label information is propagated
within the unlabeled monitoring data by updating the hypersphere, enabling adaptation to distribution changes.
Additionally, a dynamic support vector weighting strategy is employed to mitigate the impact of class imbalance
on model performance. Finally, experiments on the JiaoLong deep-sea manned submersible dataset verified the

effectiveness of the proposed method.

Keywords real-time safety assessment, non-stationary environment, extreme verification latency, class
imbalance, data stream



