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Fig. 1 Schematic of DMZI-UAV fusion security system. (a) DMZI structure diagram; (b) UAV structure diagram
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Fig. 2 Transition of signal from a time series to a time spectrogram
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Fig. 6 Five typical sensing signals and their corresponding STFT time-frequency diagrams

LI AL T 5800 A~ FE A S B8 UE iy 44 A5 Y (19 1T A7 4 AN
AR . o o A KOG A IR 20 4% 8% R 4 r R 4R I B
£ K /N 3000, T6 A AL BT 41 45 19 B4 45 K /N 2800,
BAANRFREMNFEARLZE 1R 25 .
6 SIE K5 5 A0 32 B F 8 10 1 AY L 91 BiE ML 5 R R gk
B, BB R AR AF AR

I B, YOLOVS B 7 #E 4L 9 kL S5k
VB R 57 (400 b A 2 85, (8 B ) EROHE 48 0 S 50T

B, Y TE AR R B S O T AL BORSERE, TE ALK Ak
T RS O v S B T I LA S A T R R AL
4R AR AR Bl 05 B SE s R . fEE A S R 22
W0 2% I 5 2 B, A 3. 135 B 3 B9 5 vk 6 S o
U PR AT UL B, DT 4 5 B R 4 | £ 7 0 4% 19

B,
4.2 HEM%KI%

ARG P15 BT 7 19 52 56 2% 1, A6 52 B I3l 2o 7 v 2R

5 (a2)
N
4t =
=
¥ —v--.f.. A = NN i
Q
T g
=
1+ o}
=
0 1000 2000 3000
Data point
®2)
=
=)
—
=
>
Q
g
g
=
0 1000 2000 3000
Data point
5 : (c2)
N
4 e
g =
. =
’
1 g
i | &
0 1000 2000 3000
Data point
d2
5 l (d2)
N
4 =
=
3 <
>
Q
2 g
=
&
1 5]
=
0 1000 2000 3000
Data point
5 (e2)
4 =
=
3 =
g
? g
1 g
=

0 1000 2000
Data point

3000

sensing signal diagram

0.1 0.2
Time /s

STFT diagram

K6 5P £ RUE S S W BE A STET I 43t &

0228001-7

(=]

|
[=2]
S

Intensity of

vibration signal /dB

Intensity of
vibration signal /dB

Intensity of Intensity of
vibration signal /dB

vibration signal /dB

Intensity of

vibration signal /dB



435 E2H1/2023 F 1 B/R¥2IR

STFT diagram

UAV shot

knocking

K7 AR AR AR STET B B AR N 1 JC A ML 4 1]
Fig. 7 STFT diagrams and corresponding UAV images of four typical intrusion events
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Table 1 Number of samples selected for the experiment

#o ELRBSHK

Table 2 Experimental parameter table

N
Type ¢ Waggling Knocking Crashing Kicking

intrusion
STFT 600 600 600 600 600
UAV 0 700 700 700 700
Total 600 1300 1300 1300 1300

Parameter Value
Learning rate 0.0032
Momentum 0.843
Weight decay rate(decay) 0. 00036
Batch size 32

OV, (A5 1 25 Hh A B TR B S O A R R . e

1Y OLOv5s #5814 52 56 2 8010 35 2 F s o
W2 b 2 1 I 2 4 B0 UE 4 RS AE IH S o8 BR Y

YOLOv5s M 2445 71 1)l 25 150 epochs, ) 7] £ 8 46 1

(a) 0.020

0.016

0.012 -

0.008 -

Classification loss

0.004 -

0 L L L L L
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Epoch No.
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B B A I 5 45 SR B S best. pto 50 AR AR 7E 1%
PR I g R 8 Fros o M 2R g5 ST LLE
H L #E K29 100 epochs J& , 73 35 2 Fll e Ao 0 26 #8 T
FasE , 3 H mAP@O. 5:0. 95 I AR EE7E 90% LA L.

()

0.060

0.045

0.030

Object loss

0.015 -
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Epoch No.

~
&

1.0 +

mAP@0.5:0.95

0 . . . . .
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K8 SRR AU ZREE R IA () 23 24515 (b) B ALK 5 (¢) mAP@O. 55 (d) mAP@O. 5:0. 95
Fig. 8 Training results for five typical events. (a) Classification loss; (b) object loss; (¢) mAP@0. 5; (d) mAP@0. 5:0. 95
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Table 3 Comparison of recognition and classification results of three different datasets

Condition Event type P/% R /% F /%
Label 1 82.4 83.6 83.0
Label 2 81.7 80.2 80.9
One-dimensional raw data mAP@0. 5:0. 95

Label 3 82.5 82.2 82.3

80.5%
Label 4 84.5 85.0 84.7
Label 5 84.3 83.8 84.0
Label 1 93.2 93.7 93.4
Label 2 94.3 92.9 93.6

Mel spectrum + UAV images mAP@0. 5:0. 95

Label 3 95.6 92.4 94.0

91.2%
Label 4 94.9 95.1 95.0
Label 5 95.5 95.7 95. 6
Label 1 100.0 99.7 99.8
] Label 2 99.2 97.7 98.4

STFT+UAYV images mAP@0. 5:0. 95

Label 3 99.9 97.4 98.6

96.6%
Label 4 99.0 100. 0 99.5
Label 5 100.0 99.3 99. 6
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Table 4 Performance comparison between the proposed model

and the traditional model

Preprocessing  Identification Total
Model . . .
time /s time /s time /s
RBF-EMD model 1. 14 0.5 1. 64
SVM model 0.3 0.3 0.6
Proposed model 1x10* 2X10° 2.1X10°

BLAR =7~ FUHAW TR 2 2 2] J7 S B, P 35 07 52 A A6
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Abstract

Objective

The distributed optical fiber vibration sensing (DOFVS) system is a pre-alarm system based on security

monitoring technology, which can realize continuous distributed detection and measurement of vibration events along
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single optical fiber links. The DOFVS system has many advantages such as high positioning accuracy, a large monitorin
gle op y y g ghy g y g g

range, simple structure, and easy installation, and it has been widely and successfully used in many vibration sensing
fields, such as long-distance oil and gas pipeline leak detection, security monitoring of transmission line networks, and
perimeter security monitoring. However, due to the complexity and diversity of its application environment, the DOFVS
system still faces problems such as low reliability and poor stability in practical applications. In our research, we propose
an intelligent sensing detection scheme, which combines the DOFVS system and artificial intelligence (AI). This scheme

can significantly improve the practical reliability and stability of the DOFVS system in engineering applications.

Methods This paper proposes an accurate detection scheme for multiple optical fiber vibration sensing events based on
the You Only Look Once version 5s (YOLOv5s) model by integrating the dual Mach-Zehnder interferometer (DMZI)
system and the quadrotor unmanned aerial vehicle (UAV) monitoring system. When an intrusion event occurs, the DMZI
system transmits the location of the disturbance point to the UAV via Qgroundcontrol. After the UAV flies to the
disturbance point, the camera on it can automatically capture and photograph the surrounding environment of the vibration
position in real time and then transmit the real-time image information back to the ground station through the first-person
view (FPV). First, the DMZI system and the UAV system are controlled by the ground station Qgroundcontrol. Second,
the short-time Fourier transform (STFT) is performed to obtain the corresponding two-dimensional spectrum from the one-
dimensional time-series signal. Third, the spectrum of the two-dimensional vibration signal and the corresponding original
images captured by the UAV are jointly sent into the YOLOv5s-based convolutional neural network (CNN) model for
identification and classification. Fourth, massive experiments are carried out to verify the effectiveness and feasibility of
the proposed scheme. The mean average precision (mAP) and identification times of the five sensing events are measured

to demonstrate the performance of the proposed scheme.

Results and Discussions The DMZI-UAV-based combination security system achieves high identification accuracy of
five typical sensing events. Although the corresponding time-domain waveforms of the five typical sensing signals are
highly similar to each other, their corresponding STFT spectral distributions show significantly different features (Fig. 6).
In this experimental test, the image of the original data consists of two parts: one is the two-dimensional STFT
spectrogram corresponding to the one-dimensional vibration sensing signal, and the other is the real-time image captured
by the camera mounted on the UAV (Fig. 7). Specifically, 5800 samples are collected and processed during the field test
to verify the feasibility and the effectiveness of the proposed model. The size of the data collected by the DOFVS system is
3000, and the size of the data captured by the UAV is 2800 (Table 1). During training, the labeled images in the training
set are trained for 150 epochs in the YOLOv5s network model after parameter adjustment. After about 100 epochs, the
classification loss and localization loss tend to be stable, and the mAP@0. 5:0. 95 remains above 90% (Fig. 8). Then, the
comparison of the identification and classification results of three different datasets shows that the overall identification
performance of the original one-dimensional data is significantly lower than that of the Mel spectrum identification scheme
and the STFT identification scheme (Table 3). The results reveal that the dataset of the third scheme can obtain better
event identification performance, which greatly enhances the analysis and processing ability of vibration signals. Finally,
in the testing phase, the detection time of the proposed model is at the level of milliseconds, which can fully meet the real-

time detection requirements of practical engineering applications (Table 4).

Conclusions According to the application requirements, this paper proposes and designs a vibration identification scheme
based on the DMZI-UAV-fused security system, which is realized by the combination of STFT and the YOLOv5s
algorithm. By the DMZI-UAV-based combination security monitoring system, the features of the optical path signal from
the perspective of time and frequency can be effectively extracted. Moreover, the proposed scheme can also discriminate
and classify the intrusion events in the actual space with high efficiency. The method based on the YOLOv5s algorithm can
automatically extract features, which avoids the low robustness problem in manual feature extraction. The effectiveness of
the method is verified by the detection of five common sensing events, namely, no intrusion, waggling, knocking,
crashing, and fence kicking. The training results show that the mAP for the five sensing events is all above 95%.
Furthermore, the field test results demonstrate that the proposed scheme can accurately identify and classify five typical
sensing events, with mAP of 96.6%. Meanwhile, compared with traditional machine learning and other deep learning
schemes, the proposed scheme has a significantly shorter response time that can be controlled within 5 ms. Therefore, we
believe that the proposed scheme can improve the reliability and stability of the DMZI DOFVS system in practical

engineering applications.

Key words sensors; fiber optics; optical fiber sensing; fusion sensing; event recognition; YOLOvV5s
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