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Abstract

To improve early warning reliability for long-distance pipelines exposed to excavation, traffic in-
terference, construction activities and non-stationary environmental noise, this paper proposes a
distributed fiber-optic intelligent warning system based on cloud-edge collaboration and deep
learning. Phase-sensitive optical time-domain reflectometry is used for continuous vibration sens-
ing along the pipeline. Edge nodes perform demodulation, denoising, event triggering and local in-
ference, while the cloud platform supports model training, GIS linkage, sample review and version
management. Wavelet packet decomposition is adopted to enhance impact-related frequency
bands, and a multi-scale 1D-CNN-BiLSTM-Attention model is designed for event classification. A dy-
namic mapping matrix between optical distance, pipeline stake number and GIS coordinates is fur-
ther introduced to compensate localization errors caused by fiber coils and redundant cable sec-
tions. Field-oriented evaluation indicates that the framework reduces invalid uplink traffic, short-
ens warning latency and provides traceable evidence for pipeline inspection and emergency re-
sponse.
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Figure 1. Technical route of distributed fiber-optic warning for long-distance pipelines
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Figure 2. Schematic of p-OTDR vibration sensing and optical-distance localization
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Figure 3. Cloud-edge-end architecture and data flow
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Figure 4. Schematic waveform comparison before and after wavelet-packet denoising

B 4. KR BRERERTER T RE
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Figure 5. Multi-scale 1D-CNN-BIiLSTM-Attention event recognition model
& 5. ZRE 1D-CNN-BiLSTM-Attention IR AIHEHR!

3.3.GIS EL S5 &K MIEIE

e BRI AE R TR E SR B . TR EAAAERS. f%. 57, BEEnp i, FE
BAUCRRE O B B, RGOSR T . ASCRADE S BRE - BIENES - GIS AAPrMUp ke, i o
FobE SR EANER . HEkA B OTDR 4 L7 BUBE R &R .

B L X AR IR 22 1 4 v 4 FE (FWHM) 57 B T8 P « BRe b, RCIRRSGE 7 06 £ b 17 10 22 [ iy 7 9 P
HXREE; AR X B PR R 00 s Ve R NI, UG 2T £ SR A5 (8] A A7 AE [ SR B A . R GERE
ZIX BRI NRGIBL IR GIS MG b AT KA AME: . WU SR R SE IR WA 6.

AFEREEEHS—GISEITIG 5 REEIE

Pk a4 X
FWHMZ ERE

EIRR | BRI SH S/ E s

K12 K26 K40 K54 K68 K82
T ) B SRR R IR 5 Y ZRia AR R B EEN IR RHHEEN AR,

Figure 6. Optical distance, pipeline stake and GIS mapping with redundant cable correction
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Table 3. Dataset and scenario configuration
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Table 5. Example of denoising performance
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Figure 7. Confusion matrix of event recognition
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Figure 8. End-to-end latency and uplink traffic compression
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