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A 3D tailings dam visualization early warning system was developed based on GIS
(geographic information system) combining ARIMA (autoregressive integrated moving
average model) and 3S (RS, GIS, GPS) technology for prediction of phreatic line changes
and tailing dam deformation. It was applied for monitoring and early warning for the
gold–copper tailing dam in Zijinshan Dadongbei tailing pond. The system consists of
equipment management, data management, prediction, monitoring and early warning,
and 3D visualization modules. It is able to do data management, visualization and disaster
prediction, and early warning based on 79 monitoring points of rainfall, infiltration line, and
deformation of the tailing dam in the Zijinshan mine. The design and application of the
system reflect its features of rich functionality, high practicality, intuitive effect, and high
reference value. The system solves the problems of low visualization of monitoring data,
poor management of multiple data, and feasible prediction and early warning of
point–surface combination. It realizes high-precision prediction of key factors and real-
time warning of disaster.

Keywords: tailings dam, 3D geographic information system, cloud-side collaborative technique, monitoring and
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1 INTRODUCTION

Tailings have a great impact on environmental pollution and the ecological landscape (Jiang et al.,
2021; Luo et al., 2021; Zhang et al., 2021). There are many kinds and quantities of tailing ponds in
China, and most of them are in mountainous and upstream water source areas. Tailings mainly
stored in tailing ponds are the largest bulk industrial solid waste produced by industrial and mining
enterprises. Thus, the tailing pond is a facility with high environmental risk. The factors affecting the
stability problem of the dam are complex (Hu et al., 2016; Clarkson and Williams, 2021a). Besides,
safety events, such as tailing dam break, cause huge economic and property losses. The leakage of
highly toxic chemicals, such as heavy metals and beneficiation agents contained in tailings, also very
easily pollutes the surrounding soil, surface water, and groundwater, causing sudden environmental
disasters (Del Rio-Salas et al., 2019; Ouyang et al., 2019). According to incomplete statistics, more
than 100 tailing pond accidents have occurred in China since 2001. At present, the situation of tailing
environmental risk management in China is still very serious, and the high incidence of
environmental emergencies in tailing ponds has not been alleviated (Peng et al., 2020).
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The early safety assessment of tailing dams in China was
mainly based on manual monitoring (Yang et al., 2019). With the
development and promotion of monitoring equipment, many
tailing dams have used automatic monitoring devices and
established a variety of monitoring systems based on wireless
sensor network, the Internet of things, CAN-bus, and ZigBee
technology (Wenxue et al., 2011; Wang and Yong, 2014; Bo and
Shan, 2018; Meng, 2019; Gamperl et al., 2021). The installation of
various types of automatic monitoring equipment on a tailing
dam improves the monitoring efficiency and degree of
automation (Pirsiavash et al., 2017; Ayhan and Almuslmani,
2021; Sarantsev, 2021; Zheng et al., 2021). However, some
problems, such as isolation of multiple monitoring systems,
invalid management of various types of data, and low
visualization of data system are inevitable (Padsala et al.,
2021). Therefore, the main aim of this study is to carry out
the design and research of tailing dam monitoring and early
warning system based on computer, cloud computing
(Kanakaraja et al., 2021), GIS (geographic information system)
(Kong, 2017; Thatcher, 2018), and time series prediction
technology (Wen et al., 2021). 3D geographic information
system can manage multisource data effectively and realize
two- and three-dimensional visual displays (Cahyono et al.,
2021). The system is built by cloud-side collaborative
technology (Erbao et al., 2019), which is a widely used
technology at present. It can solve the problems of data
management and transmission. The system adopts the data-
driven method for monitoring and early warning.
Furthermore, it helps to improve prediction and early warning
and also the three-dimensional visual display of tailing dam key
factors, and finally promotes the construction of smart mine (Xu
et al., 2019).

2 DESIGN OF SYSTEM

2.1 Theoretical Basis
This study is based on geographic information system (GIS),
cloud computing, computer technology, time series prediction,
and so on. GIS is a computer system integrating data acquisition,
transmission, management, storage, analysis, display, and output.
Until now, the data processing and spatial analysis functions of
GIS are continuously developed, and have been widely used in all
walks of life (Al Faisal et al., 2018). In this project, the system
framework was built based on the idea of GIS. GIS can manage
multisource data effectively and realize two- and three-
dimensional visual displays (Li N. et al., 2021). Cloud
computing is a dynamically scalable service related to
information technology, software, and the Internet. It has the
characteristics of large scale, distributed, high availability and
scalability, virtualization, security, on-demand service, economy,
and reliability. In recent years, cloud computing and big data have
developed rapidly. Compared with local servers, cloud computing
has higher data-processing efficiency, larger data volume, and less
demand for local resources. Cloud computing is based on cloud
servers, and in this study, ECS (Elastic Compute Service) has been
chosen. The rapid development of the mobile network is also an

important guarantee for the rapid development of cloud
computing technology in recent years (Zhang, 2021). The
system is built by cloud-side collaborative technology, and this
technology is more conducive to system integration. Time series
prediction analysis uses the time characteristics of an event in the
past to predict the characteristics of the event in the future (Al-
Zahrani and Abo-Monasar, 2015). The time series model is
divided into stationary and nonstationary series, which
depends on the sequence of events. Time series usually
contains rich information. In many scenarios, this information
can help people understand the phenomenon and predict the
future. This technology has been widely used in many fields. In
the proposed monitoring and early warning system, the time
series method is used to predict the trend changed of phreatic line
and dam deformation in the future.

2.2 Design Idea
The early warning system uses the remote sensing image (RS),
DEM (digital elevation model) data, monitoring point
distribution data, sensor information, and collected
monitoring data to establish the data storage system, data
processing model, and three-dimensional visualization model.
The monitoring data can be collected, predicted, stored,
managed, displayed, and output in real time. The stability
state of tailing dam can be accurately analyzed in order to
reduce the risk of tailing dam failure and environmental

FIGURE 1 | System workflow framework.
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pollution, and prevent potential economic and property losses
(Zhou et al., 2015).

2.3 System Framework
The overall framework of the system is built by using cloud-side
collaborative technology (Figure 1) (Erbao et al., 2019). The
system server is deployed to the cloud server, and cloud
computing is used to calculate data on the cloud server.
Combined with edge computing and network transmission,
the results are transmitted to the front end, and the front end
is used for data rendering and display output.

2.3.1 System Data Flow
The system data are mainly stored in the cloud database,
including monitoring data, basic geological and geographic
information data, model processing data, and manual
monitoring data. The real-time monitoring data collected by
the monitoring device are uploaded to the cloud database for
storage through the transmission protocol, and the data

processing model of the cloud server is called for data
analysis and processing. The analysis results are stored in
the database. The basic geological and geographic
information data are stored in the database when the
database is established, which is mainly used for front-end
call and display. The manual monitoring data are stored in the
database through the manual input of the front end for calling
and processing by the data processing model. The front end
can store the above data manually or display its call, and
output it for display.

2.3.2 Frame Module
The monitoring and early warning system of the tailing dam is
composed of multiple modules, which cooperate with each
other to achieve the purpose of comprehensive management of
the dam. The system mainly includes equipment management,
data management, prediction, early warning, and visualization
modules (Figure 2). The main functions of each module are as
follows:

FIGURE 2 | System modules.
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1) The main function of the equipment management module is
to manage the monitoring equipment. Various types of
monitoring equipment shall be classified and managed. The
equipment management module can add or delete stations.

2) The data management module mainly manages various data,
including data collection, storage, display, and output. It can
accurately add, delete, modify, and view single or multiple
monitoring data.

3) The prediction module is to predict the change in phreatic line
and dam deformation. The prediction module adopts the
differential autoregressive integrated moving average model
(ARIMA), which predicts future data changes through
learning historical data (Yadav and Balakrishnan, 2014).

4) The early warning module can give the early warning signal
for the monitoring area. The system uses the method of the
cloud model (Peng et al., 2020). The early warning threshold
of each level is determined with reference to the provisions of
the engineering technical code for the online safety
monitoring system of tailing ponds (GB51108-2015).

5) The visualization module is used for a visual display of
monitoring and prediction data and areas. The
visualization of sensor monitoring data is realized by
ECharts. According to UAV images, DEM data, and
monitoring point data, the three-dimensional model of the
tailing dam is established, and the visualization of the model is
realized by rendering at the front end with three.js.

2.4 Algorithm Models
2.4.1 Prediction Model
The prediction model is based on time series to do an analysis
of previous monitoring data (Aggarwal et al., 2020). The time
series model operation proposed in this study is divided into
two stages (Figure 3): the first stage is mainly for interpolation

and preprocessing of data loss, and the second stage is mainly
for 20% future prediction of the overall data by using the
nonlinear autoregressive model (NARX) (Ma et al., 2020; Du
et al., 2021) and multilayer perceptron (MLP-NN). The NARX
model with a three-layer neural network and including nine
climate variables and eight neurons is the best model (Pu et al.,
2019).

2.4.2 Early Warning Model
For monitoring and early warning of tailing dam failures, it is
necessary to study the early warning threshold. Four methods
were considered: acceleration method, reciprocal velocity
method, displacement rate ratio method, and cloud model,
and finally, a suitable method to judge the early warning
threshold was selected (Du et al., 2021).

1) The acceleration method divides the deformation into three
stages: initial deformation, constant velocity deformation, and
accelerated deformation. The acceleration method cannot
provide a clear threshold (Xu and Zeng, 2009). 2) The
reciprocal velocity method obtains the deformation rate
according to the relationship between the monitored
deformation and time. It also cannot provide a clear threshold
(Wang et al., 2015). 3) The deformation rate ratio method judges
the deformation of landslide mass through multipoint

FIGURE 3 | Flowchart of the prediction method.

FIGURE 4 | Early warning flowchart.
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deformation changes and determines a unified index for multiple
points. This method is also uncertain about the selection of the
threshold (Wang et al., 2014). 4) The cloud model method is an
effective way to transform quantitative data into qualitative
concepts, and this method can be used to establish the
mapping between the monitoring data and the normal
operation state of the tailing dam. By reading the monitoring
data of the tailing dam in normal operation and converting the
forward cloud and reverse cloud, the corresponding relationship
between the monitoring data and the risk levels of the tailing dam
is established. Finally, the functions of hierarchical early warning
and prediction, decision making and hierarchical management,
and control of the tailing dam based on massive data are realized
(Peng et al., 2020) (Figure 4). The key calculation formula of the
cloud model method is as follows:

1) Sample expectation of calculated data Ex is:

Ex � 1
n
∑n
i�1
xi (1)

In Equation 1, xI is the deformation rate of measuring point i,
and n is the total number of measurements.

2) In data {x1, x2, x3, . . . , xn}, r data were randomly selected as
one group, and a total of m groups were selected, getting data
{xij|i � 1 ~ r; j � 1 ~ m}. The data expectations for each group
‾xj(j = 1, 2, . . . , m) are calculated, and new data are obtained
from m groups of data {Y2

j |Y2
1,Y

2
2, . . . ,Y

2
m}:

�xj � 1
r
∑r
i�1
xij (2)

Y2
j �

1
r − 1

∑r
i�1
(xij − �xj)2

(3)

In Equation 2: xij is the ith data of the jth group randomly
selected from the original data {x1, x2, x3, . . . , xn}.

The sample expectation (E (Y2)) and variance (D (Y2)) of the
new data series {Y2

j |Y2
1,Y

2
2, . . . ,Y

2
m} are calculated as:

E(Y2) � 1
m
∑m
i�1
Y2
i (4)

D(Y2) � 1
m − 1

∑m
i�1
(Y2

i − E(Y2))2 (5)

3) The entropy (En) and super entropy (He) of the cloud model
are calculated as follows:

E2
n �

1
2

�����������������
4(E(Y2))2 − 2D(Y2)√

(6)
H2

e � E(Y2) − E2
n (7)

4) According to the 3E rule of the cloud model, if the
deformation rate of the tailing dam is within the interval
Ex−3En to Ex+3En, it is regarded as the normal operation of
the tailing dam.

Compared with the other three methods, the cloud model can
calculate the specific early warning threshold more effectively.
The cloud model method has been applied in the tailing dam
(Peng et al., 2020), and the early warning threshold of each level of
early warning can be calculated according to the historical
monitoring data of the tailing dam stability. Therefore, in this
study the cloud model method was employed to build the early
warning model.

2.4.3 Interpolation Model
Through the interpolation method, the monitoring and early
warning mode of point-to-area can be realized. This study
mainly considers inverse distance weight interpolation as the
interpolation model (Liu et al., 2021).

The implementation steps of inverse distance weight
interpolation are as follows:

(1) Sort out the coordinates and monitoring data of monitoring
points;

(2) Mesh the interpolation area, obtain the center coordinates of
each grid, and take the coordinates of the grid as the
coordinates interpolated;

(3) Calculate the distance between the known discrete points,
and then these points are interpolated. In two-dimensional
plane space, the distance from discrete points (xI, yi) to grid
points (A, B) is Di:

Di �
�����������������
(xi − A)2 + (yi − B)2√

(8)

(4) Find out the distance of N discrete points nearest the grid
point (A, B), then the value estimated on the grid point
(a, b) is:

FIGURE 5 | System implementation technical framework.
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Z(A,B) � ∑N
i�1
(Zi

Di
)/∑N

i�1
( 1
Di
) (9)

Zi is the monitor value on discrete point “I”, and Z(A,B) is the
estimated value on the grid point (A, B);

(5) By estimating each grid point according to the appeal step,
the values estimated of all unknown points can be obtained.
Furthermore, the interpolation of the whole monitoring area
can be realized.

2.5 System Implementation
The system adopts B/S (browser/server) structure, which unifies the
client. The core business processing is completed on the server,
realizing the function that any client can request data interaction
through the network using the browser (Figure 5). The system uses
Alibaba cloud host CentOS, and the database uses Alibaba cloud
MySQL server for data storage. The background data interaction is
mainly realized by Java, and the front-end page display is mainly
realized by HTML. The background framework is mainly built by
Maven, Springboot, Mybatis, Python, and other tools in order to
realize themanagement and control of the background. The front end
mainly uses Vue, Element, three.js, ECharts, and other tools to realize
the construction of front-end framework, data visualization, 3D
rendering, etc.

3. APPLICATION AND ANALYSIS

3.1 Study Area
The Zijinshan gold–copper mine in Fujian Province is a proven
super large metal mine. Its mining area is located in the southern

end of the Donglie mountain in the southern section of the Wuyi
mountain range, which belongs to the middle and low mountain
of structural erosion. This mine is a typical upper gold and lower
copper mine. The mine has proven gold resource reserves of more
than 300 tons and copper resource reserves of more than
5 million tons. It has a large open-pit mining site and
underground mining site, as well as a large tailing pond. The
Dadongbei tailing pond is in the northwest of the Zijinshan
mining area. The gully trend is distributed in a nearly
north–south direction. The cross section is in a “U” shape,
and the slope gradient on the East and west sides is 25°–35°.
The vegetation is developed, and the natural slope around is
stable (Figure 6).

Currently, the tailing dam has a monitoring system in terms of
manual monitoring, GNSS online monitoring, radar monitoring,
phreatic line automatic monitoring, and rainfall automatic
monitoring, including 1 rainfall monitoring point, 10 phreatic
line monitoring points, and 68 deformation monitoring points.
The existing monitoring system has some deficiencies: 1) There
aremany kinds ofmonitoring devices, but there is no comprehensive
management of data. Therefore, it is not easy to conduct a
comprehensive analysis. 2) There is no centralized management
and postprocessing of the data collected, which is a waste of digital
resources. “Data island” is outstanding, and the ability of prediction
and early warning of the system is weak. 3) Most of the monitoring
data are one- or two-dimensional plane data. The deficiencies in
three-dimensional modeling and data analysis do not give a strong
sense of intuition for decision makers.

3.2 Application
Based on the current information of the Zijinshan gold–copper
mine tailing dam, a tailing dam monitoring and early warning

FIGURE 6 | Gold–copper mine tailing dam in Zijinshan.
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system was developed, which integrates data acquisition,
transmission, management, storage, analysis, calculation,
display, and output (Figure 7). The system is composed of
equipment management, data management, prediction, early
warning, and visualization modules. Through these modules,
multisource data were more effectively applied, and the
visualization ability was improved.

3.2.1 Equipment Management Module
In the monitoring and early warning system of the Zijinshan
gold and copper mine tailing dam, the equipment management
module mainly considers three kinds of equipment: phreatic
line, rainfall, and deformation monitoring equipment. The
equipment management module sets and manages grouping
information. The system can automatically judge whether the

FIGURE 7 | Interface of tailing dam monitoring and early warning system.

FIGURE 8 | Management module (A: Equipment management module; B: Data management module).
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equipment works normally. The system sets up the personnel
information in charge of the equipment for effective
equipment management (Figure 8A).

3.2.2 Data Management Module
The management of various types of data is a necessary function of
the system. In this system, the data management module realizes the
management of phreatic line, rainfall, and deformation data.
Through the data management module, the monitoring data can
be queried, added, deleted, andmodified, and also, amodification log
can be set up to record the modification of each data (Figure 8B).

3.2.3 Prediction Module
The prediction module mainly includes phreatic line and
deformation prediction. Through the historical monitoring
data and real-time monitoring data, the change in data can be
predicted. The accuracy of deformation prediction can reach

more than 90%, and the accuracy of phreatic line prediction can
be over 95%. For the deformation change, the deformations in X,
Y, and Z directions are considered, respectively. The stationarity
of the data is first analyzed (Figure 9). The autocorrelation
coefficient and partial autocorrelation coefficient are tested in
the X, Y, and Z directions (Figure 10), and the prediction model
in the X direction is determined as:

∇x � −0.0316 + εt
1 − 0.7580B

(10)

Prediction model in the Y direction:

∇y � −0.7467 + 0.8133xt−1 + εt − 0.2058εt−1 (11)
Prediction model in the Z direction:

∇z � −0.0603 + εt
1 − 0.838B

(12)

FIGURE 9 | Stationarity analysis of data in X, Y, and Z.

FIGURE 10 | Test of autocorrelation coefficient and partial autocorrelation coefficient in X, Y, and Z.
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For the evaluation of prediction accuracy, MSE (mean
squared error) (Tsukuma, 2019) is used to evaluate the
accuracy of regression results:

MSE � ∑n
i�1(yi − qi)2

n
(13)

In Equation 13, yi represents the predicted value, qi represents
the actual value, and n is the number of test samples.

The monitoring data of deformation and phreatic line is from
July 15, 2019 to March 29, 2020. There are 68 displacement

monitoring points, with 403 monitoring data at each monitoring
point. Historical monitoring data (70%) of the tailing dam
(deformation and phreatic line) is as the training set, and 30%
data are as the test set. The accuracy of the above model has been
tested many times. For example, prediction of the deformation
data in the three directions of X, Y, and Z and real monitoring
data are as shown in Table 1; the monitoring data and prediction
data of displacement monitoring point 410-2 are from March 30
to April 1, 2020. For phreatic line data, there are 10 monitoring
points in total, with 5,918 data at each monitoring point. The
same method was used to analyze and predict the phreatic line
prediction model, and the results also have a high accuracy
(Table 2). In Table 2, the monitoring data and prediction
data of the phreatic line on March 30, 2020 are given.

3.2.4 Early Warning Module
The tailing damof the Zijinmine has beenmonitored for 2 years, with
a large amount of deformation monitoring data (n = 68,000). The
historical monitoring data are imported into the early warning model
to calculate the early warning threshold at all levels. First, the model is
adopted to calculate a normal operation value of 1.0709 cm/h. The
early warning threshold of each level is determined through the
standard: the threshold of yellow alert is 1.3922 cm/h, the
threshold of orange alert is 2.1419 cm/h, and the threshold of red

TABLE 1 | Display of deformation prediction data and real data.

Real value of
the next three
periods (mm)

Forecast value of
the next three
phases (mm)

Accuracy (%)

X −19.57 −17.25 96.72
−17.9 −17.28
−19.33 −17.31

Y −28.93 −28.04 99.26
−23.85 −24.91
−27.08 −27.65

Z 0.87 0.82 99.7
1.34 0.53
0.77 0.29

TABLE 2 | Display of phreatic line prediction data and real data.

Phreatic line monitoring
point

Real value of
the next three
periods (mm)

Forecast value of
the next three
phases (mm)

Accuracy (%)

370-2 19.80229513 19.8076 99.99
19.80191219 19.8048
19.80199455 19.8012

370-3 19.95976434 19.9605 99.99
19.96022916 19.9582
19.96002616 19.9609

390-2 34.70452539 34.7054 99.99
34.70573858 34.706
34.70697669 34.7036

390-3 24.98247116 24.9825 99.99
24.982276 24.9849

24.98224142 24.9831

390-7 26.99627284 26.9835 99.99
26.99528222 26.9914
26.993942 26.9992

390-8 29.47489298 29.4982 99.99
29.47400438 29.4863
29.47311581 29.4758

410-3 22.30746874 22.3174 99.99
22.322533 22.2678

22.31492568 22.3421

410-7 27.56821274 27.6095 99.99
27.56782166 27.5779
27.56743059 27.5686

410-8 29.71943339 29.7261 99.99
29.72098269 29.7134
29.72030573 29.7235
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alert is 3.2128 cm/h. Through the comparison between the real-time
monitoring data and the early warning threshold at all levels, the
stability evaluation of each monitoring point is realized to achieve the
purpose of monitoring and early warning. With the continuous
increase in monitoring data, the more accurate thresholds can be
adjusted automotively. In the case of early warning, the information is
released in real time, and the corresponding early warning level is
displayed at the early warning monitoring point for a more intuitive
effect.

3.2.5 Visualization Module
The system visualization mainly includes the visualizations of
monitoring data, three-dimensional model, phreatic line and
deformation prediction, and early warning (Figure 11).
These visualizations are mainly completed by the ECharts
tool as shown in Figure 7. The monitoring data curve of
monitoring points can be displayed and updated with the real
data input.

3.2.5.1 Interpolation Visualization
There are 68 deformation monitoring points on the tailings
dam with average equal intervals on the dam body. The area
without monitoring points around is interpolated. First, the
dam surface is meshed, and then the coordinate information of
each grid is obtained. Using the known monitoring data of 68
points, the grid area is interpolated by the inverse distance
weight interpolation method. The surface of the tailings dam is
divided into more than 2000 grids, and more than 2000
interpolation data are obtained, realizing point-to-area
coverage (Figure 12A).

3.2.5.2 Early Warning Visualization
Using the 2-year historical monitoring data of the tailing dam
deformation, the normal operation value of the tailing dam can
be calculated to obtain the threshold of each level of early warning.
Once there is real-time monitoring data over the threshold, the early
warning system begins to work (Figure 12B).

3.2.5.3 Phreatic Line Visualization
According to the data collected by the phreatic line sensor, the
three.js tool is used and combined with the parabola principle to
show the dynamic effect of water surface fluctuation at the front
end (Figure 12C).

4 DISCUSSION

Comparedwith other existing systems, such asDAMSAT (Lumbroso
et al., 2021), the proposed system has richer functions, stronger
prediction and early warning ability, and more timely response. The
establishment of the three-dimensional model and visual display can
provide more intuitive and effective decision support for decision
makers. Currently, some mainstream systems are shown in Table 3.
In the table, the systems are evaluated by eight indicators. The
performance levels of each indicator from low to high are average,
good, and great, respectively. A monitoring system based on Micro-
UAV (Torrero et al., 2015) only uses Micro-UAV monitoring, no
other monitoring methods, and no prediction function. The
Monitoring and early warning system based on aperture radar
(Xu, 2021) can accurately analyze the surface change, but it does
not have the ability of prediction and comprehensive analysis. The

FIGURE 11 | Visual interface of 3D model and prediction early warning.
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online safety monitoring system for tailing ponds (Bai, 2020) can
manage and comprehensively analyze data, but it does not have the
ability of prediction and 3D visualization, and the display effect is not
good. The safety management system of tailing pond based on UAV
intelligent cruise (Liao et al., 2021) also does not have the ability of
comprehensive analysis and prediction of data. The mine geological
disaster monitoring and early warning system based on Lora
Technology (Zhu et al., 2021) reduces the time delay of the
system, but the system function is relatively single, and the
functions of 3D visualization and prediction are lacking. The
currently proposed system is fully functional. The system designed
in this research has the following advantages: 1) Comprehensive
management capability. The system can comprehensively manage
and analyze various types of monitoring data. 2) Strong forecasting
and early warning function. The system is equipped with the
prediction module and early warning module, which can monitor

and warn the monitoring area in real time. The combination of the
prediction module and early warning module can provide a more
accurate safety assessment. 3) Strong visualization ability. The system
includes the visualization of monitoring data, three-dimensional
model, monitoring station, and early warning information. It is
not only a digital display but also is combined with a three-
dimensional model, which is more visual and intuitive.

The system has some advantages. It also has room for
progress. First, in the data acquisition and transmission mode
of this system, the system uses the wireless transmission mode of
sensor equipment by default. According to the current research,
there are many data transmission methods, such as the wireless
network and GPRS network (Li et al., 2021b). The development of
this system is not compared with several other different
transmission modes. Therefore, it is unknown which
transmission method is more effective. Second, the design and

FIGURE 12 | 3D visualization module (A: Visual display of point-to-area; B: Visual display of early warning information; C: Visual display of phreatic line).
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development of this system are based on some existing data, such
as data type, number, and location of sensors. These data cannot
be changed, so the accuracy of different sensors and the economic
efficiency of sensor placement are not considered (Clarkson and
Williams, 2021b; Clarkson et al., 2021). Then in terms of data
processing, this paper adopts the ARIMA and cloud model
methods (Li H. et al., 2020). In the current research, there are
a variety of data processing methods, such as normal distribution
curve, random forest, and numerical simulation (Li S. et al., 2020,
2021c; Shi et al., 2020). Each method has its own advantages. For
different actual situations, the application of each method is also
different. Finally, in terms of visualization, the interpolation
rendering and 3D rendering of the system adopt the three.js
tool (Li, 2021), which has strong display ability and weak
computing ability. When a large amount of data need to be
calculated at the same time, there will be a loading delay in the
front-end display. In this regard, a better tool needs to be
discovered to realize 3D rendering display. At present, the
interpolation interface is meshed and then interpolated. It
does not fit the dam and is parallel to the dam. Cesium is also
a tool to implement WebGL (Nishioka et al., 2015; Wang et al.,
2021). Some scholars also used it for map visualization. In the
later improvement, this tool can be tried.

5 CONCLUSION

This early warning system integrates data acquisition,
transmission, storage, processing, analysis, output, and display.
It is also a geographic information system containing various
geographic elements and a visualization system including table
curve display, and two- and three-dimensional model display.
The following conclusions can be drawn:

1) The establishment of the three-dimensional visualization
model solves the problem of low visualization. It can show
the shape of the dam more intuitively than two dimensional.
Combined with the abnormal information of monitoring
points, it can quickly identify the location information of
early warning monitoring points.

2) The system prediction and early warning module is a linkage
mode. When the monitoring data is updated, it can respond in
time, compared with the warning threshold, and release the
early warning information in real time. Through the operation
of the prediction model, it can accurately predict the
deformation value of the dam in the future, offering a great
reference.

3) The interpolation model is introduced into the system to
combine point areas to achieve the purpose of regional risk
assessment. It solves the problem of point and area early
warning, visualizes the risk area, obtains a more intuitive
effect, and gives a better decision support.

4) The system integrates data management, equipment
management, interpolation, prediction, early warning, two-
and three-dimensional visualization modules, and adopts the
technical framework of cloud edge end cooperation to solve
the problems of isolation of multiple monitoring systems and
the “data island” phenomenon. The novel system can work
reliably for a long time without cumulative errors.
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TABLE 3 | Function of some existing systems.

Name Function

Equipment
management

Data
management

Prediction
module

Early
warning
module

3D
model

Regional
early

warning

Comprehensive
analysis

Visualization
platform

DAMSAT Lumbroso et al.
(2021)

Average Good — Good — Great — Great

Monitoring system based on
Micro-UAV Torrero et al. (2015)

— — Average Good Great Great — Good

Monitoring and early warning
system based on aperture
radar (Xu, 2021)

— Average — Good Great Great — Good

On line safety monitoring
system for tailings pond (Bai,
2020)

Average Good Average Good — — Average Average

Safety management system of
tailings pond based on UAV
intelligent cruise (Liao et al.,
2021)

— Average Average Good Great Great — Good

Mine geological disaster
monitoring and early warning
system based on Lora
Technology Zhu et al. (2021)

— Good — Good — — Average Average

This system Great Great Great Great Great Good Good Great
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