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Abstract: With the continuous development of the mining industry, the world’s major mines have
gradually entered the intelligent stage. In intelligent underground mines, the operation roads of the
underground transportation equipment are very complicated, and the monitoring and control of the
underground traffic have become the problems to be solved in the intelligent underground mines.
Therefore, on the basis of solving the practical problems of underground mines, the concept paper
discusses the possibility of the communication-based train control (CBTC) system being applied
to underground mines through the summary and induction of the related literature. As mining
engineers, we have proposed the function design for the CBTC system to solve the problems in
underground mine rail transportation, but we still need to continue to work hard for the future
development of the underground mines. The concept paper serves as a guide to the Tossing out a
brick to get a jade gem, and it has implications for the development and the future of underground
mine transportation.

Keywords: underground mines; rail transportation; underground transportation; monitoring and
control system; mining industry

1. Introduction: The Development of the Mining Industry and the CBTC System

With the rapid development of mining science and technology, the underground
mines all over the world are gradually stepping into the intelligent stage.

Although the intelligentization is the ultimate goal of mine development, underground
mine faces many challenges in the process of developing toward the intelligentization,
especially underground transportation. Frankly speaking, in the past 20 years, many
researchers have devoted themselves to the research of intelligent underground mines,
including the research of intelligent underground mine transportation [1].

In the year 2020, Dong et al. [1] committed to the research of underground intelligent
mine autonomous driverless vehicles, and they made a great breakthrough on the function
of Velocity-Free Localization of the underground vehicles. In the same year, Chen and
Wang [2] published their research progress of safety monitoring in the underground coal
mine, and Meng and Li [3] achieved the application of Internet of Things technology in the
underground mine. Earlier before in 1999, MacLeod and Stothert [4] proposed intelligent
control of the underground mine refrigeration system. As early as in 2008, Zheng and
Cai [5] put forward the intelligent system in underground mine production. While in 2013,
Zhen [6] made great achievements in the research of underground ventilation monitoring
system in coal mine.

For underground mines, with the continuous development of mining transportation
industry, rail transport has gradually been replaced by trackless transport. However,
there is no doubt that the monitoring and control of trackless transportation in intelligent
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underground mines is not as convenient as that of rail transportation. Therefore, in recent
years, some mining enterprises have started to try to run rail transportation in intelligent
underground mines, and they achieved good results, especially in China, whose mining
industry development is relatively behind. Although rail transportation of the intelligent
underground mine is not as flexible as trackless transportation, rail transportation has low
operating costs and is widely used.

For the above-ground Urban Rail Transit, the CBTC (Communication-based Train
Control) system is a common signal control system in the Urban Rail Transit System [7].
Admittedly, the CBTC system is not perfect either, but with the maturity and development
of Internet of Things technology, the combination of CBTC system and Internet of Things
technology will develop the CBTC system, which has become an academic consensus [8].

The CBTC system has a long history, being first used in practice and having been im-
proved based on IEEE standards [9,10]. In 2003, Vantuono [11] noted that the CBTC system
was gradually beginning to be piloted worldwide. In 2005, New York began planning
to implement the CBTC system according to the report of Alexander and Mortlock [12].
Around 2010, even some Chinese researchers [13,14] have achieved quite good results in
the research of the CBTC system.

By the 2010s, the CBTC system had developed rapidly. Bu et al. [15] and Zhu et al. [16]
put forward some suggestions for optimizing some functions of the CBTC system around
2014. In 2016, Wang, Yu, and Jiang [17] improved the functionality of the WLAN in the
CBTC system. Around the year 2017, Farooq et al. [7] evaluated the wireless communication
network performance of the CBTC system and suggested that the system could be further
optimized; Farooq and Soler [8] did a survey on the CBTC system, and the survey showed
that many researchers believe that the combination of CBTC system and Internet of Things
technology could develop the CBTC system. Specially, in the research of Wang et al. [18,19]
around 2019, they focused on the safety protection and communications of the CBTC
system, and they improved the CBTC system’s wireless communication system by the
Q-learning method based on LTE-T2T and obtained excellent application results. Recently,
Liu et al. [20] focused on combining the CBTC system with artificial intelligence computing
(AI Computing).

The CBTC system has been used in the above-ground Urban Rail Transit always.
In 2015, Wang, Zhao, and Chen [21] thought that the CBTC system is suitable for the
above-ground urban traffic monitoring, and they also believed that the operation of the
CBTC system in urban traffic is a process of trial and error, because the monitoring of
above-ground traffic can reduce the error of the monitoring conveniently by artificial
reconnaissance and surveillance.

Unlike the above-ground Urban Rail Transit, the monitoring of the underground rail
transportation is not susceptible to the artificial reconnaissance and surveillance because
of the intricacies of the underground rail traffic. As well, the above-ground traffic control
system is mainly to ensure the safety of the traffic and the train departure planning, but
it is different in the underground mine rail transportation. In general, the above-ground
traffic control system is mainly for the service of passengers, and the underground mine
rail transportation is mainly for transport efficiency. Therefore, if the CBTC system is to
be applied to underground mines, it is necessary to make some functional changes to the
CBTC system.

At present, the CBTC system is a relatively advanced control system for the above-
ground vehicles, which is applied to urban rail transit lines in various countries even
developing countries. Years ago, Sun et al. [22], Si, Kuang, and Li [23] all paid attention to
the running cost of the CBTC system and explored the possibility of its application in cities
of developing countries such as China.

For the current CBTC system, the train control center that coordinates and manages
all trains running on the line is at the top level of the CBTC system, including the ATS
(Automatic Train Supervision) system. Zhu et al,. [24] researched the anti-interference
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ability of the CBTC system to optimize the Supervision Function of the ATS system in the
year 2020.

The Data Communication System transfers data between modules, including wired
and wireless communication network equipment. In 2018, Wen et al. [25] had already made
a great breakthrough on the Access Point Deployment Optimization in the CBTC Data
Communication System, and they emphasized the importance of the Data Communication
System as the signaling medium of the CBTC system. Additionally, individual vendors
have Data Communication System independence as subsystems.

The on-board system includes the ATP (Automatic Train Protection) system, the
ATO (Automatic Train Operation) system, man—machine interface, and so on. The internal
system of the station includes the zone controller system, data storage system, CI (Computer
Interlocking) system, and so on. The unified operation of these systems is able to realize
the interlocking and calculation of the station and the train. The transponder and axle
counting system of the on-board system are installed beside the track (on the track side)
to realize the real-time monitoring and position calibration of the incoming and outgoing
trains.

In 2013, Wang et al. [26] raised the importance of the overall coordination of the CBTC
system; only through the combined operation of these systems can the functions of train
safety protection, automatic driving, driver’s communication and interaction be realized.

Figure 1 shows the CBTC system’s structure.
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Figure 1. The structure of the CBTC system.
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The ATP system (Automatic Train Protection), the ATO (Automatic Train Operation)
system, and the ATS (Automatic Train Supervision) systems are the three most important
subsystems to ensure the operation of the CBTC system. In the three systems, the ATS
system is the core of the CBTC system; it is a monitoring system based on a series of
programs such as big data processing and computing, computer network sharing and
real-time signal data conversion, it cooperates with the ATP system, the ATO system, the
CI (Computer Interlocking) system, and other systems to realize the real-time monitoring,
information collection, resource allocation, and utilization of the Urban Rail Transit System.

Figure 2 shows the structure of the ATS system, and Figure 3 shows the specific
functions of the ATS system.
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Figure 2. The structure of the ATS system.
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Specially, the CBTC system not only has an excellent application effect above ground,
but it also has a great application effect in the operation and monitoring of the underground
subway [27]. As a kind of underground rail transport, subway is also not susceptible to
the artificial reconnaissance and surveillance, so in 2016, through the improvements of the
CBTC system, Carvajal-Carrefio, Cucala, and Fernandez-Cardador [27] tried to applied the
monitoring and tracking functions of the CBTC system to the subway transport and made
good progress. In fact, as early as in 2006, Bin et al. [28] put forward the concept of creating
an underground city and suggested that the CBTC system should be the main traffic control
and monitoring system under the ground. In 2013, Wang et al. [25,29] published their
research on the underground simulation of the CBTC system in the 2013 IEEE International
Conference on Communications (ICC), and in 2014, Briginshaw [30] explored whether
the CBTC system could be used in underground traffic in London. However, by 2015,
underground traffic control and communications based on the CBTC system seemed to
have been achieved according to the research of Aziminejad, Lee, and Epelbaum [31].
Through the news reports [32], by 2019, London had fully automated subway operations
based on the CBTC system.

Although the running environment of underground mine transportation is similar
to that of subway, the running of subway is mainly for the service of passengers, similar
to Urban Rail Transit. Therefore, as the CBTC system can be used in the running of
underground subway to some extent, with this precedent, it is believed that the CBTC
system can be used in the intelligent underground mine after apposite improvements.

In a nutshell, this concept paper briefly introduces the progress in the present stage
of the research to apply the CBTC system, especially the three systems (ATO system, ATP
system, and ATS system) to the underground transportation in order to solve the practical
problems in the engineering of transportation in underground mines.

2. The Concept and Design: The Function Design of the CBTC System
2.1. The Background of the Practical Problems

In the majority of the underground mines of the world, the main transport equipment
on the track is electric locomotive, which is call-replaced by transport units in the following
text.

In 2015, Dash et al. [33] raised the opinion that although rail transport is more con-
venient than trackless transport in the underground mines, there are still many problems
to be solved, such as safety accidents and transport efficiency; the problems to be solved
urgently in underground mines are mainly the following three: (A) Safety Problem—The
rear-end collision problem; (B) Efficiency Problem—The transport efficiency problem; and
(C) Monitoring and Control—The real-time monitoring problem.

2.2. The Function Design of the CBTC System for the Solutions to the Practical Problems

In order to solve the practical problems of transportation in underground mines, the
concept paper tries to summarize and propose the solutions to the above problems by
applying and ameliorating the CBTC system, especially the three systems (ATO System,
ATP system and ATS system) according to the related literature and the previous successful
experiences.

The following is the function design of the CBTC system for the solutions to the
practical problems.

2.2.1. Safety Problem: The Rear-End Collision Problem

The ATP (Automatic Train Protection) system is the core system to control the speed
of the transport units and the safe distance between the front and rear transport units. The
ATP system controls and regulates the minimum interval and over-speed protection in the
operation of the transport units to avoid the rear collision of the transport units. Its main
components include range measurement equipment, vehicle speed monitoring equipment,
vehicle-ground interaction equipment, and emergency braking equipment. It should be
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noted that in the rail transportation of an intelligent underground mine, the maximum
speed of the transport units should not exceed 40 km/h in order to avoid rollover caused
by track bump. Therefore, in the application of the ATP system, when the speed of the
transport units is detected to exceed 40 km/h, it will be slowed down by the control system.

At the 2020 IEEE 23rd International Conference on Intelligent Transportation Systems
(ITSC), Gao et al. [34] published research on the safety function of the ATP system, and
they proposed a new analysis method for the ATP system, the Dynamic Fault Tree analysis
method. The Dynamic Fault Tree is a system of methods for evaluating the reliability and
safety of a complex system, and it is also a kind of deductive method, which is based on
the fault event and is analyzed step by step according to the top—down sequence through
certain logical reasoning steps until the result is reached. The Dynamic Fault Tree analysis
method is devoted to modeling the fault logic according to the dynamic fault behavior, and
it conforms to the functional design of the signal system. It is worth mentioning that logical
analysis based on the Dynamic Fault Tree analysis method often analyzes the emergence of
problems at the same time, instead of analyzing it layer by layer, which can greatly improve
the efficiency of problem solving.

The order of problem solving based on the Dynamic Fault Tree analysis method is as
follows: (1) Identify the possible fault events. (2) According to the possible fault events,
establish the analysis process of them. (3) Through the control system (as in the ATP control
system), analyze whether the fault events occur. (4) If the fault events occur, solve them
through the control system (as in the ATP control system).

For the ATP system, the fault events in the underground transportation might caused
by over speed, the safety distance, Vehicle Rollover, or an emergency. Therefore, the
analysis of the fault events has been established as follows: (1) Is the speed of any transport
unit over 40 km/h? (2) Are all transport units within a safe distance? (3) Have there been
any rollovers? (4) Has an emergency appeared?

Through the monitoring and control functions of the ATP system and other auxiliary
functions, the rear-end collision problem could be solved with the assistance of the Dynamic
Fault Tree analysis method: (1) If the speed of the transport units is detected to exceed
40 km/h, it will be slowed down by the control function of the ATP system. (2) If the
distance between the transport units may cause an accident, the distance will be controlled
by the control function of the ATP system through controlling the speed of the transport
units. (3) If a vehicle rollover accident is detected, the control function of the ATP system
will halt the transport units nearby the accident. (4) If the emergency appears, the control
function of the ATP system will halt all transport units in the underground mine.

With the improvements based on the Dynamic Fault Tree analysis method, the control
function and working principle of the ATP system in the intelligent underground mine are
shown in Figure 4.
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Figure 4. The control function and working principle of the ATP system in the intelligent under-
ground mine.

2.2.2. Efficiency Problem: The Transport Efficiency Problem

The distance and speed information of the transport units are collected by the ATO
(Automatic Train Operation) system and transmitted to the ATP (Automatic Train Protec-
tion) system, and they both together control the speed of all transport units to maximize the
efficiency of the intelligent underground mines. In 2019, W. Wu and B. Bu [35] emphasized
the crucial role of ATO system in security analysis, and they put forward their viewpoint
that although the ATP system is the core system of the security of the CBTC system, the
ATO system provides the significant information of speed and the distance of the transport
units. The vital information not only works in the security monitoring of the ATP system
but also plays an important role in the supervision and tracking of the ATS system. To put
it simply, all thanks to the useful information of the speed and distance of the transport
units provided by the ATO system, the ATP system and ATS (Automatic Train Supervision)
system can achieve their respective control and monitoring functions.

As is known, the transport efficiency of the underground mine is determined by
the speed of transport units to some extent. Therefore, both the ATO system and the
ATP system are indispensable to make the underground mine transportation achieve its
maximum transport efficiency. It is worth mentioning that calculating the speed of each
transport unit when the maximum transport efficiency can be achieved is what the ATP
system or ATO system could not accomplish, so it is essential to draw support from the
calculating function of Al computing.

To solve the problem, first, it is necessary to establish a single analysis of the fault event
on the basis of the Dynamic Fault Tree analysis method: (1) Has the underground mine
achieved maximum transport efficiency? Through the monitoring and control functions of
the ATP system, the information-providing function of the ATO system, and other auxiliary
functions, transport efficiency problem could be solved with the assistance of the Dynamic
Fault Tree analysis method and AI Computing: (1) The ATO system provides the significant
information of speed to the ATP system, and the ATP system controls the speed of each
transport unit until the underground mine transportation achieves the maximum transport
efficiency by the sustained calculating progress of AI Computing.

With the improvements based on the Dynamic Fault Tree analysis method and Al
Computing, the functions and working principle of the ATO system and ATP system
efficiency adjustment function in the intelligent underground mine are shown in Figure 5.
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Figure 5. The function and working principle of the ATO system and ATP system efficiency adjust-
ment function of the intelligent underground mine.

2.2.3. Monitoring and Control: The Real-Time Monitoring Problem

The real-time monitoring of the transport units is the biggest problem in intelligent
underground mines. If the real-time monitoring of the transport units can be realized, it
will be greatly beneficial to the mining industry—for example, the monitoring of mine
accidents and the search and rescue of personnel. In 2012, Xue and Wei [36] researched the
intelligent track positioning system so as to solve the problem of the mine accident rescue,
and they thought if the monitoring and tracking functions would be realized, the mining
industry will enter a new stage of rapid development.

As the core of the CBTC system, AI Computing ATS system is divided into linear,
centralized control, centralized monitoring, and decentralized control, which is used to
realize the real-time monitoring, unified dispatching and management of transport units.
In 2016, Gurnik [37] raised his prospect of the NGTC (Next-Generation Train Control)
project, combining the CBTC (Communication Based Train Control) system with the ETCS
(European Train Control System) system. He thought that most subsystems of the CBTC
system should be replaced, but only the ATS system should remain because of its advanced
supervision function. In urban above-ground transportation, ATS system functions include
train monitoring and tracking, train time and operation management, automatic train
routing, and automatic train adjustment, as shown in Figure 3 above.

In 2010, Feng et al. [38] made great achievements in the research of the Wireless
Mobile Monitoring System for Tram Rail Transport in an Underground Mine, but they
considered there was still a large amount of problems to be solved regarding the real-time
monitoring and control of underground mines. In the year 2015, Ali et al. [39] tried to solve
the problems of real-time monitoring and control of underground mines; they thought
there were four main problems in the real-time monitoring of underground mines: (1) the
real-time monitoring of the transport units; (2) the start-up time control of the transport
units; (3) the route adjustment of the transport units; and (4) transport units tracking.

A. The real-time monitoring of the transport units

It is necessary to monitor and control the transport units in real time because of the
intricacies of the underground rail traffic; meanwhile, the identification of the transport
units is also essential.

Firstly, each transport unit is required to be numbered, and a signal transmitting
device that can be recognized by the number of recognition sensors on the track is arranged
on each transport unit. Identification information is transmitted to the ATS on-board
extension via an optical cable and compared with the transport unit number in the number
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database. If the transport unit number recognized by the ATS system does not match

the information in the number database, three possibilities of the error are automatically

identified: (1) manually modified information; (2) wrong number; or (3) lost number. In

the case of manually modified information, the system retains the current transport unit

number; otherwise, the system re-assigns a new number to the current transport unit.
The Number Recognition and Repair Function is shown in Figure 6.

Re-assi y Re-assi y

Keep flie Oigiing] e-assign a new e-assign a new

Teansport ailts Nuabes Transport units Transport units

_ Number Number
anually modify Wrong [Number Lost Number
Ground Beacon to inforr;nation ;
Switch Tracks
Transprot units Transport units
Number Checking System
Transport units Transport units
Number Database Number Checking

Figure 6. The Number Recognition and Repair Function.

In 2018, Mazzanti and Ferrari [40] combined Internet of Things technology with an

ATS system using sensors on the track to monitor the train in real time. In addition, the

number recognition sensors scattered throughout the track not only have the transport unit
identification function but also transmit the position information of each train to the ATS
system in real time. The ATS system continuously monitors the position of each transport
unit with the information provided by the ATO system, and the position of each transport
unit is continuously calibrated by the recognition sensors on the track; then, the real-time
tracking information of each transport unit is fed back to the screen of the ATS system
control center. The real-time monitoring function of the ATS system is shown in Figure 7.

Initial position
of transport units

+ Information ‘

ATS System
(And Monitoring Screen)

ATO System

A
Monitor l Feedback

Position of transport units

A

Calibrating

Recognition Sensors on the track

Figure 7. The real-time monitoring.
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B. The start-up time control of the transport units

The start-up time control of the transport units is able to improve the transport
efficiency of the underground mines, and the function of the start-up time control is
accomplished through the monitoring and control of the ATS system. As early as 2013,
Anjomshoa et al. [41] optimized the vehicle schedules in underground mines to control
the start of the transport units. In 2016, GEORGESCU [42] made the improvements to the
CBTC system based on driver-less technology and Internet of Things technology, and he
proposed using the ATS system of the CBTC system to realize the start and stop of the
driver-less train.

To solve practical problems in the underground mines, a process based on Internet
of Things technology and Al Computing has been established. When the Stope in the
intelligent underground mine does not need transport operations, each transport unit
needs to be on standby at the depot. Once there is a Stope that needs transport operations,
the process begins running: (1) Calculate the amount of transport units that might be
required in the operations. (2) The ATS system controls the transport units to the Stope
to participate in transport operations with parameters such as the ATP system and ATO
system to assist in controlling the speed of the transport units. (3) The whole process is fed
back to the monitoring screen of the ATS system.

The whole process of the start-up time control is as shown in Figure 8.

N ATS System
(And Monitoring Screen)

NO '
— Transport units are required?
YES
| Amount of Transport units |

Al Computing Control

| Transport units |

Control Speed

ATO System > ATP System

Figure 8. The start-up time control.

C. The route adjustment of the transport units

In intelligent underground mines, more than one concentrator is usually built, so there
is always more than one unloading point for the transport units. If it is possible to choose
the most suitable unloading route for each transport unit according to the traffic conditions
of underground routes, the transportation efficiency of underground mines will be greatly
improved.

In 2005, Gamache, Grimard, and Cohen [43] raised a shortest-path algorithm based on
the Al Computing for solving the fleet management problem in underground mines, and in
2009, Li and Liu [44] published their research on underground coal mine monitoring with
wireless sensor networks; the wireless sensor network was used to monitor and control the
transportation route of each transport unit in the underground mine.

In recent years, many people have studied the shortest-path algorithm; Jukna and
Schnitger [45] optimized it through practice and simulation, Zhiran et al. [46] mentioned
its superiority in large-scale road transport, and Franceschetti et al. [47] considered that the
shortest-path algorithm is very effective in transportation scheduling.

By combining the ATS system and Al Computing function as an integral whole, a
process based on shortest-path algorithm has been established: (1) The integral whole of
the ATS system and Al Computing analyzes the congestion of each transportation route. (2)
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When the ATS system gets feedback from the AI Computing function, it will automatically
choose the best route to the unloading place for each transport unit participating in the
transportation operations. (3) Meanwhile, the parameters such as the ATP system and ATO
system assist in controlling the speed of the transport units. (4) The whole process is fed
back to the monitoring screen of the ATS system.

The whole process of the route adjustment is as shown in Figure 9.

+ Select the route
Control Tansport units
Speed and
Distance Control
ATS System Feedback
ATP System [
* Al Computing
ATO Syst
g * Analyse
Traffic conditions on all routes

Destination [€—

Figure 9. The route adjustment.

D. Transport units tracking

At the 2013 13th International Conference on Control, Automation and Systems
(ICCAS 2013), S. Oh et al. [48] claimed that in non-CBTC systems, train position information
is inaccurate and discontinuous; therefore, it is very necessary to establish the train tracking
equation. For underground mine transportation, there are also such problems.

Based on the disturbance vibration and other factors, Z. Mao et al. [49] established the
train compensation tracking equation in 2018. In order to solve this problem, the concept
paper draws on the method of Z. Mao et al. [50] of tracking equations: The transport units
location is tracked based on the ground beacon data, airborne information, Correlation
Interval Algorithm, and the digraph. Specially, transport units tracking equations are
established using the transport unit measurement error, track wear, and information
transmission delay, as the following Equations (1) and (2) [50] show.

Sp+ Ly, + L,—
Thesway of mine(m) — # 1

Sb:Yﬁ—m (2)

Equations (1) and (2) [50] Tracking equations.

In Equations (1) and (2), m represents the line mileage of the transport unit, S, repre-
sents the blocked area, Y represents the mileage from m to the axle counting area end, L,
represents the length of the transport unit, L,, represents the transport unit position’s un-
certainty amount, and V. represents the transport unit’s maximum allowable operating
speed.

In the application of tracking equations based on the digraph, the followings are
essential: (1) The digraph is stored in the linked list. (2) The ATS system receives the
transport units’ main information including the units’ running direction, the offset and the
corresponding points in the directed graph. (3) The directed graph edges and offsets at
the beginning and end of the unit section are determined based on the relevant data in the
packet, and then, the coordinates of the start and end of the track are found in the directed
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graph. (4) The specific position of the unit is determined according to the running direction
of the unit and the edge direction of the directed graph.

E. Other functions
The ATS system of the CBTC system can also realize the functions of alarm, recording
the running process of the transport units, recording running video, playback, and so on.

3. Future Work

Although the concept paper does a great deal of work in the function design of the
CBTC system, which aims to solve the practical problems in the underground mine rail
transportation, there are still a lot of weak points:

1.  For the methods such as the Dynamic Fault Tree analysis method and the tracking
equations, there is no further explanation of its depth and how it works with the
CBTC system.

2. Although the concept paper has made a lot of effort in theoretical research, there is no
practical engineering application or practice to verify the practicability of the design.

As engineers, we are focusing on the application of the technologies in the engineering;
therefore, we may be not very clear about the principles of the technologies that are used
in the engineering projects, but in our future work, solving the practical application of
the technologies will undoubtedly be the key of our research. Here, I promise that we
will continue the research with the experts who specialize in the related technologies and
methods, and we will solve the above problem and explain how these technologies and
methods work with the CBTC system in our future articles. The tracking equation we have
established is not perfect and few factors are taken into account, so further optimization
and application of the tracking equation will be carried out in our next work.

Additionally, after all the above problems have been resolved, we plan to test the
design in the mining outlet roadway, which is roadway 1 in Figure 10 below. To achieve
this plan, we must overcome the difficulties in theory and solve the above problem (1)
thoroughly before we can apply our conceptual design to the practice.

If, with the efforts of experts and us, we overcome the theoretical problems of the
design and apply it to underground mines, regardless of the results of the study, we believe
that these results can bring some enlightenment to the relevant research. Here, I promise
we will try our best.

ANANENRN
G

Figure 10. The roadway map (a part) of our engineering project. 1: outlet roadway; 2: mining route;
3: jack shaft.

Actually speaking, in future underground mine rail transit, there are still many chal-
lenges and opportunities.

Firstly, the rail in transportation plays an important role, even in the monitoring of rail
transportation; many researchers use the information feedback from the rail to establish the
tracking equation of the rail vehicle, such as the wear degree of the rail. Nardo et al. [51]
studied the railway network in 2020 and considered a problem regarding the control system
and a restoration time. Their research is very innovative, and their research on railway is
undoubtedly a kind of enlightenment to our work and to the rail transit of underground
mines in the future.
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Secondly, the optimization of the control system of underground mining vehicles is
also one of the key points of future researchers. For example, we have used the Dynamic
Fault Tree in our design to deal with the causality and the consecution of control systems in
engineering, but System Dynamics can actually deal with similar problems better. The team
of Nardo [52-55] has researched such a system model; they got great results. Munoz [56],
Gonzalez [57], and Mana proposed the optimization of the security monitoring of the
control systems based on cloud computing, so we believe that in the future, more and more
such methods will appear and be applied to control systems.

In future underground mine transportation, the interconnection of the transport units
is also the trend of the times. However, there will be a lot of uncertainty in this, so many
researchers have been studying it. Mufioz and Mafia [58,59] as well as Waller et al. [60]
have been studying cloud computing and mobile security management, and they laid
the foundation for the later realization of the interconnection of the transport units in
underground mines.

Finally, the monitoring of the underground environment is also an important part in
the underground transportation. The monitoring of the underground environment, such as
topographic monitoring or underground gas concentration monitoring, can have a positive
impact on many aspects of mine production. The topographic monitoring is beneficial
to the transportation of underground vehicles, and the monitoring of underground gas
concentration plays a great role in the “rescue” of underground personnel and vehicles.
A lot of researchers have studied this, and most of them [61-63] are willing to use ZigBee
WOSN to locate underground mines and monitor gas concentration and other information.

In short, in the future development of underground mine transportation, researchers
need to meet these challenges and seize the opportunities to promote the development of
the industry. We believe that if we all give our full strength, then in the future, underground
mine transportation will be fully intelligent.

4. Discussion and Outlook

The idea of an Intelligent Trackless Underground Mine has been proposed for a
long time, but because of its high cost and difficulty to monitor and control, Trackless
Underground transportation is not widely used, especially in the developing countries
such as China. On the contrary, intelligent rail underground transportation is popular
around the developing countries, not only because of its low cost but also because it is easy
to monitor and control; however, there are still a large amount of problems to be solved in
the intelligent rail underground transportation.

With the precedent of the application of the CBTC system to the underground subway,
this concept paper started the exploration in the possibility of application of the CBTC
system to the underground transportation by reviewing the related literature. This concept
paper briefly reports the progress in the present stage of the research to apply the CBTC
system especially the three systems to the underground transportation in order to dedicate
to solving the practical problems in the engineering of transportation in underground
mines.

The New Dynamic Fault Tree analysis method proposed by Gao et al. [34] at the 2020
IEEE 23rd International Conference on Intelligent Transportation Systems (ITSC) gave the
inspiration to this “concept paper” to try to summarize and establish the analysis and the
process of the fault event in order to solve the problem on the basis of the CBTC system.

For the practical problem of the safety rear-end collision problem in the underground
mine transportation, a series of analyses of the fault events have been established to
estimate and control the hidden danger of the accident with the assistance of the ATP
system. Meanwhile, in the practical problem of the transport efficiency problem, just a
single analysis of the fault event has been established to make the underground mine
transportation achieve the maximum efficiency with the work of the ATP system and the
ATO system. The results suggest that the more complex the practical problems are, the
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more the analysis of the fault events needs to be established in the New Dynamic Fault
Tree analysis method, and the more complicated the diagram of the process will be.

For the practical problems of the underground mine transportation, safety and effi-
ciency are relatively easier to solve with the assistance of the ATP system, the ATO system,
and the New Dynamic Fault Tree analysis method compared to the real-time monitoring
problem. As is known, the real-time monitoring of the transport units is the biggest prob-
lem in intelligent underground mines, and the ATS system of the CBTC system is the core
to solve the biggest problem out of question.

In 2018, Issad et al. [64] combined the ATS system of the CBTC system with the Internet
of Things technology, and they conducted a simulation in the simulation environment,
achieving a good result. In fact, in 2017, that the combination of the CBTC system and
Internet of Things technology would advance the CBTC system became an academic
consensus [8]. Nowadays, most of the CBTC systems used in various countries are “The
Products” combined with Internet of Things technology, but even such a complete CBTC
system can not completely solve the problems in rail transportation of the underground
mines. Thus, mainly four problems in the real-time monitoring of underground mines have
been put forward by Ali et al. [39] in 2015: (1) the real-time monitoring of the transport
units, (2) the start-up time control of the transport units, (3) the route adjustment of the
transport units, and (4) transport units tracking.

For the real-time monitoring of the transport units, the identification of the transport
units is the prerequisite for solving the problem; due to the number recognition sensors
on the track and the ATS system, the identification and the monitoring of each transport
unit can be realized, and the running of the whole process is fed back on the screen of
the ATS system. For the start-up time control of the transport units, a similar analysis
process to the Dynamic Fault Tree analysis method has been established to control each
transport unit to the Stope to participate in transport operations by the ATS system. For the
route adjustment of the transport units, a process based on the shortest-path algorithm [43—
47] has been established to adjust the running route of each transport unit to improve
the transport efficiency and reduce the cost of the distance and the time. Finally, for the
transport units tracking, the tracking equations based on the digraph have been established
to solve the problem in which the position information of each transport unit is inaccurate
and discontinuous in underground transportation.

The concept paper tries to summarize and propose the solutions to the practical
problems in the engineering of transportation in underground mines with the assistance of
the CBTC system; the functions of the CBTC system and its subsystems are also improved
and applied to the solution of problems in the transportation of the underground mines.

However, in the future, the CBTC system might be replaced by more advanced
systems. In 2016, Gurnik [37] raised his prospect of the NGTC (Next Generation Train
Control) project; he thought that most of the functions of the CBTC system have gradually
fallen behind. In 2021, as the representative of developing countries, China’s research on
the NGTC (Next Generation Train Control) system is progressing rapidly, and there is even
the possibility of pilot applications soon. Recently, Chinese researchers Yang and Liu [65]
reported their research on the modeling and verification of the train departure scenario for
the Next Generation Train Control system.

With the appearance of more and more advanced systems, the dominant position of
the CBTC system in urban rail transit is likely to be gradually replaced. If the CBTC system
were to be replaced in the urban rail transit control system one day, there is no doubt that
the CBTC system would disappear from underground mine transportation.

For underground mine transportation, in 2015, Ali et al. [39] published their research
on the development of an underground mine monitoring and communication system that
integrated ZigBee (based on IEEE802.15.4) and GIS (Geographic Information System), and
they inferred that ZigBee technology and GIS would be widely used in the control and
communications of the underground mine transportation in the future. For the trackless
transportation of underground mines, the CBTC system may also take the leading role. If
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the path of the trackless transport equipment is planned within a certain range, the CBTC
system can still have good performance in the control and monitoring. Moridi [39] believes
that if the low power and efficient information transmission of the ZigBee technology are
applied to the underground control system, the mining industry will certainly make rapid
progress; therefore, the combination of the CBTC system and ZigBee technology may be
a good performance in the control and monitoring in the underground mines. As for the
tracking of the underground transportation, tracking technology has made great progress
in recent years. Similar to Czaplewski et al. [66], he established the tracking equations
through Global Navigation Satellite System (GNSS) and Geodetic Networks in 2020. Chen
et al. [67] established the tracking equations by 5G technology. As science and technology
progress, the method of establishing tracking equations will be improved with time, such
as using 5G technology in the establishment of tracking equations.

Munoz, Mana, and Serrano [68] present an approach to model dynamic changes in
ambient intelligence scenarios using the AVISPA (automated validation of Internet security
protocols and applications) model-checking tool suite in 2009. According to some reports
and surveys [69], the application of this technology in all walks of life in the future will be
as good as people think.

Except for the GIS and the other systems mentioned above, there are a lot of advanced
monitoring and control systems emerging, such as WAMC (Wide Area Monitoring and
Control) system. However, whatever control and monitoring systems emerge in the future,
as long as these systems can be applied to specific practical problems and engineering
projects to achieve good results, the efforts of researchers around the world who are
researching the innovative system will not be in vain.

5. Summary

Overall, this paper is a concept paper; by summarizing the relevant literature, this
paper discusses the possibility of applying the CBTC system to the monitoring and control
system of underground mines, proposes the function design of the CBTC system for the
solutions to the practical problems, and reports the progress in the present stage of some
existing research to apply the CBTC system in the underground mines.

In the Introduction part, the paper combines the relevant literature, makes a series
of analyses on the historical process and development of underground mine intelligence,
and puts forward some urgent problems in underground mining: that is, the monitoring
and control of underground mine transportation. Monitoring and control is always a
troublesome matter for engineers in underground mines, which may not only take into
account the cost and effect but also have a certain relationship with the level of local mining
development. Therefore, in the Introduction, the paper puts forward the possibility of
applying the CBTC system to the monitoring and control of underground transportation
and summarizes the development process and the functions of the CBTC system according
to the relevant literature. Specially, the paper also summarizes and collates the related
documents and literature of the application of CBTC system in underground transporta-
tion, in order to find the basis for the possibility that CBTC system can be applied in
underground mine transportation. In the Concept and Design section, based on several
previous methods or theories, such as the Dynamic Fault Tree analysis method [34] and the
shortest-path algorithm [43-47], the paper finishes the function design for the CBTC system
and summarizes the solutions to three practical problems in mines: the Safety Problem,
Efficiency Problem, and Monitoring and Control. In the Future Work section, the authors
summarized some shortcomings in this design and proposed the plans for future research.
At the same time, in the Discussion and Outlook section, the paper discusses the whole
article, explains some details, and offers a vision for the future of the CBTC system and the
underground mine monitoring and control systems.

Finally, the authors claim that the concept paper serves as a guide to the Tossing out a
brick to get a jade gem, as it has a few implications for the development and the future of
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the underground mine transportation. It is hoped that more and more researchers will be
interested and engage in the research of this field.
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