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Abstract The length of metro lines with driverless train
operation (DTO) systems is increasing globally and is
predicted to triple in the next 10 years. This paper gives the
history and future trend of the DTO systems. The oppor-
tunities provided by the DTO systems, such as lower
operation costs, increased capacity, and energy efficiency,
are explained and the relevant research are reviewed.
Furthermore, the challenges faced by the DTO systems are
analyzed, such as safety issues, train control technology,
and emergency situations.

Keywords Driverless train operation - Urban rail transit -
Energy efficiency - Safety - Capacity

1 Introduction

Technical developments in the last century have made the
operation of driverless train operation (DTO) possible. For
urban rail transit systems, there is a growing trend to
employ DTO globally. As reported in the annual world
report of metro automation [1], in 2013, there are 674 km
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of automated metro in operation consisting of 48 lines in 32
cities, where 40 and 32% of the automated lines are con-
centrated in Asia and Europe, respectively. In addition, the
report stated that the observatory data for new DTO pro-
jects highlight a trend for exponential growth in metro
automation and the kilometers of fully automated lines is
expected to reach over 1800 km by 2025 [1].

According to the International Electro-Technical Com-
mission (IEC) standard IEC 62290-1 [2], there is a clear
classification of the grade of automation (GoA) for urban
rail transit systems as shown in Fig. 1:

1. GoA 1: Non-automated train operation (NTO)

There is a driver in the cabin, who is responsible for
driving trains based on wayside or cabin signal,
opening and closing door, observing the guideway,
and stopping trains in case of emergency. In addition,
automatic train protection (ATP) system prevents
unsafe movements of trains in respect of the signals
and the train speed.

2. GoA 2: Semi-automated train operation (STO)
Automatic train operation (ATO) system controls the
train movement by the acceleration and deceleration
commands. The movement of the train is supervised by
the ATP system. The driver in the cabin observes the
guideway and stops the train in case of a hazardous
situation. The opening and closing of doors may be
done automatically or performed by the driver.

3. GoA 3: DTO
Compared with GoA 2, there is no driver in the cabin
to observe the guideway and stop the train in case of a
hazardous situation. There is an operation staff on
board. Safe departure of the train from a station,
including door closing, could be the responsibility of
the operation staff or may be done automatically.
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How is the train controlled?
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Fig. 1 Automated metro terminology [2, 3]

4. GoA 4: Unattended train operation (UTO)

Compared with GoA 3, there is no operation staff on
board. So the safe departure of the train from a station,
including door closing, has to be done automatically.
The UTO system can detect and manage the hazardous
conditions and emergency conditions by introducing
guideway intrusion detection, platform and onboard
CCTV, etc.

UTO is only possible for systems with GoA 4; however,
in practice, not all GoA 4 systems are operated unattended.
Based on the observations of automated metros, most of the
GoA 4 systems are operated with attendants onboard every
train [3]. So GoA 4 systems can be operated either unat-
tended or with an attendant onboard, while the attendant in
GoA 4 is not essential for the system unlike the attendant in
GoA 3. In this paper, we use the DTO to involve train
operation systems without traditional drivers and do not
distinguish the difference between GoA 3, attended-GoA 4,
and UTO.

The primary motivations for automated metro systems
are faster services, economy, safety, and energy efficiency
[4]. Compared with the traditional metro, the DTO system
can shrink the headway to a mere 60 s [4]. Therefore,
additional trains can be put into the system during the peak
hours to transport passengers. DTO system can respond
immediately to congestion, running more trains without the
need for extra staff. Moreover, the frequency of the trains
can also be enhanced in the low-traffic hours, as more and
shorter trains can be inserted in traffic without the need for
operational staff. On one side, driverless trains are being
championed as a way of avoiding human error and reach-
ing new levels of efficiency at a time when many metro
systems are operating at the very limits of their capacity.
On the other, critics are concerned about entrusting public
safety to a driverless system, as well as the job losses.

This study gives a general overview for DTO systems.
The development history and future trends for DTO sys-
tems are briefly discussed in Sect. 2. In Sect. 3, the
opportunities provided by DTO systems, such as lower
operation costs, increased capacity, and reliability, are
explained and the relevant research is summarized. Fur-
thermore, the challenges of DTO systems are listed in

Sect. 4, which involves safety issues, train control tech-
nology, communication systems, etc. Finally, Sect. 5 con-
cludes the paper.

2 Development History and Future Trends

In public perception, DTO is a very recent development
since it associated with the development of technologies
and innovations. However, the first DTO lines could date
back to 1960s. The first fully automated subway line is
between Grand Central to New Utrecht Avenue in New
York, which is implemented in 1962 [5]. The London
Underground Victoria Line was opened in 1968, where
trains are driven automatically, but there is a train operator
onboard to supervise operations and operate the train doors
[6]. The first full-scale automated metro opened Lille,
France, in 1983, which is made up of two lines that serve
60 stations and runs over 45 km [7]. In 1985, the fully
automated metro Sky-Train was introduced in Vancouver,
Canada, which has three lines and 47 stations in total [8]. In
1990s, three new French automated metro systems and four
new Asian automated metro systems were built and the
total length of the automated lines was reached to 196 km
[1]. In particular, automated metro Line 14 of Paris opened
in 1998 to commemorate the 100th anniversary of Paris
metro [9]. By 2016, there are 789 km of automated metro
in operation consisting of 53 lines and 822 stations in 36
cities, where 50% concentrated in four countries including
France, Korea, Singapore, and the United Arab Emirates.
Among these countries, France ranks first in terms of the
length of metro lines with DTO system, and the proportion
is about 16% [10].

The development of metro automation has a history
nearly 50 years. The process indicates that DTO provides a
quite effective solution to increase security, reliability, and
meet the increasing demands of transport capacity. Mean-
while, DTO can result in operational improvements so that
the subway operators can provide better public services
[10].

It is stated that there is an exponential growth trend in
automated metro, and the growth rate for kilometers of
fully automated lines is expected to triple that of the cur-
rent decade, reaching over 1800 km by 2025 [1]. Geo-
graphically, it is noted that Europe will lead in terms of the
kilometers growth by 37% during 2014 and 2025. Asia and
Middle East will consolidate their strong presence by 27
and 21%, respectively. South America will continue to
develop new lines with the successful experience of Sao
Paulo and will take up to 10% of the worldwide growth
distribution. In addition, Austria will have the first DTO
system between 2014 and 2025 [1].
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3 Opportunities

More and more automated metro operates with true
driverless systems, where trains run automatically with no
onboard staff necessary. All aspects of train operations are
handled automatically or by remote technologies with the
information provided by CCTV and onboard telemetry. An
advanced control center monitors the operation of trains
and potential hazards.

3.1 Lower Operation Costs

Due to the high level of automation, the initial cost of the
DTO systems is much higher than the traditional metro
systems as pointed out in [11]. However, the staff reductions
in DTO systems could result in a much lower management
and training cost, especially with the increasing cost for
labor. Meanwhile, the maintenance cost is also declined for
the DTO systems. The total operation costs of the DTO
systems will also decrease. In a study of European mainline
railways [12], staff per train kilometers is identified to be an
important determinant of cost inefficiency. Andreau and
Ricart [13] concluded that the availability and scheduling of
train drivers is highly linked to the organizational efficiency
of urban rail transit systems. So staff savings available from
DTO systems are obvious. The Paris metro reported that the
operation costs of DTO systems are 30% lower when com-
pared with the conventional lines [14]. In addition, the
operator of DTO systems in Keolis stated that the operational
cost saving is about 10% due to staff reductions. The oper-
ational experience of Copenhagen automated metro showed
that there are no labor costs associated with incremental
changes in the supply of capacity and the costs are limited to
the effort needed to compile and introduce the new service
plan, the consequent changes to energy, and equipment wear
and tear levels [15]. Furthermore, the passenger demand of
metro systems increases with the increasing of train fre-
quencies as stated in [16—18]. Hence, the ridership of DTO
systems should increase if the trains are operated with half
the length at twice the frequency, which may increase the
traction energy cost in a certain level but without any addi-
tional driver cost. It is concluded in [3] that the strategy that
operates the same total car kilometers but with shorter trains
and higher frequencies for DTO systems is demand-gener-
ative, minimizing traction energy consumption while pro-
viding better performance than a longer-train, lower-
frequency solution.

3.2 Increased Capacity and Reliability
Capacity is increased by higher operational speeds and

train frequencies provided by DTO systems, where the
headway can be reduced to 75 s, even to 60 s [19, 20]. In
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addition, DTO systems can reduce the turnaround times at
the terminus to enable higher frequency. Therefore,
additional trains can be put into the system during the
peak hours to transport passengers. Moreover, DTO sys-
tems can respond immediately to congestion, running
more trains without the need for extra staff. In addition,
the frequency of the trains can also be enhanced in the
low-traffic hours, as more and shorter trains can be
inserted in traffic without the need for operational staff.
Shorter headways provided by DTO systems reduce the
expected waiting times of passengers. Additionally, more
frequent arrivals of trains at platforms also shorten the
boarding and alighting process, which results in shorter
dwell times. It is stated in [7] that if the headway between
trains is reduced by 42 s, then the dwell time is about 3%
less. In addition, better regularity and consistency of
station stop times are also enabled by the improvements
in frequency for DTO systems, while human factors can
create variability and small delays in GoA 2 and GoA 3
lines [21]. The Paris Metro reported that after upgrading
the traditional metro system of Line 1 to DTO system, the
same level of service can be provided by fewer rolling
stock units [19]. Moreover, the removal of the driver
cabins enhances the physical space for passengers, which
added 6% to capacity for Paris Metro Line 1 [19].

Reliable and robust operation is significant for metro
systems. As pointed in [22], DTO systems require trains to
stop at any point if necessary, such as the evacuation of
people in emergency circumstances and train malfunctions.
It is showed that the long-term unreliability can reduce the
passenger demand and metro effectiveness [23]. The
increase in the level of automation enhances the reliability
and robustness of urban rail transit systems. In [20], it is
reported that 33% of 5-min delay incidents could be
reduced by switching from manual to automatic operation,
i.e., from GoA 1 to GoA 2 or above. There are several
reasons that DTO systems could improve the reliability
[7, 20, 24, 25]: (1) The adjustments of running times and
dwell times can be more precise and comprehensive; (2)
removal of drivers reduces the opportunities for incidents
caused by human error; and (3) DTO system manages the
operations in terms of seconds, and it can recognize a
system disruption more promptly. The Dubai Metro
reported that the service availability of their DTO systems
is 99.97% [26]. In addition, the DTO system operator
Keolis stated that the availability of DTO systems is
between 99 and 99.99%. The reliability of the DTO sys-
tems is much higher than that of the traditional metro
systems, the availability of which is between 96 and 98%.
However, Cohen et al. [3] claimed that the comparison
between those sources may not be valid since a consistent
measurement definition is needed and it should be vali-
dated over several years of data collection.
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3.3 Increased Flexibility

Flexibility is identified as the key operational advantage of
DTO systems by all automated metros [3]. DTO system
breaks the connection between train availability and staff
availability, which means that trains can be more easily
included in or removed from circulation based on the pas-
senger demand [27, 28]. This real-time adaption of capacity
to passenger demand can provide the passengers with better
service and keep the operation costs as lower as possible. For
sporting or other special events, in an automated line as many
trains as needed can be injected into the required part of the
line with short headways in response to the peaks in demand.
Moreover, only a short notice, e.g., like 1 h before the special
events, is needed rather than 3 months to schedule trains for
automated metros as stated in [3]. The flexibility of DTO
systems to increase capacity for passenger demand was
demonstrated by the Vancouver Sky-Train during the Expo’
86 world’s fair in its first year operation and during the
Winter Olympics in February 2010 [29].

The flexibility of DTO systems makes variable train
services possible during off-peak hours and at night to
lower operational costs. DTO systems also make the 24/7
operations less constrained because the operation of trains
is less dependent on staff availability. Now, the Copen-
hagen metro has enabled the 24/7 operation [27, 30].

3.4 Energy Efficiency

Energy efficiency is a major goal for any railways adminis-
tration both economically and environmentally. As pointed
outin [31], the energy cost is an important component for the
total operation cost of railway companies. So it is important
to introduce the energy-efficient strategies to reduce energy
consumption of trains. Energy consumption in urban rail
systems is affected by many factors (such as rolling stock,
lighting systems, and air-conditioning systems) and the
distribution of the energy consumption for these factors [32].
As illustrated in Fig. 2, 40-50% of the energy of urban rail
transit systems is consumed by the traction of trains. The air-
conditioning systems contribute to 25-35% of the total
energy consumption. In addition, the energy consumption of
the escalator and lift systems is about 10-14% of the total
energy consumption. Moreover, the lighting systems con-
sume about 8—12% of the total energy consumption (Fig. 3).

Automatically controlled trains indeed consume less
energy due to the optimized acceleration, traction, and
braking processes, and it is reported that the energy con-
sumption can be cut by as much as 30% depending on the
degree of automation [33]. In the operation experience of the
Vancouver Sky-Train system [34], the energy consumption
per passenger-kilometer is just less than half the average of
the other systems since the braking process of train could be

coordinated with other accelerating trains to enhance the
usage of regenerative energy in DTO systems. Since the
usage of the regenerative energy is strongly affected by the
power supply system and the traffic density, the Singapore
MRT operator introduced inverters at substations to recover
the regenerative energy for station auxiliary loads. These
inverters can recover up to 5% of the total energy used by the
urban rail transit systems [35].

In [36], an energy-efficient optimization approach is
presented based on genetic algorithms, which reduces the
energy consumption to 32.89% with a small increase
(around 0.51%) in the travel time.

Air-conditioning system is important for the passenger
satisfaction. Various methods can be introduced to reduce
the energy consumption, such as using equipment with
better energy efficiency performance, installing carbon
dioxide sensors to automatically adjust fresh air supply
rates, and installing temperature sensors to make the sys-
tem run when necessary [35]. It is stated in [7] that 86% of
the world’s DTO metro lines install the PSDs. The instal-
lation of platform screen doors (PSDs), especially the full
height PSDs, can reduce the energy consumption of the air-
conditioning system by 50% when compared to those
without PSDs, because PSDs act as barriers to isolate the
stations from the tunnels or outside area [35]. In addition,
LED lighting can reduce the energy consumption of the
lighting system by 30% and the LED lighting now is a
common standard for automatic trains [4].

Furthermore, DTO systems could provide a flexible way
to coordinate trains, and this flexibility can improve the
system performances in many respects, such as the efficient
usage of rolling stocks and regenerative energy [37].

3.5 High Levels of Safety and Security

DTO systems can improve the safety and security level of urban
rail transit systems. In traditional urban rail transit lines,
50-60% of the incidents are caused by human error [38]. Wang
and Fang [39] proposed a structured procedure to analyze the
error behaviors of traffic dispatchers in emergency circum-
stances based on the human information processing theory and
the modified task analysis framework. DTO systems remove
the human driver from the system, and this could reduce or even
eradicate the risk of human error [40]. In addition, the safety can
be increased further by automation since computerized systems
control train movements more precisely than humans. New
safety technologies are introduced to satisfy the safety
requirement of DTO systems, such as sensors, intrusion pre-
vention and detection system, onboard CCTV, platform
supervision, and onboard emergency calls. The intrusion pre-
vention and detection system are activated when a person or a
large object is in the track area, and the immediate emergency
braking could be initiated depending on how far away the
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Fig. 2 Countries account for % 18%
of global length of DTO lines
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Fig. 3 Distribution of energy consumption in urban rail transit
systems [32]

approaching train is. As mentioned by Nelson [7], the intrusion
prevention and detection systems can virtually eliminate sui-
cides and trespasser fatalities. In addition, surveillance systems
and emergency calls would deter criminal activity. Further-
more, the PSDs do not allow passengers direct access the tracks,
which reduces the system failures by approximated one-third
[4]. Dubai’s Road and Transport Authority reported that the
Dubai Metro network has a train fault rate of one fault per four
million kilometers travelled, and the network is constantly
monitored by two operation control centers to ensure the safety
of passengers [41].

4 Challenges
4.1 Safety Issues

In London, there was a debate over driverless technology,
which stated that one of the main objections to DTO is a
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perception that without having a qualified human driver on
the train to react to unusual situations poses a threat to public
safety [41]. Based on the results of the public perception for
driverless trains in [40], majority of the respondents high-
lighted the perception of a driver as an important component
of the system and over 50% of the sample agreed that there
should be a driver’s room on the train in case of emergency.
However, overwhelming majority of the respondents were
very positive about the driverless technology, and they do not
have a problem to trust the technology as stated in [40].

Security issues are the core to guarantee the DTO sys-
tems running successfully. As it was mentioned in [42], the
CENELEC standards about computer-controlled signaling
systems are based on the IEC61508 standards and the
technical condition of safe train control systems. These
standards include EN50126, EN50128, EN50129, and IEC-
UNI standards which have been developed to regulate the
system development process (lifecycle) of signaling sys-
tems to achieve safety [43]. Especially, norms and exam-
ples of reliability, availability, maintainability, and security
are introduced in EN50126 [42]. Meanwhile, those stan-
dards and recommendations, the traditional techniques,
such as HAZOP, fault tree analysis, and FMEA, are rec-
ommended for the safety assessment process [43]. Formal
languages are used to describe normal and failure behav-
iors of systems, and model checking tools or simulation
engines are adopted for automatic analysis. The SCADE
product family is a complete design environment to design
and model critical system and software, and it is used to
describe and test the Ansaldo STS [44]. A new verification
and validation process based on model-based analysis and
testing is proposed for the Ansaldo driverless metro sys-
tems in [44]. Furthermore, the B formal method has been
applied to driverless metro line 14 in Paris and the instal-
lation process of the PSDs of line 13 of Paris [45].
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4.2 Train Control Technology

The evolution process of rail signaling systems is from
track-circuit signaling to advanced communication-based
train control (CBTC) systems. The CBTC systems over-
come the fundamental limitation of the conventional track-
circuit-based system and provide short headways and better
flexibility [46]. As pointed out by Morar [46], there is a
clear trend in application of CBTC technology to DTO
systems. Currently, 72% of automated lines are based on
communication-based train control systems (either using
inductive, radio, or microwave technology). It is important
to investigate on the standards for the train control systems
with new technology to support interoperability and inter-
changeability. The FEuropean research project MOD-
URBAN has developed the functional requirements,
system architecture, and interfaces for the train control
systems in urban transit applications [47].

4.3 Communication Systems

In traditional urban rail transit systems, drivers provide
necessary information and communicate with passengers in
case of delays and/or emergencies [48]. In DTO systems,
drivers are not present anymore, so the required informa-
tion, especially in emergencies, the operation center should
provide onboard and platform voice information (e.g.,
delays, emergency instructions) to passengers [48]. The
passengers could communicate with the staff in the oper-
ation center through onboard emergency calls and onboard
telemetry. In addition, the videos, images, and other
information collected by the CCTV and supervision sys-
tems should send to the operation center continuously to
enable the operator undertake suitable measures [4]. So the
reliability and usability of the communication systems is
significant for the DTO systems.

4.4 Platform Screen Doors/Guideway Intrusions

DTO systems need to ensure the safety of the interface
between the platform and the track, so either PSDs or the
intrusion detection systems should be installed. Intrusion
detection systems can detect persons and/or objects on the
track and interact with the signaling system to stop the
incoming trains in emergency situations. As pointed out by
the UITP organization, PSDs are the dominant solution for
the safety of the track [49]. Currently, 85% of the new
automated metros install PSDs and only 15% of the new
automated metros adopt the intrusion detection systems
[49]. All of the automated metros use a mix of surveillance
and communication technologies to ensure passenger
safety and security.

4.5 Terminal Designs

The automated metro systems are operated with short
headways, which would require special terminal designs to
satisfy the turnaround requirements. Otherwise, the delays
would be introduced by the turnaround operation at ter-
minals and this will influence the capacity of the system
[38]. In addition, automatic routing of trains to go to and
come out from storage areas, automatic “sleep” and
“wake-up” functions to switch off and on necessary
equipment, and automatic coupling and decoupling of train
units in terminals are significant for DTO systems [50].
Furthermore, the maintenance and wash of driverless trains
should also be scheduled and done automatically.

4.6 Detection and Management of Emergency
Situations

Emergency situations in urban rail transit systems refer to
the events that happen suddenly during the operation, and
these events may affect or even destroy the normal oper-
ation and must be dealt immediately. As we have men-
tioned before, the majority of safety accidents are caused
by human error. Even though the automated metro system
has eliminate the drivers from the system and some work of
the dispatchers are replaced by DTO system functions
(which reduces a large amount of accidents), the emer-
gency management still heavily depends on the traffic
dispatchers. Based on the MODURBAN  statement
approved by major rail industry suppliers and European rail
operators [47], the detection and management of hazard
situations should involve traffic dispatchers, even for the
highest GoA, i.e., GoA 4.

Passenger behaviors, equipment failure, social disas-
ters, etc., could cause emergency situations, where DTO
systems may lose some of the automated protection
functions. Many researchers have studied these influ-
encing factors and effective measures for emergency
situations of DTO systems. The human factors analysis
and classification system has been widely used in auto-
mated train control systems [51, 52]. Wang and Fang
[39] proposed a structured procedure to analyze the error
behavior of the traffic dispatcher in emergency situations,
where an error behavior classification is proposed and
validated. Many catastrophic fires in urban rail transit
systems cause heavy casualties, so the life safety evac-
uation in case of fire is significant for the safety of
passengers [53, 54]. However, it is not appropriate to
carry out human evacuation experiment in practice.
Many researchers conduct evacuation simulation by
computer simulation [55-57].
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5 Conclusions

This paper has given a general overview for the DTO
systems. The development history and future trend of the
DTO systems has been presented. The DTO systems pro-
vide several opportunities for the metro lines such as lower
operation cost, higher flexibility, energy efficiency, and
higher safety level. However, the DTO systems also face
some challenges and issues, such as safety assessment,
terminal designs, and detection and management of emer-
gency situations.

In order to reduce the risks of the operation of DTO
systems, it is important to build a systematic safety
assessment and supervisory framework to standardize and
guide the construction process of the DTO systems. The
structure and functionality of the EMUs, the reliability of
the equipment, and the wake-up operation and monitoring
of trains, etc., should be studied to enhance the safety of
passengers and trains. Furthermore, the installation of the
equipment, such as the smoke sensors, refractories, and
evacuation signs, should be investigated to be consistent
with the measures taken during the emergency situations.

Furthermore, new operation concepts should be intro-
duced according to the characteristics of the DTO systems.
New models and algorithms should be built to enhance the
feasibility of DTO systems to huge passenger demand, the
utilization of the regenerative energy, and the circulation of
the EMUs (including the coupling and decoupling of the
EMUs). In particular, the DTO systems also have a much
higher standard for the automation of the terminals, where
the layout of the terminals, the circulation of EMUs, the
coupling and decoupling of EMUs, the maintenance
schedules, etc., should be designed and scheduled in an
intelligent way. The DTO systems could be operated with
smaller headway when compared with traditional urban rail
transit systems. However, the usability and reliability of
signaling systems, especially the reliability of the onboard
equipment, the operation and control mode in case of
failure, and the design of back-up signaling systems are
important topics for the operation of DTO systems. In
addition, the operation control center does not only monitor
and control the operation of trains, but also handles the
emergency situations happened in the DTO systems. So it
is important to employ new technologies and algorithms to
enhance the automation level of the operation control
center and to help dispatchers make decisions.
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