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Chinese high-speed railway has implemented large-scale network operation with an urgent need for capacity improvement. The
concept of virtual coupling seems to be a promising solution that provides a new operational scenario for high-speed railway,
where trains are formed into a cooperative convoy and run synchronously with small train headways. The train-following
principles under the virtual coupling signalling are quite different from those under conventional train control systems. Therefore,
train headway analysis for different operational scenarios should be carried out to ensure railway safety and evaluate capacity
benefits brought by virtual coupling. This paper proposes a potential virtual coupling architecture with reference to ETCS/ERTMS
specifications. We compare blocking time models under different train control systems, and eight typical train-following scenarios
are investigated for virtual coupling, including train arrival and departure cases. A detailed multiscenario-based train headway
analysis is provided based on the microscopic infrastructure of the station and technological characteristics of virtual coupling. All
computational outcomes are based on the train dynamic motion model. A comparative analysis of train headways under virtual
coupling and CTCS-3 is provided in the case study. Results show that train headways can be substantially reduced under virtual
coupling and are related to the station infrastructure layout.

1. Introduction

In China’s high-speed railways, oversaturated utilization of
capacity has become prominent with the increasing demand
for high-density passenger services. There is an urgent need
to obtain sufficient capacity gains and provide fast, conve-
nient, and comfortable transport for the current large-scale
networks [1]. One essential factor related to the capacity of a
railway is the train headway, which refers to the minimum
space or time interval that two trains must be separated.
Hence, it is crucial to prevent trains from colliding or in-
truding into stations accidentally [2]. At stations, the
interlocking area requires a train to travel at limited speeds
when performing relevant services (e.g., arrival, departure,

and passage of trains), and these station-related cases usually
become the capacity bottleneck of a railway corridor [3]. The
train control system extensively used in China, namely,
CTCS-3, has implemented the quasimoving-block mode
with a minimum train headway of 3 minutes. On-site
feedback shows that under current operational conditions,
the 3-minute target cannot be fully achieved. Upgrading
system configurations and improving basic facilities are
commonly adopted to address this issue [4], such as opti-
mizing line conditions, adopting large size turnouts and
sectional route release technology for stations, and im-
proving the performance of rolling stocks. However, due to
the high cost of reconstruction and maintenance, the effects
of these measures are often overestimated. Shifting towards
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advanced signalling systems seems to be a more effective way
[5], e.g., the communication-based train control system used
in urban rail transit. The European Shift2Rail project was
launched in July 2014. Its innovation programme 2 (i.e.,
advanced traffic management and control system) aims to
utilize new technologies (e.g., satellite positioning, high-
speed, high-capacity data, and automation) in train control
systems to enhance traffic management [6]. As mentioned in
innovation programme 2, virtual coupling (VC) could
significantly reduce train headways and improve railway
capacity. Institution of Railway Signal Engineers also
pointed out that VC has great potential, but extensive ex-
ploration is required before it is put into use [7].

Under the conventional moving-block system (MBS), a
train continuously receives the Movement Authority (MA)
that indicates the maximum distance a train can cross in safe
conditions from the Radio-Block Center (RBC). Building
upon the real-time MA, the onboard computer can auto-
matically calculate the braking curve that instructs the train to
stop before reaching the danger point (i.e., the end of a
preceding train or a movable track element). The corre-
sponding absolute braking distance (i.e., the distance required
for the train to brake to speed zero) increases dramatically
with train speeds. For a high-speed train, the distance can
even reach several kilometers [8]. Autonomous driving and
cooperative platooning in road traffic theory provide a new
operational idea for the railway market. A direct commu-
nication link can be established among trains, so that they can
exchange information (i.e., speed profile, position, and train
route/direction) with their neighbours, allowing every train to
adjust its motion states in consideration of neighbouring
trains. Therefore, two adjacent trains are allowed to be sep-
arated by a relative braking distance that takes into account
the braking rates of different trains, rather than an absolute
one [8]. In addition to massively reducing train headways, VC
also implies a kind of flexible and intelligent train organi-
zation mode, which can better adapt to passenger/freight
transport needs. A convoy (i.e., a train platoon separated by
small headways running at coordinated speeds) can auto-
matically decouple when approaching a junction or a station,
and trains can also get virtually coupled at these locations or
on the run. Before the convoy reaches the switch area where
individual trains need to go to different routes (i.e., different
railway lines or station tracks), an absolute braking distance
and a safe margin should be maintained between the rear train
and the switch area to ensure all the switches are set up safely.

A growing body of scientific projects such as X2Rail [9],
Roll2Rail [10], and In2Rail [11] have been carried out to
tackle technical problems (e.g., train control strategy,
communication solutions, and system configurations) re-
lated to VC implementation. Train-following principles
under VC signalling are quite different from those under
conventional MBS or fixed-block system (FBS). Funda-
mental operational scenarios have been studied for VC
signalling in the MovingRail project [12], combining dif-
ferent stopping patterns (train stopping or nonstopping) and
typical train manoeuvres (i.e., plain line, merging junction,
and diverging junction). Unlike other railway markets (e.g.,
main line and region), decoupling and coupling operations

Journal of Advanced Transportation

of high-speed railway trains are most likely to occur in
station-related scenarios because trains run on a plain and
independent line. From the perspective of operational safety,
it is necessary to investigate the minimum train headway
that must be satisfied for train manoeuvres in complex
railway nodes, namely, high-speed railway stations. In ad-
dition, train headways are also essential for capacity eval-
uation and compilation of future train operation schedules
based on VC.

When performing train-following simulations, some
existing literatures ignore the station interlocking principle
or detailed infrastructure data (e.g., train routes, track ele-
ments, and line-side signals) [13, 14]. With reference to the
train headway calculation method reported in MovingRail
deliverable [12], we address the train headway analysis in
additional station-related scenarios from a microscopic
perspective of the station layout. The specific configuration
characteristics of VC signalling (e.g., system update time and
communication delay) are considered and compared with
conventional CTCS-3.

The remainder of this paper is organized as follows.
Section 2 describes basic train control concepts and illus-
trates a CTCS-4-based VC structure. Section 3 reviews the
related literature on VC from the perspectives of train
control strategy and train organization. Section 4 analyses
the application of the blocking time model in different train
control systems and describes eight representative train-
following scenarios. Section 5 details a train headway
analysis for the eight train-following scenarios under VC.
Section 6 reports the outcomes for train headways under VC
system and CTCS-3 with a comparative analysis. Finally,
conclusions and some preliminary hints for future research
are presented in Section 7.

2. Train Control Concepts

2.1. CTCS Levels. CTCS (Chinese Train Control System) is
constructed based on ETCS (European Train Control Sys-
tem) standards and adapted to China’s specific trans-
portation needs [15]. According to the functional
requirements [16], CTCS is divided into five levels, of which
CTCS-2 and CTCS-3 have come into common use in high-
speed railways. The main operational characteristics of
CTCS are shown in Table 1.

Before CTCS-3, data transmission from infrastructure to
vehicles relies on the trackside devices, such as multi-in-
formation track circuits and controlled or uncontrolled
transponders. However, the Global System for Mobile
Communications (GSM-R) undertakes the bidirectional
data transmission work in CTCS-3/4. Besides, the track clear
detection no longer relies on the track circuits in CTCS-4 but
RBC and onboard equipment (i.e., Train Integrity Moni-
toring System, Vehicle Onboard Controller (VOBC), and
onboard sensors) [16]. Satellite-based train positioning is
another feature of CTCS-4. In X2Rail-2 [17], it has been
pointed out that train positioning could be achieved by
equipment such as Virtual Balise Transmission System, with
balises providing positioning reference for precision
calibration.
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TaBLE 1: Characteristics of CTCS levels.

CTCS level Blocking mode Data transmission Track clear detection
CTCS-0 Fixed-block Trackside devices Track circuits
CTCS-1 Quasimoving-block Trackside devices Track circuits
CTCS-2 Quasimoving-block Trackside devices Track circuits
CTCS-3 Quasimoving-block GSM-R Track circuits
CTCS-4 Moving-block or virtual-block GSM-R RBC and onboard equipment

2.2. Train Separation Principles. In railways, train move-
ments are under the surveillance of train control systems to
safely separate trains. Different train separation principles
are illustrated in Figure 1 according to the characteristics of
train control systems (see Table 1). Note that the virtual-
block (i.e., block sections are virtually set by computers)
mode under CTCS-4 can be regarded as a special quasi-
moving-block, so it is not illustrated in Figure 1.

The train speed at the end of authority (Eoa) is vg,,. In
FBS (see Figure 1(a)), railway lines are divided into con-
tinuous block sections. Whether a train can enter a section is
governed by line-side signals or MA received on-board [15].
For instance, two following trains should be separated by at
least four block sections on a railway with four-aspect
signalling. In the quasimoving-block mode implemented
under CTCS-3 (see Figure 1(b)), the RBC calculates the MA
according to train speed and location information received
from trackside devices, as well as the dispatching command
received from the Dispatching Control Center. Then, the
MA is issued to trains, enabling VOBC to compute the
dynamic braking curve. The starting point of braking is the
location where train safe braking can be ensured, but the Eoa
is still the fixed boundary of a block section. A safety margin
(s,,) is required between the danger point (i.e., the so-called
supervised location) and Eoa under CTCS-4 and VC. In
CTCS-4 (see Figure 1(c)), the fixed-block sections are re-
moved and trains are separated by an absolute braking
distance plus a s,,. Note that due to the excessively long
braking distance, a full MBS may not bring satisfactory
capacity gains for high-speed railways versus conventional
FBS. Under VC signalling, trains do not have to stop in front
of the Eoa (see Figure 1(d)). Benefited from the robust and
fast communication link between trains, a train can not only
calculate the braking curve according to its motion states but
also take into account the real-time information received
from neighbouring trains. Thus, the interval between con-
secutive trains can be reduced to a considerably short dis-
tance (i.e., a relative braking distance plus a s,,). For high-
speed railways, the s,, under VC operation is recommended
to be 50 to 200 m in MovingRail [18].

2.3. Structure of VC System. VC system is a train-centric
signalling system. There is currently no standard specifi-
cation for the VC architecture. Figure 2 shows a potential
structure of VC. The distinction between VC and CTCS-4 is
the addition of a vehicle-to-vehicle communication link (i.e.,
the V2V layer). Centralized Traffic Control (CTC) is re-
sponsible for monitoring train movements and delivering
operation instructions (e.g., train operation schedules and

dispatching commands) based on the operational require-
ments of VC. Computer-based interlocking (CBI) can
handle the station-related routes (i.e., arrival, departure, and
shunting routes) after checking and confirming some es-
sential issues, e.g., states of train motions and trackside
devices. RBC operates as a virtual leader during VC oper-
ations; it calculates basic MA that indicates the last safe point
for the convoy. It is worth noticing that the deployment of
the V2V layer will lead to a more complex control mech-
anism when compared with CTCS-4, as the contents of MA
are enriched with real-time motion states (i.e., objective
route and speed profiles) from nearby trains. Moreover,
trains are equipped with Automatic Train Operation (ATO)
to achieve automatically driving. In terms of the commu-
nication solution of the V2V layer, MovingRail [19] outlined
that 5G principles are suitable which also conform to the
development trend of the Future Rail Mobile Communi-
cations System. Necessary elements (e.g., antenna, trans-
mitter, and receivers) are required to be installed on vehicles.

3. Literature Review on Virtual Coupling

VC technology was mainly studied for freight transport in
the early bibliography [20, 21]. Bock et al. [20, 21] first
proposed VC concept: the mechanical connections between
vehicles are cancelled and every vehicle has its power device
and control computer. In [22, 23], the preliminary facilities
and basic concepts of VC were further addressed. In recent
years, VC has been gradually recognized as an attractive
technology for passenger transport. Goikoetxea [24] men-
tioned that the complete implementation of VC relies on the
onboard configurations, new functions, and upgrade func-
tionalities. The Shift2Rail project was established under
Horizon 2020 and aims at achieving the most sustainable,
cost-efficient, high-performing, time-driven, digital, and
competitive customer-centred transport mode for the Eu-
ropean railway [6]. Well-directed researches have been
conducted on VC technology within the Shift2Rail initiative,
covering system required technologies (e.g., new traction
technology, satellite positioning, communication solution,
and security) and feasibility analysis from the perspectives of
operation, technology, and business [6]. In this section, we
review the state of the art from two aspects: train control
strategy and train organization theory under VC.

3.1. Review of Train Control Strategies. Advanced train
control systems ensure that trains operate as scheduled
based on the original timetable [25]. In terms of train control
under MBS, Pan et al. [26] adopted the theory of Multiagent
Systems (MAS) to establish railway elements (e.g., trains and
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FIGURE 2: A potential system architecture of VC in the future.

stations) as intelligent subject models. Solutions were further
proposed in response to train integrity detection, train
mobility management technology, and coordinated train
control mechanism. Ning et al. [27] proposed a distributed
cooperative control method for high-speed trains, and the
target was to maintain the minimum tracking distance
between trains. Gao et al. [28] studied the cooperative
prescribed performance tracking control problem for
multiple high-speed trains. Train speed and position were
supervised by Automatic Train Protection (ATP) and MA at
any instant. Note that the speed information of adjacent
trains is not considered in the control strategies for MBS and

trains are separated by absolute braking distance (i.e., “hit-
hard-wall” mode).

Cooperative driving allows trains to group into a vir-
tually coupled platoon on the run or at a standstill. Different
control strategies have been mentioned in numerous studies,
and usually, the operation goals are maintaining an expected
following distance between trains and all trains coopera-
tively move forward at optimal velocities (i.e., the acceler-
ation or deceleration status of trains in a convoy is
synchronized). Di Meo et al. [29] pointed out that appro-
priate mathematical models and control algorithms bor-
rowed from the automotive field can prove the effectiveness
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of cooperative control strategies under VC. Liu et al. [30]
established a coordinated control model in which trains
could adjust their motion states according to different train
tracking strategies. Liu [14] proposed a dual-aspect train
control algorithm that could coordinate the speed and
following distance of trains concerning the car-following
theory on road traffic. The parameter value in a train-fol-
lowing formula was demonstrated to be critical for system
stability. Liu et al. [31] considered train operation safety,
passenger comfort, and train punctuality to obtain an op-
timal train control strategy. Felez et al. [32] utilized a
decentralized model predictive control (MPC) framework to
control trains in a platoon; they also proved that VC could
greatly shorten the train headway and ensure the safe
separation of trains.

3.2. Review of Train Organization under VC System. VC is
also known as a dynamic formation method. Shorter
grouping trains and more frequent train services will better
meet flexible travel demands [18]. Train control and dis-
patching organizations should be well integrated to ensure
safe operation and maximize the potential of VC. Liu et al.
[33] proposed a spatial-temporal dispatching method that
was adaptable for real-time passenger flow based on VC.
Preliminary operational characteristics (e.g., train compo-
sitions, onboard customer facilities, train platforming and
crowd management, power supply, and convoy control)
corresponding to different railway markets were investigated
in MovingRail [18]. Compared with other markets, the
regional and freight markets may be more interested in VC
because they urgently need to increase the current train
frequency despite the expensive reconstruction and oper-
ating costs [34]. For high-speed railways with high-density
passenger services, VC can also bring huge capacity growth
to some potential cases, e.g., trains consecutively overtaking
at a station, passing through a junction or a station. The
German Aerospace Center [35] has integrated the VC
technology into the study of the next-generation train and
developed dedicated simulation software for trains operating
under VC. Based on this simulation tool, Schumann [13]
explored VC-related scenarios with conventional switches
and passive switches. The simulation results on the Shin-
kansen high-speed line showed the benefits of VC, especially
when trains in a convoy continuously performed stopping or
departing services at stations. Quaglietta et al. [8] proposed a
specific MA content under VC signalling and the form of
message exchanged via the V2V communication layer. A
multistate train-following model was also developed to in-
vestigate capacity gain in train stopping cases and diverging
junction cases. To calculate headways of trains departing
from a station under MBS, Mei et al. [36] introduced a
calculation method based on geometric progression. Three
cases were depicted: two stationary trains departed con-
secutively, the preceding train passed through the station,
and the rear departed from the station, and two trains
successively passed through the station. Liu et al. [37]
proposed a VC-based station dispatching method by di-
viding train operation routes into segments and switches

could be continuously locked for virtually coupled trains. In
this article (i.e., train headway analysis in hereinafter), we
also assume that switches in the interlocking area can be
continuously locked for multiple trains that occupy the same
operation route in the station.

From the state of the art, VC is technically feasible, but in
terms of its implementation in the railway field, it is still in
the experimental stage. The definition of the train-following
principle in station-related operational scenarios is not yet
clear for VC signalling. This paper aims at obtaining an in-
depth train headway analysis of representative operational
scenarios concerning the characteristics of VC as well as
operational requirements in current high-speed railways.

4. Train-Following Analysis under VC System

4.1. Blocking Time Model. The minimum headway between
two consecutive trains depends on the so-called “blocking
time.” It is the needed time for a train to cross the section
that is allocated exclusively to this train and blocked to
others [38]. The blocking time model is applicable for FBS
but needs to be modified for MBS and VC. Quaglietta et al.
[39] first elaborated the blocking time model adapted to VC.
We refer to the blocking time model [39] to further analyze
the train headways in station-related scenarios. The basic
blocking times are as follows [15]:

(1) Time required for clearing the signal
(2) Signal watching time and reaction time
(3) Approaching time

(4) Time for passing the block section

(5) Time for completely clearing the block section and
the track circuit overlap

(6) Time for releasing the block section

For China’s conventional lines in which trains are
governed by line-side signals, the approaching time refers to
the time needed to cross the previous block section (i.e., the
distance between section signals at both ends). For FBS with
cab signals, the approaching time is the time needed to cross
the absolute braking distance based on the supervision
curves. The signal watching time is no longer needed in this
case, but the rest time components are consistent with the
former.

When trains run in the switch section (i.e., station or
junction) under MBS or VC system, since there is no
passive switch available, the block-related time (i.e., time
for passing, clearing, releasing the block section, and
signal clearing time) is still required. However, these times
do not exist when trains run on the main line. A train
operating under MBS must be at a standstill before
reaching Eoa, so the approaching time refers to the travel
time of an absolute braking distance. For trains operating
under VC system, the approaching time represents the
time needed for a rear train to coordinate to the preceding
train speed [39]. Also, the reaction time under VC sig-
nalling is much shorter than that under other systems due
to the application of ATO.



4.2. Description of Train-Following Manoeuvres under VC
System. Due to the speed limit near the switch area, VC
operation can be initiated in the two most likely cases: trains
departing from a station or trains from different directions
merging into the same route at a junction. Similarly, for the
cases in which a convoy is approaching a station, or train
routes diverge at a junction, the decoupling of trains can be
initiated. The newly constructed high-speed railways in
China are independent lines with homogeneous rolling
stocks. Therefore, in this paper, we focus on the station-
related train-following manoeuvres and do not consider the
junction-related scenarios. The actual forces on trains
change continuously with train movements and trains are
not always traveling at constant speeds. Before carrying out
train headway computations, we furthermore consider the
following assumptions:

(1) The traction acceleration rate of trains with a certain
type of EMU is constant.

(2) The braking deceleration rate is considered as a
g
piecewise constant function which is related to the
actual train speed.

(3) The basic resistance generated by several types of
friction and aerodynamic resistance are considered
in the computation. The additional resistances
caused by tunnels, ramps, and curves are ignored in
the station-related scenarios.

(4) Virtually coupled trains cannot stop at the same
platform.

(5) For the train arrival cases (scenarios 3, 4, and 5)
under VC signalling, when the preceding train clears
all critical elements of the interlocking area, the
following train has already slowed down to a rela-
tively low speed.

Table 2 depicts eight train-following manoeuvres that
may occur during train operations. For the sake of clarity,
only two trains are shown. Scenarios 1 and 2 refer to a
convoy running on the main line and passing through a
station consecutively, respectively. Three arriving ma-
noeuvres are designated as scenarios 3, 4, and 5, and trains
can get decoupled if they are arranged to different station
routes. In scenario 3, two virtually coupled trains are re-
quired to stop on different tracks at the approaching sta-
tion. In scenario 4, the preceding train G1 passes through
the station without stopping, and the rear G3 needs to stop.
In scenario 5, the preceding train G1 needs to stop, and the
rear G3 instead passes through the station. In the train
departure cases, we envisage that trains are scheduled to
form a convoy after leaving the station and gradually reach
the virtually coupled state during operation. In scenario 6,
two stationary trains G1 and G3 from different tracks both
leave the station. In scenario 7, G3 must wait for G1 to pass
the station before leaving. In scenario 8, G3 must wait for
G1 to leave before it can pass through the station.
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5. Analysis of Multiscenario-Based Train
Headway under VC System

5.1. Route Releasing in Station-Related Scenarios. In the
station interlocking area where switch occupancy occurs
frequently, train-following must comply with interlocking
principles. Therefore, in terms of the station-related sce-
narios, train headway analysis should be carried out based
on the blocking time model mentioned in Section 4.1. For
the station routes corresponding to two trains, the switches
that need to be occupied by both trains are called associated
switches. A sectional route release mode is considered for
station automatic route releasing, which means that as long
as the last critical track element (i.e., the track circuit where
the last associated switch is located) is completely cleared by
the preceding train, the route for the rear train can be
unlocked. Figure 3 depicts an example of two trains entering
different station tracks: the target track of G1 is track 1, and
the rear G3 can either stop on track 2 (see Figure 3(a)) or
track 3 (see Figure 3(b)). The receiving route from the station
home signal to the last critical track element (referred to as
the clearing point in Figure 3) is shown by the red line. We
find that the route length in track combination 2 is shorter
than that in track combination 1 due to the difference in the
position of the clearing point. Therefore, we can conclude
that the sequences of track usage will affect the position of
the clearing point and further affect the timing of unlocking
the receiving route for the rear train. For trains departing
from different station tracks, we consider that switches can
be continuously locked for trains which share the same route
(i.e., the continuous track circuits that are occupied by
multiple trains).

5.2. Train Headway Analysis under Eight Operational
Scenarios

5.2.1. Scenario 1: Trains Running on the Main Line.
When trains run on the main line under CTCS-3, the
minimum required distance between two consecutive trains
includes the absolute braking distance of the rear train, the
block section length, the train length, and a safety margin
before the block section. Figure 4 depicts the basic train-
following case in which trains run cooperatively on the main
line under VC. The two trains are the preceding train i — 1
(the leading train) and rear train i (the following train).
Ideally, trains in the rear can follow the leading train with
desired space intervals and coordinated speeds.

Since cooperative driving strategies have been exten-
sively studied in previous literature, we adopt the following
formulas from Di Meo et al’s study [29] to denote the
objects of VC:

l,‘ (t) — 11;1 )+ Lde ¢ (t) Vi (t) — Viy (1) ai(t) — a4, (1),
L5 (6) = I (8) + T, (1),

(1)
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TaBLE 2: Train manoeuvre scenarios under VC system.
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where I(t), v(t), and a(t) are the train position, speed, and
acceleration, respectively. L% *(t) is the desired following
distance between consecutive trains which can be calculated
by equation (1). According to the spacing policy [40], [f;_,
represents the minimum required distance between trains at
a standstill, T is the desired time headway, and the value of T
cannot be less than a critical value [41]. Both l?t;l and T are

i,i
set as constant controlling parameters [29].

5.2.2. Scenario 2: Trains Consecutively Passing through a
Station. The route handling procedure is required for every
train passing through a station under CTCS-3. Generally,
two block sections ahead must be cleared before the station
home signal indicates a clear aspect (i.e., a train may pro-
ceed) for a train. The required distance between trains equals
the train absolute braking distance plus the total length of

block sections ahead. Moreover, a certain time for train
passing operations (i.e., sight and reaction, transferring track
circuits states, and clearing the signal) should be considered.
However, the route handling procedure is only required for
the leading train when a convoy runs under VC. Trains in a
convoy can consecutively pass through the station with small
intervals. Therefore, the train headway in scenario 2 is the
same as that in scenario 1. It is no doubt that the train
organization pattern in scenario 2 can significantly increase
the number of trains passing the station per unit time.

5.2.3. Scenario 3: Trains Arriving at a Station. The blocking
time in the train arriving case under CTCS-3 includes train
approaching time (i.e., time needed to decelerate from train
maximum speed to the station allowable speed), time needed
to clear the critical elements in the station interlocking area,



and time for train arriving operation (i.e., setting switches in
correct positions, sight and reaction, transferring track
circuits states, and clearing the home signal).

The main difference of the blocking time in the VC case
is that the approaching time is much shorter than that in
CTCS-3. In addition, the reaction time is reduced thanks to
the ATO. As illustrated in Figure 5, G1 and G3 both need to
perform stopping services at the approaching station. Vir-
tually coupled trains can get decoupled because they are
assigned to different station tracks. The respective target
tracks of G1 and G3 have been marked in Figure 5. The blue
and orange solid lines represent the relative motion states of
Gl and G3, and the orange dashed line represents the
braking curve of G3. The upper and lower parts of Figure 5
show the changes in train distance and speed and the
changes in train distance and time, respectively. The train
headway can be obtained by adding up each part of the
blocking times.

The virtually coupled trains slowdown in advance to not
exceed the station allowable speed. G3 must wait for G1 to
completely clear all critical track elements of the interlocking
area before entering the station. The clearing point here is
the end of the track circuit where the last associated switch
(i.e., switch 5) is located. When G1 crosses the clearing point,
there are some essential operations (referred to as the arrival
operation in Figure 5) required before initiating the re-
ceiving procedure of G3, i.e., setting switches in correct
positions, ATO reaction, transferring track circuits states,
and clearing the home signal. To prevent G3 colliding with
the station, an absolute braking distance of G3 and a station
safety margin should also be maintained between G3 and the
home signal. Note that the station safety margin s,, here
refers to the reserved distance to protect the home signal.
The time needed to cross the absolute braking distance is
called the approaching time of G3. The calculation formula
of train headway in scenario 3 can be expressed as
lb_3 + Sm lenter + ltrain (2)

arr >

V3 V1

I=T

where T,,, represents the arrival operation time, which is
determined by system configurations. [,; is the absolute
braking distance when train G3 applies service braking. v; is
the speed of G3, which is an indeterminate value, and cannot
be greater than the allowable speed v;;,, when G3 reaches the
Eoa. s, is the station safety margin in front of the home
signal and [, is the train length. I, . represents the
distance from the home signal to the clearing point. Before
reaching the clearing point, G1 may run at a constant speed
Viim OF run at a uniform speed and then decelerate. I, and [,
represent the distance travelled by G1 at a constant speed
vy, and the deceleration distance; we can obtain
ley + Iy = Lain + lenter- v1 i the speed of G1, which depends
on the actual dynamics of the train during the entire process.

5.2.4. Scenario 4: The Preceding Train Passes through the
Station and the Rear Stops. In scenario 4, the preceding train
passes without stopping but the following train needs to
stop. For both CTCS-3 and VC cases in scenario 4, the train
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arriving operation time and approaching time are the same
as those in scenario 3. The times for a preceding train to clear
critical track elements are different because the clearing
point here is the opposite exit signal (i.e., the signal that
instructs the train in the opposite direction to exit the
station). As depicted in Figure 6, the preceding train Gl
passes the station at its original speed v,,, and G3 needs to
stop at the station. Two virtually coupled trains can get
decoupled and the movement of G1 will not be affected.
Before G3 can enter the station, the preceding train should
have entirely crossed the opposite exit signal and the train
arriving operations (i.e., transferring track circuits states,
setting switches in correct positions, clearing the home
signal, and ATO reaction) should have been completed.
Moreover, a station safe margin and an absolute braking
distance of G3 should be maintained between G3 and the
home signal.

The train headway calculation method for scenario 4 is
similar to equation (2), but /., is the distance between the
station home signal and the opposite exit signal on the main
track. v, is the original speed of G1, because G1 does not
need to stop but pass with a high speed.

5.2.5. Scenario 5: The Preceding Train Stops and the Rear
Passes through the Station. In scenario 5, the preceding train
needs to stop and the rear one passes without stopping. For
both CTCS-3 and VC cases in scenario 5, the times for
clearing critical track elements are the same as those in
scenario 3. In addition, the times for train passing operation
are needed. For CTCS-3, the train approaching time equals
the time for the rear train to cross the absolute braking
distance (i.e., distance needed to decelerate from the original
speed to zero) at its original speed. As illustrated in Figure 7,
the two virtual coupled trains both need to slowdown before
arriving. After G1 completely crosses the clearing point (i.e.,
the end of the track circuit where switch 1 is located), G3 can
accelerate and pass the station.

The calculation formula of train headway is similar to
equation (2), and the difference lies in the motion states of
train G3. In scenario 5, G3 should accelerate rather than
decelerate to pass the absolute braking distance. The passing
operation here includes the following components: trans-
ferring track circuits states, setting switches in correct po-
sitions, clearing the home signal, and ATO reaction.
According to the current CTCS-3 operational standard, the
time for passing operation is shorter than the arrival op-
eration time in scenarios 3 and 4.

5.2.6. Scenario 6: Two Stationary Trains Departing from the
Station. The monitoring mode under CTCS-3 requires that
only when the train in front has cleared the first exit block
section, the rear one can start. The first exit block section
refers to the block section behind the opposite home signal
(i.e., the signal that instructs the train in the opposite di-
rection to enter the station). Therefore, the blocking times in
the train departure case under CTCS-3 contain the following
components: time for the preceding train to cross the dis-
tance between the train parking sign and the end of the first
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exit block section and time for train departure operation
(i.e., sight and reaction, transferring track circuits states,
setting switches in correct positions, and clearing signals).
The length of the first exit block section should not be less
than the distance required for the train to decelerate to a
standstill at the station’s allowable speed, which is consid-
erably long for high-speed railway stations. Figure 8

station and G3 arrives at the station.

describes the departure operations of G1 and G3 under
VC. The corresponding train headway has a great influence
on the composition of the train convoy.

Gl and G3 start from different tracks and both arrive at
the main line. There is a common route that will be occupied
by both trains (e.g., switch 4 and switch 2 in Figure 8).
Hence, the clearing point here is the first critical element
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(i.e., the end of the track circuit where switch 4 is located) =~ G3 can continuously exchange position, speed, and accel-
because the route behind this point is the same for G1 and  eration information. Therefore, once G1 has crossed the
G3. Benefiting from the V2V communication layer, G1 and  clearing point, G3 can depart after a certain time for
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departure operation (i.e., ATO reaction time, time for
clearing the exit signal, setting switches in correct positions,
and transferring track circuits states). Note that only the first
critical switch needs to be reset for G3. The headway formula
in scenario 6 can be written as

_ lss + ldepart + ltrain

+ T gop- 3
v, dep ( )

Here, I, represents the distance between the train
parking sign and the exit signal on the track. /g, is the
distance from the exit signal to the clearing point. /., is the
length of G1. v, is the speed of G1, which changes dy-
namically during the departure process. G1 first accelerates
to the turnout speed and then runs at this constant speed
until leaving the station. The actual running distance of G1 at
the station may be an entire acceleration distance or consists
of acceleration distance /,; and uniform speed distance I,.
We can obtain I + lgepare + ligain = Lt + Ley+ Tgep refers to
departure operation time.

train

5.2.7. Scenario 7: The Preceding Train Passes through the
Station and the Rear Departs. Scenario 7 refers to the case in
which the preceding train passes the station and the rear
starts from a standstill. For CTCS-3, the preceding train
should clear the first exit block section at its original speed.
The time needed for train departure operation is the same as
that in scenario 6.

As illustrated in Figure 9, the clearing point in scenario 7
is the opposite home signal, which means when G1 has
crossed the signal, the departure procedure of G3 can be
handled after essential departure operations. The calculation
equation of train headway in scenario 7 is similar to equation
(3). Note that I;, .., is the distance between the train
parking sign and the opposite home signal. v, is the constant
full speed v,, of G1.

5.2.8. Scenario 8: The Preceding Train Departs and the Rear
Passes through the Station. For the CTCS-3 case in which
the preceding train departs from a standstill and then the
rear passes the station, after the preceding train leaves the
first exit block section, it should continue to accelerate to
reach the rear train’s speed. Therefore, the time that the
preceding train continues to accelerate should be added to
the blocking times. For the VC case illustrated in Figure 10,
the preceding train GI1 first starts from a standstill and
accelerates to the train allowable speed. G1 continues to
accelerate to G3’s speed after crossing the opposite home
signal. Therefore, the additional acceleration time should
also be considered in the train headway under VC.

The calculation formula of train headway can be
expressed as follows:

!

+1
AT

_ lss + ldepart + ltrain

v, pass’ (4)

where the definitions of L, ljepar> and Iy, are the same as
those in equation (3). I, represents the distance for G1 to
accelerate to G3’s speed. v; represents the dynamic speed of
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Gl during the entire process. T, is the passing operation
time corresponding to scenario 8. While G1 is accelerating
after clearing the opposite home signal, the station can
prepare the passing procedure for G3 at the same time.
Therefore, there is an overlap time for route handling (i.e.,
setting switches in correct positions and transferring track
circuit states) that should be deleted.

6. Case Study

In the train-following scenarios introduced in Section 5.2,
the calculation of the blocking times involved in equations
(2)-(4) are established on the train traction calculation
method [42]. We detail the dynamic motion model for high-
speed trains in Appendix A. According to the decelerations
and accelerations corresponding to different speed levels, the
train distance and travel time within a certain speed range
can be obtained. All relevant calculations (e.g., train speed,
distance, and running time) are implemented in C++. The
results will be compared with the train headway under
CTCS-3 as we aim at estimating the capacity gain brought by
VC technology. Besides, impacts from station infrastructure
layout and some operational parameters can also be dem-
onstrated. Tian et al. (2015) referred that railway capacity
and operation efficiency are greatly limited by two types of
station-related headways: train arrival headway (corre-
sponding to scenario 3) and train departure headway
(corresponding to scenario 6). The comparative analysis will
focus on these two cases, but we also report the train
headways of other station-related scenarios in Appendix B.

6.1. Experiment Setting. We choose Shanghai-Hongqiao
Station in China as an example and assume that VC sig-
nalling has been embedded in the Beijing-Shanghai high-
speed railway. Trains are scheduled to perform arriving/
departing services at Shanghai-Honggqiao Station. All rele-
vant calculation data (e.g., the length of the departure/re-
ceiving route, positions of track elements, train speed, and
turnout speed) are on-site data from Shanghai-Honggiao
Station. Figure 11 depicts the infrastructure layout of the
high-speed yard in the station, which also marked the
number of the switch and the locations of main signals.
There are a total of 19 tracks in the high-speed yard.
Tracks 1-14 can receive downward trains. Tracks IX and X
are the downward and upward main lines, respectively.
Tracks 1-19 can receive upward trains and send out trains in
both directions. We study the train arrival headway and the
train departure headway for the downward trains and up-
ward trains, respectively. Table 3 shows the basic infor-
mation of train routes, the target track, and the start track
corresponding to train arrival and departure manoeuvres.
The start and end corresponding to each train route are
represented by start and end signals, respectively. In terms of
train arrival case, the route starts from the home signal X on
the main line and ends with the exit signal on the target
track, while for the train departure case, the route starts from
the exit signal on the start track and ends with the opposite
home signal XN. Note that there may be more than one train
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routes corresponding to each track, but we only selected one The commonly used EMUs in China is the 8-vehicle

route for calculation. The length of each route is obtained by ~ train with a length of about 200m or the 16-vehicle train
adding the lengths of all relevant track circuits. with a length of about 400 m. We take CRH380BL as the
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Figure 11: High-speed yard infrastructure layout of Shanghai-Honggiao Station.

TaBLE 3: Station route information of the high-speed yard in Shanghai-Honggiao Station.

Arrival route of downward trains

Departure route of upward trains

Target track Start signal End signal Route length [m] Start track Start signal End signal Route length [m]
1 X X1 1963 1 S1 XN 1300
2 X X2 1963 2 S2 XN 1300
3 X X3 1951 3 S3 XN 1225
4 X X4 1951 4 S4 XN 1308
5 X X5 1983 5 S5 XN 1308
6 X X6 1983 6 S6 XN 1219
7 X X7 1916 7 S7 XN 1355
8 X X8 1916 8 S8 XN 1355
11 X X11 1916 11 S11 XN 1322
12 X X12 1916 12 S12 XN 1322
13 X X13 1983 13 S13 XN 1318
14 X X14 1983 14 S14 XN 1318
15 S15 XN 1324
16 S16 XN 1324
17 S17 XN 1278
18 S18 XN 1278
19 S19 XN 964

calculation object, which is formed of 8 motor vehicles and 8
trailers with a length of 399.27 m. The standard CRH380BL
is equipped with an onboard ATP named CTCS3-300T. The
service braking (SB) and emergency braking (EB) param-
eters are shown in Table 4.

The calculation results corresponding to different speed
ranges are obtained by the train dynamic combined with the
deceleration values in Table 4. Several calculation results at
different initial and final speeds for CRH380BL are shown in
Table 5.

Arrival operation time T, and departure operation time
Tg4ep are necessary components of the train headway. The
necessary time for arrival operation and departure operation
includes reaction time, releasing time, turnout switching
time, and signal clearing time. The reaction time is shorter
than that in conventional CTCS-3, but the system delay time
of the V2V communication layer should be considered. The
rest time components of T, remain unchanged. According

to the previous study [2] about train headway in current
CTCS-3 and state-of-the-art research about VC deployment
[36], we define the scenario-related parameters in Table 6.
The parameters k, m, and n in Table 6 are empirical
parameters used in the train dynamic motion model (see
Appendix A).

6.2. Comparative Analysis of Train Headways

6.2.1. Train Headway in Train Arrival Case. For the train
arrival case (scenario 3) under VC, we suppose that when the
preceding train clears all critical elements of the interlocking
area, the following train has already slowed down to the
station allowable speed (i.e., 80 km/h). Therefore, the latter
can cross the absolute braking distance at constant speed. In
fact, before trains arrive at the station, the speed of the
following train depends on the cooperative control strategy
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TaBLE 4: ATP parameters of CRH380BL.
EMU Speed level [km/h] Deceleration [m/s?] Acceleration [m/s?]
0<v<125 —-0.68
125<v <160 -0.59
160 <v< =200 -0.53
CRH380BL (SB) 200<v< =240 -0.48
240<v< =280 —-0.44
280<v< =325 -0.39 0.4
0<v<100 -0.81 '
100<v<140 -0.68
140<v< =180 -0.59
CRH380BL (EB) 180<v< =220 -0.53
220<v< =260 -0.49
260<v< =325 —-0.46
TaBLE 5: Computation results at different initial and final speeds.
Initial speed [km/h] Final speed [km/h] Distance [m] Time [s]
300 80 5737 105
80 0 357 32
0 80 634 57
80 300 9741 179
TaBLE 6: Scenario-related parameters for CTCS-3 and VC system.
Scenario-related parameter Value
k 0.000103
m 0.0066
n 0.42
Length of the first exit block section 1045m
Max train speed 300 km/h
Station safety margin 110 m
Turnout number No. 18
Turnout speed 80 km/h
Distance between the train parking and exit signal 65m
Arrival operation time (CTCS-3) 40s
Arrival operation time (VC system) 35s
Departure operation time (CTCS-3) 51s
Departure operation time (VC system) 46
Passing operation time (CTCS-3) 25s
Passing operation time (VC system) 20s

and changes dynamically with the preceding train. Here, we
make this assumption to simplify the calculation. For the
train arrival case under CTCS-3, the approaching time
equals the time needed to cross the braking distance from the
full speed (i.e., 300 km/h) to station allowable speed (i.e.,
80 km/h).

Outcomes for scenario 3 are shown in Table 7. I~_; and
I, represent train headway time under CTCS-3 and VC
system, while D_; and Dy, represent the required distance
between adjacent trains. It is worth noting that adjacent
target tracks (e.g., tracks 1 and 2) usually have more asso-
ciated turnouts, but the situation is the opposite for the long-
distant tracks (e.g., tracks 1 and 19). According to the in-
terval of target tracks, 20 track combinations are selected and
divided into 4 sets, namely, A, B, C, and D. Set A represents
the combinations of adjacent tracks (i.e., tracks are used in
sequence) and set B represents the combination of two tracks
that are farther apart, followed by set C and set D.

We find that the train headway under VC is greatly
reduced versus that under CTCS-3. The average train
headway time decreases from 204s to 110s, with a re-
duction of 46%. The average distance between two arriving
trains decreases from 7936 m to 2445 m and is reduced by
69%. This proves that trains with VC conditions can
perform stopping service at smaller intervals than under
CTCS-3 operation, which will greatly improve the effi-
ciency of train receiving at stations. For the train headway
under CTCS-3 and VC system, the arrival operation time
accounted for 19.6% and 31.8% of the total time, respec-
tively. Hence, the arrival operation time has a great impact
on VC operation and should be further optimized by
shortening the system update time. Figure 12 depicts the
calculation results in the form of a histogram, where the
train headway time under VC and CTCS-3 is displayed in
blue bars filled with diagonal lines and solid orange bars,
respectively.
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TABLE 7: Outcomes of train headways and distance in scenario 3.
Track .
No. Set Gl G3 Critical track elements Ic_5(s] De_;[m] Iycls] Dy [m]
1 1 2 101/103, 109/111, 121/123 137, 157, 165 228 7537 134 2157
2 2 3 101/103, 109/111, 121/123 137, 157 219 7376 125 1996
3 A 3 4 101/103, 109/111, 121/123 223 7462 129 2082
4 4 5 101/103, 109/111, 121/123 139/141, 159, 167 228 7545 134 2165
5 5 6 101/103, 109/111, 121/123 139/141, 159 220 7384 126 2004
6 1 3 101/103, 109/111, 121/123 137, 157 219 7376 125 1996
7 3 5 101/103, 109/111, 121/123 223 7462 129 2082
8 B 5 7 101/103, 109/111, 121/123 139/141 197 6872 103 1492
9 7 11 101/103, 109/111 189 6701 95 1321
10 11 13 101/103, 117/119, 129/131 147/149, 161 222 7428 128 2048
11 1 13 101/103, 109/111 189 6701 95 1321
12 13 3 101/103, 109/111 194 6805 100 1425
13 C 3 11 101/103, 109/111 189 6701 95 1321
14 11 5 101/103, 109/111 194 6805 100 1425
15 5 7 101/103, 109/111, 121/123 139/141 197 6872 103 1492
16 1 14 101/103, 109/111 189 6701 95 1321
17 14 2 101/103, 109/111 194 6805 100 1425
18 D 2 13 101/103, 109/111 189 6701 95 1321
19 13 3 101/103, 109/111 194 6805 100 1425
20 3 12 101/103, 109/111 189 6701 95 1321
250
200
2 150
=
=
2 100
L
T
50
0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Track combination
B VC System
m CTCS-3

FIGURE 12: Outcomes of train headways for scenario 3.

We find that the train headways under the 4 track
combination sets are different. For the VC system, the av-
erage headways corresponding to sets A, B, C, and D are
130s, 1165, 98s, and 97s, respectively. When referred to
CTCS-3, these outcomes ranked as follows: 224s, 210s,
192, and 191 s. Therefore, the average train headway in set
A displays a maximum value and is followed by B, C, and D
for both systems. Set A represents track combinations with
the most associated turnouts. Therefore, it will take much
more time for the preceding train to clear the critical route.
For these four sets under both systems, the difference be-
tween the longest train headway (corresponding to set A)
and the shortest train headway (corresponding to set D) is
33 s. This indicates that either for VC or CTCS-3, track-usage

sequences have an impact on train headways due to different
route lengths. Moreover, based on the VC principle, train
position and movement information of the preceding train
should be transferred to the rear constantly to ensure safe
operation. Hence, to integrate VC operation into station
dispatching, accurate route information and dynamic train
motion states must be taken into account when compiling
operation schedules at stations.

6.2.2. Time Headway in Train Departure Case. Under the
CTCS-3 principle, after the preceding train has completely
cleared the first exit block section, the rear can depart.
Hence, for the train departure case under CTCS-3, the train
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TaBLE 8: Outcomes of train headways for scenario 6.
Track .
No. Set Gl G3 Critical track elements Io_5(s] D¢_;[m] Iycls] Dy [m]
1 1 2 165 195 3943 103 1648
2 2 3 165, 157 195 3943 114 1907
3 A 3 4 157, 137 191 3868 111 1832
4 4 5 167 195 3951 103 1648
5 5 6 167, 159 195 3951 110 1821
6 1 3 165, 157 195 3862 114 1907
7 3 5 157, 137 191 3998 122 2077
8 B 5 7 167, 159, 139/141, 137 121/123 195 3998 129 2234
9 11 13 171, 161 196 3965 113 1885
10 13 15 173, 161, 147/149, 151/153 125/127 195 3965 129 2247
11 15 17 175, 151/153, 155 196 3961 122 2084
12 1 4 165, 157, 137 195 3961 114 1907
13 C 4 7 167, 159, 139/141, 137 121/123 195 3967 129 2234
14 11 15 171, 161, 147/149, 151/153 125/127 196 3967 131 2281
15 15 18 175, 151/153, 155 196 3921 122 2084
16 1 19 165, 157, 137, 121/123, 109/111, 101/103 195 3921 145 2587
17 19 2 135, 133, 125/127, 113/115 101/103 180 3607 130 2251
18 D 2 18 165, 157, 137, 121/123, 109/111, 101/103 195 3943 145 2587
19 18 3 163, 155, 133, 125/127 113/115, 101/103 194 3943 144 2565
20 3 17 157, 137, 121/123, 109/111 101/103 191 3868 141 2512
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FIGURE 13: Outcomes of train headways for scenario 6.

headway is only affected by the length of the exit route that
the preceding train needs to traverse and is not affected by
the usage of track sequences. Representative track combi-
nations are selected to carry out computations for VC
system, i.e., sets A, B, C, and D. Outcomes for scenario 6
under VC system (Iy) and CTCS-3 (I-_;) are shown in
Table 8.

For the departing case described in scenario 6, train
headway under VC is much shorter than that under CTC3-3.
The average train headway time decreases from 194 sto 124 s
with a reduction of 36%, while the distance interval de-
creases from 3925 m to 2115 m and is reduced by 46%. Trains
under VC operation can depart at smaller time intervals and,
subsequently, form a convoy on the run. Therefore, the

reduction of departing headway is also crucial to determine
whether VC can bring sufficient capacity gains for a railway
corridor. Like the train arrival case, the train departure
operation time accounts for 37% of the total train headway
time and should be further optimized by improving system
performance. Figure 13 depicts outcomes for scenario 6; blue
and orange bars respectively report train headways under
VC system and CTCS-3.

The train headway is concerned with the critical track
elements under the VC system, and the average headways
corresponding to track combination sets A, B, C, and D are
108s, 12255, 1255, and 141 s, respectively. Set A represents
track combinations with the most associated switches.
Therefore, the preceding train can enter the common route
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TaBLE 9: Outcomes of train headways in scenario 5.
Track ctical track el
No. Set Gl G3 Critical track elements Ic_5(s] Iycls]
1 1 2 101/103, 109/111, 121/123 137, 157, 165 176 116
2 2 3 101/103, 109/111, 121/123 137, 157 168 108
3 A 3 4 101/103, 109/111, 121/123 173 112
4 4 5 101/103, 109/111, 121/123 139/141, 159, 167 177 117
5 5 6 101/103, 109/111, 121/123 139/141, 159 169 109
6 1 3 101/103, 109/111, 121/123 137, 157 169 108
7 3 5 101/103, 109/111, 121/123 173 112
8 B 5 7 101/103, 109/111, 121/123 139/141 146 86
9 7 11 101/103, 109/111 139 78
10 11 13 101/103, 117/119, 129/131 147/149, 161 172 111
11 1 13 101/103, 109/111 139 78
12 13 3 101/103, 109/111 144 83
13 C 3 11 101/103, 109/111 140 78
14 11 5 101/103, 109/111 144 83
15 5 7 101/103, 109/111, 121/123 139/141 148 86
16 1 14 101/103, 109/111 140 78
17 14 2 101/103, 109/111 145 83
18 D 2 13 101/103, 109/111 140 78
19 13 3 101/103, 109/111 145 83
20 3 12 101/103, 109/111 141 78
TaBLE 10: Outcomes of train headways in scenario 8.
Track tical el
No. Set Gl G3 Critical track elements Ic_5(s] Iyc[s]
1 1 2 165 287 241
2 2 3 165, 157 287 247
3 A 3 4 157, 137 293 244
4 4 5 167 287 236
5 5 6 167, 159 287 243
6 1 3 165, 157 287 247
7 3 5 157, 137 283 255
8 B 5 7 167, 159, 139/141, 137 121/123 287 262
9 11 13 171, 161 288 246
10 13 15 173, 161, 147/149, 151/153 125/127 287 263
11 15 17 175, 151/153, 155 288 255
12 1 4 165, 157, 137 287 247
13 C 4 7 167, 159, 139/141, 137 121/123 287 262
14 11 15 171, 161, 147/149, 151/153 125/127 288 264
15 15 18 175, 151/153, 155 288 255
16 1 19 165, 157, 137, 121/123, 109/111, 101/103 287 278
17 19 2 135, 133, 125/127, 113/115 101/103 272 263
18 D 2 18 165, 157, 137, 121/123, 109/111, 101/103 287 278
19 18 3 163, 155, 133, 125/127 113/115, 101/103 286 277
20 3 17 157, 137, 121/123, 109/111 101/103 283 274

earlier under the track combinations involved in set A than
others, i.e., the track combinations involved in sets B, C, and
D. For these four sets, the difference between the longest
(corresponding to set D) and shortest (corresponding to set
A) train headways is 33 s. Therefore, the sequence of track
usage also has a considerable effect on the train headway in
train departure cases.

Moreover, we find that for both systems, the train
headway in scenario 6 is shorter than that in scenario 3. This
indicates that the train arrival case is more restrictive than
the train departure case for station capacity.

7. Conclusion

This paper introduces an advanced signalling technology
named virtual coupling as well as a structure of VC system
based on CTCS-4 specifications. The calculation principles
of train headways corresponding to the MBS and VC system
are compared with the conventional blocking time model for
FBS. Typical train-following operational scenarios are se-
lected to better study the characteristics of train separation
under VC operations, among which station-related sce-
narios are emphasized as they are critical for high-speed
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railways to achieve virtual coupling/decoupling manoeuvre.
A multiscenario-based train headway analysis is proposed to
elaborate the computation principles of train headways
under VC signalling, which comprehensively considers the
station configurations (e.g., track elements, train route, and
signals) and technological characteristics (e.g., V2V com-
munication layer and onboard ATO) of VC system. The
train headway calculation model has been applied to
Shanghai-Honggiao Station on the Beijing-Shanghai high-
speed railway to carry out theoretical computations. Two
typical scenarios (i.e., trains arriving at a station and trains
departing from a station) are highlighted, and outcomes
corresponding to VC system and CTCS-3 are proposed as a
comparative analysis to identify headways compressions
brought by VC.

The results show that train headways in the train
arrival case and train departure case are significantly
reduced by VC, with reductions of 46% and 36% versus
CTCS-3. The number of receiving and departing trains is
increased if decoupling and coupling operations can be
initiated at stations. We also demonstrate that the station
infrastructure layout and track occupancy sequences have
effects on train headways. For train arrival cases, the less
critical track elements will lead to shorter train headways.
In the case of a train departure, the earlier the preceding
train enters the common route, the shorter the corre-
sponding train headway. Therefore, due to the high re-
quirements for the safety and reliability of VC, critical
track elements should be considered in dispatching trains
at stations.

It should be noted that some specific parameters used in
our case study need to be modified by further experiments.
The proposed computational method of train headways can
be improved by considering trains with different motion
parameters. An accurate and practical simulation model is
crucial to obtain dynamic train headways under VC. In
addition, the junction-related scenarios (i.e., trains dy-
namically coupling/decoupling at merging/diverging junc-
tions) have great potential and are worth investigating for
other railway markets in future research.

Appendix

A. Train Dynamic Motion Model

The forces on a train consist of traction/braking force and
resistance. The tractive/braking force depend on the tech-
nical conditions of trains, and the resistance is composed of
basic resistance and additional resistance. The basic resis-
tance generated by several types of friction and aerodynamic
resistance always exists during operations. When the train is
running in special circumstances such as tunnels, ramps, and
curves, additional resistance should be added. Generally,
stations of high-speed railways are located in flat areas. The
additional resistance can hence be ignored when calculating
train motions (e.g., speed, distance, and acceleration) in
station-related scenarios.
The basic resistance can be expressed as follows:
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W, =m+nv+ kv, (A.1)
where W is the basic resistance unit, N/kN; v is the train
speed, m/s; m, n, k are empirical parameters related to the
basic resistance.

Hence, if the tractive acceleration or braking decelera-
tion at different speed levels is specified, the train acceler-
ation can be expressed as

Wy xg

X A2
1000 (4.2)

a=a,(v)—ay(v)=a,(v) -

where a, (v) is the tractive acceleration or braking decel-
eration at speed; a, (v) is the basic resistance deceleration,
m/s%; g is the gravitational acceleration with a value of 9.81
N/Kg.

Since the acceleration changes continuously with the
movement of the train, we divide the train speed into small
intervals, and the train movement corresponding to each
interval can be regarded as uniform acceleration. In the
speed range Av, given the initial speed v,, the final speed v
can be expressed as

v=1v, + Av. (A.3)
0

The average speed v, in the speed range Av is expressed

as
V0+V
vp =t (A.4)

Hence, the acceleration a in the speed range Av can be
rewritten as

(m +nv, +kv§,) X g
1000 '

(A.5)

a= al(vp) -

The train running distance As and time At corre-
sponding to the speed range Av can be obtained:

2 2
_ 36 (w36 As (A.6)

As 5 .
a vP/3.6

The distance s and time ¢ in a larger speed range can be
obtained by adding up the As and At corresponding to each

Av:
S=ZA5 t:ZAt.

B. Train Headways in Other Station-
Related Scenarios

(A7)

Scenario 1 refers to the case in which a convoy runs on the
main line, and each train is controlled by the cooperative
driving strategy. When a convoy passes through a station
(scenario 2), trains can consecutively pass like running on
the main line. The focus of the study is to investigate the
train-following manoeuvres in station-related scenarios and
analyze how VC affects the train headways. Therefore, the
train headways of other station-related scenarios (i.e., sce-
narios 4, 5, 7, and 8) have been calculated and the out-
comings are reported in this appendix.
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Based on the train headway calculation method specified in
Section 5.2, we carry out the train headway computations for
CTCS-3 and VC for scenarios 4, 5, 7, and 8. In scenario 4, the
preceding train passes through the station at 300 km/h and the
rear needs to stop. For CTCS-3 and VC cases, the approaching
time and the time for train arriving operation (i.e., 40 s for the
CTCS-3 case and 35 s for the VC case) are the same as those in
scenario 3. The route of the preceding train occupying the
station is unique (i.e., from the home signal to the opposite exit
signal on the main track). While the train headway under
CTCS-3 is 168, it is 74 s under VC, with a reduction of 56%.

In scenario 5, the preceding train stops and the rear passes
through the station. For VC and CTCS-3 cases, the times for
clearing the critical elements are the same as those in scenario 3.
For the CTCS-3 case, the train approaching time equals the
time for the rear train to cross the absolute braking distance
(i.e., distance needed to decelerate from 300 km/h to 80km/h).
For the VC case, the train approaching time is the time for the
rear train to cross the absolute braking distance (i.e., distance
needed to decelerate from 80 km/h to zero) at its original speed
300 km/h. In addition, the train passing operation time under
CTCS-3 is set to 255, and that under VC is 20s. The train
headway results of scenario 5 are represented in Table 9. The
average train headway corresponding to scenario 5 under
CTCS-3 is 1545, and it is 93 s under VC, which is reduced by
40%.

In scenario 7, the preceding train passes through the station
and the rear departs. The times needed for train departure
operations are the same as those in scenario 6 (i.e., 51 s for the
CTCS-3 case and 46s for the VC case). The route of the
preceding train occupying the station is unique. For CTCS-3,
the preceding train travels from the exit signal to the end of the
first exit block section at 300 km/h. For VC, the preceding train
travels from the exit signal to the opposite home signal at
300 km/h. The corresponding train headway under CTCS-3 is
81s, while it is 63 s under VC, with a reduction of 22%.

In scenario 8, the preceding train departs and the rear
passes through the station. For the sake of safety, the pre-
ceding train must accelerate to the speed of the rear train
under CTCS-3 and VC cases. Therefore, after the preceding
train clears the opposite home signal (VC case) or the first
exit block section (CTCS-3 case), it needs to continue to
accelerate to reach 300 km/h. The train headway results of
scenario 8 are represented in Table 10.

The average train headway of scenario 8 under CTCS-3 is
286's, and it is 257 s under VC, which is reduced by 10%. We
can find that the benefit brought by VC is not significant due
to the additional acceleration time for both VC and CTCS-3
cases. It is unfavourable for the implementation of virtual
coupling if the train headway is too long during the de-
parture process. Therefore, the rear train can slow down a bit
earlier so that the preceding train can reach the rear train’s
speed as soon as possible.

Data Availability

Some or all data, models, or codes that support the findings
of this study are available from the corresponding author
upon reasonable request.
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