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Abstract

Operational disruptions in urban rail transit significantly degrade service quality and pas-
senger experience, necessitating efficient rescheduling strategies. This study investigates
the application of virtual coupling (VC) technology to enhance operational flexibility during
single-line interruptions. We propose a novel rescheduling strategy—VC with section re-
verse driving (VC-SRD)—specifically designed for single-line disruption. A mixed-integer
programming model is developed with the objective of minimizing total passenger waiting
time, incorporating safety headway constraints, dwell time limits, and time-dependent
passenger demand. Case studies indicate that the proposed VC-SRD strategy leads to a sub-
stantial reduction in passenger waiting time and a marked improvement in hauling capacity
by 60%. Sensitivity analysis further reveals that the advantages of VC-SRD become more
pronounced during prolonged interruptions exceeding 60 min, effectively alleviating peak-
hour congestion risks. By providing a systematic and validated optimization framework,
this research confirms that VC technology can substantially enhance network resilience
and offer practical solutions for managing service interruptions in urban rail systems.

Keywords: urban rail transit; virtual coupling; single-line disruption; passenger-centric
scheduling; intelligent dispatching

1. Introduction

As of December 2024, the global urban rail transit network encompassed 44,730.14 km
of operational lines across 562 cities, reflecting a modest 3.06% year-on-year growth in
total mileage. Notably, China contributed 58 cities, with an aggregate network length of
12,168.77 km, retaining its dominance as the largest contributor to global rail infrastructure,
as reported by the China Association of Metros [1,2]. However, escalating operational
interruptions in urban rail systems—primarily attributed to infrastructure vulnerabilities
(e.g., signaling failures, traction power outages) and human-factor errors—are intensifying
systemic risks to passenger throughput stability and network-wide safety protocols. These
disruptions disproportionately amplify during peak-demand cycles, where even minor
interruptions cascade into prolonged service degradation. For instance, during the morning
rush hour on 13 March 2023, a signal failure on Beijing Subway Line 10 led to severe delays,
leaving numerous passengers stranded and disrupting ground traffic flow. Therefore, ad-
dressing the effective rescheduling of trains to ensure passenger safety remains a pressing
concern within the urban rail transit sector. Existing methodologies for addressing opera-
tional disruptions in urban rail transit systems remain insufficient in resolving passenger
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congestion and unidirectional traffic bottlenecks with high efficiency. With continuous tech-
nological advancements, novel approaches such as virtual coupling are being integrated
into train operation adjustments, offering potential to restore transportation efficiency and
enhance passenger satisfaction through adaptive service optimization.

In recent years, virtual coupling technology has emerged as a focal point of research.
Originating from the concept proposed by Bock et al. [3] in Germany in 1999, aimed at
enhancing the attractiveness of European railways, this technology has garnered significant
attention. Subsequently, Europe has continuously supported numerous related projects
through the Shift?Rail initiative, such as the CONNECTA series, X2RAIL series, and the
Moving Rail and Performing Rail thematic projects, which have delved deep into the funda-
mental concepts, principles, feasibility, and key technologies of virtual coupling. Research
institutions and enterprises like Germany’s DLR, Spain’s CA, and Russia’s AVP Technology
have also made substantial advancements in this field, validating partial key technologies
of virtual coupling through principle simulations and field experiments. Traditional fixed
train composition operational methods often face limitations due to fixed composition
configurations, making it challenging to meet flexible demands for “on-demand trans-
portation”. Emerging virtual coupling technologies offer new perspectives, potentially
enhancing operational flexibility, improving the response speed during interruptions, and
achieving flexible train formations.

Virtual coupling technology enables the collaborative operation of trains during their
journey through wireless communication technology. Since it does not rely on physical
connections, virtual coupling technology can enhance operational flexibility and improve
the response speed during interruptions in rail transit systems, especially in the case of
sudden disruptions. The introduction of virtual coupling not only shortens train intervals
and enhances transport efficiency but also effectively addresses fluctuations in transporta-
tion service demands during emergencies, particularly interruptions, providing more
precise and efficient passenger services. This study aligns with the emerging paradigm
of Al-driven autonomous transportation. We aim to bridge the gap between advanced
train control technology (virtual coupling) and intelligent disruption management, con-
tributing to the development of self-healing and resilient urban rail systems. Specifically,
it addresses the themes of smart urban rail transit and scheduling optimization under
disruptions, demonstrating how cutting-edge technology can enhance travel quality and
system reliability.

This paper is dedicated to exploring the application of virtual coupling technology in
urban rail transit train operation adjustments. The focus of the study is on (1) the advantages
of virtual coupling technology; (2) how virtual coupling technology can be integrated with
traditional train rescheduling strategies; and (3) evaluating train rescheduling strategies to
validate the technological advantages of virtual coupling.

2. Literature Review

In recent years, many scholars at home and abroad have proposed virtual coupling
technology [3,4]. In the field of rail transit, this is a method inspired by the formation
mode of road traffic vehicles. By using wireless communication technology, multiple
trains, like mechanical coupling vehicles, can run at very small tracking intervals and
can be automatically unmarshaled or automatically marshaled when needed so as to
achieve flexible coupling. To explore the feasibility of flexible coupling in rail tran-
sit, some scholars first studied the basic concepts and functions of virtual coupling.
Stiander et al. [5] discussed the basic concept of virtual coupling and verified the effective-
ness and security of its functions. Nold M et al. [6] proposed the potential of a dynamic
train unit coupling and decoupling at cruising speed, presenting various operating con-
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cepts based on dynamic coupling at cruising speed. G Goikoetxea et al. [7] introduced
the technology needed to realize virtual coupling in the “Shift2Rail” plan, discussed the
application of virtual coupling technology in rail transit, emphasized the importance of
virtual coupling technology to improve the efficiency and safety of railway transportation,
and outlined the key steps needed to realize this technology. Quaglietta et al. [8] intro-
duced the notion of a dynamic safety margin for virtual coupling and embedded it in a
multi-state train-following model to analyze virtual coupling operations in the presence
of operational risk factors. Gémez et al. [9] discussed the feasibility of decentralized com-
munication between moving trains, analyzing the role and challenge of virtual coupling
technology in transportation applications. Carlo Di Meo et al. [10] provided a proof of
concept of virtual coupling by introducing a specific operating mode within the European
Rail Traffic Management System /European Train Control System standard specification
and by defining a coupling control algorithm accounting for time-varying delays affecting
communication links.

Virtual coupling has new requirements for train control systems. So far, most of the
research on virtual coupling has focused on synchronous operation control technology,
vehicle technology, speed measurement and positioning technology, communication tech-
nology, integrity check technology and other aspects of virtual coupling [11-13], whereas
some others have focused on discussion of and research on the technology of virtual cou-
pling, as well as the realistic conditions. In comparison with the large amount of research
on the theoretical study of virtual coupling technologies, there has been less research on its
practical application so far. Liu L et al. [14] presented dynamic train formation technology
to coordinate and dispatch all running trains in a virtually coupled train set. Simin Chai
et al. [15,16] introduced virtual coupling into the train scheduling problem and developed
a mixed-integer linear programming model. Aiming to address changes in passenger
demand, they discussed how to improve the operation efficiency of the urban rail network
by optimizing the scheduling of train formations and designed and conducted real-world
case studies based on the operational data of the Beijing metro network to verify the effec-
tiveness of this approach. Yang et al. [17] considered an integer linear programming model
to optimize train operations on a Y-type line, including the train timetable, the rolling stock
circulation plan and a virtual coupling/uncoupling strategy that enables trains to switch
between different compositions or configurations during operations. Xu Zhou et al. [18]
mainly discussed the train operation planning optimization of virtual coupling trains on
full-length and short-turn routes and provided a new optimization method, especially
in the application of virtual coupling trains, which is helpful for improving operation
efficiency and service quality.

So far, there has been some progress in the research on train rescheduling during
interruptions of urban rail transit. In terms of operation adjustment and optimization,
scholars mainly aim to reduce passenger waiting time and improve the train utilization
rate. Jespersen-Groth et al. [19] studied disruption management in passenger rail transport
and discussed schedule adjustments through the rescheduling of rolling stock and crew.
Canca et al. [20,21] studied the problem of railway operation interruptions, proposed that
the train affected by the fault can turn back to the nearest place, built a model with the
minimum passenger waiting time as the target, and determined the specific turning point
and train schedule. Ghaemi et al. [22] established a small route operation model for train
disruptions with the minimum departure and arrival delay as the objective function. Jamili
et al. [23] discussed two recovery modes during the disruption of urban rail operations
and identified two criteria: the total travel time of passengers and the number of unserved
passengers in the degraded mode. Yin et al. [24] proposed an integrated approach for
the train scheduling problem on a bidirectional urban metro line in order to minimize
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operational costs and passenger waiting time. Concerning operation adjustment strate-
gies, scholars have given a variety of methods, among which, the rerouting measure has
been popular; this measure could be further divided into passenger rerouting and train
rerouting. Passenger rerouting means that passengers transfer to other trains or choose
other routes to continue their journey to ensure they reach their destinations during the
disruption [25,26]; this strategy is mainly used in dealing with railway rescheduling or
metro network rescheduling problems. In the study on train rerouting, Yixiang Y et al. [27]
proposed a novel optimization methodology that integrates both train timetabling and
rolling stock scheduling based on time-dependent passenger flow demands. In their
research, they employed a simulated-annealing-based heuristic algorithm to solve the
proposed model and generate approximate optimal solutions. Tessitore M L et al. [28]
analyzed how train delays propagate in a metro network with disturbances and disruptions
when different recovery strategies are implemented. Xiaoming Xu et al. [29] considered an
accident on the tracks of a two-track subway line and developed an efficient train reschedul-
ing strategy with the goal of minimizing the total delay time compared to the original
schedule. Zhu Y et al. [30] proposed a novel passenger-oriented timetable rescheduling
model. This model, taking station capacity into account, applies the dispatching measures
of retiming, re-ordering, canceling, flexible stopping and flexible short-turning trains on
the one hand and handles rolling stock circulations at both short-turning and terminal
stations of trains on the other. Yeran Huang et al. [31] developed a nonlinear mixed-integer
programming model with two different recovery strategies, proposed a mixed formula for
solving the model in real time, and designed a two-stage method to process the information
detected in real time. Zhu Q et al. [32], in order to minimize train rescue duration and the
number of stranded passengers, proposed a collaborative model to optimize train rescue
operations and timetable rescheduling, which includes retiming, canceling trains, stop
skipping, and inserting additional trains. In terms of passenger flow assignment, Owais
M et al. [33,34] integrated dynamic bus-stop simulation into a static transit assignment
framework. It models real-time passenger and bus interactions and conducts a parallel
review and comparison of two fundamental graph-based frequency assignment models:
the hyperpath method offers detailed modeling of passenger en route strategies but suffers
from high computational complexity, and the section-based method provides a simpli-
fied, computationally efficient network but with coarser behavioral granularity. Almutairi
A et al. [35] simplified transit assignment into a conventional shortest-path problem on
an augmented graph and highlighted the model’s efficiency for large-scale networks, its
integration with BPR-like congestion functions, and its solution via variational inequality.

With the deepening of relevant theoretical research, a small number of studies have
discussed the application of virtual coupling technology in specific scenarios. However,
there is still a lack of research on virtual coupling technology in train rescheduling, and
the existing studies have low general applicability. The studies on train operation adjust-
ment in the case of urban rail transit operation interruptions mainly focus on single-line
bidirectional operations, short-turning operations, section unidirectional operations, sched-
ule adjustment, etc. However, the existing methods cannot solve the impact of section
interruptions on hauling capacity, and the original hauling capacity can only be restored
after the interruption. In addition, there are few studies on the application of virtual cou-
pling technology in the rescheduling of train operations during interruptions of urban rail
transit operations.

The research content of this paper investigates the application of virtual coupling
technology in addressing train rescheduling challenges during single-line disruptions in
urban rail transit. The main contributions are as follows: (1) Innovative Rescheduling
Strategies: This study proposes novel train rescheduling strategies tailored for single-line
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interruption scenarios by integrating virtual coupling technology into the operational
adjustment framework. (2) Mathematical Modeling for Passenger-Oriented Optimization:
A mathematical model is developed with the objective of minimizing total passenger
waiting time, providing a quantitative basis for evaluating the performance of the proposed
strategies. (3) Validation of Operational Benefits: Through comparative analysis with
conventional rescheduling approaches, the findings demonstrate that the application of
virtual coupling technology significantly reduces passenger waiting time, enhances hauling
capacity and service quality, and improves the flexibility and efficiency of the rescheduling
process. These results provide a theoretical foundation for the broader implementation of
virtual coupling technology in rail transportation systems.

This paper is organized as follows. Section 3 introduces a train disruption management
strategy based on virtual coupling technology. Section 4 constructs the train rescheduling
model. Section 5 verifies the application of the model in design scenarios and examples.
Section 6 provides the conclusion of this paper and suggestions for future research.

3. Problem Analysis
3.1. Problem Scenario

The single-line disruption scenario in a bidirectional urban rail transit system describes
an operational state wherein one directional line (upstream or downstream) experiences a
partial or complete loss of service capacity due to infrastructure failures, rolling stock mal-
functions, or external emergencies (e.g., extreme weather), while the counterpart directional
line retains operational functionality. This contingency mandates the activation of contin-
gency protocols—including dynamic scheduling, asymmetric resource reallocation, and
virtual coupling-enabled fleet coordination—to preserve network-wide service continuity.

Upon the occurrence of a single-line disruption in a bidirectional urban rail transit
corridor, the infrastructure is dynamically reconfigured via emergency crossovers (Figure 1),
segmenting the corridor into

Two bidirectional operational sections:

Segment A: Stations 1 to k (maintaining full bidirectional service).

Segment B: Stations k + 1 to n (retaining bidirectional capacity).

One unidirectional bottleneck section (red rectangle):

Between stations k and k + 1, restricted to upstream-only traversal due to the outage.

During such kinds of interruption, trains cannot travel downstream between station
k and station k + 1, while upstream travel remains unaffected. Once the interruption is
resolved, both directions resume normal operations.

I
e \|\k| |k+1/|/ — ..

1 unidirectional I

. Upstream
bottleneck section —bsrrteals

Figure 1. Bidirectional urban rail line L.

3.2. Concepts of Virtual Coupling

Virtual coupling (VC) technology transforms rail coordination by enabling the
real-time exchange of critical operational parameters—such as velocity, position, and
acceleration—through advanced wireless communication systems. This approach removes
the requirement for physical connections, allowing multiple trains to synchronize their
movements as a unified, dynamically managed platoon.

When virtually coupled, trains form a cooperative multi-agent system. Each unit
maintains autonomous control while achieving precise relative positioning and speed
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synchronization through continuous data sharing. This shared situational awareness
significantly enhances operational flexibility, enabling trains to safely couple and decouple
both within stations and along track sections, adapting the formation in real time to service
demands [7,9].

From a signaling perspective, VC shifts the basis of train separation from absolute
braking distance (fixed-block systems) to relative braking distance (moving-block with
real-time kinematics). This fundamental change allows for drastically reduced headways,
directly increasing line capacity. From a transportation planning perspective, VC enables
more adaptive and demand-responsive scheduling, improving the balance between service
supply and passenger demand. The process of VC is illustrated in Figure 2. In the figure,
arrows of different colors represent different train units, and the black arrow represents a
train running in virtual marshalling.

TrainB TrainA

Following train tracking preceding train within the section.

—————— >

The two trains operate in the section under a virtual coupling state.

TrainB TrainA TrainB TrainA,

Two trains have completed coupling.

@

. | . | .
section——»|«—station —» }«sectlonf

TrainB TrainA
e

The two trains have a speed differential and will unmarshall shortly.

(b)

! |
| | . | .
«—station —> 1 «— section
|
! |

TrainB TrainA

Following train tracking preceding train within the section.

TrainB  Traind The two trains perform operations at the station in virtual coupling state.
VAT T

Two trains have completed coupling.

TrainB TrainA
—————— >

o0

TrainB TrainA

WD\ /WD) - > The leading train departs first, completing the unmarshalling process.

Two trains operate in a virtual coupled

(c)

state.

(d)

Figure 2. The process of virtual coupling: (a) virtual marshaling in the section; (b) virtual unmarshal-
ing in the section; (c) virtual marshaling at the station; (d) virtual unmarshaling at the station.

By enabling these dynamic processes, VC technology not only enhances the flexibility
and adaptability of urban rail transit systems but also optimizes resource utilization and
operational efficiency. This approach marks a progression in the development of train
control and management systems.

3.3. Rescheduling Strategies with VC

There are many strategies for rescheduling in urban rail transit, including suspension
of service, adding trains, removing trains, shortening or extending dwell times, skipping
stops [29], turning back before the station [19,20], short turning [21], reverse driving, and
single-line bidirectional operation [26]. Different strategies are suitable for different scenar-
ios. When a train experiences a short delay and the line conditions are intact, rescheduling
can be made by skipping stops, changing dwell time, and combining other strategies. For
single-line interruptions, existing research and practical applications commonly adopt
short-turning strategies, single-line bidirectional operations, reverse driving strategies, or
combinations based on these approaches for rescheduling. Therefore, this study combines
the traditional adjustment strategies with VC.

https:/ /doi.org/10.3390/ electronics15051056


https://doi.org/10.3390/electronics15051056

Electronics 2026, 15, 1056

7 of 29

In practical applications, considering the need to minimize additional passenger
operations and train turnaround activities, the infrastructure configuration of the disrupted
section, and the safety risks associated with virtual coupling operations, this paper proposes
and focuses on a virtual coupling + reverse driving in the section (VC-SRD) strategy. The
upstream train proceeds to station k — 1, where it virtually couples with the following
train. Similarly, the downstream train advances to station k + 2 to await its coupling
partner. Once the upstream train has passed through the single-line section, both the
upstream and downstream virtually coupled pairs sequentially enter the single-line section
via the crossover, traveling in a platoon formation (Figure 3). For station-based coupling
maneuvers, platform length is a critical constraint. The platform must accommodate the
combined length of both trains. If the platform is insufficient, the coupled trains will stop
with part of their length extending beyond the platform boundary. In such cases, passenger
flow is managed by allowing boarding and alighting only through the doors aligned with
the platform area, ensuring safety and operational efficiency. The VC-SRD strategy offers
a balanced approach. It provides moderate gains in both line throughput capacity and
passenger waiting time reduction, making it particularly suitable for scenarios where a
compromise between operational efficiency and passenger experience is required.

I
L ey k Ikﬂl/ 2| [
JnY \ /
! unidirectional ! Upstream
bottleneck section %
I
L ey \k |k+1|/ 2] [
EODEMD - ---\-——-m oo - fommm e >
' unidirectional ' . .
bottleneck section Upstream
P — e | G @M
\ /
\ //
\
L D] N\ Lol 2] [
/
Ao -
T T
D S E—
! unidirectional !
bottleneck section Upstream

Figure 3. Virtual coupling + reverse driving in the section.

In the case of traditional adjustments, only one train is permitted to traverse the
single-line section at any given time following an interruption. This results in a doubled
headway compared to normal operations, significantly reducing both passing and hauling
capacities. The comparison of capabilities under normal operations and during interrup-
tions is illustrated in Figure 4. In the figure, the red lines represent upstream, and the blue
lines represent downstream.

While the existing rescheduling method partially restores the hauling capacity to
address passenger demands, it fails to rapidly return to pre-interruption levels. By imple-
menting VC technology in rescheduling trains during single-line interruptions, such as
utilizing VC-SRD strategies, the number of vehicles doubles with no change in passing
capacity, resulting in a twofold increase in hauling capacity (Figure 5). This highlights that
without any loss of capacity, rescheduling based on VC technology can maximize hauling
capabilities compared to alternative methods.
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Station A

Station B

\\XX//

\
//AANN /\

normal operation Single—line interruption

Figure 4. Comparison of capabilities under normal operation and interruption.

NV
. [\
/A

[/ A\

virtual couplingtreverse driving in the section

Figure 5. Schematic timetable under the VC-SRD.

Compared to traditional rescheduling methods not based on virtual coupling, the
VC-SRD strategy proposed in this study demonstrates unique advantages in restoring
transport capacity. In single-line interruption scenarios, traditional strategies, such as
the short-turning proposed by Canca et al. [20,21] or the dynamic timetable adjustments
studied by Yin et al. [24], primarily alleviate disruptions by optimizing the allocation of
existing resources like trains and routes. These methods generally struggle to fully recover
the line capacity lost due to the halving of available tracks.

In contrast, as shown in Figure 5, the core advantage of the VC-SRD strategy lies in
allowing two trains to pass through the single-line section simultaneously in a virtually cou-
pled formation. This enables the passenger capacity per transit unit to be doubled without
increasing the number of train paths, thereby fundamentally restoring the section capacity
to a level close to normal operations. Furthermore, compared to the integrated timetable
rescheduling and passenger reassignment model proposed by Zhu et al. [30], VC technol-
ogy directly reduces passenger waiting time from the supply side by effectively shortening
the train headway through the bottleneck section, offering a more foundational solution.

4. Mathematical Model

4.1. Problem Description
4.1.1. Basic Description

Based on problem analysis, the urban railway line was divided into two bidirectional
sections and one single-line section by two crossovers. The downstream line between
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station k and station k + 1 could not be used during the interruption, but the upstream line
was intact for running.

4.1.2. Problem Assumptions

For rigor and simplicity, several assumptions are made for the problem as follows:

The train is not permitted to overtake at any position along the track, regardless of
instances of train stalling;

The security headway of two consecutive trains in the virtual marshaling state is
assumed to be infinitesimally small, the interval running time will not be adjusted, but the
stop time may be adjusted as needed;

The research adopts a forward-looking perspective, positing that all platforms are
equipped with predefined coupling capabilities to accommodate virtual coupling opera-
tions [36];

All trains make complete stops at each station, and the travel time in both upstream
and downstream sections is uniform;

Interruptions are assumed to occur during off-peak hours, and passengers who have
not disembarked have the opportunity to board the first available train upon arrival without
waiting for subsequent services.

4.2. Model Formulations
4.2.1. Notations and Parameters

Table 1 shows the notations and parameters involved in formulating the model.

Table 1. Notations and parameters involved in formulating the model.

Sets Definition
S Set of stations in the upstream direction, S = {1,2,...,v1}
X Set of stations in the downstream direction, X = {1,2,...,v;}
Z Sets of stations, Z = {1,2,...,n}
Input Definition
T Time for rescheduling
ts The start time point of the interruption
tf:l?f Minimum dwell time
tf,tf;E Maximum dwell time
o Running time for train i services between station m and station m + 1
hmin Minimum headway for consecutive trains
hg Minimum headway for two consecutive train services to arrive at or depart from one station
ty Additional time for trains to pass the crossover
h]‘ﬁ( Minimum security headway for train j's departure from station k that train i arrives at
hiaﬁ( 1 Minimum security headway for train i’s departure from station k + 1 that train j + 1 arrives at
Cm,t Number of passengers that arrive at station m at the ty, time interval
Om The proportion of passengers getting off at station m
C The train’s capacity
M Maximum constant
Intermediate variable Definition
tist:;p Dwell time for train i services at station m
h'ia,m Minimum headway for two consecutive trains to depart from one station
hf}m Minimum headway for two consecutive trains to arrive at one station
im,t Binary value b; i, + = 1 if the passengers arrive at station m on time and have the chance to take train i
Wim Passenger demand to board train i at station m
Sim The number of passengers boarding train i at station m
Th,m The number of passengers on train i at station m
Lim The number of passengers stranded at station m of train i
Yim The number of passengers getting off train i at station m
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Table 1. Cont.

Decision variables

Definition

ajim

di,m

Pijm
&

Qi,m,t

Integer variable, Arrival time of train i at station m

Integer variable, Departure time of train i at station m

Binary value Pijm = 1 if train i enters the single-line before train j

Binary value ¢; = 1 if train i is virtually marshaled with train i+1

Binary value Q; ,, + = 1 if the passengers arrive at station m at time t to take train i

4.2.2. Objective Functions

This study establishes passenger service quality as the primary optimization criterion,
quantified through passenger waiting time metrics within the operational framework, and
the passenger waiting time could be calculated from the two perspectives of the waiting
time for upstream and downstream passengers in the objective functions.

The formula describes the optimization objective of minimizing the total waiting time
between each passenger’s arrival at the station and boarding the train:

minf= )" Y Y Qmicmt(dim —tto) (1)

meZt=1ieSuX

where Q; ,,,; represents if the passengers arrived at station m at time t to take train i,
Cm,t represents number of passengers that arrived at station m at the ty, time interval,
top represents the time granularity, and t represents the ty, time interval to determine
passengers’ arrival time, the blue lines represent trains in the same direction (Figure 6).
This objective function is a temporal model expression for the passenger waiting time cost,
with the core idea of minimizing the total waiting time of passengers from their arrival at
the station until the departure of the train.

dim — t- 1t

m+1

t- tO di,m

m—1

Figure 6. Illustration of the objective function.

4.2.3. Model Constraint

Based on the problem description and problem assumptions, model formulations
are given as train operation constraints and passenger flow constraints. The constraint
conditions are illustrated by taking the upstream train as an example, and the constraints
for the downstream train are basically consistent with those for the upstream train.

1.  Departure or arrival time

In the rescheduled timetable, let a; ;, and d; ;, be the actual arrival and departure time
at station m of service i:

dim = ajm + o, Vi €S, ¥m € Z )
Amt+1 = di,m + tir,llgl,i €S,me [1,1‘1 - 1] 3)
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ajm = dimy1 +tim +toi€e Xme {k—-1,k+1} 4)
hi, = ajfim —am i€ [l,vi—1],meZ (5)
hi, = dij1m —dimi€[Lvi—1],meZ (6)

where tisﬁp is the actual dwell time of service i at station m, t{'"! is the actual running time of
service i from station m to station m + 1, and h; 1,, is the headway for service i at station m.
Considering the practical operation requirements, there are limitations on the dwell time:
sto sto sto .
e <t < tmax, Vi €S,Vm € Z )

stop

where t " is the minimum dwell time; tffgg is the maximum dwell time.

2. Headway for train services traveling in the same direction

To ensure the security of operations, consecutive train services should follow several
headway limitations. Then, we formulate the headway constraints as

hmin < h?’m < hmay, i € [1;V1 - 1],1‘1‘1 S [1,1(— 1] (8)

hmin (1 — &) < h?,m < hmax(1 —¢;), i € [1,vi —1],m € [k,n] )
himin < hiy < hmagi€ [L,vi —1], m € [1,k—2] (10)
in(1 — &) <hl | < hmax(1—&),i € [L,vi — 1], m € [k — 1,n] (11)

where hy,jp, is the minimum headway for trains traveling in the same direction; hmay is the
maximum headway for trains traveling in the same direction. When the two trains are in
the virtual marshaling state, the headway can be considered as 0.

di,m +hs < ai+1,m,i € [1,V1 — 1],1‘1‘1 S [1,1( — 1] (12)

dim +hs <ajy1m +Mej,i€ [1,vi —1],m € [k,n] (13)

where hg is the minimum headway for two consecutive train services to arrive at or depart
from the same station.

3. Headway for train services traveling in different directions

As mentioned, train services in the upstream direction need to run on the single-line
section used for the upstream trains during the disruption. To ensure safety, bidirectional
train services are banned in the single-line section at the same time. The headway for train
services traveling in different directions should be considered as

dix+ i <ap+M(1-p;)i€sjeX (14)
digerr + 0241 < aji +M(1 - pij),i €S,jeX (15)

where hﬁ( is the minimum safety headway for train j’s departure from station k with train
iarriving at station k; hﬁo}( 1 is the minimum safety headway for train i’s departure from
station k + 1 with train j + 1 arriving at station k + 1. Equation (15) and Figure 7 show the
minimum safety headway for trains i and j at station k and k + 1. In the figure, the blue
lines represent upstream, and the red lines represent downstream. Equation (16) shows
that the single-line can only be used by train services traveling in the same direction at the
same time.
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Figure 7. The minimum safety headway for trains i and j: (a) at station k; (b) at station k + 1.

4.  Trains virtually marshaled

When using virtual coupling technology in rescheduling strategies, one train can only
be marshaled with one train, so we have

€im+ €it1m < Li€ [1,v] —2] (17)

where ¢; i, is the binary value that shows the marshaling state of services i at station m.
5. Passenger boarding and alighting

We assume that the passengers can take train i at station m if they arrive before the
train departure and all passengers who have not left can board the first train service after
their arrival without waiting for the next one during the disruption. Then we have

ieSmezteT (18)

bi,m,t =1, ttp < dim
bimt =0, tty>dim

{ Qimyt = Pimy =1 e [1,vi—1,meZteT (19)

Qi+1,mt = bi+1,mt —bimt else

where b; 1, ; shows whether the passengers have the chance to board train i at station m or
not, and Q; ,, ; shows whether the passengers board train i at station m or not.

As shown in Figure 8, if a passenger arrives at station m at the end of 0 min, then
the passenger will choose to take train i; if a passenger arrives at station m at the end of
the 4y, minute, they will travel on train i + 1. In the figure, arrows indicate the arrival of
passenger flow.

i i+l
t 01 2345 6 7
bime 1 1 0 0 0 0 0 0
bitme 1 1 1 1 1 1 1 0

Qi+tmte 0 O 1 1 1 1 1 O

Figure 8. The relationship between whether passengers board and whether passengers have the
opportunity to board.

The demand from passengers to board a train at a station consists of two components:
one is the number of newly arriving passengers during the headway between two con-
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secutive trains, and the other is the number of passengers stranded at the station due to
train capacity constraints when the previous train departed. The specific expression for
boarding demand is given as follows:

Li—1,m + XteT Qim,tCmit
2

i1+ (licim + Y Qime-cmt) (1 =€), (m € Z,i € S) (20)
teT

Wi,m =

where wj , shows the demand from passengers to board train i at m station.
The number of passengers boarding a train at a station is determined by both boarding
demand at the station and the train’s remaining capacity:

dim < C—Tim +Vim,1 €S meZ 21)

8im < Wim,i € S;m € Z (22)

Sim > Wim —M(1 — i), i€SmeZ (23)
dim = C — mim, + Yim — Mein, 1i€SmeZ (24)

where i, shows the number of passengers boarding train i at m station, and C shows the
train’s capacity.

Tim+1 = Tim + 8im — Yim, 1€SmeZ (25)
lim = Wi — 8im, 1€SmeZ (26)
Yim = TimOm,1 €S,m € Z (27)
oD2
Om m €z (28)

~yrfopl oo
where 7; ,, shows the number of passengers on train i at m station; l;, shows the number
of passengers stranded at station m of train i; ;;,, shows the number of passengers getting
off train i at station m; 0, shows the proportion of passengers getting off at station m.

All constraints in the model have been linearized, making the model a mixed-integer
nonlinear programming (MILP) problem. The study will use the Gurobi solver to solve the
numerical examples and the case.

The model proposed in this study shows significant differences and advancements
in both the problem context and the optimization objectives when compared to earlier
scheduling research based on virtual coupling (VC). While inheriting the advantages of VC
in improving line capacity and enabling flexible formations, our model has the core objective
of minimizing total passenger waiting time during the disruption. It is important to note
that the safety headways employed in our model are based on standardized thresholds
derived from the European Train Control System specifications, which have been widely
adopted and validated in virtual coupling research.

4.3. Numerical Examples

In this section, a case study is conducted to demonstrate the efficiency and applicability
of the proposed methodology. The case study employs the bidirectional urban rail transit
illustrated in Figure 9 as the experimental scenario, where a single-line interruption occurs
between stations 3 and 4 on the downstream line, rendering it impassable. The operational
VC-SRD strategy is implemented for train rescheduling.
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Figure 9. The subway line of the case.

The original timetable is shown in Figure 10. The blue lines represent upstream, the
red line represent downstream. There are 20 trains in this period (10 for upstream and
10 for downstream), and the interruption happens at 30 min and continues for 90 min.
The passenger flow input is at 5 min representing granular passenger demands, as seen
in Figure 11. The parameters of the basic scenario can be seen in Table 2. The parameter
values in the numerical example section are set proportionally to simulate real-world lines.
This chapter employs the train rescheduling model proposed and uses the GUROBI solver
to obtain the calculation results. It took 3019 s to solve.

6

140 160 180

Figure 10. The original timetable.

Table 2. Parameters of the basic scenario.

Parameters Value Parameters Value
tffrip 2 (min) Pmin 6 (min)
0P 1 (min) Bimax 30 (min)
toan 20 (min) ty 1 (min)
h]%i/ h%iﬂ 3 (min) C 800 (persons)
0.5 [0,0.4,0.5,0.3,0.5,1] 0 [1,0.5,0.3,04,0.2,0]
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Figure 11. Passenger demands in the case study: (a) upstream passenger flow; (b) downstream
passenger flow.

4.3.1. Rescheduling Timetable

1. Section reverse driving without virtual coupling

The conventional section reverse driving (SRD) strategy represents a legacy opera-
tional recovery methodology for railway disruptions. Under this paradigm, upstream and
downstream trains sequentially obtain the exclusive right of way in the single-line section
through temporal partitioning, resuming nominal operations post-disruption via phased
schedule normalization. Figure 12 shows the rescheduled timetable using the non-VC-SRD
under passenger demands, with time granularity at 5 min.

T T T 1
0 20 40 60 80 100 120 140 160 180

Figure 12. Timetable using section reverse driving without virtual coupling.

2. Virtual coupling + reverse driving in the section

Virtual coupling + reverse driving in the section (VC-SRD) refers to the section reverse
driving rescheduling method based on virtual coupling technology; that is, the upstream
and downstream trains are virtually marshaled at the stations on both sides of the in-
terrupted section and then pass through the single-line section alternately in the virtual
marshaling state. After leaving the single-line section, the downstream trains return to the
downstream line through the crossover, and the upstream and downstream trains continue
to run to their destination in the virtual marshaling state. Figure 13 shows the rescheduled
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timetable using section reverse driving based on virtual coupling in relation to passenger
demands, with time granularity at 5 min.

6
51 IIII
A\
4 4 i 4 1 L I"-ll
..'I “n
ti'on&ict}zn \"‘-.
\
\
3 T \
Y\
\
AN
. III" “I".
1+ . B — Y/ 1': = -\— 1\— T \ \ T T
0 20 40 60 80 100 120 140 160 180

Figure 13. Timetable using virtual coupling + section reverse driving.

In Figures 12 and 13, the blue lines indicate upstream train services, the red ones show
train services in the downstream direction, and the black ones show trains in the virtual
marshaling state. The shaded part represents the interrupted interval. It can be observed
that the advantages of the VC-SRD strategy are mainly reflected in two aspects. The first
is to balance upstream and downstream running trains. Compared with the “running
interruption of downstream trains”, the use of section reverse running can effectively
balance the upstream and downstream trains and restore the hauling capacity of the
interrupted lines to a certain extent. The second is to reduce passenger waiting time. In the
traditional reverse running condition, it usually takes time for upstream and downstream
trains to wait for trains traveling in the opposite direction to pass through the single line
to virtual marshaling. Compared with traditional reverse running in the section, virtual
coupling technology can effectively use the waiting time so that the two trains can pass
through the single line at the same time, which greatly shortens the total waiting time
of passengers.

4.3.2. Waiting Time of Passengers

The calculation results of the objective functions of the three train operation adjust-
ment strategies related to passenger demand with a granularity of 5 min are shown in
Table 3. In the case of single-line interruptions, the VC-SRD strategy proposed in this
paper can effectively reduce the objective function value or passenger waiting time and
improve hauling efficiency and service levels. Compared with the “running interruption of
downstream trains”, the waiting time of passengers in the upstream direction increases.
When the interruption duration is too long, the running interruption of downstream trains
will lead to the loss of passing capacity along the whole line, and no train can pass in the
downstream direction until the end of the interruption. Compared with non-organized
section reverse running, the waiting time of upstream and downstream passengers under
the VC-SRD strategy is more balanced. The objective function is reduced by 4511 min,
or 33.69%, compared with non-VC-SRD. From the objective function, the total passenger
waiting time under VC-SRD is the smallest, effectively improving hauling efficiency. The
results show that the VC-SRD strategy proposed in this paper and the adjustment model
of rescheduling trains affected by single-line interruptions for urban rail transit based on
virtual coupling are both effective and superior for reducing passenger waiting time.
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Table 3. Comparison of objective functions.

Objective Function = Compared with the

(min) Original Timetable
Section reverse driving without virtual coupling 13,388 +9729
Virtual coupling + reverse driving in the section 8877 +5218

5. Case Study
5.1. Basic Description

An urban railway line of Nanjing in China that covers 14 stations with a total length of
21.48 km is taken as the case study in this work. Select 08:00-10:30 as the research period,
set the interruption to occur at 08:10 between station 8 and station 12 (downstream), and
set the interruption duration as 40 min.

In this case, the interruption resulted in the inability of the Z5(12) station and the LBY(8)
station in the downstream direction to operate normally. To address this situation, we
adopted the VC-SRD strategy described in problem analysis, where trains in both directions
are marshaled to pass through single-line sections in the marshaling state. On this railway
line, both the Z5(12) and LBY(8) stations are equipped with crossovers (Figure 14), in the
figure, the red line represent the interruption section.

11 12 13 14
O O O O
upsteam

Figure 14. The subway line in the interruption scenario of the case study.

The relevant parameters in the model are detailed in Table 4. The parameter values
are based on actual operational data from real lines, while the parameter values for virtual
coupling operations refer to previous research [17,18] and practical conditions.

Table 4. Model related parameters.

Parameters Value Parameters Value

T 150 min hmin 335s
C 1800 persons hg 180 s

= [140, 92,114, 91, 78, 268, 108, 123, 81, - [138,93,115, 95, 78, 268, 108, 122, 85,
m 150, 113, 105, 235] s m 150, 113,104, 190] s

ot [0,0.01, 0.05, 0.03, 0.08, 0.1, 0.05, 0.03, 0- [1,0.8,0.5,0.3,0.1, 0.05, 0.05, 0.3, 0.37,
m 0.04,0.1,0.45,0.37,0.5, 1] m 0.1, 0.45,0.65, 0.39, 0]
ts 600 s ty 60 s

tf%?g 30s hif? /hi% 60's

toon 360's
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120 4
100 1
80

60

passenger demand (people/5min)

The passenger flow basic data is obtained from the AFC system data during a workday
from 08:00 to 10:30 in Nanjing. The passenger data is preprocessed to remove abnormal
data, such as card swipe-out times earlier than swipe-in times, and consistent station IDs
for both entry and exit. Subsequently, passenger flow data within the research period is
extracted. The fluctuation in passenger demand at a 5 min granularity is illustrated in
Figure 15. It can be seen that there is substantial diversity in passenger flow across different
stations, and passenger volumes vary significantly during different time sections within
the same station. The demand for upstream travel exceeds that of downstream travel, and
the flow of passengers in both directions follows a pattern of initial increase (with peak
flow emerging between 08:15 and 08:50) followed by decrease.

0-- T T
b} 10

G
E 120
A _a 14 o
7 , P -z 13 E 100 4
12 o ]
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0 _
2~ 4 o = = 80
R = 1
T = g 6o
6 T E ]
oY L 40
4 5
3 = T
£ o
20
2 207
1 w 1.
T T 0 EL 0 T
20 25 30 5 10 15 20 25 30
time/bmin

Figure 15. Passenger demand in the case study: (a) upstream passenger flow; (b) downstream
passenger flow.

This chapter employs the train rescheduling model proposed and uses the GUROBI
solver to obtain the calculation results. A comparison is made between the results of not
implementing the rescheduling strategy, utilizing a conventional reverse driving strategy,
and applying the reverse driving strategy based on virtual coupling introduced in this
paper in order to analyze the effectiveness of the model.

5.2. Results
5.2.1. Rescheduling Timetable

Table 5 lists the positions of online trains when the single-line interruption occurs, as
shown in Figure 16.

Table 5. Online train positions.

o Train ipe s Train i
Direction Number Position Direction Number Position
Upstream 1 Stops at station PK ~ Downstream 1 Stops at station AT
Upstream 2 Section WDL-LHL  Downstream 2 Stops at station XX
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8:00 Bl(] 820 830 840 850 900 910 920 930 92:40 9:50 10:00

Figure 16. Online train positions.

1. Running interruption of downstream trains

The running interruption of downstream trains means that the downstream online
trains that do not pass the interruption section will be stopped by alighting passengers
until the end of the interruption. Trains in the upstream direction are operating according
to the timetable. Figure 17 shows the rescheduled timetable with the running interruption
of downstream trains. It can be seen that although the upstream trains can run normally
according to the timetable, the downstream online trains are stopped at the nearby stations.
Consequently, due to the delayed departure of the starting trains caused by the section
interruption and the imbalance of upstream and downstream trains, platform congestion

and accidents are likely to happen.

B LT DA0OCOA
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bl 1 (11111
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——
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Figure 17. Timetable with running interruption of downstream trains.
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2. Section reverse driving without virtual coupling

As with the timetable mentioned, the upstream and downstream trains occupy the
single-line section and resume normal operations after the end of the interruption. Figure 18
shows the rescheduled timetable using the non-VC-SRD strategy.

N LAV \
A

XX
75 -
YT

AT +
MD

LBY -
JXZ

x
ysL +———— LA LT AL,
8:00 310 320 333 340 8:50 900 910 920 9:30 940 950 10:00

Figure 18. Timetable using section reverse driving without VC.

3. Virtual coupling + reverse driving in the section.

Consistent with the rescheduling strategy described in the numerical examples, up-
stream and downstream trains are virtually marshaled at stations flanking the interrupted
section and subsequently traverse the single-line section alternately in their marshaled
formation. As shown in Figure 19, the rescheduled timetable, generated by integrating
virtual coupling with section reverse driving, prioritizes the virtual marshaling of upstream
trains to expedite passenger flow mitigation through the single-line bottleneck. This priori-
tization aligns with the observed asymmetric demand, where upstream passenger volume
significantly exceeds downstream demand during the interruption period.

From Figures 17 and 18, it is evident that employing a reverse running strategy
rather than adjusting strategies can balance the departure intervals for both upstream and
downstream trains. As shown in Figures 18 and 19, when trains must wait for the opposing
traffic to clear the single-line section, they can virtually couple with another train. This
allows platoons to form that pass through the bottleneck more efficiently. Therefore, the
trains can enter and leave the single-line section in a marshaling state, with the travel
interval greatly reduced in this section.

From Figure 19, we can observe that only the upstream trains are being virtually
marshaled, whereas the downstream trains, while continuing to operate in their original
state, strive to allow the upstream trains to pass through the single-line section first. This is
because during the interruption period, there is a higher demand and a larger passenger
flow in the upstream direction. Additionally, the interruption period is set to last for 50 min,
and by the time the downward trains start virtual coupling, the interruption has already
ended. If the interruption period is appropriately extended, the application of virtual
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coupling for both upstream and downstream trains becomes noticeably evident, as detailed
in the sensitivity analysis.

RN — N
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Figure 19. Timetable using section reverse driving based on VC.

5.2.2. Waiting Time of Passengers

The calculation results of the objective functions of the three train operation adjust-
ment strategies for passenger demand with a granularity of 5 min are shown in Table 6.
In the case of single-line interruption, the VC-SRD strategy proposed in this paper can
effectively reduce the objective function value or passenger waiting time and improve
hauling efficiency and service levels. Compared with the “running interruption of down-
stream trains”, the waiting time of passengers in the upstream direction increases. When
the interruption duration is too long, the running interruption of downstream trains will
lead to the loss of passing capacity along the whole line, leaving trains passing in the
downstream direction suspended until the end of the interruption. Compared with the
non-organized section reverse running, the waiting time of upstream and downstream
passengers under the VC-SRD strategy is more balanced. The objective function is reduced
by 155,929 s compared with the non-VC-SRD strategy. From the objective function, the
total passenger waiting time of VC-SRD is the shortest, effectively improving hauling
efficiency. The results show that the “virtual coupling + reverse driving in the section”
strategy proposed in this paper and the adjustment model of rescheduling trains during
single-line interruptions in urban rail transit based on virtual coupling are both effective
and superior in terms of reducing passenger waiting time.

Table 6. Comparison of objective functions.

Objective Compared with the

Function (s) Original Timetable
Section reverse driving without virtual coupling 2,908,477 +1,357,880
Virtual coupling + reverse driving in the section 2,752,548 +1,513,809
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5.2.3. Hauling Capacity

In the case of single-line interruptions in urban rail transit, the strategy of VC-SRD
proposed in this paper can effectively improve hauling capacity, which can be obtained by
calculating Equations (29) and (30):

Nh = Npassing'Npassenger (29)
T
Npassing = T (30)

where N}, means the total number of passengers that can be transported within a unit of
time; Npassing 18 the the number of trains passing within a unit of time; and Npassenger 18
the passenger capacity for each train. Npassing is obtained from the rescheduled timetable,
Np = 1340, and Npassenger for trains in the virtual marshaling state has a value of 2680.

It can be seen from Table 7 that the VC-SRD strategy proposed in this paper can
effectively recover the loss of hauling capacity caused by the interruption. Compared
with the original timetable, hauling capacity under the SRD strategy is reduced by 68.75%;
hauling capacity under the VC-SRD strategy is reduced by 50%. Compared with “section
reverse driving without virtual coupling”, the use of virtual coupling technology can
improve hauling capacity by 60%. The calculation results proved the hauling capacity
restoration effectiveness and superiority of the proposed VC-SRD strategy and the virtual
coupling-based rescheduling model during single-line interruptions in urban rail transit.

Table 7. Comparison of hauling capacity.

Hauling Compared with the
Capacity Original Timetable
Original timetable 32,160 —_
Section reverse driving without virtual coupling 10,050 —68.75%
Virtual coupling + reverse driving in the section 16,080 —50%

In summary, these results indicate that, compared to traditional rescheduling strate-
gies, virtual coupling-based train rescheduling strategies can effectively reduce the total
passenger waiting time at stations, particularly in cases of longer disrupted sections. This
ensures a smooth travel experience for the majority of passengers, even under severe
operational conditions.

5.2.4. Sensitivity Analysis

To understand the effectiveness of employing a virtual coupling-based bidirectional
strategy under different interruption durations, the model proposed earlier was utilized to
solve adjusted train operations for interruption durations of 20 min, 40 min, 60 min, 80 min,
100 min, and 120 min. These data contribute to the assessment of the impact of employing
virtual grouping-based bidirectional train strategies under varying interruption durations
and further enhance our understanding of the strategy’s effectiveness and applicability
across different circumstances.

Figure 20 compares the rescheduled timetables of two strategies—conventional section
reverse driving and VC-SRD—under different interruption durations. Analysis of these
timetables clearly reveals the core advantages of the VC-SRD strategy and its dynamic
evolution as the interruption duration increases. Under short interruptions (e.g., 20 min),
the VC-SRD strategy already enables upstream trains to virtually couple outside stations
and subsequently pass through the single-line section together. As the interruption du-
ration extends to 60 min or longer, the systematic virtual coupling of both upstream and
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downstream trains at both ends of the section becomes the operational norm, significantly
enhancing the utilization efficiency of the single-line section.
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Figure 20. Rescheduling timetables with SRD and VC-SRD strategies under different interruption
durations (20-120 min) showing interruption capacity.

Compared to the conventional strategy, where trains must wait at the entrance of the
single-line section for the opposing train to completely clear it, trains under the VC-SRD
strategy pass through in platoons with minimal safe headways. This directly reduces train
waiting times at the bottleneck, thereby mitigating departure delays at subsequent stations.

When the interruption duration exceeds 80 min, the disparity between the two strate-
gies widens substantially. The timetable under the conventional SRD strategy exhibits
increasingly long train queues and severe delay propagation, whereas the VC-SRD strategy
maintains a relatively compact and stable operational schedule. This demonstrates its
superior recovery capability and robustness in dealing with severe service disruptions.

From Table 8 and Figure 21, it can be observed that the total passenger waiting
time increases continuously when the two-train strategy is employed. This is because
interruptions along the route increase the intervals between train operations, thereby
resulting in longer waiting times for passengers. However, with the application of the
virtual coupling-based strategy, the increase in passenger waiting time is getting slower.
When the interruption time exceeds 60 min, the change in the objective function is relatively
smooth. In contrast, with the application of traditional train strategies, passenger waiting
time increases rapidly. The difference in the objective function values between the two
approaches increases at an accelerating rate.

Based on Figure 22, it is observed that with increasing interruption durations, hauling
capacity under both strategies initially increases substantially then gradually decreases
to a stable level, with the difference between them reflecting this trend. Analysis of the
timetable indicates that this occurs because when the interruption duration is slightly
extended, the rescheduling strategy begins to be implemented smoothly, resulting in a
significant recovery of hauling capacity. However, as the interruption duration continues
to lengthen, the scheduling strategy functions normally, and hauling capacity stabilizes
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accordingly. During this period, the application of virtual coupling technology consistently
demonstrates its superiority in enhancing hauling capacity.

Table 8. Train rescheduling results of two strategies under different interruption durations.

Interruption
Duration (min)

Objective Function (s)

Virtual Coupling +

Section Reverse O
Reverse Driving in the

Difference Value

Driving (SRD) Section (VC-SRD)
20 2,017,087 1,960,711 56,376
40 2,908,477 2,752,548 155,929
60 3,498,912 3,276,109 222,803
80 4,083,461 3,562,221 521,240
100 4,463,238 3,577,258 885,980
120 4,963,783 3,570,362 1,393,421
r'y

5,000,000 4
g 4,000,000 1
E 3,000,000
E 2,000,000 -
s
= A

1,000,000 o .

- a-’ .
0 P il >
20 40 60 80 100 120

interruption duration

Figure 21. Trend of total waiting time for passengers under different interruption durations.
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Figure 22. Trend of hauling capacity under different interruption durations.

Considering the operational costs associated with the practical application of virtual
coupling technology, sensitivity analysis of interruption durations indicates that its advan-
tages are limited during short interruptions. Therefore, for relatively brief interruptions of
around 60 min, the SRD is more suitable. However, in cases of prolonged interruptions
lasting from 80 to 120 min or longer, virtual coupling technology demonstrates significant
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advantages in adjustment. Furthermore, when the interruption is short and passenger de-
mand in the disrupted direction is substantially lower than that in the normal line direction,
adopting the “running interruption of downstream trains” strategy is more appropriate to
reduce scheduling and operational costs.

Under the conditions of different interruption durations, the virtual coupling-based
train strategy outperforms the traditional SRD strategy, and the disparity in their adjustment
effects grows with longer interruption durations. Therefore, theoretically speaking, when
a single-line interruption occurs in urban rail transit lines, it may be advisable to utilize
the virtual coupling-based train strategy proposed and adjustment model presented in this
paper under idealized conditions. This approach aims to fully utilize the hauling capacity
of the interrupted line and maximally meet passenger demands.

6. Conclusions

In the context of autonomous transport development, this study demonstrates that
virtual coupling (VC) technology can contribute to the enhanced resilience of urban rail
transit during single-line interruptions. This research provides a validated pathway for
integrating autonomous train technologies into real-time operational decision-making,
supporting the development of more adaptive and passenger-oriented urban rail systems.

The model proposed in this study shows significant differences and advancements
in both the problem context and the optimization objectives when compared to earlier
scheduling research based on VC. Our study pioneers the application of this technology to
the specific scenario of single-line service disruptions. While inheriting the advantages of
VC in improving line capacity and enabling flexible formations, our model has the core
objective of minimizing total passenger waiting time during the disruption. Case study re-
sults demonstrate that, for this specific objective, the VC-SRD strategy can reduce passenger
waiting time and increase hauling capacity by 60%. This proves that integrating VC tech-
nology with classic disruption management goals, such as passenger experience, creates
a significant synergistic effect, offering a new technical pathway for solving challenging
practical operational problems. Sensitivity analysis indicates that the SRD is more suitable
for relatively short interruptions of around 60 min. In cases of prolonged interruptions
lasting from 80 to 120 min or longer, the VC-SRD strategy is recommended. Furthermore,
when the interruption duration is short and passenger demand in the disrupted direc-
tion is substantially lower than that in the normal line direction, adopting the “running
interruption of downstream trains” strategy is more appropriate.

The practical implementation and impact of these strategies are critically dependent on
three key factors: technical feasibility, communication reliability, and station infrastructure.
The significant performance gains of VC-SRD are contingent upon high-fidelity, real-time
train-to-train communication. Any latency or failure in this system directly compromises
operational safety and efficiency. Furthermore, the strategy necessitates station platforms
capable of accommodating virtually coupled train sets, which may require substantial
infrastructural modifications to existing systems for simultaneous passenger boarding
and alighting.

Therefore, while the operational benefits of VC are substantial, they are not without
prerequisites. Future work must transition from theoretical models to addressing these
practical engineering challenges, focusing on robust communication protocols under real-
world conditions and cost-effective station adaptation strategies to unlock the full potential
of virtual coupling in urban rail disruption management.

While this study validates the significant potential of virtual coupling in responding
to single-line disruptions, the effectiveness of the models and strategies is predicated on
several idealized assumptions. These limitations point the way for future research. Firstly,
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the model presupposes that all relevant station platforms are pre-equipped with virtual
coupling capabilities and that vehicle-to-vehicle communication is instantaneous, stable,
and ideal. In practical applications, retrofitting existing line platforms to accommodate
longer coupled trains and facilitate simultaneous passenger boarding/alighting presents
substantial engineering and cost challenges. Furthermore, communication delays, packet
loss, or system failures could pose significant threats to the safety and reliability of virtual
coupling operations. Future research needs to incorporate the non-ideal characteristics of
communication systems and explore feasible strategies, such as equipping only a subset
of stations with VC capabilities or implementing degraded operational modes. Secondly,
although the constructed mixed-integer nonlinear programming model can be solved
effectively by commercial solvers like GUROBI for small-to-medium-scale cases, its compu-
tational efficiency may become a bottleneck for large-scale real-world networks or scenarios
requiring a real-time response. Developing efficient heuristic algorithms or reinforcement
learning methods to enable rapid rescheduling for large-scale networks is a crucial step
toward practical application. Thirdly, while three VC strategies are proposed in this paper,
the case study section provides detailed modeling and validation only for the VC-SRD
strategy. The practical effectiveness, applicable conditions, and corresponding optimiza-
tion models for the “Virtual Coupling + Short-Turn Routing” and “Virtual Coupling +
Alternating Direction” strategies warrant further investigation and comparative analysis
through simulation in subsequent work. Finally, this research focuses on a single-line
system. Future studies should extend the framework to large-scale network operations,
considering the propagation effects of disruptions across multiple lines, and investigate
network-wide cooperative recovery strategies based on VC to further enhance the overall
resilience of urban rail transit systems.
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