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Abstract This paper proposes an algorithm for train
delay propagation on double-track railway lines under
First-Come-First-Serve (FCFS) management. The objective
is to handle the challenges faced by the dispatchers as they
encounter train delays and their effects on the functioning
of the railway system. We assume that the location and
duration of disruptions are known, which are important
inputs to the algorithm. This data enables calculation of
delays experienced by each affected train. Our method
analyzes factors such as train schedules, track capacities,
and operation constraints to assess the manner in which
delays would get propagated along railway lines. Key indi-
cators of delay propagation, consisting of the number of
delayed trains and stations, disruption settling time, and
cumulative delays, are considered. Moreover, a numerical
example is given to explain the practical application of this
algorithm. Finally, we show that a tool like this would
facilitate the dispatchers in managing and rescheduling
trains in case of delays and will be improving resilience
and efficiency of railway operations.

Keywords train delay propagation, FCFS manage-
ment, cumulative delays

1 Introduction

Railway system is an important section of the modern
transportation that offers reliable and effective service to
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the passengers. Despite the presence of the excessive rail-
way network, it is more particular vulnerable to the
effects of natural disasters and Accidents (Lu et al., 2021;
Zhang et al., 2023a; Lian et al., 2024). Generally, train
delays occur due to some factors that prevent the smooth
operations of train, hence their travel time beyond
planned time (Li et al., 2014; Spanninger et al., 2022; Liu
et al., 2023a; Tiong et al., 2023). Additionally, heavily
trafficked railway lines delay experience can also propa-
gate to other trains of the same route, resulting in cascade
delays that transpire across the entire railway network (Li
etal.,2021; Khanetal., 2021; Liu et al., 2023b). Cascading
delays may disrupt passenger schedules substantially and
cause massive disturbance to the transportation system
(Wendler 2007; Salido et al., 2008; Zhang et al., 2023b).
The consequences of these cascading delays are far
reaching, thereby requiring a careful examination of the
underpinning mechanisms leading to train delay propaga-
tion. In this study delay propagation is investigated as a
phenomenon and its implications for railway operations
are evaluated.

Research on the study on train delay propagation has
been the focus of many researchers in the recent years as
the correct understanding of train delay driving mechanism
is vital to increase railway services' proper reliability and
punctuality (Petersen, 1974; Higgins and Kozan, 1998;
Carey and Kwiecinski, 1995; Carey, 1999; Meester and
Muns, 2007; Sahin, 2017; Hansen et al., 2010; Huang
et al., 2022). For example, based on the assumption of
independently and uniformly distributed train departure
times, Petersen (1974) proposed a stochastic model
which permitted the derivation of a formulation that
describes delays experienced by affected trains with high
accuracy. Higgins and Kozan (1998) and Carey and
Kwiecinski (1995) derived the knock on delay propagation
rule through stochastic approximation based on primary
delays and headway buffers. However, Carey (1999)
showed that secondary nonnegative delays can be
computed with summation and maximization convolution
using stochastic delay propagation model. Furthermore,
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Meester and Muns (2007) developed a phase type distri-
bution for use with delay distributions and developed a
train delay propagation model based on a continuous time
Markov chain model. Based on this work, Sahin (2017)
developed a Markov chain model for train delay and
generated a transition matrix on top of which estimates of
recovery time in the case of delays were derived. Historical
data has also been further examined to understand how
delay propagates. Hansen et al. (2010) performed a data
mining study to analyze train delay and to provide accurate
estimation of the running and dwelling times distributions
during emergencies. Overall, Huang et al. (2022) also
proposed a context driven hybrid Bayesian network
framework combining K-means clustering approach to
identifying train delay propagation patterns and Bayesian
network model for train delay prediction. Yet, the above
mentioned techniques are not properly capturing the
complex correlation and mutual influence among stations
across the train delay propagation process. Hence, it is
crucial to look at the model from a point of view of delay
propagation mechanism.

In contrast to statistical methods based on stochastic
patterns and historical data, researchers have proposed to
quantify delay propagation on the basis of timetable
buffers and time supplements for the comparatively inex-
perienced train operators (Frank, 1966; Goverde, 2007;
Goverde, 2010; Jovanovi¢ et al., 2017; Harrod et al.,
2019; Ye and Zhang, 2020). Through placing redundant,
adjunct time at selected points along the route-well-
known junctions or congested areas, operators could
reduce cascade effects of delays. Frank et al. (1966)
proposed a mathematical algorithm for the calculation of
train delays and estimation of train density on a bidirec-
tional railway line. Goverde (2007; 2010) used max-plus
algebra modeling to represent the railway timetable with
a linear system, clarifying propagation mechanisms by
incorporating timetable buffers and supplements.
Jovanovi¢ et al. (2017) offered a buffer time reallocation
strategy to enhance timetabling robustness. They
employed periodic timetables with compression techniques
to determine the overall time reserve, framing this alloca-
tion dilemma as a multi-dimensional knapsack problem.
Harrod et al. (2019) studied cascading effects of delays at
subsequent stations, using the timetable buffers and
supplements; they proposed a cumulative delay function
on a single track and analyzed the distribution of cumula-
tive delays at different ratios of both timetable buffers
and supplements. Ye and Zhang (2020) laid down the
foundation for the comprehensive assessment of delay
propagation on the railway by accident factors from two
perspectives: forward and backward delay propagation.
Unfounded assumptions were made concerning knowledge
about the occurrence time and duration of incidents, so
minimum headway was used for equating train delays;
the absence of timetable supplements and buffer time in
their analysis led to inaccuracies in evaluating delays

taken in earlier affected stations. This cluster of studies
seems to be indicative of the necessity of integrating
timetable buffers and supplements in understanding and
hence controlling train delay propagation. Such metrics
would allow the operators to fashion schedules that are
more resilient to delay impacts on railway operations.

In the scope of this work, we study in detail the propa-
gation of delays in train operations along railway lines
supervised under the First-Come-First-Served (FCFS)
principle. Given the broad context of this investigation,
we aim to reveal different facets behind such delays
where trains are seen basically as a homogenous type of
traffic, one that has its basest assumption rooted in the
operations of the Chinese high-speed railway system with
one-way traffic maintained on each line as well as with
trains principally running at the approximate same speed.
By comparison with methodologies described in Harrod
et al. (2019) and Ye and Zhang (2020), we subjected our
worked-out model to various external constraints such as
those represented by timetable and station capacity
restrictions, allowing for a much better estimate of the
delay propagation among trains under FCFS manage-
ment. Using timetable buffers and auxiliary data, we
investigate possible delays accruing to trains from earlier
stations, which allows us to evaluate the cumulative delay
at each subsequent station after the occurrence of the
initial delay. The overall in-depth examination of delay
propagation mechanisms gives us not only insight into
the cause of propagation but also further directs and
enhances our resolution of improving the resilience and
efficiency of railway operation. The principal contributions
of the work rest in the following merits:

1) Considering the positional and duration characteristics
of an emergency, we develop a train delay propagation
algorithm under fast, FCFS management, with which one
could compute delay distributions of various trains
exactly. Efficiency, timetable, safety, and station capacity
constraints work, in the main, to contain the algorithm
proposed.

2) A necessary and sufficient condition is therewith
proposed to determine the occurrence of train delays at
stations preceding and following emergencies-very
general and lending compactness to the procedure for one
to assess train delays at the station.

3) Based on the proposed delay propagation algorithm,
this study presents a theoretical analysis of train delay
propagation on railway lines. It introduces evaluation
indicators such as the boundaries affected by delays for
trains and stations, the number of delayed trains, settling
time, and cumulative delays.

The structure of this paper is organized as follows:
Section 2 presents the problem description and offers the
train delay propagation algorithm. Section 3 provides a
detailed analysis of the impacts of delay propagation. An
illustrative example of our proposed delay propagation
algorithm is presented in Section 4. Finally, Section 5
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concludes the study.

2 Railway traffic model

This section focuses on the propagation of train delays
resulting from interval interruptions on double-track rail-
way lines, as illustrated in Fig. 1. The symbols, sets, and
parameters used in this analysis are detailed in Table 1.

2.1  Problem description

This paper examines the propagation of train delays in a
scenario involving n trains operating at m stations. The
train set I is defined as I={A,,A,,...,A,}, while the
station set S is defined as S={S -m,, S —m, +1,...,
S-1,8,S+1,....8S +m,—1,S +m,} , where m=m,+
m; + 1. Figure 1 shows the train operation under interval
interruption, where the disruption is depicted by the red
line, and the arrow indicates the direction of train move-
ments. In this figure, we can find that the interval inter-
ruption happens between stations S and S + 1. Addition-
ally, it is assumed that the initial delayed train A, will
come to a stop at station S at time d,, (S ), and its operation
cannot be resumed until time d, (S)+ P. In real-world

Table 1 Symbols, sets and parameters

Symbol Description

1 Set of trains

S Set of stations

Z Set of integers

a;(S) Scheduled arrival time of train A; at station S

da,(S) Scheduled departure time of train A; at station S

v4;(S) Actual arrival time of train A; at station S

x4;(S) Actual departure time of train A; at station S

74, (S) Departure delay of train A; at station S

R4;(S)  Timetable supplement of train A; between stations S and S + 1
Ba,(S) Buffer time between trains A; and A;;; at station S
e4,(S) Minimum dwelling time of train A; between stations S
74;(S)  Minimum running time of train A; between stations S and S + 1
h Minimum headway between two adjacent trains

c(S) The number of station track at station S

P Duration time of the emergency

LXTLIITY o)

scenarios, when a disruption occurs, efforts are
commonly made to ensure that subsequent trains stop at
the stations. This approach is preferable to allowing trains
to continue running as far as possible, potentially halting
on the tracks between stations after a disruption. By stop-
ping at stations, passenger anxiety is alleviated, as
passengers generally expect that trains will stop at desig-
nated stations. Moreover, halting at a station provides
greater flexibility for administrative management to
implement necessary measures, such as altering the order
of train departures, which can only be executed at
stations.

Given that the up-link and down-link railways typically
demonstrate minimal interference on double-track railway
lines, this paper focuses specifically on the propagation
of train delays in one direction. Considering that different
scheduling strategies result in varying outcomes for
delays, this study adopts the more general FCFS scheduling
strategy to analyze the propagation of train delays. To
enhance the realism of the delay propagation algorithm,
several assumptions regarding train operating rules are
proposed:

1) The trains that are not delayed will adhere to the
scheduled timetable.

2) The duration time of emergencies P is sufficiently
long and predetermined.

3) No train is cancelled due to the disruption on railway
lines.

Definition 1. (/ndicator function) The indicator function
F»(x) of its fraction D is a function such that

1, if xeD,
Fp(x) = . (1)
0, otherwise .

2.2 Train delay propagation model

The concepts of time supplement and buffer time are
crucial for analyzing the propagation of train delays. As
depicted in Fig. 2(a), time supplement refers to the addi-
tional duration beyond the minimum operational time of
trains, allowing them to maintain punctuality during
emergencies within the railway system. Let R, (S +k)
represent the time supplement of train A; between
stations S +k and S +k+ 1, then we have

Station S + 1 .
o Running

—_—
direction

Fig. 1

Train operation under interval interruption.
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Fig. 2 Train operation under interval interruption: (a) Time supplement; (b) Buffer time.

R,(S+k)=U,(S +kb)+ W, (S +k+1), 2)

where U, (S +k) and W, (S +k+ 1) are the running-time
supplement and dwelling-time supplement, respectively.
The running-time supplement U, (S +k) represents the
extra time taken by trains to travel between stations S +k
and S +k+1 beyond the minimum required running
time, while the dwelling-time supplement W, (S +k+1)
refers to the additional time that trains spend at station
S +k+1 beyond the minimum required dwelling time.
Both of these supplements can be derived from the sched-
uled timetable; that is

Uy S+k)=a, (S +k+1)—-d, (S +k)—r.(S+k), (3)

Wi (S +k+1)=ds (S +k+1)—a (S +k+1)—es (S +k+1).
“)

In contrast to the time supplement, buffer time refers to
the extra duration between two consecutive trains that
exceeds the minimum headway time. As illustrated in
Fig. 2(b), buffer time can mitigate interference on subse-
quent trains in the event of delays experienced by preceding
trains. Let B, (S +k) represent the buffer time between
trains A; and A, at station S +k. Since the headway
time between trains A; and A;,; needs to exceed the mini-
mum headway time & for safety considerations, the defi-
nition of buffer time B, (S + k) can be given as

B, (S+k)=d, (S +k)—d,(S +k)—h. ®)

According to the transportation rules, the delay propa-
gation algorithm of trains could be described as follows:

TA (S +k)=x,(S +k)—d, (S +k), (6)

da (S +k+1)—d, (S +k) =R, (S +k)+e, (S +k)+1, (S +k),
™)

dy (S +k)—d\ (S +k)=B, (S +k)+h, ®)

where VYA, €I and S +ke€S. The definition of train
delays is provided in Eq. (6), representing the discrepancy
between the actual departure time and the scheduled
departure time. Given the absence of departure time
information for trains at the terminal station, we quantify
train delays based on their arrival time at the terminal
station such that 7, (S +my) =y, (S +my) —a,, (S +m,) .
Eq. (7) shows the time interval between the departure of
train A, from two consecutive stations S +k and
S +k+1. This interval comprises the timetable supple-
ment, the minimum dwelling time, and the minimum
running time. In Eq. (8), the scheduled headway is shown
to consist of the timetable buffer and minimum headway.
As illustrated in Fig. 2(b), the buffer time serves as an
additional temporal allowance, mitigating the impact of
delays on subsequent trains. Furthermore, trains on
double-track railway lines must satisfy several additional
constraints given by

X4, (S +k)>d, (S +k), )

Xa (S +K) > h+x, (S +K), (10)

where YA; € I and S +k € S. The Constraints (9) guarantee
that the actual departure time must not precede the sched-
uled departure time, while Constraints (10) show that
trains A; and A,,; must maintain a minimum headway.
Furthermore, trains arriving at or passing through the
station will be allocated to specific tracks, with each track
accommodating only one train at a time. Therefore, the
station capacity constraints are formulated as follows:

1
5 Lae(sgn(xs, (S +) = ya (S +K))-
sgn(x,, (S +k)—x,,(S +k)) < C(S +k) -1,

(11)
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where YA, €I and S +k €S, sgn(-) is the sign function,
ie.,

1, if >0
sgn(s) =< 0, if s=0
-1, if s<0

The left-hand side of Constraints (11) represents the
total number of trains that stop at station S +k upon the
arrival of train A,, while the right-hand side indicates the
presence of at least one vacant station track for trains to
occupy. In general, there are sufficient capacity resources
at both the origin and terminal stations. Hence, we
suggest that the train capacities C (S —m,) and C (S +m,)
are sufficiently large.

During train operations, overtaking may occur at a
station, resulting in a change in the train departure order.
To investigate the propagation of delays among trains,
the departure order at each station and their adjacency
relations are critical. In this context, it is useful to maintain
the train sequence {A;,A,,...,A,} at each station because
the departure order and their adjacency relations are
manifest from this sequence. To specify the delay of a
particular train, say, “G123” at each station, we need to
be careful. In fact, “G123” has been relabelled as
A, (G123) at station S +k where o5,,(-) is a pre-deter-
mined function to assign a label to each train according to
its departure order at station.

2.3 Train delay determination

To evaluate train delays, we employ a series of mathe-
matical expressions derived from an analysis of operational
data. The aim is to provide an objective assessment of
whether a train arrives at its destination punctually and to
quantify any resultant delays. For the sake of writing
convenience, we adopt the convention that ) (-)=0
when m > n in this paper.

Theorem 1. For —m; <k <m,, k€Z, train A, € I will
experience delays at station S +k in accordance with
constraints (9)—(11), if and only if

P-3"!By(S +k)+ Y Ry (S +)+0O, >0, (12)
when —m; <k <0,
P-3"TBy(S+k)- Y Ry (S +)+O, >0,  (13)

when 0 < k < m,. Here

0 k-1
0= D Fol@.) ) us (S +)-
i=—m, J=i
-1

0 0
Z Fi(g,i) ) C(S + h+ D uy (S +i),

J=itl i=k

0 k-1
Op= > Folg,d) ) s (S +))—
J=i

i=—m,
k

Zol Fo(q,i) Zol C(S + j)h— Z Uy, (S +1),

-1
i=—m, Jj=i+l i=0

uy (S +0) =r, (S +i)+e, (S +i+1), Fp(g,i) is an indi-

cator function such that D = {(g,i)| Y ..., C(S +i) < q<
T0, CS +i)}.
Proof: We first prove the sufficiency of these condi-
tions. When —m; <k<0, we have P=x,(5)—d,(S)
and  d,(S)=d, (S +k) =X (By(S +b)+h)+ 3, (R,
(S +i)+u, (S +i)) according to the definition of time
supplement and buffer time, where u, (S +i)=
s, (S +i)+e, (S +i+1). Then inequality (12) can be
rewritten as X, (S)+(q—1-X7_, Fo(q.) X}, C(S+)))
h+ 3, Fo(q:D) X5 ua (S + ) = da (S +K) = x,, (S +k)—
dy (S +k)=1,/(S +k)>0. Hence trainA, scheduled to
depart from station S + k will experience a delay.

Similarly, when O<k<m,, we can obtain that
P=x,(S)=d,(S) and dy(S)=d, (S +k)+X" (B,
(S+k)+h) + 20 (R (S +i)+u, (S +i). According to
inequality (13), we have x, (S)+(qg—1-3 _, Fn(q,i)
B0 CS +)h+ L, Fo(q.) 37 s, (S + ) =d, (S +k) =
X, (S +k)—d, (S +k)=71,(S +k)>0 Hence train A,
scheduled to depart from station S +k will experience a
delay.

Then we prove the necessity of these conditions.
According to Eq. (6), it can be observed that
Ta, (S +k) =x,/(S +k)—d, (S +k), where d, (S+k) is
determined by the scheduled train timetable, and the
value of x, (S +k) could be obtained in accordance with
the FCFS management. For the convenience of discus-
sion, we also distinguish two cases: —m; <k <0 and
0<k<m,.

In the case of —m; < k <0, based on the definitions of

time supplement and buffer time, we obtain
dy(S +k)=dy (S)+ X (Ba(S +k)+h)—

4 . ) (14)
Dk R4 (S +1) +uy (S +1)).
Under FCFS management, we have
X0,(S+k)=d, (S)+P+(g—1-3, Fn(q.i) as)

i CS + )k + 3L, Fo(g,D) X5 ua (S + j),

where the first term d,, (S) + P denotes the moment when
trains resume their operations, the second term
(g—1- Z?:_ml Fy(q,i) Z(;:M C(S + j))h guarantees the
minimum headway between adjacent trains, and the third
term Xp Fo(q:) X' 1y, (S +j) denotes the minimum
operation time from the initial delayed station of train A,
to station S+k. Since 74/(S +k) =x, (S +k)-
d,,(S +k) >0, by combining Eqgs. (14) —(15), we can
obtain  x, (S +k)—d, (S+k)=P-Y" B, (S +k)+ 3,
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R\ (S +D)+ i, Folq.D) X5 ua (S + )= XL, Fn(q,i)
Y i CS + Ph+ X ua (S +D >0 Hence Conditions
(12) hold.

Similarly, in the case of 0 < k < m,, we can obtain
dy (S +k)=dy (S)+ 20 (Ba(S +k) +h)+

k-1 . . (16)
Yo (R (S +i) +uy (S +1)).
Under FCFS management, we have
X0, (S +k) =dy (S)+P+(qg—1-3 _, Fn(q.i) )

S CS+ b + 3L, Folg: ) T s, (S + ).

By combining Egs. (16) —(17), we can obtain
X, (S+k)—d, (S+k)=P— Y B,y (S +k)— Ty Ry (S + i)+
S0 Fo(@ ) B ua (S + )= XL, Folq.D) X7, C(S + jh—
i Ua, (S +0)>0. Hence Conditions (13) hold. The
proof is completed.

Algorithm 1 illustrates the computational procedure for
train delay propagation under FCFS management. Based
on Theorem 1, we can forecast the occurrence of train
delays at stations during emergencies, as depicted in
Fig. 1, which could be significantly beneficial for
dispatchers in terms of rerouting and rescheduling trains.

3 Analysis of the propagation effects
caused by train delays

The objective of this section is to perform a comprehensive
analysis of the impact of train delay propagation, including
the affected boundaries of trains and stations, the number
of delayed trains, settling time, and cumulative delays.

3.1 Boundary values of trains and stations

The boundary values of trains and stations are essential
for evaluating the consequences of train delays, providing

Front. Eng. Manag. 2024, 11(4): 721-733

crucial insights into the overall efficiency and reliability
of the transportation system. Initially, let us discuss the
boundary value of trains. It is easy to see that the first
delayed train is train A,;. According to the train delay
propagation model, we can obtain the last delayed train
A, which is given by

I=supli| X2, 74(S +k)>0,1<i<n} (18)

where 74,(S +k) can be obtained by Egs. (6)—(8). For a
determined station S +k, its boundary values of trains
A,q and Ay are given as

pk)=inf{i|7,(S +k)>0,1<i<n},  (19)

I(k)y =sup{i| T4 (S +k) > 0,1 <i<n}, (20)

where p(k) < I(k). The subsequent step involves deter-
mining the boundary values of stations S +k&; and S +k,,
where k; <0 < k;. Then we can calculate these boundary
value according to the proposed train delay propagation
model, which are given by

ky =inflk| Y0, 10 (S +k) > 0,—m, <k <m,},  (21)

k,=suptk | X, Ta (S +k) > 0,—m; <k <my}. (22)

In addition, for a determined train A,. We can calculate
its boundary values of stations S +k, , and S +k, ,
which are given by

ky ;= inflk |7, (S +k)>0,—m, <k <my},  (23)

ks =suptk | 74, (S +k) > 0,—m; <k <my}, (24)

where k, ,<S +k,,. An example of the train delay
region is illustrated in Fig. 3. In this figure, the red

Algorithm 1 Calculation of train delay propagation under FCFS management

Input: The scheduled train timetable on the double-track railway line with n trains operating at m stations;

Output: The delay of each train at each station on the double-track railway line;
1: Initializing: the values of P, e,,(S), 74,(S), h and C(S).

2: Calculate the time supplement and buffer time of trains using Eqgs. (2) - (5);

3: for each train 4; € I do
4: for each station S + k € S do

St Set the primary delay 7,, (S) = P;

6: Determine the occurrence of train delay 7, (S + k) under FCFS management based on Conditions
(12)- (13);

7: if 7,,(S + k) > 0 then

8: Calculate 7,,(S + k) using Egs. (6)—(8);

9: End if

10:  End for

11: End for
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ATrain
P (S, 4)
E Train delay "
1 region ’,":
E B SRS | e S 1 Station
5k (5.4) S+h

Fig.3 An estimated train delay region.

dashed line represents the estimated boundary of train
delays, which can be determined by employing Egs.
(18)—~(24). Due to the heterogeneous train flow and the
necessity of satisfying the constraints (9)—(11) during
train operation, it is necessary to calculate p(k), I(k), k,,
and k, ; separately in order to determine the delay region.

3.2 Number of delayed trains

By understanding the number of delayed trains at each
station, transportation authorities can make informed
decisions regarding resource allocation, scheduling
adjustments, and infrastructure improvements. This infor-
mation is essential for ensuring efficient operations and
minimizing disruptions in train services. According to
Egs. (18)—~(24), the number of delayed trains at each
station can be given as

Ny =YL, Yy sign (1, (S +k)).

In addition, for a determined station S + &, the number
of delayed trains can be given as:

(25)

NS +k) =3, sign(r, (S +k)). (26)

3.3 Settling time

The settling time refers to the duration between the
moment when the first train halts due to disruptions until
all trains return to their scheduled departure times. This
metric is vital for evaluating the robustness of the
timetable (Salido et al., 2008). For a determined P, the
settling time can be given as

Q,= max P+X]  Fpq,i) X7 us (S +j)+

T4y (S +K)>0 =
(q=1=31, Fo(g.D X} C(S + j)h,
where VA, €] and S +k € S. The robustness of the train

timetable increases when the settling time €, is
decreased while keeping P fixed.

@7

3.4 Cumulative delay

The cumulative delay is a crucial metric for assessing the
overall efficiency and reliability of train services. It offers
a detailed measure of the total time lost due to delays at
each station along the train route. In this paper, the cumu-
lative delay is defined as the sum of individual train
delays at all stations, as follows:

F=3Y0 i 1a(S +k).

In addition, for a determined station S + k, the cumula-
tive delay of trains at the station can be given as

(28)

IS +k)=31_,74(S +k). (29)

Similarly, we can obtain the cumulative delay of train
A, at all stations if no overtaking occurs such that

Ty = Y, TalS +h). (30)

The flowchart presented in Fig. 4 provides a compre-
hensive overview of the train delay propagation calculation
and analysis process.

4 Simulation

In this section, numerical experiments are conducted to
validate the effectiveness of the proposed delay propaga-
tion algorithm, utilizing both a virtual railway line and a
realistic railway line. These experiments offer empirical
evidence for the reliability of the delay propagation
model across different scenarios.

4.1 Delay propagation of trains on a virtual railway line

The virtual railway line illustrated in Fig. 5 consists of a
total of 10 stations and 9 segments. The solid red line in
the figure indicates the locations of reported emergencies.
The scheduled timetable for trains operating from station
S —4 to station S +5 is outlined in Table 2. For the
purposes of this analysis, we assume that emergencies
occur at 10:08. Consequently, train A, is identified as the
first train to experience delays and will not be able to
resume its operations until 10:08 +P. To effectively
assess the propagation of train delays along the railway
line, Table 3 presents the minimum running times
required for trains to traverse each segment. Furthermore,
Table 4 details the capacity of each station on the line.
We assume a minimum dwelling time of 2 minutes for
trains at any given station, along with a minimum headway
time of 3 minutes between consecutive trains. Based on
the provided information, we can calculate the time
supplement and buffer time using Egs. (2)—(5), which are
essential for understanding and managing the dynamics
of delay propagation within the railway system.
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Fig. 4 Flowchart of train delay propagation calculation and analysis.
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S+1 S+2 S+3 S+4 S+3S

Fig. 5 An example of the railway line for trains operating from station S —4 to station S +5.

According to Theorem 1, the determination of train
delays at each station is dependent on the duration of
emergencies P. Once P is established, we can outline the
delay region by calculating the boundary values for trains
and stations using Egs. (18)—(24), as shown in Fig. 6. In
this figure, the red dashed line represents the boundaries
of the delay region. Within this area, the horizontal and
vertical coordinates of the nodes indicate the specific
instances at which train A; encounters delays at station
S + k. The color coding of each node reflects the severity
of the train delay at particular stations. A comparative
analysis of Figs. 6(a) and 6(b) indicates that the lower left

corner of the delay region remains unoccupied. This
absence occurs because a train cannot experience a delay
at a station it has already passed, regardless of the value
of the emergency duration P. Additionally, these figures
illustrate that the size of the delay region increases
proportionally with the duration of emergencies P, ulti-
mately reaching its maximum area when the duration is
P =120 min. This analysis highlights the relationship
between emergency duration and the propagation of train
delays, providing valuable insights into the operational
dynamics of the railway system under emergency condi-
tions.
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Table 2 The scheduled train timetable on the railway line as shown in Fig. 5
Station index Train index (Arrival time/Departure time)

A As As As As As Aq Ag Ag
S—-4 —/8:04 —/8:06 —/8:26 —/8:41 —/8:53 —/9:15 —/9:33 —/9:53 —/10:01
S-3 8:25/8:28 8:37/8:39 8:55/8:57 9:01/9:03 9:18/9:21 9:37/9:39 9:58/10:00  10:21/10:25  10:38/10:44
N 8:55/9:01 9:04/9:07 9:29/9:33 9:49/9:52 10:11/10:15  10:27/10:30  10:35/10:37  10:56/11:00  11:16/11:18
S-1 9:28/9:30 9:43/9:49 10:06/10:10  10:26/10:32  10:49/10:54  11:04/11:06  11:24/11:29  11:31/11:36  11:51/11:56
S 10:04/10:08  10:22/10:25  10:53/10:58  11:10/11:13  11:33/11:36  11:49/11:55  12:04/12:10  12:21/12:25  12:35/12:38
S+1 10:46/10:51  10:57/11:03  11:29/11:35  11:42/11:46  12:08/12:11  12:37/12:33  12:39/12:43  12:57/13:03  13:16/13:18
S+2 11:10/11:14  11:22/11:27  11:54/11:56  12:13/12:16 ~ 12:26/12:28  12:50/12:53  13:07/13:11  13:28/13:32  13:37/13:39
S+3 11:42/11:46  11:58/12:01  12:26/12:29  12:47/12:50  13:02/13:04  13:19/13:25  13:35/13:41  14:01/14:07  14:19/14:24
S+4 12:13/12:15  12:36/12:39  12:52/12:54  13:11/13:13  13:21/13:24  13:44/13:49  14:07/14:12  14:34/14:38  14:52/14:56
S+5 12:33/- 12:52/- 13:11/- 13:32/- 13:39/— 14:10/— 14:32/— 14:52/- 15:12/-
Table 3 Minimum running time for trains in each segment as shown in Fig. 5
Index Segment Minimum operation time Index Segment Minimum operation time
1 (S-4,5-3) 18 min 2 (S-3,5-2) 22 min
3 $S-2,5-1) 27 min 4 S -19) 33 min
5 (S,S +1) 28 min 6 (S+1,5+2) 13 min
7 (S+2,5+3) 21 min 8 (S +3,5 +4) 17 min
9 S +4,S+5) 11 min
Table 4 Station capacity as shown in Fig. 5
Index Station Number of station tracks Index Station Number of station tracks
1 S-4 - 2 S-3 2
3 N 1 4 S-1 2
5 S 2 6 S+1 3
7 S+2 4 8 S+3 2
9 S+4 3 10 S+5 -

Using Egs. (27)—(28), we can identify the variation of
cumulative delays and settling time in relation to the
duration of emergencies P, as illustrated in Fig. 7. This
figure demonstrates that cumulative delays increase
according to a power-like function as P increases. In
contrast, the settling time displays a segmented growth
pattern, reflecting limitations imposed by station capac-
ity. Furthermore, it is crucial to emphasize the importance
of obtaining the distribution of cumulative delays, as
shown in Fig. 7.

Utilizing Egs. (29)—(30), we can derive the distribution
of cumulative delays for trains at each station, depicted in
Fig. 8(a), and for each train across various stations,
depicted in Fig. 8(b). In Figs. 8(a) and 8(b), the color
gradient, ranging from blue to yellow, corresponds to the
magnitude of delay time, with blue indicating lower
delays and yellow indicating higher delays. A general
trend emerges, illustrating that cumulative delays

increase along with the duration of emergencies.

4.2 Delay propagation of trains on a real high-speed
railway line

In this subsection, we examine the Beijing—Shanghai
high-speed railway line as a real-world example to
demonstrate the effectiveness of the proposed delay prop-
agation algorithm. As illustrated in Fig. 9, this railway
line comprises a total of 23 stations and 22 segments,
accommodating over 100 high-speed trains daily (Li
et al., 2014). To narrow our analysis, we focus on
trains operating between 8:00 and 10:00, as depicted in
Fig. 10.

Fig. 11 shows the distribution of cumulative delays at
different emergency locations. It indicates that cumulative
delays increase as the station's proximity to the emergency
site decreases. Comparing Figs. 11(a)-11(d), train delays



730 Front. Eng. Manag. 2024, 11(4): 721-733

A.)lr—u
Agl___, \\. 30
Arp i .‘ 25
At @
g P 20
g Asr L--®--9---0--0
= ' !
At i .‘ 15
A e o ¢ 10
A, i I.'",
: 5
Al N N\ ——
/b‘ /“} /(\' /\ % X\ Xq' ><ﬁj Xb‘ X"
Y 55 5 & 5
Station
(a) P =30 min
Ayr---®--- *--0--0--0--0--0 9%
A9 © o o o ¢ 30
At ® o 0o 0 000y
Af -9 o © © o o @ & 60
= | i
s A 5---¢ e o ¢ 50
= ; !
At | e o o @Y
iy g Sy E
i | 20
At I o o
i A 10
A, e
%/b\ %/ﬁ) %/q' %/\ % %X\ %Xq, GJ)("’> %Xb‘ %X(‘)
Station
(c) P=90 min

Ar-—-e--9 -0 0@

! 60
A @ @ o e
A r i e o o :) 50
Al -9 © 0 & m
g : i
g A ---q ¢--o-o -0
c : P30
At ! e o o o
A5t IL————: ® © o0 o .' 20
B | °© o ol
A e s o ey
/b‘ /“} /q’ /\ % X\ Xr\’ X“’ Xb‘ ><‘j
o 9 5 RO
Station
(b) P =60 min
Ayr---8---8-- *--0--0--0--0--0--0 120
Agle---4 e o 0o 0 o o 110
At e o 0o 0 0 o
A | 1 90
of L---§ e ©e o ¢ o o
g i | ee
E M ° o d 70
Ayt | ® .: 60
: ] 50
ol T ¢ TR
Al : e ¢ W
A, Lo o o o H
Gv’/ b\ %/ﬁ) %/q' %/\ % %X\ %X% %Xﬁ) %X b‘ %Xc)
Station
(d) P =120 min

Fig. 6 Delay region under different duration of emergencies P.
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are observed to spread more effectively to subsequent
stations than to preceding ones. Fig. 12 illustrates how
cumulative delays vary with parameter changes at different
emergency locations. Emergencies in the Dezhoudong—
Jinanxi and Ta’an—Qufudong segments have a significantly
greater effect on cumulative delays than those in the
Tengzhou—Zaozhuang and Bengbunan—Dingyuan

segments. This analysis improves our understanding of
railway system performance and helps identify train flow
bottlenecks, guiding targeted improvements in scheduling
and management. By examining delay propagation across
segments and stations, more effective strategies can be
developed to reduce delays and optimize high-speed
railway operations
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7. Tai'an Railway
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19. Changzhoubei Railway
Station (1144 km)

21. Suzhoubei Railway
Station (1227 km)
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Fig. 9 The layout of Beijing—Shanghai high-speed railway line.
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5 Conclusions

This paper introduces an algorithm created to model the
propagation of train delays along double-track railway
lines in a FCFS environment. The paper begins by
describing the rules of delay propagation and operational
restraints on the train schedules. On the basis of these
premises, we construct a necessary and sufficient condition
to determine when train delays happen among different
stations. Also, the paper presents significant measures of
delay propagation involving limit values concerning
trains and trains at stations, number of delayed trains,
settling times, and cumulative delays. An analysis of
these measures would give practical insights into how
delays spread over the railway line. The paper concludes
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with numerical experiments that exhibit effectiveness of
the algorithm in delay propagation. The findings from the
research serve to advance more resilient designs of
timetables that can accommodate perturbations resulting
from the unforeseen events. The algorithm proposed can
later be made extensive in future work in assessing some
problems where more than one disruption occurs.

Furthermore, since in reality the railway system consti-
tutes multiple intersecting lines, a feasible way to
approach train delay propagation in the railway network
would be to extend this paper’s proposed framework.
This can be actualized by studying delay propagation
along the individual lines while treating the transfer
stations as boundaries. Delay propagation along each line
in a repeated manner can be computed, and delays can be
integrated at the transfer stations, achieving a network-
wide prediction in delay propagation.
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