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Dear editor,

In the daily operation of metro systems, external interfer-

ences (e.g., signal system malfunction, bad weather) that

can affect normal train operation are inevitable. Hence,

effective train regulation measures are necessary to ensure

service quality and efficient operation [1, 2]. With the ex-

plosive growth in the urban rail transit ridership in recent

years, the manual train regulation has been unable to meet

the requirements of the safety and effectiveness of metro

operations because it is difficult for dispatchers to consider

complex dynamic passenger flows while regulating trains [3].

Therefore, it is necessary to develop and improve automatic

train regulation technology. With the advances in smart

card technology, the history data of passenger flow obtained

from the automatic fare collection system have been applied

to analyze problems in metro train regulation/timetabling

[3–6]. In these previous studies, the dynamic passenger flow

was integrated into the train regulation model without con-

sidering the platform capacity. In other words, the plat-

form capacity was assumed to be unlimited, which is not

so in practice. The aim of this study is to investigate the

real-time automatic train regulation problem considering

the limited capacity of metro systems. The cuckoo search

(CS) algorithm is adopted to solve the proposed model

successfully.

Optimization model. The assumptions and relevant nota-

tions are provided in Appendix A. The stakeholders involved

in the train regulation are operation companies and pas-

sengers. The operation company needs to reduce delays as

much as possible to ensure a punctuality rate. On the other

hand, passengers on the platform are unwilling to be left

behind by a train that is about to depart. In the meantime,

the number of stranded passengers on the platform increases

with the delay time and the time interval between two con-

secutive trains, which needs to be controlled to eliminate

potential safety hazards caused by overcrowding. Hence,

the optimization model can be formulated as follows:

min f = a1 ·
O1

O′
1

+ a2 ·
O2

O′
2

, (1)

O1 =

|I|
∑

i=1

|J|
∑

j=1

{(xi,j − Ai,j) + (yi,j −Di,j)} , (2)

O2 =

|I|
∑

i=1

|J|
∑

j=1

li,j , (3)

subject to

xs,t = As,t, (4)

ys,t > Ds,t + ds,t, (5)

xi,j > Ai,j , (6)

yi,j > Di,j , (7)

xi,j − yi−1,j > Rl

i−1,j , (8)

xi,j − yi−1,j 6 Ru

i−1,j , (9)

yi,j − yi,j−1 > H1, (10)

xi,j − xi,j−1 > H1, (11)

xi,j − yi,j−1 > H2, (12)

yi,j − xi,j 6 W u

i,j , (13)

yi,j − xi,j > W l

i,j , (14)

Wi,j = a0 + b0 · bi,j + c0 · ai,j + d0 ·
(wi,j

N

)3

· bi,j , (15)

W l

i,j = max{Smin

i,j ,Wi,j}. (16)

Eq. (1) implies that the objective is to minimize the to-

tal train delay O1 and the number of stranded passengers

on platform O2, where a1 and a2 are positive weight factors;

O′
1
and O′

2
are the normalization values of the total train

delay and the number of passengers left behind on the plat-

form, respectively. O2 can be calculated by the passenger

flow simulation model described in Appendix A. Constraints

(4) and (5) denote a typical delay scenario in which a de-

parture delay occurs on train t when it dwells at station s.

Constraints (6) and (7) provide the lower and upper bounds

for decision variables. Constraints (8) and (9) provide the

lower and upper bounds for train running time. Constraints
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(10)–(12) indicate that the minimum headway between two

successive trains should be satisfied to achieve safe opera-

tion. Constraints (13) and (14) provide the lower and upper

bounds for train dwell time. For metro systems with high-

volume passenger flow, the actual dwell time of a metro train

is easily affected by the ridership. According to Puong [7],

factors such as the number of boarding and alighting passen-

gers and the level of crowding at the train door contribute

to the metro train dwell time. This dwell time is as shown

in (15), where a0, b0, c0, and d0 are dwell time coefficients.

They can be obtained by the regression analysis. N is the

number of opened train doors. The fourth term is the mean

congestion degree at each train door. Constraint (16) de-

fines the lower bound for the dwell time, where Smin

i,j is the

default minimum dwell time. The minimum and maximum

dwell time W u

i,j are both predefined by the metro operator.
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Figure 1 Flowchart of CS for the automatic train regulation

problem.

Cuckoo search algorithm. CS is a novel metaheuristic al-

gorithm proposed by Yang in 2009 [8]. In this algorithm,

a group of nests is regarded as a population, and the eggs

in each nest are regarded as a feasible solution to the opti-

mization problem. We adopted the CS algorithm because

of the following reasons: (1) Since the proposed model is

nonlinear and commercial software cannot directly solve it,

we focused on a metaheuristic algorithm. (2) Studies show

that the CS algorithm performs better than many existing

metaheuristic algorithms (e.g., GA and PSO) in standard

tests. (3) This algorithm involves only a few parameters,

and hence, it can be conveniently applied for optimization

problems. The flow chart of the CS algorithm to solve the

proposed model is shown in Figure 1. The position-update

formula and the detailed procedure of the CS algorithm are

described in Appendix B.

Case study. To demonstrate the proposed method, we

conducted three experiments based on the operation data

of Beijing Subway Line 9. First, we conducted parameter-

tuning experiments to identify a set of appropriate parame-

ters for the CS algorithm. Then, a typical delay scenario was

used to validate the effectiveness of the proposed method.

Second, the weight coefficients for the total train delay and

the total number of stranded passengers on platforms were

investigated. Finally, we designed several scenarios with dif-

ferent disturbance locations and initial delay durations to

validate the reliability of the proposed method for solving

the automatic train regulation problem. The parameter set-

tings and detailed discussion of experiments are provided in

Appendix C.

Conclusion. In this study, we developed an automatic

train regulation model that considers the limited capacity

of trains and platforms. We solved the proposed model by

using the CS algorithm and conducted three case studies

based on the real operation data of Beijing Subway Line 9.

The computation results indicate that by choosing an appro-

priate parameter set for the algorithm and weight set for the

objectives, the proposed method can effectively solve the au-

tomatic train regulation problem. In future research, we will

consider further reducing the number of stranded passengers

by adopting train holding and skip-stop strategies, in which

the additional waiting time of in-vehicle passengers and the

passengers left behind will be studied. Furthermore, the

passenger flow control strategy will be integrated into the

train regulation model, and the impact of different weights

on the objective function for passengers waiting at the plat-

form and waiting outside the station will be examined.

Acknowledgements This work was jointly supported by
National Natural Science Foundation of China (Grant Nos.
61925302, U1834211) and State Key Laboratory of Rail Traf-
fic Control and Safety (Grant No. RCS2020ZZ002).

Supporting information Appendixes A–C. The support-
ing information is available online at info.scichina.com and link.
springer.com. The supporting materials are published as sub-
mitted, without typesetting or editing. The responsibility for
scientific accuracy and content remains entirely with the au-
thors.

References

1 Ning B, Dong H R, Gao S G, et al. Distributed cooperative

control of multiple high-speed trains under a moving block

system by nonlinear mapping-based feedback. Sci China Inf

Sci, 2018, 61: 120202

2 Yin J, Tang T, Yang L, et al. Energy-efficient metro

train rescheduling with uncertain time-variant passenger de-

mands: an approximate dynamic programming approach.

Transpation Res Part B-Methodol, 2016, 91: 178–210

3 Hou Z, Dong H, Gao S, et al. Energy-saving metro train

timetable rescheduling model considering ATO profiles and

dynamic passenger flow. IEEE Trans Intell Transp Syst,

2019, 20: 2774–2785

4 Li S, Dessouky M M, Yang L, et al. Joint optimal train regu-

lation and passenger flow control strategy for high-frequency

metro lines. Transpation Res Part B-Methodol, 2017, 99:

113–137

5 Niu H, Zhou X, Gao R. Train scheduling for minimizing pas-

senger waiting time with time-dependent demand and skip-

stop patterns: nonlinear integer programming models with

linear constraints. Transpation Res Part B-Methodol, 2015,

76: 117–135

6 Kang L, Wu J, Sun H, et al. A practical model for last

train rescheduling with train delay in urban railway transit

networks. Omega, 2015, 50: 29–42

7 Puong A. Dwell time model and analysis for the MBTA red

line. Massachusetts Inst Technol Res Memo, 2000

8 Yang X-S. Nature-Inspired Metaheuristic Algorithms. 2nd

ed. Frome: Luniver Press, 2010

info.scichina.com
link.springer.com
link.springer.com
https://doi.org/10.1007/s11432-018-9563-y
https://doi.org/10.1016/j.trb.2016.05.009
https://doi.org/10.1109/TITS.2019.2906483
https://doi.org/10.1016/j.trb.2017.01.010
https://doi.org/10.1016/j.trb.2015.03.004
https://doi.org/10.1016/j.omega.2014.07.005

