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Abstract

Purpose — To evacuate passengers arriving at intercity railway stations efficiently, metros and intercity
railways usually share the same station or have stations close to each other. When intercity trains arrive
intensively, a great number of passengers will burst into the metro station connecting with the intercity
railway station within a short period, while the number of passengers will decrease substantially when
intercity trains arrive sparsely. The metro timetables with regular headway currently adopted in real-world
operations cannot handle the injected passenger demand properly. Timetable optimization of metro lines
connecting with intercity railway stations is essential to improve service quality.

Design/methodology/approach — Based on arrival times of intercity trains and the entire process for
passengers transferring from railway to metro, this paper develops a mathematical model to characterize the
time-varying demand of passengers arriving at the platform of a metro station connecting with an intercity
railway station. Provided the time-varying passenger demand and capacity of metro trains, a timetable model
to optimize train departure time of a bi-direction metro line where an intermediate station connects with an
intercity railway station is proposed. The objective is to minimize waiting time of passengers at the
connecting station. The proposed timetable model is solved by an adaptive large neighborhood search
algorithm.
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Findings — Real-world case studies show that the prediction accuracy of the proposed model on passenger
demand at the connecting station is higher than 90%, and the timetable model can reduce waiting time of
passengers at the connecting station by 28.47% which is increased by 5% approximately than the calculation
results of the generic algorithm.

Originality/value — This paper puts forward a model to predict the number of passengers arriving at the
platform of connection stations via analyzing the entire process for passengers transferring from intercity
trains to metros. Also, a timetable optimization model aiming at minimizing passenger waiting time of a
metro line where an intermediate station is connected to an intercity railway station is proposed.

Keywords Adaptive large neighborhood search algorithm, Intercity railway station, Metro timetable,
Passenger waiting time, Train capacity

Paper type Research paper

1. Introduction

Intercity railway stations which combine National Railway, public transports and
pedestrians are the primary sites for passengers mustering and evacuation. Affected by the
arrivals of intercity trains, a large number of passengers could arrive at intercity railway
stations intensively. It is essential to match the metro timetable and the arrival times of
intercity trains in a good manner, to reduce the waiting time of passengers and evacuate
passengers mustering at intercity railway stations timely (Chen, 2010).

In daily operation, most metro lines adopt peak/off-peak based timetables. However, for
metro lines connecting with intercity railway stations, whose inbound passenger flow varies
significantly over a short period due to the discrete arrivals of intercity trains, regular
timetables might increase waiting time of passengers (Sun et al, 2014). Therefore, it is
necessary to optimize timetable of such metro lines according to the time-varying passenger
demand at the connecting station.

In the domain of demand-oriented metro timetable optimization, Barrena et al. (2014a,
2014b) proposed timetable optimization model under dynamic passenger demand, Niu and
Zhou (2013), Niu ef al. (2015a), Niu ef al. (2015b) analyzed waiting behaviors of passengers at
stations and constructed timetable optimization model with the aim of minimizing
passenger waiting time. While, above studies did not take transfer behaviors of passengers
into account. Wu et al. (2015) put forward a model to minimize total waiting time of
passengers including transfer passengers in a metro network. It only considered passengers
transferring between different metro lines, however. Besides, passenger demands
considered in above researches were all obtained through analyzing historic data because
passenger demands are similar in working days. For metro lines connecting with intercity
railway stations, a slight change in arrival times of intercity trains can have a significant
impact on passenger demand at the connecting station. Therefore, historic data of
connecting stations is not universal and a passenger demand forecast model based on
arrival times of intercity trains is called for.

Hu et al. (2016) built a train departure time optimization model for a metro line whose
start station is connected to an intercity railway station, on the basis of characterizing the
time-varying demand of passengers transferring from intercity trains to metros. Whereas,
the transfer passenger demand predication model proposed did not take into account the
influence of transfer facility layout. Also, the developed timetable model is only practical for
single-direction metro lines where the start station is the connecting station and the capacity
of metro trains can be neglected. It is not adaptable enough for a metro line where an
intermediate station is connected to an intercity railway station.

To solve this problem, this paper puts forward a model to predict the number of
passengers arriving at the platform of connection stations via analyzing the entire process
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Figure 1.
Process for
passengers
transferring from
intercity trains to
metros

for passengers transferring from intercity trains to metros. Furthermore, a timetable
optimization model aiming at minimizing passenger waiting time of a metro line where an
intermediate station is connected to an intercity railway station is proposed. At last, an
ALNS algorithm is developed to find the optimal solution of the proposed model.

2. Model on transfer passenger demand predication

The entire process for passengers transferring from intercity trains to metros is shown in
Figure 1. According to arrivals of intercity trains and the transfer process of passengers, a
model for calculating the number of passengers taking escalators and stairs, which are
located at platforms of an intercity railway station is proposed firstly, and the calculation
result is regarded as the passenger flow input. Then, take the impact of each transfer facility
(i.e. escalators/stairs, exit gates etc). into account and adjust the input passenger flow
distribution orderly until the number of passengers arriving at the connecting station
platform is obtained.

Transfer facilities considered of the transfer process are divided into two types: node
facilities and facilities with branches. Facilities with branches are where two parallel facilities
are provided for passengers to pass the same area, including escalators/stairs in addition with
buying tickets at the station/using smart cards. Node facilities are those with capacity
constraints, like exit gates of intercity railway stations and security check points of metro
stations. It is worth noting that escalators/stairs are also node facilities where passengers are
influence by capacity constraints after making choice between escalators and stairs.

2.1 Passenger flow input

It is very likely that more than one train get to the intercity railway station during the study
period [0, T]. Therefore, the number of input passengers is calculated by the sum of
passenger distribution of multiple trains:

K
=Y A 1)
k=1

where C(?) is the total number of input passengers at time #; A, (#) is the number of input
passengers for train % at time #; K is the total number of intercity trains getting to the station
during study period [0, T].

In general, transfer passengers spend different time walking from intercity trains to
escalators/stairs which are located at platforms of an intercity railway station. According to
the Henderson’s research that walking speed of passengers follows normal distribution
whose mean is u, standard deviation is o (Henderson, 1971). With the distribution of
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passenger walking speed and walking distance of passengers, the distribution of passenger
walking time can be calculated. Substitute the capacity of intercity trains, the number of
input passengers for train % at time % is calculated by:

Ak(t) = QkH(lu': 87 tv lk) (2)

=P, xe )

where @), is number of transfer passengers from train % reaching the intercity railway
platform; H is the distribution of passenger walking time; J, is the average distance for
passengers walking from train % to escalators/stairs on the intercity railway platform; P, is
the capacity of train %; & is the load factor of intercity trains.

2.2 Facilities with branches

Facilities with branches are where passengers need to make choice according to their
conditions. For example, they need to decide whether to take escalators or stairs, whether to
buy tickets at the station or use smart cards directly. Investigations on passengers using
facilities with branches infer that it takes passengers nearly the same time to go through
escalators and stairs, while the time they spent on buying tickets at the station is longer than
using smart cards. As a result, the number of passengers choosing escalators and stairs is
calculated, respectively, by:

L'(t) = al’(¢) )

L) =1 - a)L°() 5)

where L(t) is the number of passengers choosing stairs at time ¢ L(t) is the number of
passengers choosing escalators at time £ L°(t) is the number of passengers who intend to
take escalators/stairs; « is the proportion of passengers who choose stairs.

The number of passengers passing AFC is calculated by:

S(t) = bS°(t) + (1 = 0)S°(t — to) ©)

where S(#) is the number of passengers going through AFC at time # S°(t) is the number of
passengers intend to use AFC machines; b is the proportion of passengers passing AFC
machines directly with smart cards; £, is the service lag time for passengers buying tickets
at the station instead of using smart cards.

2.3 Node facilities

Generally speaking, passengers who intend to take escalators will move to stairs when the
entry of escalators is too crowded. Therefore, considering the capacity constraints of
escalators/stairs, the number of passengers choosing stairs and escalators is re-calculated,
respectively, by:

LMNt) = LN(#) + max{0, (L) — )} )
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Figure 2.
Representation of a
metro line

L(t) = L2(t) —max{0,(1 — 7)(L(t) — ) ®

where 7 is the number of passengers who change their choice and decide to take stairs
rather than escalators; ¢ is service capacity of escalators.

Based on the re-calculated L'(?) and L*(?), the number of passengers going through stairs
and escalators is expressed by:

LA(t+1) =min{L(t + 1) + max{0, L'(t) =1}, a1} ©)

LAt +1) = min{L*(t + 1) + max{0, L*(t) -2}, ¢} 10)

where L) is the number of passengers going through stairs at time ¢, L*(#) is the number of
passengers going through escalators at time £ ¢y is the capacity of stairs; ¢, is the capacity of
escalators.

Exit gates and security check points have similar effect on the distribution of passenger
flow, which is expressed respectively by:

JHt+1) = min{/°(t +1) + max{0, J°(t) — s}, ¢3} (11)

G'(t+1) = min{G(t + 1) + max{0, G°(t) —cs}, ¢} 12)

where J(?) is the number of passengers passing security check points at time # G'(#) is the
number of passengers getting through exit gates at time £ /°(%) and G*(#) are the number of
passengers who intend to be through security check points and exit gates, respectively.

3. Timetable optimization model and solution methodologies

For a bi-direction metro line, number its stations sequentially from the up direction to the
down direction as Figure 2 shows. Although station 1 and station 2V, station 2 and station
2N-1,...... , station N + 1 and station N refer to the same station in terms of geographic
location, they are numbered separately to make the timetable model more understandable.
Station #, that is station 2N — »n + 1, is the metro station which connects to an intercity
railway station.

3.1 Objective function

Divide the study period [0, T] into a host of time intervals denoted by ¢ ( = 1,2,34...).
Assume that all passengers arrive at metro stations at the end of each time interval, and all
metro trains start their operation from the terminal station where the depot is located and
turn around at the other terminal station. To evacuate passengers that get to the platform of
connecting stations, this paper takes minimizing passenger waiting time at connecting
stations as the objective of the timetable optimization model and it is calculated by:

b 2N 2N-1 2N-n+1 N+2 N+l T
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where W] is the waiting time of passengers at the connecting station when traveling toward
up direction; W5 is the waiting time of passengers at the connecting station when traveling
toward down direction; P*(?) is the number of passengers traveling from connecting station
7 to station v; TD’ is the time when train j departs from station #; K is the total number of
trains departing erom the start terminal during the study period; Ly is the effective loading
time of train at station n.

Based on train departure times at the first station, running times at sections and dwell
times at stations, train departure times at the connection station on up direction and down
direction are expressed by:

n n—1
TD} = TD} + Y df + > n (16)
u=1 u=1
2N —n+1 2N—n
TN = TDf + > A+ Y (17)
u=1 u=1

where d]?‘ is the dwell time of train 7 at station #; 7 is the running time of train j from station
u to station z + 1.

3.2 Constraints

Whether passengers waiting on a platform can board the oncoming train successfully
depends on the available loading capacity of the train. To determine the number of
passengers who can board the train, effective loading time is introduced, that is the critical
time that the number of passengers onboard reaches the maximum loading capacity. The
effective loading time for train is at station  is calculated by:

2N ’
WU AR SR ALY

Li = min{ D%, max{ T
te(_ Iu‘ ] v=u+1
j-1 T

(18)

B = > PYt) (19)
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u—=1

G =R-3 B 20
2N

R =@+ Y B 1)
v=u+1

where B’ is the number of passengers traveling from station # to » who board train ;
successﬂllly; Q]‘-‘ is the number of passengers left on train j after some passengers get off at
station #; R]” is the number of onboard passengers after train j departs from station u«; C is
maximum loading capacity of metro trains.

To cover all passenger demand over the study period [0, T], departure times of the first
train and the last train are pre-determined, which are denoted by:

D =0 (22)

Dy =T (23)
Constraints of the headway between two adjacent trains are calculated by:
Noin = TD} - TD]{1 = Nypax (24)
where /,,;, 1s the minimum headway; 7,,,,, is the maximum headway.

3.3 Solution methodologies

For the proposed timetable optimization model which has a large solution space, the
Adoptive Large Neighborhood Search (ALNS) method is adopted. ALNS is a kind of
metaheuristic method, based on destroy and repair operators randomly selected as each
iteration via roulette wheel mechanism. The probability of each operator to be choose
depends on their past performance (fitness value).

To be specific, weights w; and scores s; of operators are introduced to the algorithm,
which are initially set to ones and zeros respectively. At each iteration, the score of the
selected operator will be increased by o if it finds a new best solution, by o if it finds a
solution better than the incumbent or by o3 if the solution is not better but still accepted.
After a certain number of iterations, the weights of operators which determine the
probability of selection, will be updated by considering their scores. After the update, all
scores are reset to zeros. Thus, the term “adoptive” in ALNS refers to the process of selection
of more effective operators based on their past performance.

The acceptance criterion is based on simulated annealing. That is for a given solution s, a
neighbor solution s is always accepted if f{s") < f(s), and otherwise can be accepted with the
probability of e —(fs’) < f(s))/7, where f{s) is the fitness value and 7 > 0 is the current
temperature. The start temperature is 7,,, which decreased by a cooling rate factor ¢ for
each iteration. The iteration stops when 7 is lower than the end temperature 7,,,;. The whole
process of the algorithm is shown in the Figure 3.

The destroy operators adopted in this paper are as follows: randomly select and remove
p train services; identify the two consecutive trains with the smallest interval and removes
the earlier one, this procedure repeats p times; and remove the train with smallest passenger
demand in one of its tracks, which repeats p times.
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The repair operators adopted include: randomly select p time instants of departure time at
the first station and insert p train services; insert a train randomly in the largest inter-
departure interval, which repeats p times; and insert a train just before the train with the
largest passenger demand, which repeats p times.

4. Case studies

The developed transfer passenger demand predication model and timetable optimization
model are applied to Beijing Metro Line 9 where an intermediate station called Beijing West
Metro Station connects to Beijing West Railway Station. The study period is 12:30-14:00 on
a working day when intercity trains get to Beijing West Railway Station intensively.

4.1 Passenger demand predication of the connecting station

Based on investigations on the entire process for passengers transferring from intercity
trains of Beijing West Railway Station to Beijing Metro Line 9, parameters of the passenger
demand predication model are obtained, which are shown in table 1.
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Figure 3.
Flowchart of the
adopted ALNS
algorithm




SRT

As Beijing Metro Line 9 and Beijing Metro Line 7 are both connected with Beijing West

31 Railway Station, this paper assumes that half of the passengers who intend to transfer from
intercity trains to metros take Beijing Metro Line 9. Based on arrival times of intercity trains
at Beijing West Railway Station over the study period and above parameters, the result of
passenger demand predication is shown in Figure 4.

74 4.2 Accuracy of passenger demand predication
Compare the accuracy of passenger demand predication in this paper to that calculated by
Hu in 2016 under different length of time intervals. As Table 2 shows, the predication model
Parameters Value
w Average walking speed 1.34m/s
) Standard deviation 0.26
It Capacity of stairs 54 Pax/10s
o Capacity of escalators 54 Pax/10s
c Capacity of security points 45 Pax/10s

Table 1. cj Cagacig of exit gafesp 96 Pax/10s

Parameters of the & Load factor of intercity trains 70%

passenger demand a Proportion of passengers taking stairs 0.25

predication model b Proportion of passengers using smart cards 0.60

50
45
40
35
g 30
25
220
& 15
10

Figure 4. 5

Calculated passenger 0

demand at Beijing TN 0 AN N®Y S ~NOmMBbDOND® o

West Metro Station s eSS N S6NG GUEROIA00; a0, 9002 S N S S

Time
Average error
Time interval (minutes) This paper (%) Hu et al. (2016) (%)
Table 2. 05 8.36 1012
ceuracy 1 7.96 10.07

comparison of 2 752 895

passenger demand 5 5.07 5.66

predication models 10 4.20 455




proposed in this paper has a smaller error and this advantage becomes more significant as

the time interval becomes longer.

4.3 Timetable optimization of Beijing metro line 9

Input the results of passenger demand predication at the connecting station to the timetable
optimization model and use the ALNS algorithm to find the solutions. In our
implementation, to achieve a maximum number of iterations i,,,, of 70000, we set the start
temperature 7y, = 60000, the end temperature 7., = 0.01 and the cooling rate

%10°

&

S

2 o &
T T

Minimum Passenger Waiting Time
W

0 1 2 3 4 5 6 8
Iteration x10*
60 National Library
. 55 Baishigiao South
S 50 Baiduizi
5% e ey
40 Railway Station
; 35 Liuligiao East
530 Liuligiao
o 25 Qilizhuang
o 20 Fengtai Dongdajie
g }g engltainanlu
g Keyilu
@8 5 Fe:mi Science Park
a 0 - Guogongzhuang
Time Interval
Train capacity Considered Neglected
Passenger waiting time at the connecting station
Current timetable 24,490 23,943
Optimized timetable 17,517 18,064
Saving rate (%) 28.47 2455
Passenger waiting time at other stations
Current timetable 22,562 22,562
Optimized timetable 23,014 23,050
Saving rate (%) -2 —2.16
Average load factor (%) 84.38 93.56
Maximum load factor (%) 97.63 138.94
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Figure 5.
Minimum passenger
waiting time at each
iteration

Figure 6.

Optimized timetable
and the calculated
passenger demand at
the connecting station

Table 3.
Passenger waiting
time of current
timetable and the
optimized timetable
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¢ = (Tena/ Tstm)l/ tmar — ().9998. Scores are updated with o = 10, o5 = 5 and o5 =2. The
weights and scores are updated every 200 iterations. The minimum passenger waiting time
calculated at each iteration is shown in Figure 5.

The optimized timetable and the calculated passenger demand at the connecting station
are shown together in Figure 6. It can be seen that compared to the timetable with even
headway, the optimized timetable can match the injected passenger demand of the
connecting station more properly as it dispatches more metro trains during the periods
when passengers arrive intensively, which can remit the shortage of transport capacity
meanwhile avoid the waste of capacity when the number of passengers is not that large.

Table 3 represents passenger waiting time of current timetable and the optimized
timetable. It is found that the optimized timetable reduces passenger waiting time at the
connecting station by 28.47%, which is increased by 5% than the calculation results of the
generic algorithm (Guo et al, 2020). Although the passenger waiting time at other stations
increases by 2%, it is too low to affect riding experience of passengers. It is also noted that
saving rate of passenger waiting time is higher when train capacity is neglected. However,
this situation is not realistic, and the maximum load factor will be about 138.94% if
operating trains under this condition. If train capacity is considered, the maximum load
factor is only 97.63%, which is restricted well within 100%. As a result, the congestion on
metro trains can be relieved and service quality for passengers can be improved.

5. Conclusions

Focusing on the metro line where an intermediate station connects with an intercity railway
station, a mathematical model is proposed to predict the number passengers getting to the
platform of the connecting station through analyzing the entire process for passengers
transferring from intercity trains to metro trains. Compared to the existing research, the
passenger demand predication model in this paper is more accurate.

According to the calculated passenger demand, a timetable optimization model with the
aim of minimizing passenger waiting time at a connecting station is established and solved
by ALNS algorithm. Real-world case studies indicate that the optimized timetable can
reduce passenger waiting time at the connecting station by 28.47% with negligible influence
on passengers at other stations. The saving rate is increased by 5% than that of the generic
algorithm.

The timetable optimization model proposed in this paper takes train capacity into
account, which improves service quality for passengers to some extent. However, this paper
only considers the case that a metro line connects with an intercity railway station.
However, some intercity railway stations connect with several metro lines. How to optimize
their timetables coordinately will be introduced in the further work.
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