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Abstract Urban rail transit connecting with a compre-
hensive transportation hub should meet passenger demands
not only within the urban area, but also from outer areas
through high-speed railways or planes, which leads to
different characteristics of passenger demands. This paper
discusses two strategies to deal with these complex pas-
senger demands from two aspects: transit train formation
and real-time holding control. First, we establish a model to
optimize the multi-marshalling problem by minimizing the
trains’ vacant capacities to cope with the fluctuation of
demand in different periods. Then, we establish another
model to control the multi-marshalling trains in real time to
minimize the passengers’ total waiting time. A genetic
algorithm (GA) is designed to solve the integrated two-step
model of optimizing the number, timetable and real-time
holding control of the multi-marshalling trains. The
numerical results show that the combined two-step model
of multi-marshalling operation and holding control at sta-
tions can better deal with the demand fluctuation of urban
rail transit connecting with the comprehensive transporta-
tion hub. This method can efficiently reduce the number of
passengers detained at the hub station as well as the waiting
time without increasing the passengers’ on-train time even
with highly fluctuating passenger flow.
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1 Introduction

A comprehensive transportation hub connecting with
multiple transportation modes is the key to connecting and
transferring traffic from inside and outside a metropolis.
Urban rail transit has been built and is operated in many
cities due to its advantages of large capacity, high effi-
ciency, and punctuality. Its stable operation connecting to
the hub not only directly promotes the operation of various
traffic modes, but also benefits the effective integration of
urban internal and external traffic.

For an urban rail transit line connected with hubs, pas-
senger demand comes not only from the daily commuter
passengers within the city but also from the outer trans-
portation modes connected with the comprehensive trans-
portation hub. Daily commuter passenger demand inside
the city has an obvious tidal phenomenon and clearly
fluctuates throughout the day; the arriving passenger
demand from outer transportation modes connected with
the hub presents intermittent short-term high-intensity
characteristics. In addition, outer transportation modes
connected with the hub are often delayed due to weather or
other factors, resulting in randomness of passenger arrival
time.

The current strategy of many rail transit companies is
adjusting the train departure time or headway during dif-
ferent time intervals of the day to match the transportation
capacity supply with the fluctuating daily commuter pas-
senger demand; that is, there is a small interval for peak
demand and a large interval for off-peak demand. This
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causes a much different waiting time for passengers
arriving at the station at different time, especially during
the period between the peak hours and the off-peak hours
[1]. With the arriving passenger demand from outer
transportation, this strategy makes it hard to deal with the
complex passenger demands and to balance the waiting
time of different passengers throughout the day. In addi-
tion, when outer transportation modes arrive at random
because of delay, it is likely to cause an increase in waiting
time for some passengers.

The fluctuation in passenger demand at different periods
greatly affects the operational efficiency of public trans-
portation. In recent years, many studies have been con-
ducted on public carriage operation control and multi-
carriage operation organization to reduce the effect of
passenger demand fluctuation and improve the service
level of public transportation.

(1) Station control

With the development of science and technology,
the real-time state information of the system is
taken into consideration in the process of carriage
operation control. Zhao et al. [2] proposed a
distributed control scheme to minimize the sum
of waiting time at station and in-carriage time. Yu
and Yang [3] proposed a two-step operation control
strategy to minimize the sum of passenger waiting
time and on-board time, while Grube and Cipriano
[4] proposed two real-time stop control strategies
for subway lines to minimize passengers’ waiting
time. Sanchez-Martinez et al. [5] considered the
dynamic passenger arrival rate and running time
between stations and optimized carriage station
control time in order to minimize the waiting time
during the period. Wu et al. [6] considered the
delays caused by various types of interference and
the real-time arrival information of the carriages at
the transfer station, and optimized the carriage’s
extended time at the station with the goal of
minimizing the combined cost of passenger waiting
time and carriage operating expenses.

Some studies have focused on the combined station
control of more than one carriage. For example,
Daganzo [7] discussed the control of a pair of
vehicles: stopping the following carriage at the
station when the headway is reduced and acceler-
ating the following carriage when the headway is
increased. Bellei and Gkoumas [8] analyzed the
control effects of two-carriage station control
strategies on a bus line considering both the
dynamic passenger arrival rate and running time
between stations. Bartholdi and Eisenstein [9]
adjusted the station control duration of the carriage
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based on the departure interval between the current
carriage and the following carriage to achieve
balanced departure intervals, while Newell [10]
minimized the average waiting time of passengers
by performing station control of a pair of vehicles
on a route.

Some studies combined carriage station control
with other control strategies. Delgado et al. [11]
combined carriage station control and passenger
number on-board control under the constraint of
carriage capacity, and established a quadratic
programming model to minimize the total travel
time. Subsequently, Delgado and his colleagues
[12] compared the results of various control
strategies under different combinations of arrival
rate and running time between stations using
simulation to verify the application conditions
and control effect of the combined control strategy.
Su and Wilson [13] created a mixed integer
programming model to determine whether com-
bined station control and regional carriage opera-
tion should be carried out.

Urban rail transit marshalling

Various studies have been conducted on the
optimization of urban rail transit marshalling.
Based on the passenger flow of urban rail transit,
a feasible train operation plan is optimized by
integrating various influencing factors. Li et al. [14]
studied the routing problem of multi-route and
single marshalling trains on Y-type lines. They
proposed an integer programming model with the
goal of minimizing operating costs and passenger
costs. Ding et al. [15] considered the peak-hour line
load and proposed a non-linear programming
model for the single marshalling of large and small
junctions. Fioole et al. [16] presented a model
which is an extension of an existing rolling stock
model for routing train units along a number of
connected train lines. The extended model can also
handle combining and splitting of underway trains.
Li et al. [17] proposed an optimization model and
solution method for the design problem of multi-
junction and multi-marshalling train routing with
the goal of minimizing the cost of operating
companies and the cost of passenger waiting time,
considering the passengers’ selection behaviors of
different trains.

Other scholars have conducted feasibility studies
on multiple marshalling schemes for urban rail
transit. Niu and Zhang [18] took the intercity
railway into consideration and took the overall
travel time of passengers as the minimal objective
to establish an optimization model for the operation
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plan of multi-marshalling intercity railway. Du and
Guo [19] established a train marshalling optimiza-
tion model to minimize operating costs and
passenger transit costs. The results showed that
compared with fixed marshalling schemes, multiple
marshalling schemes can reduce enterprise operat-
ing costs and passenger transit costs.

In this paper, we focus on the optimal strategy to
satisfy the passenger demand not only within the
urban area, but also from outer transportation with
different characteristics at the comprehensive
transportation hub. As shown in Fig. 1, these two
types of passengers arriving at the rail station can
board on the kth train if there is no delay of the
outer transportation, but they have to take the k +
1th train if they arrive at the platform after the kth
train leaves the station; moreover, they may have to
wait for the k + 2th train if the k + 1tk train is
overly congested.

To satisfy passenger demand from both daily
commuter and outer transportation, this paper
proposes a two-step strategy: (1) adjust the train
formation to deal with the short-term high-intensity
demand instead of adjusting the train departure
interval so as to retain a relatively even headway
and a relatively equal average waiting time for all
arriving passengers at any time. (2) Control the
holding times of the multi-marshalling trains to
deal with the random fluctuation in passenger
demand. The holding time of trains in this paper
considers not only extending the time duration of
passengers getting on and off the train, but also
those leaving ahead of time, that is, optimizing the
dwelling time of the train at the station to take
away the greatest number of passengers when the
passengers’ arrival time is within the preset time
range. As shown in Fig. 1 above, a reasonable
dwelling time should be given to the kth train when
the passengers’ delay is within the assumed time
range so that the delayed passengers can catch up to
the kth train without any extra waiting time.

Fig. 1 Operation control of rail

train

The main contributions of this paper include the
following:

(1) A two-step model is proposed to formulate the
organization problem of rail transit connecting with
a comprehensive transportation hub when the pas-
senger demand is from both an inner urban area and
outer transportation.

(2) The model carries out real-time station control for
multi-marshalling trains, considering the fluctuation
in passenger flow demand caused by the arrival
delay of other transportation modes in the junction,
and optimizes the trains’ dwelling time control at
each station, where dwelling time can be both shorter
and longer than the scheduled time.

(3) The model considers not only the fluctuation in
passenger demand caused by the scheduled arrival of
outer transportation, but also the random fluctuation
in passenger demand caused by fluctuating delay in
the outer transportation to the hub due to different
factors.

The remainder of this paper is organized as follows. In
Sect. 2, we formulate the two-step model of rail train
organization. Then, a genetic algorithm (GA) solving
method is proposed in Sect. 3, and numerical examples are
discussed in Sect. 4 to illustrate the properties of the pro-
posed model and the performance of the algorithm. Finally,
a summary and conclusions are presented in Sect. 5.

2 Model Formulation

The optimization model proposed in this paper is com-
pleted in two steps. In the first step, according to the pas-
senger arrival rate from outer transportation to the
transportation hub and the time-varying origin destination
(OD) demand between stations along the urban rail transit
lines, the model adjusts the trains’ departure time and the
corresponding train formations under the constraint that
passengers will not wait for more than two trains. The
objective is to minimize the spare capacity on the trains
when the trains leave the stations during the period, and
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obtain the optimal multi-marshalling operating scheme and
optimal running schedule of the rail transit trains. In the
second step, station control of the running trains is opti-
mized to minimize the total waiting time of the passengers
on the line during the period as the trains run according to
the optimal schedule calculated in the first step, consider-
ing the fluctuating arrival of the outer transportation to the
hub due to different factors.

In this model, it is assumed that there are N stations in
total in the urban rail transit line considered by the model,
and K trains are sent out during the study period. Each train
departs from station 1 to station N and stops at each station.
The symbols used in this article are listed in Table 1.

2.1 Model Assumptions

This paper studies one running direction of an urban rail
transit line connecting with a comprehensive transportation
hub. Historical passenger flow of each origin destination
(OD) along urban rail transit lines can be obtained using
the auto fare collection (AFC) data, and arrival schedules

Table 1 Symbols and variables

of outer transportation at the hub can also be obtained from
the transportation hub. In addition, the establishment of the
model also requires the following three assumptions:

(@) The running time between any two successive
stations is fixed and determined by distance.

(b) Trains of different marshalling groups have the same
running properties (speed, acceleration, etc.), and
each carriage has the same capacity.

(c) Considering the train capacity (carriage capacity *
number of carriages), passengers follow the “first
come, first served” principle when waiting at the
station, and passengers wait for no more than two
trains.

2.2 The First-Step Model

During the study period, the objective is the minimal sum
of spare capacity when all trains leave all stations, which is
calculated as follows:

Parameters [ts,2e]  Time period
tri Running time of the train between station i and i+1
tmin, Minimal and maximal bound of departure intervals for train operation

tmax

Pimax Upper bound of time the train is allowed to be ahead and behind the schedule

Auxiliary k Vehicle number k € {1,2,...,K}

variables
i,j Station number i,j € {1,2,...,N}
v Train type v € V
cy Passenger capacity of marshalling train v € V
tdy Departure time of the kth train from station i
tri Departure interval between the kth and (k + I)th train at station i
2i,j(1) Dynamic passenger arrival rate from station i to destination j
&(x,r)  Random error function used to describe the random arrival delay of outer transportation at the hub
Olgei Number of passengers getting off the kth train at station i
Brij Passenger demand destined for destination j at station i when the kth train leaves station i
Wu Number of passengers boarding the kzh train at station i with destination j
B Passenger demand when the kth train leaves station i
ﬁ,i Actual number of boarding passengers when the kth train leaves station i
Vh.i Number of passengers on the kth train when it leaves station i
L Number of passengers who arrive before the kth train leaves station i and are left behind because of the lack of
capacity on the train

Chii Spare capacity of the kth train when it leaves station i

Decision Xy 0-1 variable: if the kth train is train type v, it is 1; otherwise O

variables

tdy| Departure time of the ki vehicle at the first stop
Wi Scheduled dwelling time of the kth train at station i
hy i Control time of the kth train at station i
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k=1 i=1

where cy; represents the spare capacity of the kth train
when it leaves station i.
In the first step, the constraints include

\4
> xw =1, VkEK, (2)
v=1
tsgtdlA,l Sts‘i’tmaxa (3)
te — Imax S tdK,l S te, (4)
Iri = ldk+1,,' — ldk,,', Vk € K, ieN, (5)
tmingtk,igtmam VkGK,l'EN, (6)
tdgiv1 = tdy; +tri +tw i, Yk € K,i €N, (7)
ldk,;
Brij= [ 4ij(t)dt, Vk €K i,j €N, (8)
’ [dk—lA
N
= Z Brij+ li-ris Vk €K i €N, 9)
j=itl

v=1

v
By; = min <ﬁk_’i, Zxkycv — Vrio1 T ockﬁ,), Vk € K,i €N,

(10)
lei=Pri— Bri» Yk €K i €N, (11)
Bt = Boss- 20 e k.ijen. (12)
Bij Br.
i—1
Ui = Zﬁk:l}i’ Vk € K,i,j €N, (13)
j=1
Vi = V-1 +Bk,i — o, Vk€K,i €N, (14)
v
Ck,i:Zxk.vcv_th VkGK,iGN, (15)
v=1
K

-1 N
Z Bt — i) =0 (16)

1

~
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Equation (2) indicates that each train corresponds to
only one of the train types; Eqs. (3) and (4) limit the
departure times of the first and last train in the study period;
Eq. (5) gives the calculation method of departure interval,
which is the difference between the departure time of two
adjacent trains at the same station i; Eq. (6) shows that any
departure time interval should be within the minimal and
maximal departure interval; Eq. (7) represents the recursive
relation of departure time during train operation. The
departure time of the kth train at station i+/ is equal to the
sum of the departure time of the kth train at station i, the

running time from station i to station i+1 and the stopping
time of the krh train at station i+1. Equation (8) refers to
the number of passengers arriving at station j from station i
when the kth carriage leaves station i; Eq. (9) represents the
number of waiting passengers when the kth train leaves
station i. Equation (10) shows the actual number of pas-
sengers on the kth train when it leaves station i; Eq. (11) is
the number of passengers left behind due to the insufficient
capacity.

In the model, it is assumed that the arriving passengers
follow the first-come-first-served principle, so when the kth
train leaves station i, passengers from station j with dif-
ferent destinations have the same probability of getting on
the kth train, which is ﬂ_lw/ By ;- Equation (12) represents the
number of passengers from station j who can take the kth
train when it leaves station i; Eq. (13) shows the number of
passengers getting off the kzh train when it arrives at station
i; Eq. (14) is the number of passengers on board the kth
train when it leaves station #; Eq. (15) is the spare capacity
of the kth train when it leaves station i; Eq. (16) guarantees
that the actual number of passengers in the second train is
not less than the number of passengers dropped in the
previous train and restricts passengers to wait for at most
two trains.

2.3 The Second-Step Model

Suppose that passengers wait for no more than two trains,
so their waiting time can be divided into two parts: the
necessary waiting time for the first train and the possible
waiting time for the second one. During the study period,
the objective is the minimal total waiting time of passen-
gers at all stations on the line, which is calculated as
follows:

ZH=T+T, (17)

where T is the total waiting time for the first train, which is
equal to the difference between the time that passengers
arrive and the time when their first waiting train leaves the
station:

N tdy i

K N
T, = ZZ Z f ;hi.,j(t)(tdk.i -

k=1 i=1 j=i+1tdx-1,

t)dt (18)

where Z;j(f) is the dynamic passenger arrival rate from
station i to destination j, and we set tdy; = t;. T is extra
waiting time for the second train due to the capacity con-
straint of their first waiting train. The value is the differ-
ence between the departure time of the next train and the
current train:

K N N
5 9) 9 STMCISTSE "

k=2 i=1 j=i+1
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In the second step, the station control of trains is optimized
based on the multi-marshalling train operation schedule
obtained in the first step. The constraints in this step
include

Egs. (4)-(8)

Egs. (10)—(16)

Egs. (20)-(21)

tdyivy = td; + tri + twi; + i, Vke Kji € N (20)
_hmaxghk,ighmam Vk € K,i EN (21)
E(n,w) =a (22)

Equation (20) is the departure time of the train after
station control, and Eq. (21) is the feasible duration of
station control. Equation (22) indicates the delay situation.
During the study period, the outer mode of transportation
arriving at the hub is numbered according to the order of
arrival time shown in the timetable. Equation (22) indicates
that the number of delayed passengers choosing railway is
a when the nth train is delayed for w min. n is randomly
selected from the total number of trains arriving during the
study period, ¢ represents the delayed time randomly, a is
given based on actual data. In the original OD demand
matrix, a is subtracted during the normal arrival period of
the nth train, and a is added in the period after the delay of
w min, and the passenger arrival OD matrix is updated in
the case of delay.

3 Solution Algorithm

The number of routes and stations in the model and the
number of trains issued during the study period determine
the scale of the problem. For urban rail transit lines with
generally short carriage intervals, as the study period
increases, the number of trains issued during the period
also increases considerably. The solution scale of the
model will grow rapidly; more importantly, there are var-
ious complicated relationships between the parameters
involved in the model, and the process of solving the model
often requires various parameter values to call each other,
so it is difficult to use general analysis to find the optimal
solution. The genetic algorithm performs calculations by
encoding the decision variables of the problem into the
chromosomes processed by the algorithm. Therefore, the
encoded decision variables can be used to express the
relationship between the parameters, and the mutual calls
between the parameters in the solution process can be
realized so as to iteratively find the optimal solution to the
model. Therefore, in this paper, we chose to solve the
optimized model based on a genetic algorithm.

@ Springer

Two genetic algorithms (GA) are adopted in combina-
tion to solve the two-step model in this paper. The algo-
rithm steps are as follows:

Step 0 Parameter initialization: the number of iterations
gen = 0O; the initial population size M; the algorithm
termination algebra N.

Step 1 Perform chromosome coding and repeat it
M times to get the initial population.

The gene sequence of the chromosome in Step 1 consists
of three parts. K can be repeatedly and randomly
selected from V integers representing the group type as
the first part of the chromosome; K real numbers that
satisfy the constraints (3)-(6) are randomly generated as
the second part of the chromosome. The K x (N — 2)
randomly generated real numbers satisfying constraints
(5)—(7) are taken as the third part of the chromosome.
Step 2 Calculate the individual fitness value:
fitness; = 1/Z;, which is the reciprocal of the objective
function in Step 1.

Step 3 Determine the number of iterations: If gen = N,
output the optimal solution and go to Step §; otherwise,
go to Step 4.

Step 4 Perform selection, crossover, and mutation
operations in order to obtain the offspring population.
Set gen = gen + 1 and go to Step 2.

Selection The selection process in this algorithm uses the
roulette method and performs the crossover and muta-
tion operation according to the crossover and mutation
probability.

Crossover: First, randomly select two chromosomes
from M chromosomes, then randomly select a gene
position within the length of the gene sequence, and
directly exchange the genes for the same position. To
complete the crossover operation, it is necessary to
ensure that the second part satisfies constraints (3)—(6),
and the third part satisfies constraints (5)—(7). Repeat the
above process M/2 times until all individuals in the
population are traversed.

Mutation First select an arbitrary chromosome and
randomly select a gene position to mutate. If the gene
position is within the range of the first part, randomly
select a gene from the V integers to replace the current
position; if the gene position is in the second or third
range, the number of genes at that position is randomly
increased or decreased by a suitable value. To complete
the mutation operation, it is necessary to ensure that the
second part satisfies constraints (3)-(6), and the third
part satisfies constraints (5)—(7); otherwise, it must be
mutated again until the constraints are satisfied. Repeat
M times until all individuals in the population are
traversed.
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Fig. 2 Network of the metro
lines and railway lines crossing Line 10
Beijing West Railway Station
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Step 5 Using the optimal solution obtained in Step 3 to
execute the second GA.

Determine the population size M and the maximal
evolution algebra N suitable for the second genetic
algorithm, and initialize the iteration count gen=0. Use
real numbers to encode the chromosome, and the
randomly generated K * (N — 2) real numbers satisfying
Eq. (21) are treated as chromosomes.

Step 6 Calculate the objective value and set the fitness
function as fitness, = 1/Z,.

Step 7 Determine the number of iterations: if gen = N,
output the optimal solution and stop; otherwise, perform
selection, crossover, and mutation operations to obtain
the offspring population. Set gen = gen + 1 and go to
Step 6.

4 Case Analysis

Beijing West Railway Station is a comprehensive trans-
portation hub located in the west of Beijing, with a yard
scale of 10 platforms. The Beijing West Railway Station is
not only a transfer station between Beijing Metro Line 9
and Line 7, but also a big railway station in Beijing, and
the passengers taking on and off this station include those
from central city and outer suburban areas. The network of
the metro lines and railway lines crossing Beijing West
Railway Station is shown in Fig. 2. As Beijing Metro Line
9 has a comprehensive transportation hub (Beijing West
Railway Station), it was taken as the case study in this
paper. Beijing Metro Line 9 is a longitudinal trunk line in
the west of Beijing. The total length of the line is 16.5km
with north-south trend. There are 13 stations, including 7
transfer stations. It transfers with Line 4 at National
Library in the north and transfers with Fangshan Line at
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Fig. 3 Passenger demand at the hub (Beijing West Railway Sta-
tion) of Beijing Metro Line 9

Guogongzhuang in the south. Each train of Beijing Metro
Line 9 has 6 uniform B-type carriages and a marshalling
capacity of 1440 passengers. The maximal speed of the
train is designed to 80 km/h. Trains are operated in dif-
ferent frequencies during the day. In morning and evening
peak hours on weekdays, the headway is 4 min, and 6 min
in off-peak hours. The dwelling time of train at each stop is
3045 s. Passenger restriction measure is adopted at Bei-
jing West Railway Station throughout the day, that is, the
number of passengers entering the platform is controlled
according to the congestion state.

During the period [7:30 am, 9:10 am], which is the
morning peak hour, collecting the passenger data from
AFC every 5 min and the arrival of outer transportation at
the hub, we obtain the passenger demand distribution of
Beijing Metro Line 9 at the hub as shown in Fig. 3.

It can be seen from Fig. 3 that without current restrict
measure, the demand fluctuates significantly for every 5
min and the overall trend is downward.

4.1 Parameter Setting

Two types of train marshalling: 4-car marshalling of 960
passengers capacity and 8-car marshalling of 1920

Table 2 Running time between stops

passengers capacity on the Beijing Metro Line 9 were
considered. The direction from National Library to Guo-
gongzhuang Station is considered and the headway is
between 4.85 and 5.15 min. It is assumed that the train runs
at a constant speed without interference during the opera-
tion between stations, regardless of the acceleration and
deceleration of the train entering and leaving the station,
the running time between stations is the ratio of the dis-
tance between the stations to the running speed, and the
same value is used for trains in different formations. The
running time data between stations along this line are given
in Table 2. The dwelling times of different trains at each
station are between 30 s and 45 s.

The random fluctuation in demand caused by the delay
of outer transportation is represented by a random function.
The outer transportation arriving at Beijing West Railway
Station during the study period [7:30 am, 9:10 am] is
numbered according to the scheduled arrival time, and then
a random function &(x,7) is used to indicate the delay
situation.

4.2 Other Operating Strategies

We denote the two-step train operation strategy in this
paper as full strategy (FS) and three comparative train
operation strategies are defined: strategy 1 (S1), strategy 2
(S2) and strategy 3 (S3) as shown in Table 3. These three
operation strategies can be achieved by adjusting the
optimization model in this paper.

Table 3 Operation strategies for comparisons

Strategy Marshalling Station control Scheduled headway
S1 Fixed No Peak and off-peak
S2 Fixed Yes Peak and off-peak
S3 Variable No Uniform

FS Variable Yes Uniform

Stations National Library - Baishigiao Baishigiao South - Baiduizi - Military Military Museum - Beijingxi
South Baiduizi Museum Railway
Running time 1.6 1.4 2.7 2.1

(min)

Stations

Running time
(min)

Stations

Running time
(min)

Beijingxi Railway - Liuligiao
East
1.7

Fengtai East Street - Fengtai
South Road

23

Liuligiao East - Liuligiao
1.9
Fengtai South Road -

Keyi Road
1.45

Liuligiao - Qilizhuang
2.6
Keyi Road - Fengtai

Science Park
1.18

Qilizhuang - Fengtai East
Street

1.9

Fengtai Science Park -
Guogongzhuang

2.0
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S1 The train marshalling is fixed to 6 and the first step is 1800 T—T—T—T—T— T T T T T T T T
omitted. The scheduled headway of 1-9 trains is fixed 2 1600 s .
to 4 min, and that of 10-18 trains is fixed to 6 min. S1 \:é 1400F — Original data |
is the current train operation strategy in use when the 8 1200k 4
arrival of the outer transportation at the hub g Loook _
fluctuates. 2 soof |

S2  The train marshalling is fixed of 6 and the first step is g sl i
omitted. The scheduled headway of 1-9 trains is fixed g i |
to 4 min, and that of 10-18 trains is fixed 6 min. The =z il |
second step of station control is the same as that of g N N I

FS.
S3 It has only the first step of marshalling optimization
process, and the second step is omitted.

In addition, the second step of the above four strategies
is based on the consideration of the delay in the arrival of
the Beijing West Railway Station. In order to compare the
situation when no delay occurs, the S1 and FS are applied
to the situation with no delay and are denoted as S1-N and
FS-N, respectively.

Other parameters in the GA include: M = 50, N = 500,
P.=0.8, and P,, = 0.5. The above six cases are solved
and the numerical results are analyzed in the following
section.

4.3 Numerical Results

During the study period [7:30 am, 9:10 am], regardless of
the unstable operation results of the first 20 min, the cal-
culation results of the six cases during time period
[7:50 am, 9:10 am] are mainly focused on the matching of
train supply and passenger demand, the passenger waiting
time, the train travel time, and the number of people left
behind at the station.

(1) Matching of train supply and passenger demand
First, the matching of train supply with passenger
demand is measured by the difference between the
passenger demand and the number of passengers
getting on the rail transit line in each unit period: the
smaller the difference, the higher the degree of
matching. In the period of [7:50 am, 9:10 am)],
passenger demand and the number of passengers
boarding on the line at the hub under different
strategies are both counted every 5 min and are
drawn in Figs. 4 and 5 showing the difference.
Figure 4(a) shows that if the outer transportation is
operated strictly according to the schedule and has
no fluctuation, peak and off-peak strategy (S1-N) can
work almost as well as FS-N to supply the passenger
demand at the hub, even though FS-N is slightly
better. But if the arrival time of outer transportation
is not on schedule, FS shows much better ability to
deal with the fluctuation in passenger demand as

1 1
8:30 8:40  8:50  9:00 9:10
Time

(a)S1-N and FS-N

7:50 8:00 8:10 8:20

T T T T T T T T T T T T T T T
18007 SI-N
| / FS-N i
g 1600 — Original data
&
7 1400~
&
20 1200
[
% 1000
<
o,
4« 800~
°
G 600
E
g 400}~ 4
“ 2001~ =
0 1 1 1 1 1 Il 1 1 1 1 Il 1 1

1
7:50  8:00  8:10  8:20  8:30 8:40  8:50  9:00 9:10
Time

(b)S1 and FS

Fig. 4 Passenger demand and train supply

shown in Fig. 4(b). In fact, the delay of outer
transportation indeed exists. If the delay information
is released a relatively long beforehand, the train
marshalling can be optimized to deal with this
situation; if the delay information is obtained in real
time, the station control of the train is very effective.
(2) Passengers left behind

In this example, the numbers of passengers left
behind after each train leaves each station are
compared between four cases: SI-N, FS-N, S1 and
FS, and the results are shown in Fig. 5. Among them,
the meanings of scale values and units of the
coordinate axes in each graph are the same, the
x-axis represents the train number, the y-axis
represents the station number on the line except the
last station, and the z-axis represents the number of
stranded passengers.

On the whole, in the direction of the station, the peak
number of passengers staying in the station mainly
appears on the Beijing West Railway Station and its
nearby stations; in the direction of the train number,
the peak number of passengers staying in the station
mainly appears in the lower number of trains. The
reasons for the results of the four cases are different.
For the cases of formation optimization and site
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Number of passengers

Number of passengers

left behind (pass)

left behind (pass)

Fig. 5 Number of passengers stranded

3)

control (FS and FS-N), it is because the proportion of
small formations is large in the following trains. For
the cases without formation optimization and site
control (S1-N and S1), it is because the rear train
departure interval is large.

From the comparison of Fig. 5(c) and d, it can be
seen that the number of passengers stranded at the
stations is significantly reduced after the optimiza-
tion of the marshalling and site control in the case of
considering the arrival delay of the outer transporta-
tion. The same conclusion can also be obtained
without considering the delay of the arrival of the
outer transportation (Fig. Sa and b). On the other
hand, by comparing Fig. 5(a) and ¢ or b and d, we
find that there are a few more passengers staying at
the site when there is a delay than when there is no
delay.

Through the above analysis, it can be found that
regardless of whether the delay of the outer trans-
portation arrival of the outer transportation is
considered, the optimization of train formation and
station control can effectively reduce the number of
people stranded at stations and quickly dissipate the
arrival of passengers at the junction.

Average passenger waiting time

During the period of [7:50 am, 9:10 am], the average
waiting time per passenger was calculated every 5
min for the six cases and the results are shown in
Table 4. The third column in the table represents the
degree of improvement relative to the peak-and-off-

@ Springer

Number of passengers
left behind (pass)

Number of passengers
left behind (pass)

“

(= R
o o O

—
]
—
]
oo

12 14

8
T6ta'm nuso0et

&
&
o
S

(b)FS-N

N B Y
o O O
o o O

o
o o

peak departure interval strategy (corresponding S2-N
or S2), and the fourth column represents the standard
deviation of the average waiting time.

According to the results in Table 4, all strategies
have improvement in average waiting time per
passenger compared to the strategy of only peak-
and-off-peak departure interval with and without
outer transportation delay. If the outer transportation
can arrive strictly according to the schedule and the
passenger demand is fixed, the average waiting time
of FS-N has a reduction of 5.47% and a better
stability (smaller standard deviation) compared to
that of S1-N. If the outer transportation cannot arrive
on time and have more or less delay, FS has even
more advantage to reduce the average waiting time
(a reduction of 8.17%) and to level off the standard
deviation (from 1.08 to 0.84). S2 and S3 are better
than S1 but worse than FS from these two respects.
In sum, FS can do better both in reducing the total
waiting time (same as average waiting time) and in
averaging the waiting time to each passenger.

Total travel time of the train

The total travel times of the entire trips for 18 trains
in four strategies with and without outer transporta-
tion delay are compared. Because the station control
of all the trains is from the point of passengers, some
trains have shorter total travel time compared to
scheduled travel time, while other trains have longer
total travel time. But the total travel time is
concentrated at about 27.5 minutes, and the
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Table 4 Average waiting time

Average waiting time (min)

Reduction percentage Standard deviation

compared to S1-N/S1

Strategy

S1-N 3.092
FS-N 2.923
S1 3.196
S2 3.112
S3 3.022
FS 2.935

- 0.93
5.47% 0.80
- 1.08
2.63% 0.96
5.44% 0.85
8.17% 0.84

Table 5 Average travel time and standard deviation

Strategy Average travel time (min) Standard deviation
S1-N 27.667 0.189
FS-N 27.653 0.232
S1 27.644 0.232
FS 27.669 0.215

fluctuation among all trains is not apparent. The
average travel time and standard deviation of each
train for the four cases are shown in Table 5. From
Table 5 we also find that if the outer transportation
arrives on time, the strategy FS can even reduce the
average travel time of the trains; on the other hand, if
the outer transportation does not arrive on time, the
average travel time of the trains has only increased
0.025 min, which means that FS has a small change
in travel time (also the on-board time of passengers)
and obtains a large reduction in the passengers’
waiting time.
(5) Feasibility analysis

According to the optimal results of the train
marshalling in this paper, the 2nd, 3rd, 4th, Sth,
6th, 8th, and 11th trains adopt the 8-car marshalling,
and the remaining trains use the 4-car marshalling.
The 18 trains in the study period require a total of
100 cars. A total of 45,432 passengers are trans-
ported. The S2 that does not consider train mar-
shalling optimization adopted a single 6-car
marshalling. The 18 trains in the study period
require a total of 108 cars, and a total of 46,063
passengers were transported. It can be found that the
optimized model of this paper only reduces the
passenger flow by 1.37% but saves 8 cars during the
study period with little change in the travel time of
the trains. Therefore, from the point of operating
costs, the multi-marshalling scheme can be adopted.
When the outer transportation mode does not arrive
at Beijing West Railway Station according to the

schedule, the delayed passenger arrival data is
updated and the real-time control of the transit train
is optimized. The algorithm optimization time is
about 60 s, which is much shorter than the time
interval between passengers arriving at Beijing West
Railway Station and transferring to Beijing Metro
Line 9, so that the train can update the stop time of
the train according to the optimized control time.
Therefore, the real-time station control of transit
trains can be realized.

5 Conclusions

This paper analyzes the characteristics of passenger
demand of urban rail transit lines connecting to integrated
transportation hubs and establishes a combined two-step
model of train formation optimization and real-time station
control. The two-step model is solved successively by two
GAs.

The main conclusions of this paper are as follows: the
numerical results show that regardless of whether the outer
transportation arrives on time or not, after the train mar-
shalling optimization and real-time station control, the train
supply capacity and the passenger demand are more
equally matched, the number of waiting passengers per
train is reduced, and the waiting time of passengers arriv-
ing at different periods is more balanced. Moreover, the
model can reduce passenger waiting time without
increasing passengers’ on-board time; at the same time, the
current passenger flow-limiting measures are unnecessary,
which increases the waiting time of passengers and leaves a
large number of passengers stranded in the hub station.

On the basis of the research in this paper, we can con-
sider further discussions in the following aspects:

(1)  When the delay of the outer transportation is too
long, and the passenger demand changes exces-
sively, it should be reflected in the first step of train
marshalling optimization.

(2) It is necessary to consider real-time updating of all
kinds of information that affects the passenger
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demand and to utilize it in station control of trains in
real time and even train marshalling optimization.
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