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Abstract: In urban rail transit network, the passenger transfer time depends on the train connection states in transfer sta-
tions, therefore, the optimization of the connection relations of arrival and departure time among trains is significant to
improve the level of transfer service. Here, with the psychology of waiting passengers taken into consideration, the cost
function of transfer waiting times has been established. On this basis, an optimization model for train connections at trans-
fer stations was constructed, and a genetic algorithm was designed to solve this model. A computer program implement-
ing this genetic algorithm was written in Microsoft VB.NET. This program was used to optimize the train operation plans
of a simple network which consists of four urban rail lines in Beijing. The results show that the proposed method can ef-
fectively reduce the total waiting time cost of all transfer passengers in the network.
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1. INTRODUCTION

With the expansion of the urban rail transit network, the
number of transfer nodes on the travelling routes of passen-
ger has increased substantially, and transfer has become a
necessary step in most rail travels. To provide safe and effi-
cient transfer service is key to improving the overall service
level of the rail transit network. The time required for trans-
fer is a direct manifestation of transfer efficiency, and it also
directly reflects the level of the rail network management.
Previous studies on rail transfers have focused largely on
transfer station design and on transfer stream design in order
to minimize the passengers’ walking time during transfer.
However, restricted by a variety of objective conditions, the
room for reducing the transfer walking time is rather limited.
In addition, compared to reducing the walking time, reducing
the transfer waiting time is more valuable to passengers. The
transfer waiting time is directly associated with the arrival
and departure time of trains recorded before and after trans-
fer at the transfer station. Thus, coordinating and optimizing
the schedules of trains in different lines connected by trans-
fer stations can make optimal connection between the arrival
and departure time of trains, thereby successfully reducing
the transfer waiting time of passengers at the program level.

At present, in most major cities, the train schedules are
compiled using the method of “making schedules by line and
adjusting schedules at the network level.” More accurately, the
schedules are first made at the level of individual lines in ac-
cordance with the passengers’ demand and transport capacity
resources; train schedules of different lines are compiled
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separately. Then, at the network level, adjustments are made
from the perspective of coordination and overall benefits.
However, with this method, once the train schedules are
completed, it is difficult to change factors, such as the num-
ber of running trains, intervals and dwelling times, and ad-
justments can only be made within a very narrow range .
Furthermore, because of the complex coupling relationships
between the lines, the complexity increases as the network
scale expands, and the adjustment in a single point exerts
time propagation effects on the entire network, which further
limits the impact of the adjustment. Therefore, it is believed
that the current method of compiling train schedules does not
take into account the collaborative relationship between the
lines, directly leading to an increase in passenger waiting
time in the transfer stations within the network. This has
created a bottleneck at the service level of the rail transit
network.

Based on the existing results and issues, this paper treat-
ed the train system as a black box and used global coordina-
tion as the guideline to develop an optimization model for
train connections at transfer stations. The goal is to achieve
mutual coordination between the train schedules of different
lines. The effectiveness of the optimization method has been
verified using a specific example.

2. LITERATURE REVIEW

With the expansion of the urban public transport net-
work, there has been continued growth in the proportion of
time spent by passengers at the transfer nodes during their
overall travel time. Therefore, the coordination and optimiza-
tion of transit timetables (schedules) targeting the optimiza-
tion of transfer waiting times have received wide attention
from researchers. For a systematic review of the existing
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literature, the previous research was divided into three series
according to the object of study, and then summarized. In the
first series, transfer nodes in the regular bus system were
the object of the study. In the second series, the object of
study was the transfer hubs in the urban public transit sys-
tem, consisting of regular bus and rail transit system. In the
third series, the object of study was the transfer nodes in the
urban rail transit system.

The first and second series investigated how to achieve
efficient connections between buses in different lines or be-
tween the buses and trains at the transfer station via optimi-
zation of the bus timetables. The preparation of train timeta-
bles was different from that of bus timetables primarily due
to the following reasons. First, rail transit was made limited
by the train running intervals; also, the running time in this
section, the dwelling time in the station and the departure
interval were all relatively fixed, tolerating only small fluc-
tuations. Methods for optimizing the bus timetables cannot
be directly applied to rail transit. In addition, to improve the
success rate of connections via real-time scheduling (holding
at station, departure ahead of time, etc.) is well suited for
regular bus transportation, yet it can hardly be applied to rail
transit.

The third series explored connection optimization at the
transfer stations between different lines within the urban rail
transit system, using basis intrinsic characteristics of the ur-
ban rail transit system. This study belongs to the third series,
and a brief literature review here will focus on research re-
lated to the third series. The number of published studies in
the third series is relatively small, and these studies can be
divided into three categories.

Studies in the first category optimized the schedules of
multiple lines intersected in a single transfer station, but
merely realized train connection optimization at one transfer
station, without considering the overall optimization of mul-
tiple transfer stations within the network. For example, Par-
tha (1995) [1] used a single transfer node as the object of
study and set the objective to be a minimum of the sum of
transfer passengers' waiting times and the initial waiting time
of the arriving passengers at this node. With this method, a
linear programming model was established, and a genetic
algorithm was designed to solve the model. Ma (2010) [2]
constructed models for the optimization of train timetables at
the transfer stations in urban rail transit systems under the
condition of transfers at the same platform and under the
condition of transfers through tunnels, and designed a heuris-
tic algorithm to design the model.

Studies in the second category established mathematical
models using minimization of the total transfer time (cost)
of all passengers in the rail transit system as the objective.
On the basis of existing train schedules separately compiled
by line, the running times, the dwelling times or turnaround
times are adjusted to optimize the existing train schedules.
To achieve this goal, Wong ef al. (2008) [3] designed a heu-
ristic search algorithm., Vansteenwegen (2006, 2007) [4, 5]
designed a discrete event simulation method and Kwan ef al.
(2008) [6] designed a non-dominated sorting genetic algo-
rithm.
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For studies in the third category, a second-order coordi-
nation structure, namely "connection at transfer points —
coordination at the network," was used. First, inside each
transfer node, the connection between the arrival and depar-
ture times of the trains was optimized, using methods similar
to those in the second category of studies, i.e., on the basis of
existing train schedules for separate lines, the train paths
translation or allocation of buffer time was carried out for
optimization. Next, at the network level, train connections
between different transfer nodes were subjected to global
optimization. To this end, Zhang et al. (2009) [7] designed a
preference-oriented hierarchical loop coordination algorithm
based on coordination levels. Fang (2010) [8] and Zhou ef al.
(2011, 2012) [9, 10] proposed a station-by-station adjust-
ment method related to the importance of the transfer sta-
tions.

In summary, studies in the first category of the third se-
ries only optimized connections between the arrival and de-
parture times of the trains at single transfer stations. With
this method, the conflicts between the optimal train connec-
tion schedules for multiple transfer stations within the net-
work would be inevitable, yet the first-category studies did
not explore how to resolve these conflicts. In the studies of
the second and third categories, the general method adopted
was to make coordinative adjustment on the existing train
schedules of individual lines prepared separately. As men-
tioned earlier, once the train schedule is completed, the num-
ber of running trains per line, running intervals, dwelling
times and other factors are difficult to change; thus these
adjustments can only be made within a very small range, and
are not able to fully benefit the coordinated operation of the
entire network. Moreover, to solve coordination between the
transfer nodes in the network, studies in the third category
artificially considered transfer stations or lines, thereby de-
termining the priority in coordinative optimization between
different transfer stations and lines. This provides a method
for resolving the conflict between the train connection
schedules for different transfer stations; however, it is too
subjective and may generate closed-loop connections that
have contradictions. More importantly, based on this meth-
od, the obtained network train schedules do not provide the
optimal solution.

From the existing research results in this field, the fol-
lowing conclusions can be drawn. First, the current coordina-
tion of network transit timetables (operation charts) targeting
the optimization of transfer connections mostly focused on
the optimization of regular bus timetables. Yet vehicle man-
agement of regular buses is greatly different from that of rail
transportation, and hence the method used for optimizing
regular bus schedules cannot be directly applied to rail trans-
it.

Secondly, the number of published studies on train con-
nection optimization targeting urban rail transit networks is
relatively small. To achieve the optimization of train connec-
tions at all transfer stations within the network, all train
schedules must be prepared with the global network taken
into consideration from the start, rather than merely making
coordinative adjustments on the existing train timetables
prepared separately by lines. This is the fundamental differ-
ence between the present study and all the previous studies.
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Meanwhile, the previous studies typically used minimization
of the transfer wait times as the optimization objective, yet
the transfer wait time was not entirely inversely proportional
to passengers’ satisfaction. In fact, it has been shown that
when the waiting time is less than 30s, the degree of passen-
ger dissatisfaction is highest [6]. Therefore, the present paper
considered the psychology of waiting passengers and con-
verted the transfer waiting time into the transfer cost. Mini-
mization of the transfer cost was set as the objective to con-
struct the optimization model for train connections at transfer
stations in urban rail transit systems.

3. ASSUMPTIONS
This study is based on the following assumptions:

1. The transport configuration of all lines in the network
can meet the passenger’s demand, and the facilities and
capacities of all transfer stations can also meet the pas-
sengers’ demand.

2. The running times in the section, the dwelling times in
the station, train running intervals and transfer walking
times at all transfer stations are all known input parame-
ters.

3. The passenger transfer demand is relatively stable over a
period of time.

4. After arriving at the platform for the connecting direc-
tion, all transfer passengers take the first available con-
necting train.

5. Transfer between the up-bound and down-bound direc-
tions in the same line is not taken into consideration.

6. There is no joint operation between the lines, and for
lines with multiple routes, only one route is considered.

7. The isolated lines in the network are not considered in
the optimization model.

4. THE ESTABLISHMENT OF THE OPTIMIZATION
MODEL

4.1. Problem Analysis

The basic train operation data, such as running time in
the section, dwelling time in the station, and train running
intervals are determined and the train schedule of one cer-
tain line in the coordination time period is determined by the
departure time of the first train in this time period. Let the

coordination time period be [to ,tl], the departure time of

the first train is at time point [O, h) (A is the train running

interval) after the starting time point of the coordination pe-
riod ¢,. In other words, the time interval between the depar-

ture time of the first train and 7/ is variable in [O, h).

Under the assumption that there is no joint operation be-
tween the lines, the train schedules of different lines are in-
dependent of each other. Because loop routing is usually
used in urban rail transit systems, the train schedules of up-
bound train and down-bound train of the same line are close-
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ly associated with each other. For each line, after the train
schedule in one direction within the coordination time period
is set, the schedule of the trains in the other direction is also
determined. Hence, in this paper the objects of train connec-
tion optimization were restricted to one direction of each line
in the network; this direction is called the coordination direc-
tion. In this way, the decision variables of the optimization
model become the time intervals between ¢, and the depar-

ture time of the first train of various lines coordination direc-
tion within the network in I:to R tl].

The goal of train connection optimization is to achieve
rational connections of trains from different lines at the
transfer stations, thereby, reducing the cost of passengers’
transfer waiting times. Therefore, the objective function of
optimization model is the minimization of the total cost of
passengers’ transfer waiting times at all transfer stations in
the network.

4.2. The Cost Function Corresponding to the Transfer
Waiting Time

The transfer waiting time is the time interval between the
point when the passenger arrives at the platform of the con-
necting line and the point when the passenger boards the
connecting train. If the connecting train arrives just when the
passenger arrives at the platform of the connecting line, the
passenger’s transfer waiting time is 0; if the connecting train
has just departed, the passenger’s transfer waiting time is
close to the difference between the running interval of the
connecting train and time when the connecting train stops
at this particular transfer station. These are the two extremes
of the transfer status. The latter is the worst scenario for the
passenger, because the transfer waiting time is the longest;
however, the former scenario is not ideal either. A survey
has shown that when the transfer waiting time is less than
30s, the dissatisfaction degree of transfer passenger is rather
high [6]. The main reason for this is that a fixed connection
time creates psychological pressure of a potentially missed
connection on transfer passengers. This crisis is particularly
evident when the train running frequency is low. Thus, this
paper introduced the concept of a comfortable passenger
waiting time, which is the waiting time that satisfies the pas-
senger's psychological comfort. The optimal transfer status
refers to a situation in which the transfer waiting time exact-
ly equals the waiting time comfortable for the passenger.

Next, the cost function C(¢) corresponding to the trans-

fer waiting time will be established. The cost corresponding
to the waiting time comfortable for passengers is minimum;
the cost is increased when the transfer waiting time is greater
or smaller than the comfortable passenger waiting time. Thus
the following function is used (function plot shown in Fig.

(1):

C
CI—R—‘TXt, t < RT;
1
C(t)= c (1)
2 ><(t—RT), t>RT.
h  —-DT% —RT
con con
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t --- transfer waiting time, min;
RT --- comfortable passenger waiting time, min;

h_ --- running interval of the connecting train, min;

con

DT ---the time when the connecting train stops at the
transfer station a, min;

C,, C,---coefficients.

Time Cost C
G, ]
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
. /
G \ /
\ /
\ //
\ /
|/
\
\ /
\
\
\\v/
> t
a .. .
0 RT h, - DT, Transfer Waiting Time

Fig. (1). The cost function phase of transfer waiting time.

The ideal transfer status can be observed when the pas-
senger arrives at the platform of the connecting line, and the
connecting train is about to arrive at the same station. The
operation time from the train arriving at a station to a full
stop is about 40s. Hence, here the comfortable passenger
waiting time RT is recommended to be 0.67 min .

The values of coefficients C, and C, can be determined
by the passenger travel time value. The waiting time of 0
brings the passenger a certain psychological stress, which is
equivalent to the generation of a certain time cost, i.e. C,.

Here the value of the time the passenger spends on wait-
ing after having boarded the train is used to determine the
value of coefficient C,. Parameter C, describes the cost of
waiting time when the passenger misses the expected con-
necting train.

In public transportation, the value of the waiting time is
often determined relative to the value of the riding time [5].
The per unit riding time value is set to 1, denoting the value
of unit time that the passenger spends on the running train.
Then, the per unit value of time that the passenger spends on
the platform waiting for the train is set to 2.5, meaning that
the time cost of riding for 2.5min is equivalent to that of
waiting on the platform for 1min. If the worst transfer status
is observed, the passenger will wait for a period of about

h, — DT . In this case, the psychological anxiety of wait-

C

ing is enhanced, leading to increased time value; the per unit
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waiting time value in this case is set to 2.7 [5]. Compared to
waiting on the platform, a passenger waiting inside the train
is more comfortable, and the value of unit time spent on

waiting in the train is set to 2. Thus, C1=2DT “ and

C, =27 (hm - DT fm) were set in the study.

4.3. Mathematical Model

According to the above analyses, targeting the coordina-

tion time period [to ,tl], the following optimization model

for train connections at transfer stations in urban rail transit
networks was constructed:

minF(X):iiiiC(ti’j’s 093 )

i=l j=l s=

st. X=(5.%,L x,)x, €0k ~1]andy, € N 1<k<n )

2DT""{1—’"”(X)}, . (X)<RT; (4)

RT
ca,,, ()=
RT
2.7 X[HWJX (., (X)-RT) ¢, (X)2RT.
Where,

X is the decision variable. It is an n -dimensional vector
and nis the number of lines in the network (isolated lines
not included);

X, (1<k<n) is the time interval between ¢,and the de-
parture time of the first train of line k ’s coordination direc-

tion in the time period [to R tl], and x, is a natural number in

the interval [O h, — 1}, min;
h, is the running interval of line & , min;

Lo (X)is the transfer waiting time of the s th batch of

transfer passengers in the ;th transfer connection at the i th

transfer station in the time period [to ’[1]' Under the net-

work train schedules corresponding to X (min), a transfer
connection describes a transfer from up-bound/down-bound

of a feeder line to the up-bound/down-bound of a connecting
line

C(t[.‘jrY (X ))———the cost function corresponding to the

transfer waiting time ¢, i (X );

DT"/---the time when the connecting train stops in the

con

j th transfer connection at the i th transfer station;

h'/ ---the running interval of the connecting train in the

con

j th transfer connection at the i th transfer station;

V. ;.. ---the total number of the s th batch of transfer pas-

sengers in the jth transfer connection at the ith transfer
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station in the time period [to R tl]. It is estimated according to

the statistics of passenger volume in this time period at the
transfer station, and based on the assumption that within the
time window of statistics, the number of passengers in dif-
ferent batches wasthe same;

m ---the number of transfer stations in the network;
1, ---the number of transfer connections at the i th trans-
2
fer station; 7 = (an +nf) - (4nf +n ), where n/ and n/

represent the number of lines passing through and ending at
the i th transfer station.

g, ; —--the number of batches of passengers in the jth

transfer connection at the ith transfer station in the time

; . L—1 isJ
period [to ,tl], g = PR where /)] represents the run-
‘fee
ning interval of the feeder train in the jth transfer connec-
tion at the i th transfer station.

5. DESIGN OF THE OPTIMIZATION ALGORITHM
5.1. Methods for Solving the Optimization Model

In the optimization model, it is difficult to express map-
ping from the decision variable X to the transfer wait time

Lo (X ): X - Loy (X ) using mathematical formulas.

Therefore, the model cannot be solved with traditional ana-
lytical methods.

Meanwhile, different element combinations of x, (

1<k <n) form the feasible region of X, and the number of

feasible solutions is expressed asHhk . This paper consid-
k=1

ered the currently operating Shanghai rail transit network as
an example. It contains 14 lines. In the simplest scenario, it
was assumed that the running intervals of all lines in the co-
ordination time period were Smin, then the number of feasi-
ble solutions reached 5" =6103515625. Thus, it is difficult
to simply apply an exhaustive search method to find the op-
timal solution. A heuristic algorithm is most commonly used
to solve this type of problem. Here a genetic algorithm has
been used to solve the optimization model.

5.2. The Steps of the Genetic Algorithm
The overall steps of the genetic algorithm are as follows:

1. The initial population is randomly generated to obtain
the first generation of individuals. Each individual is
represented as gene encoding of the chromosome.

2. The fitness of each individual is calculated.

3. The fitness, gene encoding and function value of the
individual with the maximum fitness in the current gen-
eration are all recorded.

Xuan and Yang

4. It is determined whether the condition for stopping evo-
lution is satisfied; if yes, then the calculation is stopped
here, otherwise the evolution continues.

5. Regenerating individuals are selected according to fit-
ness. Individuals with high fitness have a high probabil-
ity of being selected, whereas those with low fitness are
likely to be eliminated.

6. According to certain crossover probabilities and crosso-
ver methods, new individuals are generated.

7. According to certain mutation probabilities and mutation
methods, new individuals are generated. The new gener-
ation of population is thus obtained, and the loop returns
to step 2.

5.3. The Key to the Design of the Genetic Algorithm

5.3.1. Encoding and Decoding

The decision variable X in the optimization model is an
integer vector, and can be viewed as the phenotype of the
genetic algorithm. The mapping process from the phenotype
to the genotype involves encoding. This paper used binary
encoding to represent the individual's genotype. The specific
encoding and decoding methods are as follows.

One chromosome represents one combination of the in-
tervals between ¢, and the departure time of the first train of

n lines in [to ,tl].
Each chromosome can be divided into n segments; the

bit string in the & th (1<k < n) segment represents the time
interval between ¢, and the departure time of the first train

of line k ’s coordination direction in [to R tI:I. To encode the
bit string in the k th segment, a binary string encoding meth-
od for integer is used. Let integer x, € [O hy —1:| (I€k<n
). h, —1 is dissociated using the following algorithm:
ny=0;x=h-1;p=0
do p=p+1
n, =int[log, (x+1)]
x=x-2""+1 while x>0

The p integers n, ( j=12L ,p) generated from the
P

above algorithm satisfies 7, —122(2"’ —1]. Namely,
J=1

h,—1 is the sum of p binary numbers with digit number

n, (j:I,Z,L,p). Thus,x, can be represented by

p

i i ; _\N'pi_

(nl +n,+L + np) binary strings B,, ie, x, =Y B/ =
j=1

P

z (;.71b):,72L bg) , where, b is the binary bit of 0 or 1.
J J

j=l
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For example, if x, € [O ,5], after decomposing #, —1=35
, three integers {n, =2,n, =1,n, =1} are obtained, which
satisfy 5= (22 - 1)+ (2l —1)+ (2l —1). Thus, x, can be repre-
sented by four-digit binary strings B, = (bllb(;) (bo2 ) (bj),

3

3
namely X, =ZB{ =Z b’ b L bg)

J=1 J=1

From the above encoding method, the chromosome de-
coding method can be obtained. First, the chromosome is

divided into n segments. For Vk (k=1,2,L ,n) segment,

the binary digits (nl +n,+L +”p) are determined, and the

p binary numbers with the number of digits

n, ( j=12L, p) are then converted into decimal numbers.

Finally, the decimal numbers are added up to obtain x, .

For example, this paper considered an urban rail transit
network that contains four lines; the coordination time period
was11:00-12:00, and the running intervals of the four lines in
the time period were 6min, 7min, Smin and 7min. Chromo-
some “110111101010110” provided a feasible solution. It
was divided into 4 segments, and the number of digits in the
different segments was 4, 4, 3 and 4. Then the binary
number in each segment was dissociated to obtain “11 | 0 |
111 | 10][10 | 1]l01 | 10.” Then all the binary numbers
were converted into decimal numbers and added together,
obtaining x, =4, x, =5, x, =3, x, =3. Thus the departure
timings of the first train in the coordination direction enter-
ing the coordination time period were 11:04, 11:05, 11:03
and 11:03.

5.3.2. Constructing the Fitness Function

The fitness function is normally derived from the objec-
tive function, and needs to meet the basic condition of being
single-valued, continuous, non-negative and maximized [11].
Considering that the optimization model finds the minimum
value, and the value range of the objective function is

(0 ,+o<>), the fitness function can be set as the inverse of the

objective function, namely:

1

Fit (F (X)):[F (X)T (5)

The smaller the value of the objective function, the larger
is the corresponding fitness value, and the greater the proba-
bility of the individual gene to be passed on to the next gen-
eration. In addition, because the value of the objective func-
tion is generally not close to 0, the fitness value determined
by formula (5) does not show positive spillover. In the pro-
cess of calculating the objective function value according to
the phenotype of an individual with a certain chromosome,
two steps are needed.

The first step is to determine the network of train sched-
ules based on the decision variable X and the known basic
operation data of the trains. Two rules that need to be fol-
lowed during the calculation process are clarified as follows.
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First, if the locomotive use cycle is not an integer multi-
ple of train running intervals, the locomotive operation cycle
is enlarged by increasing the reentry time, so that the opera-
tion cycle becomes an integer multiple of the running inter-
vals. In this way, the train running intervals within the coor-
dination time period remain consistent.

Secondly, given one solution of X = (xl,xz,L X, ), from
X, it can be observed that the departure time of the first train

of line &k’ s coordination direction in [to , ZI:I s £, =1, +x,.

It can then be deduced that the departure time of the first

train of line k ’s non-coordination direction in I:to . tl] is:

’_ k
L, =tAx + +t —rXh (6)

travel reentry k

Where,

k

travel

t ---the travel time of the train of line k£ ’s coordina-

tion direction;

t -- the reentry time of trains of line k ’s coordina-

reentry -
tion direction; /, denotes the train running intervals of line k

t() + xk + trl:'avel reentry T 1
or= p Y |, representing the greatest posi-

k

f,+x, i+t

0 travel reentry

h

k

tive integer smaller than

The second step is to match the train pairs for each trans-
fer relation at all the transfer stations based on the network
train schedules, and to calculate the transfer waiting time of
the passengers for each train pair. Next, the corresponding
time cost is calculated, and finally all time costs are added to

obtain the objective function value F' (X )

5.3.3. Conditions for Stopping the Loop

In this paper, the following three conditions were used to
determine if the loop should be stopped.

1. The optimal solution remained unchanged in the genera-
tion GN_,, .

2. In one generation, the difference between the best fit-
ness and the worst fitness was smaller than F (%).

3. The greatest number of evolving generations was GN, .

5.3.4. The Selection, Crossover and Mutation Operators

5.3.4.1. The Selection Operator

In this study, fitness proportionate selection was used,
combined with tournament selection. Fitness proportionate
selection is the most basic selection method. The expected
number of selections for each individual is associated with
the ratio of its fitness value to the mean fitness value of the
population. This method is similar to the roulette wheel in a
casino. In tournament selection, before executing the selec-
tion operation, the individual with the highest fitness value in
the parent population is selected as the global best individu-
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Fig. (2). Partial map of the beijing rail transit network.

al. After completing the selection and crossover operations,
the best individual of the current population is selected as the
local best individual who is then compared to the global best
individual. The individual with the higher fitness value is
then selected as the current global best individual. After one
genetic operation is completed, the current global best indi-
vidual is used to replace the individual with the lowest fit-
ness value in the offspring generation.

5.3.4.2. The Crossover Operator

In this paper, uniform crossover was used in which each
location on the chromosome bit string was subjected to ran-
dom uniform crossovers with the same probability. The spe-
cific steps are as follows. For one pair of parent individuals,
whether the crossover operation needs to be executed is de-
termined according to the crossover probability p_ . If yes, a
0-1 mask of the same length as the individual is randomly
generated, and various segments of the mask determine
which parent provides value for the offspring individual in
the corresponding segments, and a new individual is thus
generated.

5.3.4.3. The Mutation Operator

The mutation operator is implemented by randomly re-
versing the binary string of a certain allele according to the
mutation probability p . Specifically, for a given chromo-
some bit string, s =a,a,L: a, , the operation is:

, |l—a, if x <
a ={ ;> Fxsp, iefl.2L L} (7)

i

a., otherwise

In this way, the new individual s'=a/a,’ L a,” is gener-
ated. x, is the uniform random variable corresponding to

each gene locus, x, € [0, 1:|.
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6. EXAMPLE

To verify the effectiveness of the model and the algo-
rithm, in the Win7 operating system, a program implement-
ing the genetic algorithm was written in Microsoft VB.NET.
Using this program, a simple network composed of Line 1,
Line 2, Line 5 and Line 13 in Beijing rail transit system (as
shown in Fig. 2) was subjected to the optimization of net-
work train operation charts for a certain time period (11:00-
12:00).

The basic network data involved in the algorithm (includ-
ing running times in the section, dwelling times in the sta-
tion, train running intervals, reentry times, transfer walking
times, the volume of transfer passengers, etc.) were set ac-
cording to the actual operational data of the Beijing rail
transit network. The running intervals for each line are
shown in Table 1. The values of other relevant parameters
are shown in Table 2.

Table 1. Train running intervals of each line (11:00-12:00).

Rail Transit Line Train Running Interval

No. 1 4min
No.2 Smin
No. 5 6min
No. 13 7min

For all lines, the coordination direction is set to be down-
bound. The results obtained after running the program are
shown in Table 3.

After optimization, the total cost of transfer wait times for
all the passengers in this rail network from 11:00-12:00 was
30789.66. However, according to the current daily train
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Table 2. Parameter assignment for the genetic algorithm.
RT N p c p m G]vmin GNmaLx }%
0.67min 50 0.5 0.01 50 200 1%
Table 3. Optimization results. an actual rail network was used as an example to verify the
effectiveness of the model and the algorithm. The proposed
L . The Departure Time of method can provide theoretical support and practical guid-
No of Line Direction of Line . . .. . . .
the First Train ance for the optimized preparation of train schedules (time-
Up-bound 11:04:00 tables). in urban rail transit networks. ThlS. hel_pedlln solving
No.1 the existing problem of the lack of coordination in the cur-
Down-bound 11:03:00 rent preparation of train schedules, and promoted the for-
mation of a good cooperative relationship between different
Up-bound 11:04:00 lines in terms of passenger transfers within the rail network.
No2 In the future studies, we will consider train delays in order
Down-bound 11:00:00 . N . .
to improve the reliability of optimization results of train
Up-bound 11:05:10 connection.
No.5
D -bound 11:05:00
oot CONFLICT OF INTEREST
No.l3 Up-bound 11:00:30 The authors confirm that this article content has no con-
Down-bound 11:05:00 flict of interest.
The Value of the Objective Function 30789.66

schedules, the value of the objective function is 35633.23.
Therefore, using the model and the algorithm proposed in the
present paper for the optimization of the network train
schedules, the value of the objective function was reduced by
13.59%. Thus, it is proven that the method proposed in this
study is effective.

Because this example only includes 4 lines, the number
of feasible solutions is 360; it would be practical to apply the
exhaustive search method to obtain the optimal solution. A
program implementing the exhaustive search method was
then written in Microsoft VB.NET. It was found that the
optimal result obtained using the exhaustive search algo-
rithm was the same as that obtained using the genetic algo-
rithm. Hence it is proven that the genetic algorithm proposed
in this paper is feasible and effective in solving the optimiza-
tion model.

CONCLUSION

In order to improve the passenger service level of urban
rail transit systems under the condition of network operation,
the operation management department should coordinate and
optimize the network train schedules according to the char-
acteristics of passenger demands in the rail network, promot-
ing rational connection between different lines at the transfer
stations. This paper considered the psychology of passenger
waiting into consideration and constructed the cost function
of transfer wait times. On the basis of meeting the actual
transfer passenger demand, this study proposed an optimiza-
tion model for train connections at transfer stations in urban
rail transit networks, so that benign interactions between the
train flow and passenger flow can be established. In addition,
a genetic algorithm was designed to solve the model. Finally,
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