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Abstract The express/local mode of municipal rail transit 
provides passengers with multiple alternatives to achieve 
more efficient and superior travel, in contrast to the conven-
tional all-stop operation mode. However, the various route 
choices (including direct express trains, direct local trains, or 
transfers) covering different passenger groups pose a signifi-
cant challenge to passenger flow assignment. To understand 
route choice behavior, it is crucial to measure the passenger 
heterogeneity (variability in individual and trip attributes) 
in order to propose targeted solutions for operation schemes 
and service planning. This paper proposes a hybrid model 
by integrating structural equation modeling and the mixed 
logit model under express/local mode to estimate the impact 
of passenger heterogeneity on route choice. An empirical 
study with revealed preference and stated preference surveys 
carried out in Shanghai revealed how individual and trip 
attributes  quantitatively impact the sensitivity of factors in 
route choice. The results show that age and trip purpose are 
more significant factors. Compared to the control group, the 
probability of express trains is reduced by 10.22% for the 
elderly and by 11.36% for non-commuters. Our findings can 

provide support for more reasonable operation schemes and 
more targeted services.

Keywords Municipal rail transit · Route choice 
behavior · Express/local mode · Passenger sensitivity · 
Passenger heterogeneity

1 Introduction

The increasingly close connection between downtown and 
surrounding suburbs has resulted in a large-scale suburban 
passenger population who urgently need direct and express 
public transportation. Compared to traditional rail transit, 
municipal rail transit has the advantages of faster speed, 
larger capacity, and improved accessibility, and is widely 
adopted around the world, such as the Réseau Express 
Régional (RER) in Paris and the Bay Area Rapid Transit 
(BART) in San Francisco [1]. To adapt to the more diverse 
travel needs of suburban passengers [2, 3], municipal rail 
transit has adopted the express and local train mode, that is, 
the local train stops at each station along the line, while the 
express train only stops at selected stations [4]. The express 
and local train modes provide passengers with greater route 
choices, but complicate the analysis of route choice behavior.

At present, most studies on passenger route choice behav-
ior under the express and local train modes are based on the 
generalized cost model in traditional rail transit scenarios 
[5–9], considering objective factors such as waiting time, 
travel time, and number of transfers. Teng et al. [1] intro-
duced passenger sensitivity to several objective factors, but 
the use of fixed sensitivity coefficients hindered the explana-
tion of passengers’ various route choices. Passengers’ het-
erogeneous route choice under the express and local train 
mode has not been given enough attention.
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To fill this gap, this paper explores route choice behavior 
under express and local train modes by introducing passen-
gers’ attributes and considering the impact of time sensi-
tivity, convenience sensitivity, and comfort sensitivity on 
route choice decisions. By integrating structural equation 
modeling (SEM) and the mixed logit (ML) model, this paper 
proposes a hybrid model to estimate the impact of multiple 
factors (individual attributes, trip attributes) on route choice 
(express direct train, local direct train, and transfer trains), 
which provides a reference base for optimizing operation 
schemes and service modes.

The rest of the paper is organized as follows: First, we 
review previous studies on route choice behavior to identify 
the research gap under the express and local train modes. We 
then analyze the factors that affect passengers’ route choice 
behavior and conduct stated preference (SP) and revealed 
preference (RP) surveys. From this, we propose a hybrid 
model for route choice under express and local mode intro-
ducing time sensitivity, convenience sensitivity, and comfort 
sensitivity to regulate the passengers’ perceived travel cost. 
Finally, we examine a case study conducted on the Shang-
hai municipal rail and conclude with suggestions for future 
research.

2  Literature Review

The study focuses on passenger route choice behavior with 
express and local trains, with the literature review containing 
two parts: generalized travel cost function and route choice 
behavior considering passenger individual attribute and trip 
attribute heterogeneity.

2.1  Generalized Travel Cost Function

Researchers have established the generalized travel cost 
function with various factors and chosen the route with the 
lowest travel cost to solve the route choice problem [10, 11]. 
Generally, the factors can be categorized into objective fac-
tors and perceived factors (not directly quantifiable).

Travel time as an objective factor is the most important 
factor considered by passengers [12], and can be further 
divided into waiting time, riding time, and transfer time 
[13, 14]. Waiting time is usually defined as an average or 
an estimate [15, 16], and passenger arrival time in general 
is assumed as a uniform distribution [17–19]. Under this 
assumption, Si et al. [20] found that the waiting time is one 
half of the departure interval. Transfer time is related to 
transfer walking time, transfer waiting time, and the num-
ber of transfers.

Table 1 demonstrates a research comparison of route 
choice behavior under express and local train modes. Only 

objective factors have been considered in most previous 
studies of express and local train choice behavior. However, 
perceived factors that cannot be directly quantified, such as 
comfort, reliability, and convenience, can also affect pas-
sengers’ route choice. Pel et al. [21] found that perceived 
comfort is related to the availability of seats for passengers. 
Douglas and Karpouzis [22] found that crowded seating 
increased travel time costs by 17% on the Sydney railway. 
The study concluded that transfers can cause inconvenience 
[23]. Guo [24] and Cheng et al. [25] proposed the perceived 
transfer time to quantify its inconvenience. In terms of quan-
tifying perceived factors, researchers have typically used 
SEM to establish relationships between unobservable and 
observable variables. Walker [26] and Prato et al. [27, 28] 
established proxy variables for potential factors based on 
SEM and associated with the route choice model to obtain 
the potential factors that could be used.

Previous studies under express and local train mode have 
given little attention to selecting and quantifying perceived 
factors, whereas in reality, express and local train modes 
offer a wide range of differentiated travel options (direct 
express route, direct local route, and transfer route), making 
passenger perceived factors very significant.

2.2  Passenger Heterogeneity

Previous studies have found that the perceived factors in the 
travel cost function are not uniform, and are impacted by 
passenger heterogeneity. Lu et al. [29] suggested that differ-
ent types of passengers are more diverse in terms of route 
choice, so it is necessary to consider passenger heterogene-
ity. Kurauchi et al. [30] found that the differences in passen-
ger sensitivity to transfer time and waiting time were related 
to passenger individual attributes. Liu et al. [31] found that 
passenger individual heterogeneity (including age, gender, 
career, and income) and travel heterogeneity (including pur-
pose, distance) could affect passenger choice preferences. 
Abouzeid et al. [32] investigated the relationship between 
passengers’ income and their attitude towards travel. Zhao 
et al. [33] compared the multinomial logit (MNL) model, not 
considering passenger heterogeneity, with the ML model, 
considering passenger heterogeneity, and found a better fit 
with the latter. Liu and Hao [34] found that the sensitivity 
of riding time was correlated with passengers’ individual 
attributes.

Since municipal rail transit passengers have both long-
distance and short-distance travel  characteristics, the pas-
senger flow composition is more complex than that of tradi-
tional rail transit. Differences in individual and trip attributes 
contribute to differences in passenger perceptions of objec-
tive factors. However, passenger heterogeneity is usually not 
emphasized in route choice behavior studies under express 
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and local train modes [5–9]. Thus, it is necessary to discuss 
the effect of individual heterogeneity on route choice.

From the perspective of the route choice model, based 
on the analysis of factors in route choice and discrete choice 
theory, Cascetta et al. [35] introduced random utility theory 
in the evaluation of travel routes. The most common applica-
tion in route choice research is the MNL model [36], but this 
model has two important assumptions: One is that variables 
are independent and identically distributed (IID), assuming 
that the coefficient terms of the utility function are the same 
for all passengers, which means that passenger heterogene-
ity cannot be expressed [37]. The other is the assumption of 
independence of irrelevant alternatives (IIA), which means 
that the alternative paths are independent of each other [38]. 
These assumptions cause the MNL model to fail to effec-
tively reflect the passenger heterogeneity and route utility 
correlation under express and local train modes. As shown 
in Table 1, most choice behavior studies under express and 
local train modes use the MNL model. Researchers have 
proposed other models such as C-logit, cross-nested logit, 
and path size logit (PSL) models [39–41] to solve the IIA 
assumption, and Teng et al. [1] applied an improved C-logit 
model to route choice study under express and local train 

mode. However, passenger heterogeneity remains neglected, 
with the utility differences caused by passengers’ individual 
and trip attributes not reflected in the travel cost function. 
The ML model provides a powerful framework to account 
for unobserved heterogeneity in discrete choice models 
[42]. Unlike the MNL model, the ML model relaxes the IID 
assumption of a random error term and allows the param-
eters to vary randomly between individuals. The heteroge-
neity of individuals can be better studied by carving out 
the heterogeneity of individuals through the distribution of 
model parameters (mean, standard deviation).

From the perspective of case analysis, as shown in 
Table 1, some researchers have conducted case studies based 
on experimental scenarios [7–9]. Teng et al. [1] and Tang 
et al. [43] used real scenarios, but used parameters of the 
route choice model from the paper by Si et al. [20], which 
studied passengers’ behavior under the traditional railway 
network rather than express/local train mode. Conducting 
surveys based on a real scenario could enable a more in-
depth investigation of the characteristics of express/local 
train route choice behavior, which has not yet been fully 
studied.

Table 1  Comparison of research on route choice behavior in express/local train mode

Reference Travel impedance factors Model Case scenario Survey

Teng et al. [1] (1) Riding time
(2) Crowding degree
(3) Waiting time
(4) Transfer time

Improved C-logit Real (Guangzhou, Metro Line 18) No

Tang and Xu [6] (1) Average waiting time
(2) Riding time
(3) Crowding degree
(4) Transfer time

Bi-level programming Real (Shanghai Metro Line 16) No

Di and Yang [7] (1) Waiting time
(2) Riding time
(3) Crowding degree
(4) Travel demand

MNL Experimental No

Xie et al. [8] (1) Waiting time
(2) Riding time
(3) Walking time
(4) Comfort of walking
(5) Number of passengers

MNL Experimental Yes (SP survey)

Zhao et al. [9] (1) Waiting time
(2) Riding time
(3) Transfer time

MNL Experimental No

Tang and Xu [43] (1) Waiting time
(2) Riding time
(3) Transfer time

MNL Experimental No

This study (1) Riding time
(2) Crowding degree
(3) Waiting time
(4) Transfer time
**Time sensitivity
**Convenience sensitivity
**Comfort sensitivity

Hybrid (SEM-ML) Real (Shanghai Metro Line 16) Yes (RP-SP survey)
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3  Summary

In summary, in terms of modeling and case analysis, few 
previous studies have considered passenger heterogeneity in 
express/local train mode, especially in real-case scenarios. 
This study seeks to address this gap by employing RP-SP 
survey methods to investigate passenger route choice pref-
erences in a real-case scenario in Shanghai. We propose a 
hybrid model incorporating SEM and the ML model. The 
former reveals the relationship between passengers’ indi-
vidual attributes, trip attributes, and perceived utility (time 
sensitivity, convenience sensitivity, and comfort sensitivity). 
The latter considers passenger heterogeneity in the route 
choice model, so as to provide a more comprehensive under-
standing of the route choice behavior under the express/local 
train mode.

4  Methodology

As shown in Fig. 1, this paper proposes a research frame-
work for passenger route choice under express and local 
modes considering passenger heterogeneity. The RP-SP 

survey is used to acquire passengers’ attributes and route 
choice data. Through SEM, the paper constructs the relation-
ship between passenger heterogeneity and time sensitivity, 
convenience sensitivity, and comfort sensitivity, which affect 
the generalized travel cost. By proposing a hybrid model, 
the paper addresses the passenger route choice probability 
considering individual attributes and trip attributes, provid-
ing targeted policy suggestions for operation schemes and 
service modes.

4.1  Problem Description

Under the express/local train mode, to better provide effi-
cient travel for suburban passengers, there are express trains 
that only stop at selected stations. These selected stations are 
defined as express train stations; otherwise, the other sta-
tions that express trains skip are referred to as local train sta-
tions. The detailed running routes of express and local trains 
are displayed in Fig. 2. The local train station is marked 
as si , and the corresponding express train station is marked 
as qi , where i(i = 1, 2, ..., m) is the station number. A no-
weight link arc between si and qi is shown by the dotted line, 

Fig. 1  Research framework
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indicating the common line relationship between express 
and local train operation.

The route choice set depends on the origin and destina-
tion of passengers’ trips. According to the attributes of the 
origin and destination stations, passengers are classified into 
four types. As shown in Fig. 3, Pe,e represents the origin and 
destination points are both express stations; Pe,l represents 
the origin and destination points are express and local sta-
tions, respectively; Pl,e represents the origin and destination 
points are local and express stations, respectively; and  Pl,l 
represents the origin and destination points are both local 
stations. Based on the type of passengers, they have vari-
ous route choice sets. Generally, only effective routes are 
considered in route choice studies, which are more likely to 
be chosen by passengers based on the travel cost function. 
Efficient routes have been filtered and shown in Table 2.

The generalized travel cost is usually determined by rid-
ing time, waiting time, and transfer time, where a fixed sen-
sitivity coefficient is typically used for the weights of wait-
ing, riding, and transfer. Through the literature review and 
pre-survey, it was found that passengers with different indi-
vidual attributes (including gender, age, income, etc.) may 
have different levels of demand for travel time, convenience, 

and comfort, while different travel characteristics (including 
travel time, travel distance, etc.) may also affect the impor-
tance passengers place on different route choice factors, 
especially under express and local train modes.

Taking a municipal rail line in Shanghai as an example, 
an express train can save 36.23% of the travel time compared 
with a local train. Express trains have fewer stops and shorter 
travel time, local trains have more stops and longer travel 
time, and transfer trains have a number of stops in between 
but require additional waiting time for the transfer. These are 
all aspects that need to be considered in passengers’ route 
choice, and different passengers value them from different 
perspectives. Understanding the passengers’ choice tendency 
is an important guide to the programming of express and 
local trains (e.g., setting stops for express trains, and the fre-
quency of express and slow train departures). With a limited 
number of express trains in the future, this study could help 
to identify locations for express train stops, where passenger 
service could be greatly improved.

Considering passenger individual attribute heteroge-
neity and trip attribute heterogeneity, this paper focuses 
on the route choice behavior of passengers with different 
origins and destinations under different travel demands 

Fig. 2  Express and local train 
routes

Fig. 3  Classification of pas-
sengers

Table 2  Efficient routes for different types of passengers

Route choice Pe,e Pe,l Pl,e Pl,l

1 Express train Express train transfers to local train Local train Local train
2 Local train Local train Local train transfers to 

express train
Local train transfers to express 

train, and transfers to local 
train

3 Local train transfers to 
express train

Local train transfers to express train, and 
transfers to local train
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using a questionnaire survey. Based on the generalized 
travel cost model and SEM, we construct a hybrid model 
considering passenger heterogeneity to analyze the express 
and local train choice behavior.

4.2  Generalized Travel Cost Model

The generalized travel cost is defined as the cost paid by 
passengers in the travel process, a comprehensive utility 
consisting of various factors. Based on previous studies, 
objective factors of generalized travel cost including travel 
time, waiting time, and transfer time are used to construct 
the base generalized travel cost model. The notations 
including parameters and variables in the model are listed 
in Table 3. The following are some assumptions made in 
the model.

A. The ratio of express and local trains operating is 1:N 
(N > 1), and trains depart at equal intervals from the 
departure station.

B. The express train crosses the local train without stopping 
to reduce the impact on the passing capacity.

C. The arrival time of passengers obeys uniform distribu-
tion [17–19].

D. In the initial opening period, there is sufficient capacity 
on the municipal rail transit; therefore, the overcrowded 
situation is not considered in this paper [17].

(1) Riding time
Riding time consists of train running time and train stop-

ping time, among which train running time is usually 
relatively fixed. Referring to the network loading model 

Table 3  List of parameters and variables associated with the model

Notation Definition

Set:
I Set of sections on studied municipal rail transit line, section i ∈ I

S Set of stations on studied municipal rail transit line, station s ∈ S

K Set of transfer stations on studied municipal rail transit line, station k ∈ K

Rod Valid route set between origin station o and destination station d, route r ∈ R
od

Index:
o The origin station,o ∈ S

d The destination station,d ∈ S

Parameter:
a,b Adjustment factor in the calculation of crowding level
N The number of local trains in a studied cycle T
n The serial number of a train in a complete (N + 1) train departure cycle
nh The number of departure trains per unit time interval
Z The number of seats
c The approved number of passengers
ds Duration of stop at station s
tI Tracking interval time
ti Running time of the train in section i
T The minimum cycle period
T0 The departure interval of local trains at the starting station
�r

i
The correlation between section i and route r. When section i is on route r, �r

i
 = 1; otherwise, �r

i
 = 0

�r
S

The correlation between station s and route r. When station s is on route r, �r
S
 =1, otherwise, �r

S
 = 0

Variable:
T
od

r
Riding time of route r between origin station o and destination station d

qi Passenger flow in section i
Y
od

i.r
The crowding degree of route r between od in section i

W
od

s
The waiting time at station s

W
od

r
The waiting time of route r between origin station o and destination station d

h
od

k
The kth transfer time on travel route r between origin station o and destination station d

H
od

r
Transfer time of route r between origin station o and destination station d

C
od

r
The generalized travel cost model for the travel route r between origin station o and destination station d
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[44], passengers’ riding time can be calculated by the 
formula

The variable description of Eq. (1) has been elaborated by 
Teng et al. [1], with it not being the focus of this study.

(2) Crowding level
During the train ride, the level of train crowding has a great 

impact on the route choice of passengers. It is related 
to the authorized capacity, the number of seats in the 
train, and the actual passenger capacity. In this paper, 
the crowding coefficient is introduced to indicate the 
three cases of not crowded, moderately crowded, and 
very crowded. The section passenger flow qi(i ∈ I) and 
the number of departure trains per unit time interval nh 
can be used to calculate the average actual number of 
passengers carried by train qi∕nh . According to the size 
relationship between qi∕nh and the number of seats z 
and the approved number of passengers c , the crowding 
degree is divided into three cases for calculation.

(a) The average number of passengers carried per 
train is less than that of seats.

(b) The average number of passengers carried per 
train is more than that of seats but less than the 
approved number of passengers.

(c) The average number of passengers carried per 
train is more than the approved number of pas-
sengers.

The crowding degree is calculated by the formula [1]
The average of the crowding degree of the intervals through 

which the route passes is taken as the crowding degree 
is

Crowding is generally considered as a penalty factor for rid-
ing time, which can be formulated as follows:

(3) Waiting time
As local trains have the same stopping scheme, the depar-

ture intervals of different stations are the same as the 
originating station [43]. Passengers at local stations can 
only wait for local trains, and the average waiting time 
at this time is

(1)Tod
r

=
∑
i∈I

ti�
r
i
+

∑
s∈S

ds�
r
s
∀r ∈ Rod

(2)Yod
r

= Yod
i,r
, ∀r ∈ Rod, i ∈ I

(3)Tcrod
r

=
(
1 + Yod

r

)
Tod
r

∀r ∈ Rod

(4)Wod
s

=
1

2
T0

For the express station, it is unknown whether the following 
arriving train is express or local, and the waiting time 
for the next train not only is related to the departure fre-
quency of the line taken but also has a certain random-
ness. The waiting time can be formulated as follows, 
where P(l) is the probability of the next train being a 
local train, and P(e) is the probability of the next train 
being an express train

The waiting time of path r between origin station o and des-
tination station d can be summarized as

(4) Transfer time
Passenger transfer time consists of transfer walking time and 

transfer waiting time. Since express and local trains 
operate on the same line, the transfer walking time can 
be ignored, and the transfer waiting time is related to 
the type of train and departure interval.

In the case where the ratio of express and local trains studied 
in this paper is 1: N, T is the minimum cycle period, and 
T0 is the departure interval of local trains at the start-
ing station. The following schematic diagram shows 
the departure interval of express/local train operation.

According to the continuity relationship of the trains in 
Fig. 4, the single transfer time in different cases and 
transfer time of path r between origin station o and des-
tination station d are summarized as follows.

(5)Wod
s

=

⎧
⎪⎨⎪⎩

1

2
T0P(l) next local train

1

2
NT0P(e) next express train

(6)Wod
r

=
∑
s∈S

Wod
s

(7)

h
od
k

=

{
T0 Express train transfers to local train

(N − n + 2)T0 Local train transfers to express train

(8)Hod
r

=
∑
k∈K

hod
k

Fig. 4  Departure interval of express/local train operation
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Generally, the generalized travel cost model for the travel 
path r between the origin o and destination d consists of 
riding time, crowding level, waiting time and transfer time.

However, this base model cannot reflect the sensitivity of 
passenger attributes to each factor, which will be improved 
next by the questionnaire survey and hybrid model:

4.3  Structural Equation Modeling

In previous studies, the weight of each factor in the gen-
eralized travel cost function is generally chosen as a fixed 
value. In practice, however, differences in passenger indi-
vidual attributes and trip attributes may lead to different sen-
sitivities to factors, thus affecting the weight of that factor in 
the generalized cost function. This paper conducts SEM to 
explore the perceived heterogeneity of the factors affecting 
route choice by different travelers in different scenarios with 
the express/local mode.

SEM could explain the causal relationships among a set 
of latent variables and between explicit variables and latent 
variables. A complete SEM includes a measurement model 
and a structural model. The measurement model quantifies 
abstract potential variables by establishing the relation-
ship between potential variables and observed variables. 
Observed variables are selected with reference to previous 
studies, such as convenience sensitivity corresponding to 
transfer times [26] and comfort sensitivity correspond-
ing to crowding level [45]. The structural model is mainly 
used to explore the relationship between explicit and latent 
variables. In this problem, it is used to explore the relation-
ship between directly observable individual attributes, trip 
attributes, and perceived latent variables time sensitivity, 
convenience sensitivity, and comfort sensitivity. Individual 
attributes and trip attributes are obtained through RP ques-
tionnaires for variables such as gender, age, income, career, 
travel time, travel purpose, and travel distance, while time 
sensitivity, convenience sensitivity, and comfort sensitiv-
ity are estimated by scoring the corresponding aspects on 
a five-point Likert scale. The SEM framework is as follows 
(Fig. 5).

4.4  Hybrid Model

Unlike the commonly used MNL model, the ML model is 
able to fully characterize the heterogeneity in the traveler 
choice process by setting the parameters to be estimated as 
random parameters. Based on the quantification of latent 

(9)Cod
r

=
(
1 + Yod

r

)
Tod
r

+ Wod
r

+ Hod
r

∀r ∈ Rod

variables by SEM, the hybrid model is able to incorporate 
the three components of individual and trip attributes, pas-
sengers’ sensitivity considering heterogeneity, and route 
attributes into the analysis. The hybrid model is shown in 
Fig. 6.

Based on Eq. 10 and the hybrid framework, the travel cost 
model is formulated as follows:

where w1 , w2 , and w3 are the to-be-calibrated coefficients 
for riding and waiting time, transfer time, and crowding, 
respectively; Fr1 , Fr2 , and Fr3 are the to-be-calibrated coeffi-
cients for time sensitivity �1 , convenience sensitivity �2 , and 
comfort sensitivity �3 ; Xm is the individual or trip attribute; 
X1, X2, X3, and X4 represent gender, age, income, and travel 
purpose, respectively; Bm is the coefficient for individual or 
trip attribute; and B1, B2, B3, and B4 represent the coefficients 
for gender, age, income, and travel purpose, respectively.

4.5  Passenger Flow Distribution Calculation

The probability of route choice is calculated based on the 
generalized travel cost. The MNL model, which is often 
applied to passenger flow assignment, requires “absolute 
differences in utility” because of the IIA property [46], 
whereas in this problem, the express and local travel routes 
on municipal rail transit are closely related to each other. 
Teng et al. [1] found that using relative values of utility in 
the model can better present the dynamics of route choice:

where V
od

 is the average value of the combined utility of 
all valid paths between starting point o and ending point d.

The static flow assignment problem can be considered 
a fixed-point problem in nature [46], represented using 
x = F(x) . There exists a scheme equilibrium value x (mean-
ing passenger flow) on the path, and when the passenger 
flow solved at one step is entered into the algorithm, the 
passenger flow in the next step does not change, or the 
change is less than some threshold value. This means that 
the solution to this problem (i.e., the fixed point of exist-
ence) is found, i.e., the passenger flow x is entered into 
the iterative operator or the mapping function where the 
passenger flow is no longer changing.

The method of successive averages (MSA) algorithm 
flow is as follows (Fig. 7):

(10)

V
od

r
=

(
w
1
+ Fr

1
⋅ �

1

)
⋅

(
T
od

r
+ W

od

r

)
+

(
w
2
+ Fr

2
⋅ �

2

)
H

od

r

+

(
w
3
+ Fr

3
⋅ �

3

)
⋅ Y

od

r
T
od

r
+

M∑
m=1

B
m
⋅ X

m

(11)Pod
r

=
exp

�
�Vod

r
∕V

od
�

∑
r∈Rod

exp
�
�Vod

r
∕V

od
�
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Fig. 5  SEM framework

Fig. 6  Hybrid framework
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Solving steps:

(1) Determine the effective path between od pairs.
(2) In general, the total od demand corresponding to mul-

tiple paths in static passenger flow assignment is fixed, 
according to which the initial value of passenger flow 
of each path is set.

(3) Calculate the utility of the route based on the initial 
route passenger flow C(xn) , marked as y.

(4) Use the MSA algorithm to determine the search direc-
tion of the next cycle x:

(5) Substitute C(xn) into the logit model to calculate the 
new route choice probability, and multiply it by the od 
amount to obtain the new assigned passenger flow.

(6) To check whether the new assigned passenger flow is 
converged, the following methods can be used.

(12)xn+1 = xn +
1

n
(yn − xn)

If g(n) < e, complete and output the current passenger 
flow; otherwise, set n = n + 1 to repeat the fourth and fifth 
steps.

5  Study Area and Survey Design

5.1  Study Area

Municipal rail transit provides a fast and convenient con-
nection between urban centers and surrounding clusters. In 
this paper, a municipal rail line serving distant suburban 
groups in Shanghai is selected as the study area, operat-
ing both express trains and local trains. The line starts from 
Longyang Road Station in the north and ends at Dishui Lake 
Station in the south, with a total length of 58.96 km and 13 
stations with a station distance of 3 km or more. The station 
spacing is within the scope of the municipal rail transit line 
regulations, and the line has obvious characteristics of the 
municipal rail transit line.

Figure 8 shows the distribution of local train stations 
and express train stations in the study area, with arrows 

Fig. 7  MSA algorithm flow
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indicating the od stations where passengers depart and 
arrive.

Figure 9 shows the ridership of the municipal rail transit 
line on a weekday. On weekdays, the ridership of the study 
area exhibits a two-way peak curve with obvious morning 
and evening peaks, reflecting this line plays a critical role in 
passengers’ daily commute.

Figure 10 displays the production and attraction ridership 
at each station along the line. The volume of the station rid-
ership is represented by color and thermal radius, where the 
latter indicates the relative value of ridership between stations 
without absolute significance. It can be seen that the differ-
ence between the inbound and outbound passenger flow of 
each station is not significant, which means that the production 
and attraction of passenger flow of each station are balanced. 
The inbound and outbound passenger flow of Huinan, Zhou 
Pudong, Hesha Hangcheng, and Xinchang in the middle part 
of the line are larger, which indicates that the municipal rail 
transit line has to ensure the high frequency of short-distance 
and large-passenger traffic, but also to take into account the 
short time travel of long-distance and small-passenger traffic.

Fig. 8  Study area

Fig. 9  Ridership of case line on a weekday

Fig. 10  Station production ridership and attraction ridership heatmap
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5.2  Survey Design

The questionnaire consisted of four main parts: an RP sur-
vey on the most frequent trips, an SP survey on the choice 
of express and local trains, sensitivity perception survey, and 
participants’ demographic and socioeconomic characteristics.

The first part of the questionnaire is the basic information 
about the most frequent trip, including travel time, period, 
purpose, distance, and number of transfers. The second part 
consists of a set of express and local train choice experi-
ments. The SP questionnaire design includes four aspects: 
option design, attribute design, level design, and scenario 
design. In terms of the option design, for passenger types 
of different origin and destination stations, the express and 
local train riding options are set as express train only, local 
train only, express train to local train, and local train to 
express train. Because of the assumption in previous studies 
that passengers should not transfer more than once between 
express and local train routes [8], and the practical context 
of the case in this paper, passengers are considered to have 
at most one transfer in the option design. For the level design 
of each attribute, the questionnaire combines the actual level 
and floating range of each attribute, with time information 
referring to Shentong Metro and Gaode Map. For the sce-
nario design, an orthogonal experimental design is used to 
ensure sample representativeness. Table 4 shows the attrib-
utes and levels of the SP questionnaire.

The third part is about individual sensitivity perception, 
with measurement dimensions and content in Table 5. A 
five-point Likert scale is developed to assess passengers’ 
conformity levels in relation to time, transfer, and comfort 
sensitivity based on their daily travel experiences. The scale 
ranges from 1 (very nonconforming) to 5 (very conforming), 
with higher scores indicating greater conformity.

At the end of the questionnaire, respondents are asked to 
describe their sociodemographic profile (including gender, 
age, income, and career).

6  Results

6.1  Descriptive Analysis

We conducted the survey along Shanghai Metro Line 16, 
which has significant express and local train mode charac-
teristics, and collected a total of 550 questionnaires. The 
survey plan and design were supervised by Shanghai Shen-
tong Metro, and the questionnaire was released in August 
and September 2022 with the support of a professional sur-
vey company. For questionnaire quality, specific questions 
were set up to detect respondents’ concentration and consist-
ency. By checking the answering time and the answering 

logics, invalid answers were eliminated, and 502 (91.27%) 
were valid answers for analysis. Based on the principle of 
orthogonal design, 48 scenarios were generated for the SP 
survey using JMP statistical analysis software. To ensure 
respondents’ focus, we divided the 48 scenarios into three 
groups, each containing 16 orthogonal scenarios.

Calculating an appropriate sample size is a crucial step 
in conducting formal surveys. An excessively large sample 
size can increase survey costs and subsequent data pro-
cessing workload, while a sample size that is too small can 
result in reduced representativeness and an inability to fully 
reflect data characteristics. From a statistical perspective, the 
rationality of sample size selection is mainly based on two 
indicators: confidence level and allowable error. The sample 
size estimated by the random sample method is typically 
used in surveys conducted through random sampling. The 
calculation formula is as follows:

In the formula, Z represents the statistical value corre-
sponding to the confidence level; p represents the stand-
ard deviation, which is generally 0.5; and E represents the 
relative allowable error range for sampling. When the con-
fidence level is 95%, Z is 1.96, the p value is 0.5, and the E 
value is 5%; the sample size should be no less than 385. The 
sample size in this article meets the standard. Participants’ 
demographic and socioeconomic characteristics are shown 
in Table 6.

To test the representativeness of the sample of this 
survey, we combined Shanghai population census data, 
Shanghai Line 16 passenger flow data, and the results of 

(13)n ≥
Z2p(1 − p)

E2

Table 4  The attributes and levels of the SP questionnaire

Attribute Level Meaning

Travel purpose 1
0

Commuter travel
Non-commuter travel

Riding time 71 min, 44 min, 54 min
48 min, 32 min

Local, express, local–
express route

Local, express–local 
route

(based on Shentong 
Metro and Gaode 
Map)

Waiting time 2 min, 8 min, 12 min
Transfer times 1

0
Direct route
Transfer route

Crowding degree 3 people/m2

6 people/m2

10 people/m2

Have seats and not 
crowded

No seats and a little 
crowded

No seats and very 
crowded
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a related survey [25], which was approved by Tongji Uni-
versity, to test the sampling structure. This related survey 
limits the respondents to those who are familiar with the 
Shanghai Metro, which is an important reference for this 
questionnaire.

(1) Gender structure: According to the Seventh National 
Population Census of Shanghai, 51.8% of the city’s 
resident population is male, and 48.2% is female. 
According to the reference investigation in Shanghai, 
the percentage of male and female metro passengers 
is 47.30% and 52.70%, respectively [25]. The gender 
structure of our questionnaire is similar to the above.

(2) Age structure: According to the reference investiga-
tion in Shanghai, metro passengers under the age of 
18, 18–40, 41–60, and over the age of 60 account for 
2.53%, 83.71%, 12.87%, and 0.89%, respectively [25]. 
The age structure of our questionnaire is similar to the 
above.

(3) Travel time period: The peak hour factor for line pas-
senger volume is the ratio of peak hour line passenger 
volume to the total full-day line passenger volume, 
reflecting overall travel time period characteristics. The 
peak hour factor in the related survey is 46.32%, differ-
ing very little from 48.17% in ours.

From the perspective of gender, the proportion of male 
and female respondents is relatively balanced. In terms 
of age, the age distribution is 18–30 and 31–40 years old, 
and most of them are young and middle-aged passengers. 
The majority of people have income of 5001–10,000, 
10,001–20,000, or more than 20,000 per month, and the 
number of people is evenly distributed across the three cat-
egories. The reason for using rail transit among respondents 
is mainly for commuting, and the travel period is greater in 
the morning peak.

Table 5  Measurement dimensions and content

Classification Item Question content

Time sensitivity A1 I am very strict about arrival time
A2 To get to the destination faster, I would rather take two more transfers
A3 To get to the destination faster, I would rather endure the crowd during the whole trip

Convenience sensitivity A4 I can’t stand walking for 5 min during the transfer
A5 I can’t stand more than two transfers
A6 I can’t stand that I have to exit the station and re-enter the station after the security 

check when transferring
Comfort sensitivity A7 If there is no seat on the train, I will wait for the next one

A8 If it is too crowded to stand on the train, I will wait for the next one
A9 I have very high requirements for comfort

Others A10 The shorter the travel distance, the less I want to wait for express trains
A11 The shorter the travel distance, the less I care about the crowding of the train

Table 6  Participants’ demographic and socioeconomic characteris-
tics

Categorical variable Category Frequency %

Gender Male 244 48.61
Female 258 51.39

Age (years) < 18 6 1.20
18–30 208 41.43
31–40 203 40.44
41–50 67 13.35
51–60 10 1.99
> 60 8 1.59

Income per month < 5000 37 7.37
5001–10,000 172 34.26
10,001–20,000 174 34.66
20,001–30,000 103 20.52
> 30,000 16 3.19

Career Government units 45 8.96
Enterprise staff 385 76.69
Students 38 7.57
Self-employed entre-

preneurs
34 6.77

Travel purpose Commuting 380 75.7
Shopping 26 5.18
Business 29 5.78
Visits and travel 58 11.55
Other 9 1.79

Travel period Peak time 379 75.5
Other 123 24.5

Travel time 0–30 min 153 30.48
30–60 min 297 59.16
60–90 min 40 7.97
Over 90 min 12 2.39
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6.2  Reliability test analysis

(1) Reliability and validity
As for the reliability test, the most common method of reli-

ability testing is based on internal consistency coef-
ficients, mainly based on Cronbach’s coefficient � . 
Generally speaking, the overall coefficient should 
preferably be above 0.8, and between 0.7 and 0.8 is 
acceptable, while the reliability coefficient of subscales 
should preferably be above 0.7, and between 0.6 and 
0.7 is acceptable.

where K2 is the number of questions on the scale, Si
2 is the 

variance of the ith question, and S2 is the total vari-
ance within the scale. The Cronbach coefficients for 
the three dimensions including time sensitivity, con-
venience sensitivity, and comfort sensitivity are 0.62, 
0.71, and 0.78, respectively, passing the reliability test.

The validity test is generally based on the Kaiser–Meyer–
Olkin (KMO) measure and Bartlett’s spherical test. A 
KMO value greater than 0.6 and a p-value less than or 
equal to 0.05 for Bartlett’s spherical test indicate that 
the scale is suitable for factor analysis and can effec-
tively measure the target (Table 7).

(2) Factor analysis
Because of the lack of a common standard for route choice 

sensitivity index with the express and local trains, 
exploratory factor analysis is applied to verify the 
appropriateness of each latent variable with its meas-
urement index. By using principal component analy-
sis to select the factors, the factors with eigenvalues 
greater than 1 are extracted, which are time sensitivity, 
convenience sensitivity, and comfort sensitivity. For 
all factor loadings above 0.7, indicating valid meas-
urement topics for each latent variable, rotated load 
matrices are shown in Table 8.

(3) SEM parameter calibration
Specifically, there is a strong correlation between period and 

purpose, such as the peak hour travel purpose being 
mainly commuting, and only the travel purpose is 
retained in SEM. In addition, three sets of covariates 

(14)� =
K

K − 1

�
1 −

∑
S2
i

S2

�

are added between age, income, and travel purpose, as 
shown in Fig. 5. The evaluation indicators indicate that 
SEM passes the test (Table 9).

We quantify the latent variables based on the relationship 
between the latent variables and the observed variables in 
the results of SEM. After normalizing the path factor load-
ings between the latent and observed variables, the quan-
titative results for each latent variable (time sensitivity �1 , 
convenience sensitivity �2 , and comfort sensitivity �3 ) are 
as follows.

The standardized parameter results are shown in Table 10.
The relationship between individual attributes and sen-

sibilities can be reflected by the standard path coefficient 
values. For example, the standardized path coefficient value 
of age for time sensitivity is less than zero, while conveni-
ence sensitivity and comfort sensitivity are over zero, thus 
indicating that older people tend to have higher requirements 
for convenience and comfort level, but not time sensitiv-
ity. For every age level increase, time sensitivity decreases 
by 0.078, convenience sensitivity increases by 0.169, and 
comfort sensitivity increases by 0.126. Table 10 reflects and 
quantifies the relationship between the effect of individual 
attributes, trip attributes, and factor sensitivities, which is 
crucial for constructing a route travel cost function taking 
heterogeneity into account. Furthermore, we establish the 
interplay between these factors and sensitivity, which can 
provide insights into the preferences of distinct passenger 
groups in selecting express and local trains across various 
travel contexts.

(15)

�1 = 0.26 ⋅ A1 + 0.25 ⋅ A2 + 0.49 ⋅ A3

�2 = 0.30 ⋅ A4 + 0.37 ⋅ A5 + 0.33 ⋅ A6

�3 = 0.36 ⋅ A7 + 0.32 ⋅ A8 + 0.32 ⋅ A9

Table 7  KMO and Bartlett’s test

KMO measure of sampling adequacy 0.762

Bartlett’ s test of sphericity Approximate chi-
square

1110.748

df 36
Sig. 0.000

Table 8  Rotated component matrix

Time sensitivity Convenience 
sensitivity

Comfort sensitivity

A1 0.741 0.163 − 0.195
A2 0.818 − 0.272 − 0.139
A3 0.753 0.006 − 0.234
A4 0.079 0.721 0.223
A5 − 0.136 0.855 0.015
A6 − 0.017 0.775 0.046
A7 − 0.065 0.070 0.857
A8 − 0.088 0.134 0.795
A9 − 0.199 0.124 0.758
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6.3  Hybrid Model Estimates

Based on the survey data, combined with the results of the 
SEM, the passengers’ sensitivity is added to the coefficients 
of riding time, transfer time, and comfort of the utility equa-
tion to study the heterogeneity of passengers. The results of 
the discrete choice model parameter calibration are shown 
in Table 11.

In Table 11,  NsB2 and  NsB4 are the standard deviations 
of age and trip purpose. Since the mean and standard devia-
tion of age and trip purpose are significant, B2 and B4 are the 
random parameters in the model.

To verify the explanatory power of the model, the MNL 
model and ML model are used as base models. For the same 
choice problem, the different models are comparable to each 
other [47]. The log-likelihood function value and Akaike 
information criterion (AIC) are shown in Table 12. The 
hybrid model has smaller absolute value of log-likelihood 
and smaller value of AIC, indicating that the model fits sig-
nificantly better. Moreover, the mean and standard deviation 

Table 9  Evaluation indicator 
value

Fitness indicator Adaptation standard Model indicator

Chi-square/df < 5 2.923
Goodness-of-fit index (GFI) > 0.9 0.922
Root mean square error of approximation (RMSEA) < 0.05 0.042
Comparative fit index (CFI) > 0.9 0.921
Parsimony goodness-of-fit index (PGFI) > 0.5 0.735

Table 10  Standardized parameter results

Path relation Direction Standardized 
parameters

Gender → Time sensitivity Forward 0.024
Gender → Convenience sensitivity Backward − 0.026
Gender → Comfort sensitivity Backward − 0.083
Age → Time sensitivity Backward − 0.078
Age → Convenience sensitivity Forward 0.169
Age → Comfort sensitivity Forward 0.126
Income → Time sensitivity Forward 0.022
Income → Convenience sensitivity Forward 0.039
Income → Comfort sensitivity Forward 0.027
Purpose → Time sensitivity Forward 0.283
Purpose → Convenience sensitivity Forward 0.103
Purpose → Comfort sensitivity Backward −0.208

Table 11  Hybrid model parameter calibration results

*, **, *** indicate significance at 10%, 5%, and 1% confidence levels, respectively. Parameters relate to Eq. 11

Variable Coefficient Coefficient value Standard error z Prob. |z| > Z* 95% Confidence 
interval

Random parameters in utility functions
Age B2 0.0819** 0.0377 2.17 0.0299 0.0080 0.1558
Purpose B4 −1.1753*** 0.0523 −22.46 0.0000 −1.2778 −1.0727
Nonrandom parameters in utility functions
Riding time w1 −0.0237** 0.0097 −2.43 0.0149 −0.0427 −0.0046
Waiting time w2 −0.2973*** 0.0780 −3.81 0.0001 −0.4502 −0.1444
Transfer time w3 −0.0428** 0.0351 −1.22 0.0228 −0.0442 −0.0413
Gender B1 0.0692 0.0526 1.32 0.1882 −0.0339 0.1724
Income B3 −0.1124** 0.0393 −2.86 0.0043 −0.1895 −0.0353
Time sensitivity Fr1 −0.0327** 0.0024 −1.35 0.0774 −0.0401 −0.0253
Convenience sensitivity Fr2 −0.1195** 0.0368 −3.25 0.0012 −0.1915 −0.0474
Comfort sensitivity Fr3 −0.0251** 0.0120 2.09 0.0363 −0.0486 −0.0016

Variable Coefficient Coefficient value Standard error z Prob. |z| > Z* 95% Confidence 
interval

Random parameters standard deviations, or limits of triangular distribution
– NsB2 0.2714** 0.1380 1.97 0.0491 0.0010 0.5418
– NsB4 1.1203*** 0.2744 4.08 0.0144 0.5825 1.6581
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of the random parameters (B2 and B4) are significant, indi-
cating that the model can portray passenger heterogeneity 
and has greater explanatory power.

6.4  Variable Effect Analysis

According to the type of origin and destination stations, 
three groups of cases are set up, corresponding to the scenar-
ios of the express station to express station, express station to 
local station, and local station to express station. There are 
more route options from express station to express station, 
as a case study for the following analysis.

The route choice probability and flow assignment results 
for passengers are calculated based on the hybrid model and 
MSA algorithm. Meanwhile, the results of the route choice 
probability for the baseline group are displayed in Table 13, 
where the average of each continuous variable and the value 
with the largest percentage of each categorical variable form 
its attributes.

Based on the relationship between the impact of differ-
ent individual attributes and trip attributes on sensitivity 
in Table 10, and the hybrid model calibration results, we 
compare the differences in the route choice probabilities 
of different characteristic groups, as shown in Table 14. A 

single-factor sensitivity analysis is conducted for age and 
income for several levels separately, as shown in Fig. 11.

(1) Gender
Gender affects the probability of route choice to a small 

degree, with males having a higher probability of route 
choice for local train transfers to express trains than 
females.

(2) Age
With increasing age, passengers’ sensitivity to comfort and 

convenience increases, while time sensitivity decreases. 
The young have a significantly higher preference for 
express trains and local train transfers to express trains 
than the elderly, with a difference of 10.22% in the 
probability of choosing express trains. The magnitude 
of the increase or decrease in probability grows pro-
gressively with increasing age. Eventually, the route 
choice probability in the elderly group shows a pattern 
of "medium probability express–medium probability 
local–low probability local transfer to express" with 
two principal and one auxiliary.

(3) Income
With increasing income, passengers’ probability of choos-

ing express trains increases, the probability of choosing 
local trains decreases, and the impact on the probabil-
ity of choosing transfers is small. As can be seen in 
Fig. 11, the growth rate of the probability of choosing 
express trains and the decrease rate of the probability 
of choosing local trains continue accelerating among 
high-income passengers. Eventually, the probabilities 
in the high-income group show a "high probability 
express–medium probability local transfer to express–
low probability local" stepped pattern.

(4) Purpose
As can be seen from the path normalization parameters 

between travel purpose and sensitivity in Table 10, 
travel purpose has a significant impact on sensitivity. 
Commuter passengers prioritize time and convenience, 
while non-commuter passengers value comfort as their 
primary concern. Compared with commuter passengers 
in the baseline group, non-commuter passengers have 
a significantly higher probability of local trains, with 
a gap of 10.96% and a growth rate of 54.37%, and a 

Table 12  Comparison between the base model and our hybrid model

Goodness of fit MNL ML Hybrid model

Log-likelihood −4668.2 −4416.0 −4389.1
AIC 9342.4 8846.0 8802.1

Table 13  Example calculation results

Gender = 0, age = 2, income = 2, purpose = 1, η1 = 3.48, η2 = 2.7, 
η3 = 2.92 (baseline group attributes)

Route 
choice

Riding 
time

Waiting 
time

Trans-
fer 
times

Crowding Probability 
(%)

Local 71 2 0 3 20.16
Express 44 8 0 9 49.58
Local–

express
54 12 1 6 30.26

Table 14  Calculation results 
for different passenger groups

Gender = 1; age = 5; income = 5; purpose = 0 (different passenger group attributes)

Route choice Baseline 
group (%)

Male (%) Elderly (%) High-income (%) Non-
com-
muter 
(%)

Local 20.16 17.80 34.92 12.21 31.12
Express 49.58 48.00 39.36 56.35 38.22
Local–express 30.26 34.20 26.01 31.44 30.66



Urban Rail Transit 

1 3

significantly lower probability of express trains, with 
a gap of 11.36% and a decline rate of 22.91%. Travel 
purpose shows strong passenger heterogeneity in the 
express and local route choice process.

(5) Travel distance
The analysis regarding the above four attributes is based 

on the hybrid model with fixed origin and destination 
stations for route choice. In the following, considering 
the effect of travel distance on preferences for express 
trains, the maximum time passengers wait for express 
trains is explored for different travel distances.

Case B: Express station to express station (Xinchang–Long-
yang Road)

Case C: Express station to express station (Luoshan Road–
Longyang Road)

In case B, when the distance is shortened to about 50% of the 
whole trip from Xinchang to Longyang Road, regres-
sion analysis is performed based on the maximum 
express train waiting time chosen by passengers and the 
corresponding choice probability. The cumulative fre-
quency distribution obtained is shown in Fig. 12a. This 
curve can be interpreted with the help of the concept 
of price sensitivity. The point where the curve grows at 
the maximum rate can be set as p. The maximum wait-
ing time for the express train has the most passengers 
in the small interval centered on p. As the waiting time 
increases, it gradually reaches the upper limit of pas-
sengers’ patience, thus abandoning the path of waiting 
for the express train due to the long waiting time.

Similarly, Fig. 12b shows the cumulative frequency distri-
bution of the express train waiting time for the case C 

scenario, with the distance reduced to about 20% of 
the whole trip.

In case B, more than 50% of passengers are willing to wait 
more than 4 min for the express train, while in case C, 
less than 20% of passengers are willing to wait more 
than 4 min for the express train.

According to the characteristics of the cumulative distribu-
tion curve of probability density, we try to test whether 
it is a normal distribution. In the case of a small sam-
ple size, the Shapiro–Wilk (S-W) test is usually used, 
and the obtained significance parameters are as follows 
(Table 15).

The significance test p-value is greater than 0.05, indicating 
that the data satisfy a normal distribution. From this, it 
can be obtained that the upper limit of passengers’ wait-
ing time for express trains obeys a normal distribution. 
The mean value of the normal distribution decreases 
as the traveling distance shortens. We can interpret this 
upper limit of waiting time as the passengers’ tolerance 
for waiting on express trains. The waiting tolerance of 
passengers increases as their travel distance lengthens. 
In other words, passengers who travel longer distances 
have a stronger desire to wait for the express train.

(6) Multi-attribute combination analysis
The distribution of group characteristics is strongly related to 

the type of station, with Station A located in a high-tech 
industrial area with a predominantly young commuter 
group, and Station B located in an old urban residential 
area with a predominantly older non-commuter group. 
Table 16 shows the route choice distribution character-
istics of the groups around the stations in this context. 
Analyzing the express and local train choice behavior 

Fig. 11  Sensitivity analysis of age and income
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based on the station type and the passenger type in the 
surrounding area is an important reference when setting 
up express train stops and the ratio of express and local 
train departures in different time periods.

By combining the od volume of Shanghai Metro passen-
ger flow with the probability of express and local train route 
choice, a passenger flow assignment algorithm is used to 
calculate the interval passenger flow for a given peak hour 
and off-peak hour. Table 17 presents the passenger flow 
results for several key intervals, finding that the hybrid 
model results are closer to the actual observations than the 
traditional MNL model.

Figure 13 shows the heat map of passenger flow corre-
sponding to the peak and off-peak hours, and it is found that 
"East Zhoupu–Luoshan Road" and "Heshahangcheng–East 
Zhoupu" are popular sections. Especially for these popular 
sections during the peak period, it is crucial to prioritize 

Fig. 12  Express waiting time cumulative frequency distribution: a Case B: Xinchang–Longyang Road, b Case C: Luoshan Road–Longyang 
Road

Table 15  S-W test significance parameters

Travel distance Statistics Significance

Moderate distance 0.870 0.266
Short distance 0.885 0.355

Table 16  Age and income 
sensitivity analysis

Station Group characteristics distribution Group route choice distribution

A

B
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sufficient transportation capacity and elevate service qual-
ity through operational plan adjustments or service facility 
upgrades.

7  Discussion

(1) Express station setting
Our analysis reveals that elderly passengers seek a conveni-

ent and comfortable travel experience. The elderly are 
almost twice as likely as the young to choose direct 
local trains. Routes including express trains (direct 
express trains, transfer express trains) are significantly 
less attractive to the elderly than to the young. Express 
station settings could be targeted towards stations 
where young commuters predominate.

Moreover, high-income passengers are more likely to pur-
sue a fast and comfortable travel experience. Passen-
gers in the high-income category are more likely to 
choose routes including express trains (direct express 
trains, transfer express trains). To better satisfy this 
type of travel need, municipal rail transit should focus 

on improving service quality. For example, providing 
value-added services by operating full-distance trains 
(with no stop) can help balance operating costs and 
ensure that the pricing strategies match the preferences 
of different passenger groups.

The heterogeneity of passengers is also impacted by the dif-
ferences in travel distance. The maximum waiting time 
for express trains is around 8–10 min for most passen-
gers. As the travel distance increases, the upper limit 
of passengers’ waiting time also gradually increases, 
indicating that long-distance passengers are more will-
ing to ride express trains. In the formulation of the stop 
plan for express trains, it is recommended that greater 
consideration be given to stations located near the two 
ends of the line. Such an approach can enhance the 
efficiency and attractiveness of express train services 
for long-distance commuters while still catering to the 
diverse travel needs of passengers.

(2) Express and local train operation scheme
During peak periods, with commuters’ travel demand for 

rapidity as the main focus, the frequency of express 
train departures can be increased while ensuring trans-

Table 17  Passenger flow 
distribution result verification

A: Huinan–Wild Animal Park, B: Wild Animal Park–Xinchang, C: Xinchang–East Hangtou, D: East 
Hangtou–Heshahangcheng, E: Heshahangcheng–East Zhoupu, F: East Zhoupu–Luoshan Road

Interval Peak period Off-peak period

MNL Hybrid Observations MNL Hybrid Observations

A 9485 9993 10,279 1825 1453 1588
B 9925 11,978 11,934 2031 1732 1863
C 12,054 14,485 14,018 2542 2135 2229
D 12,695 14,176 14,146 2684 2101 2255
E 16,486 17,544 17,739 2952 2438 2622
F 18,542 19,358 19,043 2568 2884 3002

Fig. 13  Heat map for interval passenger flow calculation (peak and off-peak hours)
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portation capacity. During off-peak periods, due to 
decreased ridership, the departure scale of express and 
local trains can be appropriately reduced. Mostly shop-
ping and leisure passengers or residents in the local 
living circle have minor differences in the probability 
of choosing each route type. The proportion of express 
trains can be reduced to save operating costs. Moreover, 
it is recommended that small-crossing trains covering 
commercial centers and that nearby residential areas 
be operated during off-peak period to meet non-com-
muters’ travel demand while reducing wasted capac-
ity on the entire length of the operation. Such changes 
may help to optimize the efficiency and effectiveness 
of transit services while still meeting the diverse travel 
needs of passengers.

(3) Transfer passenger service
Compared to other passenger age groups, young passen-

gers are less sensitive to transfers; however, they have 
increased sensitivity to transfers when commuting. This 
is most likely due to concerns about the uncertainty of 
the arrival of following trains, which creates potential 
travel cost. To heighten the transfer experience for pas-
sengers during peak hours, it is essential to provide 
accurate and timely transfer information for passengers 
to make proper route choice decisions. Making full use 
of information induction for municipal rail transit with 
express/local modes is very important.

8  Conclusion

This study investigated the effect of passengers’ heterogene-
ity on route choice behavior with express and local trains. 
Based on the RP and SP survey data, we proposed the hybrid 
model combining SEM and the ML model. It correlated the 
sensitivity of individual attributes, trip attributes, and key 
factors of route choice (time, comfort, and convenience) to 
support route choice probabilities for express and local trains 
considering heterogeneity. By exploring passenger choice 
behavior in terms of individual perception, this approach 
focused on various types of passenger preferences. The 
proposed model was applied to the municipal rail transit in 
Shanghai, providing practical and scientifically grounded 
insights for transit planners and policymakers. Main con-
clusions can be drawn according to the different types of 
passenger heterogeneity as follows:

(1) The individual attributes income and age, as well as 
trip attributes purpose and distance, have a significant 
effect on the sensitivity of factors in route choice. Pas-
senger heterogeneity does play a crucial role in their 
corresponding preferences for express and local trains.

(2) Trip purpose has the greatest impact on sensitivity 
among all attributes. The same group has a significantly 
higher preference for express trains when commuting, 
with an 11.36% gap in the probability of choosing 
express trains in this case.

(3) Compared to other individual attributes, age impacts 
sensitivity to a greater extent. The young have a sig-
nificantly higher preference for express trains than the 
elderly, with a difference of 10.22% in the probability 
of choosing express trains. Moreover, the young are 
less sensitive to transfers than the elderly; however, 
they have increased sensitivity to transfers when com-
muting.

(4) For most passengers, the maximum wait time for 
express trains is about 8–10 min. As the travel distance 
increases, the maximum time passengers wait for the 
express train gradually increases.

The hybrid model provides modeling and prediction for 
exploring the express and local train choice behavior of 
groups with different attributes. This paper provides sug-
gestions for express station settings, large and small cross-
ings, the ratio of express and local trains, and the operating 
frequency, which are the key elements of the municipal rail 
transit operation scheme. It helps to support passenger ser-
vices and adjust operation schemes to focus on different pas-
senger groups over time. This paper also provides a research 
basis and research ideas for rail transportation service supply 
and demand balance studies.

There are still several issues that need to be addressed 
in further work. Route choice behavior and train operation 
scheme interact with each other. Our research mainly focuses 
on refining passenger preferences to study route choice 
behavior, providing demand-side support for train operating 
schemes. How to take into account the relationship between 
supply and demand in formulating operation organization 
will be the focus of our further study.
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