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HIERARCHICAL PASSENGER HUB LOCATION
PROBLEM IN A MEGAREGION AREA CONSIDERING
SERVICE AVAILABILITY

ABSTRACT

The rapid growth of the intercity travel demand has
resulted in enormous pressure on the passenger trans-
portation network in a megaregion area. Optimally lo-
cating hubs and allocating demands to hubs influence the
effectiveness of a passenger transportation network. This
study develops a hierarchical passenger hub location
model considering the service availability of hierarchical
hubs. A mixed integer linear programming formulation
was developed to minimize the total cost of hub opera-
tion and transportation for multiple travel demands and
determine the proportion of passengers that access hubs
at each level. This model was implemented for the Wuhan
metropolitan area in four different scenarios to illustrate
the applicability of the model. Then, a sensitivity analysis
was performed to assess the impact of changing key pa-
rameters on the model results. The results are compared
to those of traditional models, and the findings demon-
strate the importance of considering hub choice behavior
in demand allocation.

KEYWORDS
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1. INTRODUCTION

Megaregions, which are highly integrated clus-
ters of cities, gradually form in the process of ur-
banization. In China, approximately three-quarters
(74%) of the population is concentrated in nineteen
current or emerging megaregions, and an addi-
tional 200 million migrants will move to cities by
2030. Thus, there is a pressing need for government
agencies to establish a more cost-effective passen-
ger transportation network to accommodate the

fast-growing intercity/interregional travel demand.
For example, an estimated 400 million intercity trips
were taken from Shanghai in 2017, a 30% increase
from the number taken in 2013. Moreover, the trips
within the Yangtze River Delta region account for
70% of those intercity trips from Shanghai. Unlike
an urban passenger transportation network, which
only meets the needs of intracity travel, a passenger
transportation network on the megaregional scale is
required to serve all levels of travel demand, such
as area-level, regional, and national travel. Further-
more, due to the competitive environment in the
passenger transportation market, passengers have a
choice to select the best services. Hence, the Chi-
nese government has formulated a series of policies
for constructing and developing a hierarchical pas-
senger transportation network to satisfy the multi-
ple demands of passengers. As the key facilities in
passenger transportation networks, passenger trans-
portation hubs serve as switching and distribution
points for megaregional travel from a set of origins
to a set of destinations. Therefore, well-located pas-
senger hubs are vital to the effectiveness of a hierar-
chical passenger transportation network.

Hierarchy is a significant characteristic of pas-
senger transportation networks since each level of
passenger transportation networks may provide
different services to meet the demand at different
geographical scales. From a supply-side perspec-
tive, each transportation mode has an optimal ser-
vice range for market coverage. For example, Wang
et al. [1] found that air transportation in China has
achieved a dominant position in intercity passenger
markets with average travel distance above 1280
km. However, the entry of high-speed rail leads
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to a reduction in air passenger volumes [2]. What
is more, rail transportation is considered the most
competitive public transportation mode for the
short-to-medium distance passenger market. The
spatial overlap of the service range leads to com-
petition between the two transportation modes. On
routes of approximately 1000 km and above, air
transportation can provide services that are avail-
able in rail transportation in a more efficient manner
(e.g., travel time from hub to hub) but with a high-
er cost (e.g., ticket price) [3]. From a demand-side
perspective, passenger needs can be satisfied by
different levels of passenger hubs. People are more
likely to choose the alternative with the highest at-
tractiveness rather than being assigned to only one
passenger hub. In previous studies on hub location
problems (HLPs), most researchers simply assumed
that each demand node receives services from the
nearest hub. In contrast, the hub choice of passen-
gers is based on a probability distribution, and pas-
sengers from different demand nodes will choose
different hubs with a certain probability, which is
related to the fare, travel time, distance, and even
environmental concerns. For this reason, decisions
regarding the location and level of hubs need to be
carefully planned.

In this paper, we present a hierarchical passen-
ger hub location model for megaregional passenger
transportation network design. This model consid-
ers a hierarchical passenger transportation network
for multilevel travel demands and the new service
availability type, and a logit discrete-choice model
is used to determine the proportion of passengers
that access the passenger hub depending on its own
utility. These considerations make the model re-
alistic in terms of describing the real behaviors of
passengers regarding the choice of passenger trans-
portation hubs. The objective function involves the
minimization of the total cost, including the access
cost, time spent on transit, and investment in plan-
ning. To the best of our knowledge, this is the first
paper that presents hub choice behaviors for a hier-
archical passenger transportation network consider-
ing service availability at the megaregional scale. As
a case study, the proposed model is implemented for
the Wuhan metropolitan area (WHM) located in the
eastern Hubei Province, Central China. The WHM
comprises nine cities and 36 counties. It should be
noted that the infrastructure investment cost and the
hierarchical travel demand spatially vary because of
regional differences in social and economic factors.

Different competitive degree among three transpor-
tation modes (intercity bus, railway, and air) are tak-
en into account in four scenarios. Modelling results
for the case study in different scenarios verify the
validity of the proposed model.

This paper is organized as follows. Section 2
discusses the literature related to HLPs. In the third
section, we describe a hierarchical passenger hub
location model for a megaregion. Then, we intro-
duce a case study involving the application of the
model to the WHM and present the results of the
proposed model. Finally, the conclusions and rec-
ommendations for future research directions are
briefly discussed in the last section.

2. LITERATURE REVIEW

HLPs have been successfully applied in many
subjects. Pasagi¢-Skrinjar et al. [4] described the lo-
cation problems of the city terminals on the logistic
network as hub location problems. Kim and Soh [5]
developed a P-median hub location model to deter-
mine optimal locations of school bus stops. Sarac et
al. [6] formulated a set covering location model on
the postal network of the public postal operator in
Serbia. Other examples of HLPs may include tele-
communication systems, computer networks, and
emergency services.

Research on HLPs involving transportation net-
works began with the pioneering work of O’Kelly
[7]. The first quadratic model for HLPs in an airline
network was presented by O’Kelly [8]. Since then,
there have been different types of HLPs. Campbell
[9] formulated a P-hub median model considering
different allocation mechanisms: single allocation
and multiple allocation. Moreover, he also present-
ed an integer programming formulation of unca-
pacitated hub location model [10]. Costa et al. [11]
proposed a bi-criteria approach to the capacitated
single allocation hub location problem. The com-
prehensive surveys of HLPs have been provided in
the literature [12].

Numerous studies have focused on the hier-
archical features of transportation networks. The
first work on hierarchical hub location problems
(HHLPs) was performed by Flynn and Ratick [13],
who formulated a multi-objective model consider-
ing the hierarchy of airline service levels. Current
[14] also considered two path levels (the primary
and secondary path) in a hierarchical network under
a minimum cost objective. O’Kelly and Lao [15]
developed a linear programming model for HHLPs
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with two hubs: one master hub that was connected
with all demand nodes and one mini-hub that only
served as a regional sorting center; moreover, this
was the first study to introduce the mode choice
concept in HLPs. In another work [16], an inter-
modal hub location approach was developed and
both railway and road transportation between nodes
were considered to minimize the total transportation
costs. Yu et al. [17] proposed a cluster-based hier-
archical location model for three-level transit hubs
(region level, area level and local level) to minimize
the demand-weighted total travel time. These stud-
ies focused on the location hubs at each level as well
as the allocation of demand nodes to these hubs.

One of the most important aspects of HHLPs is
considering the service availability of hierarchical
hubs, which encompasses the relationships among
various levels of hierarchy. There are two basic
types of service availability: nested hierarchy and
non-nested hierarchy. In a nested hierarchy, a high-
er-level hub provides all the services available at a
lower-level hub. In a non-nested hierarchy, hubs at
each level offer different services [18]. The level
of the transportation hub determines the coverage
distance and the service type provided by the hub.
Most transportation systems are organized based
on nested service availability. Karimi et al. [19]
designed a capacitated hub median location prob-
lem with a nested hierarchical structure and used a
real-world dataset from the hub location problem
corresponding to the Iranian hub airport location. Li
et al. [20] described a hierarchical service network
with a nested structure and investigated a multi-pe-
riod hierarchical location problem for a transporta-
tion hub in an urban agglomeration area. Torkestani
etal. [21] designed nested and non-nested networks
in a capacitated hierarchical multimodal hub loca-
tion problem considering multiple periods in the
planning horizon.

Another important aspect of HHLPs that has
been traditionally overlooked is the allocation
strategy, resulting in the demand nodes needing
to be allocated to the hub nodes by the system de-
signers. In practice, however, passengers at a de-
mand node can choose different hub nodes within
a reasonable range according to their preferences.
Hence, the hub choice behavior of passengers is
considered in this study. Debrezion et al. [22] de-
veloped a nested logit model to explain choice be-
haviors concerning departure stations and access
modes for Dutch passengers. Wang and Qu [23]

investigated how commuters choose stations based
on the generalized cost considering the availability
of seats. Discrete-choice models are typically used
to formulate facility choice behaviors. There are
two important factors that affect hub choice: the ser-
vice availability of the hub and the accessibility of
the hub. The hierarchical services provided at hub
nodes correspond to the multilevel travel demand
of passengers. Different from prior studies, this pa-
per focuses on the effects of hub choice behavior on
the hierarchical passenger hub location problem in
a megaregion area.

3. PROBLEM FORMULATION

The HLPs that we study in this paper focus on
determining the locations of passenger hubs and
designing a hierarchical passenger hub network in
a megaregion area. The location decision involves
the selection of a set of nodes to establish passenger
hubs, whereas the passenger hub network design
decisions are made at the level of each passenger
hub. The optimal allocation of the travel demand
through the network is also determined.

3.1 Hierarchical passenger hub structure

In this section, we propose a hierarchical passen-
ger hub structure in a megaregion area. In practice,
a public transportation network is required to meet
the multiple demands of passengers. Any single
transportation mode cannot be capable of cover-
ing all geographical scales of the demand because
of its limited service area. Thus, the hierarchy of
transportation hubs can be categorized into s levels
(where level 1 is the lowest level and level s is the
highest hierarchical level) depending on the service
range of market coverage. We know that passengers
could access different levels of hubs that provide the
s-level services required. In this way, the s-level de-
mand is provided by hubs of the same level that are
non-nested hubs or by hubs of same level or higher
levels in a nested hierarchy. However, the service
availability of a megaregional hub network is nei-
ther nested nor non-nested. Considering a four-level
hierarchical passenger hub network (Figure 1), the
service area provided by hubs at each level is dif-
ferent, but there is an overlapping service range be-
tween hubs at two adjacent levels, which results in
spatial ‘competition’ between transportation modes.
Therefore, the service range is classified into two
categories: (1) noncompetitive areas where the
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Figure 1 — Hierarchical Passenger hub structure in a
megaregional area

travel demand can be served by hubs only at one
level and (2) competitive areas where the travel de-
mand can be served by hubs at the same level or
higher levels.

To provide a detailed description of this passen-
ger hub structure, we define $={1,2,...,s} to denote
the level of passenger hubs. Let (r?,rf) be the ser-
vice range of a level-k (k€S) hub. Thus, the noncom-
petitive area of the level-k hub can be represented as
(r 2. for 1<k<s ((0,/9) for k=1, and (+4,,r9 for
k=s), and service competition between a level-k hub
and a level-k+1 hub may occur in the competitive
area (17, r,f) for 1<k<s. The parameter /, is used to
measure the degree of competition between trans-

portation modes, which can be expressed as:
d 0
Tk -Tk+l | <fk<g
d 0 -
Fk =Tk k=
0

Ai= (1

S

It should be noted that the service availabili-
ty of the level-k hub would be nested when 4,=1
(rg=rf,)). Similarly, if we set 4, to 0 (rd=r¢,, ), the
hub network would have a non-nested hierarchical
structure because the level-k hubs provide a distinct

service only for the level-k travel demand.

3.2 Hub choice model

Let I={1,2,...,|]]} be the set of demand nodes and
H={1,2,...,s} be the set of travel demand levels. w,,
denotes the amount of level-4 (h€H) demand at
node i€/. To make the problem tractable, we define
(7 .1 to denote the range of the level-A travel de-
mand ((0,/4) for ~=1), which encompasses a non-
competitive area and a competitive area. We note
here that the existence of a competitive area re-
quires the definition of additional variables because
demand variables are aggregate variables and be-
cause w,, does not reflect whether the range of the
demand is within a competitive area. Accordingly,
we index ac4={C,NC} to denote the travel demand

type. The travel demands are then accounted for as
one of two types: w§ is the level-4 demand within
a competitive area originating at node 7 that can be
met by passenger hubs at the same level or higher
levels, and lei is the demand that must be met by
same-level passenger hubs.

Transportation hubs can be established among a
set of candidate locations, J={1,2,...,|J]}, to serve
passengers. Opening a level-k hub requires a basic
cost f, of operation. However, the infrastructure in-
vestment cost spatially varies because of regional
differences. For example, the construction cost of
passenger hubs is closely related to the land price,
which is different in each city. We define ,Bj to de-
note the cost difference at hub j&J. We also define
the binary location variable Xipo which assumes a
value of one if a level-k hub 1s located at j&J and
zero otherwise. Therefore, the total transportation

hub operation costis ), 2. x wfiB.

jeJkeS

As noted above, hubs at each level will attract
passengers with different travel demands. A pas-
senger within a competitive area can choose a
same-level or higher-level passenger hub service.
The other type of travel demand can only be met
by same-level hubs. For clarity, the hub choice set
H, for the level-h demand originating at node i is
separately defined according to the travel demand
type acA.

Hf = {j EJ‘ > xp= 1}: the hub choice set
h<k<h+1

for the level-# demand within a competitive area

originating at node i.

H)  ={jeJx;n=1} the hub choice set for the

level-4 demand within a noncompetitive area origi-

nating at node i.

In addition, we assume that passengers only
select a service when they are within a reasonable
distance from a hub. Passengers with high-level de-
mands may accept longer access distances. Thus, let
R, be the maximum acceptable distance for the lev-
el-A demand in hub selection. By doing so, we can
obtain a specific and feasible hub set for formulat-
ing the hub choice model to estimate the allocation
of the travel demand.

Before introducing demand allocation, we assume
that the travel demand at each node unaffected by any
other factors, e.g., the travel time, which means that
the travel demand at each node is inelastic. We also
assume that passengers are rational, which means
that the hub choices of passengers depend on the per-
ceived utility of probable hubs. However, for each
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hub, the utility reflects the passengers’ preferences
regarding the transportation cost and total travel
time.

Cﬁzj denotes the transportation cost associated
with the level-4 travel demand from node i to hub
Jj. The transportation cost Gy is composed of two
components: (1) the travel cost from a node to a pas-
senger hub and (2) the fare charged by hub service
providers, which reasonably increases with the ser-
vice level. We use ¢ to denote the cost of transpor-
tation per unit distance by arcs between nodes and
passenger hubs. Let ¢, be the unit cost per unit dis-
tance for a level-k service. The transportation cost
can be calculated as follows.

Chj=codj+cidy, VaeAd,iel, jeJ heH

()
where dl.j is the distance between demand node i and
potential passenger hub node j and d} is the trav-
el distance for the level-# demand. Note that d}' is
sampled from a range of level-4 travel distances in
practice.

We also denote the total travel time associated
with the level-/ travel demand from node i for ser-
vices at passenger hub j by Y?hj, which consists of
two components: (1) the access time from node i to
hub j denoted by L and (2) the travel time from hub
to hub defined by d///V,. In this case, V, is the travel
speed of the level-k service; that is,

a

Tﬁq:tiﬁ% Ya€Ad, i€l jeJ, heH

A3)

From the above relations, U;;U 1s defined as the
random utility of hub choice representing the pref-
erence of passengers on hub j, and I/?hj is the certain-

1 a

ties for Uihj

Uy = -Ciiyj- 8: T + €5y (4)
=Vit+€y Yacd,iel jeJ heH

where J, represents the value of time (VOT) of pas-
sengers at node i. e:l.‘;y. is the stochastic term of Ul.“j,
which is assumed to be independent, identically dis-
tributed, and random following the Gumbel distri-
bution with a mean of zero.

Given a set of hub locations, the demand is allo-
cated to hubs according to the corresponding utili-
ty. Let y;;lj be the fraction of the level-4# demand at
node i for passengers who choose services from hub
JEH;. We select the logit-based discrete-choice
model to identify passengers’ decisions regarding
hub service. Hence, the demand allocations can be
calculated as follows:

_ exp(6Viy)

TS exp(OV5e)
e Hj,

VYaeAdjieljeJheH

)

where 0 is the scale parameter related to the vari-
ance of the stochastic term &by which complies with

Gumbel distribution: F(£%;)=¢*"". A high 0
value indicates a smaller variance of the stochastic
term, which means passengers prefer to choose hub
with high certain utility.

3.3 Model formulation

In this section, we formulate a hierarchical pas-
senger hub location model for minimizing the to-
tal cost, which includes the hub operation cost and
transportation cost associated with the travel de-
mand. Furthermore, we consider different capacities
for hubs at each level and define two parameters O,
and g, that represent the maximum and minimum
capacities for a level-k hub, respectively.

With the notation above, the mathematical for-
mulation of the model is as follows:

Min D} D0 xfif3;+

jeJkesS

+Z Z Z Z y?th?h(C?hj+5iT?hj) (6)
ielheHacd jeJ

subject to

Yxp<1 VjeJ (7)
kes

22 2 yigwh SxiQc VjEJS (8)
i€elheHaecA

22 VigWih = xXjkqr VjEJ )
i€elheHaeA

Or=qr YkeS (10)
(dj-Rn)y# <0 Va€eAd,i€l, jeJ,heH (11)
xx€{0,1} VieJ kesS (12)
V=0 Va€d, i€l jeJ, heH (13)

The objective function 6 represents the total cost of
hub operation and transportation for the correspond-
ing travel demand. Constraints 7 guarantee that dif-
ferent levels of hubs cannot be located at the same
node. Constraints 8 require the travel demand met by a
hub not to exceed the maximum capacity. Constraints
9 ensure that hubs at each level can only be estab-
lished at candidate locations with a demand higher
than the minimum quantity. Constraints 10 prevent the
contradiction between Constraints 8 and 9. Constraints
11 are used to prevent any fraction of the passengers
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with a level-2 demand at node i from choosing hub
j when hub j is outside of the allowable travel area.
Finally, Constraints 12 and 13 are domain constraints.
The model described by 6-/3 is an integer non-
linear programming model. The nonlinearity of this
formulation is considered by the utilization of a log-
it model to determine the proportion of passengers
at each passenger hub. Thus, we use the following
equivalent set of constraints to linearize the logit
model and obtain a mixed integer linear program.

2 V=1 Ya€d i€l heH (14)
jeJ
v < D xp Vi€l jeJ, heH (15)
h<k<h+1
yiS<xpm Vi€l jeJ, heH (16)
c.<7eXP(9VfC’}f> C (- _
= eXp(erCh@)ylhe ( hSEh*—lxjk) (17)
viel, jeeJ, heH
. explOris
y%?S%y%S+(l'x/h)
p ihe (18)

viel, jecJ, he H

Constraints 14 ensure that the sum of the fractions
of the chosen facility is 1. Constraints 15 and 16 stipulate
that passengers can receive service only from passen-
ger hubs located at the corresponding level. Finally,
according to Aros-Vera et al. [24], the logit model in
Equation 5 can be reformulated by Constraints 17 and 18.

4. CASE STUDIES

In this section, we apply our model to a real-world
case study. A set of experiments is conducted under
different parameter settings to validate the devel-
oped model. All experiments are performed on an
Intel(R) Core(TM)2 CPU running at 2.6 GHz and
with 16 GB of RAM and a 64-bit Windows 10 oper-
ating system. The free toolbox YALMIP R20190425
[25] together with MATLAB R2019a is adopted to
model the example. The commercial solver Gurobi
optimizer v8.1.1, as an MIP solver, is used to imple-
ment the presented model. The optimal solution is
obtained in an acceptable computational time (less
than 2 h for each scenario).

4.1 Experimental results

We present a practical case study based on the
Wuhan metropolitan area, which is located in east-
ern Hubei Province in Central China, to illustrate
the applicability of the proposed model. With an

area of approximately 58,000 km? and an estimat-
ed population of 32.1 million in 2018, WHM is the
fifth largest metropolitan area in China. As shown in
Figure 2, this area comprises 36 counties, including 9
cities (Qianjiang, Tianmen, Xiantao, Ezhou, Huang-
shi, Xianning, Xiaogan, Huanggang, and Wuhan).
In addition, WHM is one of the most densely pop-
ulated and fastest-growing areas in China. The rap-
id development in WHM has increased pressure
on the intercity passenger transportation network.
Hence, it is crucial to design a hierarchical passen-
ger transportation network that satisfies the multiple
demands of passengers.

In this paper, we consider three service types
for intesrcity travel: intercity bus, railway, and air
services. The competitive relationship between
transportation modes has gone through several
phases with the development of the passenger trans-
portation market. Based on historical data and ex-
pert opinions, we design three scenarios, each of
which specifies the effect of competition between
transportation modes on the hierarchical passenger
hub structure. It is assumed that the two compet-
itive areas in scenario 1 exist in the 100-300 km
range for the short-distance travel market and in the
400-1000 km range for the medium-distance trav-
el market. However, the rapid construction of rail
infrastructure expands the level-2 service range to
50-1500 km in scenario 2, resulting in increased
competition within the market for intercity travel.
Furthermore, as train speeds become faster, railway
services are likely to impose significant competitive
pressures on intercity bus and air transportation in
the short- to medium-distance passenger markets.
As aresult, the service ranges of level-1 and level-3
services are reduced to short routes less than 200
km and long routes over 800 km in scenario 3, re-
spectively. The parameter values for each scenario
are shown in Table 1.

Based on the defined hierarchical passenger hub
structure, passenger hubs at each level only offer
one type of transportation mode in scenarios 1, 2,
and 3. However, there has been increased interest in
planning comprehensive passenger transportation
hubs that integrate at least two transportation types
[26]. For this purpose, we consider the hierarchical
location of comprehensive passenger transportation
hubs in the WHM. A new scenario is designed to an-
alyze the effect of comprehensive passenger trans-
portation hubs. Thus, in scenario 4, the parameter
values are the same as that in scenario 3, but the
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Figure 2 — Location of cities in the WHM

Cities

Table 1 — Parameter values in each scenario

Scenario number
Parameters
1 2 3
k=1 (0,300) (0,300) (0,200)
(12rd) [km] k=2 (100,1000) (50,1500) (50,1500)
=3 (400,~) (400,~) (800,~)
k=1 5 5 5
/; (10° CNY per day) k=2 50 50 60
k=3 80 80 80
k=1 8/1 8/1 8/1
0/q, (10* persons per day) =2 25/3 25/3 30/5
k=3 15/3 15/3 15/3
k=1 70 70 70
V, [km/h] =2 100 100 200
k=3 900 900 900
k=1 0.32 0.32 0.32
C, [CNY/km] k=2 0.20 0.20 0.45
=3 0.68 0.68 0.68
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hubs at different levels can be located at the same
node. Constraints 7 are replaced by the following con-
straints in this case:

D xp<3 vjeJ

kes
For the purpose of our study, each county is con-

sidered a demand node with different demand gen-
eration rates according to the population. The total
demand in each county is constant. However, the
demand at each level varies based on the range of
travel distances. We estimate the VOT according to
the wage rate of each county, which is the per capita
GDP divided by the total work time in a year. The
maximum acceptable distance for service at each
level is 50 km, 100 km, and 200 km. The distance
between two nodes is calculated based on the ac-

(19)

tual road distance between two county centers. We
assume that passengers access the hub by public
transportation (bus/tram/metro) or car according to
the access distance. The costs of public transporta-
tion and cars are set at 0.2 Chinese Yuan (CNY) per
kilometer and 0.6 CNY per kilometer, respective-
ly. The access time is calculated according to the
distance divided by velocity, and the values are set
as 30 km/h (by public transportation) and 50 km/h
(by car). The scale parameter in the logit-based dis-
crete-choice model is set as -0.1.

We investigate the impact of the hierarchical
hub structure in four different scenarios. The exper-
imental results are summarized in 7able 2. Note that
TC, OC, TRC, and AC represent the total cost, hub

Table 2 — Experimental results in each scenario

operation cost, travel cost, and access cost, respec-
tively. The total demand met by hubs at each level
is compared.

The expansion of the level-2 service range in
scenario 2 leads to more passengers choosing lev-
el-2 hubs, and this mainly accounts for the reduc-
tion in the demand met by level 1 and level 3 hubs
compared with that in scenario 1. When the unit
transportation cost of level-2 services increases in
scenario 3, the short-distance demand severed by
level-2 hubs decreases although the travel speed
of level-2 services doubles. Also, the total cost of
level-2 services is much less than that of level-3
services, so almost all level-2 passengers within the
competitive area choose level-2 hubs, and the total
demand served by level-3 hubs remains unchanged
in scenarios 2, 3, and 4. Note that the optimal lo-
cations of hubs at each level found for scenarios 1,
2, and 3 are unchanged. The traveling cost and the
access cost in scenario 2 are the lowest among all
scenarios. This shows that more intense competition
between transportation modes has a positive impact
on passengers.

Furthermore, with the planning of comprehen-
sive transportation hubs in scenario 4, the hub op-
eration cost per day only decreased by 1.21% in
comparison with that in scenario 3. However, this
planning allows the transportation agency to save
costs considerably in the entire life of the passen-
ger hubs. The results show that nodes 13 and 24 are
comprehensive transportation hubs that provide lev-
el-1 and level-2 services. Both level-1 and level-3
hubs are located at node 22. Figure 3 illustrates the

Scenario number 1 2 3 4
k=1 308,567 289,609 299,445 294,470
Total demand served |, _, 304,952 543,024 533,188 538,163
by level-k hubs
k=3 262,937 43,823 43,823 43,823
TC 563,267,750 462,645,421 552,205,325 550,603,465
ocC 195,106,800 195,106,800 214,879,400 212,273,900
Cost (CNY)
TRC 328,176,643 235,467,330 304,681,842 304,615,959
AC 39,984,307 32,071,291 32,644,083 33,713,606
1,3,6,7,8, 11, 12, 1,3,6,7,8, 11, 12, 1,3,6,7,8, 11,12, | 1,3,7,8,12, 13,15,
k=1 15, 19, 20, 21, 26, 15, 19, 20, 21, 26, 15,19, 20, 21, 26, 19, 20, 21, 22, 24,
. . 29, 31 29, 31 29, 31 26, 31
Optimal locations
k=2 2,13,24,33 2,13, 24,33 2,13,24,33 2,13, 24,33
k=3 10, 22 10, 22 10, 22 10, 22
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a) Scenario 3

@ Lovel3hub
. Level-2 hub
A Level-1 hub

.............. Level-1 demand within the
noncompetitive area (0—50km)

— - —-— Level-1 demand within the
competitive area (50-200km)

- Level-2 demand within the

b) Scenario 4

Level-3 demand
(1,500km-)

noncompetitive area (200—800km)
Level-2 demand within the
competitive area (800—1500km)

Figure 3 — The optimal solution of the case study in scenario 3 and 4

optimal hub locations obtained for scenarios 3 and 4
by graphically solving the problem. In different sce-
narios, different solutions are obtained based on the
allocation of demand nodes to the hub nodes. For
brevity, we only present the allocation results for
nodes 5 and 11. We can conclude that the compe-
tition among hubs significantly affects the amount
of the demand served by each hub. For example,
in scenario 4, in which only a level-1 hub at node 7
is operational, the level-1 demand within the non-
competitive area at node 5 (the red line in Figure 3)
served by the level-1 hub at node 7 significantly
increases compared with the case in scenario 3, in
which level-1 hubs are located at node 7 and node 6,
respectively. Geographical accessibility also plays a
significant role in competition between transporta-
tion modes. The demand at node 11 can efficiently
receive service from the level-1 hub at node 11 in

600
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a) Cost

scenario 3. However, in scenario 4, a new level-1
hub at node 13 is operational, and the level-1 de-
mand within the noncompetitive area serviced by
node 11 (the green line in Figure 3) decreases.

4.2 Sensitivity analysis

In this subsection, we analyze the impact of
changing the key parameters on the model results.
All the experiments are conducted based on scenar-
io 3.

Figure 4 illustrates the effect of the maximum
acceptable distance on the system cost and the av-
erage demand served by hubs at each level. When
the maximum acceptable distance for services at
each level increases, the established hubs can serve
passengers from much farther locations. Thus, the
access cost increases and the hub operation cost
dramatically drops, leading to a reduction in the
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Figure 4 — Impact of the maximum acceptable distances on the system performance
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total cost. Moreover, the average demand served by
passenger hubs at each level grows with increasing
maximum acceptable distance. We can conclude an
improvement in public transportation accessibil-
ity would increase the efficiency of transportation
hubs. Therefore, to design an efficient passenger
hub network in a megaregion area, it is crucial to
consider improvements to hub accessibility.

The impact of 6, on system performance is pre-
sented in Figure 5. To examine this influence, we
prepared different VOT data sets varying from 0 to
140% of the original VOT data. As shown, when
J; increases, the total cost gradually increases as
the travel cost and access cost increase. However,
the hub operation cost is relatively steady, which is
mainly related to considering the maximum accept-
able distance and limiting capacity in the model. To-
tal travel time is one of the most important factors
that affect hub choice behavior. More passengers
choose the transportation with higher speed as the
VOT increases. As a result, the average demand met
by level-2 hubs takes an increasing trend while the
average demand served by level-1 hubs decreases.
This trend could have a significant impact on hub
network design.

700
600 e
& 500
& 400 —
S 300
Z 200
o
O 100
o 20 40 60 80 100 120 140
Percentage increase of VOT [%]
- TC OC == TRC == AC
a) Cost

4.3 Comparison of results without
considering hub choice

Unlike in the hub choice model, the demand
nodes have to be allocated to the passenger hub
nodes by system designers in the allocation step
of the traditional HLPs. The multi-demand feature
of this problem requires the allocation step to be
treated as a mode choice problem in which passen-
gers are assumed to choose between the available
transportation services and the choice of mode
leads to the use of one of the located passenger
hubs. Therefore, it is essential to include the hub
choice behavior in model formulation. To illustrate
the significance of this consideration, a model that
does not consider hub choice is tested. In this test,
without loss of generality, Constraints 17 and 18 are
removed. The comparative results are summarized
in Table 3.

Table 3 shows that the traditional model that
does not consider hub choice has no effect on the
optimal hub location plan (row 6), but the alloca-
tion plan is different. More passengers are allocat-
ed to level-1 hubs, and the total demand served
by level-2 hubs is generally less than that in the
proposed model. Notably, there are fewer level-1

120
100
80
60
40
20
0

Average demand (Thousand)

0 20 40 60 80 100

Percentage increase of VOT [%]
- Level-3 hubs - Level-2 hubs — Level-1 hubs

120 140

b) Average demand

Figure 5 — Impact of the value of time on the system performance

Table 3 — Comparison of model results without considering hub choice

Scenario number 1 2 3 4

k=1 7.03 12.29 6.10 4.40

A Total demand served by
level-k hubs [%] k=2 -7.11 -6.56 -3.42 -2.41
k=3 0.00 0.00 0.00 0.00
ATC -0.30 -0.41 -0.23 -0.22
AOC 0.00 0.00 0.00 0.00

A Cost [%]
ATRC 0.13 0.26 0.04 0.03
AAC -5.26 -7.91 -4.32 -3.76
256
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hubs than level-2 hubs, and passengers always
receive services from the nearest passenger hub in
the traditional model. Hence, in practice, the lev-
el-2 hubs would have more passengers because of
the hub choice behavior. This difference in demand
allocation may also lead to different passenger hub
capacity decisions, which depend on the allocation
results.

As shown in Tuble 3, the total cost of passengers
(TRC and AC), especially the access cost, is less
than that in the proposed model based on the same
optimal passenger hub location plan. This finding
suggests that the traditional model can produce a
lower cost when each passenger is assigned to a hub
by system designers. Therefore, it is advisable to
guide passengers to choose the best passenger hub
in practice, which can be achieved by the improve-
ment of access transportation and the implementa-
tion of subsidy policy.

S. CONCLUSIONS AND FUTURE
RESEARCH

In this paper, we propose a hierarchical passen-
ger hub location model to assist in the design of
passenger transportation networks in a megaregion
area. The presented model considers a hierarchical
passenger transportation network for multilevel
travel demands with a new service availability type
and applies a logit discrete-choice model to deter-
mine the proportion of passengers that access a hub
depending on utility. We formulate the problem as a
mixed integer linear programming problem to min-
imize the total cost of hub operation and transporta-
tion for multiple travel demands with hub capacity
constraints. To evaluate the efficiency and effec-
tiveness of the proposed model, it is implemented
for the WHM area in four different scenarios. The
results show that (1) the total demand served by
passenger hubs at each level differs depending on
the characteristics of the hierarchical passenger hub
structure, (2) more intense competition has a pos-
itive impact on passengers due to decreases in the
travel and access costs, and (3) establishing compre-
hensive transportation hubs could yield better eco-
nomic benefits than designing hubs that only offer
single transportation mode. A sensitivity analysis is
performed to test the impact of changing key pa-
rameters on the model results. We find that the max-
imum acceptable distance for services at each level
has a significant influence on system performance
because it can increase the efficiency of transporta-

tion hubs. Therefore, to design an efficient hub net-
work in a megaregion area, it is crucial to consider
improving passenger hub accessibility. In addition,
the travel demand will shift to high-level hubs as
the VOT increases. Differences in demand alloca-
tion are also found in all four scenarios when com-
paring the results with and without considering hub
choice. This difference in allocation may also lead
to different hub capacity decisions, which depend
on the allocation results.

Future studies can be conducted to consider the
effects of traffic congestion and the waiting time at
a hub, which would require a stochastic hub loca-
tion modelling framework. In addition, this paper
considered a simple setting to demonstrate the pro-
posed methodology. Although the hub operation
cost and travel demand of each node may be esti-
mated before planning, in practice, it is important
to investigate situations with uncertainty related to
the setup costs and travel demands. These topics re-
quire further research.
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