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MEGAREGIONAL PASSENGER TRANSPORTATION
HUB LOCATION PROBLEM CONSIDERING
CONGESTION EFFECTS

ABSTRACT

The need to make effective plans for locating trans-
portation hubs is of increasing importance in the megare-
gional area, as recent research suggests that the growing
intercity travel demand affects the efficiency of a megare-
gional transportation system. This paper investigates a
hierarchical facility location problem in a megaregional
passenger transportation network. The aim of the study
is to determine the locations of hub facilities at different
hierarchical levels and distribute the demands to these
facilities with minimum total cost, including investment,
transportation, and congestion costs. The problem is
formulated as a mixed-integer nonlinear programming
model considering the service availability structure
and hub congestion effects. A case study is designed to
demonstrate the effectiveness of the proposed model in
the Wuhan metropolitan area. The results show that the
congestion effects can be addressed by reallocating the
demand to balance the hub utilisation or constructing
new hubs to increase the network capacity. The methods
of appropriately locating hubs and distributing traffic
flows are proposed to optimise the megaregional passen-
ger transportation networks, which has important impli-
cations for decision makers.

KEYWORDS

hierarchical hub facility location; megaregional
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1. INTRODUCTION

From last century, rapid urbanisation process-
es have facilitated the formation of megaregions.
Cities within a megaregion connected via trans-
portation infrastructure have a high degree of eco-
nomic and social integration and thus promote re-
gional cooperation, which accelerates the flow of
people between cities and regions [1]. Unlike that of

intracity trips, the spatial distribution of intercity
trips can be classified into area-level, regional-lev-
el, and national-level trips [2]. The hierarchical fea-
tures of intercity passengers require multiple modes
of transportation (air, railway, and bus) because
each mode has a specific service range. For exam-
ple, air transportation is particularly essential for
international travel because there is no alternative
travel mode for the long international trips. There-
fore, an efficient megaregional transportation sys-
tem needs to provide a full range of travel services
accessible to all passengers. However, the high de-
mand for intercity travel brings substantial pressure
to the transportation networks. In China, the gov-
ernment has released a series of policies to guide the
planning of megaregional passenger transportation
infrastructure in which transportation hubs are the
key nodes of a megaregional passenger transporta-
tion network. On the one hand, transportation hubs
are places to access intercity travel services, and
their layout is the foundation of the transportation
structure. On the other hand, to reduce the operat-
ing cost, megaregional planning should achieve
infrastructure sharing between cities by optimising
the overall arrangement of passenger hub facilities.
Therefore, this paper focuses on the passenger hub
facility location problem at the megaregional scale.

Facility location problems (FLPs) have been ex-
tensively studied for planning the location of public
infrastructure, such as hospitals, schools, and park-
ing lots etc. Hubs are special facilities that provide
a switching, sorting, and connecting function. Con-
treras and Fernandez [3] pointed out the main dif-
ferences between FLPs and hub location problems
(HLPs). In FLPs, the service is given at the facili-
ties, and there are no interactions between facilities.
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However, hub facilities interact with each other in
HLPs, because the service is the demand allocation
from origins to destinations via at least one hub
(e.g. railway stations and airports). In this paper, a
megaregional hub is a critical node of the network,
not just a station or an airport. It is typically located
at the junction of multiple links and usually has high
levels of capacity, accessibility, and service. There-
fore, we assume that a megaregional passenger hub
can meet any travel demand of passengers as long
as their destination is within the service range of
the hub. Note that we focus only on the planning
of the megaregional passenger hub, not all nodes of
the transportation network. For the reasons given
above, the megaregional passenger hub facility lo-
cation problem is regarded as an FLP.

A megaregional passenger transportation system
is a hierarchical system that has multiple types of
passenger hubs that provide different transportation
modes to meet the travel demand at different levels.
Thus, the problem addressed in this paper needs to
determine the locations of hub facilities at different
levels and allocate the demand to these facilities.
Furthermore, the existing network must be consid-
ered in the planning of a megaregional passenger
transportation network. The existing hub facilities
can be closed if these facilities fail to satisfy the
economic principles of the plan. Nevertheless, when
the problem aims to minimise the total construction
and transportation cost, the plan would concentrate
demand at a relatively small number of hubs. Thus,
the number of passengers served by some hubs is
likely to reach the full capacities of these passenger
hubs, resulting in congestion and delays at the hubs.
In fact, there may be no congestion effects only if
a hub is working at less than a certain ratio of the
capacity. For example, transportation infrastructure
operating above 80% of nominal capacity usually
starts to encounter congestion effects in the form of
queuing at the hub’s access points [4]. Moreover,
even a relatively small increase in demand at a con-
gested hub can cause more serious congestion is-
sues. Hence, the hub facilities should be investigat-
ed considering these congestion effects.

In this paper, we present a hierarchical facility
location model for a megaregional passenger trans-
portation network design with three decisions: the
construction of new hubs, the closing of existing
hubs, and passenger allocation decisions. This mod-
el takes into account hierarchical travel demand,
multiple level hubs, and congestion effects at hubs.

The objective function is the minimisation of the
total cost, including investment cost, transportation
cost, and congestion cost. A computational study is
designed to test the performance of the proposed
model for the Wuhan metropolitan area (WHM)
located in eastern Hubei Province, Central China.
Considering the regional differences in social and
economic factors, the infrastructure investment cost
and the hierarchical travel demand vary spatially.
Based on the results of the congestion effect on the
system, we finally propose two strategies to im-
prove the network that have important implications
for decision makers.

The main contribution of this paper is twofold.
First, we propose a new service availability struc-
ture according to the relationship between intercity
travel demand and hub facility service. This is the
first paper that studies a facility location problem
based on this structure, which makes it close to the
real world. Second, the paper accommodates the
hub congestion effects within a hierarchical hub
location model using the power-law function. The
proposed strategy satisfies the decision-making pro-
cess in the real plan and reduces the total cost of the
system as well.

The remainder of this paper is organised as fol-
lows. Section 2 provides a literature review. Section
3 presents the problem description and mathemat-
ical formulation. Section 4 then provides analysis
results to demonstrate the performance of the pro-
posed model as well as the strategies. Finally, Sec-
tion 5 concludes the paper and discusses the future
directions of this study.

2. LITERATURE REVIEW

The subject dealt with in this paper relates to two
streams of research, namely hierarchical facility lo-
cation problems (HFLPs) and congestion effects on
hub facilities. In this section, a review of the hier-
archical features of HFLPs and on the congestion
effects incorporated in HLPs is given below. The
reader is referred to Farahani et al. [5] and Farahani
et al. [6] for a more extensive review on HFLPs and
HLPs.

2.1 Service availability

In hierarchical systems, it is necessary to speci-
fy the availability of service provided by each type
of facility for users at each level. Perhaps the earli-
est study in this context dates back to the work of
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Narula [7], who classified hierarchical systems into
two types according to the service availability lev-
els. In a successively inclusive system (also called
a nested system), a facility provides its own level of
service and all lower levels of service. This system
is typically applied in a healthcare system where a
higher-level hospital would offer a broader range
of medical services, while a lower-level hospital
would offer only specific services [8]. In a succes-
sively exclusive system (also called a non-nested
system), a facility provides only its own level of
service. For example, a facility (e.g. kindergarten,
primary school, secondary school, and university)
in an education system provides different stages of
education service. Furthermore, there are distance
restrictions relating the user to the facilities at lev-
els, which means that a user only selects a candidate
facility within an acceptable distance [9]. However,
considering passenger transportation systems, no
transportation mode can cover all ranges of pas-
senger services, and different transportation modes
might provide the same range of service. Hence,
the service availability of a megaregional passen-
ger transportation network is neither non-nested nor
nested.

2.2 Congestion effects

Another significant addition to the megaregion-
al passenger transportation network design liter-
ature is congestion. Grove and O’Kelly [10] were
the first to study the effect of flow consolidation
on hub congestion. They consider that airport con-
gestion happens when the number of flights ex-
ceeds capacity, and congestion is one component
of the decision-making process in HLPs. One way
of mitigating congestion is to add a capacity con-
straint on hub flow. However, Marianov and Serra
[9] stated that the usual capacity constraints do not
reflect the dynamic nature of congestion, and they
developed a spatial queuing system to simulate the
quality-of-service conditions. Elhedhli and Hu [11]
formulated the congestion effect at a hub using a
convex cost function, which is the first work where
congestion is incorporated in the objective function.
This cost function is widely used to estimate delay
cost, which is assumed to be a power-law function
of capacity usage [12]. Later, Elhedhli and Wu [13]
formulated the congestion at hubs as the ratio of
total flow to surplus capacity and modelled a hub-
and-spoke system as a network of M/M/1 queues.
De Camargo et al. [14] presented a congestion cost

formulation similar to that of Elhedhli and Hu [11],
but addressing the multiple allocation hub location
problem. De Camargo et al. [15] redesigned the
power-law congestion function to consider conges-
tion effects only when a given flow threshold (also
called capacity level) is exceeded. For example,
there may be no congestion cost if a hub is utilising
less than 80% of its capacity, whereas significant
congestion may occur if a hub is utilising over 90%
of'its capacity. This new congestion function is also
used in de Camargo and Miranda [16], Alumur et al.
[17], and Ozgiin-Kibiroglu et al. [18]. Following de
Camargo et al. [15], in this paper, we also model the
congestion cost at a hub based on its capacity level.

In summary, there lacks systematic planning of
transportation hubs at the megaregion level. The ex-
isting structure of service availability on most stud-
ies fails to account for the relationship between the
multiple demands and megaregional hub service.
Also, there is scarce literature that investigates the
hub congestion effects on the HFLPs. In this paper,
we aim to bridge these gaps by building a new ser-
vice availability structure and taking the congestion
factors into account in the megaregional passenger
transportation hub location problem.

3. PROBLEM FORMULATION
3.1 Service availability

Megaregional passenger transportation networks
are fundamentally hierarchical systems in which each
level of the network can provide different services
to meet the travel demand at various geographical
scales. Service availability is one of the fundamental
elements that can significantly affect the assignment
of demand. We know that each transportation mode
has its own features to serve specific travel demand,
and distance is one of the basic determinants of mod-
al usage for passenger transportation. Therefore, we
define the level of a passenger hub by its service
range. Similarly, the level of travel demand is deter-
mined based on travel distance. It is worth noting that
there is an overlapping service area between hubs at
two adjacent levels, which means that the demand
within this area can be satisfied by two transportation
modes. Considering the service availability of the hi-
erarchical system, we build a crossed structure to rep-
resent the passenger accessibility to a service at dif-
ferent levels of hierarchy. Figure I shows one example
of three service availability structures in a hierarchi-
cal system with three levels. Hubs in the non-nested
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Figure 1 — Examples of service availability in a hierarchical system with three levels

structure provide only their own level of service for
the corresponding demand, whereas a higher-level
hub in the nested structure provides all the services
available at a lower-level hub plus an additional one.
However, hubs in the crossed structure are neither
non-nested nor nested. We have partitioned the travel
demand into two types: {S,SH}. This categorisation
ensures that S demand must receive the same level of
hub service, and SH demand can be provided by hubs
of the same level or exactly one level higher.

3.2 Congestion effects

Flow consolidation at passenger hubs achieves
economies of scale but also causes congestion ef-
fects. Developing effective strategies to avoid con-
gestion is appealing in improving the operational
performance of a passenger hub system. Generally,
the congestion cost increases more rapidly as more
passengers are assigned to a hub. The closer the to-
tal demand approaches the hub capacity, the greater
the congestion emerges. As mentioned before, the
congestion cost functions available in the literature
present a cost term that penalises excessive demand
served by each hub, a power-law function [16]
P=max{0,e(G-7q)?} that considers congestion ef-
fects only after exceeding a given demand threshold
7q where 7 (e.g., 70%, 80%, 90%) represents the ca-
pacity level. G represents the total demand served
by a hub. e and b are positive constants with b>1.

Figure 2 1llustrates the power-law function for dif-
ferent values of the parameters. It is obvious from
this figure that the congestion function can generate
the cost when the hub utilisation exceeds the capac-
ity level. The congestion costs increase more and
more rapidly as the hub utilisation increases. More-
over, a higher value for b means faster cost growth.

3.3 Notation

Generally, each transit service is characterised
by a set of technical (such as speed level, capacity,
and departure frequency) and commercial (such as
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Figure 2 — Power-law function (e=10, g=1000)

service range and fares) characteristics. It is essen-
tial to design hierarchical passenger hubs to serve
the system better because of the hierarchical nature
of transit services. To illustrate our problem in de-
tails, the notations including the required data, de-
cision variables, and intermediate variables are as
follows.

Required data:

I —set of demand nodes, /={1,2,...,|{|}.

J —set of candidate locations, J={1,2,...,|J|},J<I.

J, —set of existing hubs, J CJ.

H —setoflevels, H={1,2,...,|H|}.

L —set of demand types, L={S,SH}.

wl, — the level-heH demand of type /€L
originating at node i€/.

dl.j — the distance between demand node i€/ and
potential hub node j&J.

— the travel distance of level-A€H demand of

type /EL.

r, — the maximum acceptable distance for
level-h€H demand to access a hub.

g, —the maximum capacity of a level-k€H hub.

f, —the fixed cost of constructing a level-k€H
hub.

p; —the regional cost differences at node j&/.

d,
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Promet — Traffic& Transportation, Vol. 33, 2021, No. 4, 551-563




Yan H, Zhang X. Megaregional Passenger Transportation Hub Location Problem Considering Congestion Effects

m; — the level of the existing hub j€J, mJEH.

a, - the salvage value from selling the existing
hub jEJ..

¢, — the transportation cost of unit distance by
arcs between a node and hub.

¢, —the unit costs per distance under level-k€H
hub service.

0, —the value of time of passengers from node
i€l, unit: Chinese Yuan (CNY).

v, —the travel speed of arcs between a node and
hub.

v, —the travel speed of level-k€H service.

Decision variables:
{ lif the existing hub j € J. is closed and sold
J = .

0 if the existing hub j € J. remains open
{ lif alevel - k € H hubislocated at j € J
k= .

0 otherwise
yl.lhj — the proportion of the level-A€H demand of
type /€L originating at node i€/ that receives
service from hub j&J.

Intermediate variables:

C:Zh T the transportation cost that the level-heH
demand of type /€L from node i€/ spends
via hub jeJ, C —cod +ckd1

Tl’ — the total travel tlme that the level-heH

demand of type /€L from node i€/ spends
via hub jEJ, T}, =d /v H(d)v, .

3.4 Model formulation

To design an efficient megaregional hub system,
we consider two strategic decisions: determining the
locations and levels of hubs and allocating demand
nodes to the located hubs. The hub locations include
both existing and proposed new alternative locations.
One of the options in the location decision is to sell
the existing hub and benefit from its salvage value.
We assume that a new hub at a different level can be
built on the location of a sold hub when necessary.

When making allocation decisions, we assume
that passengers only access their nearby hubs within
a certain acceptable distance. With regard to the lim-
ited capacity of hubs, the congestion effects on each
hub must also be taken into account. In other words,
the goal in this paper is to determine which hubs to
open and their optimal levels so that passengers are
assigned to one or more opened hubs while minimis-
ing the total cost associated with hub location, con-
gestion effects, and demand transportation costs.

The model formulation is as follows:

minimize ), > xuBifi- 2, (1-07)Bifu;- 2. 0ja;

jeJkeH JjEJe JEJe

1
FE S S huh(Chr8iTy) X P, )
heH leLiel jeJ JEJ
subject to:
Dxx<1l VjeJ )
keH
xjmjil-oj VjEJg (3)
Dv=1 VielLheHIeL 4)
jeJ
Vi <xm YVi€lLhe€H, jeJ (5)
i< > xp VielLheH h#|H| jeJ (6)
h=k=h+1
Vi=xn VYheEH, jeJ 7
(dj-m)yy <0 YViel,heH,leL, jeJ ®)
=2 2 2 yimwh VjiEJ )
ielheHlelL
G <xpqr YjEJ (10)
Pj=max{0,e(G‘,--ijqu)h} viedJ, ke H (11)
0;€{0,1} Vjed. (12)
xx€{0,1} VjeJ keH (13)
yw=0 Viel,heH, IeL, jeJ (14)

The objective function 1 is composed of five terms.
The first term is the total construction cost of all
hubs, including new hubs and existing hubs. How-
ever, the construction cost of an existing hub should
be subtracted from the first term if this existing hub
remains open, so the second term needs to be de-
ducted when 0; is equal to zero. The third term of
the objective function calculates the salvage value
in the case that the existing hub should be closed
and sold. The benefit from the salvage value is con-
sidered as a cost reduction because the objective
function minimises the cost. The first three terms of
the objective function 1 are actually the investment cost
of the decision makers. We consider the transporta-
tion cost and time cost of passengers in the fourth
term of the objective function. The last term rep-
resents the hub congestion cost.

Constraints 2 guarantee that different levels of
hubs cannot be located at the same node. Constraints 3
assure that the decision variable x;»; of an existing
hub is linked to the variable 0, If 0; is equal to zero,
the level of an existing hub remains unchanged.
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Conversely, if 0; is equal to one, it is possible to
open a new hub with a different level at the location
of an existing hub.

Constraints 4 ensure that the sum of the fractions
for the chosen hub is one. Constraints 5 and 6 indicate
that passengers can receive service only from locat-
ed hubs with the corresponding level. The type S
demand must receive the same level of hub service.
However, the level-4# demand of type SH can be pro-
vided by hubs at level % or level A+1. Constraints 7
ensure that the type S demand originating at node
j only receives service from hub j when node j is a
hub at the same level. Constraints 8 are used to pre-
vent any fraction of level-4 demand from node i to
choose hub j, when hub j is out of the allowed area.

Constraints 9 represent the total demand served by
hub j€J. Constraints 10 require that the travel demand
served by a hub does not exceed its maximum ca-
pacity. Constraints 11 represent the congestion cost of
hub jeJ, where e, r and b are positive constants. Fi-
nally, constraints 12 — 14 are domain constraints.

The above model formulation is a mixed-inte-
ger nonlinear programming (MINLP) problem due
to the convex property of the congestion functions
but the convexity of the congestion term is a de-
sirable feature since we can linearise the formula-
tion by a piecewise linear approximation [19]. This
approximation allows us to transform the model to

1 1

a mixed-integer linear programming (MILP) prob-
lem. It can be solved by commercial solvers in a
straightforward way.

4. COMPUTATIONAL STUDY

In this section, a series of computational experi-
ments were conducted to illustrate the performance
of the proposed model on a real-world problem. The
experiments were run on a personal computer with
an Intel Core 17, 2.6 GHz CPU, 16 GB RAM, and
Windows 10 Pro as the operating system. We for-
mulate the model as an MINLP problem, which is
transformed to an MILP problem using the toolbox
YALMIP R20200116 [20] together with MATLAB
R2019a. Gurobi v8.1.1 is utilised as the MILP solv-
er. The optimal solution is obtained within a rea-
sonable computational time (less than 2 h for each
experiment).

4.1 Areal-world case study

The study area is the WHM, which is located in
the eastern Hubei Province in Central China, cover-
ing 58,000 km?. This area has been divided into 36
population centres, including 9 cities, with a total
population of 32.1 million in 2018. A geographical
map, including the population centres and existing
transportation hubs, is shown in Figure 3.

1 1

| N 32°0°0” N
1 31°0°0” N
1 ~30°0°0” N
Regional cost differences -
85-.87 O Population centre
I 88-90 A Existing level-1 hub
1| B 91-.94 0 50 100 km . Existing level-2 hub -29°0°0” N
Bl o510 L Existing level-3 hub
T T T T
113°0°0” E 114°0°0” E 115°0°0” E 116°0°0” E

Figure 3 — Geographical map of the WHM and its existing transportation hubs
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In this paper, each population centre is con-
sidered as a demand node with different demand
generation rates according to its population. We
consider three levels of hubs for megaregion-
al transportation networks, namely intercity bus
hubs, railway hubs, and airline hubs. Each trans-
portation mode has an optimal service range for
market coverage. The fixed construction cost to
establish a new hub is determined based on the re-
gional cost differences (Figure 3) and its level. We
use the peak-hour capacity as the maximum capac-
ity for hubs. For the sake of clarity, only one kind
of vehicle is considered for each transportation
mode. The parameter values for hubs at each level
are shown in Table 1.

Based on the distance intervals of the transpor-
tation services, the travel demand of each node can
be divided into (i) level-1 demand (below 200 km),
(i1) level-2 demand (between 200 and 1500 km),
and (iii) level-3 demand (over 1500 km). Accord-
ing to this classification, we can see that an inter-
city bus is the only choice for short-distance trav-
el that is below 50 km. For trips between 50 and
200 km, both the level-1 and level-2 transporta-
tion modes can meet the demand within this range.
Hence, the level-1 demand is separated into type S
demand (below 50 km), and type SH demand (50—
200 km). Similarly, the travel distances of type S
and type SH demand at level 2 are set as 200-800
km and 800-1500 km, respectively. When the trav-
el distance is greater than 1500 km, such as for in-
ternational travel, an airplane is the only available
transportation mode. Because the amount of travel

Table 1 — Parameter values for hubs at each level

demand varies by the range of travel distance, we
set the proportions of demand for the five distance
intervals mentioned above to 15%, 35%, 35%, 10%,
and 5%, respectively.

Regarding the access part of a trip, we assume
that the maximum acceptable distances for demand
at each level to access a hub are 50 km, 100 km,
and 200 km, respectively. Note that we address two
basic access modes in the experiments according to
the access distance. The corresponding parameters
are set as ¢;=0.2, v;=30 (dU.SSO) and ¢,=0.6, v;=50
(di/>50)' The distance between each pair of nodes
is obtained from the road distance between the two
population centres. The time value of passengers de-
pends on the per-capita GDP at each centre.

We first focus on analysing the effect of con-
gestion on the optimal location-allocation plan. It
is worth mentioning that the capacity level 7z can
be considered an optimal utilisation rate of design
capacity since above this level congestion starts to
rise. The case where hubs at each level have differ-
ent values of 7 can reflect the characteristics of hub
service. Thus the values of 7 at each level are set
to 85%, 80%, and 75%, respectively. Regarding the
choice of e in the power-law congestion function,
we use e=10 in all experiments.

Table 2 presents the system cost changes un-
der different congestion effects. The experiments
were devised without congestion and then using
b={1.0,1.2,1.4,1.6}. The congestion effects are en-
hanced as the parameter b increases. Note that TC,
IC, TRC, and CC represent the total cost, invest-
ment cost, transportation cost, and congestion cost,
respectively. As mentioned above, the investment
cost is the first three terms of the objective function 1.

Parameters Level As shown in Tuble 2, the total cost increases as the
k=1 k=2 k=3 parameter b increases, since considering conges-
Service range [km] (0,200) | (5,1500) | (800,~) tion effects not only induces congestion cost but
7, [10° CNY per day] 5 60 80 also adjusts the optimal location-allocation plan
4, [10* persons per day] 5 20 10 to address congestion. More specifically, the cost
v, k] 20 200 900 assoc.lated with investment varies according to the
[CNY k] 03 045 068 location plan, and the transportation cost fluctuates
s o - - - with the demand allocation. Overall, the results
Table 2 — Impact of congestion on the system cost
b No congestion 1.0 1.2 1.4 1.6
TC 623,220,941 625,702,847 640,014,319 668,794,158 692,046,688
1C 161,168,829 161,168,829 166,748,108 195,423,088 236,217,667
Cost (CNY)
TRC 462,052,113 462,061,901 461,523,871 464,011,417 455,821,818
CC 0 2,472,117 11,742,341 9,359,653 7,203
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d) b=1.4

e) b=1.6

| .85-.87

Demand flow

Popuation centre € Congested hub
Existing level-1 hub A New level-1 hub
Existing level-2 hub B New level-2 hub
Existing level-3 hub @ New level-3 hub

Figure 4 — Optimal solutions for the case study with different parameter values

indicate that the proposed system can be expected to
perform well by considering the congestion effects
in the model.

Figure 4 shows the optimal solutions for the case
study. For brevity, we present only partial results
of the allocation plan. In Figure 4, a congested hub,
marked by the letter ‘C’, is exceeding its capacity
level by 1% or more. We can see that most of the
hubs (74%) are congested, when congestion ef-
fects are not considered or light congestion effects
(6=1.0) are assumed. However, the number of con-
gested hubs decreases as the value of b increases
because as can be observed in Figure 4d and 4e: (1)
the former instance establishes the largest number
of hubs, which can yield a lower average demand
served by each hub; (ii) only the latter instance has

two level-3 hubs, which achieve a balanced distribu-
tion of level-3 demand. Demand allocation also plays
a significant role in preventing the over-utilisation of
hubs. For example, Figures 4a—4c show that six demand
nodes receive service from the level-2 hub within the
dashed circle. However, as shown in Figure 4d and 4e,
the number of demand nodes allocated to this hub de-
creases from 5 to 4. This indicates that the proposed
model can produce a new allocation plan to relieve
hub congestion.

To further investigate this foregoing reduction in
the hub congestion cost, we present the results of the
hub congestion cost at each level, the number of hubs
at each level, and the ratio of the demand served by
hubs at each level in 7uble 3. As expected, the con-
gestion effects can be alleviated by constructing new

Table 3 — Impact of congestion on the number of hubs and demand ratio

b No congestion 1.0 1.2 1.4 1.6
Congestion cost 0 718,184 1,831,110 1,279,723 4,802
k=1 Number of hubs 17 17 19 22 19
Demand ratio [%] 40.69 40.69 43.11 45.56 40.79
Congestion cost 0 1,599,600 9,012,664 2,066,229 2,401
k=2 Number of hubs 5 5 5 6 6
Demand ratio [%] 54.20 54.20 51.89 49.44 54.21
Congestion cost 0 154,333 898,566 6,013,700 0
k=3 Number of hubs 1 1 1 1 2
Demand ratio [%] 5.11 5.11 5.00 5.00 5.00
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hubs. For instance, for ~=1 and when b is increased
from 1.2 to 1.4, the hub congestion cost is reduced
from 1,831,110 to 1,279,723. The same effect can
also be seen in the cases of the level-2 (see rows 5
and 6) and level-3 hubs (see rows 6 and 7). Addition-
ally, an interesting observation from columns 3, 6,
and 9 is that when the value of b increases, the order
of construction is the lower-level hub first followed
by the higher-level hub. This is because the construc-
tion cost of the former is lower than that of the lat-
ter. These instances present a good trade-off between
congestion cost and construction cost in detail.

Another interesting observation from columns 4
and 7 is that the demand ratio varies with the num-
ber of hubs. More specifically, the demand served
by level-1 hubs first increases and then decreases,
while the demand served by level-2 hubs changes in
the reverse order. This is because adding another hub
provides more demand allocation options. Conse-
quently, after new hubs are constructed, the type SH
demand at level 1 would be allocated to these new
hubs to avoid the congestion cost.

In general, decision makers focus not only on the
demand allocation of the hubs at each level but also
on the utilisation of every single hub. The utilisa-

J
X jkqk
served by the hub to its maximum capacity. Tuble 4
displays the maximum and minimum utilisation of
the hubs at each level and the hub imbalance ratio,
measuring the ratio of the maximum to the mini-
mum hub utilisation. This table shows that a large
hub imbalance ratio exists in two cases: one without
considering congestion effects or where light con-
gestion effects (b=1.0) are assumed and the other
where new hubs have just been added to the net-
work (a level-1 or 2 hub with b=1.4 and a level-3
hub with 5=1.6). It is clear that building a new hub

tion of a hub 1s the ratio of the total demand

Table 4 — Impact of congestion on hub utilisation

can increase the capacity of the network but with
a lower hub utilisation, while when the congestion
effect is ignored, a fully laden hub can be observed.

Furthermore, we observe that for the same num-
ber of hubs as shown in Tuble 3, the imbalance ra-
tio of hubs (except the level-3 hub) decreases as b
increases, which implies that giving consideration
to congestion leads to a balanced distribution of
flow among hubs. Therefore, the hubs are utilised
under their capacity levels when b=1.6. However,
we can see that the imbalance ratio of level-1 hubs
cannot drop to its minimum value of 1. This is be-
cause the maximum acceptable distance for demand
at each level to access a hub is introduced to limit
the amount of covered demand. At this point, the
minimum hub utilisation (see column 3) may fluc-
tuate around a constant value but is not equal to the
maximum hub utilisation.

4.2 Improvement of the access service

In principle, the accessibility of hubs has a sig-
nificant impact on the utilisation of a transportation
network. A transportation management agency can
increase the attractiveness of public transportation
by improving the access service such as increasing
the access speed. Because the maximum acceptable
distance for demand to access a hub is closely relat-
ed to the access time, we vary the access speed (v,)
and the maximum acceptable distances () together
to observe their effect on the resulting solutions of
our model.

In this section, we consider four levels of access
service. The speed of two basic access modes ranges
from 30,50 to 45,65 km/h, respectively, in increments
of 5. The corresponding values of 7, are (50,100,200),
(60,120,240), (70,140,280) and (80,160,320). All the
experiments are conducted with b=1.6.

b No congestion 1.0 1.2 14 1.6

Max [%] 100.0 100.0 95.3 90.9 85.0

k=1 Min [%)] 36.5 36.5 36.5 334 36.5
Hub imbalance ratio 2.74 2.74 2.61 2.72 2.33

Max [%] 100.0 100.0 96.7 81.2 80.0

k=2 | Min [%] 79.3 79.3 79.3 34.2 79.3
Hub imbalance ratio 1.26 1.26 1.22 2.37 1.01

Max [%] 90.4 90.4 88.4 88.4 53.0

k=3 | Min [%)] 90.4 90.4 88.4 88.4 35.5
Hub imbalance ratio 1.00 1.00 1.00 1.00 1.49
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Figure 5 — Impact of access service on the system

Figure 5 illustrates the impact of access service
on the network. The number of hubs at each level
is marked on the IC line. Figure 5a shows that the
improvement of access service causes considerable
decreases in the investment cost and total cost of
the system. When the maximum acceptable distanc-
es (r,) increase, passengers can select hubs located
much farther away, and this phenomenon tends to
reduce the number of hubs with a higher construc-
tion cost. For example, the number of level-2 hubs
decreases from 6 to 5 when the level of access service
increases from 1 to 2. Figure 5b also shows that the
type SH demand served by level-2 hubs is allocat-
ed to level-1 and level-3 hubs. We can see the same
effect when the level of access service increases to
3, reducing the number of level-3 hubs. But Figure 5a
shows that these changes also cause overloading of
the hubs, resulting in congestion cost. Therefore, it
can be concluded that improving the access service
decreases the investment cost, but actually increases
the congestion cost as well.

For completeness, we summarise the results of
hub utilisation in 7able 5. In general, we see that this
strategy realises an increase in the minimum utilisa-

Table 5 — Impact of access service on hub utilisation

tion of level-1 hubs but also leads to the over-util-
isation of level-3 hubs. We can conclude that im-
provements to hub accessibility would increase the
utilisation of passenger hubs.

4.3 Planning of comprehensive
transportation hubs

In most location models, hubs of different levels
cannot be located at the same node. However, there
has been increased interest in planning comprehen-
sive transportation hubs that integrate at least two
transportation modes [21]. For example, the Hongg-
iao Integrated Transportation Hub in Shanghai com-
bines multiple transportation modes, such as air,
railways, and intercity buses. For this purpose, we
consider the planning of comprehensive transporta-
tion hubs in the WHM. Constraints 2 are replaced by
the following constraints in this case:

kZ;Ix,kg vieJ (15)

We also implement an experiment with 5=1.6.
Figure 6 shows the location results of the new model.
We find that there are five nodes with comprehensive

Level of access service 1 2 3 4
M1 30 35 40 45
v, [km/h]
M2 50 55 60 65
r,, [km] (50,100,200) (60,120,240) (70,140,280) (80,160,320)
Max [%] 85.0 85.4 85.1 85.1
=1 Min [%] 36.5 36.5 67.3 67.3
Hub imbalance ratio 2.33 2.34 1.26 1.26
Max [%] 80.0 80.1 80.0 80.0
k=2 Min [%] 79.3 80.1 80.0 80.0
Hub imbalance ratio 1.01 1.00 1.00 1.00
Max [%] 53.0 75.1 88.4 88.4
=3 Min [%] 355 75.0 88.4 88.4
Hub imbalance ratio 1.49 1.00 1.00 1.00
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Figure 6 — The location results with the planning of comprehensive transportation hubs

transportation hubs. Specifically, one air-railway-
bus hub, one air-bus hub, and three railway-bus hubs
are established in this solution. Compared to that in
the location plan shown in Figure 4e, the number of
level-2 hubs decreases from 6 to 5, and all hubs are
still utilised below their capacity levels. Moreover,
the investment cost of the new model decreases by
16.96%. This is because constraint 15 can improve land
space utilisation, providing more candidate locations
for hub facilities.

However, the passenger hubs would be located
together in fewer locations with the planning of com-
prehensive transportation hubs, and this limitation in-
creases the access distance of passengers. Addition-
ally, the travel cost increases by 2.05%. These results
show that establishing comprehensive transportation
hubs might be unfair to some passengers. However,
overall, the total cost of the new model is 4.44% less
than that of the basic model. Thus, the planning of
comprehensive transportation hubs is a strategy to
improve location solutions under congestion effects.

5. CONCLUSIONS AND FUTURE
RESEARCH

This paper describes a megaregional passenger
transportation system with hierarchical hub facili-
ties. We study the hierarchical hub facility location

problem with a new service availability structure and
consider congestion effects on hubs. Specifically, a
crossed service availability structure is introduced
based on the relationship between intercity travel
demand and hub facility service. Hub congestion is
modelled through a convex function that increases
exponentially when exceeding a given flow thresh-
old. We develop a mixed-integer nonlinear pro-
gramming model that combines decisions of closing
existing hubs and selecting the locations of new
hubs of different levels. Meanwhile, passen-
gers are allocated to meet the hierarchical travel
demands. The objective function is to minimise total
cost, including investment cost, transportation cost,
and congestion cost.

To evaluate the efficiency and effectiveness of the
proposed model, we firstly solve five instances with
different parameters in the congestion function. We
consider three types of hubs and three levels of de-
mand to model a megaregional passenger transpor-
tation system. The results show that the congestion
effects can be addressed by reallocating the demand
to balance the hub utilisation, and constructing new
hubs to increase the network capacity. The trade-offs
among transportation costs, investment costs, and
congestion costs are well implemented. In the latter
studies, we implement some instances to analyse the
effects of the two strategies. The results show that
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the improvement of access service can increase hub
utilisation, and the system cost decreases due to a
significant decrease in the investment cost, and the
planning of comprehensive transportation hubs can
improve land space utilisation, which also decreases
the investment cost. Overall, the computational re-
sults and the case analysis can be applied by decision
makers to adopt appropriate strategies to optimise
megaregional passenger transportation networks.

Future studies can be conducted to consider the
congestion effect on the number of passengers. In
fact, the congestion cost in this paper is undertaken
by the hub operator and passengers. The travel de-
mand at each node would decrease with this cost.
Hence, the topic of the hub facility location problem
under demand uncertainty requires further investiga-
tion.
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