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1. Introduction

The rise of economic growth and technology advance has
led to increasing demand of the intelligent transportation
system (ITS) for traffic service. How to construct real-time
information systems of ITS has become more important
[1]. Real-time traffic information, such as average vehicle
speed, travel time, traffic flow, and traffic congestion, can
be used by road users and the ministry of transportation
to improve the level of service for road ways. Several
approaches have been developed to collect and send real-
time traffic information to traffic information centre via
various networks (e.g., vehicular ad hoc network (VANET)
[2], universal mobile telecommunications system (UMTS)
[3], and long-term evolution (LTE) [4]): vehicle detector [5],
global position system- (GPS-) based probe car reporting
[6], cellular floating vehicle data (CFVD) [7], and so forth.
Furthermore, information and communications technology
(ICT) can be used to analyse the real-time traffic information
to forecast the future traffic condition for road user decision.
Therefore, the aim of this special issue is to introduce for
the readers a number of papers on various aspects of traffic
information management.

Topics covered in this issue include three main parts:
(1) traffic information estimation and prediction, (2) trans-
portation safety and security, and (3) logistics transportation

traffic management. This special issue has received a total
of 32 submitted papers with only 5 papers accepted. A high
rejection rate of 84.38% of this issue from the review process
is to ensure that high-quality papers with significant results
are selected and published. The three topics and accepted
papers are briefly described below.

2. Traffic Information Estimation and
Prediction

Papers on analytical methods for traffic information estima-
tion and prediction are as follows: (1) “A Method for Driving
Route Predictions Based on HiddenMarkovModel” by N. Ye
et al. and (2) “Detecting Traffic Anomalies in Urban Areas
Using Taxi GPS Data” by W. Kuang et al.

N. Ye et al. fromChina and SouthAfrica in “AMethod for
Driving Route Predictions Based on Hidden Markov Model”
proposed a driving route predictionmethod based on hidden
Markovmodel (HMM) to predict the traffic condition of each
road segment for driver’s reference. Furthermore, amethodof
training set extension based onK-means++ and a smoothing
technique was used to build the HMM for route predictions.
In their experimental environment, several training and test
examples in Jiangsu, China, were selected to evaluate their
proposed method. The experimental results illustrated that
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the correct prediction rate of their proposed method could
be high.

W. Kuang et al. from China in “Detecting Traffic Anoma-
lies in Urban Areas Using Taxi GPS Data” proposed a
traffic anomalies detection method which could combine the
wavelet transformmethod and principal component analysis
(PCA) to detect traffic anomalies. Moreover, their proposed
method could estimate and obtain information regarding
the spatial distribution of traffic flows. In their experimental
environment, several taxicabs collected and reported their
GPS data in Harbin, China, for the evaluation of their
proposed method. The experimental results indicated that
a number of the traffic anomalies could be detected and
reported for managers to solve traffic jam.

3. Transportation Safety and Security

Paper on analytical methods for transportation safety and
security is presented as follows. S.-K. Ryu et al. from Korea
in “Image-Based Pothole Detection System for ITS Service
andRoadManagement System” proposed a pothole detection
method based on various features in two-dimensional (2D)
images which included three steps: (1) segmentation based on
Histogram Shape-Based Thresholding (HST), (2) candidate
region extraction in accordance with various features (e.g.,
size and compactness), and (3) decision by comparing pot-
hole and background features. In their experimental environ-
ment, several video clips in Korea were selected to evaluate
their proposedmethod.The experimental results showed that
the accuracy, precision, and recall of their proposed method
were higher than previous methods.

4. Logistics Transportation Traffic
Management

Papers on analyticalmethods for logistics transportation traf-
fic management are as follows: (1) “Identifying Key Factors
for Introducing GPS-Based Fleet Management Systems to
the Logistics Industry” by Y.-C. Hu et al. and (2) “Novel
Encoding and Routing Balance Insertion Based Particle
Swarm Optimization with Application to Optimal CVRP
Depot Location Determination” by R.-M. Chen and Y.-M.
Shen.

Y.-C. Hu et al. from Taiwan in “Identifying Key Factors
for IntroducingGPS-Based FleetManagement Systems to the
Logistics Industry” combineddecision-making trial and eval-
uation laboratory (DEMATEL) and analytic network process
(ANP) to determine the key indicators (e.g., funding and
budget, experience and ability of consultants, project team
composition, user recognition, timely and correct informa-
tion, and degree of completeness of transmission equipment)
for introducing GPS-based fleet management systems to
transport companies. In their experimental environment,
a transport company in Taiwan was selected to evaluate
their proposed method. The experimental results indicated
that adequate annual budget planning, enhancement of user
intention, and collaboration with consultants were the key
indicators for successfully introducing the systems.

R.-M. Chen and Y.-M. Shen from Taiwan in “Novel
Encoding and Routing Balance Insertion Based Particle
Swarm Optimization with Application to Optimal CVRP
Depot Location Determination” proposed a hierarchical
particle swarm optimization (PSO)with two layers (i.e., outer
layer PSO and inner layer PSO) for the establishment of
the optimal depot location and the minimized total distance
of vehicle routing. In their experimental environment, nine
instances were selected from an accessible and credible
database which was designed by Augerat for the evaluation
of vehicle routing algorithm. The experimental results illus-
trated that the costs of finding the new plant location and
vehicle routing distance in a real world case could be reduced.

Chi-Chun Lo
Kuo-Ming Chao
Hsu-Yang Kung
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A depot location has a significant effect on the transportation cost in vehicle routing problems. This study proposes a hierarchical
particle swarm optimization (PSO) including inner and outer layers to obtain the best location to establish a depot and the
corresponding optimal vehicle routes using the determined depot location.The inner layer PSO is applied to obtain optimal vehicle
routes while the outer layer PSO is to acquire the depot location. A novel particle encoding is suggested for the inner layer PSO,
the novel PSO encoding facilitates solving the customer assignment and the visiting order determination simultaneously to greatly
lower processing efforts and hence reduce the computation complexity. Meanwhile, a routing balance insertion (RBI) local search
is designed to improve the solution quality. The RBI local search moves the nearest customer from the longest route to the shortest
route to reduce the travel distance. Vehicle routing problems from an operation research library were tested and an average of 16%
total routing distance improvement between having and not having planned the optimal depot locations is obtained. A real world
case for finding the new plant location was also conducted and significantly reduced the cost by about 29%.

1. Introduction

The vehicle routing problem (VRP) is a scheduling problem
encountered in logistic arrangement, an extension of the
traveling salesman problem. As different restrictions (vehicle
capacity limits, visit time limits, goods pick-, and delivery
demands, etc.), there are also dissimilar types of VRPs, such
as capacitated VRPs (CVRPs) involving only vehicle capacity
limits, capacitated VRPs with time windows involving both
vehicle capacity and visit time limits at the same time,
VRPs with pickups and deliveries involving pickup and
delivery demands, multiple depot VRPs involving multiple
depots, and periodic VRPs involving customs with periodic
demands. This study focuses on capacitated vehicle routing
problems. In operation research, vehicle routing problems
have been confirmed to be NP-hard. Accurate optimal solu-
tions to this type of problem can be obtained with exact
algorithms [1] within a limited time only when the problem
scale is small. With problems of a larger scale, the amount

and time of calculation required make it impossible to obtain
optimal solutionswith exact algorithmswithin a limited time.
For this reason,many researchers have come upwith a variety
of heuristic and metaheuristic methods in recent years to
cope with vehicle routing problems, including the evolution
computation, memetic algorithm, genetic algorithm (GA),
local search metaheuristic, artificial bee colony algorithm,
ant colony optimization (ACO), and particle swarm opti-
mization (PSO). Prins [2] used two memetic algorithms
for heterogeneous fleet vehicle routing problems. Repoussis
et al. [3] applied a hybrid evolution strategy for the open
vehicle routing problem. Gajpal and Abad [4] proposed
a saving-based algorithm for vehicle routing problem, in
which a new route is created by merging two existing routes.
Munawar et al. suggested a cellular genetic algorithm with
local search to solve CVRP [5]. Pop et al. integrated a GA
with a local search to globalize the approach to the CVRP [6].
In [7], a local search metaheuristic including the static move
descriptor strategy for exploration and the promises concept
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for avoiding search cycling and inducing diversification was
designed for the VRP with simultaneous pick-ups and deliv-
eries. Fleszar et al. proposed an effective variable neighbor-
hood search scheme based on reversing the routing segment
and exchanging routing segments for solving the openVRP to
minimize the number of vehicles as well as the total travelled
distance [8]. Meanwhile, an adaptive variable neighborhood
search together with diversification local search methods
was utilized to investigate the homogeneous fleet VRP [9].
Artificial bee colony algorithm with a local optimization
strategy based on a scanning strategy for an open VRP was
studied by Yao et al. [10]. Szeto et al. also applied an enhanced
version of artificial bee colony for solving the CVRP [11].
Ant colony optimization is a well-known metaheuristic for
combinatorial optimization problems. An ant colony system
based algorithm was proposed by Favaretto et al. [12] to
solve VRP with multiple time window constraints. Yu et al.
recommended an improved ACO, which implements a new
ant-weight strategy to update the increasing trail pheromone
and a mutation operation to solve VRP [13]. A PSO-based
scheme with two solution encodings and the corresponding
decodings for solving CVRP was investigated by Ai and
Kachitvichyanukul [14]. In [15], a PSO-based approach in
which a variable neighborhood descent local search is per-
formed to solve the VRPwith pickup and delivery at the same
time. Meanwhile, Marinakis et al. [16] proposed a hybrid
algorithm based on PSO for solving VRP with stochastic
demand. Moreover, a VRP with fuzzy demands was solved
by applying a PSO-based approach in which a novel encoding
method was introduced [17].

Among them, PSO has the advantage of requiring less
parameters and faster convergence rates and has therefore
been adopted by many researchers to solve various problems.
Abido [18] employed PSO to solve the optimal setting of
power flow. Kang andHe [19] proposed a novel discrete parti-
cle swarm optimization algorithm for meta-task assignment
in heterogeneous computing systems and used a migration
mechanism to escape from possible local optimum. A flow
shop sequence dependent group scheduling problem was
resolved using PSO based on a ranked order value encoding
scheme [20]. Meanwhile, Chen [21] presented PSO with jus-
tification technique integrated to solve resource-constrained
project scheduling problems. Moreover, an application of
PSO to solve task-resource assignment in a heterogeneous
grid was provided by Chen and Wang [22]. Additionally,
Chen and Sandnes [23] applied constriction PSO to solve
man-day scheduling problems.

Scholars have established different restriction databases
to help solve VRP problems, but the objectives are mostly
to plan the least costly vehicle routes when the locations of
depots and customers are already known. A dynamic VRP
which considers new customer requests while the vehicle
routing is in progress was also investigated by using PSO
[24]. In some industries, 25% of the company’s total revenue
must be used to pay for materials delivery as well as shipping
costs to ship products. Restated, the transportation cost is
an extremely important consideration for many businesses.
Therefore, efficient vehicle routing is crucial. Meanwhile, site
selection has a significant impact on the fixed and changing

costs and the impact of the company’s risk and profits. Hence,
setting the operating site location is one of themost important
decisions in many companies, such as FedEx. The goal of site
selection is to allow the company to reduce the transportation
cost so as to get the most benefit. Site selection can be
any operating site selection including VRP depot location
selection. However, most studies focus on solving VRP based
on fixed depots. In logistic businesses, besides fine vehicle
route planning, good choice of depot locations is also an
important issue to reduce business costs and hence increase
profits. Restated, solving both the optimal depot location as
well as the optimal vehicle routes is necessary. Therefore,
this investigation focuses on solving these two issues by a
hierarchical PSO involving two PSO algorithms: one for the
inner layer and the other for the outer layer. The outer-
layer PSO is first applied to establish the optimal depot
location; then, the inner PSO is used to produce the optimal
vehicle routing. This optimal routing involves the customer-
to-vehicle assignment and visit order determination issues.
These two issues are commonly resolved by two separate
PSOs in most studies, hence much effort is required. There-
fore, a novel particle encoding scheme is proposed to deal
with those two issues simultaneously to greatly reduce the
processing effort. Meanwhile, a new local search strategy is
also designed and employed to improve solution quality.This
new designed local search is named routing balance insertion
(RBI) local search herein, it is inspired by the well-used
nearest neighborhood heuristic in TSP. The RBI local search
selects the nearest customer on the longest routing cluster
and inserts the selected node into the shortest routing cluster
to reduce the total travel distance. The nearest customer is
determined based on the distance between the customer and
the centroid of the shortest routing cluster.

The organization of this work is as follows. Section 2
describes the interested capacitated vehicle routing problems.
The proposed scheme, including novel particle encoding and
routing balance insertion local search, is given in Section 3.
Section 4 demonstrates the experimental results and analysis.
Finally, conclusions are made in Section 5.

2. Problem Description

The vehicle routing problem was first proposed by Dantzig
and Ramser in 1959 [25]. It was very similar to the concept
of distribution of goods by logistic businesses in reality. The
problem involved the demands of each of many customers
scattered about different places. The depot had to assign
vehicles to visit (service) all the customers and satisfy their
needs by planning the shortest total travel distance without
violating any restrictions.

In a CVRP, there are a fixed number of customers and
a depot. The locations of each customer and the depot are
known (indicated with Cartesian coordinates). Set C =

{𝑐
1
, 𝑐
2
, . . . , 𝑐

𝑛
} stands for the set customers; 𝑐

1
, 𝑐
2
, . . . , 𝑐

𝑛
are

the customers. The depot will send out a fleet comprising
several vehicles. The vehicle fleet V = {V

1
, V
2
, . . . , V

𝑘
}, in

which 𝑘 is the number of vehicles. Each customer has a
different cargo demand and each vehicle has a carrying
capacity limitation. Each vehicle must leave from the depot
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Figure 1: Customer-to-vehicle assignment.

and return to the depot at the end. Each customer has to be
visited once and once only. The objectives and restrictions of
the CVRP are then defined as follows:

Fitness = min
𝑛

∑

𝑖=0

𝑛

∑

𝑗=0

𝑘

∑

V=1
𝑑
𝑖𝑗
𝑋

V
𝑖𝑗
+ 𝑑
𝑛0
𝑋

V
𝑛0

𝑖 ̸= 𝑗, (1)

𝑛

∑

𝑖=0

𝑛

∑

𝑗=0

𝑋

V
𝑖𝑗
𝑟
𝑖
≤ 𝑄V 𝑖 ̸= 𝑗, V ∈ 𝑉, (2)

𝑋

V
𝑖𝑗

=

{

{

{

1, a customer 𝑖 to 𝑗 is on the route of vehicle V,

0, otherwise.

(3)

In (1), the objective function of the VRP is defined as
to obtain the shortest total travel distance. The 𝑑

𝑖𝑗
is the

distance from the customer 𝑖 to customer 𝑗 and 𝑋V
𝑖𝑗
stands

for whether vehicle V will go from customer 𝑖 to customer 𝑗.
When 𝑋V

𝑖𝑗
= 1, it means vehicle V travels from a customer

𝑖 to 𝑗. On the other hand, when 𝑋V
𝑖𝑗
= 0, vehicle V does

not travel from customer 𝑖 to customer 𝑗. In (2), the total
demands from customers served by vehicle Vmay not exceed
the carrying capacity of vehicle V. The 𝑟

𝑖
stands for the cargo

demand of customer 𝑖 while 𝑄V is the maximum carrying
capacity defined for vehicle V. The objective is to obtain the
shortest total travel distance, but each vehicle may not violate
the maximum capacity restriction throughout the tour.

This investigation is interested in determining the optimal
depot location as well as the optimal vehicle routing. This
problem to obtain the optimal vehicle routes first needs
allocation of the 𝑛 customers to 𝑘 vehicles. Hence, there is
a surjection from customer collection C = {𝑐

1
, 𝑐
2
, . . . , 𝑐

𝑛
} to

vehicle collection V = {V
1
, V
2
, . . . , V

𝑘
}, that is, customer to

vehicle assignment as shown in Figure 1. Next, determination
of the optimal visit order for each vehicle is needed as
displayed in Figure 2.

To acquire optimal customer-to-vehicle assignment and
optimal visit order for each vehicle, a particle swarm opti-
mization (PSO) with a novel particle encoding scheme is pro-
posed to resolve these two issues at the same time. Restated,

with the help of the novel particle encoding scheme, the
customer assignment and the visiting order determination
can be solved concurrently.

Meanwhile, a depot has a very significant effect on the
transportation cost. Therefore, a hierarchical PSO is utilized;
the position of the depot is adjusted with the outer PSO
and then the inner PSO is applied to determine the optimal
customer assignment and optimal visit order with minimum
total vehicle routes.

3. Particle Swarm Optimization with
Proposed Designs

This study focuses on applying hierarchical PSO to obtain
optimal depot location as well as the optimal vehicle routes.
In this Section, PSO is first introduced; next, a novel particle
encoding for the inner and outer layer PSOs are presented.
To enhance the PSO performance routing balance insertion
local search is designed.

3.1. Particle SwarmOptimization (PSO). Particle swarm opti-
mization is a type of collective intelligence. It was first put
forward in 1995 by Kennedy and Eberhart [26] who were
inspired by the group behavior of biological creatures looking
for food together. In the operation of a PSO algorithm, the
position of a particle stands for the solution to the problem.
In PSO, a particle moves in the solution space and uses
two experiences as references for further motion, namely,
the optimal individual experience and the optimal group
experience. The optimal group experience indicates that the
entire group has been placed in the best position and the
optimal individual experience means each particle has been
placed in its best position. When calculating the newmoving
speed of a particle in each iteration, besides the original speed,
the positions of the optimal group experience and the optimal
individual experience are also referred to. Suppose that an
𝑁 number of particles are scattered in an 𝐿-dimensional
space. The position vector of the 𝑖th particle (𝑖 = 1, . . . , 𝑁)
is composed of 𝐿 vector components. 𝑋

𝑖
= {𝑋

𝑖1
, . . . , 𝑋

𝑖𝐿
}

indicates the position vector of particle 𝑖, in which𝑋
𝑖𝑗
stands

for the 𝑗th vector component of the 𝑖th particle. The velocity
vector of the 𝑖th particle is also composed of 𝐿 components
𝑉
𝑖
= {𝑉
𝑖1
, . . . , 𝑉

𝑖𝐿
}. The optimal individual experience of the

𝑖th particle is thus represented as 𝑃
𝑖
= {𝑃
𝑖1
, . . . , 𝑃

𝑖𝐿
}, whereas

the optimal swarm experience (𝐺best) is 𝐺 = {𝐺
1
, . . . , 𝐺

𝐿
}.

These velocity and position update rules are shown below:

𝑉

new
𝑖𝑗

= 𝑤 × 𝑉
𝑖𝑗
+ 𝑐
1
× 𝑟
1
× (𝑃
𝑖𝑗
− 𝑋
𝑖𝑗
) + 𝑐
2
× 𝑟
2

× (𝐺
𝑗
− 𝑋
𝑖𝑗
) ,

𝑋

new
𝑖𝑗
= 𝑋
𝑖𝑗
+ 𝑉

new
𝑖𝑗
.

(4)

In (4), 𝑤 is the inertia weight used to determine the
level of effect of the previous velocity on the new velocity.
In PSO algorithms, inertia weight is an important factor
that has influence on the search ranges of particles. When
𝑤 increases, the searching movement of a particle is broader
and global exploration is suitable. On the other hand, when
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Figure 2: Visit order optimization.

Table 1: Novel compound particle encoding (inner layer PSO).

Index 1 2 ⋅ ⋅ ⋅ 𝑛 𝑛 + 1 𝑛 + 2 ⋅ ⋅ ⋅ 𝑛 + 𝑘 − 1

𝑋

𝑉

𝑖
𝑋

𝑉

𝑖1
𝑋

𝑉

𝑖2
⋅ ⋅ ⋅ 𝑋

𝑉

𝑖𝑛
𝑋

𝑉

𝑖𝑛+1
𝑋

𝑉

𝑖𝑛+2
⋅ ⋅ ⋅ 𝑋

𝑉

𝑖𝑛+𝑘−1

Key Cus1 Cus2 ⋅ ⋅ ⋅ Cus
𝑛

Veh1 Veh2 ⋅ ⋅ ⋅ Veh
𝑘−1

the search space is narrower, local exploitation will be more
appropriate. Therefore, proper adjustment of 𝑤 to balance
global exploration and local exploitation is required and
important. Meanwhile, 𝑐

1
and 𝑐
2
are learning factors which

have an effect on particles’ learning of global experience and
individual experience, whereas 𝑟

1
and 𝑟
2
represent random

numbers within [0, 1].

3.2. Novel Particle Encoding for Inner Layer PSO. The par-
ticle position vector represents the solution of a studied
problem and the particle position encoding is the core
step in PSO. Before the inner layer PSO performs visit
order decision-making and fitness calculations, the position
vector (𝑋𝑉

𝑖
) has to be converted into the visit sequence of

a vehicle. Restated, each customer the vehicle is assigned
to have to be determined before an assessment can be
conducted. Hence, to facilitate finding the optimal solution
and reduce the processing effort, this work designs a novel
compound particle encoding scheme to reduce the customer-
to-vehicle assignment and visit order determination effort
for the inner layer PSO. Herein, a particle of the inner-layer
PSO includes customers and vehicles assigned, as shown in
Table 1. In Table 1, the position vector includes 𝑛 + (𝑘 −
1) components; that is, 𝑋𝑉

𝑖
= {𝑋

𝑉

𝑖1
, . . . , 𝑋

𝑉

𝑖𝑛
, . . . , 𝑋

𝑉

𝑖𝑛+𝑘−1
}.

Meanwhile, each component is associated with a key
(Key = {Cus

1
,Cus
2
, . . . ,Cus

𝑛
,Veh
1
,Veh
2
, . . . ,Veh

𝑘−1
}). For

customer-to-vehicle assignment, 𝑛 customers are to be
assigned to 𝑘 vehicles; that is, 𝑛 customers can be regarded
as being clustered into 𝑘 groups. Therefore, (𝑘 − 1) dividing
points are needed, that is the reason Veh

1
–Veh
𝑘−1

(𝑘 − 1
components) are added.

The visit sequence of each vehicle and each customer a
vehicle is assigned to are determined simultaneously by using

a random key scheme. Take six customers and three vehicles,
for example. Figure 3 shows a solution (𝑋𝑉

𝑖
) obtained with

PSO. The components of the position vector are sorted in
ascending order; then, the key values are rearranged accord-
ing to the sorted values of𝑋𝑉

𝑖
to generate a key sequence set.

This key sequence is then defined as the vehicle assignment
with the Veh

𝑗
as the dividing point. Restated, all customers

before the dividing point Veh
1
are assigned to vehicle 1, all

customers between Veh
1
and Veh

2
are assigned to vehicle 2,

and so forth. Finally, customers after Veh
𝑘−1

are assigned to
vehicle 𝑘.Moreover, the customers visit sequence for a vehicle
is then defined as the visiting order for that vehicle. The
total travel distance can then be calculated according to (1)
after the vehicle assignment and visiting order are resolved.
For example, customers 1, 2, and 5 are assigned to vehicle 2,
and the visiting order for vehicle 2 would be from customer
2 to customer 5 then customer 1, as indicated in Figure 3.
Hence, the proposed novel PSO encoding scheme in inner
layer PSO can facilitate solving the customer assignment and
the visiting order determination at the same time to greatly
lower processing effort and hence reduce the computational
complexity.

3.3. Particle Encoding for the Outer Layer PSO. The particle
encoding for the outer layer PSO solutions is conducted
by using a position vector consisting of two components
representing the 𝑋 and 𝑌 coordinates of the depot location.
The outer layer PSO solution (X𝐷 = {𝑋

𝐷

1
, 𝑋

𝐷

2
}) is shown

in Table 2. The fitness calculation is then performed by
transferring the depot coordinates (X𝐷) to the inner layer
PSO for optimal routing calculation and the resulting total
routing distance is adopted as the fitness value of the outer
layer PSO.
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Figure 3: The solution decoding process (inner layer PSO).

Table 2: Solution representation (outer layer PSO).

X𝐷 𝑋

𝐷

1
𝑋

𝐷

2

Depot location 𝑋 coordinate 𝑌 coordinate

3.4. Routing Balance Insertion Local Search. The local search
is a search tactic to generate new solutions in the neighbor-
hood of the current solution to attempt to find a solution with
better quality. A new local search is designed and conducted
to generate a new solution and is selected to be the starting
point of the algorithm when the next iteration takes place if
it is a better solution.

The new local search tactic named routing balance inser-
tion (RBI) local search is applied in the inner layer PSO,
which is inspired from the well-used nearest neighborhood
heuristic in TSP. The RBI local search moves the nearest
customer from the longest route to the shortest route to
reduce the travel distance; the nearest customer is determined
based on the distance between the customer and the centroid
of the shortest routing cluster.The operations of the designed
RBI local search are as follows.

Step 1. Select the longest routing path and the shortest
routing path. Figure 4 shows the resulting CVRP results,
Route-1 is the routing path starting from depot (𝑂) and
visiting 𝐴, 𝐵, 𝐶, 𝐷, 𝐸, and 𝐹 then back to 𝑂; Route-2 is
the routing path starting from 𝑂 and visiting 𝐺, 𝐻, and 𝐼
then back to the depot. Assuming the travel distances of the
corresponding vehicle routes are 𝑑1, 𝑑2, and 𝑑3, respectively.
Suppose the max{𝑑1, 𝑑2, 𝑑3} is 𝑑1 and the min{𝑑1, 𝑑2, 𝑑3} is
𝑑2.

Step 2. Calculate the centroid position of the customers
consisting of the shortest route (Route-2). The centroid
position (𝐶𝐶 = (𝑥

𝐶
, 𝑦
𝐶
)) can be yielded by

𝑥
𝐶
=

∑

𝑘

𝑖=1
𝑥

V
𝑖
+ 𝑥
𝑂

𝑘 + 1

,

𝑦
𝐶
=

∑

𝑘

𝑖=1
𝑦

V
𝑖
+ 𝑦
𝑂

𝑘 + 1

.

(5)
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Figure 4: Obtained CVRP results.
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Figure 5: The centroid and the distances from customer on the
longest route.

In (5), 𝑥
𝐶
and 𝑦

𝐶
are the coordinates of the centroid position

of route V (vehicle V). The 𝑥V
𝑖
and 𝑦V

𝑖
are the coordinates of

the customers assigned to the vehicle V; 𝑥
𝑂
and 𝑦

𝑂
are the

coordinates of the depot position.

Step 3. Calculate the distances from the customers assigned
to the longest route (Route-1) to the centroid. Assuming
𝑑𝐴, 𝑑𝐵, . . . and 𝑑𝐹 are the distances from customers 𝐴, 𝐵, . . .
and 𝐹 to the centroid, as displayed in Figure 5. Suppose 𝑑𝐵 is
the minimum distance, that is, customer 𝐵 is the nearest one
to the shortest route.
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Figure 6: Four possible insertion positions.

Step 4. Delete customer 𝐵 from Route-1 and insert 𝐵 into
Router-2.The travel distance of theRoute-1 decreases after the
customer 𝐵 is removed, the decreased distance is 𝑑 = 𝐴𝐵 +
𝐵𝐶 − 𝐴𝐶. Meanwhile, there are four possible positions for
inserting 𝐵 as illustrated in Figure 6. The increased distances
after inserting 𝐵 to the four possible positions are 𝑑1 =

𝑂𝐵 + 𝐵𝐺 − 𝑂𝐺, 𝑑2 = 𝐺𝐵 + 𝐵𝐻 − 𝐺𝐻, 𝑑3 = 𝐻𝐵 + 𝐵𝐼 −
𝐻𝐼, and 𝑑4 = 𝐼𝐵 + 𝐵𝑂 − 𝐼𝑂, respectively. The insertion
position is then determined by comparing 𝑑1, 𝑑2, 𝑑3, and
𝑑4. Restated, the insertion position decision is based on the
min{𝑑1, 𝑑2, 𝑑3, 𝑑4}. For example, the customer 𝐵 is being
inserted between𝐺 and𝐻 if the 𝑑2 is theminimum increased
distance as in Figure 6(b).

3.5. Optimal Depot Location Determination. The optimal
depot location is determined using the outer layer PSO. The
determined particle solution, X𝐷, is passed to the inner layer
PSO as the depot location. The inner layer PSO solves the
CVRP problem on the basis of this depot location, and the
minimum total vehicle routing distances (Fitness in (1)) are
returned to the outer PSO. This returned Fitness is then
used as the objective corresponding to X𝐷. Accordingly,
particle experience and swarm experience can be obtained.
Thereafter, the velocity in the outer layer PSO is updated;
a new position X𝐷 is generated and will be the new depot
location. After alternating evolutions of the inner layer and
outer layer PSO, an optimal depot location can be acquired.

3.6. Hierarchical PSO. The collaboration operation of the
proposed inner and outer layer PSOs is as follows.

(1) Outer layer PSO: outputs determined depot location
(X𝐷) to the inner layer PSO.

(2) Inner layer PSO: determines total travel distance
(TTD) based on X𝐷; returns the total travel distance
to the outer layer PSO.

(3) Outer layer PSO:

(i) evaluates the quality of the depot location (X𝐷),
that is, fitness(X𝐷) = TTD;

(ii) updates individual and swarm experience;
(iii) updates velocity and position vector;
(iv) outputs new depot location (X𝐷) to the inner

layer PSO.

(4) Repeats Steps 3 and 4 until termination condition is
met.

(5) Outer layer PSO: outputs the optimal depot location
and the corresponding vehicle routes.

The detailed flowchart of the proposed hierarchical PSO for
optimal CVRP depot location and optimal vehicle routes is
summarized in Figure 7.
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Figure 7: Flowchart of the proposed hierarchical PSO.

Table 3: Complexity of the VRP scheduling problem.

Customers Vehicles Solution space
𝑛 = 𝑋𝑋 − 1 𝑚 𝑚 × (𝑛/𝑚)! × 𝑚

𝑛

31 5 5 × 6! × 531 ≈ 1.67 × 1025

54 9 9 × 6! × 954 ≈ 2.19 × 1055

63 8 8 × 8! × 863 ≈ 2.53 × 1062

4. Experimental Results

To verify the performance of the method proposed in this
work to establish the optimal depot location, simulations on
a famous benchmark were conducted. The instances tested
are those designed by Augerat aiming at capacitated vehicle
routing problems. There are 9 instances selected from the
database at http://www.branchandcut.org/VRP/data; they are
A-n32-k5, A-n33-k5, A-n36-k5, A-n45-k6, A-n45-k7, A-n55-
k9, A-n60-k9, A-n62-k8, and A-n64-k9. An instance is
expressed by A-n𝑋𝑋-k𝑌, where𝑋𝑋 stands for the number of
customers plus depots and𝑌 indicates the number of vehicles.

Table 3 demonstrates the difficulty of solving the studied
CVRP problems. Assuming 𝑛 customers are serviced by
𝑚 vehicles, in average every vehicle needs to visit 𝑛/𝑚
customers. Therefore, the time required by exhaustive search

Table 4: Particle complexity on finding optimal routes.

Two PSOs Proposed PSO
Number of component 𝑛 + 𝑛 𝑛 + (𝑚 − 1)
Example
A-n32-k5 31 + 31 31 + 4

A-n54-k9 53 + 53 53 + 8

A-n64-k8 63 + 63 63 + 7

for the A-n32-k5 instance would be 1.67 × 1025 × 10−8
seconds ≈ 1.9 × 1012 days, with a solution that can be found in
0.01 𝜇sec (10−8 sec) is assumed. For another example case, the
time required by exhaustive search for the A-n64-k8 instance
would be 2.53× 1062 × 10−8 seconds≈ 3.69× 1049 days. Hence,
a PSO metaheuristic algorithm is applied in this study.

Table 4 lists the required number of component velocity
and position vectors for the inner PSO to find the optimal
routes. To solve the two issues encountered in obtaining
the CVRP optimal routes, there is one commonly used
design when applying PSO: two PSOs are dedicated to
solve corresponding issues. However, the required number
of components in either the velocity or position vector is
𝑛 + 𝑛 components in total; however, only 𝑛 + (𝑚 − 1)

components are required in the proposed novel particle
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encoding scheme. Hence, the computational complexity is
decreased dramatically for large scale problems.

In this work, the experiments were processed in two
stages. The first stage is to find out the best mechanisms
employed in the inner layer PSO, including the local search.
The second stage is to check the improvements when the
depot location is determined by using the outer layer
PSO. Restated, the resulting fitnesses after and before outer
layer PSO application are compared to observe the level of
improvement. During the test in the first stage, the customers
provided in the benchmark were divided into small, medium,
and large scales. Three instances for each scale were adopted
to run the test. The inner layer PSO parameters were 100
particles, the learning factors 𝑐

1
= 2 and 𝑐

2
= 1, and the

number of iterations was 1000. The outer layer PSO involved
8 particles, the learning factors were set to 𝑐

1
= 𝑐
2
= 2 and 100

iterations were conducted.The comparison criterion is on the
basis of deviation. The deviation (DEV) is defined in

DEV (%) =
Makespansol − BKS

BKS
× 100%, (6)

where BKS is the best known solution provided in the
benchmark,Makespansol is the shortest total routing distance
obtained by the proposed method. The best deviation from
10 trials was selected for comparison. Moreover, the average
deviation (Avg. Dev) is also defined as in

Avg. Dev (%) =
∑

𝑛

𝑖=1
DEV
𝑖

𝑛

,
(7)

where 𝑛 is the trial runs for a specific test problem instance;
10 trial runs were conducted in this work, that is, 𝑛 = 10.

The testing environment of the experiment included the
Windows 7 SP1 operating system running on an Intel Core i7
CPU 4770 3.40GHz CPU with 4GB RAM. C# was applied to
implement the method proposed in this study.

4.1. Inner-Layer PSO: Local Searches. To test the efficiency
of different local searches, interchange (LS

1
), RBI (LS

2
),

combining interchange, and RBI (LS
3
) were tested. The

results are as shown in Figure 8. It indicates that either swap
or RBI local search is able to improve the efficiency. The
proposed RBI local search (Avg. Dev. = 18%) outperforms
swap local search (Avg. Dev. = 20%) and without the local
search (Avg. Dev. = 28%). Moreover, both swap and RBI
involved in the algorithm are able to further enhance the
performance (Avg. Dev. = 14%). Therefore, the inner layer
PSO involving swap local search and RBI local search was
included while searching for the optimal depot location by
the outer layer PSO.

4.2. Outer Layer PSO. In this section, the experimental
results with and without applying the outer layer PSO
to find the optimal depot location are compared. The
depot locations provided in the benchmark were used as
the default depot locations, the fitness (Fit) based on (1)
was calculated. Figure 9 shows the inner layer PSO and
outer layer PSO evolution curves for the A-32-k5 instance.
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Figure 8: Simulation results of applying local searches.

Figures 10(a) and 10(b) display the resulting vehicle routes
before and after applying outer layer PSO, respectively. The
fitness of using the default depot is 784, but the fitness of
using a determined depot by the proposed outer layer PSO
is 660. Restated, the determined depot would greatly reduce
the vehicle routing cost.

Table 5 displays the experimental results of using default
depot location (without adjustment of the depot location,
i.e., before the outer layer PSO was applied) and determined
depot location (with adjustment of the depot location after
outer layer PSO application). Ten trials were conducted; the
minimum fitness (Min. Fit) and average fitness (Avg. Fit)
are provided. Meanwhile, the improvement was calculated
according to

Imp(%) =
Fitness

𝑤/𝑜
− Fitnessdepot

Fitness
𝑤/𝑜

× 100%, (8)

where Fitness
𝑤/𝑜

is the fitness without the depot location
adjustment and the Fitnessdepot is the fitness with the
depot location adjustment. Restated, the Imp represents the
percentage of the reduced fitness (total routing distance
decreased). According to the experimental results, up to
18% average minimum Imp (Min. Imp) and 16% averaged
Imp (Avg. Imp) of trial runs were acquired. Therefore, the
proposed scheme in this work is able to additionally allow
companies to determine the optimal depot or plant site
setting.

Finally, a real world case was implemented.The real world
case includes 15 cooperation factories and a new assembly
plant is planned to set up to produce commodities. The
location of this assembly plant needs to be determined to
reduce the costs. The requirement is that the assembly plant
needs to send out 3 trucks to carry all needed parts from
all cooperation factories and back to the assembly plant for
further processes. The vehicle routing based on the original
plant location is displayed in Figure 11(a), the vehicle routing
on the basis of the determined new plant location using
the proposed scheme is illustrated in Figure 11(b). The travel
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Figure 9: PSO evolution example for instance A-32-k5: (a) inner layer PSO and (b) outer layer PSO.

(a) (b)

Figure 10: Resulting vehicle routes example for case A-32-k5: (a) without depot determination and (b) with depot determination by outer
layer PSO.

Table 5: Improvement of the proposed scheme.

Instance Default Determined depot Improvement
Min. Fit Min. Fit Avg. Fit Min. Imp Avg. Imp

A-n32-k5 784 660 660 19% 19%
A-n33-k5 661 627 632 5% 5%
A-n36-k5 799 685 696 17% 15%
A-n45-k6 944 842 931 4% 1%
A-n45-k7 1146 829 864 38% 33%
A-n55-k9 1073 1063 1078 1% 0%
A-n60-k9 1408 1096 1118 28% 26%
A-n62-k8 1315 1187 1098 19% 18%
A-n64-k9 1177 1140 1081 33% 30%
Average 18% 16%
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(a) (b)

Figure 11: Vehicle routes based on: (a) original plant location and (b) determined new plant location by the proposed PSO scheme.

distances of the original plant vehicle routes and new plant
vehicle routes are about 52.2 Km and 37.1 Km, respectively.

5. Conclusions

This study proposes a hierarchical PSO consisting of an inner
layer PSO and an outer layer PSO to obtain the optimal depot
location and the corresponding vehicle routing to minimize
the total routing distance. The inner layer PSO is used to
find the optimal vehicle routing while the outer layer is used
to determine the optimal depot location. In the inner layer
PSO, a new designed routing balance insertion (RBI) local
search is suggested to improve solution quality. The RBI
local search moves the nearest customer from the longest
route to the shortest route to reduce the travel distance; the
nearest customer selection is based on the distance between
a customer and the centroid of the shortest routing cluster.
The experimental results with and without local search
schemes are demonstrated in Figure 8, in which the average
deviation can be lowered (Avg. Dev = 14%) while applying
local searches. Meanwhile, a novel particle encoding scheme
is designed to handle customer-to-vehicle assignment and
customer visiting order issues simultaneously to greatly
lower processing efforts and hence reduce the computational
complexity as indicated in Table 4.

The experimental results indicate that the total vehi-
cle routing distance of the tested instances is significantly
reduced, up to an average improvement of 16%. In the A-n45-
k7 instance, the minimum and average fitnesses of ten trials
can be improved up to 38% and 33%, respectively. Therefore,
the location of a depot can indeed affect vehicle routing costs,
which can be greatly lowered by the proposed hierarchical
PSOwith the novel encoding scheme and the RBI local search
in this study. Restated, the suggested PSO is able to effectively
establish the optimal location to set up a depot thus increas-
ing profits. According to the real-world case simulation as
indicated in Figure 11, the new plant location is able to signif-
icantly reduce the cost ((52.2 − 37.1)/52.2) × 100% ≅ 29%.

However, to further enhance the performance, local search
heuristics such as insertion, exchange and other local
searches can be integrated into the proposed scheme. Mean-
while, different metaheuristic algorithms such as genetic
algorithmand ant colony optimization can be utilized to solve
this studied problem in the future.
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We present a driving route prediction method that is based on HiddenMarkovModel (HMM).This method can accurately predict
a vehicle’s entire route as early in a trip’s lifetime as possible without inputting origins and destinations beforehand. Firstly, we
propose the route recommendation system architecture, where route predictions play important role in the system. Secondly,
we define a road network model, normalize each of driving routes in the rectangular coordinate system, and build the HMM to
make preparation for route predictions using a method of training set extension based on K-means++ and the add-one (Laplace)
smoothing technique. Thirdly, we present the route prediction algorithm. Finally, the experimental results of the effectiveness of
the route predictions that is based on HMM are shown.

1. Introduction

Currently, many drivers use different kinds of navigation
software to acquire better driving routes. The main function
of vehicle route recommendation in the software is to find
several routes between given origins and destinations by
combing some path algorithms with historical traffic data,
for example, Google Map and Baidu Map. And then a driver
could select one of those recommendation routes according
to personal preference, driving distance, and current road
congestion information. People usually would like to choose
routes withmore smooth roads. However, the abovemethods
for driving route recommendation have some problems.
Firstly, more people would like to choose routes with many
smooth road segments. Thus, the original relatively smooth
roadswill become congested and the original congested roads
will become smooth. Secondly, once a route is selected, the
software could not timely inform the driver to adjust the
route according to real-time traffic congestion data as the trip
progresses. Finally, most of traffic route navigation software
programs rely on historical data to predict traffic congestion
[1]. While some emergency situations arise, for example,
when organizing a large rally in an area, a large number of
vehicles will move to this region in a short time, leading to

traffic congestion in the area. Obviously, this case may not
have happened in previous historical data.

In view of the above problems, a driving route recom-
mendation system is proposed and highlights a method for
driving route predictions based on the knowledge of Hidden
Markov Model (HMM). The method can predict which road
segments are congested or smooth through route predictions.
The system will also update traffic information in real time in
the near future and inform the driver to adjust the driving
route as the trip progresses.

At present, several methods of route prediction have been
suggested, but there remain some problems. Karbassi and
Barth [2] described amethod to predict smart vehicles’ routes
between given starting and ending drop-off stations based
on a car-sharing application. In our work, the destination
never needs to be inputted into the system beforehand. Our
approach also differentiates from the short-term route pre-
diction in Krumm’s work [3]. Our method makes long-term
predictions about the entire route. Froehlich and Krumm
[4] found that a large portion of a typical driver’s trips are
repeated from the collected GPS data. So based on this fact,
they predicted a driver’s entire route by using drivers’ trip
history. Simmons et al. [5] firstly assumed that drivers have
certain routine routes and that, by learning a model based on
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previous experience, one can accurately predict what a driver
will do in the future. So based on this underlying premise,
they presented an approach to predict driver intent using
Hidden Markov Models. However, in fact, it is impractical
to build a Hidden Markov Model for every driver, and many
routes are not fully regular. When a driver takes a new route,
the model for this driver could not predict the driver’s route
and destination intent.

This paper is organized as follows. The next section
describes the architecture of our route recommendation sys-
tem and explains each module in the system. Section 3
introduces how to construct a road network model and
Section 4 presents how to define each of the driving routes
based on Section 3. The process of building HMM and the
method of making route predictions are discussed in Section
5.Then Section 6 shows experimental results. Finally, Section
7 will conclude the paper.

2. The Architecture of Driving Route
Recommendation System Based on HMM

The architecture of the driving route recommendation con-
sists of the following phases (see Figure 1).

(i) Driving Route Predictions Based on HMM. It is the core of
our recommendation system and is chiefly introduced in this
paper. The module could find which routes a driver will be
on when making a route prediction. Even though we could
not accurately gain the completely correct routes in practice,
these possible routes are still very important for preestimating
traffic congestion in the future.

(ii) Traffic Congestion Preestimation. It is mainly used to
predict the congestion of each road. At the time 𝑇𝑘, the
congestion level 𝑅𝑆(𝑇𝑘, 𝑅𝑖) of each road 𝑅𝑖 is denoted by the
total number of possible driving routes with the road 𝑅𝑖 in
a time period. The higher the value 𝑅𝑆(𝑇𝑘, 𝑅𝑖) is, the more
congested the road 𝑅𝑖 is.

(iii) Vehicle Route Recommendation. It collects information
about just-driven road segments and traffic congestion sit-
uations to introduce better routes for drivers based on
existing path algorithms [6–10] (all of these route planning
algorithms take traffic congestion situations into account in
the process of a vehicle route guidance) without presetting
the destination beforehand.

(iv) HMMCorrection. It is used to correct the HMMdepend-
ing on new input driving routes.The given corpus of training
samples may not fully include all of possible driving routes.
With the increase of inputting driving routes, the amount of
training data for training HMM will also grow, which could
improve the prediction accuracy.

3. The Definition of Road Network Model

This section will give details on how to build a road network
model in the rectangular coordinate system. The connection
relationship between roads is followed strictly in the model.

And it should reflect the difference between roads as large as
possible.

Assume that each road 𝑅𝑖 is described as a line segment
𝑅𝑖𝑥 perpendicular to 𝑥-axis: that is, the coordinate of two
endpoints of a line segment 𝑅𝑖𝑥 is separately defined by
(𝑋𝑖1, 𝑌𝑖1) and (𝑋𝑖1, 𝑌𝑖2), where 𝑌𝑖1 ̸= 𝑌𝑖2, or a line segment
𝑅𝑖𝑦 perpendicular to 𝑦-axis: that is, the coordinate of two
endpoints of a line segment 𝑅𝑖𝑦 is separately defined by
(𝑋𝑖1, 𝑌𝑖1) and (𝑋𝑖2, 𝑌𝑖1), where𝑋𝑖1 ̸= 𝑋𝑖2.

In the rectangular coordinate system, the rule for a road
network model construction composed of different road
segments is represented as follows:

(i) If and only if 𝑛 (𝑛 ≤ 5) roads 𝑅𝑚1, . . . , 𝑅𝑚5 intersect
at an approximate point, suppose that the road 𝑅𝑚1
is defined by the line segment 𝑅𝑚1𝑥 perpendicular
to 𝑥-axis, so roads 𝑅𝑚2 and 𝑅𝑚5 adjacent to the
road 𝑅𝑚1 are represented as line segments 𝑅𝑚2𝑦 and
𝑅𝑚5𝑦 intersected with the line segment 𝑅𝑚1𝑥 and
perpendicular to 𝑦-axis, and roads 𝑅𝑚3 and 𝑅𝑚4 not
adjacent to road 𝑅𝑚1 are separately defined by the
line segments 𝑅𝑚3𝑥 and 𝑅𝑚4𝑥 intersected with the line
segment𝑅𝑚𝑖𝑦 (𝑅𝑚2𝑦 or𝑅𝑚5𝑦) and perpendicular to𝑋.
For example, there are five line segments intersected
at a point in Figure 2.

(ii) If and only if three different roads𝑅𝑖,𝑅𝑗, and𝑅𝑘 inter-
sect at three points (as shown in Figure 3), suppose
that the road 𝑅𝑖 is defined by the line segment 𝑅𝑖𝑥
perpendicular to 𝑥-axis; then the road 𝑅𝑗 is defined
by the line segment 𝑅𝑗𝑦 intersected with the line
segment 𝑅𝑖𝑥 and perpendicular to 𝑦-axis, and the
road 𝑅𝑘 is divided into two segments: one is the line
segment 𝑅𝑘𝑥 intersected with the line segment 𝑅𝑖𝑥
and perpendicular to 𝑥-axis and another is the line
segment𝑅𝑘𝑦 intersectedwith the line segment𝑅𝑗𝑦 and
perpendicular to 𝑦-axis.

The length of each line segment is defined as follows:
the length of the line segment 𝑅𝑖𝑥 (Dist𝑅𝑖𝑥 = |𝑌𝑖2 − 𝑌𝑖1|) is
represented as the amount of line segments perpendicular
to 𝑦-axis between two endpoints of 𝑅𝑖𝑥 (including two
endpoints), and the length of the line segment 𝑅𝑖𝑦 (Dist𝑅𝑖𝑦 =
|𝑋𝑖2−𝑋𝑖1|) is represented as the amount of line segments per-
pendicular to 𝑥-axis between two endpoints of 𝑅𝑖𝑦 (including
two endpoints). But in Figure 3 the length of 𝑅𝑘 is different
from others. The definitions for the length of 𝑅𝑘𝑥 and 𝑅𝑘𝑦 are
both limited in the region made up of roads 𝑅𝑖, 𝑅𝑗, and 𝑅𝑘.

Therefore, as shown in Figure 4, our method transforms
the map into the road network model in a rectangular
coordinate system.Ourmethod only deals withmain roads in
the map to clearly describe the process of building the model.

4. The Definition of Driving Routes in
𝑥-Axis and 𝑦-Axis

Suppose that the starting point of the vehicle route is 𝐴
and the endpoint is 𝐵; the route composed of 𝑛 roads
𝑅1, 𝑅2, . . . , 𝑅𝑛 from 𝐴 to 𝐵 is expressed as an ordered
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coordinate points’ sequence composed of 𝑛 − 1 coordinate
points:

𝐴
𝑛

→ 𝐵 = 𝑅1𝑥 (𝑅1𝑦)

∩ 𝑅2𝑦 (𝑅2𝑥) , . . . , 𝑅(𝑛−1)𝑦 (𝑅(𝑛−1)𝑥) ∩ 𝑅𝑛𝑥 (𝑅𝑛𝑦) ,

(1)

where𝐴 is represented as the endpoint of the line segment𝑅1𝑥
or 𝑅1𝑦, 𝐵 is represented as the endpoint of the line segment
𝑅𝑛𝑥 or 𝑅𝑛𝑦, and 𝑅(𝑖−1)𝑥 ∩𝑅𝑖𝑦 is represented as the intersection
point of the line segments 𝑅(𝑖−1)𝑥 and 𝑅𝑖𝑦.

For example, the line connecting point 𝐴 (i.e., Hua-
fuyuan) with point 𝐵 (i.e., Kang’ai Hospital) is a driving
route in Figure 5. The vehicle has passed through 5 roads,
including Fujian Road, Zhongfu Road, Heilongjiang Road,
Jinmao Street, and Xufu Alley. Suppose that 𝐴 is the starting

point and𝐵 is the endpoint; then the route can be represented
as follows based on Figure 4:

Huafuyuan 5→ Kang’ai Hospital

= (1, 3) , (1, 4) , (3, 4) , (3, 1) .

(2)

5. Driving Route Predictions Based on HMM

5.1. AMethod of Extending Training Set Based on𝐾-Means++.
It is necessary to train the HMM from drivers’ past history.
In particular, the larger the size of training examples is, the
more accurate theHMMfor path predictions is. In view of the
limitation of given training examples, the training set cannot
contain all of routes that drivers will take in the future. So
the paper proposes a method of extending training examples
based on 𝐾-means++ [11]. It could enlarge the training data
as much as possible based on given training examples.

After analyzing the given training examples, it is found
that starting and endpoints of vehicle routes are distributed
in residential, commercial, and work areas. People usually
go to work from residential areas in the morning and then
go back from work areas or they will first go to commercial
areas and then go home. Therefore, it is believed that vehicle
routes are generally regular in some extent so that a path can
be regarded as two return paths. In addition, it is also found
that when traffic reaches its peak, a driver will generally avoid
congested roads and select a route with the shortest time to
the destination. In other times, drivers will select the shortest
distance to the destination to save costs. For a beginning
and end of a path, it is able to generate two kinds of routes
according to different times.

Last, it is not sure howmany clusters the coordinate point
set 𝑝 should be classified beforehand, so the 𝐾-means++
algorithm to automatically classify coordinate points into 𝑘
clusters is exploited in the paper. Here it should be pointed
out that the distance of vehicle routes in the same cluster is
rather short so that people would not have to drive from one
point to another. It is not necessary to calculate vehicle routes
for the above case. This assumption will be verified in the
experiment.
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Figure 4: An example of the road network model construction.

Figure 5: A path between points 𝐴 and 𝐵.

The algorithm of extending training examples based on
𝐾-means++ is as follows (see Algorithm 1).

(i) Initialize coordinate point sets 𝑝 and 𝑝
 and an

extending route set New𝐷 (Lines 01-02).
(ii) Traverse a given training set 𝐷 and read all of

vehicle routes’ starting points (𝑥𝑖1, 𝑦𝑖1) and endpoints
(𝑥𝑖𝑛, 𝑦𝑖𝑛), and then insert these coordinate points into
the set 𝑝. Filter repeated coordinates in the set 𝑝,
which could get the set 𝑝 composed of different
starting and endpoints (Lines 03–07).

(iii) Use the𝐾-means++ algorithm to classify 𝑝 and then
acquire 𝑛 clusters 𝐶1, . . . , 𝐶𝑖, . . . , 𝐶𝑛 (Line 08).

(iv) Traverse each cluster𝐶𝑖 and then distinguish whether
or not two coordinate points belong to the same
cluster 𝐶𝑖. If not, use the function Best route(𝑐[𝑖][𝑘],
𝑐[𝑗][𝑙]) to calculate routes between two coordinate
points (Lines 09–13).

5.2. Parameter Definitions of a HMM for Route Predic-
tions. Since it is necessary to input a driver’s just-driven
path represented by coordinate points into a HMM and
then output future entire paths, coordinate points’ sequence
corresponding to the just-driven path can be regarded as

an observation sequence and the corresponding sequence
composed of different route sets can be regarded as a hidden
state sequence 𝑄. The next gives details on the process of the
HMM construction by following training examples (shown
in (3)). Note the number of training examples is much more
than following data in practice.

Training Examples. Consider

𝑡1 < (1, 3) (1, 4) (3, 4) (3, 1) >

𝑡2 < (3, 1) (3, 4) (1, 4) (1, 3) >

𝑡3 < (0, 3) (1, 3) (1, 5) (4, 5) >

𝑡4 < (0, 3) (0, 0) (0, 4) (4, 1) >

𝑡5 < (2, 0) (2, 1) (3, 1) (3, 2) (4, 2) >

𝑡1 < (1, 3) (1, 4) (3, 4) (3, 1) > .

(3)

In (3), assume that 𝑡1, 𝑡2, . . . are routes’ symbols in order
to distinguish different vehicle routes. The observation set 𝑉
includes the starting symbol (<), the end symbol (>), and
different coordinate points. Each observation is defined by
𝑝𝑖𝑗, where 𝑖 is the number of route 𝑡𝑖 in the training set and
𝑗 is the number of coordinate points in each route 𝑡𝑖. For
example, the observation set of the above training example is
{<,>, (1, 3), (1, 4), (3, 4), (3, 1), (0, 3), (1, 5), (4, 5), (0, 0), (0, 4),
(4, 1), (2, 0), (2, 1), (3, 2), (4, 2)}. And an observation sequence
𝑂 is an ordered sequence of symbols and coordinate points
from the starting to the end. For example, the observation
sequence of the route 𝑡1 is 𝑝11 → <, 𝑝12 → (1, 3), 𝑝13 →
(1, 4), 𝑝14 → (3, 4), 𝑝15 → (3, 1), and 𝑝16 → >.

Besides, the definition of hidden states is relatively more
complex than observation states. At first, assume that each
hidden state is defined by 𝑞𝑖𝑗, where 𝑖 is the number of route
𝑡𝑖 in the training set and 𝑗 is the number of coordinate
points in each vehicle route 𝑡𝑖. The hidden state set 𝑆
includes the symbol ∙ being produced from the observations
<, > and different routes’ symbol sets (e.g., {𝑡1, 𝑡2, 𝑡3, . . .})
corresponding to different coordinate points. For example,
hidden states being produced from the above observations
of the route 𝑡1 are separately 𝑞11 → ∙, 𝑞12 → {𝑡1, 𝑡3},
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Input: A training set𝐷.
Output: The extending training set New𝐷.
(1) Coordinate Point Set 𝑝, 𝑝 = 𝜙;
(2) Extending route Set New𝐷 = 𝜙;
(3) foreach (route 𝑡𝑖 in𝐷)
(4) Starting point 𝐴 = (𝑥𝑖1, 𝑦𝑖1);
(5) End point 𝐵 = (𝑥𝑖𝑛, 𝑦𝑖𝑛);
(6) Insert 𝐴 and 𝐵 into the set 𝑝;
(7) 𝑝

 = Filter(𝑝);
(8) Cluster Set 𝐶 = 𝐾-means++ (𝑝);

/∗ 𝑐 = {𝑐[1], 𝑐[2], . . . , 𝑐[𝑛]}, which is 𝑛 clusters altogether. ∗/
(9) for (int 𝑖 = 0; 𝑖 < 𝑛; 𝑖++)
(10) for (int 𝑗 = 𝑖 + 1; 𝑗 < 𝑛; 𝑗++)
(11) for (int 𝑘 = 0; 𝑘 < 𝑐[𝑖].length; 𝑘++)

/∗ 𝑐[𝑖].length represents the number of coordinate points in the 𝑖th cluster. ∗/
(12) for (int 𝑙 = 0; 𝑙 < 𝑐[𝑗].length; 𝑙++)
(13) Insert Best route(𝑐[𝑖][𝑘], 𝑐[𝑗][𝑙]) into New𝐷;

/∗ 𝑐[𝑖][𝑘] represents the 𝑘th coordinate point in the 𝑖th cluster. ∗/

Algorithm 1: New Track (a training set𝐷).

𝑞13 → {𝑡1}, 𝑞14 → {𝑡1}, 𝑞15 → {𝑡1, 𝑡5}, and 𝑞16 → ∙. A
hidden state sequence set is defined by QS, storing hidden
state sequences 𝑄 being produced from hidden states and
each vehicle route is directed. Suppose that𝐴 𝑛→ 𝐵 represents
that a vehicle passes through 𝑛 road segments from the
starting point 𝐴 to the endpoint 𝐵, but 𝐵 𝑛→ 𝐴 represents
that a vehicle passes through the same road segments from
𝐵 to 𝐴. Even though each observation state is same in the
two opposite routes, ordered coordinate points’ sequences
are completely opposite. So a method is explored to calculate
hidden states corresponding to each coordinate point next.

The algorithm for hidden state determinations is as
follows (see Algorithm 2).

(i) Initialize a hidden state sequence set QS (Line 1).
(ii) Obtain a beginning point𝐴 𝑖(𝑥𝑖1, 𝑦𝑖1) and an endpoint

𝐵𝑖(𝑥𝑖𝑛, 𝑦𝑖𝑛) from the vehicle route 𝑡𝑖 and a beginning
point 𝐴𝑗 = (𝑥𝑗1, 𝑦𝑗1) and an endpoint 𝐵𝑗 = (𝑥𝑗𝑛, 𝑦𝑗𝑛)
from the vehicle route 𝑡𝑗; then calculate →𝐴 𝑖𝐵𝑖 = (𝑥𝑖𝑛 −
𝑥𝑖1, 𝑦𝑖𝑛−𝑦𝑖1) denoted by ⃗𝑎𝑖 and

→
𝐴𝑗𝐵𝑗 = (𝑥𝑗𝑛−𝑥𝑗1, 𝑦𝑗𝑛−

𝑦𝑗1) denoted by ⃗𝑎𝑗 (Lines 2–9).
(iii) Compute the cosine value of intersection angle

between vectors ⃗𝑎𝑖 and ⃗𝑎𝑗 (Line 10):

cos ⟨ ⃗𝑎𝑖, ⃗𝑎𝑗⟩ =

⃗𝑎𝑖 ⋅ ⃗𝑎𝑗

 ⃗𝑎𝑖
 ⋅

⃗𝑎𝑗



= ((𝑥𝑖𝑛 − 𝑥𝑖1) ⋅ (𝑦𝑖𝑛 − 𝑦𝑖1)

+ (𝑥𝑗𝑛 − 𝑥𝑗1) ⋅ (𝑦𝑗𝑛 − 𝑦𝑗1))

⋅ (√(𝑥𝑖𝑛 − 𝑥𝑖1)
2
+ (𝑦𝑖𝑛 − 𝑦𝑖1)

2

⋅√(𝑥𝑗𝑛 − 𝑥𝑗1)
2

+ (𝑦𝑗𝑛 − 𝑦𝑗1)
2

)

−1

.

(4)

(iv) If 0 ≤ cos⟨ ⃗𝑎𝑖, ⃗𝑎𝑗⟩ ≤ 1, traverse each coordinate point
in vehicle routes 𝑡𝑖 and 𝑡𝑗, and then judge whether or
not a coordinate point 𝑜𝑘

1

in 𝑡𝑖 is also included in 𝑡𝑗. If
it is included, insert a symbol 𝑡𝑗 into the correspond-
ing location of the sequence 𝑄𝑖 (Lines 10–14). If −1 <
cos⟨ ⃗𝑎𝑖, ⃗𝑎𝑗⟩ < 0, driving directions of the two routes are
opposite although the routes include the same coordi-
nate point. For example, if a vehicle is driving east in
a route 𝑡𝑖, the possibility of passing through south or
western roads in a route 𝑡𝑗 in our road networkmodel
is low. So the kind of hidden states will not be taken
into account. And then insert a symbol ∙ and a symbol
𝑡𝑖 into 𝑄𝑖 on the basis of the given 𝑄𝑖 (Lines 15–20).

(v) After calculating all of the hidden state sequence,
insert each hidden state sequence𝑄 into the sequence
set QS (Line 21).

5.3. Parameter Estimation of a HMM for Route Predictions.
After determining observation states and corresponding hid-
den states in theHMMfor route predictions, ourmethod uses
the total training dataset Total𝐷, including the given training
set𝐷 and the extending training set New𝐷, to estimatemodel
parameters. To reduce the negative impact on the HMM, a
weightedmethod is used to improve the process of estimating
HMM parameters. In addition, the problem of data sparse-
ness, also known as the zero-frequency problem, arises in the
process of building theHMM. So ourmethod adopts the add-
one (Laplace) [12] smoothing technique to deal with events
that do not occur in the total training set. The process of
estimatingHMMparameters by a weightedmethod and add-
one (Laplace) smoothing is described as follows.

(i) The following equation is used for the initial proba-
bility distribution:

𝜋𝑖 =

Count (𝑠𝐷
𝑖

) + 𝜆Count (𝑠New𝐷
𝑖

)

∑
𝑛

𝑗=1
[Count (𝑠𝐷

𝑗

) + 𝜆Count (𝑠New𝐷
𝑗

)]

, (5)
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Input: A training set𝐷.
Output: A hidden state sequence set QS.
(1) Hidden state sequence set QS = 𝜙;
(2) for (int 𝑖 = 1; 𝑖 < 𝑚; 𝑖++)

/∗ 𝑚 is the number of routes in𝐷. ∗/
(3) Starting point 𝐴 𝑖 = (𝑥𝑖1, 𝑦𝑖1);
(4) End point 𝐵𝑖 = (𝑥𝑖𝑛, 𝑦𝑖𝑛);
(5) Vector ⃗𝑎𝑖 = (𝑥𝑖𝑛 − 𝑥𝑖1, 𝑦𝑖𝑛 − 𝑦𝑖1);
(6) for (int 𝑗 = 𝑖 + 1; 𝑗 < 𝑚; 𝑗++)
(7) Starting point 𝐴𝑗 = (𝑥𝑗1, 𝑦𝑗1);
(8) End point 𝐵𝑗 = (𝑥𝑗𝑛, 𝑦𝑗𝑛);
(9) Vector ⃗𝑎𝑗 = (𝑥𝑗𝑛 − 𝑥𝑗1, 𝑦𝑗𝑛 − 𝑦𝑗1);
(10) if (0 ≤ cos⟨ ⃗𝑎𝑖, ⃗𝑎𝑗⟩ ≤ 1)
(11) foreach (Coordinate point 𝑜𝑘1 in 𝑡𝑖)
(12) foreach (Coordinate point 𝑜𝑘2 in 𝑡𝑗)
(13) If (𝑜

𝑘1
= 𝑜
𝑘2
)

(14) Insert a symbol 𝑡𝑗 into 𝑄𝑖 corresponding to the coordinate point;
(15) else
(16) foreach (Coordinate point 𝑜𝑗 in 𝑡𝑖)
(17) If (𝑜𝑗 is a symbol “<” or “>”)
(18) Insert a symbol ∙ into 𝑄

𝑖
corresponding to the starting and end point;

(19) else
(20) Insert a symbol 𝑡𝑖 into 𝑄𝑖 corresponding to each coordinate point;
(21) Insert each hidden state sequence 𝑄 into the sequence set QS

Algorithm 2: Hidden State Sequence (a training set𝐷).

where 𝑛 is the number of hidden states (i.e., the
total number of different vehicle routes), Count(𝑠𝐷

𝑖

)

and Count(𝑠New𝐷
𝑖

) separately represent the number
of times the hidden state 𝑠𝑖 appears in the given and
extending training sets, and 𝜆 represents the weight
(0 < 𝜆 < 1).

(ii) The following equation is used for the hidden state
transition matrix:

𝑃 (𝑠𝑖 | 𝑠𝑖−1)

=

Count (𝑠𝐷
𝑖−1

, 𝑠𝐷
𝑖

) + 𝜆Count (𝑠New𝐷
𝑖−1

, 𝑠New𝐷
𝑖

) + 1

Count (𝑠𝐷
𝑖−1

) + 𝜆Count (𝑠New𝐷
𝑖−1

) + 𝑚

,

(6)

where Count(𝑠𝐷
𝑖−1

, 𝑠𝐷
𝑖

) and Count(𝑠New𝐷
𝑖−1

, 𝑠New𝐷
𝑖

)

separately represent the number of times a hidden
state 𝑠𝑖 followed 𝑠𝑖−1 in the given and extending
training sets and𝑚 is the number of times the hidden
state 𝑠𝑖 occurs in the total training set.

(iii) The following equation is used for the confusion
matrix:

𝑃 (V𝑗 | 𝑠𝑖)

=

Count (𝑠𝐷
𝑖−1

, V𝐷
𝑖

) + 𝜆Count (𝑠New𝐷
𝑖−1

, VNew𝐷
𝑖

) + 1

Count (𝑠𝐷
𝑖

) + 𝜆Count (𝑠New𝐷
𝑖

) + 𝑛

,

(7)

where Count(𝑠𝐷
𝑖−1

, V𝐷
𝑖

) and Count(𝑠New𝐷
𝑖−1

, VNew𝐷
𝑖

)

separately represent the number of times the hidden
state 𝑠𝑖 accompanies the observation state V𝑗 in the
given and extending training sets and 𝑛 is the number
of times the observation state V𝑗 occurs in the total
training set.

As described above, our method could build the HMM
for vehicle route predictions. But drivers would like to choose
different vehicle routes from a starting point to an endpoint
during different time of each day. For example, people hope
to reach the end during the rush hour (7:00∼9:00 A.M. and
17:00∼19:00 P.M.) as quickly as possible and try their best to
avoid congested roads. But at other times people may choose
the shortest route to drive. Therefore, training examples can
be classified according to the time of day. A group of training
examples is from 7:00∼9:00 A.M. and 17:00∼19:00 P.M., and
another is from other times. Section 7 will test the impact on
the prediction accuracy with different training examples by
building different HMMs at different times.

5.4. Driving Route Predictions. The aim of this section is to
introduce how to predict upcoming routes based on just-
driven road segments. The solution to this problem is corre-
sponding to aHMMdecodingwhich is to discover the hidden
state sequence that was most likely to have produced a given
observation sequence. Here, the Viterbi algorithm [13] is used
to find the best hidden state sequence composed of different
symbols for an observation sequence (a given vehicle route).
The process of a vehicle route prediction is shown in Figure 6.
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Input
(1) A given HMM
(2) An observation 

sequence

Viterbi
algorithm

A hidden state Route
prediction

Output
A set of upcoming
vehicle routessequence

Figure 6: The process of driving route prediction.

Input: An observation sequence 𝑂.
Output: A set 𝑅 of upcoming vehicle routes’ symbols.
(1) Ordered Observation Set 𝐷1,𝐷2 = 𝜙;
(2) Possible Route Set 𝑅 = 𝜙;
(3) Foreach (Observation 𝑝𝑖𝑗 in 𝑂)
(4) if (𝑝𝑖𝑗 ∈ 𝑉)
(5) /∗ 𝑉 is a set of all of observations in the training set. ∗/
(6) Insert 𝑝𝑖𝑗 into𝐷1;
(7) else
(8) Insert 𝑝𝑖𝑗 into𝐷2;
(9) int𝑚 = length of𝐷1;
(10) int 𝑛 = length of𝐷2;
(11) if (𝑚 = 0)
(12) 𝑅 = 𝜙;
(13) else if (𝑛 = 0)
(14) 𝑅 = Viterbi Route (𝑝𝑖1, 𝑝𝑖2, . . . , 𝑝𝑖𝑘);
(15) else if (𝑚 = 1 and𝐷1(1) = 𝑝𝑖1)
(16) /∗ 𝐷1(1) represents the first element in the set𝐷1. ∗/
(17) 𝑅 = Viterbi Route (𝑝𝑖1);
(18) else if (𝐷2(1) = 𝑝𝑖𝑘)
(19) Possible Routes (𝑝𝑖1, 𝑝𝑖2, . . . , 𝑝𝑖(𝑘−1));
(20) else if (𝐷2(1) = 𝑝𝑖1)
(21) Possible Routes (𝑝𝑖2, . . . , 𝑝𝑖𝑘);
(22) else
(23) Possible Routes (𝑝𝑖(𝑗+1), . . . , 𝑝𝑖𝑘);

Algorithm 3: Possible Routes (an observation sequence 𝑂).

Perhaps it will encounter some problems in the process
of implementing Viterbi algorithm. The total training set,
including the given and extending training examples, is still
so limited that it could not fully contain all of possible
upcoming vehicle routes. Assuming that the upcoming route
does not occur in the total training set, which means (1)
part of coordinate points are new ones for training examples
and (2) each coordinate point has occurred in the total
training set, a group from these coordinate points does
not appear in the training examples. For this case (1), the
Viterbi algorithm could not be directly used to compute the
hidden state sequence. For example, in Figure 5, if a vehicle
is on the current road segment represented by (4, 4) and the
representation of the corresponding just-driven route is 𝑡6 <
(0, 3)(1, 3)(1, 4)(4, 4), the Viterbi algorithm is not adopted
to find hidden state sequence for this observation sequence.
And for case (2), even though the Viterbi algorithm can
be used, each hidden state will not contain this new route’s
symbol. For example, if a new route is represented by 𝑡6 <

(0, 3)(1, 3)(1, 4)(3, 4)(3, 2) and all of these coordinate points
have occurred in Figure 5, the symbol 𝑡6 of the upcoming
vehicle route will not appear in each hidden state, which
means people could not directly understand where the

vehicle will drive to. Applied to these problems, an algorithm
for vehicle route predictions is proposed as follows (see
Algorithm 3).

(i) Suppose that 𝑂 = 𝑝𝑖1, 𝑝𝑖2, . . . , 𝑝𝑖𝑘 is an observation
sequence composed of 𝑘 coordinate points after the
vehicle has passed through 𝑘 roads; then initialize
three sets 𝐷1, 𝐷2, and 𝑅, where 𝑅 represents a
set of upcoming vehicle routes’ symbols, 𝐷1 =

{𝑝𝑖(𝑥
1
), 𝑝𝑖(𝑥

2
), . . . , 𝑝𝑖(𝑥

𝑚
)} (𝐷1 ∈ 𝑉; as described above,

𝑉 is a set of all of observations in the training set),
𝐷2 = {𝑝𝑖(𝑦

1
), 𝑝𝑖(𝑦

2
), . . . , 𝑝𝑖(𝑦

𝑛
)} (𝐷2 ∉ 𝑉), and the

elements of 𝑂 are all in the set𝐷1 ∪ 𝐷2 (Lines 1-2).
(ii) Traverse the observation sequence 𝑂 and determine

whether or not each coordinate point belongs to the
set 𝑉. If a coordinate point belongs to 𝑉, then insert
the point into the set𝐷1. If not, insert it into𝐷2 (Lines
3–8).

(iii) Define that𝑚 is the number of elements in the set𝐷1
and 𝑛 is the number of elements in the set 𝐷2 (Lines
9-10).

(iv) If𝑚 = 0, the Viterbi algorithm is not used to find the
upcoming routes and then 𝑅 = 𝜙 (Lines 11-12).
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(1) Hidden state sequence 𝑄 = Viterbi(𝑂);
(2) int𝑚 = length of 𝑄;
(3) if (𝑚 = 1)
(4) 𝑅 = 𝑄1;
(5) else
(6) for (int 𝑖 = 2; 𝑖 < Num of 𝑄; 𝑖++)
(7) if (𝑅 ∩ 𝑄𝑖 ̸= 𝜙)
(8) 𝑅 = 𝑅 ∩ 𝑄𝑖;
(9) else
(10) 𝑅 = 𝑄𝑖;

Algorithm 4: Viterbi Route (an observation sequence 𝑂).

(v) If 𝑛 = 0, theViterbi algorithm could be used to predict
and then use a function Viterbi Route to acquire the
route set related to the upcoming routes most likely.
This set will be helpful for people to drive as much as
possible (Lines 13-14).

(vi) If the input observation sequence𝑂 has not appeared
in the total training set before and part of coordinate
points in𝑂 have also not appeared in𝑉 (i.e.,𝐷2 ̸= 𝜙),
four cases should be discussed:

(a) Suppose that 𝐷2 = {𝑝𝑖2, . . . , 𝑝𝑖𝑘}; then possible
routes’ set could be calculated by the function
Viterbi Route (𝑝𝑖1) (Lines 15–17).

(b) Suppose that 𝐷2 = {𝑝𝑖(𝑦
1
), 𝑝𝑖(𝑦

2
), . . . , 𝑝𝑖𝑘}; then

use the function recursion to predict with the
observation sequence composed of remaining
coordinate points 𝑝𝑖1, 𝑝𝑖2, . . . , 𝑝𝑖(𝑘−1) (Lines 18-
19).

(c) Suppose that 𝐷2 = {𝑝𝑖1, 𝑝𝑖(𝑦
2
), . . . , 𝑝𝑖(𝑦

𝑛
)}; then

use the function recursion to predict with the
observation sequence composed of remaining
coordinate points 𝑝𝑖2, 𝑝𝑖3, . . . , 𝑝𝑖𝑘 (Lines 20-21).

(d) In addition to the above cases, suppose that
𝐷2 = {𝑝𝑖(𝑦

1
), 𝑝𝑖(𝑦

2
), . . . , 𝑝𝑖(𝑦

𝑛
)} and 𝑦1 ̸= 1, 𝑦𝑛

̸= 𝑘, 𝑚 ̸= 1; then use the function recursion
to predict with the observation sequence com-
posed of remaining coordinate points 𝑝𝑖(𝑦

1
),

𝑝𝑖(𝑦
2
), . . . , 𝑝𝑖(𝑦

𝑛
) (Lines 22-23). For example, the

input observation sequence is (0, 3) (1, 3) (1, 4)
(4, 4) (4, 5), where (4, 4) ∉ 𝑉; then the result
of vehicle route prediction is the set of hidden
states corresponding to the coordinate point
(4, 5).

The function Viterbi Route is described as follows (see
Algorithm 4).

(i) Use Viterbi algorithm to calculate the hidden state
sequence 𝑄 corresponding to the observation
sequence 𝑂 (Line 1).

(ii) Define that the number of elements in the hidden
state sequence 𝑄 is𝑚 (Line 2).

(iii) If𝑚 = 1, a set 𝑅 of upcoming vehicle routes’ symbols
is the hidden state set 𝑄1 (Lines 3-4).

(iv) Calculate the intersection between 𝑅 and another
hidden state set 𝑄𝑖. If this intersection exists, 𝑅 =

𝑅 ∩ 𝑄𝑖. If not, 𝑅 = 𝑄𝑖 (Lines 5–10).

For example, if two hidden states are separately 𝑞11 →
{𝑡1, 𝑡3} and 𝑞12 → {𝑡1}, then 𝑅 = {𝑡1, 𝑡3} ∩ {𝑡1} = {𝑡1} and
the most likely upcoming route is 𝑡1. If two hidden states are
separately 𝑞11 → {𝑡3} and 𝑞12 → {𝑡1} and {𝑡3} ∩ {𝑡1} = 𝜙,
then the most likely upcoming route is 𝑡3.

6. Route Prediction Results

6.1. Experimental Platform. Every vehicle should be equip-
ped with a device for collecting vehicle route data. And data
collectors use a mobile phone with software Map Plus. We
mainly focus on one of functions, path tracking, to record
down the path of driving. It runs in the background, while
someone could run other apps or lock the device at the same
time. It also can export or send tracked paths as KML files.
However, continued use of GPS running in the background
can dramatically decrease battery life of mobile phone. So
the experiment also needs an external large-capacity battery
to support the phone continuously. In addition, researchers
install the software Google Earth on the computer to present
each of collected vehicle routes.

6.2. Data Collection. A total of 20 volunteers are selected for
the purpose of collecting the experimental data. In order to
facilitate the communication between volunteers and us, all
volunteers are fromour university, including 15 teachers and 5
students. A month later our researchers finally acquire a total
of 1052 paths, where the number of different routes is 51. The
same path is the journey that volunteers start from a point to
the end through the same road segments. But in the process
of the data collection, there are some problems inevitably.

(i) In tunnels, underground parking, and high-rise dense
areas, the phenomenon that part of paths are offset
from GPS noise will appear [14].

(ii) Volunteers forget to open the software for recording
route data, resulting in collecting route data unsuc-
cessfully.

(iii) Volunteers forget to turn off the software when they
drive to the end, resulting in the path to be relatively
concentrated in a small area.

Once researchers come across the above problems when
checking path data, we will manually correct the GPS data.
In summary, the experimental results can overcome the
influence of GPS noise and human factor to ensure the
accuracy of the collected data.

In the actual process of collecting the GPS data, collective
data do not only focus on the longitude and latitude but also
combine the GPS data of the starting point, the middle, and
the end with road segments, describing the route as a path
that is made up of the starting and endpoints and driven
streets.

6.3. Experimental Metric. To evaluate the performance of
route predictions based on HMM, a metric to explore is the
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correct prediction accuracy based on driven process. Suppose
that a vehicle has passed through 𝑖 roads; the possible route
set 𝑅 after predicting based on HMM is 𝑅 = {𝑅1, 𝑅2, . . . , 𝑅𝑛}.
So the definition of the prediction accuracy is as follows:

𝑃𝑖 =
∑
𝑛

𝑘=1
𝐷(𝑅𝑘, 𝐶𝑅)

∑
𝑛

𝑡=1
Dist 𝑅𝑡



× 100%, (8)

where 𝐶𝑅 indicates an entirely upcoming route, 𝐷(𝑅𝑘, 𝐶𝑅)
represents the number of duplicate road segments between
one of possible vehicle routes in the set𝑅—𝑅𝑘 and the entirely
upcoming route, and Dist|𝑅𝑡| represents the length of the
route 𝑅𝑡, that is, the number of road segments.

For example, assume that the total training examples are
shown in (3) and 𝑡1 is the upcoming vehicle route, which
means 𝐶𝑅 is 𝑡1 from the starting point (1, 3) to the end
(3, 1). When the vehicle has traveled through one road, the
observation sequence 𝑂 is denoted by 𝑂 =<, (1, 3) and the
corresponding hidden state sequence is 𝑄 = ∙, {𝑡1, 𝑡3}. So the
duplicate between 𝑡1 and 𝑡1, 𝑡3 separately is 𝐷(𝑅1, 𝑅1) = 6,
𝐷(𝑅3, 𝑅1) = 1. The length of routes 𝑅1 and 𝑅3 is separately
Dist|𝑅1| = 6 andDist|𝑅3| = 7. So when the vehicle has passed
through the first point, the prediction accuracy is as follows:

𝑃1 =
Repeat (𝑅1, 𝑅1) + Repeat (𝑅3, 𝑅1)

Dist 𝑅1
 + Dist 𝑅3



× 100%

=
6 + 1

6 + 7
× 100% = 53.85%.

(9)

6.4. Experimental Results

6.4.1. Training and Test Data. In the experiment, all of
collected route examples are from the software Map Plus,
where each route is included in a .KML file composed of a
series of GPS data. Researchers check these data in a certain
time period through Google Earth. According to previous
description of the road networkmodel, routes represented by
GPS data points could be changed into ones represented by
coordinate points.

Besides, some extending training examples are intro-
duced here. These examples are extended from original
collected data through a method to enlarge the training set
based on 𝐾-means++ described before. Firstly, raw training
examples composed of coordinate points have been entered.
Then all of starting and endpoints can be divided into 5
clusters based on 𝐾-means++. It is known that the distance
between each coordinate point and the corresponding clus-
tering center is, on average, 0.314 km and the farthest distance
between two points in a cluster is, on average, 0.628 km. It
can illustrate that the distance between two places in a cluster
is relatively short, so most of people would not like to drive.
Therefore, this is the reason that extending algorithmwas not
used to calculate driving route in a cluster.

Figure 7 displays the trip data overlaid on two maps,
one of original different routes (a) and the other of original
and extending different routes (b). The number of extending
training examples is 13605, where the number of routes
different from original training examples is 13556.

Finally, the composition of test training examples is
illustrated in detail. To test the prediction accuracy of our
prediction algorithm, ourmethod should acquire part of real-
world vehicle route data. Here the method applies a leave-
one-out approach [4, 15], meaning that part of route data are
extracted from total training examples as test examples.

Test Examples (i). It includes part of routes that have not
appeared in the training examples. So it can simulate real-
world trip data to evaluate the prediction accuracy of our
algorithm in actual applications.

Test Examples (ii). All of the route examples have appeared in
the training examples. It can evaluate the prediction accuracy
compared to test examples (i) in order to illustrate a fact
that the number of different routes in the training examples
should be as much as possible.

6.4.2. Prediction Accuracy. Figure 8 shows the average cor-
rect prediction rate of test examples (i) and test examples (ii)
by percent of route completed and by current travel distance
with different weight values and also shows the comparison
of results between Jon Froehlich’s algorithm and our method
in these graphs. “Percent of trip completed” is an intuitive
evaluation criterion and it is useful in evaluating how well
the algorithm performed. However, it is difficult to achieve
in practice. A vehicle navigation system can never be sure of
how far along a route it is in terms of percentage completed
without knowing the exact route of the trip from start-to-
end—this is what our prediction method is trying to predict.
Instead, a much more practical input parameter is the trip’s
current distance traveled—that is, how far the vehicle has
traveled since the trip began. Furthermore, it also should
evaluate the weight value 𝜆 to impact HMM for driving route
prediction. The algorithm separately set the threshold value
𝜆 as 0.2, 0.5, and 0.8.

For test examples (i), Figure 8(a) shows that, as expected,
after a vehicle has driven the first road segment, little infor-
mation is known about its path, and the correct prediction
rates of both algorithms are much lower. After 35% of
the trip has been completed, the correct prediction rate
of our algorithm increases to, on average, 49.69% and Jon
Froehlich’s algorithm only increases to, on average, 29.94%;
after 50% completion, the correct prediction rate of our
algorithm moves to, on average, 62.52% and Jon Froehlich’s
algorithmmoves to, on average, 38.54%. Figure 8(c) canmore
accurately show the performance of our proposed algorithm
for driving route prediction in a real-world scenario. By
the end of the first mile, the correct prediction rate of our
algorithm jumps to 31.93% accuracy and by the tenth mile
this percentage increases to 61.12%. And the results of Jon
Froehlich’s algorithm are only between 23.037% and 29.2% for
each mile traveled up to 20 miles.

For test examples (ii), Figures 8(b) and 8(d) show that
the correct prediction accuracy for both algorithms is, on
average, higher than the test dataset (i). In Figure 8(b), the
percentage of our algorithm jumps to 90.86% accuracy at the
halfway point, but Jon Froehlich’s algorithm can increase to
this percentage only after 65% of the trip has been completed.
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(a) (b)

Figure 7: The trip data overlaid on two maps, one of original data (a) and another of original data and extending data (b).
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(d) Correct prediction rate of repeated trips by miles driven

Figure 8: The performance of our prediction algorithm and Jon Froehlich’s algorithm.

In Figure 8(d), by the end of first mile, the correct prediction
accuracy is similar to Figure 8(c), but as the trip progresses,
there is a significant jump in prediction accuracy. By the end
of 10 miles, the percentage of our algorithm already increases
to 83.87%, but at this time Jon Froehlich’s algorithm only
increases to 63%. As the vehicle has traveled up to 20 miles,
the percentage of our algorithm can move to 99.29%.

Figure 8 concludes that the accuracy for driving route
predictions increases as the number of observed road

segments increases. This means that a longer sequence of
road segments will be more helpful for our predictions. Also
both of algorithms should take the driving direction into
account by the end of first road segment because the vehicle
could be heading toward either end of the current road
segment and observing only one segment is not indicative of
a driver’s direction so that the correct prediction rate is nearly
zero. Furthermore, the prediction accuracy for repeated trips
is already, on average, much higher than for unknown trips.
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Figure 9: Our algorithm’s sensitivity to time of day.

It can demonstrate the necessity of extending the training
examples. The probability that new routes occur will be
reduced so that the prediction accuracy will be improved as
much as possible. At last, the larger the threshold value “𝜆”
is, the lower the correct prediction rate is. In our opinion,
driving routes are relatively regular but many route data
from extending examples do not follow this rule. Indeed,
it will disturb this rule to drop the prediction accuracy. On
the other hand, we have to acquire these extending samples,
which could improve the prediction accuracy as mentioned
before. Therefore, we should keep balance, meaning that
extending data not only reduces the impact on a driver’s
regularity (a regular route is a path that a driver often takes)
as much as possible but also keeps it in existence (in the
training set) for training and improving the accuracy of
HMM. It is similar to core thought of add-one (Laplace)
smoothing for the problem of data sparseness.This threshold
value is defined as 𝜆 = 0.01 in future applications.

Figure 9 shows the results of prediction accuracy based
on different HMMs by the percent of trip completed and by
current travel distance depending on the time of day into
two categories: (i) 7:00∼9:00 A.M. and 17:00∼19:00 P.M. and
(ii) other time periods. Then, HMMs are trained and tested
according to classified test examples. The plot shows that the
prediction accuracy is not very sensitive to the time of day,
so this is not an important factor to consider when making
driving route predictions. Froehlich and Krumm [4] also
found a similar lack of sensitivity to both time of day and
day of week for increasing prediction accuracy. Above all, it is
not necessary to classify training samples to acquire different
HMMs for route predictions according to the time of day.

7. Conclusion

This paper firstly presents a driving route recommenda-
tion system, where the prediction module is the core of
recommendation system, thereby giving details on a method

to accurately predict a driver’s entire route very early in a
trip.Then, a road networkmodel was defined and normalized
each of driving routes in the rectangular coordinate system.
Themethod also builds HMMs tomake preparation for route
prediction using a method of training set extension based on
𝐾-means++ and the add-one (Laplace) smoothing technique.
Next the paper introduces how to predict upcoming routes in
a trip by HMMs and Viterbi algorithm. Finally, experimental
results demonstrate the correction of our assumptions as
mentioned before and also verify the effectiveness of our
algorithm for routes predictions.

As a direction of the future work, the improvement will
be from two points: (i) investigate to enhance the Laplace
smoothing technique to suit HMM for driving route predic-
tions; (ii) apply the statistics method to make Viterbi algo-
rithm work with unknown coordinate points.
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Large-scale GPS data contain hidden information and provide us with the opportunity to discover knowledge that may be useful
for transportation systems using advanced data mining techniques. In major metropolitan cities, many taxicabs are equipped with
GPS devices. Because taxies operate continuously for nearly 24 hours per day, they can be used as reliable sensors for the perceived
traffic state. In this paper, the entire city was divided into subregions by roads, and taxi GPS data were transformed into traffic
flow data to build a traffic flow matrix. In addition, a highly efficient anomaly detection method was proposed based on wavelet
transform and PCA (principal component analysis) for detecting anomalous traffic events in urban regions. The traffic anomaly is
considered to occur in a subregion when the values of the corresponding indicators deviate significantly from the expected values.
This method was evaluated using a GPS dataset that was generated bymore than 15,000 taxies over a period of half a year in Harbin,
China. The results show that this detection method is effective and efficient.

1. Introduction

Traffic anomalies widely exist in urban traffic networks and
negatively effect traffic efficiency, travel time, and air pollu-
tion [1]. The traffic flow in a road network is abnormal when
traffic accidents, traffic congestion, and large gatherings and
events, such as construction, occur [2]. Thus, the detection
of traffic anomalies is important for traffic management
and has become important in transportation research [3].
Fortunately, most taxies in cities in China are equipped with
GPS devices [2]. Because taxies can use road networks widely
over long periods, their trajectories can reflect the traffic
condition in the road network [4]. In other words, taxies can
be observed as “flowing detectors” in the urban road network.
Thus, the difficulty of collecting data is reduced so that people
can improve the detection of anomalies with a large volume
of data.

Several data mining methods have been proposed to
achieve the goal of detecting anomalies by using GPS data.
Most previous studies can be divided into two categories: (1)
studies on taxi GPS trajectory anomalies and (2) studies on
traffic anomalies. In the first category, most studies focus on

how to observe a small number of drivers with travelling tra-
jectories that are different from the popular choices of other
drivers [5]. Some of these studies can be used to detect fraud-
ulent taxi driving behavior to monitor the behavior of taxi
drivers [6–8]. Others have paid more attention to hijacked
taxi driving behavior, which can protect taxi drivers and
passengers from assaultive injury [9]. With the development
of vehicle navigation technology, new interest in trajectory
anomaly research has occurred, which can be integrated with
navigation to provide dynamic routes for drivers or travelers
[10–13]. In addition, this research can provide accurate real-
time advisor routes compared with navigation based on static
traffic information. The purpose of the second category is
different from the above studies. In the second category,
detection algorithms and optimization methods have been
used to detect anomalies and piece them together to explore
the root causes of anomalies [14, 15]. In addition, some other
methods were proposed for monitoring large-area traffic [16,
17] and determining the defects of existing traffic planning
[18].The differences between these two categories include the
following aspects. First, the comparison between trajectories
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in the anomalous trajectory process always focuses on a small
number of trajectories and the remaining normal trajectories
at the same location during a certain period. Second, the
detection of traffic anomalies is used to detect a large number
of taxies with anomalous behaviors and detect potential
events with time.

This research belongs to the traffic anomaly detection;
some relevant works are those researching anomaly detection
with GPS data [14, 19, 20], and some others use social media
data as the source of mobility data to detect anomalies [21,
22]. Most of these methods can be grouped into four cat-
egories: distance-based, cluster-based, classification-based,
and statistics-based categories [23, 24]. In this paper, the
research focuses on taxi GPS data and the detection method
can be classified as statistics-based. According to an analysis
of the existing literatures, most studies have only considered
traffic volume, velocity, and other visualized parameters and
have not considered the spatial information hidden in the
traffic flow [25]. Moreover, most existing methods are simple
methods based on single detection methods [17, 23–25] or
modified versions of traditional outlier detection methods
[14]. These methods can easily detect long-term anomalies
but lose many short-term anomalies which can continue for
a short period; thus, the focus of this study is to improve the
sensitivity of detectionmethods. Somemethods for detecting
anomalies in computer networks or financial time series use
the wavelet transform method to improve the performance
of detecting rapid anomalous changes [26, 27]. This idea can
be introduced into this research to achieve the same goal
because the road network is similar to the computer network.
Next, a traffic anomalies detection method was proposed,
which can be distinguished in two ways. First, this method
combines the wavelet transform method and PCA to detect
traffic anomalies due to low or high rates of change in traffic
flow.Therefore, thismethod canmore effectively detect traffic
anomalies than other detection methods that only use PCA
[14]. Further, this method can provide information regarding
the spatial distribution of traffic flows. The advantage of this
method is identifying the rootswhile detecting the anomalies,
which reduces the blindness of traffic guidance.

The organizational structure of this paper is organized
as follows. In Section 2, the GPS data transformation and
the anomalies detecting method are described in detail. In
Section 3, case study is conducted based on taxi GPS data
of Harbin and the effectiveness and performance of the
proposed method are analyzed at the same time. Finally, in
Section 4, the conclusions from this research are summarized.

2. Material and Methods

Traffic anomalies always occur in regions with large traffic
volume or high road network densities and deviate due to
changes in external conditions when compared with the
performance of normal traffic. Many factors can result in
traffic anomalies, including traffic accidents, special traffic
controls, large gatherings, demonstrations, and natural dis-
asters [1]. These causes may lead to a wide range of traffic

Figure 1: Network-based urban area segmentation.

changes and further produce anomalous traffic flow patterns.
Furthermore, traffic anomaly levels can be serious because of
traffic flow propagation.

2.1. Road Network Traffic and Traffic Flow Matrix

2.1.1. Road Network Traffic. In the taxi GPS data, each taxi
trajectory consists of a sequence of points with ID num-
ber, latitude, longitude, vehicle state (passenger/empty/no-
service), and timestamp information. Taxi drivers need to
stop their vehicles to pick up or drop off passengers (referred
to as a vehicle state transition); thus, each trajectory can
be divided into several end-to-end subtrajectories that are
defined as “trip” in this paper. Because three types of vehicle
state are used, the trips can be considered as “passenger” trips,
“empty” trips, and “no-service” trips.

Although three types of vehicle state are used, the “no-
service” GPS points will be merged to one point in the map-
matching process, which can be ignored in this research.
Only two classes of the trips were investigated: one is the
“passenger” trip and the other is the “empty” trip. Each trip
represents the behavioral characteristics of traveling from an
origin point 𝑂 to a destination point 𝐷. However, any two
trips will not have the same origin point or destination point
(spatial dimension) in real life. Consequently, road network
traffic is hidden among different trips, and it is difficult to
detect traffic anomalies.Therefore, the transport networkwas
simplified and a novel network traffic model was proposed
for in-depth analysis and reducing complexity. Urban areas
were segmented into subregions by road networks [28]. As
demonstrated in Figure 1, each subregion is surrounded by a
certain level of road, and any two adjacent subregions do not
overlap in space. This model can provide more natural and
semantic segmentation of urban spaces. Next, a traffic model
was constructed based on urban segmentation. In this model,
the vehicles mobility in the subregion was ignored, and all
subregions were abstracted into nodes.The road network was
modeled as a directed graph 𝐺 = (𝑁, 𝐿), where 𝑁 is a set
of nodes (subregions) and 𝐿 is a set of links that connect
two adjacent subregions. A link can represent the mobility of
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Table 1: Virtual OD nodes pairs.
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vehicles between two adjacent subregions. Meanwhile, “trip”
and “path” must be redefined based on this new model.

Definition 1 (trip). A trip, tr, is a time sequence consisting
of subregions with timestamp and can be transformed into
a time sequence of nodes that can represent subregions in the
model (i.e., tr : ⟨𝑁

1
, 𝑡
1
⟩ → ⟨𝑁

2
, 𝑡
2
⟩ → ⋅ ⋅ ⋅ → ⟨𝑁

𝑛
, 𝑡
𝑛
⟩).

Definition 2 (path). A path, 𝑃, is a sequence of nodes without
temporal information (i.e., tr : 𝑁

1
→ 𝑁

2
→ ⋅ ⋅ ⋅ → 𝑁

𝑛
).

A path can represent the common spatial trajectory of some
trips that have the same node sequences when the timestamp
is ignored.

Definition 3 (trajectory). A trajectory 𝑇 is a sequence of
connected trips (i.e., 𝑇 = tr

1
→ tr
2
→ ⋅ ⋅ ⋅ → tr

𝑛
), where

tr
(𝑘+1)

⋅ 𝑠 = tr
𝑘
⋅ 𝑒 (1 ≤ 𝑘 < 𝑛), tr

(𝑘+1)
⋅ 𝑠 is the start node of

tr
(𝑘+1)

, and tr
𝑘
⋅ 𝑒 is the end node of tr

𝑘
.

This road network traffic model can represent the spatial
mobility characteristics of flows from the origin to destina-
tion nodes. Thus, they not only flow within different nodes
and links in the road network but also tell us how traffic flows
from origin nodes to destination nodes. The road network
traffic is used to obtain the sizes of the OD traffic flows. All
of the traffic in the network will flow from origin nodes and
across some different intermediate nodes and links before
reaching the destination nodes.Thismethod is useful because
all of the network topology information can be expressed,
as shown in Figure 2. In the logical topology layer, each
node can be observed as an origin/destination node, and
the link between two nodes represents the traffic flow from
the origin node to the destination node. However, when the
logical topology layer is mapped to the physical topology
layer, each path of the logical topology layer is divided into
several different sequences of links, as defined inDefinition 2.
This method can help us extract the traffic information from
traffic flow data. However, in this research, the aim is not only
to detect which OD nodes pairs have anomalous traffic but
also to identify which trips between the OD nodes pairs are
anomalous. Further, two concepts called “virtual node” and
“virtual OD nodes pair” are defined as follows.

Definition 4 (virtual node). Virtual node is an imaginary
node. Each node in this road network has at least one virtual
node, and the virtual nodes have the same spatial-temporal
characteristics, as shown in Figure 2.

Definition 5 (virtual OD nodes pair). The virtual OD nodes
pair is composed of virtual nodes, with each virtual OD node
pair possessing traffic flow across a unique path. Only the
origin/destination nodes of the path can be represented by the
virtual node, and the intermediate nodesmust be real. Virtual
OD node pairs can help us build different paths between the
same OD node pairs (i.e., 𝑃 = 𝑉𝑁

1
→ 𝑁

2
→ ⋅ ⋅ ⋅ →

𝑁
𝑘−1

→ 𝑉𝑁
𝑘
, 𝑘 = 1, 2, . . ., where 𝑃 is a path and 𝑉𝑁

1

and𝑉𝑁
𝑘
are origin virtual node and destination virtual node,

resp.). As shown in Figure 2, there are four virtual OD node
pair paths (virtual node 3 → virtual node 1).The number of a
virtual OD nodes pair is equal to the number of the path that
connects the OD nodes.

Next, virtual OD node pairs were built according to
the logical topology layer, as shown in Table 1. Based on
the information shown in Table 1, one node can connect
with multiple nodes and those multiple nodes can have the
same destination node. Previously, the network traffic feature
was formulated and the traffic model can hold the spatial
correlation of traffic flows, the network wide traffic is a time
sequencemodel, and the time and frequency properties of the
traffic can be held well. In the next step, a transform domain
analysis was conducted for the road network traffic to detect
traffic flow anomalies.

2.1.2. Index Building. An index structure was created for
anomaly detection process. Each OD node pair can have
several paths that can connect the OD nodes (virtual OD
nodes). However, the research goal is to determine which
paths of the OD node pairs are anomalous. Thus, an index
structure was built, which is an offline index structure
between the path and links that can connect the nodes/virtual
nodes. For example, in Figure 3(a), the points represent the
nodes/virtual nodes, the solid directed lines represent the
links, and the dashed lines represent the paths between the
OD nodes pairs. This index method is offline but can be
updated to be online when new data are received, as shown
in Figure 3(b).

2.1.3. Traffic Flow Matrix. The traffic anomalies detecting
method based on multiscale PCA (MSPCA) in this paper
uses the traffic flowsmatrix as a data source.Thus, the related
definitions of the traffic matrix are presented as follows.

Definition 6 (traffic flow matrix). A traffic flow matrix is the
traffic demand of all the virtual OD nodes pairs in a road
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Figure 2: The road network model used for detecting network traffic anomalies.
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Figure 3: Example of the index.

network. The traffic flow matrix can be further classified as
an NtN (node-to-node) traffic flow matrix.

Definition 7 (NtN traffic flow matrix). If the network has
𝑛 nodes and the traffic flow of any path can be measured
constantly over a certain time interval, then the measured
value can be created as a 𝑇 × 𝑤 matrix to represent a time
sequence of the measured traffic flow. Here, 𝑇 is the number
of measured cycles and 𝑤 is the number of traffic flow
measurements; thus,𝑤 = 𝑛 × 𝑛. Row 𝑡 is a vector of trafficflow
value, which ismeasured in the 𝑡 cycle and can be represented
by 𝑥
𝑡
. The column 𝑗 is the time sequence of the traffic flow

value of 𝑗 virtual OD node pairs. In addition, 𝑥
𝑡𝑗
represents

the traffic flow of the 𝑗 virtual OD node pairs during the 𝑡
cycle:

[
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[
[
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2.2. Traffic Anomaly Detection Method

2.2.1. Traffic Anomaly Detection Process. The detection of
traffic anomalies from a wide traffic network can be obtained
by developing a method that can determine anomalous
subregions in a network to provide effective information
for transportation researchers and managers for improving
transportation planning and dealing with emergencies. Gen-
erally, this problem can be described by considering how
to capture the anomalous subregions whose characteristic
values significantly deviate from normal values. To achieve
this goal, a novel computing process was designed, as shown
in Figure 4. In this process, the physical topology layer is
transformed according to the structure of the real network.
Then, the logical topology layer can be derived and the
OD nodes pairs and virtual OD nodes pairs are established
simultaneously. Furthermore, the traffic of the paths between
the virtual OD nodes pairs is extracted with logical topology
information while using the wavelet transform method and
PCA to prove the spatial and temporal relationships. Based
on the multiscale modeling ability of the wavelet transform
and the dimensionality reduction ability of PCA, the network
traffic anomalies detection method can be constructed based
on multiscale PCA with Shewhart and EWMA control chart
residual analyses. Finally, a judgment method is proposed for
detecting the anomalous location.

2.2.2. Traffic Anomalies Detecting Method Based on MSPCA.
In this section, the space-time relativity of the traffic flow
matrix was used to model the ability of the wavelet transform
and the dimensionality reduction of PCA to transform the
traffic flow of the traffic flow matrix. Next, anomalies were
detected using two types of residual flow analysis. The time
complexity analysis will be discussed at the end of this
section.

Normal traffic flow modeling can be met by using
the MSPCA, which can combine the abilities of wavelet
transform to extract deterministic characteristics with the
ability of PCA to extract the common patterns of multiple
variables. Normal traffic flowmodeling based onMSPCA can
be divided into the four following steps.

Step 1. The first step is the wavelet decomposition of the
traffic flow matrix. First, the traffic flow matrix, 𝑋, will
undergo multiscale decomposition through an orthonormal
wavelet transform [29]. Next, the wavelet coefficient matrix
𝑍
𝐿
, 𝑌
𝑚
(𝑚 = 1, . . . , 𝐿) can be obtained on every scale. Then

theMADmethod [30] is used to filter thewavelet coefficients.
Finally, the following filtered wavelet coefficient matrix is
obtained:

𝑍
𝐿
, 𝑌
𝑚

(𝑚 = 1, . . . , 𝐿) . (2)

Step 2. The second step is principal component analysis and
refactoring of the wavelet coefficientmatrix. First, the wavelet
coefficient matrix 𝑍

𝐿
, 𝑌
𝑚
(𝑚 = 1, . . . , 𝐿) in every scale is

analyzed using PCA. Next, the number of nodes is selected
according to the scree plot method [31]. Finally, the wavelet
coefficient matrix 𝑍

𝐿
, �̂�
𝑚
(𝑚 = 1, . . . , 𝐿) is reconstructed.

Step 3. The third step is reconstructing the traffic flowmatrix
using the invert wavelet transform 𝑊

𝑇according to the
wavelet coefficient matrix 𝑍

𝐿
, �̂�
𝑚
(𝑚 = 1, . . . , 𝐿) at all scales.

Step 4. The fourth step is principal component analysis and
refactoring of the traffic flowmatrix.Thismethod is similar to
that of Step 2, and the traffic flowmatrix can be reconstructed,
denoted by𝑋.

After the normal traffic flow was modeled, several resid-
ual traffic flows were determined, including two components,
noise and anomalous traffic. These flows mainly resulted
from errors of the traffic flow model and traffic anomalies,
respectively.The squared prediction errorwas used to analyze
the residual traffic flows,

SPE
𝑖
=

𝑊

∑

𝑗=1

(𝑥
𝑖𝑗
− 𝑥
𝑖𝑗
)
2

, (3)

where 𝑥
𝑖𝑗
is the element in the traffic flow matrix𝑋 and𝑊 is

the number of links in the network.
Then two types of control chart methods were used to

analyze the residual traffic flows, Shewhart and EWMA [32].
The Shewhart control chart method can detect rapid changes
in traffic flow, but its detection speed is slow for detecting
anomalous traffic flows, which change slowly. However, the
EWMA control chart method can detect anomalous traffic
flows that have a long duration but change slowly.
Shewhart Control Chart Method.The Shewhart control chart
method directly detects the time sequence of the squared
prediction error and defines 𝜉2

𝛼
as the threshold for the

squared prediction error at the 1 − 𝛼 confidence level. A
statistical test known as the 𝑄-statistic [31] is used to test the
residual traffic flows, as follows:

𝜉
2

𝛼
= 𝜙
1

[
[

[
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√2𝜙
2
ℎ
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(ℎ
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]

1/ℎ0

, (4)

where ℎ
0
= 1 − 2𝜙

1
𝜙
3
/3𝜙
2

2
, 𝜙
𝑖
= ∑
𝑊

𝑗=𝑟+1
𝜆
𝑖

𝑗
, 𝑖 = 1, 2, 3, 𝜆

𝑗
is

the variance, which can be obtained by projecting the traffic
flow matrix to the 𝑗th principal component, 𝑐

𝛼
is the 1 − 𝛼

percentile in the standardized normal distribution, and 𝑟 is
the intrinsic dimensionality of the residual traffic flows data.
If the value of the squared prediction error is not less than the
threshold value 𝜉2

𝛼
, an anomaly will appear.

According to the 𝑄-statistic, the multivariate Gaussian
distribution follows the assumption of derivation. The 𝑄-
statistic will display few changes, even when the distribution
of the original data differs from the Gaussian distribution
[31]. Thus, the 𝑄-statistic can provide prospective results in
practice without examining traffic flows data for adaption
assumptions due to its robustness.
EWMA Control Chart Method. The EWMA control chart
method can be used to predict the value of the next moment
in the time sequence according to historical data. The pre-
dicted value of residual traffic flow at time 𝑡 can be recorded
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Figure 4: Traffic anomalies detection process.

as𝑄
𝑡
, and the actual value of the residual traffic flow at 𝑡 is𝑄

𝑡
.

Thus,

𝑄
𝑡+1
= 𝛽𝑄
𝑡
+ (1 − 𝛽)𝑄

𝑡
, (5)

where 0 ≤ 𝛽 ≤ 1 is the weight of the historical data.
The absolute value of the difference between the actual and
predicted values |𝑄

𝑡
−𝑄
𝑡
| is obtained, and the threshold value

of EWMA can be defined as follows:

𝜓 = 𝜇
𝑠
+ 𝐿 × 𝜎

𝑠
√

𝛽

(2 − 𝛽) 𝑇
, (6)

where 𝜇
𝑠
is the mean value of |𝑄

𝑡
−𝑄
𝑡
|, 𝜎
𝑠
is the mean square

error, 𝐿 is a constant, and𝑇 is the length of the time sequence.
Thus, if |𝑄

𝑡
− 𝑄
𝑡
| ≥ 𝜓, an anomaly will appear.

The computational complexity of the proposedmethod is
𝑂(𝑇𝑝
2
+ 𝑇𝑝), which mainly contains the wavelet transform

and PCA process.
Currently, the paths which have traffic anomalies can be

detected. However, the research goal is to determine which
links between the adjacent regions are anomalous.Therefore,
another method was designed to locate anomalous links
based on the distribution of traffic flow in the next section.

2.2.3. Anomalous Position Locating. According to the analysis
results, the paths of OD node pairs may have different traffic
flow values at the same time. However, determining which
paths are anomalous is not the purpose of this research.
The anomalous position should be located to provide useful
and clear information for transportation researchers and
managers. The proposed method is different from other
methods, which detect the anomalous road segment first
and then infer the root cause of the traffic anomalies in the
road network. Here, the paths with traffic anomalies can be
detected and the anomalous position locating process was
built as follows. First, the trips were connected with the
paths that have traffic anomalies so that all links belonging
to an anomalous path can be identified. Next, all links are
assumed as potential anomalous links and stored into an
anomalous pool. Next, the existing identification method is
used to determine whether traffic anomalies exist on these
links based on their historical data; this process ends until all

of the links are tested. Finally, the links that are not anomalous
are deleted and the other links are kept in the anomalous pool.

Links do not exist in the physical world.Thus, anomalous
links need to be transformed into anomalous subregions.
Based on the experience, the subregions that are connected
by anomalous links will have the greatest probability of being
anomalous. Thus, all of these subregions should be searched
and considered as anomalous subregions. The traffic flow
between them is anomalous. So far, the process of traffic
anomalies detection has been completely presented.

3. Results and Discussions

3.1. The Road Network and Data Preparation

3.1.1. Road Network. The road networks of Harbin were
considered as the basic road networks, and the statistical
information is shown in Table 2. To obtain a higher detection
precision,minor roads andmajor roads were used to segment
the urban area, as shown in Figure 5 (the green lines and blue
lines are minor roads and major roads, resp.). Consequently,
the area of the subregions became smaller so that the traffic
anomalies can be located more accurately. Thus, the number
of subregions significantly increases relative to the number
shown in Figure 1.

3.1.2. Mobility Data. The taxi GPS data were used as mobility
data, as shown in Table 2. Approximately 23% of the daily
road traffic in Harbin is generated by taxies. Thus, taxi
traffic can indicate the dynamics of all traffic. Although the
mobility data were collected from taxies, it can be believed
that the proposed method is general enough to use other
data sources, which can reflect the characteristics of mobility
on the road network, such as the public transit GPS data.
All of these data require preprocessing to remove erroneous
data and eliminate positioning deviations by map-matching
technology.

3.2. Evaluation Approach. In the numerical experiment, the
traffic anomalies reported during the half-year period were
used as real data to evaluate the detecting effectiveness
and performance of this approach. In practice, continuous
execution is unrealistic due to the need for large amounts of
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(a) 7–9 AM: reported incidents (b) 4–6 PM: reported incidents

(c) 7–9 AM: baseline 1 results (d) 4–6 PM: baseline 1 results

(e) 7–9 AM: baseline 2 results (f) 4–6 PM: baseline 2 results

(g) 7–9 AM: proposed method results (h) 4–6 PM: proposed method results

Figure 5: Reported traffic anomalies and detection results.

computation; thus, time discretization was used to overcome
this fault. The time interval of algorithm execution is 15
minutes. It means the detection method was executed every
15 minutes with the data collected during the latest period as
current data. All of the previous data were stored as historical
data in the database and used for experimental calculations.
In addition, the length of the time interval can be determined
based on the actual demand (it is a tradeoff process; readers
can refer to Ziebart et al. [11]).

3.2.1. Measurement. In the process of evaluating the effec-
tiveness of the proposed traffic anomalies detection method,
traffic anomaly reports were used as a subset of real traffic
anomalies because not all traffic anomalies can be recorded
in reports. The evaluation method consists of comparing the
detection results with the reports to determine howmany real
traffic anomalies can be detected. Thus, the 𝑅 parameter was
defined to measure the accuracy, which can be expressed as
𝑅 = 𝐶

𝑑
/𝐶
𝑟
, where 𝐶

𝑑
is the number of reported anomalies
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Table 2: Dataset statistics.

Data duration Mar.–Aug. 2012

GPS data

Taxies 15,210
Effective days 74

Trips 21,510,880
Avg. sampling interval 60 s

Road network Road grade Major and minor roads
Subregions 387

Reports Avg. reports per day 28

that can be detected using the proposedmethod and𝐶
𝑟
is the

number of anomalies in the reports. This parameter is not
a precision measurement because a traffic anomalies report
may not provide a complete set of all real traffic anomalies.
It is possible that some traffic anomalies can be detected by
using the proposedmethod but should not be recorded in the
report, as shown in Figure 5.

3.2.2. Baselines. The accuracy of the proposed method
should be evaluated in this process. Two anomalous traffic
detection methods were used as baselines: a method based
on the likelihood ratio test statistic (LRT) [17] and a modified
version of PCA [14]. The ideas used in these two methods
are similar to ours; thus, these methods were applied to the
matrixes of all subregions to find out the subregions which
have an anomalous number of taxies based on our segmen-
tation. Next, the accuracy can be obtained by comparing the
results of the three methods.

3.3. Numerical Experiments

3.3.1. Effectiveness. To accurately evaluate the proposed
method, two “peak-hour” time intervals on 11/5/2012 were
chosen as study period, which are presented in Figure 5 (the
red regions of all eight figures indicate the anomalies). Figures
5(a) and 5(b) show the anomalies that were reported during
these two time intervals. Figures 5(c) and 5(d) show the
anomalies that were detected by using baseline 1 method (the
method based on LRT), and Figures 5(e) and 5(f) show the
anomalies that were detected by using baseline 2method (the
modified version of PCA). In addition, Figures 5(g) and 5(h)
show the detection results of the proposed method.

According to Figure 5, the proposed method detected
more traffic anomalies than the baseline methods during
each time interval. From 7 AM to 9 AM, baseline 1 method
and the proposed method detected all anomalies in the
report. However, baseline 2 method only detected 75% of the
anomalies. In addition, the results show that the proposed
method detected 2∼3 more anomalies (which could be
potential anomalies) than the baseline methods. From 4
PM to 6 PM, the proposed method can detect 10 reported
anomalies. However, baseline 1 and 2 methods resulted in 8
and 9 reported anomalies, respectively. Thus, the proposed
method can detect 90.91% of all reported anomalies in this
special time interval, which is 18.18% more than the value of

baseline 1 method and 9.09% more than the value of baseline
2 method. In the experiments of different time intervals on
11/5/2012, the average 𝑅 value of the proposed method is
82.37%, but the value of baseline 1 method is only 63.74%
and the value of baseline 2 method is 72.70%. When the
experiment was extended to another 73 effective days from
March to August, as shown in Table 3, the average 𝑅 value
of the proposed method is 74.62%, the value of baseline 1
method is 56.33%, and the value of baseline 2 method is
63.29%.This phenomenon indicates that the detection rate of
the proposedmethod improved by 32.47% and 17.90% relative
to baseline 1 and baseline 2methods, respectively. In addition,
according to the 𝑅 value of each day, the proposed method
can detect more reported anomalies than the baselines.Thus,
it can be concluded that the proposed method is significantly
better than the baseline methods.

To further illustrate the feasibility and superiority of
the proposed method, an anomalous subregion was chosen
between 7:30 AM and 9:30 AM. In this case, three anomalous
paths can be observed in the subregion (their traffic flow
is shown in Figure 6). Thus, the path that causes traffic
is obvious, and the transportation managers can guide the
traffic to the regions that have less traffic pressure.

According to Figure 6(a), the overall traffic flow did not
differ much from the regular overall traffic flow between 7:00
AM and 7:45 AM. However, between 7:45 AM and 8:30 AM,
a significant difference was observed between the two curves.
By comparing Figures 6(b) and 6(c), this traffic anomaly
resulting from the traffic flow of path A can be observed
obviously. According to Figure 6(d), the percentages of the
traffic flow in paths B and C declined between 7:45 AM and
8:30 AM because some taxi drivers changed their routes to
avoid this anomalous region. After this period, the traffic
flow gradually returned to the normal status, as shown
in Figure 6(a). Consequently, in the directions with more
potential capacity for sharing more traffic flows, such as path
B in Figures 6(c) and 6(d), the traffic flow and percentages all
decreased during the anomalous interval; thus, a portion of
the traffic flow can be guided to this direction to reduce the
traffic pressure of anomalous region.

3.3.2. Performance. In the experiments, the hardware/soft-
ware configuration and average processing time for anomaly
detection are shown in Tables 4 and 5, respectively. The
urban area was segmented into a number of subregions in
the first step, and the following study was affected by the
segmentation results.The computing times for different steps
are related to the numbers of subregions.Thus, the computing
times will be significantly different when the urban area is
segmented according to different levels of roads. Specifically,
the computing time will increase as the road level decreases,
as shown in Figure 7.

3.4. Case Study. In this section, two cases were used to
further evaluate the detection method. In the first case, an
anomalous region was detected and reported. In another
case, the detected anomalous region does not exist in the
report; these two cases are shown in Figures 8 and 9,
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Table 3: R values of the detection results.

Number Date 𝑅 value of each day
Baseline 1 method Baseline 2 method Proposed method

1 4/3/2012 59.27% 62.97% 83.17%
2 6/3/2012 64.18% 64.52% 75.86%
3 7/3/2012 53.44% 70.20% 88.49%
.
.
.

.

.

.
.
.
.

.

.

.
.
.
.

32 11/5/2012 63.74% 72.70% 82.37%
.
.
.

.

.

.
.
.
.

.

.

.
.
.
.

74 31/8/2012 47.28% 77.37% 78.88%
Average 𝑅 value 56.33% 63.29% 74.62%
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Table 4: Hardware/software configuration.

Hardware/software name Version/size
Server 64-bit
Operating system Windows Server 2008
CPU 2.50GHz
Memory 16Gb

Table 5: Average processing time for anomaly detection.

Procedure name Time (s)
GPS data transform (one day) 19.17
Wavelet transform/PCA <2.00
Shewhart & EWMA 2.32

respectively. Each figure contains three subfigures, with
Figures 8(a) and 9(a) presenting the detection results of base-
line 1 method, Figures 8(b) and 9(b) presenting the detec-
tion results of baseline 2 method, and Figures 8(c) and 9(c)
presenting the anomalous subregions detected using the
proposed method.

In the first case, road reconstruction occurred on Liaohe
Road between 9:00 AM and 11:00 AM on Jun 17, 2012. As
shown in Figure 8, the red line presents the work zone and the
orange region represents the detected anomalous subregions.
In Figures 8(a) and 8(b), the total areas of the anomalous
subregions around the work zone are small. However, using
the detection results of the proposed method (as shown in
Figure 8(c)), a larger collection of anomalous subregions
was obtained and all of the paths through these affected
subregions can be determined. In contrast with the results
from the baseline methods, our advisory paths can avoid the
anomalous subregions that were not detected by the baseline
methods. Thus, the advisory paths can be more accurate and
useful for drivers or management departments to actively
avoid the anomalous subregions, such as the black lines
in Figure 8(c). These advisory paths can change the actual
driving routes of some vehicles, and this effect can reduce the
traffic pressure in this area while accelerating the dissipation
of anomalies.

In the second case, the proposed method detected a
traffic anomaly near theHarbin International Conference and
Exhibition Center (HICEC) from 8:30 PM to 10:00 PM on
Jul 30, 2012. However, this anomaly was not reported by the
traffic management department. As shown in Figures 9(a)
and 9(b), baseline 1 method cannot be used to detect any
anomalies around the HICEC (gray region), and baseline
2 method can only detect a small region adjacent to the
HICEC.However, according to the daily news on the Internet,
the Harbin International Automobile Industry Exhibition
(HIAIE) was held in the HICEC. The HIAIE is one of the
largest exhibitions in Harbin and can attract many dealer
and automobile manufacturers that exhibit their products.
Thus, a large number of citizens attend this grand exhibition.
To ensure safety, the management department deploys many
police officers in this area. Thus, the traffic anomalies in
this area may be ignored in the reports because it can be
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Figure 7: Processing time for anomaly detection.

assumed that this area is effectively controlled.However, good
control does not mean that no traffic anomaly occurs. Large
traffic pressure can result in short-term and large-scale traffic
anomalies. Thus, the results of these two baseline methods
are not sufficient for supporting traffic management and
emergency treatment. However, as shown in Figure 9(c), the
proposed method detected a large-scale anomalous region
around the HICEC, which corresponds better with the
actual traffic; thus, the accuracy of the proposed method
is much higher than the baseline methods. Consequently,
the proposed method is more sensitive to short-term traffic
anomalies, and the development and dissemination of traffic
anomalies can be controlled well by using the proposed
method.

4. Conclusions

A traffic anomalies detection method that uses taxi GPS data
was presented to explore one aspect of urban traffic dynamics.
And a novel approach based on the distribution of traffic flow
was used for locating and describing traffic anomalies. This
method provides an effective approach for discovering traffic
anomalies between two adjacent regions. The effectiveness
and computing performance of this method were evaluated
by using a taxi GPS dataset of more than 15,000 taxies for
six months in Harbin. This method detected most of the
reported anomalies because it combines the advantages of the
Shewhart control chart method and the EWMA control chart
method. Thus, this method can detect the anomalies caused
by rapidly changing traffic flows and slowly changing traffic
flows. According to the experimental results, 74.62% of the
anomalies reported by the traffic administrative department
were identified, which is much higher than the existing
methods based on LRT and PCA. Compared with other
anomalies detectionmethods, thismethod can identify traffic
flows that cause traffic anomalies and provide effectiveness
information for managers to solve traffic jam or emergency
response problems. Furthermore, this method can change
the granularity of region segmentation based on the actual
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(a) Baseline 1 results (b) Baseline 2 results

(c) Proposed method results

Figure 8: Case 1 detection results.

(a) Baseline 1 results (b) Baseline 2 results

(c) Proposed method results

Figure 9: Case 2 detection results.

demand, which satisfies the requirements of traffic anomalies
detection for different purposes. The average execution time
of this method is less than 10 seconds, and the effectiveness is
high enough to support real-time detection of anomalies.
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The rise of e-commerce and globalization has changed consumption patterns. Different industries have different logistical needs.
In meeting needs with different schedules logistics play a key role. Delivering a seamless service becomes a source of competitive
advantage for the logistics industry. Global positioning system-based fleet management system technology provides synergy to
transport companies and achieves many management goals such as monitoring and tracking commodity distribution, energy
saving, safety, and quality. A case company, which is a subsidiary of a very famous food and retail conglomerate and operates the
largest shipping line in Taiwan, has suffered from the nonsmooth introduction of GPS-based fleet management systems in recent
years. Therefore, this study aims to identify key factors for introducing related systems to the case company. By using DEMATEL
and ANP, we can find not only key factors but also causes and effects among key factors. The results showed that support from
executives was the most important criterion but it has the worst performance among key factors. It is found that adequate annual
budget planning, enhancement of user intention, and collaborationwith consultants with high specialty could be helpful to enhance
the faith of top executives for successfully introducing the systems to the case company.

1. Introduction

The rise of e-commerce and globalization has changed con-
sumption patterns. Different industries have different logis-
tical needs. In meeting needs for small, diverse, and high-
frequency pickups and deliveries at different locations, in
different packaging and according to different schedules and
in determining how different operations such as purchasing,
manufacturing, warehousing, distribution, and management
contribute to a good solution, logistics play a key role.
Delivering a seamless service has become a source of compet-
itive advantage for the logistics industry. Fleet management
systems (FMS) have been available in the logistics industry
for many years. Crainic and Laporte [1, 2] pointed out that
first-generation FMS provided relatively simple functional-
ities such as vehicle tracking components. With increased
management sophistication, these systems have evolved into
planning tools [3, 4]. In addition, fleet management involves
supervising the use and maintenance of vehicles and asso-
ciated administrative functions, including coordination and

dissemination of tasks and related information to solve the
heterogeneous scheduling and vehicle routing problem [5].
For vehicle fleet management and monitoring, one of the
main applications is the global positioning system (GPS)
technology [6, 7]. GPS-based fleet management system tech-
nology has provided synergy to transport companies and has
achieved many management goals such as monitoring and
tracking commodity distribution, energy savings, safety, and
quality. A fleet management system is a complex network to
manage and control. It is well known that most real-world
management systems are typical complex and evolving net-
works [8–11], and fleetmanagement systems are no exception.

This research used the PTransport Company as an empir-
icalstudy case. The company, which operates the largest
shipping line in Taiwan, is a subsidiary of a famous food
and retail conglomerate, which is the largest group of chain
stores in Taiwan. The system had to serve the country’s
largest logistics system and provide comprehensive logistical
support, and fast supply to all outlets nationwide. The P
Transport Companywas committed to continuously enhance
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the competitiveness by the introduction of GPS. Although
the P Transport Companyworked energetically to implement
intelligent fleet management systems, these have not been
successful in recent years. The P Transport Company was
in the system implementation phase at the time of this
research and wanted to avoid another failure in introducing
a fleet management system. After interviewing the managers
of P Transport Company, four main reasons for earlier
failures were identified: organizational resistance to change,
ongoing information technology innovation, lack of profes-
sional training and experience in project staff, and multiple
customer patterns and complex operating procedures.

This research intended to identify the key factors in
introducing GPS-based fleet management systems to the
logistics industry by the analysis of P Transport Company.
For the purpose of this paper, several factors were involved,
and it was necessary to determine which of these factors
was the most significant for achieving the objective of this
study. In addition, this complex management problem was
a classic case of multiple-criteria decision-making (MCDM),
and these indicators had interdependent impacts. Regarding
the research methods, analytic network process (ANP) is a
widely usedmethod that considers interdependencies among
factors and determines their relative importance [12–16].
A combination of Decision-Making Trial and Evaluation
Laboratory (DEMATEL) and ANP has been widely used to
solve various decision problems [17–20]. To take interdepen-
dencies into consideration and determine the key factors, this
paper incorporates a novel combination of DEMATEL and
ANP into the study. By analyzing the case company, this study
contributes to explore an important issue that identifies key
factors for introducing GPS-based fleet management systems
to the logistics industry using DEMATEL and ANP.

The results showed that support from executives was
the most important criterion and had profound influence
on other criteria. Performance on other key factors was
improved if corporate executives showed strong support.The
other key factors were user recognition, funding and budget,
project team composition, correct information in real time,
and degree of completion of transmission equipment. The
proposed model was implemented in a transport company
in Taiwan. Based on the results obtained, it was suggested
that transport companies and the logistics industry introduce
GPS-based fleet management systems, which will increase
their chance of success.

Section 1 of this paper provides an introduction which
summarizes the research motive, purpose, methodology, and
study results. Section 2 provides a brief review of GPS-based
fleet management systems and key factors for introducing
these systems. Section 3 describes the methodology used
and Section 4 presents an example and results. Finally,
conclusions and recommendations can be found in Section 5.

2. Literature Review

2.1. Fleet Management Systems and GPS. Intelligent trans-
portation systems (ITS)were defined in [21] as using informa-
tion technologies, computers, and communications in trans-
portation systems to solve transportation problems. These

systems increase transportation efficiency, promote driving
safety, improve people’s lives, and raise industrial productivity
[22]. Fleet management systems (FMS) have been available
in the industrial domain, such as the transport business,
for many years. Currently, these systems have evolved into
complete enterprise management tools linking together all
parts of the business.The new trend clearly dictates increased
management sophistication in terms of turning these tools
into planning tools [3, 4]. They now include real-time asset
management focusing on current fleet locations and predic-
tion of planned tasks.These systems today offer a broad range
of functionalities, including tight integration with internal
enterprise resource planning (ERP) systems and systems
located at customer sites. Specifically, extensive use of real-
time data and wireless communications serve together with
increased intelligence for real-time planning, where industry
developers identify these parameters as the primary drivers
for current developments [23].

In an industrial context, a complete logistics system
involves transporting rawmaterials from a number of suppli-
ers, delivering them to the factory for processing, transport-
ing the products to different depots, and finally distributing
them to customers [5]. In this case, transportation for both
supply and distribution requires effective management pro-
cedures to optimize routes and costs. These procedures form
part of the overall supply-chain management of the company
[24]. The American Heritage Dictionary defines a global
positioning system as “A system for determining a position
on the Earth’s surface by comparing radio signals from
several satellites. Depending on your geographic location, the
GPS receiver samples data from up to six satellites; it then
calculates the time taken for each satellite signal to reach the
GPS receiver, and from the difference in time of reception,
determines your location [25].” A number of literatures
have been published which provide information to engineers
aboutGPS technology applications to transportation systems,
especially to intelligent transportation systems [26, 27].

GPS became very important because not only did the
military rely on them to provide navigation, but the pub-
lic sector did as well. These devices were used by pilots,
miners, mountain climbers, and many others working in
dangerous occupations [28]. Several industries such as the
logistics realized this and started to focus on research and
quality control. These industries also realized the benefit of
combining GPS technology with telecommunications. This
enabled GPS receivers to transmit data to a base station
for analysis. Another advance was a GPS architecture that
enabled integration of the technology into computers and
other devices. This opened up a huge spectrum of uses for
GPS [28]. Companies can reduce costs and create greater
customer satisfaction by implementing GPS systems as part
of already established processes [28]. GPS became a “tool of
the trade” in trucking companies for logistics management.

GPS devices gave managers more accurate estimates of
both the time of arrival and the time of delivery of goods
to the customer [29]. As part of logistics management,
fleet management can be a practical tool for managing a
vehicle fleet to improve scheduling, operating efficiency, and
effectiveness [30]. In addition, fleet management involves
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Table 1: Aspects for the introduction of management information systems.

Aspects Descriptions References

Organization

The impact of implementing a system in an organization: the system must be
accepted by the organization and integrated into the workflow among other existing
information systems. Staff can have concerns arising from the nature of the
organizational change resistance mentality.

[35–43]

Project base

The execution and management of the project: IT project management must usually
work with a series of complex problems and diverse staff. In particular, team
management requires a high degree of expertise to deal with project execution
management issues.

[36, 37, 40, 41, 43]

System
technology

Technical complexity of the system: before building the system, high-quality data
must be available. The system must include information on whether the accuracy,
timeliness, integration, and flexibility of the technology can meet organizational
needs.

[35–43]

Consultants

Ability of enterprises to solve problems: business consultants that have dealt with a
similar situation in the past can be expected to have specific experience and
knowledge and to adapt solutions to the current problems encountered. The
capacity and performance of consultants during the project will affect the success or
failure of the entire project.

[35–37, 39]

External
environment

Factors external to the organization, for example, the impact on the implemented
system of external competitive pressures, also refer to the impact of trade laws and
regulations. Industry competitive pressures and suppliers will affect all
implemented technologies.

[38, 42]

supervising the use and maintenance of vehicles and asso-
ciated administrative functions, including coordination and
dissemination of tasks and related information to solve
heterogeneous scheduling and vehicle routing problems [5].

2.2. Introduction of Management Information Systems. The
introduction of new systems can be understood from busi-
ness experience and from the literature. A successful system
introduction provides positive benefits to an organization,
but a failed introduction can do harm to the organization.
Many studies have focused on the key factors affecting
the introduction of a new system to a company. Table 1
summarizes related aspects and literatures for the intro-
duction of management information systems and Table 2
shows preliminary aspects and criteria cited from the related
literatures.

3. Methodology

3.1. Delphi Method. The Delphi method is a research
approach to group decision-making. Reference [31] indicated
that the Delphi method depends on experts’ experience,
instincts, and values to determine outcomes. In this method,
a group of six experts discusses a specific question, because
experts from different fields can be expected to provide
multiple perspectives. Besides, the experts can understand
each other’s perspectives in one round of the questionnaire
and adjust their own perspectives in the next questionnaire
round to reach consistency.

The related operations are briefly introduced as follows.
First, the appropriate experts are grouped according to
the nature of the question that must be decided. Hence,

the number of experts is determined in terms of the dimen-
sions, professional requirements, complexity, and scope of
the problem. In general, the group will not exceed twenty
people. Second, background information about the decision
is transmitted to the experts, and they are asked what else
they need. Furthermore, they are advised of the questions
that must be answered and any related requests. Finally,
the experts are asked to answer the questions in writing.
Third, the experts indicate their perspectives and explain how
these perspectives were obtained from the information given.
Fourth, the expert perspectives are synthesized for the first
time to produce an information form, which is sent to the
experts so that they can understand the differences between
their perspectives and those of others and adjust their
perspectives and evaluation accordingly. Fifth, themajor part
of theDelphimethod involves collecting experts’ perspectives
and providing feedback. In other words, the modified per-
spectives from the experts are collected, synthesized, and sent
back to each expert for further modification. Note that each
expert’s name is not included when the information is fed
back to the experts as a group. This process is repeated until
no expert submits further modifications. Finally, the experts’
perspectives are synthesized, and conclusions are presented.

3.2. DEMATEL-Based ANP (DANP). Traditionally, a net-
work relation map (NRM) was necessary for ANP, but NRM
should be acquired by other auxiliary tools. Undoubtedly,
Decision-Making Trial and Evaluation Laboratory (DEMA-
TEL) is an appropriate choice for constructing NRM [20]
by describing interdependencies visually in the form of
networks consisting of explainable nodes and directed arcs
[31]. Nevertheless, a serious problem for ANP is that if
there are too many criteria involving pairwise comparisons,
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Table 2: Preliminary aspects and criteria for the study.

Aspects Criteria Descriptions

Organization

Top executives support
Executives’ subjective preferences or understanding of the project, continued
participation, promises of funding and resources required, and removal of
obstacles to the project.

Enterprise process reengineering The need to change the organization’s structure, responsibilities, and workflow
in response to the implemented system.

User recognition Whether employees have sufficient momentum to drive their participation in
the system.

Funding and budget The project budget for implementing software, hardware, and subsequent
maintenance requirements.

Project base

Clear objectives A clear understanding of importing goals and performance those are from the
various departments.

Project team composition Organizations with outstanding staff from ministries can take up the
challenge and work together to resolve difficulties.

Project management and
monitoring Project leaders and teams control project progress.

Effective communication To resolve conflict.
Education and training Actual effectiveness of education and training.

System
technology

Timely and correct information Control over correct and timely input information.
Degree of difficulty in software
and hardware maintenance

Degree of maintenance difficulty for system and hardware devices in the
future.

Degree of difficulty in technology
setup

Degree of difficulty in setup of system technology and extension to various
centers.

Degree of completeness of
transmission equipment Transmission performance and scalability of equipment installed in a truck.

Consultant

Experience of consultants Industrial familiarity, expressive ability, and communication skills of
consultants.

Ability of consultants Degree of professional competence of consultants for each module in the
system.

Coordination and
communication

Service gap between expectation and perception of customers in the
consultant’s interaction process.

External
environment

Industry competitive pressure
Development of innovation in industry is very rapid and, therefore, when
facing competition, a further assessment of the competitive environment
facing the enterprise is required.

Customer acceptance Willingness of customers to implement a system and conditions imposed.

then the time required for pairwise comparisons increases
substantially. Moreover, it is not easy to achieve consistency
[32], especially for the matrix with high order, because of
the influence of the limited ability of human thinking and the
shortcomings of one to nine scale [33]. To solve the above-
mentioned problems, the so-called DANP took the total
influence matrix generated by DEMATEL as the unweighted
supermatrix of ANP directly to avoid troublesome pairwise
comparisons. Similar to ANP, relative weights of individual
factors can be obtained by generating a limiting supermatrix.
Tzeng and Huang [20] introduced the complete framework
of DANP.

In particular, the framework of DANP used in this paper
has several distinct features compared to [20]. First, this paper
considers prominences generated by DEMATEL and relative
weights generated by DANP at the same time to determine
key factors instead of using relative importance by DANP
merely. In other words, as represented by dashed lines in

Figure 1, both DEMATEL and DANP have the power to
vote for key factors. Second, we focus on the causal diagram
for key factors rather than all factors. Moreover, an arc is
directed from one factor to another one if the former has the
greatest influence on the latter. This can simplify greatly the
representation of a causal diagram and facilitate the analysis
of interdependence among key factors. Besides, the causal
diagram is not dependent on relation of each factor. The
reason is that the greater the relation of a factor is, the greater
the influence of it on another factor is not assured. Such a
novel variant of the traditional DANP is briefly depicted in
Figure 1.

3.2.1. Determining the Total Influence Matrix. The perfor-
mance values used to represent the degree of influence of
one element on another were 0 (no effect), 1 (little effect), 2
(some effect), 3 (strong effect), and 4 (certain effect). Next, the
direct influence matrix Z was constructed using the degree
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Acquire a direct influence matrix (Z)

Normalized Z(X)

Generate a total influence matrix (T)

Determine
relation of 
each factor

Determine 
prominence of

each factor

Depict a causal diagram for all factors

Determine key factors

Depict a causal 
diagram for key factors Form an unweighted supermatrix

Construct a weighted supermatrix

Generate a limiting supermatrix

Find relative weights

DEMATEL

ANP

Figure 1: The proposed framework of DANP.

of effect between each pair of elements as obtained by the
questionnaire. 𝑧

𝑖𝑗
represents the extent to which criterion 𝑖

affects criterion 𝑗. All diagonal elements are set to zero:
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Thedirect influencematrixZwas subsequently normalized to
yield a normalized direct influence matrixX after calculating

𝜆 =

1

max
1≤𝑖≤𝑛
∑
𝑛

𝑗=1
𝑍
𝑖𝑗

(𝑖, 𝑗 = 1, 2, . . . , 𝑛) ,

X = 𝜆 ⋅ Z.
(2)

The formula (T = X(I − X)−1) was used to represent the
total influencematrixT after normalizing the direct influence
matrix. In this step, O was the zero matrix and I the identity
matrix:

lim
𝐾→∞

X𝐾 = 0,

𝑇 = lim
𝑥→∞
(X + X2 + ⋅ ⋅ ⋅ + K𝑘) = X (I−X)−1 .

(3)

The total influence matrix T was viewed as an unweighted
supermatrix and was used to normalize the total influence
matrix to obtain the weighted matrix W for ANP. Finally,
W was multiplied by itself several times until convergence to

obtain the limiting supermatrixW∗ and the global weight of
all elements. Below, a simple example is used to illustrate the
abovementioned operations with respect to factors 𝐴, 𝐵, 𝐶,
and𝐷 for a decision problem. Let a direct influence matrix Z
be obtained as follows:

Z =
𝐴

𝐵

𝐶

𝐷

(
(

(

𝐴

0

3

3

3

𝐵

2

0

1
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𝐶

2

2

0

2

𝐷

2

1

2

0

)
)

)

. (4)

This matrix was subsequently normalized to obtain the
normalized relationmatrixX.Then the total influencematrix
T was calculated using X(I − X)−1:

X =
𝐴

𝐵

𝐶

𝐷

(
(

(

𝐴

0.000

0.337

0.326

0.337

𝐵

0.233

0.000

0.116

0.198

𝐶

0.279

0.198

0.000

0.198

𝐷

0.233

0.116

0.244

0.000

)
)

)

,

T =

𝐴

𝐵

𝐶

𝐷

(

𝐴

0.628

0.817

0.839

0.876

𝐵

0.580

0.356

0.483

0.559

𝐶

0.691

0.593

0.449

0.637

𝐷

0.615

0.493

0.605

0.424

)

𝑑

2.513

2.259

2.377

2.497

𝑟 3.159 1.979 2.370 2.137

(5)

Each row of the total influence matrix was summed to
obtain the value of 𝑑, and each column of the total influence
matrix was summed to obtain the value of 𝑟. Hence, the sum
of every row plus the sum of every column (i.e., 𝑑 + 𝑟), called
the prominence, shows the relational intensity of the element
in question.The greater the prominence becomes, the greater
the degree of importance will be among factors. The sum of
every rowminus the sum of every column (𝑑−𝑟) is called the
relation. If the relation is positive, then the element is inclined
to affect other elements actively andwas referred to as a cause.
If the relation is negative, the element is inclined to be affected
by other elements and was referred to as an effect. In other
words, a positive relation means the degree to which such a
factor affected the others is inclined to be stronger than the
degree to which it was affected [17] (see Table 3).

The total influence matrix was then normalized to obtain
the weighted supermatrixW (see Table 4).

Finally, W was multiplied by itself several times until
convergence to obtain the limiting supermatrix W∗. Factors
𝐵, 𝐶, and 𝐷 can be categorized into a class of “cause.” It
is worthy to mention that, although the relation of factor
𝐷 is the most positive (i.e., 0.3598), it has not the greatest
influences on factors 𝐴, 𝐵, and 𝐶. For instance, factor 𝐴,
which can be categorized into a class of “effect,” imposes the
greatest influence on factor 𝐶 (i.e., 0.691) rather than 𝐷 (i.e.,
0.637).
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Table 3

Factor 𝑑 𝑟 𝑑 + 𝑟 Ranking 𝑑 − 𝑟

𝐴 2.513 3.159 5.673 1 −0.6462
𝐵 2.259 1.979 4.238 4 0.2796
𝐶 2.377 2.370 4.746 2 0.0068
𝐷 2.496 2.137 4.633 3 0.3598

Table 4

𝐴 𝐵 𝐶 𝐷

𝐴 0.199 0.293 0.291 0.288
𝐵 0.259 0.180 0.250 0.231
𝐶 0.266 0.244 0.190 0.283
𝐷 0.277 0.283 0.269 0.199

3.2.2. Identifying Key Factors. Following the simple example
in the previous subsection, the comparative weights of ele-
ments 𝐴, 𝐵, 𝐶, and𝐷 were determined as 0.266, 0.231, 0.246,
and 0.256, respectively. However, it can be seen that the rank-
ings of the importance for factors resulting fromprominences
generated by DEMATEL and relative weights obtained by
DANP were inconsistent. In our opinion, since both DEMA-
TEL and DANP provide partial messages regarding the
selection of key factors, decisions on key factors should
not be based on prominences generated by DEMATEL or
relative weights obtained by DANP as the sole consideration.
This motivates us to use the abovementioned message to
determine the final importance rankings of factors. The
overall rankings for factors are shown in Table 5 by arranging
the sum of rankings of each factor in ascending order.

3.2.3. Depicting the Causal Diagram for Key Factors. Follow-
ing the previous subsection, we can depict a causal diagram
for key factors. For example, because factors𝐴,𝐶, and𝐷were
key factors, the total influence matrix was used to draw a
causal diagram. The total influence matrix showed that the
factors affecting 𝐴, 𝐶, and 𝐷 most strongly were still 𝐴, 𝐶,
and𝐷 (see Figure 2).

Then, a causal diagram with respect to factors 𝐴, 𝐶, and
𝐷 can be easily depicted as shown in Figure 3.

As shown in the causal diagram, interactions existed
between factors 𝐴, 𝐶, and 𝐷. Moreover, it is reasonable
for managers to get down to performance improvement of
𝐴 or 𝐷 for the problem energetically. For 𝐴, performance
improvement of 𝐴 can facilitate those of 𝐶 and 𝐷. However,
since 𝐴 is categorized into a class of “effect,” the performance
of 𝐷 is usually undertaken to improve at first to promote
the performance improvement of the other key factors. We
think that whether 𝐴 can be taken as a starting point or not
should be dependent on the real situation. That is, “cause”
or “effect” is just for reference. The importance-performance
analysis (IPA) formulated by Martilla and James [34] can be
an appropriate tool to help users examine key factors that are
necessary to be improved.

Table 5

Factors DEMATEL DANP Sum of
rankings

Overall
rankings

𝐴 1 1 2 1
𝐵 4 4 8 4
𝐶 2 3 5 2
𝐷 3 2 5 2
We can take factors 𝐴, 𝐶, and𝐷 as key factors.

A B C D
A 0.628 0.580 0.691 0.615
B 0.817 0.256 0.593 0.493
C 0.839 0.483 0.449 0.605
D 0.876 0.559 0.637 0.424

T =

Figure 2

DA

C

Figure 3

4. Empirical Study

4.1. Case Introduction. P Transport Company, a company
owned by a large corporation, operates the largest freight
transportation line in Taiwan. Their fleet consists of 1,700
trucks and is capable of serving more than 5000 retail
stores. The company was beginning to introduce electronic
operations and systems to enhance its competitiveness in
the industry and to achieve the goals given by the cor-
poration, in the hope that these systems would lead to
higher corporate operating efficiency. However, the results
were often unsatisfactory. P Transport Company’s recent
attempt to introduce an intelligent fleet management system
was not successful. Their testing and startup costs exceeded
NT 10 million, with more than several dozen test vendors.
After discussion with company managers, the reasons for
the earlier implementation failure were identified as follows:
accumulated organizational cost considerations, resistance
from employees to innovative changes, lack of professional
know-how and experience in the project team, ongoing
information technology innovation and evolution, and mul-
tiple patterns of customers and job complexity, leading to
difficulties in system development.

4.2. Determining the Formal Decision Structure. Most of the
decision-makers made their system implementation deci-
sions based on their subjective views and various working
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Table 6: A formal decision structure for the case study.

Aspects Criteria Descriptions

Organization
(𝐴)

Top executives support (𝐴1)
Executives’ subjective preferences or understanding of the project, continued
participation, promises of funding and resources required, and removal of
obstacles to the project.

User recognition (𝐴2) Whether employees have sufficient momentum to drive their participation in
the system.

Funding and budget (𝐴3) The project budget for implementing software, hardware, and subsequent
maintenance requirements.

Project base (𝐵)

Project team composition (𝐵1) Organizations with outstanding staff from ministries can take up the
challenge and work together to resolve difficulties.

Project management and
monitoring (𝐵2) Project leaders and teams control project progress.

Education and training (𝐵3) Actual effectiveness of education and training.

System
technology (𝐶)

Timely and correct information
(𝐶1) Control over correct and timely input information.

Degree of difficulty in software
and hardware maintenance (𝐶2)

The degree of maintenance difficulty for the system and for hardware devices
in the future.

Degree of completeness of
transmission equipment (𝐶3) Transmission performance and scalability of equipment installed in a truck.

External
environment
(𝐷)

Experience and ability of
consultants (𝐷1)

Industrial familiarity, expressive capability, and communication skills of the
consultant. Level of professional competence of the consultant for each
module in the system.

Coordination and
communication (𝐷2)

Because the development of industry innovation is very rapid, when facing
competition, a further assessment of the competitive environment facing the
enterprise is required.

Customer acceptance (𝐷3) Willingness of customers to implement a system and conditions imposed.

rules. This approach was likely to lead to wrong decisions.
To determine how to reduce the risk of failure, an objective
and quantitative approach was required to help companies
identify the key factors in successful system introduction.
The P Transport Company was selected for this research
as an empirical case to illustrate how to identify the key
factors in introducing aGPS-based fleetmanagement system.
A survey was carried out to collect experts’ perceptions,
involving six managers from the P Transport Company who
were involved in logistics and who had system software
development experience.

35 aspects and 144 criteria were identified after a literature
review. All these indicators were integrated according to sim-
ilarities in definition and semantics, and five aspects and 18
criteria were selected for the prototype research architecture.
To increase the possibility of success in implementing the
GPS-based fleet management system, the Delphi method
was used in this study to revise the prototype architecture
into a formal decision structure as shown in Table 6. It was
found that the consensus deviation index (CDI) in the Delphi
method of each factor is lower than 0.1 after the third round,
and four aspects and 12 criteria were thus considered in the
final evaluation framework. Note that CDI is used to indicate
the degree of the common consensus of consults. The greater
the CDI is, the worse the common consensus will be. The
questionnaire required by DEMATEL was designed, and ten
qualified managers from the P Transport Company were
invited to provide their opinions.

4.3. Result Analysis

4.3.1. Importance Analysis for Aspects. Based on the expert
survey and the DEMATEL method, the initial direct influ-
ence matrix for aspects was calculated using (1), with the
results shown in Table 7. The normalized direct influence
matrix was obtained using (2), with the results shown in
Table 8. The total influence matrix was calculated using (3),
with the results shown in Table 9. The prominence and
relation of each aspect are shown in Table 10.

As shown in Table 11, a weighted supermatrix can be
obtained by normalizing the total influence matrix. The
limiting supermatrix derived by the weighted supermatrix
was shown in Table 12.

The overall rankings for aspects are shown in Table 13 by
arranging the sum of rankings of each aspect in ascending
order. It is clear that “Organizations” is the most important
aspect. According to the total influence matrix for aspects, a
causal diagram depicted in Figure 4 shows that P Transport
Company should energetically get down to performance
improvement of “Organizations” to facilitate those of the
other aspects. Also, it is reasonable for P Transport Company
to undertake the development of appropriate strategies for
improving “Organizations” because “Organizations” is cate-
gorized into a class of “cause.” It is noted that the proposed
causal diagram does not make use of prominences and
relations. This is quite different from the traditional causal
diagram.
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Table 7: The initial direct influence matrix for aspects.

Aspects 𝐴 𝐵 𝐶 𝐷

𝐴 0.0000 2.0000 2.4000 2.0000
𝐵 2.9000 0.0000 1.7000 1.0000
𝐶 2.8000 1.0000 0.0000 2.1000
𝐷 2.9000 1.7000 1.7000 0.0000

Table 8: The normalized direct influence matrix for aspects.

Aspects 𝐴 𝐵 𝐶 𝐷

𝐴 0.0000 0.2326 0.2791 0.2326
𝐵 0.3372 0.0000 0.1977 0.1163
𝐶 0.3256 0.1163 0.0000 0.2442
𝐷 0.3372 0.1977 0.1977 0.0000

Table 9: The total influence matrix for aspects.

Aspects 𝐴 𝐵 𝐶 𝐷 𝑑

𝐴 0.6278 0.5803 0.6905 0.6146 2.5132
𝐵 0.8166 0.3563 0.5933 0.4925 2.2587
𝐶 0.8389 0.4832 0.4492 0.6052 2.3765
𝐷 0.8761 0.5593 0.6366 0.4242 2.4963
𝑟 3.1593 1.9791 2.3697 2.1365

Table 10: Prominence and relation of each aspect.

Aspects 𝑑 𝑟 𝑑 + 𝑟 𝑑 − 𝑟

𝐴 2.5132 3.1593 5.6725 −0.6462
𝐵 2.2587 1.9791 4.2378 0.2796
𝐶 2.3765 2.3697 4.7461 0.0068
𝐷 2.4963 2.1365 4.6328 0.3598

Table 11: The weighted supermatrix for aspects.

Aspects 𝐴 𝐵 𝐶 𝐷

𝐴 0.1987 0.2932 0.2914 0.2877
𝐵 0.2585 0.1800 0.2504 0.2305
𝐶 0.2655 0.2442 0.1896 0.2832
𝐷 0.2773 0.2826 0.2686 0.1986

Table 12: The limited supermatrix for aspects.

Aspects 𝐴 𝐵 𝐶 𝐷

𝐴 0.2662 0.2662 0.2662 0.2662
𝐵 0.2312 0.2312 0.2312 0.2312
𝐶 0.2464 0.2464 0.2464 0.2464
𝐷 0.2562 0.2562 0.2562 0.2562

4.3.2. Importance Analysis for Criteria. Based on the expert
survey and the use of the DEMATEL method, the initial
direct influence matrix in Table 14 for criteria was calculated
using (1). The normalized direct influence matrix in Table 15
was obtained through (2). The total influence matrix in
Table 16 was calculated using (3). Table 17 summarizes
the prominence and relation of each criterion; Table 18

Table 13: The overall ranking for aspects.

Aspects DEMATEL DANP Sum of
rankings

Overall
rankings

Organizations (𝐴) 1 1 2 1
Project base (𝐵) 4 4 8 3
System technology
(𝐶) 2 3 5 2

External
environment (𝐷) 3 2 5 2

Organizations
(A)

External 
environment

(D)
System 

technology (C)

Project base 
(B)

Figure 4: The causal diagram for aspects.

summarizes the cause/effect properties of twelve criteria
considered.

As shown in Table 19, a weighted supermatrix can be
obtained by normalizing the total influence matrix. The
limiting supermatrix derived by the weighted supermatrix
was shown in Table 20.

The overall rankings for criteria are shown in Table 21 by
arranging the sum of rankings of each criterion in ascend-
ing order. According the overall ranking list, we take top
executive support (𝐴1), funding and budget (𝐴3), experience
and ability of consultant (𝐷1), project team composition (𝐵1),
timely and correct information (𝐶1), degree of completeness
of transmission equipment (𝐶3), and user recognition (𝐴2)
as key criteria.

4.3.3. Importance-Performance Analysis. To assess the cri-
terion performances, ten managers (𝑆1, 𝑆2, . . . , 𝑆10) from
the P Transport Company were invited as survey subjects.
The relationship between rating and performance shown in
Table 22 was also provided to subjects. The average values for
the ten managers regarding performance on twelve criteria
are shown in Table 23. After consulting ten experts, they all
agreed to use 75 as a threshold value to distinguish criteria
with acceptable (≥75) or unacceptable (<75) performance
values from twelve criteria. Each criterion with its rank and
performance value is depicted in Figure 5, which is used by
IPA to examine which key factors should be concentrated.

From Figure 5, it can be seen that, in addition to top
executive support (𝐴1) and funding and budget (𝐴3), five
key criteria, such as timely and correct information (𝐶1) and
degree of completeness of transmission equipment (𝐶3), fall
into the upper right grid. P Transport Company should keep
up the good performances of those key factors that fall into
such a grid. Also, P Transport Company must effectively
improve the performances of top executive support and
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Table 14: The initial direct influence matrix for criteria.

Criteria 𝐴1 𝐴2 𝐴3 𝐵1 𝐵2 𝐵3 𝐶1 𝐶2 𝐶3 𝐷1 𝐷2 𝐷3

𝐴1 0.0000 4.0000 4.0000 4.0000 2.4000 2.0000 2.8000 4.0000 2.0000 4.0000 3.0000 4.0000
𝐴2 3.0000 0.0000 2.0000 1.8000 2.2000 2.0000 3.0000 0.0000 0.0000 0.0000 3.0000 2.0000
𝐴3 3.9000 2.0000 0.0000 3.0000 1.9000 2.1000 2.4000 2.5000 2.5000 3.6000 2.0000 2.2000
𝐵1 1.6000 2.7000 3.0000 0.0000 1.9000 3.0000 2.3000 2.0000 1.0000 1.7000 4.0000 2.9000
𝐵2 1.0000 1.6000 1.0000 1.0000 0.0000 3.0000 2.4000 1.0000 2.0000 2.4000 2.6000 1.8000
𝐵3 0.1000 1.5000 1.2000 0.2000 0.0000 0.0000 2.1000 0.0000 0.1000 0.4000 1.0000 1.4000
𝐶1 2.0000 1.8000 2.0000 1.4000 1.6000 1.0000 0.0000 3.0000 0.0000 0.0000 1.0000 3.0000
𝐶2 1.0000 1.0000 2.5000 1.4000 1.8000 1.9000 2.7000 0.0000 2.0000 2.5000 1.5000 1.4000
𝐶3 2.5000 2.0000 2.9000 2.0000 1.9000 2.0000 2.6000 3.0000 0.0000 2.9000 1.0000 2.0000
𝐷1 3.0000 3.0000 3.0000 0.8000 2.3000 3.0000 2.4000 0.0000 0.0000 0.0000 4.0000 3.0000
𝐷2 2.9000 2.0000 0.0000 0.6000 1.6000 2.6000 2.1000 0.9000 0.0000 3.1000 0.0000 1.3000
𝐷3 1.8000 1.3000 1.4000 0.2000 0.9000 0.3000 1.0000 0.0000 0.0000 0.0000 1.8000 0.0000

Table 15: The normalized direct influence matrix for criteria.

Criteria 𝐴1 𝐴2 𝐴3 𝐵1 𝐵2 𝐵3 𝐶1 𝐶2 𝐶3 𝐷1 𝐷2 𝐷3

𝐴1 0.0000 0.1105 0.1105 0.1105 0.0663 0.0552 0.0773 0.1105 0.0552 0.1105 0.0829 0.1105
𝐴2 0.0829 0.0000 0.0552 0.0497 0.0608 0.0552 0.0829 0.0000 0.0000 0.0000 0.0829 0.0552
𝐴3 0.1077 0.0552 0.0000 0.0829 0.0525 0.0580 0.0663 0.0691 0.0691 0.0994 0.0552 0.0608
𝐵1 0.0442 0.0746 0.0829 0.0000 0.0525 0.0829 0.0635 0.0552 0.0276 0.0470 0.1105 0.0801
𝐵2 0.0276 0.0442 0.0276 0.0276 0.0000 0.0829 0.0663 0.0276 0.0552 0.0663 0.0718 0.0497
𝐵3 0.0028 0.0414 0.0331 0.0055 0.0000 0.0000 0.0580 0.0000 0.0028 0.0110 0.0276 0.0387
𝐶1 0.0552 0.0497 0.0552 0.0387 0.0442 0.0276 0.0000 0.0829 0.0000 0.0000 0.0276 0.0829
𝐶2 0.0276 0.0276 0.0691 0.0387 0.0497 0.0525 0.0746 0.0000 0.0552 0.0691 0.0414 0.0387
𝐶3 0.0691 0.0552 0.0801 0.0552 0.0525 0.0552 0.0718 0.0829 0.0000 0.0801 0.0276 0.0552
𝐷1 0.0829 0.0829 0.0829 0.0221 0.0635 0.0829 0.0663 0.0000 0.0000 0.0000 0.1105 0.0829
𝐷2 0.0801 0.0552 0.0000 0.0166 0.0442 0.0718 0.0580 0.0249 0.0000 0.0856 0.0000 0.0359
𝐷3 0.0497 0.0359 0.0387 0.0055 0.0249 0.0083 0.0276 0.0000 0.0000 0.0000 0.0497 0.0000

Table 16: The total influence matrix for criteria.

Criteria 𝐴1 𝐴2 𝐴3 𝐵1 𝐵2 𝐵3 𝐶1 𝐶2 𝐶3 𝐷1 𝐷2 𝐷3 𝑑

𝐴1 0.1250 0.2233 0.2211 0.1894 0.1618 0.1718 0.2066 0.1854 0.1023 0.2070 0.2120 0.2347 2.2404
𝐴2 0.1424 0.0664 0.1129 0.0954 0.1090 0.1150 0.1484 0.0500 0.0274 0.0582 0.1475 0.1249 1.1975
𝐴3 0.1991 0.1544 0.1007 0.1508 0.1311 0.1526 0.1722 0.1371 0.1064 0.1808 0.1621 0.1682 1.8155
𝐵1 0.1294 0.1542 0.1563 0.0593 0.1173 0.1606 0.1537 0.1094 0.0602 0.1181 0.1938 0.1663 1.5786
𝐵2 0.0915 0.1064 0.0878 0.0699 0.0504 0.1407 0.1334 0.0697 0.0753 0.1158 0.1356 0.1170 1.1936
𝐵3 0.0316 0.0647 0.0553 0.0240 0.0212 0.0230 0.0828 0.0183 0.0112 0.0296 0.0533 0.0655 0.4804
𝐶1 0.1085 0.1029 0.1082 0.0795 0.0883 0.0807 0.0629 0.1188 0.0273 0.0512 0.0885 0.1398 1.0567
𝐶2 0.0962 0.0947 0.1311 0.0855 0.1019 0.1164 0.1447 0.0487 0.0806 0.1242 0.1120 0.1116 1.2477
𝐶3 0.1521 0.1393 0.1621 0.1165 0.1205 0.1368 0.1635 0.1403 0.0376 0.1511 0.1215 0.1482 1.5895
𝐷1 0.1614 0.1602 0.1518 0.0802 0.1243 0.1561 0.1513 0.0561 0.0320 0.0695 0.1910 0.1665 1.5002
𝐷2 0.1319 0.1132 0.0593 0.0575 0.0890 0.1249 0.1196 0.0625 0.0217 0.1277 0.0654 0.1007 1.0734
𝐷3 0.0816 0.0679 0.0671 0.0315 0.0508 0.0399 0.0624 0.0252 0.0143 0.0309 0.0824 0.0359 0.5899
𝑟 1.4507 1.4476 1.4136 1.0395 1.1656 1.4185 1.6015 1.0217 0.5964 1.2641 1.5651 1.5790

funding and budget that fall into the upper left grid. Of
course,𝐴1 and𝐴3 would pose a serious threat to P Transport
Company if they are ignored. Also, resources committed
to those criteria that fall into lower right grid would be
better employed elsewhere, and it is not necessary to focus
additional effort on 𝐶2.

According to the total influence matrix in Table 13, a
causal diagram depicted in Figure 4 shows that P Transport
Company should energetically get down to performance
improvements of top executive support (𝐴1) and funding and
budget (𝐴3) for introducing GPS-based fleet management
systems to facilitate those of the other key factors. Also,
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Figure 5: IPA for evaluation criteria.

Table 17: Prominence and relation of each criterion.

Criteria 𝑑 𝑟 𝑑 + 𝑟 𝑑 − 𝑟

𝐴1 2.2404 1.4507 3.6911 0.7897
𝐴2 1.1975 1.4476 2.6451 −0.2500
𝐴3 1.8155 1.4136 3.2291 0.4018
𝐵1 1.5786 1.0395 2.6181 0.5390
𝐵2 1.1936 1.1656 2.3592 0.0280
𝐵3 0.4804 1.4185 1.8990 −0.9381
𝐶1 1.0567 1.6015 2.6582 −0.5448
𝐶2 1.2477 1.0217 2.2694 0.2260
𝐶3 1.5895 0.5964 2.1860 0.9931
𝐷1 1.5002 1.2641 2.7643 0.2362
𝐷2 1.0734 1.5651 2.6386 −0.4917
𝐷3 0.5899 1.5790 2.1689 −0.9891

the selection of 𝐴1 and 𝐴3 to be the start is very appropriate
because they are categorized into a class of “cause.” To
improve 𝐴1 effectively, executives of P Transport Company
should promise that they must continue participation, pro-
vide funding and resources required, and remove obstacles
actively to the project for the introduction of GPS-based fleet
management systems. As for performance improvement of
𝐴3, P Transport Company should provide adequate budget
for implementing the software, hardware, and subsequent
maintenance requirements. In Figure 6, it can be seen that
𝐴1 and 𝐴3 influenced each other. This means that adequate
annual funding and budget planning are necessary in the
long term so as to enhance the faith of top executives
for successfully introducing the information systems to P
Transport Company. As in the previous subsection, the
proposed causal diagram is a kind ofNRManddoes notmake
use of prominences and relations.

Since the improvement of 𝐴1 with the worst rating is
urgent for P Transport Company, in addition to 𝐴3, it
is interesting to explore whether other factors can have
certain influence on 𝐴1. The total influence matrix shows
that 𝐴3 has the greatest impact on 𝐴1 and key criteria
𝐷1, 𝐶3, and 𝐴2 have the second, the third, and the forth
greatest impacts, respectively. It is reasonable to speculate that
enhancement of intention of using the systems for employees
and collaboration with consultants with high specialty can be
helpful to enhance the support of executives. In Figure 6, the
former and the latter impacts on 𝐴1 coming from 𝐴2 and𝐷1
are indicated as dashed lines. The abovementioned strategies
for 𝐴1 and 𝐴3 can concretely implement the improvement
of “Organizations.” It is suggested that leverage of the total
influence matrix and the causal diagram could help us
develop strategies of improvement in key factors, especially
for those falling into the upper left grid in IPA. Such an
analysis has its potentiality of being widely applied to other
problem domains.

5. Conclusions

Intelligent transportation systems have been in operation
for many years, and commercial vehicle operation issues
have become important ITS trends in many developed
countries. GPS-based fleet management systems are very
important to the logistics industry, especially in transport
companies.These systems canmonitor and track commodity
distribution, thus saving energy. Moreover, they also improve
scheduling, operating efficiency, and effectiveness. Because
fleet management systems are very important, the successful
introduction of these systems has become a key issue.

The purpose of this research was to identify the key
factors for introducing GPS-based fleet management systems
to transport companies. DEMATEL andANPwere combined
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Table 18: Cause/effect properties of criteria.

Cause/effect Criteria

Cause
Top executives support (𝐴1), funding and budget (𝐴3), project team composition (𝐵1), project management and
monitoring (𝐵2), degree of difficulty in software and hardware maintenance (𝐶2), complete degree of transmission
equipment (𝐶3), and experience and ability of consultants (𝐷1)

Effect User recognition (𝐴2), education and training (𝐵3), timely and correct information (𝐶1), coordination and
communication (𝐷2), and customer acceptance (𝐷3)

Table 19: The weighted supermatrix for criteria.

𝐴1 𝐴2 𝐴3 𝐵1 𝐵2 𝐵3 𝐶1 𝐶2 𝐶3 𝐷1 𝐷2 𝐷3

𝐴1 0.0862 0.1542 0.1564 0.1822 0.1388 0.1211 0.1290 0.1815 0.1715 0.1637 0.1355 0.1486
𝐴2 0.0982 0.0459 0.0799 0.0917 0.0935 0.0810 0.0927 0.0490 0.0459 0.0461 0.0943 0.0791
𝐴3 0.1372 0.1066 0.0712 0.1451 0.1125 0.1076 0.1075 0.1342 0.1784 0.1430 0.1036 0.1065
𝐵1 0.0892 0.1065 0.1105 0.0570 0.1007 0.1132 0.0960 0.1071 0.1009 0.0934 0.1238 0.1053
𝐵2 0.0631 0.0735 0.0621 0.0673 0.0432 0.0992 0.0833 0.0682 0.1263 0.0916 0.0866 0.0741
𝐵3 0.0218 0.0447 0.0391 0.0230 0.0182 0.0162 0.0517 0.0179 0.0188 0.0234 0.0341 0.0415
𝐶1 0.0748 0.0711 0.0765 0.0765 0.0757 0.0569 0.0393 0.1163 0.0458 0.0405 0.0566 0.0885
𝐶2 0.0663 0.0654 0.0927 0.0822 0.0874 0.0821 0.0904 0.0477 0.1352 0.0983 0.0716 0.0707
𝐶3 0.1048 0.0963 0.1147 0.1121 0.1034 0.0965 0.1021 0.1374 0.0630 0.1195 0.0776 0.0938
𝐷1 0.1112 0.1106 0.1074 0.0771 0.1066 0.1101 0.0945 0.0549 0.0537 0.0549 0.1220 0.1054
𝐷2 0.0909 0.0782 0.0420 0.0554 0.0764 0.0880 0.0747 0.0612 0.0364 0.1011 0.0418 0.0638
𝐷3 0.0562 0.0469 0.0474 0.0303 0.0436 0.0281 0.0390 0.0247 0.0240 0.0245 0.0527 0.0227

Table 20: The limited supermatrix for criteria.

𝐴1 𝐴2 𝐴3 𝐵1 𝐵2 𝐵3 𝐶1 𝐶2 𝐶3 𝐷1 𝐷2 𝐷3

𝐴1 0.1469 0.1469 0.1469 0.1469 0.1469 0.1469 0.1469 0.1469 0.1469 0.1469 0.1469 0.1469
𝐴2 0.0749 0.0749 0.0749 0.0749 0.0749 0.0749 0.0749 0.0749 0.0749 0.0749 0.0749 0.0749
𝐴3 0.1238 0.1238 0.1238 0.1238 0.1238 0.1238 0.1238 0.1238 0.1238 0.1238 0.1238 0.1238
𝐵1 0.0980 0.0980 0.0980 0.0980 0.0980 0.0980 0.0980 0.0980 0.0980 0.0980 0.0980 0.0980
𝐵2 0.0766 0.0766 0.0766 0.0766 0.0766 0.0766 0.0766 0.0766 0.0766 0.0766 0.0766 0.0766
𝐵3 0.0285 0.0285 0.0285 0.0285 0.0285 0.0285 0.0285 0.0285 0.0285 0.0285 0.0285 0.0285
𝐶1 0.0687 0.0687 0.0687 0.0687 0.0687 0.0687 0.0687 0.0687 0.0687 0.0687 0.0687 0.0687
𝐶2 0.0838 0.0838 0.0838 0.0838 0.0838 0.0838 0.0838 0.0838 0.0838 0.0838 0.0838 0.0838
𝐶3 0.1031 0.1031 0.1031 0.1031 0.1031 0.1031 0.1031 0.1031 0.1031 0.1031 0.1031 0.1031
𝐷1 0.0906 0.0906 0.0906 0.0906 0.0906 0.0906 0.0906 0.0906 0.0906 0.0906 0.0906 0.0906
𝐷2 0.0666 0.0666 0.0666 0.0666 0.0666 0.0666 0.0666 0.0666 0.0666 0.0666 0.0666 0.0666
𝐷3 0.0386 0.0386 0.0386 0.0386 0.0386 0.0386 0.0386 0.0386 0.0386 0.0386 0.0386 0.0386

Table 21: The overall ranking for criteria.

Criteria DEMATEL DANP Sum of rankings Overall rankings
Top executives support (𝐴1) 1 1 2 1
User recognition (𝐴2) 5 8 13 5
Funding and budget (𝐴3) 2 2 4 2
Project team composition (𝐵1) 7 4 11 4
Project management and monitoring (𝐵2) 8 7 15 8
Education and training (𝐵3) 12 12 24 12
Timely and correct information (𝐶1) 4 9 13 5
Degree of difficulty in software and hardware maintenance (𝐶2) 9 6 15 8
Degree of completeness of transmission equipment (𝐶3) 10 3 13 5
Experience and ability of consultants (𝐷1) 3 5 8 3
Coordination and communication (𝐷2) 6 10 16 10
Customer acceptance (𝐷3) 11 11 22 11
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Table 22: Relationship between rating and performance.

Rating 0 25 50 75 100
Performance Very dissatisfied Dissatisfied Ordinary Satisfied Very satisfied

Table 23: Performance assessment of twelve criteria.

Criteria Subjects Average
𝑆1 𝑆2 𝑆3 𝑆4 𝑆5 𝑆6 𝑆7 𝑆8 𝑆9 𝑆10

Top executives support (𝐴1) 60 65 65 65 60 60 55 65 65 50 61
User recognition (𝐴2) 85 80 70 75 75 65 80 75 80 70 76
Funding and budget (𝐴3) 75 75 60 75 80 75 60 60 65 70 70
Project team composition (𝐵1) 90 95 85 85 90 90 90 85 95 95 90
Project management and monitoring (𝐵2) 80 75 80 75 85 75 80 90 90 80 81
Education and training (𝐵3) 80 80 80 90 85 75 80 80 90 90 83
Timely and correct information (𝐶1) 85 80 90 90 85 90 80 85 80 80 85
Degree of difficulty software and
hardware maintenance (𝐶2) 70 75 65 75 80 75 60 60 70 70 70

Complete degree of transmission
equipment (𝐶3) 90 95 85 90 90 90 90 85 95 85 90

Experience and ability of consultant (𝐷1) 75 75 75 80 80 80 75 70 70 75 76
Coordination and communication (𝐷2) 70 75 80 85 80 75 70 80 80 70 77
Customer acceptance (𝐷3) 80 75 70 75 75 70 80 75 80 70 75

to determine the key indicators, identify the most important
one, and discover how it affects others. Top executive support
was determined to be the most important criterion in this
study; other key factors selected were funding and budget,
experience and ability of consultants, project team composi-
tion, user recognition, timely and correct information, and
degree of completeness of transmission equipment. These
seven key factors are discussed below.

Large organizations cannot avoid bureaucratic cultures
and egos. The introduction of new technologies and systems
will replace existing modes of operation, often leading to
resistance from conservative older employees and execu-
tives who are unwilling to change. The functioning of the
organization from the financial, technical, and training units
to the business units determines the success or failure of
a system introduction. Only executives can formulate top-
down requirements and determine that system implementa-
tion becomes a clear policy objective before they can drive
innovation across the enterprise.

In the case of enterprises with limited resources, imple-
menting a new system requires large amounts of fund-
ing, time, and human resources which are not necessarily
proportional to the rate of return that can be obtained.
This reality makes executives and shareholders conservative.
Before implementing a system, a large budget must be set
aside, which will affect the current year net income and, after
implementation, system maintenance costs will continue as
long-term operating costs. Implementing new systems is
closely related to funding, and only executives can set aside
budgets, whereas the company has the resources for system
development and implementation.

Implementing new technology and systems is not original
business expertise and relies heavily on the technology
and experience of manufacturers to avoid costly mistakes.
Large organizations are looking for manufacturers with well-
oiled operations and similar size to ensure system operation
and maintenance. Therefore, the experience and ability of
consultants are important to enterprises. The composition of
the project team has a major impact on successful system
implementation. Members must have expertise in various
sectors to fully express the operating system requirements
of different departments, thus facilitating interagency com-
munication and coordination and helping system specifi-
cation and development. Innovation is not only driven by
executives, but requires the cooperation of all. All users
must accept change, modify habits, and adopt new operating
procedures to enhance operational effectiveness. A new GPS
system has been developed which aims to achieve map
database integration, including real-time control data related
to vehicle dynamics and driving, speed, braking, emergency
deceleration, arrival time, temperature recording, and other
important management information. Timely and correct
system output is the basic requirement for the transport
company.

The transmission equipment implemented for this GPS
system features a link through the car’s transmission to
transmit relevant information back to the company. Based on
the current distinction between 2G and 3G, a 3G system with
integrated touch screen and built-in CPU and memory was
chosen for this project. It was able to collect data on a device
and send it through the device’s built-in program module
without preprocessing.The informationwas then transmitted
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Figure 6: The causal diagram for evaluation criteria.

over a 3G link to the background, avoiding too heavy burden
on this background, to enhance the availability of accurate
real-time information.

For the transport industry, traffic accidents are the main
causes of violations caused by domestic carriers. Many
casualties of trucks occurred in the past and have tended to
place less emphasis on the implementation of GPS-based fleet
management systems. Actually, violations can be reduced
with successful implementation of a system to avoid social
harm. Abnormal driving behavior will become apparent
through the fleet management system (speed, travel time,
driving illegal routes, etc.), and a temperature control feature
will be available in real time to prevent excessive heating
or cooling during delivery of goods, ensuring food safety.
These research results can be used by the logistics industry
to implement a GPS-based fleet management system. As for
factory management, logistics operators can also be used as
an important reference for future systems before importing
data.The systemwill also provide opportunities to learn from
others in the transport sector, thereby enhancing the overall
quality of transportation services.
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Potholes can generate damage such as flat tire and wheel damage, impact and damage of lower vehicle, vehicle collision, and
major accidents. Thus, accurately and quickly detecting potholes is one of the important tasks for determining proper strategies
in ITS (Intelligent Transportation System) service and road management system. Several efforts have been made for developing
a technology which can automatically detect and recognize potholes. In this study, a pothole detection method based on two-
dimensional (2D) images is proposed for improving the existing method and designing a pothole detection system to be applied
to ITS service and road management system. For experiments, 2D road images that were collected by a survey vehicle in Korea
were used and the performance of the proposed method was compared with that of the existing method for several conditions
such as road, recording, and brightness. The results are promising, and the information extracted using the proposed method can
be used, not only in determining the preliminary maintenance for a road management system and in taking immediate action for
their repair and maintenance, but also in providing alert information of potholes to drivers as one of ITS services.

1. Introduction

Apothole is defined as a bowl-shaped depression in the pave-
ment surface, and its minimum plan dimension is 150mm
[1]. With the climate change such as heavy rains and snow in
Korea, damaged pavements like potholes are increasing, and
thus complaints and lawsuits of accidents related to potholes
are growing.There are internal causes to potholes such as the
degradation and responsiveness or durability of the pavement
material itself to climate change, such as heavy rainfall and
snowfall, and external causes such as the lack of quality
management and construction management.

Also, Table 1 shows the number of compensations and
compensation amounts about accidents related to road facil-
ities for 6 years, 2008 to 2013 in Seoul [2].

As shown in Table 1, the number of compensations and
compensation amounts related to potholes occupymore than
50% of total the number of compensations and compensation
amounts in Seoul city. Seoul city has been pouring attention

to prepare a countermeasure of potholes that threaten road
safety in this way.

As one type of pavement distresses, potholes are impor-
tant clues that indicate the structural defects of the asphalt
road, and accurately detecting these potholes is an important
task in determining the proper strategies of asphalt-surfaced
pavement maintenance and rehabilitation. However, manu-
ally detecting and evaluatingmethods are expensive and time
consuming.Thus, several efforts have beenmade for develop-
ing a technology that can automatically detect and recognize
potholes, whichmay contribute to the improvement in survey
efficiency and pavement quality through prior investigation
and immediate action.

Existing methods for pothole detection can be divided
into vibration-based methods, three-dimensional (3D) re-
construction-based methods, and vision-based methods [3–
26]. Although these vision-based methods are cost-effective
compared with 3D laser scanner methods, it may be difficult
to accurately detect a pothole using these methods because of
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Table 1:The number of compensations and compensation amounts
about accidents for 6 years (2008 to 2013) in Seoul.

Classification Total accidents Pothole related Rate (%)
The number of
compensations 2,471 1,745 70.6

Compensation
amounts ($) 4,440,000 2,370,000 53.4

the distorted signals generated by noise in collecting image
and video data. Thus, a pothole detection method using
various features in 2D images is proposed for improving
the existing pothole detection method [20] and accurately
detecting a pothole. Also, the performance of the proposed
method is compared with that of the existing method for
several conditions such as road, recording, and brightness.
Further, a pothole detection system is designed to be applied
to ITS service and road management system. The designed
and developed pothole detection system is expected to be
used, not only in determining the preliminary maintenance
of road management system and in taking immediate action
for their repair and maintenance, but also in providing alert
information of potholes to drivers as one of ITS services.

2. Literature Review

Several efforts have been made for developing a method
which can automatically detect and recognize potholes.
Detailed surveys on methods for pothole detection can be
found in Koch and Brilakis [20] and Kim and Ryu [27].
Existing methods for pothole detection can be divided into
vibration-based methods by B. X. Yu and X. Yu [3], De Zoysa
et al. [4], Eriksson et al. [5], and Mednis et al. [6]; three-
dimensional (3D) reconstruction-based methods by Wang
[7], Kelvin [8], Chang et al. [9], Vijay [10], Hou et al. [11], Li et
al. [12], Salari et al. [13], Staniek [14], Zhang et al. [15], Joubert
et al. [16], andMoazzam et al. [17]; and vision-basedmethods
by Wang and Gong [18], Lin and Liu [19], Koch and Brilakis
[20], Jog et al. [21], Huidrom et al. [22], Koch et al. [23], Buza
et al. [24], Lokeshwor et al. [25], and Kim and Ryu [26].

Vibration-based method uses accelerometers in order to
detect potholes. Considering the advantages of a vibration-
based system, these methods require small storage and can
be used in real-time processing. However, vibration-based
methods could provide the wrong results, for example, that
the hinges and joints on the road can be detected as potholes
and that potholes in the center of a lane cannot be detected
using accelerometers due to not being hit by any of the
vehicle’s wheels (Eriksson et al.) [5].

3D laser scanner methods can detect potholes in real
time. However, the cost of laser scanning equipment is still
significant at the vehicle level, and currently these works are
focused on the accuracy of 3D measurement. Stereo vision
methods need a high computational effort to reconstruct
pavement surfaces through matching feature points between
two views so that it is difficult to use them in a real-time
environment [7, 8, 10, 11, 13–15]. Recently, Moazzam et al. [17]
used a low-cost Kinect sensor to collect the pavement depth

images and calculate the approximate volume of a pothole.
Although it is cost-effective as compared with industrial
cameras and lasers, the use of infrared technology based on
a Kinect sensor for measurement is still a novel idea, and
further research is necessary for improvement in error rates.

A 2D image-based approach has been focused only on
pothole detection and is limited to a single frame, so it
cannot determine the magnitude of potholes for assessment.
To overcome the limitation of the abovemethod, video-based
approaches were proposed to detect a pothole and calculate
the total number of potholes over a sequence of frames.

Although these vision-based methods are cost-effective
compared with 3D laser scanner methods, it may be difficult
to accurately detect a pothole using these methods because of
the distorted signals generated by noise in collecting image
and video data. Thus, a pothole detection method using
various features in 2D images is proposed for improving
the existing pothole detection method [20] and accurately
detecting a pothole. Also, the performance of the proposed
method is compared with that of the existing method for
several conditions such as road, recording, and brightness. In
our study, for comparison, the method by Koch and Brilakis
[20] was selected because their method had a good result as
compared to other existing methods.

3. The Pothole Detection System

A pothole detection system was designed to collect road
images through a newly developed optical devicemounted on
a vehicle and detects a pothole from the collected data using
the proposed algorithm. Figure 1 shows a pothole detection
system that was developed in this study and its application.
This system includes an optical device and a pothole detection
algorithm.

The optical device on a vehicle collects potholes data, and
the collected data is sent to a pothole detection algorithm.
Also, the pothole information such as the location and
severity of a pothole obtained from a pothole detection
algorithm is sent to a road management center. The optical
device was designed to easily be mounted in a vehicle, and it
has several functions such as collecting and storing data of
potholes, communicating by Wi-Fi, and gathering location
information by GPS. Table 2 shows the detailed specification
of the optical device.

The pothole information obtained from a pothole detec-
tion system is sent to a center and can be applied to a pothole
alert service and the road management system. As shown
in Figure 2, pothole information is sent from a center to
RSEs (Roadside Equipment) and navigation companies, and
then the information is sent to OBUs (Onboard Unit) or
navigations through DSRC (Dedicated Short-Range Com-
munication) and WAVE communication. Finally, pothole
alert information such as location and severity is displayed on
OBU or navigation. Before passing the pothole, a driver can
recognize the presence of the pothole in advance and avoid
risks. Pothole alert service is still a novel idea, and further
research is necessary for improvement in image processing
time and communication.
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Figure 1: Pothole detection system and its application.
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Table 2: Specification of the optical device [26].

Item Specification
Housing (i) Plastic
Size (i) 110 (𝑊) ∗ 40 (𝐿) ∗ 110 (𝐻)
Range (i) The inside lane, left, and right lanes
Resolution (i) 1280 ∗ 720, 60 fps

Camera module (i) 6 glasses and CMOS fixed type
(ii) The diameter of lenses: 12mm

CPU (i) More than 3000DMIPS
Storage (i) Two storage spaces for safety

GPS (i) Antenna: 25mm (𝑊) × 25mm (𝐿)
(ii) Backup battery

Power (i) Using the power of a vehicle
(ii) Holding secondary power unit

Also, the obtained pothole information is provided to
the Road Management System, and the repair time and
maintenance quantities are determined according to the
severity and location of the pothole.

4. The Proposed Pothole Detection Method

The proposed method can be divided into three steps: (1)
segmentation, (2) candidate region extraction, and (3) deci-
sion (Figure 3). First, a histogram and the closing operation

of a morphology filter are used for extracting dark regions for
pothole detection. Next, candidate regions of a pothole are
extracted using various features, such as size and compact-
ness. Finally, a decision is made whether candidate regions
are potholes or not by comparing pothole and background
features.

The segmentation step is to separate a pothole region
from the background region by transforming an original
color image into a binary image using the histogram of an
input image. HST (Histogram Shape-Based Thresholding),
maximum entropy, and Otsu [28] can be used for this
transformation into a binary image. In this study, an input
image is transformed into a binary image using HST [20].

The candidate step involves extracting a pothole candi-
date region from a binary image obtained in the segmentation
step. First, the median filter is used to remove noise such as
cracks and spots. 3 × 3, 7 × 7, and 9 × 9 filters were tested and
the 9 × 9 filter showed the best performance among the three
filters.

Next, the damaged outlines of object regions are restored,
and small pieces are removed using the closing operation
(dilation and erosion) of a morphology filter. A square (7 ×
7) type of the structure element was used for the closing
operation.
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Figure 3: Process of the proposed pothole detection method.

After the closing operation, candidate regions are ex-
tracted using features such as size, compactness, ellipticity,
and linearity, as shown in

𝐶V

=
{

{

{

1, if 𝑆 (𝑀
𝑐
) > 𝑇
𝑠
, Com (𝑀

𝑐
) > 𝑇com and so forth,

0, otherwise,

(1)

where𝐶V: the value of region𝐶 for the candidate in the image,
𝑆(𝑀


𝑐
): the size of region 𝐶 in the image after the closing

operation, Com(𝑀
𝑐
): the compactness of region 𝐶 in the

image after the closing operation, 𝑇
𝑠
: the threshold for size,

and 𝑇com: the threshold for compactness.

The size of a region 𝐶 is defined as total number of pixels
in the region𝐶which depends on a size of a pothole, an object
distance, and a focal length. Also, compactness is defined as

com (𝑀
𝑐
) =
𝑙
2

4𝜋𝐴
, (2)

where 𝑙: the perimeter and 𝐴: the area of region 𝐶.
Also, the refinement of candidate regions is needed

to detect the correct pothole regions after obtaining the
candidate regions. The initial candidates obtained using
features may not represent the full-sized pothole area. Thus,
the refinement of candidate regions using features such as
compactness, center point, and convex hull is necessary
before it can be decided whether various and incomplete
candidate regions such as shades, spots, and patches are
potholes or not. Incomplete candidate regions are refined
using the convex hull operation according to the decision of

𝐶


V =
{

{

{

result of convex hull operation, if 𝐶
𝑐
∈ 𝐶, Com (𝐶) > 𝑇com and so forth,

𝐶V, otherwise,
(3)

where 𝐶V: the value of refined region 𝐶 for the candidate
in the image, 𝐶V: the value of region 𝐶 for the candidate in
the image, 𝐶

𝑐
: the center position of region 𝐶, Com(𝐶): the

compactness of region𝐶 in the image, and𝑇com: the threshold
for compactness.

Next, MHST (modified HST) separates not only the
pothole region but also a bright region, such as a lane
marking, from the background region.

The decision step involves deciding whether the refined
candidate regions are potholes or not after the comparison of
candidate regions with the background region using features
such as standard deviation and histogram.

In particular, as a histogram feature, ordered histogram
intersection (OHI) [29] is used in this study. By using OHI,
it is possible to distinguish stains, patches, light, shades,

and so forth that cannot be separated from potholes using
the existing method [20] and to avoid the wrong detection
of potholes. OHI is a method of measuring the degree
of similarity between regions in an image. Although some
problems occur with noise or when there is a change in
brightness, OHI can measure the degree of similarity by
identifying these differences. OHI can be expressed as shown
in

OHI (ℎ
𝑐
, ℎ
𝑏
) =

𝑛

∑

𝑖=0

min (oh𝑖
𝑐
, oh𝑖
𝑏
) , (4)

where OHI(ℎ
𝑐
, ℎ
𝑏
): OHI for candidate region 𝑐 and back-

ground region 𝑏, oh𝑖
𝑐
: the ordered histogram of index 𝑖 for

candidate region 𝑐, oh𝑖
𝑏
: the ordered histogram of index 𝑖 for

background region 𝑏, 𝑖: the index of histogram (𝑖 = 0 to 255
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for 8 bits), and 𝑛: themaximumnumber of the index (𝑛 = 255
for 8 bits).

In this study, if the standard deviation of the refined
candidate region is smaller than the threshold for standard
deviation (𝑇std) or if OHI of the pixels between the refined

candidate region and the background region is close to 1 and
the OHI of values using the Sobel operation [30] is close to 1,
it is decided that the refined candidate region is not a pothole
because it is similar to the background region. Equation (5)
shows this discriminant:

𝑝

=
{

{

{

non-pothole region, if Std
𝑐
 < 𝑇std or (OHI (ℎ

𝑐
 , ℎ
𝑏
) > 𝑇
𝑜
, OHI (ℎ

𝑐
 , ℎ


𝑏
) > 𝑇
𝑜
) , (Outregionstd − Innerregionstd) < 𝑇std , (Outregionave − Innerregionave) > 𝑇ave,

pothole region, otherwise,

(5)

where Std
𝑐
 : the standard deviation of the refined candidate

region 𝑐, OHI(ℎ
𝑐
 , ℎ
𝑏
): OHI for the refined candidate region

𝑐
 and background region 𝑏, OHI(ℎ

𝑐
 , ℎ


𝑏
): OHI for the refined

candidate region 𝑐 and background region 𝑏 using the
Sobel operation, Outregionstd: the standard deviation of the
outside of the refined candidate region, Innerregionstd: the
standard deviation of the inside of the refined candidate
region, Outregionave: the average of the outside of the refined
candidate region, Innerregionave: the average of the inside of
the refined candidate region, 𝑇std: the threshold for standard
deviation,𝑇std : the threshold for standard deviation of values
by the Sobel operation, 𝑇ave: the threshold for average, 𝑇𝑜: the
threshold for OHI, and 𝑇

𝑜
 : the threshold for OHI of values

by the Sobel operation.
Figure 4 shows the result image at each step by the

proposed method.

5. Experiment Results

In this study, 2D road images that had been collected by
a survey vehicle in Korea from May to June 2014 were
used. Two-dimensional images with a pothole and without a
pothole extracted from the collected pothole database (a total
of 150 video clips) were used to compare the performance of
the proposed method with that of the existing method [20]
by several conditions such as road, recording, and brightness
conditions.

To collect video data of potholes, the newly developed
optical device (resolution 1280 × 720, 60 f/s) were mounted
at the height of a rear-view mirror of a survey vehicle, and
they recorded the road surfaces ahead during movement.

The proposed pothole detection method was imple-
mented in Microsoft Visual C++ 6.0. The image processing
was performed on a laptop (Intel Core i5-4210U, 2.4GHz,
8GB RAM). Table 3 shows the values of thresholds used in
this study. All threshold values except for 𝑇

ℎ
(threshold for

HST and MHST) were empirically set as the most suitable
value to distinguish various types of potholes from similar
objects.

A total of 90 images were randomly chosen from 100
video clips for experiments. For experiments by road condi-
tion, 20 asphalt images and 20 concrete images were selected
randomly, and Figure 5 shows the examples and results of the
selected images for experiment by road condition.

Table 3: The values of thresholds used in this study.

Thresholds Values Thresholds Values

𝑇
ℎ

The value
depends on the

image
𝑇std 1.0

𝑇
𝑠 512 𝑇ave 0.0
𝑇com 0.05 𝑇

𝑜
0.87

𝑇std 8 𝑇
𝑜
 0.85

In Figure 5, it is shown that the proposed method
accurately detects most of the potholes in both asphalt and
concrete images. Fourth image from the left among asphalt
images has stains, and the proposed method does not detect
them as potholes, but the existing method [20] detects them
as potholes.

For experiments by recording condition, 10 original
images and 10 images by close-up were selected, and Figure 6
shows the examples and results of the selected images for
experiment by recording condition.

In Figure 6, it is shown that the proposed method accu-
rately detects most of the potholes in close-up images. A few
results show that only a portion of the pothole was detected
because only that part of the pothole was extracted as a
candidate region.

Also, for experiments by brightness condition, 10 bright
images (average gray level > 120) and 10 dark images (average
gray level < 110) were selected, and Figure 7 shows the
examples and results of the selected images for experiment
by brightness condition.

The proposedmethod has a better performance for bright
images, rather than dark images. Not only the proposed
method but also all existing methods detect dark regions as
suspected potholes. Thus, it is obvious that the performance
of detecting potholes under dark circumstances is worse than
that of detecting potholes under normal brightness.

In addition, 30 more images for experiments were tested,
and the result of pothole detection of experiments using
the proposed method and existing method for a total of
90 images are summarized in Table 4. In order to compare
the performance of the proposed method with that of the
existing method [20], image segmentation and candidate
extraction were processed under the same conditions, and
the decision criteria for a pothole were applied differently
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(1) Original (2) HST (3) Inversion (4) Median filter

(5) Dilation (6) Erosion (7) Candidate (8) Refinement

(9) Sobel (10) Erosion (11) Edge (12) Decision

Figure 4: Result images at each step using the proposed method.

according to the proposed criteria in each method. In this
table, in order to represent accurate detection performance,
the number of true positives (TP, correctly detected as a
pothole), false positives (FP, wrongly detected as a pothole),
true negatives (TN, correctly detected as a nonpothole), and
false negatives (FN, wrongly detected as a nonpothole) [19]
was counted manually. Also, accuracy, precision, and recall
using the proposed method and the existing method were
calculated as measurements for validation:

(1) accuracy: the average correctness of a classification
process − (TP + TN)/(TP + FP + TN + FN),

(2) precision: the ratio of correctly detected potholes to
the total number of detected potholes−TP/(TP+FP),

(3) recall: the ratio of correctly detected potholes to actual
potholes − TP/(TP + FN).

In our study, for comparison, the method by Koch and
Brilakis [20] was selected because their method had a good
result as compared to other existing methods. Table 4 shows
that the proposed method reaches an overall accuracy of
73.5%, with 80.0% precision and 73.3% recall. All three
measures validate that most potholes in images can be

Table 4: Performance comparison.

Performances The existing method The proposed method
Total TP 22 44
Total FP 18 11
Total TN 24 31
Total FN 38 16
Accuracy 45.1% 73.5%
Precision 55.0% 80.0%
Recall 36.7 % 73.3%

correctly detected. Also, the results of the proposed method
show a much better performance than that of the existing
method, which has an overall accuracy of 45.1%, with 55.0%
precision and 36.7% recall. By the existing method, it is
difficult to separate stains or patches similar to a pothole
from an actual pothole using only the feature of standard
deviation. However, the proposed method can accurately
detect a pothole using several features such as the standard
deviation of a candidate region, OHI, differences in the
standard deviations, and averages between the outside and
inside of a candidate region. It is shown that a joint part
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(a) Asphalt images

(b) Concrete images

Figure 5: Examples and results of the selected images for road condition.

between an asphalt road and a concrete road was incorrectly
detected. However, this wrong detection can be removed later
by adding a feature corresponding to the concrete in the
decision step.

Also, the processing times for the proposed method were
calculated through 10 of images that were chosen randomly.
Table 5 shows the calculated processing times for the pro-
posed method. It is impossible to compare the processing
times of the proposedmethodwith those ofKoch andBrilakis
[20] exactly since it is impossible to implement Koch and
Brilakis’ method in their same experiment circumstance and
it can result in needing more times for the Koch and Brilakis’
method due to the wrong setting for experiments. However,
the processing times of the Koch and Brilakis’ method can be
referred to Koch et al. [23].

Table 5 shows that more processing times are needed for
Images 3, 7, and 8, since those images have more numbers
of candidate regions or bigger regions than other images. It

is obvious that the proposed method needs more processing
time than Koch and Brilakis [20] because the proposed
method uses various features for detecting potholes. Further
work for improving image processing time is necessary for
the pothole detection system to be applied to real-time pot-
hole detection and real pothole alert service.

The results are promising, and the information extracted
using the proposed method can be used, not only in deter-
mining the preliminary maintenance for a road management
system and in taking immediate action for their repair and
maintenance, but also in providing alert information of
potholes to drivers as one of ITS services.

6. Conclusions

In this study, a pothole detection method based on 2D road
images was proposed for improving the existing method
and designing a pothole detection system to be applied to
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Table 5: Processing times.

Images Segmentation (sec.) Candidate (sec.) Decision (sec.) Total (sec.)
1 6.5 14.6 0.4 21.5
2 6.5 17.4 0.4 24.3
3 6.3 61.1 0.4 67.8
4 6.8 17.7 0.4 24.9
5 6.3 19.2 0.4 25.9
6 6.3 8.5 0.4 15.2
7 6.3 34.3 0.4 41.0
8 6.3 8.3 0.3 14.9
9 7.0 210.7 0.5 218.2
10 6.3 7.0 0.4 13.7
Average 6.5 39.9 0.4 46.8

(a) Original images

(b) Close-up images

Figure 6: Examples and results of the selected images for recording condition.
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(a) Bright images

(b) Dark images

Figure 7: Examples and results of the selected images for brightness condition.

ITS service and road management system. For experiments,
2D road images that were collected by a survey vehicle
in Korea were used and the performance of the proposed
method was compared with that of the existing method for
several conditions such as road, recording, and brightness.
Regarding the experiment results, the proposed method
reaches an overall accuracy of 73.5%, with 80.0% precision
and 73.3% recall, which is a much better performance than
that of the existing method having an overall accuracy of
45.1%, with 55.0% precision and 36.7% recall.

However, there are some limitations in the proposed
method. Potholes may be falsely detected according to the
type of shadow and various shapes of potholes. Thus, in
order to more accurately detect potholes, it is necessary to
use images from not only a single sensor but also additional
sensors and to add to the proposed method more features
for these sensors. Also, the stability of the pothole detection

method based on two-dimensional images needs to be added,
because the vehicle’s vibration during driving will have big
affection on the detecting equipment. The proposed method
will have a more improved performance through more
experiments under a variety of circumstances. In addition,
the proposed method needs more processing time than Koch
and Brilakis [20] because the proposed method uses various
features for detecting potholes. Therefore, further work for
improving image processing time and performance of the
proposed method is necessary for the pothole detection
system to be applied to real-time pothole detection and real
pothole alert service.
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