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A rapid development of connected vehicle (CV) technology
has been observed around the globe in the past decade. The
problems that the conventional traffic management systems
bear are believed to be solved by introducing the technology.
This CV technology puts diagnostic sensors onto vehicles/
infrastructures and has the data collected transmitted wire-
lessly between vehicles and nearby infrastructures. It would
no longer rely on conventional data collection equipment,
like a loop detector or video detections, and it collects much
more information than the conventional ways. Measure-
ments that are previously unknown are available, which
include but are not limited to vehicle speeds, positions,
arrival rates, rates of acceleration and deceleration, queue
lengths, and stopped time.With this extra information, many
applications are made possible. However, on the other hand,
the accuracy and the stability of sensors cause challenges for
the development of CV application, for instance, the accu-
racy of GPS, communication delay, and LIDAR accuracy.
These factors require special design embedded in those CV
applications to accommodate the limitation of sensors. This
special issue aims to serve as a major platform to facilitate
the discussion and exchange of research ideas and technology
development, encourage multidimensional knowledge shar-
ing, and enhance research activities in investigating sensors
in connected vehicle technology. In total, seven papers are
included in this special issue and are summarized as follows.

There are several articles focusing on traffic control and
analysis using the sensor-based data to improve traffic sys-
tem. The autonomous vehicle is able to facilitate road safety
and traffic efficiency and has become a promising trend of

future development. W. Wu et al. proposed traffic control
models based on cellular automata for intersections in the
autonomous vehicle environment. Multiagent technology is
used to simulate the proposed model. The simulation results
show that the control strategy of the proposed model signif-
icantly reduces average delays and a number of stops as well
as increasing traffic capacity. A classical control problem for
an isolated oversaturated intersection is revisited with a focus
on the optimal control policy to minimize total delay. J. Tan
et al. used the gradient descent algorithm to convert the
optimal control plan of the continuous-time model to the
plan of the discrete-time model in many cases. Analytic proof
and numerical tests for the algorithm are also presented.

From the perspective of sensor-based traffic operation
and management, several articles analyzed the traffic condi-
tion and driver behavior. With the development of connected
vehicle (CV) and vehicle to X (V2X) communication, more
traffic data are being collected from the road network. In
order to predict future traffic condition from connected
vehicles’ data in real time, P. Wang et al. proposed an online
traffic condition evaluation model utilizing V2X communi-
cation. The contemporary vehicle data from the on-board
diagnostic (OBD) is fused with the static road data in the
roadside unit (RSU). Compared with traditional evaluation
systems, the proposed model can handle more types of data
but demands less data transfer. W. Zhao et al. did a sensor-
based visual effect evaluation of chevron alignment signs’
colors on drivers through the curves in snow and ice environ-
ment. The conclusions provide evident references for freeway
warning products and the design of intelligent vehicles.
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There are several articles focusing on driving and travel
behavior using the GPS data. J. Wang and Y. Cao developed
a method to identify whether there is deliberate speed-up or
slow-down movement of a bus based on the recovery of GPS
data. The effectiveness of the developed method was demon-
strated using the data collected in Harbin, China. The results
show that it can help bus enterprises to design reasonable
time of day intervals and significantly improve their level of
service. S. An et al. proposed a public transit riders’ travel
pattern measuring method based on divided cells and public
transit vehicle’s GPS data. A case study is carried out to
evaluate the methods, which use the GPS data collected
from taxis and buses in Harbin, China. The study is expected
to provide a better understanding of public transit riders’
travel patterns.

The remaining one article investigated spatial crowd-
sourcing problem caused by the increasingly widespread sen-
sors. With the development of sensors, particularly vehicle
sensors and mobile sensors, spatial crowdsourcing is gaining
even more attention. B. Du et al. proposed a novel spatial
crowdsourcing problem called software development team
formation (SDTF). They proved that SDTF was NP-hard
and designed three greedy algorithms and an index-based
algorithm to solve the SDTF problem. Extensive experiments
are conducted on synthetic and real datasets, and the results
verify the effectiveness and efficiency of the algorithms.
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Autonomous vehicle is able to facilitate road safety and traffic efficiency and has become a promising trend of future development.
With a focus on highways, existing literatures studied the feasibility of autonomous vehicle in continuous traffic flows and
the controllability of cooperative driving. However, rare efforts have been made to investigate the traffic control strategies in
autonomous vehicle environment on urban roads, especially in urban intersections. In autonomous vehicle environment, it is
possible to achieve cooperative driving with V2V and V2I wireless communication. Without signal control, conflicted traffic flows
could pass intersections through mutual cooperative, which is a remarkable improvement to existing traffic control methods. This
paper established a cellular automata model with greedy algorithm for the traffic control of intersections in autonomous vehicle
environment, with autonomous vehicle platoon as the optimization object. NetLogo multiagent simulation platform model was
employed to simulate the proposed model. The simulation results are compared with the traffic control programs in conventional
Synchro optimization. The findings suggest that, on the premises of ensuring traffic safety, the control strategy of the proposed
model significantly reduces average delays and number of stops as well as increasing traffic capacity.

1. Introduction

Theemergence anddevelopment ofmotorized transportation
have not only promoted the progress of human civilization,
but also brought about severe issues relating to road safety
and traffic efficiency. According to statistics, more than
100,000 people died in road accidents per year worldwide [1–
3]. In the United States traffic congestion has caused enor-
mous economic losses. For example, in 2013, urban Ameri-
cans experienced an extra 6.8 billion hours of travel and 3.1
billion gallons of fuel consumed because of traffic congestion
[4–6]. With the development of motor vehicle, researchers
have recognized that automata vehicle is probably one of the
most effective ways to tackle those problems [7–10].

In the autonomous vehicle environment, real-time,
mutual, and effective communication could be achieved not
only between vehicles and vehicles, but also between vehicles

and road [11–14]. With respect to road safety, the mutual
cooperation helps to solve the traffic problems caused by the
driving errors, insufficient visibility distance [15–17]. In terms
of traffic efficiency, vehicles could form platoon through
cooperation to reduce headways and increase road capacity
[18–20].

A major part of previous studies on traffic flow in au-
tonomous vehicle environment focused on continuous flow
and the cooperative between vehicles on highway [21–23].
Few studies have proposed traffic control strategies in autono-
mous vehicle environment, with an emphasis on intermittent
traffic flows. Considering the limitation of road space, even
in autonomous vehicle environment, there will still be large
number of plane intersections in urban areas. Therefore,
it is imperative to investigate the traffic control strategies
in autonomous vehicle environment in plane intersections.
Although some related researches proposed traffic control
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Autonomous vehicles
Intersection

Figure 1: Basic idea of the research problem.

model in autonomous vehicle environment, the control
algorithm is mainly on the basis of first-come-first-served
(FCFS) algorithm [24], and the optimized object is focused on
every single vehicle [25, 26] and thus has limited optimization
effects.

Focusing on a single intersection, this paper proposed
a traffic control model based on cellular automata in au-
tonomous vehicle environment. The primary goals of this
paper are to (1) explicitly capture the dynamic interaction
between platoon and traffic control strategy; (2) establish
cellular automata model to interpret the disciplines of traffic
flow in autonomous vehicle environment; and (3) improve
traffic efficiency based on minimize travel delays.

2. Development of Optimization and
Simulation Approach

2.1. Problem Description. In autonomous vehicle environ-
ment, traffic lights are unnecessary. Traffics travel through
plane intersections by communicating with each other. The
research problem can be demonstrated in Figure 1. Autono-
mous vehicles arrive stochastically from four approaches. For
the sake of calculation simplicity, in this paper, there is only
one through lane considered at each approach. Pedestrians
and cyclists are not considered. How to allocate passage time
for each autonomous vehicle to maximize the system benefits
of the intersection is studied in this paper. The common
solution to this problem is first-come-first-served (FCFS)
algorithm. However, FCFS algorithm has some disadvan-
tages that can be demonstrated in Figure 2. There are two
southbound autonomous vehicles in Figure 2. The estimated
arrival times for these two vehicles are 2 and 5 seconds,
respectively. There are a bunch of continuous westbound
autonomous vehicles. The estimated arrival times are 3, 3.5,

4, 4.5, 5, 5.5, and 6 seconds, respectively. By employing
FCFS algorithm, the southbound autonomous vehicle with 2
seconds’ estimated arrival timewill be served firstly.However,
maybe better solution can be obtained if the continuous
vehicle platoons can be able to proceed with priority. On the
other hand, the optimization algorithm on account of each
vehicle is very complex and inefficient. Optimization based
on vehicle platoons may have applicability.

2.2. General Notation and Terminology. The notations used
hereafter are summarized in Key Variables (Notations) Used
in the Formulations.

2.3. The Traffic Flow Model Based on the Cellular Automata.
Discrete time and discrete space are employed in cellular
automata model. It is widely used in modeling traffic flows as
it is able to simulate complicated traffic flow phenomena with
a small number of simple rules. The basic traffic flow models
based on cellular automata are as follows, from vehicle 1 to
vehicle 𝑛.

The Acceleration Process. When an autonomous vehicle pro-
ceeds freely, it accelerates to the maximum speed, which is
presented by the following formula.

If (𝑉𝑗𝑖 (𝑡) < Δ𝑋
𝑗
𝑖−1(𝑡) + 𝐺

𝑗
𝑖 (𝑡)):

{𝐼𝑓 (𝑉
𝑗
𝑖 (𝑡) < 𝑉max),

𝑉
𝑗
𝑖 (𝑡 + 1) = 𝑉

𝑗
𝑖 (𝑡) + 1

else

𝑉
𝑗
𝑖 (𝑡 + 1) = 𝑉max}.
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Figure 2: Disadvantages of first-come-first-served (FCFS) algorithm.
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Figure 3: Optimization method of sliding time window.

The Deceleration Process. When an autonomous vehicle is
blocked by a leading vehicle, it decelerates to avoid a crash
and closely follows the leading vehicle.

𝐼𝑓 (𝑉
𝑗
𝑖 (𝑡) ≥ Δ𝑋

𝑗

𝑖−1(𝑡)
+ 𝐺
𝑗
𝑖 (𝑡)):

{𝑉
𝑗
𝑖 (𝑡 + 1) = min(Δ𝑋𝑗𝑖−1(𝑡) + 𝐺

𝑗
𝑖 (𝑡), 𝑉

𝑗
𝑖 (𝑡))}.

When an autonomous vehicle arrives at the intersection
and does not get right-of-way, it decelerates as follows:

𝐼𝑓 (𝑉
𝑗
𝑖 (𝑡) ≥ 𝐷

𝑗
𝑖 (𝑡)):

{𝐼𝑓 (𝜎
𝑗
𝑖 (𝑡) = 1),

𝑉
𝑗
𝑖 (𝑡 + 1) = min(Δ𝑋𝑗𝑖−1(𝑡) + 𝐺

𝑗
𝑖 (𝑡), 𝑉

𝑗
𝑖 (𝑡))

𝐼𝑓 (𝜎
𝑗
𝑖 (𝑡) = 0),

𝑉
𝑗
𝑖 (𝑡 + 1) = min(𝐷𝑗𝑖 (𝑡), Δ𝑋

𝑗
𝑖−1(𝑡) + 𝐺

𝑗
𝑖 (𝑡), 𝑉

𝑗
𝑖 (𝑡))}.

The Platoon Merging Process. If the time headway between
two vehicles at the same approach is less than the critical
time headway, then the two vehicles will be treated as pla-
toons.

𝐼𝑓 ((𝑋𝑗−1𝑛 (𝑡) − 𝑋
𝑗
1(𝑡))/𝑉

𝑗
1 (𝑡) < ℎ𝑐):

{merging platoon 𝑗 into platoon 𝑗 − 1}.

ThePlatoon Split Process.When thewaiting time of the traffics
at the conflicting approach exceeds the maximum limit, the
current vehicle platoon splits to two platoons, so as to give
right-of-way to the conflicting traffic flows.

The Location Updating Process

𝑋
𝑗
𝑖 (𝑡 + 1) = 𝑋

𝑗
𝑖 (𝑡) + 𝑉

𝑗
𝑖 (𝑡 + 1).

2.4. Rolling Window Time Control Strategy Based on Greedy
Algorithm. In this paper, we employed the rolling time win-
dow approach as the optimization method.The basic process
of the rolling time window approach is shown in Figure 3.

In the rolling step, we employed the greedy algorithm to
optimize the control strategy of the platoon at the intersec-
tion. The optimization steps are as follows.

Step 1 (the beginning of optimization process). Identify the
vehicle platoon on the four approaches. Optimization is
started based on the platoon.

Step 2 (the determination of analysis scope). In the time span
of each rolling step, search and determine the number of
platoons that can pass through the four approaches.

Step 3 (the determination of control strategy). We number
the four platoons that are closest to the intersections in
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the four approaches of analysis scope, assuming that the
length of each platoon is ℎ, 𝑘, 𝑝, 𝑞. Using the greedy
algorithm, when the 4 platoons request the conflicting right-
of-way, we selected the longest platoon (max(ℎ, 𝑘, 𝑝, 𝑞)) to
pass through the intersection. When a platoon has already
passed, we reselect another four platoons that are closest to
the intersections in the four approaches and return to the
beginning of Step 3. The maximal waiting time is set for each
platoon. When the actual waiting time exceeds the maximal
waiting time, the platoon has the highest priority.

Step 4. Go to the next rolling time and begin from Step 1.

3. Simulation Modeling

In this paper, the simulation of traffic control model of plane
intersection based on cellular automata in automatic driving
environment is conducted in NetLogo platform. NetLogo
is a multiagent programmable modeling environment for
simulating natural and social phenomena. It was launched by
UriWilensy in 1999 and was developed by the Link Learning
and Computer Modeling Center (CCL), which is designed to
provide a powerful and easy-to-use computer-aided tool for
research and educational institutions.

At numerical simulation, each cellular length takes 3.5m.
𝑉max = 6 (76 km/h); the simulation step size was set to 0.1
seconds, with continuous operation of 36000 steps of one-
hour traffic conditions, taking into account the temporal and
spatial distribution of traffic flow characteristics, using open
boundary conditions. In the model, in order to eliminate the
impact of random factors, using the last 900 simulation steps
(15 minutes) for sample calculation, every sample represents
20 simulations, that is, each point of the chart is the average
of 20 simulations.

4. Performance Analysis

To evaluate the performance of the proposed strategies, we
compared the control strategy of proposed model and the
conventional signal control strategy optimized by Synchro
software. In Synchro model, the saturation flow was set to
1900 pcu/h; the amber time and all red time were set to 3 s
and 2 s, respectively. Green splits and green phase time are
optimized by Synchro software automatically. By adjusting
the amount of approaching traffic volume, we changed the
degree of saturation in the range of 0.1 to 1.3 (based on the
saturation in Synchro). The length of the approach lane was
set to 1000m.Themaximumwaiting time was set to 30 s.The
critical platoon headway was set to 2 s. The results are shown
in Figures 4 and 5.

As we can see from Figures 4 and 5, in both proposed
model and Synchro model, the delays and number of stops
increase with the increase of saturation. In Synchro model,
different cycle time shows similar effects. When the satura-
tion is below 0.8, the delays and stops increase slowly. When
the saturation is greater 0.8, the delays and stops increase
significantly. Comparedwith Synchromodel, in the proposed
model, when the saturation is high, the delays and stops will
be much lower in autonomous vehicle environment. When
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the saturation is as high as 1.1, the delays and stops will show
significant rise in the proposedmodel.The findings represent
that the proposed model is effective in reducing delays and
stops.

As we can see from Figure 6, when the saturation is less
than 0.5, the numbers of vehicles clearing the intersection in
the proposed model and Synchro model are almost the same,
indicating that both models meet the needs. However, as
the saturation continues to increase, the numbers of vehicles
clearing the intersection in the proposed model and Synchro
model will show significant differences. When the saturation
is close to 0.9, the number of vehicles clearing the intersection
in Synchro model reaches maximum value. Meanwhile,
when the saturation continues to rise to 1.1, the number of
vehicles clearing the intersection in the proposed model is
approaching stability. In the proposed model, the number of
vehicles clearing the intersection when stable is 53.3% bigger
than in Synchro model, suggesting that the proposed model
is able to significantly improve traffic capacity.
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5. Conclusions

This paper presented a method of traffic control in the
environment of automatic driving. Platoon is employed as
the basic control unit. First, we establish the basic cellular
automaton model. Then we optimized the control strategy
based on rolling time window and greedy algorithm. Finally
in this article, we employed the NetLogo multiagent simula-
tion platform to simulate the proposedmodel.The simulation
results show that, compared with Synchro model, the pro-
posed model is able to reduce delays and the number of stops
more effectively and to substantially increase the capacity of
the intersection, which demonstrates the superiority of the
proposed model.

This paper proposed preliminary simulation results and
analysis for the proposed method at an isolated intersection.
More extensive simulation experiments and field tests are
required to be conducted in the future to assess the effec-
tiveness of the proposed model under various traffic flow
patterns. Corridor-wide evaluation of the proposed model’s
effectiveness should also be studied in future researches.

Key Variables (Notations)
Used in the Formulations

𝑖: Vehicle 𝑖
𝑗: Platoon 𝑗
𝑡: Time point
𝑉
𝑗
𝑖 (𝑡): The speed of vehicle 𝑖 in platoon 𝑗 at time 𝑡

(m/s)
𝐺
𝑗
𝑖 (𝑡): The headway between vehicle 𝑖 in platoon 𝑗

and the vehicle in the front (m)
𝐷
𝑗
𝑖 (𝑡): Distance from the vehicle 𝑖 in platoon 𝑗 to

the intersection (m)
𝜎
𝑗
𝑖 (𝑡): Binary variable to represent if a vehicle gets

right-of-way to travel through the
intersection. If so, 𝜎𝑗𝑖 (𝑡) = 1. If not 𝜎

𝑗
𝑖 (𝑡) = 0

𝑇
𝑗
𝑖 : The maximum acceptable waiting time at the

intersection (s)
Δ𝑋
𝑗
𝑖 (𝑡): The moving distance of vehicle 𝑖 in platoon 𝑗

at time 𝑡 (m)
𝑉max: The maximum speed of the vehicle (m/s)
𝑛: The maximum number of vehicles in the

platoon (#veh)
ℎ𝑐: Critical time headway (s)
𝜌(𝑡): Average density at time 𝑡 (pcu/km)
𝑁(𝑡): Sum of the vehicles at time 𝑡 (#veh).
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These days, with the increasingly widespread employment of sensors, particularly those attached to vehicles, the collection of spatial
data is becoming easier and more accurate. As a result, many relevant areas, such as spatial crowdsourcing, are gaining ever more
attention. A typical spatial crowdsourcing scenario involves an employer publishing a task and some workers helping to accomplish
it. However, most of previous studies have only considered the spatial information of workers and tasks, while ignoring individual
variations among workers. In this paper, we consider the Software Development Team Formation (SDTF) problem, which aims
to assemble a team of workers whose abilities satisfy the requirements of the task. After showing that the problem is NP-hard, we
propose three greedy algorithms and a multiple-phase algorithm to approximately solve the problem. Extensive experiments are
conducted on synthetic and real datasets, and the results verify the effectiveness and efficiency of our algorithms.

1. Introduction

These days, with the development of sensors (especially
vehicle sensors and mobile sensors) [1–3], it is increasingly
simple to acquire spatial and temporal information [4, 5].

Many studies based on vehicle sensors data have been
conducted in recent years [6–8]. As a result, many applica-
tions now provide services based on users’ real-time spatial
information and these are becoming ever popular. Among
these applications, some focus on crowdsourcing services that
use spatial information. These applications usually require
some workers to help an employer to accomplish a task.
For example, Uber (https://www.uber.com) organizes drivers
and provides users with a convenient taxi service, whereas
+Meituan (http://www.meituan.com) provides a credible and
fast food-delivery service. This area, called spatial crowd-
sourcing, is attracting significant attention.

The task assignment problem is one of the fundamental
concerns in spatial crowdsourcing. For example, real-time
taxi-calling platforms, such as Uber and Didi Chuxing [9],
always need to assign each taxi-calling task to a suitable taxi
(i.e., a crowd worker). An incorrect assignment may cause
taxis to be dispatched to far-away places, which results in

a slow response time and the loss of the platform. Many
studies on the task assignment problem have been published
in recent years [10–12]. However, most of them only consider
the spatial information of tasks and workers, while ignoring
the individual variations among workers. Namely, different
people may excel or struggle with different tasks, and tasks
also contain certain requirements for which some workers
may be inadequate.

Take Figure 1 as an example. Suppose a website develop-
ment task requires coders skilled in .NET, SQL, and HTML
to assemble at the location of the origin, and there are three
coders available (whose skills are presented in Figure 1).
Although coder 𝑐3 is located closer to the origin than 𝑐1 and
𝑐2, hiring 𝑐3 will not help finish the task. In other words, it
is necessary to further consider individual variations among
different workers and special requirements of tasks.

As in [13, 14], each worker is associated with a set of skills
representing their strengths. Tasks are also associated with a
set of skills representing their special requirements.

R-trees [15] are a classical index structure formultidimen-
sional data. Derived from B-tree, the data in an R-tree are
stored in leaf nodes and all leaves are located in the same
level of the tree. Every internal node contains between𝑚 and
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I want to develop a
website. I want some

workers good at .NET, SQL,
and HTML.

I’m good at
.NET and SQL.

I’m good at
HTML and C++.

I’m good at
Python and C.

y

x

c1

c2

c3

Figure 1: Example: variations among workers.

𝑀 child entries, and every leaf node contains between𝑚 and
𝑀 data entries, where𝑀 is usually related to the size of disk
pages, and 𝑚 is predefined such that 𝑚 ≤ 𝑀/2. The tree is
specially structured such that the children of a node overlap
with few data from other nodes. Using an R-tree, we can
dynamically insert/update/delete nodes, and rapidly search
for all nodes located in a given rectangle.

The objective of our problem consists of two parts. First,
workers need tomove to the location of the task but receive no
reward for this movement. In consideration of the workers,
we attempt to reduce the gratuitousmoving distance. Second,
the employer wishes spend the minimum amount necessary
to accomplish the task. In consideration of employers, we
attempt to obtain a team at the lowest cost, on condition that
the skill requirement is satisfied. As the problem definition in
Section 2 shows, the objective of our work contains not only
the distance between the task and workers, but also the total
cost.

Contributions. In summary, our contributions are as follows:
(i) We propose a new Software Development Team

Formation (SDTF) problem and prove that it is NP-
hard.

(ii) Three greedy algorithms are provided to solve the
SDTF problem.

(iii) We employ a multiphase algorithm based on R-trees.
(iv) We verify the effectiveness and efficiency of the

proposed algorithms through extensive experiments
on synthetic and real datasets.

Compared with our previous work [16], we propose a
novel multiple-phase algorithm by using the index structure
of R-trees. Additional experiments are also conducted on
synthetic and real datasets.

The remainder of this paper is organized as follows. In
Section 2, the problem is formally defined and proved to be

NP-hard. In Section 3 three greedy algorithms are provided to
solve the SDTF problem. In Section 4, we propose amultiple-
phase algorithm based on R-trees. Extensive experiments on
real datasets are described in Section 5. Previous work related
to our problem is presented in Section 6, and the conclusions
to this study are presented in Section 7.

2. Problem Statement

First, we introduce the two basic concepts of a task and a
coder. We then formally define the Software Development
Team Formation (SDTF) problem.

Definition 1 (task). A task 𝑡 is defined as ⟨𝑆, 𝐿⟩, where 𝑡.𝑆 is
a set of skills that are indispensable to complete the software
development task 𝑡, and 𝑡.𝐿 is the location specified to meet
up and talk about task 𝑡, which, for example, can be described
by longitude and latitude.

Similar to the definition of a task, a coder is formally
defined as follows.

Definition 2 (coder). A coder 𝑐 is defined as ⟨𝑆, 𝐿, 𝑃⟩, where
𝑐.𝑆 is a set of skills mastered by coder 𝑐, 𝑐.𝐿 is the location of
coder 𝑐, described similarly to that of a task 𝑡, and 𝑐.𝑃 is the
price of coder 𝑐.

Briefly, a team of coders is feasible for a task if the coders
in the team can collaboratively accomplish the task.

Definition 3 (feasible team). A team 𝑇 is defined as a set
of coders {𝑐1, 𝑐2, . . . , 𝑐|𝑇|}. 𝑇 is a feasible team for task 𝑡, if
⋃𝑐𝑖∈𝑇 𝑐𝑖.𝑆 ⊇ 𝑡.𝑆.

Example 4. Suppose that we have a task 𝑡 concerning website
development, where 𝑡.𝑆 = {LINUX, DATABASE,CSS,
HTML} and a universal set of coders 𝐶 = {𝑐1, 𝑐2, 𝑐3, 𝑐4, 𝑐5, 𝑐6}.
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Table 1: Coder profile.

Coder 𝑆𝑘𝑖𝑙𝑙 𝑃𝑟𝑖𝑐𝑒 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒

𝑐1 {PYTHON, CSS, C++} 70 1000
𝑐2 {CSS, LINUX, HTML} 60 5000
𝑐3 {LINUX, HTML} 50 7000
𝑐4 {DATABASE, JAVA} 55 2000
𝑐5 {PYTHON, DATABASE, LINUX} 65 6000
𝑐6 {HTML, C#} 60 3000

The skill set of every 𝑐 ∈ 𝐶 is listed in Table 1. Team
𝑇 = {𝑐2, 𝑐4} is a feasible team because ⋃𝑐∈𝑇 𝑐.𝑆 = {CSS,
LINUX,HTML,DATABASE, JAVA}, which is a superset of
𝑡.𝑆 = {LINUX,DATABASE,CSS, HTML}.

We finally define our problem as follows.

Definition 5 (SDTF problem). Given a task 𝑡 with a set of
skills 𝑡.𝑆 and a location 𝑡.𝐿 and a universal set of coders 𝐶 =
{𝑐1, 𝑐2, . . . , 𝑐|𝐶|}, each with skill set 𝑐𝑖.𝑆, location 𝑐𝑖.𝐿, and price
𝑐𝑖.𝑃, 1 ≤ 𝑖 ≤ |𝐶|, we wish to find a team 𝑇 ⊆ 𝐶 satisfying
⋃𝑐∈𝑇 𝑐.𝑆 ⊇ 𝑡.𝑆, and we minimize Cost = 𝛼 ⋅max𝑐∈𝑇|𝑐.𝐿, 𝑡.𝐿| +
(1 − 𝛼) ⋅ ∑𝑐∈𝑇 𝑐.𝑃, where |𝑐.𝐿, 𝑡.𝐿| represents the distance
between the location of coder 𝑐 and task 𝑡 and 𝛼 ∈ (0, 1) is
a parameter to adjust the weight of distance and price.

Theorem 6. The SDTF problem is NP-hard.

Proof. We prove the theorem by showing that a special case
of the SDTF problem can be reduced from the weighted
set cover problem. An instance of a weighted set cover
problem consists of a set 𝑈 = {1, 2, . . . , 𝑛} and a set 𝑆 =
{𝑆1, 𝑆2, . . . , 𝑆|𝑈|}, where 𝑆𝑖 ⊆ 𝑈 for 1 ≤ 𝑖 ≤ |𝑈|. Each 𝑆𝑖 is
associated with a positive value 𝑊𝑆𝑖 , which can be viewed
as the weight of 𝑆𝑖. The weighted set cover optimization
problem aims to find a subset 𝑆∗ of 𝑆 satisfying⋃𝑆𝑖∈𝑆∗ 𝑆𝑖 ⊇ 𝑈
minimizing∑𝑆𝑖∈𝑆∗𝑊𝑆𝑖 .

We consider a special case of the SDTF problem in which
the task and coders are located in the same position, and the
skill set of the task is the universal set of all skills. To reduce
the weighted set cover problem to the special-case SDTF
problem, we observe that each element in𝑈 corresponds to a
skill in 𝑡.𝑆, each element in 𝑆𝑖 corresponds to a skill in 𝑐𝑖.𝑆,
and the weight of 𝑆𝑖 corresponds to the price of 𝑐𝑖. As the
task and all coders are at the same location, for every team
𝑇, max𝑐∈𝑇|𝑐.𝐿, 𝑡.𝐿| = 0, and we need only minimize∑𝑐∈𝑇 𝑐.𝑃.
Obviously, there exists a solution to the weighted set cover
problem if and only if there exists a solution to the special-
case SDTF problem, and we can obtain an instance of the
special-case SDTF problem from the instance of weighted set
cover problem inpolynomial time.Therefore, the general case
of the SDTF problem is NP-hard.

3. Greedy Solutions for SDTF

In this section,we present three greedy algorithms to solve the
SDTF problem. The first two algorithms greedily choose the
nearest/cheapest coder who can cover at least one uncovered

input: Task 𝑡, Coders 𝐶 = {𝑐1, 𝑐2, . . . , 𝑐|𝐶|}
output: A feasible team 𝑇

(1) 𝑇 ← 0;
(2) while 𝑇 is not feasible do
(3) 𝑐 ← argmin𝑐∈𝐶&&𝑐.𝑆∩𝑡.𝑆 ̸=0(𝑐.𝑃/|𝑐.𝑆 ∩ 𝑡.𝑆|);
(4) 𝑇 ← 𝑇 ∪ {𝑐};
(5) 𝑡.𝑆 ← 𝑡.𝑆 − 𝑐.𝑆;
(6) return 𝑇

Algorithm 1: PF-SDTF.

skill. Because they only consider optimizing part of the objec-
tive function, the solution is sometimes not good enough.
Thuswe propose a third greedy algorithm that considers both
price and distance when choosing a new coder.

3.1. Price First-SDTF Greedy Algorithm. The idea of the first
greedy algorithm is to repeatedly add the cheapest coder to
the team until the team is feasible. The whole procedure of
this price first- (PF-) SDTF is illustrated in Algorithm 1. We
assume that there exists at least one feasible team.

Considering that skills not in the skill set of the task
contribute nothing to the accomplishment of the task, the
term “cheapest coder” must be treated carefully. Here, we
define the Average Price on Uncovered Intersecting Skills
to describe how a coder contributes to the price part of the
objective function:

APUIS (𝑡, 𝑐) = 𝑐.𝑃
𝑐.𝑆 ∩ 𝑡.𝑆𝑢


, (1)

where 𝑆𝑢 is the uncovered skill set of task 𝑡. We can see
that APUIS describes how a coder influences the price part
of the objective function if we add him/her to the final
team. Choosing a coder with lower APUIS means we can
satisfy the requirement of the skills with a lower total price.
Note that when there is no intersection between the skill
set of the worker and the uncovered skill set, APUIS will
be infinity. Because we greedily choose the worker with the
lowest APUIS, we omit this special case in (1).

In line (1) of Algorithm 1, we initialize an empty team 𝑇.
In lines (2)–(5), when 𝑇 is not feasible, we find a coder 𝑐 who
can cover at least one uncovered skill of task 𝑡 and has the
lowest 𝑐.𝑃/|𝑐.𝑆 ∩ 𝑡.𝑆| value, add 𝑐 to team 𝑇, and update 𝑡.𝑆.
Ties are broken by distance first, then arbitrarily. In line (6),
we return the resulting feasible team 𝑇.

3.2. Distance First-SDTF Greedy Algorithm. The idea of dis-
tance first- (DF-) SDTF is to repeatedly add the nearest coder
to the team until the team is feasible. The framework of DF-
SDTF is similar to that of PF-SDTF. In each iteration, we find
the nearest coder 𝑐𝑛 who can cover at least one uncovered skill
of task 𝑡; that is,

𝑐𝑛 = argmin
𝑐∈𝐶&&𝑐.𝑆∩𝑡.𝑆𝑢 ̸=0

|𝑐.𝐿, 𝑡.𝐿| , (2)
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input: Task 𝑡, Coders 𝐶 = {𝑐1, 𝑐2, . . . , 𝑐|𝐶|}
output: A feasible team 𝑇

(1) 𝑇 ← 0;
(2) while 𝑇 is not feasible do
(3) 𝑐 ← argmin𝑐∈𝐶&&𝑐.𝑆∩𝑡.𝑆 ̸=0|𝑐.𝐿, 𝑡.𝐿|;
(4) 𝑇 ← 𝑇 ∪ {𝑐};
(5) 𝑡.𝑆 ← 𝑡.𝑆 − 𝑐.𝑆;
(6) return 𝑇

Algorithm 2: DF-SDTF.

input: Task 𝑡, Coders 𝐶 = {𝑐1, 𝑐2, . . . , 𝑐|𝐶|}
output: A feasible team 𝑇

(1) 𝑇 ← 0;
(2) while 𝑇 is not feasible do
(3) 𝑐 ← argmax𝑐∈𝐶&&𝑐.𝑆∩𝑡.𝑆 ̸=0Utility(𝑐, 𝑡, 𝑇);
(4) 𝑇 ← 𝑇 ∪ {𝑐};
(5) 𝑡.𝑆 ← 𝑡.𝑆 − 𝑐.𝑆;
(6) return 𝑇

Algorithm 3: DP-SDTF.

where 𝑆𝑢 is the uncovered skill set of task 𝑡. The whole
procedure of DF-SDTF is illustrated in Algorithm 2. We
assume that there exists at least one feasible team.

In line (1), we initialize an empty team 𝑇. In lines (2)–(5),
when 𝑇 is not feasible, we find the nearest coder 𝑐 who can
cover at least one uncovered skill of task 𝑡, add 𝑐 to team 𝑇,
and update 𝑡.𝑆. Ties are broken by price first, then arbitrarily.
In line (6), we return the resulting feasible team 𝑇.

3.3. Distance Price-SDTF Greedy Algorithm. The aforemen-
tioned two greedy algorithms are not effective, because they
only try to optimize part of the objective function. To
optimize both distance and price at every iteration, we design
a utility function Utility. Given a task 𝑡, current team 𝑇, and
coder 𝑐, the definition of Utility is

Utility (𝑐, 𝑡, 𝑇) = |𝑐.𝑆 ∩ 𝑡.𝑆|

𝛼 ⋅ Δ𝐷 (𝑐, 𝑡, 𝑇) + (1 − 𝛼) ⋅ |𝑐.𝑃|
, (3)

where Δ𝐷(𝑐, 𝑡, 𝑇) represents the increment in the maximum
distance if 𝑐 is added to team 𝑇, that is, Δ𝐷(𝑐, 𝑡, 𝑇) =
|𝑐.𝐿, 𝑡.𝐿| − max𝑐∈𝑇|𝑐

.𝐿, 𝑡.𝐿| if |𝑐.𝐿, 𝑡.𝐿| > max𝑐∈𝑇|𝑐
.𝐿, 𝑡.𝐿|,

and Δ𝐷(𝑐, 𝑡, 𝑇) = 0 if |𝑐.𝐿, 𝑡.𝐿| ⩽ max𝑐∈𝑇|𝑐
.𝐿, 𝑡.𝐿|. In fact,

the value of 𝛼⋅Δ𝐷(𝑐, 𝑡, 𝑇)+(1−𝛼)⋅|𝑐.𝑃| in (3) is the increment
in the objective function.

Using this utility function, we have a third greedy algo-
rithm, Distance Price- (DP-) SDTF. The whole procedure of
DP-SDTF is illustrated in Algorithm 3. We assume that there
exists at least one feasible team.

In line (1), we initialize an empty team 𝑇. In lines (2)–(5),
when𝑇 is not feasible, we find a coder 𝑐who gives the highest
utility. Ties are broken by distance first, then arbitrarily. In
line (6), we return the resulting feasible team 𝑇.

4. Multiple-Phase R-Tree Algorithm

In this section, we introduce an algorithm based on the R-
tree data structure. Considering that some previous work has
applied R-trees inNearest Neighbor (NN) searching [17, 18], a
naı̈ve idea is to use anR-tree to accelerate theNNsearch in the
DF-SDTF algorithm proposed in Section 3.2. However, this
simple use of R-trees can only accelerate the search speed and
does not help optimize the final cost. As our experiments will
show, the DF-SDTF algorithm performs worse than the DP-
SDTF algorithm proposed in Section 3.3.The above situation
requires us to find an algorithm that is both efficient and
effective in solving the SDTF problem.

Our original algorithm derives from an intuitive obser-
vation: if we query all nodes located in the square whose
centroid is at the location of the task and whose side length
is 2 ⋅ 𝑙, the distance between the task and the nodes in the
result set will be at most√2 ⋅ 𝑙. This characteristic provides an
applicable tool for the distance part of our objective function.
By choosing a rectangle with suitable sides, we obtain a set
of candidate coders who are close to the location of the task.
The price part of the objective function can also be optimized
if we employ a proper strategy to choose the next coder from
the candidate coder set.

Based on the above observation, we propose theMultiple-
Phase R-tree (MPR) algorithm. The main idea of our algo-
rithm is as follows.

(1) Initialize a new R-tree and insert all coders into the
tree.

(2) In each phase, obtain a candidate set of coders
by querying all nodes located in the square whose
centroid is at the location of the task.

(3) Sort all coders in the candidate set in descending
order of APUIS. For each coder, add him/her to the
final team 𝑇 if his/her skills can cover at least one
uncovered skill in the task.

(4) If team 𝑇 is not feasible, return to step (2) and use a
square with longer sides.

In detail, we generate the list of side lengths by uniformly
dividing the maximum distance between the coders and the
task.Given a parameter 𝑛𝑝 denoting the number of phases, we
first scan the whole set of coders and calculate the maximum
distance between the coders and the task, maxDis. Then, we
iteratively start a phase by using a square with side length
maxDis/𝑛𝑝, 2 ⋅ maxDis/𝑛𝑝, . . . ,maxDis, until we obtain a
feasible team.

The pseudocode of our MPR algorithm is shown in
Algorithm 4. First, we initialize the team 𝑇 and find the
maximum distance between the coders and the task in lines
(1)-(2). Then, we calculate the step size of the sides between
two phases in line (3). In each phase (iteration in lines
(5)–(9)), we first query all nodes located in the square whose
centroid is at the location of the task and whose side length is
2 ⋅ 𝑖 ⋅ step. We then alternately add coders with the minimum
APUIS (lines (7)–(9)). Similarly, ties are broken by distance
first, then arbitrarily. In line (10), we return the resulting
feasible team 𝑇.
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input: Task 𝑡, R-tree 𝑅, Coders
𝐶 = {𝑐1, 𝑐2, . . . , 𝑐|𝐶|}, number of phases 𝑛𝑝

output: A feasible team 𝑇
(1) 𝑇 ← 0;
(2) maxDis←maximum distance between coders and the task;
(3) step← maxDis/𝑛𝑝;
(4) for 𝑖 ← 1 to 𝑛𝑝 do
(5) 𝐶can ← 𝑅.search(𝑡.𝐿, 2 ⋅ 𝑖 ⋅ step);
(6) while 𝑇 is not feasible do
(7) 𝑐 ← argmin𝑐∈𝐶can&&𝑐.𝑆∩𝑡.𝑆 ̸=0(𝑐.𝑃/|𝑐.𝑆 ∩ 𝑡.𝑆|);
(8) 𝑇 ← 𝑇 ∪ {𝑐};
(9) 𝑡.𝑆 ← 𝑡.𝑆 − 𝑐.𝑆;
(10) return 𝑇

Algorithm 4: MPR.

Table 2: Synthetic dataset.

Factor Setting
𝛼 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9
|𝑡.Skills| 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15
| ⋃𝑐∈𝐶 𝑐.Skills| 100, 110, 120, 130, 140, 150, 160, 170, 180, 190, 200
|𝐶| 1W, 2W, 3W, 4W, 5W, 6W, 7W, 8W, 9W, 10W

5. Evaluation

We applied our four algorithms to synthetic and real datasets.
The algorithms were implemented in C++, and the experi-
ments were performed on a machine with an Intel i7-4710mq
2.50GHZ 4-core CPU and 8GB memory.

5.1. Datasets. We use real and synthetic datasets to evalu-
ate our algorithms. The real dataset is taken from CSTO
(http://www.csto.com/) and includes 2033 active coders. In
the CSTO dataset, each task is associated with a set of skills
needed to complete a software development task, and each
coder is associated with a set of skills and an average price
that can be deduced from the history data. As few coders have
associated price information (because many coders have not
any completed tasks), we analyze the price distribution using
coders associated with price information. Except for some
expensive coders, the price of a coder is uniformly distributed
in the range 0–5000 and is unrelated to the number of
mastered skills. As the CSTO data are not associated with
location information, we generate coordinates for each coder
according to a uniform distribution.

For the synthetic data, based on our observations of the
real dataset, we generate the price 𝑐.𝑃 of coder 𝑐 following
a uniform distribution. We assume that each coder has
5–25 skills, which is common in practice. The distance from
each coder to the task is generated according to a uniform
distribution. The statistics and configuration of synthetic
data are illustrated in Table 2, where the default settings are
marked in bold font.
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Figure 2: Cost of varying 𝑛𝑝.

5.2. Number of Phases in MPR Algorithm. In the MPR algo-
rithm, we introduce a new parameter representing the total
number of phases, 𝑛𝑝. Before conducting experiments on the
synthetic and real data, we determined an appropriate value
of 𝑛𝑝 to ensure better performance of the MPR algorithm.
We first generate a synthetic dataset with the default settings
to preexamine how 𝑛𝑝 affects the performance of the MPR
algorithm. The results are shown in Figure 2 for 𝑛𝑝 from 5
to 100. According to these results, we use 𝑛𝑝 = 45 in all
subsequent MPR experiments.

5.3. Experiments on Synthetic Datasets. The experimental
results using the synthetic data are shown in Figures 3 and
4. In this section, we measure the effectiveness and efficiency
of these four algorithms and analyze how various parameters
affect the results given by each algorithm.

Effectiveness of Proposed Algorithms. Figure 3 shows the
effectiveness of our four algorithms.The DP-SDTF andMPR
algorithms offer similar performance and outperform both
DF-SDTF and PF-SDTF.

Efficiency of Proposed Algorithms. Figure 4 shows the effi-
ciency of our four algorithms. We can observe that although
DP-SDTF and MPR have similar cost results, MPR is faster

http://www.csto.com/
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Figure 3: Results on synthetic data.

than DP-SDTF. This is because we use the R-tree to prune
some unvalued nodes and accelerate the process of the query.
We can also observe how the restriction of skill satisfaction
affects the running time of four algorithms. Although PF-
SDTF, DF-SDTF, and DP-SDTF all use greedy strategy and
their structures are similar, DF-SDTF algorithm consumes
more time than that of PF-SDTF and DP-SDTF algorithms.
This is because DF-SDTF algorithm only considers the effect
of the distance. As a result DF-SDTF needs more coders to
make the team feasible, resulting in more iterations than the
PF-SDTF and DP-SDTF algorithms.

Effect of 𝛼. Figure 3(a) shows the effectiveness of varying 𝛼.
As 𝛼 varies from 0.1 to 0.9, the cost of DP-SDTF decreases
smoothly, indicating that ∑𝑐∈𝑇 𝑐.𝑃 contributes more than
max𝑐∈𝑇|𝑐.𝐿, 𝑡.𝐿|. Because the DF-SDTF (PF-SDTF) algorithm
only considers distance (price), when 𝛼 is high (low), the
performance is similar to that of theDP-SDTF andMPRalgo-
rithms. However, as 𝛼 decreases (increases), the performance
of DF-SDTF (PF-SDTF) becomes worse.

Effect of |𝑐.𝑆|, |𝑡.𝑆|, and |𝐶|. The effect of varying |𝑐.𝑆|, |𝑡.𝑆|,
and |𝐶| is illustrated in Figures 3(b), 3(c), and 3(d). Because
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Figure 4: Running time on synthetic data.

the default setting of 𝛼 is 0.5, finding a good team requires
distance and price to be considered simultaneously. We can
observe that the DP-SDTF and MPR algorithms perform
better, with the DF-SDTF and PF-SDTF costing 3 to 4 times
more.

5.4. Experiments on the Real Dataset. The experimental
results using the real dataset are shown in Figure 5. Figure 5(a)
shows the effects of varying 𝛼, and Figure 5(b) shows the
effects of varying |𝑡.𝑆|. Varying 𝛼 produces a similar effect as
with the synthetic dataset.When varying |𝑡.𝑆|, the costs of the
four algorithms oscillates, probably because of the structure
of the CSTO dataset. Unlike the experiments on synthetic
data, the MPR algorithm performs worse than DP-SDTF but

still outperforms DF-SDTF and PF-SDTF. This is probably
because, in real datasets, different skills may make different
contributions, leading to a gap between results with synthetic
data and real data.

Comparisonwith the Exact Result. Because the SDTFproblem
is NP-hard, we only conduct small-size experiments to
compare the output of our DP-SDTF and MPR algorithms
with the exact solution. The setting is 𝑡.𝑆 = 5 and |𝐶| = 300,
where coders are randomly chosen from the real dataset. The
experimental results are shown in Figure 6. We can observe
that the performance of DP-SDTF is similar to that of the
exact algorithm, but the cost of the MPR algorithm is 1.25 to
1.5 times the exact minimum cost.
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Figure 5: Results on real data.
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Conclusion. From the extensive experiments conducted on
both real and synthetic data to validate our four algorithms,
we found thatDF-SDTF (PF-SDTF) algorithm,which focuses
on the distance (price) part of the objective function, per-
forms better with larger (smaller) values of 𝛼. The DP-
SDTF algorithm gives the best performance among the
four algorithms discussed here because it considers both
parts of the objective function. The fourth algorithm, MPR,
accelerates the query process with little increase in the cost,
which is more applicable in practice.

6. Related Work

The SDTF problem tackled in this paper covers the domains
of Team Formation and Spatial Crowdsourcing. On the one
hand, the SDTF problem can be simplified to the task
assignment problem if we ignore the skill constraint. On the
other hand, it is exactly the most distinctive requirement
that the skills of a team must cover the skills of the task.
Previous work related to these two domains is introduced in
the following subsections.

6.1. Team Formation. The team formation problem was first
proposed in [19]. The problem requires a team of workers
that (1) its skills satisfy the requirement of the task; (2) the
overall communication cost is minimum. In this paper, the
NP-hard nature of this problem is also proved. The problem
has been extended by associating each worker with a capacity
[20], which is the maximum number of tasks assigned to the
worker. To solve the capacitated team formation problem,
two approximation algorithms with proved guarantees were
proposed. Different from [19, 20], which only include a
single task, the team formation problem has been considered
with multiple tasks and workers in both offline and online
scenarios [21].While the above-mentioned studies attempt to
optimize the overall communication cost, the workload can
be balanced among workers by treating the communication
cost as a restrictive constraint [22]. As the above shows,
most studies on team formation focus on skills satisfaction in
communicative graphs, while ignoring the influence of spatial
information.

6.2. Spatial Crowdsourcing. The problem studied in this
paper is an extension of the task assignment problem in
spatial crowdsourcing, known as the server-assigned task
assignment problem [10, 11], in which workers cannot reject
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the assigned tasks. Recently, task assignment in real-time
spatial crowdsourcing has also been studied by the online
algorithmic model [12, 23]. Based on the original task
assignment problem, both [24, 25] study the conflict-aware
task assignment problem, in which tasks may conflict with
each other and thus cannot be assigned to the same worker.
In addition, the work [26] not only considers spatiotemporal
conflicts of tasks but also schedules the plan that each worker
complete tasks [26]. Furthermore, Kazemi et al. propose the
quality-based task assignment problem [27], which utilizes
majority voting techniques to guarantee the quality of task
assignment results [28–30].

Although [13, 14] integrate the task assignment problem
and team formation problem and propose a two-level-based
framework to solve the problem, there are two main differ-
ences between [13, 14] and our work: (1) there is no capacity
constraint in our work, which means that there are more
candidates in the search space; (2) the objective of our work
considers both the distance between the task andworkers and
the overall cost, whereas [13, 14] only attempt tominimize the
overall cost.

7. Conclusion

With the development of sensors, particularly vehicle sensors
and mobile sensors, spatial crowdsourcing is gaining ever
more attention. In this paper, we propose a novel spatial
crowdsourcing problem called Software Development Team
Formation (SDTF). We prove that SDTF is NP-hard and
design three greedy algorithms and an index-based algorithm
to solve the SDTF problem. The first two greedy algorithms,
DF-SDTF and PF-SDTF, only consider part of the opti-
mization objective, and the performance is therefore below
expectations. To overcome the shortcomings of these two
algorithms, we design a third greedy algorithm, called DP-
SDTF, which considers both parts of the optimization goal.
In addition, we develop a multiple-phase algorithm based
on R-trees called MPR. The MPR algorithm can accelerate
the query process with little increase in cost. We conduct
extensive experiments to evaluate the performance of our
algorithms. The results show that our DP-SDTF algorithm
achieves similar performance to the exact algorithm.
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The ability to quantitatively evaluate the visual feedback of drivers has been considered as the primary research for reducing
crashes in snow and ice environments. Different colored Chevron alignment signs cause diverse visual effect. However, the effect
of Chevrons on visual feedback and on the driving reaction while navigating curves in SI environments has not been adequately
evaluated. The objective of this study is twofold: (1) an effective and long-term experiment was designed and developed to test
the effect of colored Chevrons on drivers’ vision and vehicle speed; (2) a new quantitative effect evaluation model is employed to
measure the effect of different colors of the Chevrons. Fixation duration and pupil size were used to describe the driver’s visual
response, and Cohen’s d was used to evaluate the colors’ psychological effect on drivers. The results showed the following: (1) after
choosing the proper color for Chevrons, drivers reduced the speed of the vehicle while approaching the curves. (2) It was easier for
drivers to identify the road alignment after setting the Chevrons. (3)Cohen’s d related to different colors of Chevrons have different
effect sizes. The conclusions provide evident references for freeway warning products and the design of intelligent vehicles.

1. Introduction

Freeway traffic crashes have become a key cause of death in
the population in the current years. Crash occurrence and
risk are significantly influenced by adverse weather condi-
tions, especially for the northern freeway in snow and ice (SI)
environment. Meanwhile, previous freeway traffic accident
reports showed that the crash rate on curves was much
higher than that on straight sections. Moreover, most crashes
on curves were associated with lane departure and frontal
collision [1]. The detailed result shows that the accident rate
at the curve section is 0.41 per million vehicle-kilometers on
no-snow days, while the number rises to 5.86 on snowy days,
increasing by more than 13 times [2].

Since crash risk dramatically increases when passing
curves in SI environment. Chevron alignment signs are uti-
lized as an effective measure to improve traffic safety on
curves. However, the colors of the signs were only roughly

studied and tested. As a result, most of the existing research-
es focused on blue Chevrons, but the red and green
Chevrons are often what has been used in China. To correct
the improper application, three questions about colored
Chevrons have to be urgently addressed:

(i) How much could the Chevrons positively contribute
to the freeway traffic safety?

(ii) What is the process in which the drivers as well as the
vehicles are influenced by the Chevrons?

(iii) Which color is the best for Chevrons on curves in
snow and ice environment to decrease the traffic acci-
dents?

This paper reports on tests that investigated the drivers’
visual and motor feedback to colored Chevrons. This study
quantitatively identified the effect of the Chevrons and, then,
optimized the setting of Chevrons in order to decrease the
occurrence of crashes in snow and ice environment.
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Figure 1: Practical application of Chevrons in China.

To alert the drivers facing existing or potential hazards,
it is important to place warning signs. The Chevrons are
commonly applied to guide the driving direction and to
indicate changes in road alignment. However, there are
differences with the color settings of the Chevrons between
China and America. Based on the National Traffic Sign and
Device Standards of China [3], three main standards can be
found. First, the Chevrons have blue background and white
symbols on the freeway, while, in the expressway system,
the Chevrons have green background and white symbols.
Moreover, at the central islands, channelization islands, and
bridges, along with other locations, the Chevrons have red
background and white symbols. As shown in Figure 1, there
are some practical applications of Chevrons in China. But, in
America, almost all the warning signs are yellow and black,
whereas white and blue signs are generally used to inform
drivers of upcoming cities and roads. Although diverse colors
are chosen, there is one common concept that information
delivered by signs influences drivers’ control of vehicles [4].

Snow and ice environment has a tremendous detraction
on the driver’s vision.The drivers would be influenced by the
diffused reflection effect of snow and ice and the negative
effect ofmonotonous color background in an SI environment.
As a result, driving in an SI environment could take the edge
off the driver’s ability to recognize the changing environment.
Xing et al. (2012) reached the conclusion that the visually
perceived speed by drivers in a snowand ice-covered environ-
ment was 5%–14% lower than that in an environment without
snow and ice [5]. Pasetto and Barbati (2012) found that
diverse brightness and light conditions of road environments
weighed heavily on the driver’s visual perception ability [6].
Charlton (2007) concluded that drivers were likely to make
operational mistakes while passing horizontal curves, as a
result of failures in concentration, misperceptions of speed
and curvature, and poor lane positioning [7].

Besides, the snow around roads has high reflectance.
Light reflected by the snow during shiny days could strongly
irritate drivers and is prone to cause eye fatigue. Chen et al.
(2015) explored the effects of road environments on driving
behaviors and cognitive performance of fatigued drivers,
and the conclusion showed that the drivers were likely to
overestimate the distance between vehicles [8].

Road curvature has a strong correlation with the traffic
incidents and easily leads to the occurrence of crashes. In
order to improve traffic safety on curved roads, Yotsutsuji et
al. (2014) focused on themodel research of drivers’ cognitions

to lead-vehicle speeds on curves [9]. Compared to the text
symbols, colored ones bring stronger and faster impact on
human vision. In addition, cool colors, warm colors, light
colors, and dark colors would arouse different emotions [10].
Carson and Mannering (2001) found that the warning signs
for icy roads could be optimized by repositioning, in order
to reduce the frequency and severity of ice-related accidents
[11]. De La Escalera et al. (1997) also found that the traffic
signs provided drivers with useful information about the road
conditions, the information would then influence drivers’
feedback andfinallymake driving safer and easier [12]. Comte
and Jamson (2000) explored four speed reducing methods
when passing curves. They proved that all the information
provided in any format could be effective in reducing speed
on horizontal curves [13].

Research on the design and application of Chevrons
has been updated continuously. Guan et al. (2014) explored
the relationship between drivers’ deceleration behavior and
the setting method of traffic sign on curves. The results
showed that the deceleration was highly related to howmuch
information the drivers acquired and reacted to [14]. Choi et
al. (2005) analyzed the sense of stability ofChevron alignment
signs on the existing freeway through a practical test. The
traffic delineator was found to regulate traffic speed on curves
[15]. Furthermore, Charlton (2004) found that the Chevron
alignment sign is an important traffic control device for
warning drivers through delineating the alignment of the
curved road [16].The Chevron alignment sign not only could
expand the vision when approaching a curve but also could
provide warning and guidance while navigating a curve.
Meanwhile, properly spaced Chevrons can be used to guide
drivers to decelerate when approaching as well as passing
a curve [17]. Rose and Carlson (2005) developed a spacing
chart to find the proper spacing for Chevrons on horizontal
curves. The former result showed that there was an obvious
deceleration of about 3mph at night with more than two
Chevrons within vision around the curve. But less obvious
deceleration was observed during daylight [18]. Wu et al.
(2013, 2016) and Zhao et al. (2015) conducted an experiment
with a driving simulator in order to measure drivers’ eye
movement, operations, and changes in psychological states.
Detailed comparisons were made of drivers’ recognition
ability, operations, and changes in psychological reactions
by driving through a simulated city expressway slope with
and without Chevrons. The result proved that the Chevrons
would let drivers pay more attention to hazardous traffic
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Figure 2: Flowchart of the experiment.

environments and decrease the crash risk. All these discus-
sions lead to the common conclusion that Chevron signs
can assist drivers in operating their vehicles while navigating
curves [19–21].

Hardly enough attention has been given to drivers’ vision
feedback to colored traffic signs in existing research. Ritter
et al. (1995) found that reasonable choice of color was the
key to an efficient traffic sign. Moreover, the more distinctive
the sign was, the rapider the drivers are able to trace
information [22]. Liu et al. (2010) stated that, regardless of
the traffic signs’ background colors, the signs were perceived
in a similar way by humans. Moreover, different contrasts
between the background and foreground colors of traffic
signs would make difference in cognizing [23]. Besides, the
color scheme and the number of signs were significantly
relevant to participants’ response time to the information on
the signs [24].

Thus far, although the Chevrons are able to decrease
crash risk, little research has been done regarding the effect
of Chevrons on visual feedback as well as driving reaction
while navigating curves in a snow and ice environment,
especially in the context of China. Summarizing the above
discussion, only the setting method and effect of Chevrons
on drivers have been analyzed, but the research results are
not enough to guide the setting of Chevrons through curves
in snow and ice environment. In addition, most studies on
the psychological and physical effect of colored traffic signs
including the Chevrons were completed by either mental
questionnaire analyses or indoor simulation experiments. As
a result of the color sensation and lighting condition, some
results may contain a high distortion rate.

In this study, on-road experiments were conducted to
collect vehicle and driver parameters, including speeds of the
test vehicle and traffic flow, pupil size, and fixation duration,
using the SMI eye-tracker system and NC200 portable traffic
analyzer. The practical test vehicle was studied while passing
through a common and representative curve of a freeway
in China in an environment with and without snow and
ice. An eye movement tracking technique was adopted to

observe the driver’s fixation distribution and pupil size. The
NC200 portable traffic analyzer was utilized to observe the
speed of the test vehicle as well as the distribution of traffic
flow. A new quantitative method was then developed to
evaluate the effect of colored Chevrons. In addition, different
feedback of three different colors of the Chevrons in SI
environment was calculated. This study provides theoretical
guidance for optimizing traffic signs enabling the drivers
to easily recognize road information including warning and
guidance in SI environment and keep safety operation.

This paper is organized as follows: the next section pro-
vides experimental details including participants, experi-
mental setup, data collection method, and experimental sce-
narios.Then, the model and statistical analysis are described,
followed by the results and discussions. Conclusions and rec-
ommendations of this study are provided in the last section.

2. Experiment

The flowchart of the experiment is shown in Figure 2. A
similar section of freeway was separately tested. In each test,
there are two datasets with andwithout the coloredChevrons.
Parameters, including vehicle speed, traffic flow, pupil size,
and fixation duration, were measured and compared.

2.1. Experimental Scenarios. Two representatively horizontal
curves located on National Rd. 302 in Jilin Province, China,
were selected as the experimental road sections and are
shown in Figure 3. It is worth mentioning that these two
common sections of road are very similar both in shape and
in visibility.These two curved sectionswere separately named
as CS and SICS.

(i) Section 1: CS is located near Dachapeng Village.
There was snow all along the roadside, but there was
no snow or ice on the road surface. And the road
markings could be seen clearly.

(ii) Section 2: SICS is located near West Sanjiazi Village.
Therewas thick snow covering the road surface aswell
as the roadside. The road markings were not visible.
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(a) (b)

Figure 3: Photos of the experimental CS (a) and SICS (b).

(a) (b)

Figure 4: SMI (a) and NC200 (b) sensors.

Both sections are two-lane freeways with one lane in each
direction. Each lane is 4.5-meter-wide with a speed limit of
60 km/h. The length of the CS is 420m, with a radius of
180 meters. The length of the SICS is 405m, with a radius
of 160m. The surroundings of both experimental curves
were covered by snow. Both curves were freeways without
intersection or roadside buildings, so the experience was not
impacted by the roadside traffic.

2.2. Experimental Objectives and Sensors. The objective of
this experiment was twofold as followed. The experiment
time was 10:00 a.m.–13:00 p.m., from Jan. 29, 2015, to Feb. 3,
2015.

2.2.1. Objective 1: Collecting Drivers’ Eye Movement. The ex-
periment was conducted with thirteen participants be-
tween ages 24 and 35, who were asked to drive through the
CS and SICS. According to the local DOT data, most drivers
in this area are male and experienced. So the participants are
most male drivers with over five years’ driving experience.
And the SMI eye-tracker (shown in Figure 4) was used
to collect information of drivers’ fixation distribution and
changing pupil size as the vehicle passed through the two
curves.

2.2.2. Objective 2: Observing Traffic Flow. The observation of
traffic flow was conducted in a normal traffic environment,
and all the vehicles were in free-flow running state.The traffic

was mainly composed of light vehicles, especially sedans, so
the influence of vehicle types could be neglected.

A traffic flow observation experiment was performed
withNC200 portable traffic analyzer (shown in Figure 4).The
real-time speed of all the traffic was supposed to be observed.
The devices were placed in the middle of the lane. According
to the length of the curves, 5 observation points were set in
SICS and 6 observation points were set in CS. Each point, as
is shown in Figure 5, was spaced 20 meters from the adjacent
points, recording the speeds of vehicles passing through.

2.3. Experimental Procedure

2.3.1. Experiment Design. In order to study the different
impacts on traffic flow as well as drivers’ vision caused by
Chevrons and colors in Chevrons, a series of contrast tests
were designed. In this experiment, Chevrons of three com-
monly applied colors (red, green, and blue) were involved.
The experiment was divided into two parts as was shown in
Figure 2: experiments in SICS and experiments in CS. Each
part contained 4 respective tests: (T1) test without Chevrons,
(T2) test with red Chevrons, (T3), test with green Chevrons,
and (T4) test with blue Chevrons. According to the standard
of road sign regulation in China [3], 8 Chevrons with a 2-
meter height and a size of 220mm × 400mm board were
set in the middle of the curves, separated 6 meters from the
nearest ones. A brief shed was built as waiting room in order
to block the drivers’ vision when different Chevrons were set
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up along the curves. As a result, after a long waiting time, the
road condition would not be remembered in each test.

2.3.2. Data Collection. For objective 1, all drivers, wearing
a SMI eye-tracker, drove the test car to pass through the
curves successively. Then, they would do it again after
another colored set of Chevrons was set up. The drivers’ eye
movement, the data of the driver’s eye fixation duration, and
pupil size would be collected by the eye-tracker. Meanwhile,
the drivers were requested to give physiological feedback.

For objective 2, when the drivers saw the Chevrons, they
would adjust the speed of the vehicle.TheNC200 was used to
collect speed of all vehicles that passed the curves.

3. Effect Evaluation Method

3.1. Assumptions

(i) Assumption 1: the experimental environment is the
same except for the traffic signs.

(ii) Assumption 2: the speed of traffic flow passing the
curves in SI environment obeyed normal distribution
in general.

(iii) Assumption 3: the drivers with different effect sizes
would make different driving operation. This chang-
ing operation mainly depended on whether there
were traffic signs on the roadside.

3.2. Effect EvaluationModel. In the single factor experiments,
themean difference is expressed as the contrast of two groups
of experiments. The linear contrast function is as follows:

𝜓 = 𝑐1𝜇1 + 𝑐2𝜇2 + ⋅ ⋅ ⋅ + 𝑐𝑗𝜇𝑖 + ⋅ ⋅ ⋅ + 𝑐𝑚𝜇𝑙, (1)

where 𝜓 stands for speed difference; 𝑖 and 𝑗 represent the
indices of the experimental groups; 𝜇𝑖 represents the mean

speed of the 𝑖th group; 𝑐𝑗 represents a group of constants
which satisfy 𝑐1+𝑐2+⋅ ⋅ ⋅+𝑐𝑚 = 0; 𝑖 = 1, 2, . . . , 𝑙; 𝑗 = 1, 2, . . . , 𝑚.

To measure the effect of Chevrons’ color on drivers,
variance in road condition was controlled in the experiment.
The different colored Chevrons along the curves were used
as the experimental variables. The experiments were divided
into tests T1 to T4, T1 is expressed by 𝜇𝑤 (without Chevrons
group), T2–T4 are expressed by 𝜇𝑐 (colored Chevrons group
including T2: 𝜇𝑟-red Chevrons, T3: 𝜇𝑔-green Chevrons, and
T4: 𝜇𝑏-blue Chevrons) The mean difference of different
Chevrons’ colors is expressed as

𝜓 = 𝜇𝑐 − 𝜇𝑤. (2)

The effect size of the linear contrast, d, is defined as

d = 𝜓𝜎 , (3)

where 𝜎 is the pooled standard deviation. In calculation, 𝜓
can be estimated by using the mean value of tests T1 to T4 in
order to replace population mean.The formula to calculate 𝜎
is as follows:

𝜎 = √ (𝑛𝑤 − 1) 𝑆2𝑤 + (𝑛𝑐 − 1) 𝑆2𝑐𝑛𝑤 + 𝑛𝑐 − 2 , (4)

where 𝑛𝑤 represents the number of samples without Chev-
rons; 𝑛𝑐 represents the number of samples with Chevrons; 𝑆𝑤
is the variance of samples without Chevrons; 𝑆𝑐 is the variance
of samples with Chevrons.

Therefore, the estimated value (Cohen’s d) [25] of effect
size, which represents the Chevrons’ psychological effect on
drivers in SI environment, can be obtained by the following
expression:

d = 𝑥𝑤 − 𝑥𝑐𝜎 , (5)
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Table 1: Grades of Cohen’s d to evaluate effect.

Cohen’s d Grades of effect The significance of effect grade
d < 0.2 Light effect Light influence on the driver’s visual psychology.0.2 < d < 0.8 Medium effect Medium influence on the driver’s visual psychology.
d > 0.8 Strong effect Strong influence on the driver’s visual psychology.

Table 2: Fixation duration and pupil size in each scenario.

Curve environment Chevrons tests (T1–T4) Fixation duration (second) Pupil size (pixel)
AVG SD AVG SD

CS

Without Chevrons 0.543 0.457 31.196 1.001
Red Chevrons 0.558 0.390 31.303 1.547
Green Chevrons 0.277 0.241 33.452 2.382
Blue Chevrons 0.334 0.256 30.285 1.398

SICS

Without Chevrons 0.352 0.199 36.736 2.196
Red Chevrons 0.427 0.246 34.055 1.347
Green Chevrons 0.348 0.273 34.355 2.500
Blue Chevrons 0.345 0.215 37.179 1.948

where 𝑥𝑤 is themean speed of samples without Chevrons and𝑥𝑐 is the mean speed of samples with Chevrons.

3.3. Large Sample Evaluation Method. Effect evaluation
model can indicate the correlative degree of variables. How-
ever, there is little relation between effect evaluation model
and sample size. Combined with pretest and posttest design,
the model used Cohen’s d to measure the difference between
the different tests (T1 to T4). Cohen’s d is defined as the
difference between the two means divided by the standard
deviation of a sample. Also, Cohen’s d represents the correla-
tion degree of variables. Psychological Cohen’s d is often used
to evaluate the colored signs’ psychological effect. Cohen’s d
uses the standard deviation unit to express effect size. Thus,
d = 1.0 means the difference between the mean values of the
tests of samples is 1 SD (standard deviation). Cohen and Jacob
studied the size of effect [25], andCohen’sd values are divided
into three grades (see Table 1).

4. Results and Discussion

4.1. Eye Movements Analysis

4.1.1. Descriptive Statistics. After the experiment for objective
1, the data from the SMI eye-tracker is used in the following
analysis. Table 2 presents a summary of the average fixation
duration (FD AVG), standard deviation of fixation duration
(FD SD), average pupil size (PS AVG), and standard devia-
tion of pupil size (PS SD) in different scenarios.

4.1.2. Fixation Duration. The first analysis compares the
drivers’ fixation duration approaching the curve in tests
T1–T4. As is shown in Table 2, both in CS and in SICS,
the FD AVG value of sections with green (0.277 and 0.348)
and blue (0.334 and 0.345) Chevrons is lower than that
without Chevrons (0.543 and 0.352), while the FD AVG

with red Chevrons (0.558 and 0.427) is higher. The drivers’
FD AVG values in CS are all bigger than that in SICS. Drivers
find it easier to identify the road alignment with setting
of Chevrons; as a result, the fixation duration is reduced.
Moreover, different colored signs produce different visual
effects, and red is commonly considered as prohibition or
warning, and the drivers easily pay more attention to it.

4.1.3. Pupil Size. In this study, drivers’ pupil size is creatively
utilized as a corresponding variable with fixation duration.
These two variables are supplemental to each other and are
enrolled in one function.The percentage of fixation duration
is shown as follows:

𝑓𝑎 = (∑
𝑎−1
𝑎 𝑡𝑥∑𝐴𝐵 𝑡𝑥 ) × 100%, (6)

where 𝑓𝑎 is the percentage of fixation duration when 𝑎 − 1 <𝑥 ≤ 𝑎; 𝑥 is pupil size; 𝑡𝑥 is the corresponding fixation duration
of 𝑥;𝐴 and𝐵 are the boundary of pupil size distribution. Here𝐴 = 24 and 𝐵 = 44.

Fixation duration characteristics of pupil size in different
environments are shown in Figure 6. Combining the values
in Table 2, the drivers’ average pupil size in SICS was larger
than that in CS. Because the very similar environments and
road condition were controlled, it is found that drivers are
more likely affected by the SI environment than by the CS
environment. Also, drivers show a greatermental load staring
at the target in SI environment than in CS environment.

The PS AVG values in CS with the setting of blue
Chevrons (30.285) are smaller than that without Chevrons
(31.196), while the PS AVG values with red (31.303) and green
(33.452) Chevrons are larger than that without Chevrons. But
the opposite results are found when passing through SICS,
and the PS AVG values with blue Chevrons (37.179) are larger
than that without Chevrons (36.736), while the PS AVG
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Figure 6: Fixation duration characteristics of pupil size in different environments.

Table 3: Evaluation of effect and speed distribution.

Curve
environment

Chevrons tests
(T1–T4) 𝜇 Mean speed 𝑥

(km/h)
Standard
deviation 𝑆 Sample size𝑛 Mean speed

difference 𝜓 Pooled standard
deviation 𝜎 Effect size

d
Effect

evaluation

CS

Without 65.31 12.815 120 — — — —
Red 60.50 10.049 120 4.81 11.515 0.418 Medium
Green 60.06 10.975 120 5.25 11.930 0.440 Medium
Blue 62.39 10.020 120 2.92 11.502 0.254 Medium

SICS

Without 38.50 10.301 100 — — — —
Red 33.32 5.389 100 5.18 8.220 0.630 Medium
Green 35.86 8.702 100 2.64 9.535 0.277 Medium
Blue 37.81 10.155 100 0.69 10.228 0.067 Small

values with red (34.055) and green Chevrons (34.355) are
smaller than that without Chevrons (36.736). The ability of
visual recognition is different in different environments. In
this study, this ability shows a visibly better result in CS
environment. Furthermore, as a result of contrast tests of
T2 to T4, the different colors of Chevrons, combined with
ambient color, also have an effect on the driver’s identification
abilities.

4.2. Feedback of Driving Operation. In order to confirm the
effect of the Chevrons, the feedback of driving operation is
analyzed by the change of vehicle speed in different scenarios.
The detailed methodology is explained in Section 2.1. The
results will be discussed in three aspects as follows.

4.2.1. General Results in SI Environment. The analysis of the
Chevrons’ influence on the traffic with CS and SICS was
analyzed. Based on the speed data recorded by NC200, the
effects shown in different tests were presented in Table 3.

FromTable 3, the results revealed a significant interaction
between the different Chevrons and the speeds of passage
through curves. The driving speed was significantly lower
with Chevrons along the curves. Meanwhile, different colors
showed significantly different feedback on drivers’ operation.
There are some common results of speed distribution for both
CS and SICS: the redChevrons and greenChevrons produced
the most significant effect, and blue Chevrons produced
the lightest effect. Under the condition of CS, Cohen’s d
values of all the colors indicated medium effect; meanwhile,
the values of the green Chevrons and red Chevrons (>0.4)
are greater than that of blue Chevrons (0.254). Under the
condition of SICS, blue Chevrons had the smallest effect size
(0.067).

After comparison in Table 3, the speed distribution of
traffic flow under the condition of CS is higher than that in
SICS. And the Chevrons were proven to be highly effective on
feedback of speed. However, under the condition of SICS, the
average traffic flow speed is smaller. And the red Chevrons,
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Figure 7: Mean speed (a) and effect sizes (b) obtained at observation points on SICS.

as the connotation of hazard warning, show the biggest effect
size as 0.630.

4.2.2. Driver Performance in SICS. In the process of driving
along the curve in SI environment, theChevrons’ effect on the
drivers was time-varying and distance-varying. According
to what they saw, the drivers made different feedback in
their driving operation. The mean speed of traffic flow and
effect sizes obtained from the observations points in SICS are
shown in Figure 7.

Figure 7 shows that the Chevrons with different colors
resulted in different mean speeds in SICS. Red Chevrons,
green Chevrons, and blue Chevrons had different effects on
improving the safety driving operation. The red Chevrons
led the distinct mean speed changes. The green Chevrons
resulted in a significant reduction compared to normal traffic
flow speed. The blue Chevrons led the comparatively light
mean speed changes. Moreover, by analysis of effect sizes
at all the five observation points as shown in Figure 7, red
Chevrons produced relatively large effect sizes at distances
of 20m, 40m, and 80m from the curve entrance. However,
the effect sizes produced by the blue Chevrons were smaller.
In general, the red Chevrons and the green Chevrons pro-
duced larger effect sizes (around 0.8), while blue Chevrons
produced unobvious and small effect sizes (less than
0.2).

Under the condition of SICS, the drivers drove conser-
vatively at a low speed; as a result, they could recognize
the Chevrons earlier than the drivers keeping fast speed.
Therefore, they would paymore attention to the Chevrons for
a longer time.Meanwhile, the Chevrons had an obvious effect
on the drivers. Due to the weak visibility and warning effect,
blue Chevrons were unlikely to have a noticeable effect. In
conclusion, the effect of the red and green Chevrons in the
SICS will be better.

4.2.3. Driver Performance in CS. In the process of passing
through the curve in CS, the Chevrons produced different
effect sizes at the observation points.Themean speed of traffic
flow and effect sizes are shown in Figure 8. Although there
was no snow or ice on the road surface, there was snow all
along the roadside.

As is shown in Figure 8, with the road surface in dry
condition, the trend of speed measured at all the observation
points was almost the same. There are a common rise at
TC1, TC2, and EC and fall at BC and MC. Almost all the
values with the Chevrons in whichever color are lower than
that without the Chevrons. This means the mean speed of
traffic flow decreases visibly after setting the Chevrons. The
mean speeds with the red Chevrons, the green Chevrons,
and the blue Chevrons are slightly different from each other,
and such difference can be ignored. Figure 8 shows that the
Chevrons’ effect sizes at the observation points were generally
within 0.2–0.8, presenting a stable distribution. The effect
sizes show that all the Chevrons with the three colors had
a basically medium effect under the condition of CS, while,
after a detailed comparison, blue Chevrons have a slightly
weaker effect than the red Chevrons and green Chevrons.
However, the effect sizes caused by red Chevrons and green
Chevrons at the same observation points differ from each
other.

Because of the good condition of freeway in CS, the
traffic flow speed was high. However, the snow roadside
still had influence on drivers, reflecting vehicle speed and
effect size. According to Figure 8, the speed influence could
be explained as follows. When approaching the curve, the
drivers were confident enough to accelerate a little to see the
curve information clearly. Then they slowed down actively
once being stimulated by theChevrons as soon as they saw the
information. Finally, they speeded up again to pass through
the curve.
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Figure 8: Mean speed (a) and effect sizes (b) obtained at observation points on CS.

By considering the actual application of the Chevrons
in CS environment, the green Chevrons should be used in
freeway ramp due to the higher speed. The blue Chevrons
should be used on the general road due to the low speed.
The red Chevrons would better be used as a warning sign
in some special sections. The recommended setting method
of the Chevron alignment signs in this paper is the same as
China Standards [3].

5. Conclusion

The existent studies investigated the effect of Chinese
Chevron alignment signs along the curves on two-lane rural
freeways. Moreover, most studies were based on the driving
simulation experiments. This paper contributed to develop-
ing and applying a new basic method on the multisensors.
The contrast test environments without and with Chevrons
were set on the actual road in dry and SI road conditions.The
vehicle test was carried out in all the scenarios to research the
influence of the Chevrons on drivers with snow covering the
roadside. Moreover, this study did further research on effects
of the colors of traffic signs on drivers, and the conclusions
were helpful in providing a theoretical foundation for safety
design of colors in traffic environment.

In an environment with snow covering the roadside, the
significant effect of Chevrons on drivers’ feedback is found
through the contrast analysis of Chevrons’ guiding effect
and colors’ psychological effect. Chevrons along the side of
freeway curves could enhance the signs’ effect on drivers as
well as reduce the speed of traffic flow. As a result, setting of
proper Chevrons improves driving safety passing through the
curves in dry condition or SI condition.

There was a lower traffic flow speed with Chevrons along
the road than without Chevrons. Meanwhile, the function of
Chevrons on speed reductionwas significantly affected by the
Chevrons’ color. All three colors can attract drivers’ attention
on roadside information along the curves and effectively

guide them into making a correct response to the roads’
alignment. Besides, the Chevrons play a significant role in
encouraging drivers to reduce their speed, and this effect
was sensitive to Chevrons’ color. It was caused according to
the drivers’ special visual field. Since the Chevrons prevent
excessive speeds and encourage drivers to pay more attention
to curves, Chevrons appear to bring great benefit in reducing
traffic crashes on curves.

With different road surface conditions, the driver’s visual
recognition ability is not the same. Generally, they have
a better version in CS. Meanwhile, the contrast between
Chevrons’ color and environmental color also affects the
driver’s identification. Drivers find it easier to identify the
road alignment when Chevrons were set as a result of the
decrease of fixation duration. Because red is commonly used
aswarning, the driverwill paymore attention to identify signs
in red. The Chevrons’ psychological effect was different with
different kinds of road surface in SI environment. Cohen’s d
values for CS were within 0.2–0.5, which indicated medium
effect. Significant difference was observed between the effect
of different colors on drivers for SICS. The red Chevrons
produced the greatest effect, followed by the green Chevrons.
The blue Chevrons had the weakest effect. Therefore, proper
color is both supplementary and complementary in setting
the Chevrons on curves. Trade-off colored Chevrons are
recommended in SICS regarding future Chevron sign imple-
mentation on roadways in harsh winter areas to improve
driver visibility and traffic safety.
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A classical control problem for an isolated oversaturated intersection is revisited with a focus on the optimal control policy to
minimize total delay. The difference and connection between existing continuous-time planning models and recently proposed
discrete-time planning models are studied. A gradient descent algorithm is proposed to convert the optimal control plan of the
continuous-time model to the plan of the discrete-time model in many cases. Analytic proof and numerical tests for the algorithm
are also presented. The findings shed light on the links between two kinds of models.

1. Introduction

Along with the fast increase of auto population, urban streets
are becoming more crowded nowadays. To relieve conges-
tions and reduce accidents, various traffic control methods
have been proposed since the late 1950s [1].

As a typical traffic scenario, oversaturated intersections
attracted consistent interest during the last six decades [2, 3].
The term “oversaturated” means the following: the vehicles
that remained since the last cycle plus the vehicles that newly
arrived exceed the capacity of the intersection. This leads to
the carryover of vehicle queues (at least in one leg of the inter-
section) to the next cycle.

Discussions on the road networks that consist of many
oversaturated intersections can be found in researches done
by Chang and Sun [4], Di Febbraro and Sacco [5], Dotoli and
Fanti [6], Ma [7, 8], and Sun et al. [9, 10]. In the research done
by Varaiya [11] and Le et al. [12], the study of pressure-based
signal control developed stability properties of a decentral-
ized signal timing policy for networkswith stochastic arrivals.

But for a real-time signal timing optimization problem, the
data that could be used is the arriving information of vehicles
in the recent several signal cycles (data could be gotten by
connecting vehicle technology, etc.).Theoptimization objects
and scenarios are different between the model in this paper
and pressure-based policies. This paper will focus on the
isolated oversaturated intersection.

Usually, researchers aim to find an optimal signal timing
plan that minimizes the total delay of vehicles passing this
intersection. The total delay is often defined as the time
integral of the sum of all queue lengths for all legs of the inter-
section over a given time horizon. However, the total delay
is a nonlinear and nonconvex function of control variables
(e.g., green phases), which makes it difficult to optimize.
One promising approach is to apply heuristic algorithms to
solve the formulated optimization problem. For example, the
genetic algorithm was applied by Park et al. [13] to optimize
the total delay. An alternative approach is to first approximate
the nonconvex total delay with some convex functions and
then solve the newly formulated optimization problem. The
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rest of this paper will focus on the second approach within a
typical traffic scenario: an isolated intersection with only two
movements.

There are mainly two kinds of convexifiedmodels for this
scenario. The first kind of models originated from Gazis [3]
who used continuous-time differential equations to describe
the traffic dynamics. The cycle length, departing flow rates,
and arriving flow rates in Gazis [3] were all assumed to be
constant.Michalopoulos and Stephanopoulos [14, 15] extend-
ed the continuous-time model by including the maximum
queue lengths constraints and time-variant arrival flow rates.
Such formulations led to a classical control problem that can
be solved via the PontryaginMaximumPrinciple (PMP) [16].
However, the obtained continuous-time signal timing plan
should be discretized into the corresponding discrete-time
signal timing plan that can be executed in practice.

The second kind of models uses discrete-time difference
equations to describe the traffic dynamics [7, 8, 17–19]. The
corresponding design problem can then be formulated as a
linear programming (LP) problem [20–25]. One interesting
question that naturally arises is how to depict the difference
and connection between the discrete-time model and the
continuous-time model.

Recently, Ioslovich et al. [26] studied the formulated LP
problem by considering the corresponding continuous-time
approximation model and gave an elegant approximate solu-
tion in continuous-time forms. However, it was not verified
how this approximate solution differs from the accurate solu-
tion (the solution obtained by the continuous-time model).
Whether a discretized version of this continuous-time ap-
proximate solution is still optimal to the LP problem also
needs further discussions.

Zou et al. [27] have given a preliminary result on the
relationship between the continuous-time model and the
discrete-time model. Zou et al. applied a graphical method
to adjust the continuous-time approximate solution to a
discrete-time accurate solution. They assumed that both
streams are dispatched simultaneously and the adjustment
method does not influence the clearance cycle. It is shown
that the approximate solution can be adjusted to the optimal
solution by changing the green ratio in the switching cycle.
However, the discrete-time LP problem in Ioslovich et al.
[26] is more complex than the one considered in [27], since
the two streams are allowed to be cleared at different times.
Merely changing the green ratios at the switching cycle may
not obtain the accurate solution.

In this paper, the LP problems proposed by Ioslovich et al.
[26] are directly attacked using the strong duality theorem
[28]. It is first shown that the approximate solution and the
accurate solution do not coincide in many situations. Then,
the relationship between the approximate solution and the
accurate solution will be discussed. The errors introduced
by discretization are carefully studied. It is shown that, in
many cases, the discretized approximate solution can be
converted to the accurate solution within a few gradient
descent adjustments. Finally, an algorithm is proposed to
implement this conversion. These findings shed light on the
connection between the continuous-time and discrete-time
signal timing models.

m1

m2

Figure 1: An isolated intersection with two one-waymovements𝑚1
and𝑚2.

To give a detailed analysis, the rest of this paper is
arranged as follows. Section 2 introduces the LP problem
proposed by Ioslovich et al. [26] and lists the nomenclature
used in this paper. Section 3 proposes two counterexamples to
show that the optimality of the discretized approximate solu-
tionmay not hold. Section 4 discusses the difference and con-
nection between the discrete-timemodel and the continuous-
time model. Finally, Section 5 concludes the paper.

2. Problem Presentation

2.1. Nomenclature and Assumptions. For presentation sim-
plicity, the nomenclature in this paper follows Ioslovich et al.
[26] as shown inNomenclature List. Similar to Ioslovich et al.
[26], consider an isolated intersection with two one-way
streams 𝑚1 and 𝑚2 governed by signal lights, as shown in
Figure 1. Note that the two-stream isolated intersection is
chosen as an initial building block to understand the connec-
tion between the continuous-time model and the discrete-
time model. This is a widely applied treatment even in
recent works (e.g., [23]). Nevertheless, this assumption can be
relaxed to consider general intersections. Both the continu-
ous model and the discrete model are able to handle cases
with more generalized intersections. Although it is hard to
directly compare the two types ofmodels in generalized inter-
sections, we expect that the findings in this paper can shed
light on more generalized intersections.

Likewise, the following assumptions are imposed as in
Ioslovich et al. [26].

Assumption 1. (a) Each signal cycle starts with a green light
for𝑚1.

(b) There is no lost time for each cycle. Suppose that the
green ratio for stream 𝑚1 in cycle 𝑘 is denoted as 𝑢(𝑘); the
green ratio for stream𝑚2 is then equal to 1 − 𝑢(𝑘).
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(c) The arrival flow rates and the saturation departure
flow rates of both streams are constant over time. Denote 𝑎𝑖
as the arrival flow rates for 𝑚𝑖 and 𝑑𝑖 as the departure flow
rates.

(d) Without loss of generality, 𝑚1 is assumed to be the
main stream (i.e., 𝑑1 > 𝑑2).

(e) For some reasons (e.g., physical constraints), both
streams are constrained by minimum green ratios. Define
𝑢min and 1 − 𝑢max as the minimum green ratios for 𝑚1 and𝑚2, respectively; then, the constraint on 𝑢(𝑘) is represented
as 𝑢min ≤ 𝑢(𝑘) ≤ 𝑢max.

(f) There exists a signal timing strategy such that queues
in both streams can be cleared finally but may not be in the

same cycle. Define 𝑢𝐿 = 𝑎1/𝑑1 and 𝑢𝐻 = 1 − 𝑎2/𝑑2. This
assumption is written as 𝑢𝐿 < 𝑢𝐻, 𝑢𝐿 < 𝑢max, and 𝑢min < 𝑢𝐻.

(g) Cycle lengths are known to be constant 𝑇.
InAssumption 1, (a)–(f) are inherited from Ioslovich et al.

[26] directly and (g) is added to simplify the discussion. In
fact, if cycle lengths are not fixed, a similar conclusion can
still be drawn but the detailed timing plan is much more
complicated.

2.2. The Discrete-Time LP Model and Its PMP Solution.
Similar to Ioslovich et al. [26], the discrete-time model is
formulated as the following problem to minimize the total
delay of vehicles:

min 𝐽𝐷 =
𝑁∑
𝑘=0

[𝑞1 (𝑘) + 𝑞2 (𝑘)] + 𝑎1 + 𝑎2
2 𝑇𝑁−1∑

𝑘=0

𝑢 (𝑘) (1)

s.t. 𝑞1 (𝑘 + 1) ≥ max {𝑞1 (𝑘) + 𝑑1𝑇 (𝑢 (𝑘) − 𝑢𝐿) , 𝑎1𝑇 (1 − 𝑢 (𝑘))} (2)

𝑞2 (𝑘 + 1) ≥ max {𝑞2 (𝑘) + 𝑑2𝑇 (𝑢𝐻 − 𝑢 (𝑘)) , 0} (3)

𝑢min ≤ 𝑢 (𝑘) ≤ 𝑢max (4)

𝑞𝑖 (0) = 𝑞𝑖,int, 𝑖 = 1, 2, (5)

for 𝑘 = 0, 1, . . . , 𝑁 − 1.
In (1)–(5), the objective function is a linear approximation

for total delay.The decision variables are 𝑢(𝑘), 𝑘 = 0, 1, . . . , 𝑁.
For presentation convenience, it is assumed that the number
of total cycles 𝑁 is large enough such that both streams are
cleared before cycle 𝑁. Equations (2) and (3) represent the
evolution of both queues in time. Equation (4) gives the upper
and lower bound of the green ratio in each cycle. Equation
(5) is the initial queue lengths. It is easy to verify that this
LP problem is equivalent to the Relaxed Discrete-EventMax-
Plus Problem proposed by Haddad et al. [22].

In Ioslovich et al. [26], the above LP (see (1)–(5)) was
transformed into an equivalent continuous-time optimal
control problem (see (6)) with free terminal time𝑡𝑓. The
decision variable is V(𝑡).

min 𝐽𝐶 = ∫𝑡𝑓
0

(𝑞1 (𝑡) + 𝑞2 (𝑡)) 𝑑𝑡

s.t.
𝑑𝑞1 (𝑡)
𝑑𝑡 = 𝑑1 [𝑢𝐿 − V (𝑡)] + 𝑤1 (𝑡)

𝑑𝑞2 (𝑡)
𝑑𝑡 = 𝑑2 [V (𝑡) − 𝑢𝐻] + 𝑤2 (𝑡)

𝑞𝑖(𝑇) ≥ 0, 𝑖 = 1, 2
𝑤𝑖 (𝑡) ≥ 0, 𝑖 = 1, 2
𝑢min ≤ V (𝑡) ≤ 𝑢max

𝑞𝑖 (0) = 𝑞𝑖,int,

𝑞𝑖 (𝑡𝑓) = 0,
𝑖 = 1, 2.

(6)

Ioslovich et al. [26] applied PontryaginMaximumPrinci-
ple (PMP) to derive the optimal solution to the continuous-
time model (see (6)).

Particularly, the following four cases were discussed with
respect to the order of 𝑢𝐿, 𝑢𝐻, 𝑢min, and 𝑢max: (I) 𝑢𝐿 < 𝑢min <
𝑢𝐻 < 𝑢max; (II) 𝑢𝐿 < 𝑢min < 𝑢max < 𝑢𝐻; (III) 𝑢min < 𝑢𝐿 <𝑢max < 𝑢𝐻; (IV) 𝑢min < 𝑢𝐿 < 𝑢𝐻 < 𝑢max.

Table 1 lists the solution. The optimal continuous-time
solution is denoted asV∗(𝑡). 𝑡𝑠 is the switching time where the
optimal control switches.𝑀 and 𝑅 are represented as

𝑀 = 𝑑1 (𝑢max − 𝑢𝐿)
𝑑2 (𝑢𝐻 − 𝑢max) ,

𝑅 = 𝑢min − 𝑢𝐿
𝑢𝐻 − 𝑢min

.
(7)

For example, Figure 2 illustrates the evolution of queue
lengths under the optimal solution forCase I(a). It is observed
that the optimal solution is a two-stage strategy, namely,
bang-bang control. The green ratio remains 𝑢max at first,
causing the length of stream 𝑚1 to decrease sharply and
stream 𝑚2 to increase. After the switching time 𝑡𝑠, the green
ratio changes into𝑢min and both streams start to decrease.The
optimal switch-over point where the solution switches from
maximum to minimum green split is given in Table 1.
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Table 1: The optimal solution to the continuous model.

Case Condition Solution Switching time, 𝑡𝑠

I(a)
𝑞1,int
𝑞2,int > 𝑅 V∗(𝑡) = {{

{{
{
𝑢max, 𝑡 ≤ 𝑡𝑠
𝑢min, 𝑡 > 𝑡𝑠

𝑞1,int − 𝑅𝑞2,int
𝑑2(𝑢max − 𝑢𝐻)(𝑅 −𝑀)

I(b)
𝑞1,int
𝑞2,int < 𝑅 V∗(𝑡) = 𝑢min

II(a) 𝑅 < 𝑞1,int
𝑞2,int < 𝑀 V∗(𝑡) = {{

{{
{
𝑢max, 𝑡 ≤ 𝑡𝑠
𝑢min, 𝑡 > 𝑡𝑠

𝑞1,int − 𝑅𝑞2,int
𝑑2(𝑢max − 𝑢𝐻)(𝑅 −𝑀)

II(b)
𝑞1,int
𝑞2,int < 𝑅 V∗(𝑡) = 𝑢min

II(c)
𝑞1,int
𝑞2,int > 𝑀 V∗(𝑡) = 𝑢max

III(a)
𝑞1,int
𝑞2,int > 𝑀 V∗(𝑡) = 𝑢max

III(b)
𝑞1,int
𝑞2,int < 𝑀 V∗(𝑡) = {{

{{
{
𝑢max, 𝑡 < 𝑡𝑠
𝑢𝐿, 𝑡 > 𝑡𝑠

𝑞1,int
𝑑1(𝑢max − 𝑢𝐿)

IV V∗(𝑡) = {{
{{
{
𝑢max, 𝑡 < 𝑡𝑠
𝑢𝐿, 𝑡 > 𝑡𝑠

𝑞1,int
𝑑1(𝑢max − 𝑢𝐿)

The discretized solution of V∗(𝑡) is obtained as follows.
Suppose the cycle length is 𝑇; the discretization is done as

𝑢𝐷 (𝑘) = V∗ (𝑘𝑇) , 𝑘 = 0, 1, . . . , 𝑁 − 1. (8)

For presentation simplicity, the solution 𝑢𝐷(𝑘), 𝑘 =
0, 1, . . . , 𝑁 − 1, is called the discretized approximate solution
in the rest of this paper.

2.3.The Steady State and the Steady-State Solution. According
to Haddad et al. [22], the steady state is defined as the state
where the queue lengths are the same in the beginning and
end of each cycle. This means, given the green ratio for a
certain stream, the queue lengths of this streamkeep the same
in a certain period. Denote the queue lengths in the steady
state as 𝑞𝑖,ss, 𝑖 = 1, 2, and the green ratio in the steady state
as 𝑢ss. So, considering a single-cycle version of discrete-time
model (see (1)–(5)), the steady state can be formulated into
the following model:

min 𝑞1,ss + 𝑞2,ss + 𝑎1 + 𝑎2
2 𝑇𝑢ss (9)

s.t. 𝑞1,ss
≥ max {𝑞1,ss − 𝑑1𝑇 (𝑢ss − 𝑢𝐿) , 𝑎1 (1 − 𝑢ss) 𝑇}

(10)

𝑞2,ss ≥ max {𝑞2,ss − 𝑑2𝑇 (𝑢𝐻 − 𝑢ss) , 0} (11)

𝑢min ≤ 𝑢ss ≤ 𝑢max. (12)
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Figure 2: An illustration of the queue lengths and optimal timing
plan in Case I(a).

The objective equation (9) is a linear approximation of
delay in a single cycle. Equations (10) and (11) depict the queue
evolution. Equation (12) gives the bound of the green ratio.
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The optimal green ratio 𝑢ss is called the steady-state
solution. Haddad et al. [22] gave a neat analytical form of 𝑢ss
as follows:

𝑢ss = {
{
{
max {𝑢𝐿, 𝑢min} , 𝑎1 < 𝑎2,
min {𝑢𝐻, 𝑢max} , 𝑎1 > 𝑎2.

(13)

According to Haddad et al. [22], the two streams that
follow the discrete-time model (see (1)–(5)) will eventually
enter the steady state under Assumptions (a)–(g). Therefore,
in the accurate solution, the green ratios in the steady state
are the steady-state solution 𝑢ss.
3. The Nonoptimality of the Discretized
Approximate Solution

In this section, it is shown that the discretized approximate
solution does not always coincide with the accurate solution.
The term “coincide” here means that the discretized approx-
imate solution is not always optimal for the discrete-time
model. In particular, two counterexamples are constructed.
The first counterexample is used to deal with Case I and Case
II where the minimum green ratio 𝑢min plays an important
role in the approximate solution. In contrast, the second
counterexample is used to handle Case III and Case IV
where the minimum green ratio 𝑢min does not influence
the approximate solution. The two counterexamples are as
follows.

Counter Example 1 (for Case I and Case II). The parameters
are set as 𝑞1,int = 60, 𝑞2,int = 20, 𝑑1 = 0.55, 𝑑2 = 0.30, 𝑎1 =0.15, 𝑎1 = 0.10, 𝑢min = 0.40, 𝑢max = 0.80, 𝑇 = 160, and
𝑁 = 6. Then, the accurate solution and the discretized
approximate solution are shown in Figure 3(a).

Counter Example 2 (for Case III and Case IV). The parame-
ters are set as 𝑞1,int = 40, 𝑞2,int = 40, 𝑑1 = 0.60, 𝑑2 = 0.35,
𝑎1 = 0.15, 𝑎1 = 0.10, 𝑢min = 0.15, 𝑢max = 0.80, 𝑇 = 100,
and 𝑁 = 25. Then, the accurate solution and the discretized
approximate solution are shown in Figure 3(b).

As is shown in Figure 3, the accurate solution deviates
from the discretized approximate solution in two ways. In
Counterexample 1, the accurate solution roughly remains as
a bang-bang form before the system enters steady state. The
difference concentrates around the switching cycle and steady
state. However, in Counterexample 2, the accurate solution
exhibits oscillation and differs from the discretized approxi-
mation solution in almost every cycle.

Such deviations are caused by discretization and can be
classified into two categories.

The first category of deviations is caused by the dis-
cretization of the model constraints. For the continuous-time
model, the queue length for stream 𝑚𝑖 is lower-bounded by
the constraint 𝑞1(𝑘) ≥ 0, while for the discrete-time model,
the corresponding constraint is 𝑞1(𝑘) ≥ 𝑎1𝑇(1 − 𝑢(𝑘)). When
cycle length 𝑇 is large, the discretization of model con-
straints may introduce huge errors. In Counterexample 1,
the switching time locates in the middle of a cycle. As

shown in Figure 4, the discretization leads to waste of green
ratio around the switching cycle due to the restriction of
the minimum green ratio. When 𝑇 is small enough, the
solution of the continuous-time model and the solution of
the discrete-time model are coherent. A proper 𝑇 should be
selected to ensure consistency.

The second category deviation is caused by the discretiza-
tion of the approximate solution. In Counterexample 2, the
clearance time of stream 𝑚1 locates in the middle of a
cycle. So, the discretization causes oscillation in the accurate
solution.

4. The Relationship between
the Discretized Approximate Solution
and the Accurate Solution

In this section, the connection between the discrete approxi-
mate solution and the accurate solution is further discussed.

For Case I and Case II, the errors are relatively concen-
trated.The discretized approximate solution does not deviate
largely from the accurate solution in many cases. In fact,
the discretized approximate solution can be modified to
the accurate solution by some minor adjustments; see
Algorithm 1. The details of adjustments will be discussed in
Sections 4.1–4.3.

For Case III and Case IV, however, the dispersed errors
make it hard to adjust the solution in a few steps. However,
for some carefully chosen cycle length, the accurate solution
coincides with the discretized approximate solution.

For example, in Case III, if the cycle length is chosen as
𝑇 = 𝑞1,int/[𝑛𝑑1(𝑢max−𝑢𝐿)+(𝑑1−𝑎1)𝑢𝐿], where 𝑛 is any positive
integer, the accurate solution can be written as

𝑢 (𝑘) = {
{
{
𝑢max, 𝑘 ≤ 𝑛,
𝑢𝐿, 𝑘 > 𝑛. (14)

It is easy to show that this accurate solution coincideswith
the corresponding discretized approximate solution.

In the rest of this section, the discussion will focus on the
adjustments for Case I, and the adjustments for Case II are
similar.

For presentation simplicity, define several denotations
before starting the discussion. Define �̂�1 and �̂�2, respectively,
as the clearance cycle indices in which streams𝑚1 and𝑚2 are
cleared exactly:

�̂�1 fl max {𝑘 : 𝑞1 (𝑘) > 𝑎1𝑇 (1 − 𝑢 (𝑘))} , (15)

�̂�2 fl max {𝑘 : 𝑞2 (𝑘) > 0} . (16)

Apparently, in Case I(a), it holds that �̂�1 ≤ �̂�2. So, both
streams enter steady state after cycle �̂�2. Note that there is also
a switch in the discretized approximate solution. Define �̂�𝑠 as
the switching cycle index where switch occurs; that is,

�̂�𝑠 : min {𝑘 : 𝑢 (𝑘) < 𝑢max} . (17)

The adjustments contain two parts. Section 4.1 deals
with the adjustment in the steady state. Section 4.2 includes
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Figure 3: The two counterexamples. The dotted line represents the discretized approximate solution. The solid line represents the accurate
solution.
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Figure 4: An illustration of the error caused by discretization. The
dotted line represents the queue lengths in the continuous-time
model. The solid line represents the queue lengths in the discrete-
time model.

the adjustment around the switching cycle. Both parts are
summarized as Algorithm 1. The optimality of Algorithm 1
will be proven in the Appendix. Finally, Counterexample 1 in
Section 3 is revisited to better illustrate the adjustments.

4.1. The Steady-State Adjustment. The adjustment for the
steady state is shown in lines (34)–(38) in Algorithm 1. Since
the steady-state solution is optimal for the discrete-time
model after the two streams enter steady state, 𝑢(𝑘) can be
set as

𝑢 (𝑘) = 𝑢ss, 𝑘 > �̂�2. (18)

However, in the clearance cycle �̂�2, the optimal green ratio
is not 𝑢ss due to discretization. So, 𝑢(�̂�2) can be set as follows:

𝑢 (�̂�2) =
{{
{{
{
𝑢𝐻 −

𝑞2 (�̂�2)
𝑑2𝑇 , 𝑎1 > 𝑎2,

𝑢min, 𝑎1 < 𝑎2.
(19)

4.2. The Adjustment around the Switch. The adjustment
around the switching cycle is shown in lines (2)–(33) in
Algorithm 1.There are two cases of adjustment: increasing the
green ratios after the switch and decreasing the green ratios
before the switch. For presentation simplicity, this subsection
only handles the case of increasing the green ratios after the
switch. The adjustment to the other case is similar except for
some details; see Algorithm 1, lines (9)–(20).

This adjustment can be viewed as a gradient descent
approach to gradually reduce the total delay. It operates in
three steps: (1) determine the direction of adjustment; (2)
update the green ratio; (3) check feasibility of the new green
ratio. It will be proven in the Appendix that such adjustment
operations can be finished in a few steps.

Due to constraint equations (3) and (4), the discrete-time
model is a nonsmooth model. Thus, a subdifferential will be
used instead of a gradient. Without loss of generality, assume
that both streams are cleared after the switching cycle (i.e.,
�̂�1 ≥ �̂�𝑠). The case of �̂�1 < �̂�𝑠 can be transformed easily to the
case of �̂�1 > �̂�𝑠 (Algorithm 1, lines (2)–(8)).

In the first step, the direction of adjustment is determined
by calculating the subdifferential. Denote the subdifferential
of the total delay 𝐽𝐷 with respect to 𝑢(�̂�𝑠) as 𝜕𝐽𝐷. Define the
function 𝑄(�̂�1, �̂�2, �̂�𝑠) as
𝑄(�̂�1, �̂�2, �̂�𝑠)

= {
{
{
[𝑑2 (�̂�2 − �̂�𝑠) − 𝑑1 (�̂�1 − �̂�𝑠) + 𝑎1 + 𝑎2

2 ]𝑇, 𝑎1 < 𝑎2,
[𝑑2 (�̂�2 − �̂�𝑠) − 𝑑1 (�̂�1 − �̂�𝑠) + 𝑎1] 𝑇, 𝑎1 > 𝑎2,

(20)

so as to represent the subdifferential in a more convenient
way.

Clearly, the case of increasing the green ratios after the
switch corresponds to the condition of 𝑄(�̂�1, �̂�2, �̂�𝑠) < 0.



Journal of Sensors 7

(1) Set 𝑢(𝑘) as the discretized approximate solution. Calculate �̂�1, �̂�2, �̂�𝑠 by Eq. (15)-(16);
(2) if �̂�1< �̂�2 then
(3) Set 𝑢(�̂�𝑠 − 1) ← min{(𝑞1(�̂�𝑠 − 1)/𝑇)/(𝑑1 − 𝑎1), 𝑢max} and set 𝑢(𝑘) ← 𝑢min, 𝑘 ≥ �̂�𝑠;
(4) Update �̂�2 by Eq. (16) and set �̂�1 ← �̂�𝑠;
(5) if 𝑢(�̂�𝑠 − 1) ≤ 𝑢min then
(6) 𝑢(�̂�𝑠 − 1) ← 𝑢min, �̂�𝑠 ← �̂�1 − 1 and update �̂�1 and �̂�2 by Eq. (15) and (16);
(7) end
(8) end
(9) while𝑄(�̂�1, �̂�2, �̂�𝑠 − 1) > 0 do;
(10) �̂�2 ← �̂�2 − 1. Update 𝑢(�̂�𝑠 − 1) such that stream𝑚2 is cleared exactly in cycle �̂�2;(11) Update �̂�1 by Eq. (15);(12) if 𝑄(�̂�1, �̂�2 + 1, �̂�𝑠 − 1) < 0 then
(13) �̂�2 ← �̂�2+1. Find the minimum �̂�1 such that 𝑄(�̂�1 + 1, �̂�2, �̂�𝑠 − 1) < 0;
(14) Update 𝑢(�̂�𝑠 − 1) such that stream𝑚1 is cleared exactly in cycle �̂�1;(15) Set �̂�1 ← �̂�1 + 1;
(16) end
(17) if 𝑢(�̂�𝑠 − 1) < 𝑢min then(18) 𝑢(�̂�𝑠 − 1) ← 𝑢min, �̂�𝑠 ← �̂�𝑠 − 1 and update �̂�1 and �̂�2 by Eq. (15) and (16);
(19) end
(20) end
(21) while 𝑄(�̂�1, �̂�2, �̂�𝑠) < 0 do
(22) �̂�2 ← �̂�2 + 1. Update 𝑢(�̂�𝑠) such that stream𝑚2 is cleared exactly in cycle �̂�2;(23) Update �̂�1 by Eq. (15);(24) if 𝑄(�̂�1, �̂�2, �̂�𝑠) > 0 then
(25) �̂�2 ← �̂�2 − 1. Find the maximum �̂�1 such that 𝑄(�̂�1, �̂�2, �̂�𝑠) ≥ 0;
(26) Update 𝑢(�̂�𝑠) such that stream𝑚1 is cleared exactly in cycle �̂�1;(27) else if 𝑄(�̂�1, �̂�2 + 1, �̂�𝑠) > 0 and 𝑢(�̂�𝑠) ≤ 𝑢max then(28) break;
(29) end
(30) if 𝑢(�̂�𝑠) > 𝑢max then
(31) 𝑢(�̂�𝑠) ← 𝑢max, �̂�𝑠 ← �̂�𝑠 + 1 and update �̂�1 and �̂�2 by Eq. (15)-(16);
(32) end
(33) end
(34) if 𝑎1 > 𝑎2 and 𝑢max > 𝑢𝐻 then
(35) Calculate 𝑞1(𝑘), 𝑞2(𝑘), by Eq. (2)-Eq. (3);
(36) Set 𝑢(�̂�2) ← 𝑢𝐻 − 𝑞2(�̂�2)/(𝑑2𝑇);
(37) for 𝑘 ∈ (�̂�2, 𝑁) do 𝑢(𝑘) = 𝑢𝐻;
(38) end

Algorithm 1: The adjusting algorithm for the discretized approximate solution in Case I(a).

There are three situations based on the queue evolution in
clearance cycles �̂�1 and �̂�2.

(1) Stream𝑚1 is cleared exactly in cycle �̂�1; that is, 𝑞(�̂�1 +1) = 𝑎1𝑇(1 − 𝑢(�̂�1)) = 𝑞1(�̂�1) − 𝑑1𝑇(𝑢(�̂�1) − 𝑢𝐿). The sub-
differential in this situation is calculated as

𝜕𝐽𝐷 = [𝑄 (�̂�1 + 1, �̂�2, �̂�𝑠) , 𝑄 (�̂�1, �̂�2, �̂�𝑠)] , (21)

where “[𝑎, 𝑏]” means the closed interval between real num-
bers 𝑎 and 𝑏.

The physical meaning of the subdifferential 𝐽𝐷 is shown
as follows. The total delay changes if a slight disturbance is
imposed on 𝑢(�̂�𝑠). Denote Δ𝑢(�̂�𝑠) as the increment in 𝑢(�̂�𝑠)

and Δ𝐽𝐷 as the corresponding change in total delay. If
Δ𝑢(�̂�𝑠) > 0, then Δ𝐽𝐷 can be calculated as

Δ𝐽𝐷
= (𝑑2 (�̂�2 − �̂�𝑠) − 𝑑1 (�̂�1 − �̂�𝑠) + 𝑎1 + 𝑎2

2 )𝑇Δ𝑢 (�̂�𝑠)
= 𝑄 (�̂�1, �̂�2, �̂�𝑠) Δ𝑢 (�̂�𝑠) .

(22)

Similarly, if Δ𝑢(�̂�𝑠) < 0, the corresponding changes in
total delay are written as Δ𝐽𝐷 = 𝑄(�̂�1 + 1, �̂�2, �̂�𝑠)Δ𝑢(�̂�𝑠).

Therefore, if 𝑄(�̂�1, �̂�2, �̂�𝑠) < 0, the total delay can be
reduced by increasing 𝑢(�̂�𝑠). If 𝑄(�̂�1, �̂�2, �̂�𝑠) ≥ 0 and 𝑄(�̂�1 +1, �̂�2, �̂�𝑠) < 0, neither increasing nor decreasing 𝑢(�̂�𝑠) will
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Figure 5: The adjustment of the discretized approximate solution.

render a better total delay and thus the optimal 𝑢(�̂�𝑠) is
achieved.

(2) Stream𝑚2 is cleared exactly in cycle �̂�2; that is, 𝑞2(�̂�2+1) = 0 = 𝑞2(�̂�2) − 𝑑2𝑇(𝑢𝐻 −𝑢(�̂�2)). The subdifferential can be
calculated similarly as 𝜕𝐽𝐷 = [𝑄(�̂�1, �̂�2, �̂�𝑠), 𝑄(�̂�1, �̂�2 + 1, �̂�𝑠)].

Then, if𝑄(�̂�1, �̂�2+1, �̂�𝑠) < 0, the total delay can be reduced
by increasing 𝑢(�̂�𝑠). If𝑄(�̂�1, �̂�2 +1, �̂�𝑠) ≥ 0 and𝑄(�̂�1, �̂�2, �̂�𝑠) <0, the optimal choice of 𝑢(�̂�𝑠) is obtained.

(3) Both streams are not cleared exactly in their clearance
cycles. Then, the subdifferential is 𝜕𝐽𝐷 = {𝑄(�̂�1, �̂�2, �̂�𝑠)}. If𝑄(�̂�1, �̂�2, �̂�𝑠) < 0, the total delay can be reduced by increasing
𝑢(�̂�𝑠).

In the second step, the green ratio 𝑢(�̂�𝑠) is updated
by reducing �̂�1 and increasing �̂�2. The green ratio 𝑢(�̂�𝑠) is
calculated such that either stream𝑚1 or stream𝑚2 is cleared
exactly in its clearance cycle. The detailed calculation is
shown in Algorithm 1 (lines (24)–(29)).

The third step is the feasibility check of whether the new
green ratio 𝑢(�̂�𝑠) satisfies the constraint equation (4). In the
case of increasing 𝑢(�̂�𝑠), the only possible violation is 𝑢(�̂�𝑠) >𝑢max. Therefore, if the feasibility check fails, 𝑢(�̂�𝑠) is set as𝑢max and a new bang-bang solution is obtained. Then, the
algorithm goes back to the first step and determines the
direction of adjustment.

4.3. The Numerical Examples. In this subsection, Counterex-
ample 1 in Section 3 is revisited to illustrate the steps of
Algorithm 1. Recall that the parameters are 𝑑1 = 0.55, 𝑑2 = 0.3,
𝑎1 = 0.15, 𝑎2 = 0.10, 𝑢min = 0.4, 𝑢max = 0.8, 𝑞1,int = 60, 𝑞1,int =
20, 𝑇 = 160, and𝑁 = 6. Algorithm 1 will be applied to adjust
the discretized approximate solution. The detailed operation
is shown in Table 2.

The adjustment of the discretized approximate solution is
also shown in Figure 5.

5. Conclusion

This paper studies the continuous-time and discrete-time sig-
nal timing models for the classical isolated signalized inters-
ection with only two one-way vehicle flows. Against intu-
itions, the nonequivalence between the solutions of the two
models is first shown by two counterexamples. Then, the dif-
ferences between the solutions of the twomodels are explain-
ed. Finally, an algorithm is proposed to transform the dis-
cretized continuous-time solution to the discrete-time solu-
tion for many cases. Via this gradient descent based algo-
rithm, amore concrete link is set up between the continuous-
time and discrete-time signal timing models.

Appendix

Proof of the Optimality of Algorithm 1

The optimality is stated in the following theorem.

Theorem A.1. The solution derived by Algorithm 1 is optimal
for Case I(a).

Theorem A.1 will be proven by the strong duality theorem
(shown as Lemma A.2).

Lemma A.2 (strong duality theorem for linear program-
ming). A primal feasible solution and a dual feasible solution
to a linear programming problem are optimal if and only if the
corresponding primal and dual objectives are the same.

Proof of Theorem A.1. For presentation simplicity, only the
case of increasing the green ratios after the switch will be
considered in this proof. The other case can be similarly
proven. Since the adjustment for the switching cycle (lines
(21)–(33)) is a gradient descent approach and the discrete
LP model is apparently feasible, the algorithm will eventually
terminate.

The dual problem to the discrete LPmodel (see (1)–(5)) is
written as

𝐽𝐷 = max
2

∑
𝑖=1

𝑞𝑖,int𝛼 (0)

+
𝑁−1

∑
𝐾=0

min {𝑆 (𝑘) 𝑢max, (𝑘) 𝑢min}

+
𝑁−1

∑
𝐾=0

[𝑑1𝑢𝐿𝛼1 (𝑘) − 𝑑2𝑢𝐻𝛼2 (𝑘)]

(A.1)

s.t. − 𝛼𝑖 (𝑘) + 𝛼𝑖 (𝑘 + 1) − 𝛽1 (𝑘) + 1 = 0 (A.2)

− 𝛼𝑖 (𝑁 − 1) − 𝛽𝑖 (𝑁 − 1) = 0 (A.3)

𝑆 (𝑘) = −𝑑1𝛼1 (𝑘) + 𝑑2𝛼2 (𝑘) + 𝑎2
+ 𝑎1 (1 − 𝛽1 (𝑘)) .

(A.4)
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Table 2: The operation of the algorithm.

Cycle 𝑘 0 1 2 3 4 5
Discretized solution 0.8000 0.8000 0.4000 0.4000 0.4000 0.4000
Step 1 0.8000 0.4000 0.4000 0.4000 0.4000 0.4000
Step 2 0.8000 0.3833 (0.400) 0.4000 0.4000 0.4000 0.4000
Step 3 0.7833 0.4000 0.4000 0.4000 0.4000 0.4000
Step 4 0.5167 0.4000 0.4000 0.4000 0.4000 0.4000
Step 5 0.6636 0.4000 0.4000 0.4000 0.4000 0.4000
Optimal solution 0.6636 0.4000 0.5197 0.6667 0.6667 0.6667

There are three situations when the iteration of lines
(21)–(33) terminates.

(1) The iteration terminates at line (28). Then, 𝑢(�̂�𝑠) is
given such that stream 𝑚2 is cleared exactly. The
corresponding �̂�1, �̂�2, and �̂�𝑠 satisfy 𝑄(�̂�1, �̂�2, �̂�𝑠) ≤ 0
and 𝑄(�̂�1, �̂�2 + 1, �̂�𝑠) > 0.

(2) The iteration terminates at line (21) and 𝑢(�̂�𝑠) is set as𝑢max. The corresponding �̂�1, �̂�2, and �̂�𝑠 satisfy 𝑄(�̂�1,�̂�2, �̂�𝑠) ≥ 0.
(3) The iteration terminates at line (21) and 𝑢(�̂�𝑠) is

given such that stream 𝑚1 is cleared exactly. The
corresponding �̂�1, �̂�2, and �̂�𝑠 satisfy 𝑄(�̂�1, �̂�2, �̂�𝑠) ≥ 0
and 𝑄(�̂�1 + 1, �̂�2, �̂�𝑠) < 0.

The proofs of the three situations is similar. Only the first
situation is handled here. Moreover, assume 𝑎1 < 𝑎2. The
proof of 𝑎1 > 𝑎2 is the opposite.

Denote 𝜖1 and 𝜖2, respectively, as 𝜖1 = 0 and 𝜖2 =
−𝑄(�̂�1, �̂�2, �̂�𝑠)/𝑑2. Then the dual solution is rewritten as

𝛼𝑖 (𝑘) = max {�̂�𝑖 − 𝑘 + 𝜖𝑖, 0} , 𝑖 = 1, 2, (A.5)

𝛽𝑖 (𝑘) = −𝛼𝑖 (𝑘) + 1 − 𝛼𝑖 (𝑘 + 1) , 𝑖 = 1, 2. (A.6)

Substituting (A.5) and (A.6) into (A.4), 𝑆(𝑘) can be
represented as

𝑆 (𝑘)

{{{{{{{{{
{{{{{{{{{
{

−𝑑1 (�̂�1 − 𝑘) + 𝑑2 (�̂�2 − 𝑘 + 𝜖2) + 𝑎1 + 𝑎2
2 , 𝑘 < �̂�1,

𝑑2 (�̂�2 − 𝑘 + 𝜖2) + −𝑎1 + 𝑎2
2 , �̂�1 ≤ 𝑘 ≤ �̂�2,

−𝑎1 + 𝑎2
2 , 𝑘 > �̂�2.

(A.7)

With simple calculation, the sign of 𝑆(𝑘) is determined as

𝑆 (𝑘)
{{{{
{{{{
{

< 0, 𝑘 < �̂�𝑠,
= 0, 𝑘 = �̂�𝑠,
> 0, 𝑘 > �̂�𝑠.

(A.8)

Finally, it is obtained by comparing the primal and dual
objectives that

𝐽𝐷 − 𝐽𝐷 = 𝑑2𝑇𝜖2 [𝑞2,int𝑑2𝑇 − �̂�𝑠 (𝑢𝐻 − 𝑢max)

− (𝑢𝐻 − 𝑢 (�̂�𝑠)) − (�̂�2 − �̂�𝑠 + 1) (𝑢𝐻 − 𝑢min)]

= 0.

(A.9)

This proves that the primal and dual objective values are
equal. By Lemma A.2, both primal and dual solutions are
optimal.Therefore, Algorithm 1 gives the optimal solution for
Case I(a).

Nomenclature List

Known Constants

𝑁: The total number of cycles in the
observation period

𝑇: The cycle length
of the isolated intersection

𝑚𝑖: The two streams, 𝑖 = 1, 2
𝑎𝑖: The arrival rate of stream𝑚𝑖, 𝑖 = 1, 2
𝑑𝑖: The saturation departure flow rate

of stream𝑚𝑖, 𝑖 = 1, 2
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𝑞𝑖,int: The initial queue length of
stream𝑚𝑖, 𝑖 = 1, 2

𝑢𝐿: The green ratio that keeps stream𝑚1
unchanged (i.e., 𝑢𝐿 fl 𝑎1/𝑑1𝑢𝐻: The green ratio that keeps stream𝑚2
unchanged (i.e., 𝑢𝐻 fl (𝑑2 − 𝑎2)/𝑑2𝑢min, 𝑢max: The minimum and maximum bounds
of green ratio

𝑢ss: The steady-state solution of the
discrete-time model.

Variables and Functions regarding the
Continuous-Time Model

𝑡𝑠: The switching time of signal timing plan
in the continuous-time optimal solution

𝑡𝑓: The final time in the
continuous-time model

𝐽𝐶: The objective of the continuous-time
model, representing the approximate
total delay

V(𝑡): The green time ratio of stream𝑚𝑖
at time 𝑡, the decision variable for
continuous-time model

V∗(𝑡): The approximate solution, that is,
the optimal solution to the
continuous-time model.

Variables and Functions regarding the
Discrete-Time Model

𝑢(𝑘): The green time ratio of stream𝑚𝑖 in cycle
𝑘, the decision variable for the
discrete-time model

𝑞𝑖(𝑘): The queue lengths of stream𝑚𝑖 in the
beginning of cycle 𝑘, 𝑘 = 0, . . . , 𝑁 − 1

�̂�1: The index of the cycle in which the stream
𝑚1 is cleared�̂�2: The index of the cycle in which the stream
𝑚2 is cleared�̂�𝑠: The index of the cycle in which 𝑢(𝑘)
switches from 𝑢max to 𝑢min𝐽𝐷: The objective of the discrete-time model,
representing approximate total delay

𝑢∗(𝑘): The accurate solution, that is, the optimal
solution to the discrete-time model

𝑢𝐷(𝑘): The discretized solution of V∗(𝑡).
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Bus travel time is an important source of data for time of day partition of the bus route. However, in practice, a bus driver may
deliberately speed up or slow down on route so as to follow the predetermined timetable. The raw GPS data collected by the GPS
device equipped on the bus, as a result, cannot reflect its real operating conditions. To address this concern, this study first develops a
method to identify whether there is deliberate speed-up or slow-downmovement of a bus. Building upon the relationships between
the intersection delay, link travel time, and traffic flow, a recoverymethod is established for calculating the real bus travel time. Using
the dwell time at each stop and the recovered travel time between each of them as the division indexes, a sequential clustering-based
time of day partition method is proposed. The effectiveness of the developed method is demonstrated using the data of bus route
63 in Harbin, China. Results show that the partitionmethod can help bus enterprises to design reasonable time of day intervals and
significantly improve their level of service.

1. Introduction

A well-designed bus schedule scheme is important for
increasing bus transit ridership [1]. Bus passenger demand
differs greatly at different time intervals during the everyday
operation. Before the overall design of a bus schedule scheme,
the operating time of a bus route should be divided into
multiple time intervals for which different schedule schemes
should be made. This greatly helps formulate precise oper-
ating and dispatching schemes for buses and reduce the
operational costs of a bus transit enterprise.

In recent years, buses in a number of large cities in
China have been equipped with GPS devices [2–5]. Bus
enterprises can now directly retrieve the bus travel time
between any two stops from this database. However, given the
predetermined timetables, the travel time may not reflect the
actual performance of a bus. When faced with traffic jams, a
bus drivermay deliberately accelerate if the bus is to arrive at a
downstream stop no later than the scheduled time. Although
it may manage to arrive on time, the bus typically undergoes
frequent acceleration and deceleration enroute which not

only reduces the comfort of passengers but also increases the
probability of traffic accidents. In contrast, the bus drivermay
deliberately slow down in smooth traffic so as to avoid early
arrival at the downstream stop. Consequently, the lowered
travel speed may leave the passengers with the impression
that the bus service is inefficient. These two kinds of drivers’
behavior are common in China [6, 7]. The root cause is that
the initial timetables are usually nonoptimal considering the
real-time traffic conditions.Therefore, the retrieved GPS data
cannot be used directly. To obtain the actual travel speed
and to further divide the operating time, the effect of drivers’
behavior should be considered.

Scholars have conducted much research on the optimiza-
tion of bus schedule schemes but have rarely investigated
the division of the operating time [8–11]. To evaluate the
effectiveness of a bus schedule scheme, Patnaik et al. [12]
selected as indexes the numbers of passengers boarding and
alighting the bus and the number of midway stops. The
buses from the starting stop were then divided into several
classes.The data used to develop themodels were collected by
the Automatic Passenger Counters (APC) on buses operated
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by a transit agency in the northeast region of the United
States. Guihaire and Hao [13] presented a global review of
the crucial strategic and tactical steps of transit planning:
the design and schedule of the network. They pointed out
that the bus operating period mainly depended on the
passengers’ requirements which were different at different
times. However, no analytic method has been developed for
time of day partition. Using ridership data from a bus smart
card system, Yue [14] obtained an ordered sampling of the
passengers’ arrival ratio curve and divided the operating time
intomultiple intervals using the Fisher optimal segmentation
method. In his model, only the passenger volume was
considered and the bus travel speedwas neglected. As a result,
the bus operating conditionswere not fully considered during
the partition. Shen et al. [15] proposed an improved𝐾-means
clustering algorithm for the division of the bus operating
period based onGPS data. However, only the bus travel speed
was used and the passenger demand was not considered.
Given that, in different time intervals, a transit agency tends
to arrange different bus dispatching frequencies because of
the different passenger demand, this study becomes less
practically promising. Bie et al. [16] selected the dwell time
at each stop and the travel time between each pair of them
as indexes and developed a rapid division algorithm. This is
the first study that considers both the bus travel speed and the
passenger demand in time of day partition.However, theGPS
data were used directly without considering the deliberate
speed-up or slow-down movement.

The existing methods for operating time division exhibit
two shortcomings: (i) only the passenger flow volume is taken
into account and (ii) data are obtained typically through
manual work which consumes much manpower and many
other resources.Themethod proposed in this study builds the
relationship between time division and bus schedule scheme
and successfully addresses these shortcomings.

The contributions of this study are twofold. Firstly, we
develop a method to identify whether there is deliberate
speed-up or slow-down movement of a bus. A recovery
method is then established for calculating the real bus travel
time based on raw GPS data. To the best of our knowledge,
no research so far has investigated this kind of problem.
Secondly, a sequential clustering algorithm is developed to
partition the operating period into multiple intervals based
on the recovered bus travel time and dwell time at stops.

The structure of this paper is organized as follows. In
Section 2, a recognition method for bus operating state is
first developed followed by a recovery method for the bus
travel time. A discussion is provided as to why the recovery
travel time and dwell time are selected as division indexes.
In Section 3, a sequential sample clustering algorithm is
proposed to divide the operating time into multiple time
intervals using the recovered travel time and dwell time.
Section 4 presents a real case study and Section 5 concludes
the paper.

2. Development of the Operating Time
Division Method

2.1. Recognition of the Bus Operating State. In this paper,
unless stated otherwise, all time is measured in units of

seconds. Let us assume that a bus 𝑖 passes 𝑚 stops in total
during an operating period 𝑛. According to its timetable, the
planned travel time of bus 𝑖 from the𝑚th stop to the (𝑚+1)th
stop is denoted as 𝑇𝑛𝑖 (𝑚,𝑚 + 1). The planned operating time𝑇𝑛𝑖 can be written as follows:

𝑇𝑛𝑖 = 𝑀−1∑
𝑚=1

𝑇𝑛𝑖 (𝑚,𝑚 + 1) . (1)

When traveling along a route, a bus usually passes
through three different kinds of regions, namely, stops, road
sections, and intersections.Therefore, the planned travel time
of bus 𝑖 from the𝑚th stop to the (𝑚+1)th stop can be further
divided as follows:

𝑇𝑛𝑖 (𝑚,𝑚 + 1) = 𝑎𝑛𝑖 (𝑚,𝑚 + 1) + 𝑏𝑛𝑖 (𝑚,𝑚 + 1)
+ 𝑐𝑛𝑖 (𝑚 + 1) , (2)

where 𝑎𝑛𝑖 (𝑚,𝑚 + 1) denotes the travel time spent at road
sections, 𝑏𝑛𝑖 (𝑚,𝑚 + 1) denotes the travel time spent at
intersections, and 𝑐𝑛𝑖 (𝑚 + 1) denotes the travel time spent at
bus stops.𝑎𝑛𝑖 (𝑚,𝑚+1), 𝑏𝑛𝑖 (𝑚,𝑚+1), and 𝑐𝑛𝑖 (𝑚+1) can be extracted
fromGPS data in combinationwith a geographic information
system (GIS) map.The actual travel time of the bus 𝑖 from the𝑚th stop to the (𝑚 + 1)th stop, denoted as �̂�𝑛𝑖 (𝑚,𝑚 + 1), can
be rewritten as follows:

�̂�𝑛𝑖 (𝑚,𝑚 + 1) = 𝑎𝑛𝑖 (𝑚,𝑚 + 1) + �̂�𝑛𝑖 (𝑚,𝑚 + 1)
+ 𝑐𝑛𝑖 (𝑚 + 1) . (3)

(1) Recognition of a Driver’s Deliberate Acceleration. Theoret-
ically, the bus travel time at road sections and intersections
increases under traffic jams.

𝑎𝑛𝑖 (𝑚,𝑚 + 1) > 𝑎𝑛𝑖 (𝑚,𝑚 + 1) ,
�̂�𝑛𝑖 (𝑚,𝑚 + 1) > 𝑏𝑛𝑖 (𝑚,𝑚 + 1) ,
�̂�𝑛𝑖 (𝑚,𝑚 + 1) > 𝑇𝑛𝑖 (𝑚,𝑚 + 1) .

(4)

At intersections, bus drivers tend to reduce speed because
of the queuing vehicles and the restriction of changing lanes.
However, a driver can frequently accelerate and decelerate at
road sections to reduce the travel time and to ensure punctual
arrivals at the downstream stops.

Case 1.

�̂�𝑛𝑖 (𝑚,𝑚 + 1) = 𝑇𝑛𝑖 (𝑚,𝑚 + 1) . (5)

In Case 1, although a bus may be delayed at intersections,
it still arrives at the downstream stops on time due to
deliberate acceleration at road sections.
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Case 2.

�̂�𝑛𝑖 (𝑚,𝑚 + 1) > 𝑇𝑛𝑖 (𝑚,𝑚 + 1) ,
[�̂�𝑛𝑖 (𝑚,𝑚 + 1) − 𝑇𝑛𝑖 (𝑚,𝑚 + 1)]

< [�̂�𝑛𝑖 (𝑚,𝑚 + 1) − 𝑏𝑛𝑖 (𝑚,𝑚 + 1)]
+ [𝑐𝑛𝑖 (𝑚,𝑚 + 1) − 𝑐𝑛𝑖 (𝑚,𝑚 + 1)] .

(6)

In Case 2, although the driver may deliberately speed up
the bus, it does not arrive on time at the downstream stops.

Case 3.

�̂�𝑛𝑖 (𝑚,𝑚 + 1) > 𝑇𝑛𝑖 (𝑚,𝑚 + 1) ,
[�̂�𝑛𝑖 (𝑚,𝑚 + 1) − 𝑇𝑛𝑖 (𝑚,𝑚 + 1)]

≥ [�̂�𝑛𝑖 (𝑚,𝑚 + 1) − 𝑏𝑛𝑖 (𝑚,𝑚 + 1)]
+ [𝑐𝑛𝑖 (𝑚,𝑚 + 1) − 𝑐𝑛𝑖 (𝑚,𝑚 + 1)] .

(7)

In Case 3, the increase in the bus travel time at road
sections exceeds or equals the total increase in the travel time
spent at intersections and in the dwell time at stops. The bus
may run normally or undergo deliberate acceleration.

(2) Recognition of aDriver’s DeliberateDeceleration.When the
traffic volume is low, the bus travel times at road sections and
intersections may decline.

𝑎𝑛𝑖 (𝑚,𝑚 + 1) < 𝑎𝑛𝑖 (𝑚,𝑚 + 1) ,
�̂�𝑛𝑖 (𝑚,𝑚 + 1) < 𝑏𝑛𝑖 (𝑚,𝑚 + 1) ,
�̂�𝑛𝑖 (𝑚,𝑚 + 1) < 𝑇𝑛𝑖 (𝑚,𝑚 + 1) .

(8)

Theoretically, if the timetable is not optimized in real
time, the driver may deliberately slow down the bus to enable
punctual arrivals according to the schedule.

Case 1.

�̂�𝑛𝑖 (𝑚,𝑚 + 1) = 𝑇𝑛𝑖 (𝑚,𝑚 + 1) . (9)

In Case 1, although the bus is slightly delayed at intersec-
tions, it still arrives at the downstream stops on time, since
the driver deliberately slows down the bus.

Case 2.

�̂�𝑛𝑖 (𝑚,𝑚 + 1) < 𝑇𝑛𝑖 (𝑚,𝑚 + 1) ,
[𝑇𝑛𝑖 (𝑚,𝑚 + 1) − �̂�𝑛𝑖 (𝑚,𝑚 + 1)]

< [𝑏𝑛𝑖 (𝑚,𝑚 + 1) − �̂�𝑛𝑖 (𝑚,𝑚 + 1)]
+ [𝑐𝑛𝑖 (𝑚,𝑚 + 1) − 𝑐𝑛𝑖 (𝑚,𝑚 + 1)] .

(10)

In Case 2, although the drive deliberately slows down the
bus at road sections, the bus still arrives at the downstream
stops ahead of the scheduled time.

Case 3.

�̂�𝑛𝑖 (𝑚,𝑚 + 1) < 𝑇𝑛𝑖 (𝑚,𝑚 + 1) ,
[𝑇𝑛𝑖 (𝑚,𝑚 + 1) − �̂�𝑛𝑖 (𝑚,𝑚 + 1)]

≥ [𝑏𝑛𝑖 (𝑚,𝑚 + 1) − �̂�𝑛𝑖 (𝑚,𝑚 + 1)]
+ [𝑐𝑛𝑖 (𝑚,𝑚 + 1) − 𝑐𝑛𝑖 (𝑚,𝑚 + 1)] .

(11)

In Case 3, the decrease in the bus travel time at road
sections exceeds or equals the total decrease in the travel time
spent at intersections and in the dwell time at stops. The bus
may run normally or undergo deliberate deceleration.

2.2. Recovery of the Optimal Travel Time on the Road. When
a driver’s deliberate acceleration or deceleration is recognized
as discussed in Section 2.1, the retrieved GPS data cannot be
directly used for the optimization of the schedule scheme.
This effect should be considered for recovering the optimal
bus travel time on the road.

Thedelay time of a bus at an intersection can be calculated
by subtracting the travel time at a preset speed from the travel
time spent at an intersection. During the operating period,𝑛, a number of buses pass through the intersection and their
average delay can be directly calculated. Assuming that 𝑑1𝑖
denotes the average delay at the timetable’s initial operation
stage, the traffic conditions will change after a certain period
of time, and the average delay will become 𝑑2𝑖 .

Generally speaking, the traffic flow on a road
increases/decreases as a result of an increase/decrease
in traffic flow at the adjacent intersection. According to the
theory of traffic engineering, the travel time spent at a road
section or at an intersection is directly proportional to the
traffic flow. At a signalized intersection, the average delay 𝑑
can be calculated by the following [17].

𝑑 = 0.5𝐶 (1 − 𝜆𝑖)1 − [min (1, 𝑥𝑖) ⋅ 𝜆𝑖]
+ 900𝑇[(𝑥𝑖 − 1)2 + √(𝑥𝑖 − 1)2 + 4𝑥𝑖

Cap𝑖 ⋅ 𝑇] ,
(12)

where 𝜆𝑖, 𝑥𝑖, and Cap𝑖 denote the green ratio, degree of
saturation, and traffic capacity, respectively, of the phase for
bus 𝑖. T denotes the length of the analysis period and is
generally set at 0.25 h.

𝑥𝑖 = 𝑞𝑖/𝑆𝑖𝜆𝑖 , (13)

where 𝑞𝑖 and 𝑆𝑖 denote the ratios of the arrival and saturation
flows of the entrance lane for bus 𝑖, respectively.

For bus 𝑖, when the average delay changes from 𝑑1𝑖 to 𝑑2𝑖
while the other variables remain unchanged, the variation
ratio of the flow at the entrance lane can be derived according
to (12)-(13). Since 𝑟𝑖 denotes the ratio of the flow after a certain
period of time to the original one, 𝑟𝑖 can also denote the
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variation ratio of traffic flowwhichwill be used for recovering
the optimal travel time of the bus on the road.

Through field observations, a relationship is shown to
exist between the average speed of traffic on urban roads and
the flow. At low traffic flow, speed is insensitive to the increase
in flow and only decreases slightly. When the flow increases
and is close to the capacity of the road, the speed decreases
significantly. When the flow is lower than the capacity of the
road, the average speed varies with the flow in an approximate
linear fashion:

𝑞𝑖 = 𝛼 + 𝛽V𝑖, (14)

where 𝑞𝑖 denotes the flow in pcu/h of the road section, V𝑖
denotes the average speed of the traffic flow in km/h, and 𝛼
and 𝛽 are constants to be determined.

According to the characteristics of traffic flow, when free-
flow speed 𝑢𝑓 occurs, the traffic flow equals 0 (𝑞𝑖 = 0).
When the speed equals the optimal value 𝑢𝑚, the traffic flow𝑞𝑖 reaches the maximum and the saturation flow ratio 𝑆𝑖 is
achieved. Therefore, the following equations hold:

𝛼 + 𝛽 × 𝑢𝑓 = 0,
𝛼 + 𝛽 × 𝑢𝑚 = 𝑆𝑖. (15)

By calculation, we can get 𝑎 = 𝑆𝑢𝑓/(𝑢𝑓−𝑢𝑚), 𝑏 = 𝑆/(𝑢𝑚−𝑢𝑓).
V𝑖 = (𝑞𝑖 − 𝑆𝑖𝑢𝑓𝑢𝑓 − 𝑢𝑚)

𝑢𝑚 − 𝑢𝑓𝑆𝑖 . (16)

Assuming that the flow changes to 𝑟𝑖𝑞𝑖 after the bus
dispatching scheme is executed for a certain period of time,
the average travel speed V𝑖 of the bus can be calculated by

V𝑖 = (𝑟𝑖𝑞𝑖 − 𝑆𝑖𝑢𝑓𝑢𝑓 − 𝑢𝑚)
𝑢𝑚 − 𝑢𝑓𝑆𝑖 . (17)

Defining 𝑟𝑖 = V𝑖 /V𝑖, the following expressions can be
obtained:

𝑟𝑖 = (𝑢𝑓 − 𝑢𝑚) 𝑟𝑖𝑞𝑖 − 𝑆𝑖𝑢𝑓
(𝑢𝑓 − 𝑢𝑚) 𝑞𝑖 − 𝑆𝑖𝑢𝑓 ,

𝑎𝑛 (𝑚,𝑚 + 1) = 1𝑟𝑖 𝑎
𝑛 (𝑚,𝑚 + 1) .

(18)

Let 𝑎𝑛(𝑚,𝑚+ 1) denote the average travel time of the bus
from the𝑚th to the (𝑚 + 1)th stop within the operating time
period 𝑛 at the timetable’s initial operation stage.The optimal
travel speed after a certain period of time becomes 𝑎𝑛(𝑚,𝑚+1) which denotes the recovered average speed from the 𝑚th
to the (𝑚 + 1)th stop.𝑟𝑖 is the most important parameter which plays a decisive
role in the travel time recovery process. Figure 1 illustrates the
overall process for calculating 𝑟𝑖 .
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Figure 1: Flow chart of the bus travel time recovery.

2.3. Determination of theOperating TimeDivision Indexes. To
divide the operating period, we first analyze all the historical
data and then group into the same class buses with similar
operating states and starting times into the same class. The
corresponding operating time is referred to as a time interval.
In this study, the dwell time at each stop and the interstop
travel time (the recovered value as described in Section 2.2)
are selected as the division indexes.

(1) Bus Dwell Time at Stops.Thedispatching frequency affects
the passenger volume of a bus route when the vehicle capacity
of a bus is fixed. In each interval, the frequency is kept
constant. Only when the passenger volume is also constant
or slightly fluctuates will the passenger load factor of each
dispatched bus be similar to one another. As a result, the
uneven bus occupancy rate in an interval can be avoided.

With GPS data only, the number of alighting/boarding
passengers at each stop is not available. However, empirical
results show that the bus dwell time is positively proportional
to the number of alighting/boarding passengers. Namely, a
larger number of alighting/boarding passengers will result in
longer dwell time. Though the bus dwell time is also affected
by some other secondary factors such as the fare structure and
the bus vehicle type (whether all doors can be used by the
alighting passengers), they are all predetermined and remain
unchanged for a given bus line. Hence the fluctuation of the
bus dwell time at stops is mainly dependent on the number of
alighting/boarding passengers.Therefore, the total dwell time
at all stops is used to measure the passenger demand. Buses
with similar total dwell time will be classified into the same
time interval.

Let Δ𝐷max denote the maximum permissible difference
in the total dwell time at all stops for a bus in the same
period. It can be calculated by Δ𝐷max = 𝜀 ⋅ 𝛿 ⋅ 𝑇𝑜𝑏 where 𝛿
denotes the maximum number of passengers, 𝜀 denotes the
passenger carrying factor which is used mainly for adjusting
the expected degree of crowdedness in the bus, and 𝑇𝑜𝑏
denotes the average boarding time of each passenger at each
stop.

(2) Bus Interstop Travel Time. The bus operating status is
affected not only by the arrival passenger volume at each
stop, but also by the traffic conditions in real time. The
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road traffic conditions influence the bus interstop travel
time and hence the punctuality of the bus at each stop. For
two buses dispatched consecutively from the same depot, if
they have identical numbers of alighting/boarding passengers
at each stop but different interstop travel time, they will
experience different total travel time as well as different levels
of punctuality at stops. Hence these two buses should not be
classified into the same time of day interval.

LetΔ𝐸max denote themaximum permissible difference in
the total travel time among all stops for a bus in the same
period. It can be calculated by Δ𝐸max = max{0,𝐻−𝜀 ⋅ 𝛿 ⋅𝑇𝑜𝑏},
where𝐻 denotes the departure time interval for the buses as
stated in the timetable.

Study [18] has analyzed the division indexes in different
time of day for a bus route. However, the bus travel time
obtained from GPS data was used directly. The deliberate
acceleration or deceleration was not considered which ren-
ders the division results nonoptimal.

3. Operating Time Division Algorithm

Some classical clustering algorithms (such as 𝐾-means
clustering) have achieved favorable results in index-based
classification but are not suitable for this study.These classical
algorithms do not take the order of data into account but
quantify the correlation among data by using one of the
distance metrics (such as the Euclidean and Mahalanobis
distances). If the sequence of the buses is not taken into
consideration, the buses with nonadjacent departure time
intervals may be included in the same class. For example,
when the first, second, third, fourth, tenth, and twentieth
buses are included in the same operating period, this period
can be divided into three subplots: subplot 1 includes the
first, second, third, and fourth buses; subplot 2 includes
the tenth bus; and subplot 3 includes the twentieth bus.
Subplots 2 and 3 are quite short leading to frequent transitions
between different bus dispatching schemes which reduces the
management efficiency of the bus enterprise [19].

Given that the sequential sample clustering requires that
the data sequence not be disturbed, a Fisher sequential sam-
ple clustering method (also referred to as optimal segmenta-
tion) is themost effectivemethod [18].There are 2𝑛−1 division
methods for 𝑛 sequential samples. Each division method
corresponds to segmentation. Among these segmentations,
there exists an optimal segmentation that minimizes the
difference within a segment and maximizes the difference
among segments. To help achieve the optimal segmentation,
the diameter of a class should be defined. After that the
loss function is defined according to the constraint that the
neighboring samples should be included in the same class.
The optimal classification is found through a step-by-step
recursive calculationwith the objective ofminimizing the loss
function. The details of the procedure are described below.

(1) Calculation of the Diameter of a Class. In this study,
the ordered variables are denoted as 𝑥1, 𝑥2, . . . , 𝑥𝑛 (each
variable 𝑥𝑖 denotes an 𝑚-dimensional column vector, 𝑖 =1, . . . , 𝑛). 𝑚 = 2 given that the dwell time and the travel
time are selected as two division indexes. Assuming that

{𝑥𝑖, 𝑥𝑖+1, . . . , 𝑥𝑛} denotes a segment (1 ≤ 𝑖 ≤ 𝑗 ≤ 𝑛), the
diameter of a class (also referred to as the sum of the squares
of deviation) 𝐴(𝑖, 𝑗) can be written as follows:

𝐴 (𝑖, 𝑗) = 𝑗∑
𝑙=𝑖

(𝑥𝑙 − 𝑥𝑖,𝑗) (𝑥𝑙 − 𝑥𝑖,𝑗) . (19)

(2) Calculation of the Loss Function. For simplicity, the
variable 𝑥𝑖 (𝑖 = 1, . . . , 𝑛) is denoted by its subscript 𝑖.
Assuming that 𝑖𝑘 denotes the first sample (vector) in the 𝑘th
segment, the following method can be used for dividing the𝑛 ordered variables into𝐾 classes:

𝑃 (𝑛,𝐾) : {𝑖1 = 1, 𝑖1 + 1, . . . , 𝑖2 − 1} ,
{𝑖2, 𝑖2 + 1, . . . , 𝑖3 − 1} , . . . , {𝑖𝐾, 𝑖𝐾 + 1, . . . , 𝑛} . (20)

To use Fisher clustering, we need to define a loss function𝑒(𝑃(𝑛, 𝐾)) to evaluate the quality of clustering. For a certain
division method, the loss function 𝑒(𝑃(𝑛, 𝐾)) is defined as
the sum of the squares of the deviations of all classes. Given𝑛 and 𝐾 (the Fisher algorithm is applicable to cases with a
known class number, 𝐾), the total sum of the squares of the
deviations of all classes is fixed. Hence a smaller intraclass
sum of squares and a larger interclass sum of squares give
better classification results. In other words, clustering or
segmentation aims to find amethodwhichminimizes the loss
function 𝑒(𝑃(𝑛, 𝐾)):

Obj: min 𝑒 (𝑃 (𝑛, 𝐾)) = min
𝐾∑
𝑘=1

𝐴 (𝑖𝑘, 𝑖𝑘+1 − 1) . (21)

To solve the above-described objective function, we use
the following recursion:

min 𝑒 (𝑃 (𝑛, 𝐾))
= min
𝐾≤𝑖≤𝑛

{min 𝑒 (𝑃 (𝑛 − 1,𝐾 − 1)) + 𝐴 (𝑖, 𝑛)} . (22)

For example, when𝐾 = 2, 𝑃∗(𝑛, 2) is the optimal method
among all possible division schemes that minimizes the loss
function.

𝑒 (𝑃∗ (𝑛, 2)) = min 𝑒 (𝑃 (𝑛, 2))
= min
2≤𝑖≤𝑛

{𝐴 (1, 𝑖 − 1) + 𝐴 (𝑖, 𝑛)} . (23)

Using the method of induction, the recursion described
in (23) can be derived which represents the optimal classi-
fication method of dividing 𝑛 samples into 𝐾 classes. It can
be regarded as a combination of the optimal classification
method of dividing 𝑖 − 1 samples into 𝐾 − 1 classes and the𝐾th segment which includes the remaining 𝑛 − 𝑖 + 1 samples.

There are two unique features of this algorithm. Firstly,
it does not disturb the order of the dispatched buses. Hence
the numbers of all buses that are classified into the same
interval are adjacent. Secondly, the algorithm is not complex
which takes less time to get the partition results and which
can improve the computational efficiency.

(3) Final Division Based on Threshold Values of Two Indexes.
By means of the above two steps, the dispatched buses are



6 Journal of Sensors

Table 1: Time interval partition scheme and bus headway during the investigation period.

Interval number Starting and ending times Headway (min) Bus quantity Departure number
1 05:50–07:00 15 5 1–5
2 07:00–09:00 8 15 6–20
3 09:00–12:00 10 18 21–38
4 12:00–16:00 11 22 39–60
5 16:00–19:00 8 22 61–82
6 19:00–21:00 12 11 83–93

Table 2: Minimal lost function and starting codes of the last cluster in different partition methods.

𝐾 = 2 𝐾 = 3 𝐾 = 4 ⋅ ⋅ ⋅ 𝐾 = 89 𝐾 = 90 𝐾 = 91 𝐾 = 92
𝑛 = 3 0.0007 [2] ⋅ ⋅ ⋅
𝑛 = 4 0.05134 [3] 0.0437 [3] ⋅ ⋅ ⋅
𝑛 = 5 0.0094 [3] 0.0084 [3] 0.0008 [4] ⋅ ⋅ ⋅
⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅
𝑛 = 91 9.121 [52] 8.068 [83] 7.482 [65] ⋅ ⋅ ⋅ 0.0026 [91] 0.0016 [91]
𝑛 = 92 10.065 [52] 8.448 [83] 7.926 [65] ⋅ ⋅ ⋅ 0.0029 [92] 0.0026 [92] 0.0016 [92]
𝑛 = 93 9.909 [48] 8.213 [82] 7.683 [72] ⋅ ⋅ ⋅ 0.0039 [93] 0.0029 [93] 0.0026 [93] 0.0016 [93]

Sequential Calculate class Calculate loss 

Obtain original 
division groups

Threshold values 
of division indexes

Final 
division

function e(P (n, K))diameter A (i, j)variable xi

Figure 2: Flow chart of the division algorithm.

divided into 𝐾 groups. However, it has not been determined
whether the differences in the total dwell time and in the
interstop travel time between two adjacent buses are smaller
than the threshold values, which is thus evaluated in this step.
In each group, if the differences in the two division indexes of
two adjacent buses are larger than the threshold values, the
two buses should be classified into different groups.

Figure 2 illustrates the overall process of the division
algorithm.

4. Case Study

In this section, we apply the proposed time of day division
method based on GPS data on the number 63 bus route in
Harbin, China, as a case study.

4.1. Data Acquisition. Bus route 63 in Harbin has 21 stops in
total. The line starts from Jiangong Community and goes all
the way to Dajiang Community along the westbound direc-
tion.The operating distance of one direction is approximately
9.5 km. The bus enterprise has set the sampling interval of
the GPS data at 30 seconds, which, however, cannot satisfy
the requirement of this study. As a result, we carried out

our own investigation of the bus line for two weeks (from
Monday to Friday per week) during September 2013. In each
bus, a GPS device was placed and connected to a laptop for
real-time storage of the GPS data, which were later matched
with a GIS map. Afterwards, the required travel time spent
on road sections and intersections and the delay and dwell
time at stops were extracted. During the investigation, the bus
operating time was from 05:50 to 21:00.The operating period
can be divided into 6 time intervals for each day. The specific
starting and ending time points as well as the departure head-
ways are listed in Table 1. In December 2014, we performed a
second investigation for one week (Monday to Friday) and
obtained the latest bus operating data. Compared with the
first investigation, the total number of vehicles in Harbin had
increased significantly. In addition, due to the winter snow
on the road, vehiclesmovedmore slowly and road congestion
became even more serious. Acceleration and deceleration of
the bus vehicles happened to be more frequent. As a result,
the original schedule scheme was no longer suitable for the
second investigation.

4.2. Division Results. Before the division of the operating
time, the values of various parameters should be determined.𝛿 and 𝑇𝑜𝑏 are constants which are set at 60 people per bus
and 2.2 seconds per person, respectively. Given that 𝐻 = 8
minutes,𝐻𝑎max = 2𝐻 and𝐻𝑎min = 𝐻 and Δ𝐷max = 112.2 andΔ𝐸max = 367.8.

All the division indexes are normalized before used.
Table 2 lists theminimal loss function based on the sequential
clustering and the beginning label at the last time slot. The
minimal loss function is calculated from the second column;
that is,𝐾 = 2.Theminimal loss functions of all the schemes of
dividing the first 𝑖 buses (3 ≤ 𝑖 ≤ 97) into𝐾 classes are derived
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to determine the optimal segmentation. Using min 𝑒(𝑃(3, 2))
as an example, there are two division schemes which divide
the first two buses into two classes, namely, ({1}, {2, 3}) and({1, 2}, {3}).
min 𝑒 (𝑃 (3, 2)) = min

2≤𝑗≤3
(𝐴1,𝑗−1 + 𝐴𝑗,3)

= min [(𝐴1,1 + 𝐴2,3) , (𝐴1,2 + 𝐴3,3)]
= min (0.0007, 0.0076) = 0.0007.

(24)

The optimal segmentation is ({1}, {2, 3}), and the begin-
ning label of the last class (i.e., 2) is recorded. As shown in
the second row and the second column in Table 2, [2] on
the right of 0.0007 represents the division of the first three
buses into 2 classes where the beginning label of the second
class is 2 and the corresponding minimal loss function is
0.0007. Moreover, the division indexes (the average dwell
time at stops and the average travel time among stops) are
different for different buses in a class which should be taken
into account in the classification. The buses whose division
indexes are smaller than the thresholds are grouped into the
same class. For example, there are 92 division schemes when
dividing 93 samples into 2 classes. Before the calculation
of the loss function, we should first evaluate whether the
thresholds Δ𝐷max and Δ𝐸max are satisfied and delete those
division schemes that do not satisfy the requirement. Only
after that can the loss functions of the remaining division
schemes be calculated so as to determine the optimal division.

As shown in Table 2, the sequential clustering algorithm
cannot determine the class number𝐾 but can only determine
the optimal class number according to the variation in the
minimal error function. It can be observed that, in the
last row of Table 2 (𝑛 = 93), the minimal error function
of 93 sample data decreases gradually with an increasing𝐾. A greater 𝐾 suggests a finer division and, accordingly,
fewer buses are included in a class in which the difference
is smaller. However, a bus enterprise does not necessarily
want to increase the number of the operating time slots,
since doing so will not only increase the frequency to update
the dispatching schemes but also require more transition
schemes between different dispatching schemes. Frequent
transitions may reduce the operating efficiency of bus transit
[7]. In studies [7, 8], the value of 𝐾 was determined by
the manager. For this study, with reference to the previous
research, we consulted the administration department of the
bus enterprise and finally set the value of 𝐾 at 8; that is, the
operating time of the number 63 bus is divided into 8 time
intervals as shown in Table 3.

5. Conclusion

This study first recovers the bus travel time on the road
based on the historical GPS data and then divides the bus
operating time using a sequential clustering algorithm. The
main conclusions are as follows:

(1) The bus travel time data collected from the bus-
mounted GPS cannot truly reflect the real operating

Table 3: Final partition results of operation time intervals for bus
route 63.

Interval
number

Starting and
ending times

Interval
number

Starting and
ending times

1 5:50–7:05 5 12:49–15:01
2 7:05–8:09 6 15:01–16:39
3 8:09–11:05 7 16:39–19:15
4 11:05–12:49 8 19:15–21:00

state of the bus vehicle. Drivers’ behavior should be
taken into account for data correction.

(2) For the division of the operating time, the division
algorithm is more sensitive to the threshold value of
the dwell time at stops. A smaller threshold valuemay
easily make the division finer.

(3) A sequential clustering method can ensure that the
order of the adjacent buses is not disrupted in order to
achieve a favorable division of the bus operating time.
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With the development of connected vehicle (CV) and Vehicle to X (V2X) communication, more traffic data is being collected from
the road network. In order to predict future traffic condition from connected vehicles’ data in real-time, we present an online traffic
condition evaluation model utilizing V2X communication. This model employs the Analytic Hierarchy Process (AHP) and the
multilevel fuzzy set theory to fuse multiple sources of information for prediction. First, the contemporary vehicle data from the On
Board Diagnostic (OBD) is fused with the static road data in the Road Side Unit (RSU).Then, the real-time traffic evaluation scores
are calculated using the variable membership model. The real data collected by OBU in field test demonstrates the feasibility of the
evaluation model. Compared with traditional evaluation systems, the proposed model can handle more types of data but demands
less data transfer.

1. Introduction

Nowadays, traffic congestion is a serious issue due to the
growing number of vehicles moving on the urban road
networks. Connected Vehicle (CV) technology enhances the
ability of traffic information collection and management
through Vehicle to X communication (including Vehicle-To-
Infrastructure (V2I) and Vehicle-To-Vehicle (V2V) commu-
nication), which presents one of the best ways to mitigate
urban traffic congestion, improve traffic safety, and reduce
fuel consumption [1].

With the development of connected vehicles, multiple
sensors and communication modules tend to become stan-
dard equipment in vehicles. Through these sensors and com-
munication modules, the required traffic information can be
collected and distributed efficiently. Meanwhile, diversified
traffic data sources and effective analysis methods provide a
more reliable decision-making basis for traffic managers [2].
Furthermore, advanced data fusion technology can be used
to deal with massive multisource traffic data to provide more
accurate estimation of urban road conditions and improve
the evaluation and prediction methods for urban traffic
system [3].

In the urban traffic system, there are various traffic data
acquisition methods, such as detector, video, and radar. With
the application of V2X communication, more traffic data
can be collected from connected vehicles, infrastructure,
and other traffic sensors. The data can then be fed to the
traffic condition evaluation, prediction, and decision-making
system. If the traffic management department can leverage
real-time traffic information from V2X communication to
induce traffic flow and reduce unnecessary travel time,
the operational efficiency of the transport network can be
improved.

Huang proposed a data fusion method to optimize urban
traffic flow based on neural network and fuzzy reasoning,
which collected the traffic data from varied detectors on the
urban road [4]. Quek et al. introduced a special class of fuzzy
neural network known as the pseudo outer-product fuzzy
neural network using the truth-value-restriction method
(POPFNN-TVR) for short-term traffic flow prediction. The
method combined the complementary capabilities of both
neural networks and fuzzy logic; thus it constituted a more
promising technique for modeling traffic flow [5]. Zhao et al.
analyzed the characteristics of multisource data fusion and
support vector machine (SVM). Following to the principle
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of SVM, they collected multisource traffic flow data from
Hanshin Highway [6]. Castillo et al. reviewed the roles of
mathematical tools and methods in traffic flow observability,
estimation, and prediction problems. The high number of
possible combinations of these elements justifies the existence
of a wide collection of methods for analyzing static and
dynamic situations [7]. Thomas and Dia presented a neural
network algorithm based on traffic data fusion and tested it
with simulated data. It analyzed various influence factors on
data collection, such as positions of detectors, numbers of
floating cars, length of the urban road, and severities of traffic
accidents. Several classical algorithms were applied in traffic
information fusion, including Kalman filter, artificial neural
network, exponential smoothing, and recursive estimation
algorithm [8]. Yang et al. proposed a novel fusion model
which can be used to identify traffic status and analyze
traffic conditions, accidents, scope of coverage, and forecast of
future traffic flow [9]. Ren et al. processed observation traffic
data for the traffic volume of urban road using fuzzy fusion
algorithm. The test results showed that this method can
acquire more complete and reliable traffic data. To forecast
long periods of traffic flow conditions [10] Stutz and Runkler
used fuzzy clustering to classify and analyze the traffic jams
on a German freeway [11]. Jiang et al. used fuzzy clustering
to identify road traffic conditions; the feasibility of this
model was proved by the simulation results [12]. Rizzi et al.
proposed an application of a highly efficient classification
system based on low complexity real-time Internet traffic
flows, by considering traffic data sets collected in different
epochs andplaces [13]. Guo et al. proved the urban road traffic
conditions can be analyzedwith traffic data of coil detector by
improved fuzzy clustering method [14]. He et al. improved a
fusion method with new data collected from mobile phone
and microwave sensors, providing enough data for traffic
analysis [15].

There are several achievements while applying V2X com-
munication in ITS. Backfrieder et al. predicted future con-
gestion based on the Bottleneck prediction method and V2X
communication. It demonstrated promised performance
through dynamic microscopic traffic simulations both in a
real-world scenario and in an artificial road network scenario
[16]. Schünemann proposed a flexible simulation tool which
simulated real-time traffic flow by V2X. This tool can also
be used to simulate various scenarios of future intelligent
transportation systems [17]. Otsuki and Miwa designed an
efficient content-delivery control algorithm using real-time
traffic data generated from traffic situation. The algorithm
utilized the route prediction information in order to share
traffic data during the vehicles by V2X communication
efficiently [18]. Wedel et al. introduced a novel algorithm that
can be used for connected vehicle with navigation system to
calculate routes circumnavigating congested roads [19].

We can draw a conclusion from the literatures above
that current research on traffic evaluation mainly focuses on
how to process traditional data from detectors. Researchers
have conducted a full study of how to improve the accuracy
and reliability of information fusion. However, due to the
limitation of data types and inevitable errors from traffic
detectors, the advantages of novel traffic evaluation method

are not prominent. To fill this research gap, a real-time traffic
evaluation method based on data fusion in V2X scenario is
presented in this paper.The vehicle OBDdata is collected and
processed by the RSU installed at the intersection. OBD data
will be later fused with the static road data in the method.
Details are discussed in the following section.

2. Description of the Traffic
Data Fusion Scenario

Unlike traditional floating car system which sends real-time
data directly to the server via mobile network and provides
few data for traffic control, this paper uses the OBD data as
the source of vehicle dynamic data and keeps the data within
RSU at intersection. There are two types of data stored in the
RSU: static road parameters such as road grade, number of
lanes, road length, and real-time dynamic data generated by
the connected vehicles.

The scenario of connected vehicles with V2X communi-
cation in this paper is described as shown in Figure 1. With
the RSU installed at the intersection, all kinds of vehicle data
generated by the vehicle passing through the road section
(Point A→ Point D) are collected. By fusing the parameters
of the road section, the system evaluates the traffic conditions
at each collection interval.

The structure of CV system is shown as Figure 2. The On
Board Unit (OBU) installed on the vehicle is an embedded
acquisition system that receives the vehicle data through
the Controller Area Network (CAN) protocol from the
Electronic Control Unit (ECU). The RSU actively sends the
handshake information to establish communication with the
OBU that supports V2X communication and determines
whether the vehicle enters or leaves the intersection by
comparing the location information of the intersection and
the GPS data of the vehicle.

The flow chart of traffic data fusion is shown in Figure 3.
When the vehicle leaves the last intersection (Point A), it
starts to record the running data of the current road section
and sends the data generated on the road section to the
RSU when leaving the next intersection (Point D). When the
vehicle enters the communication range (Point B) of the RSU,
the two parties will establish a stable V2X communication.
The OBU sends its own vehicle basic information and
continuously sends the positioning information before the
RSU requests the OBD data. When the vehicle enters the
intersection 2 (Point C), since the communication history of
the RSU1 is recorded in the OBU, the current vehicle data
belonging to entrance lane (intersection 1→ intersection 2)
can be determined in the RSU2. According to this principle,
the data of vehicles on multiple entrance lanes can be
processed simultaneously in the RSU. After the data sent by
the OBU is verified as valid, data fusion and evaluation will
be done in the RSU according to the model in Section 3.

The OBD interface is chosen since it provides not only
the vehicle sensor information, but also the vehicle internal
control information and fault information.This distinguishes
the proposed model from most traditional floating car data
collection systems which obtain the vehicle data mainly from
GPS module. Since the OBD interface integrates external
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Figure 1: The scenario of CV system on intersections.
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Figure 2: The evaluation process for CV system.

detectors, it greatly enhances the evaluation system’s versa-
tility.

With the V2X communication and vehicle OBD data,
the scenarios described in this paper have the following
advantages over traditional floating car systems:

(1) More traffic information is shared by V2X. The traffic
flow data on the macroscale is fused and calculated at the
RSU, whereas the running information of each vehicle is
collected in V2X communication on the microscale.

Meanwhile, the information for driving guidance or
alarm can be sent to vehicles as well. In a word, if the

Ready
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Update the evaluation results

Is data valid?

Data validation

Yes

Yes

Yes

Yes

No

No

No

No

In RSU

Via V2X

Point A
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Point B

Point B

Point C

Figure 3: The flow chart of online traffic evaluation based on data
fusion with V2X.

multisource data fusion with V2X communication is applied
in urban traffic system, it can greatly improve the driving
safety and traffic capacity. The accuracy error caused by the
interference of the sensor can also be avoided.

(2) Traffic data from OBD interface is more accurate and
computationally friendly. The method reduces the load and
the computation amount of the data on the network and can
effectively avoid errors caused by the collection system. Since
the method collects corresponding dynamic data judged
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based on the OBD data directly, it is not necessary to always
track and calculate the vehicle GPS data. The process of data
calculation and transmission is simplified by themethod, and
errors caused by sensors can also be avoided.

3. Evaluation Model Based on Real-Time
Traffic Information Fusion

The evaluation model established in this paper is based on
the multilevel fuzzy synthetic evaluation model. The basic
idea is to establish the fuzzy judgment matrix by using the
transformation principle to describe the data boundary of
the factors in fuzzy set. Through the multilayer numerical
calculation based on the evaluation criteria and weights, we
will determine the results of the evaluation object [20, 21].The
structure of synthetic evaluation model is shown as Figure 4.

3.1. The Primary Evaluation Model. Define 𝑄 as a finite set,
and 𝑄: 𝑄 = {𝑞1, 𝑞2, . . . , 𝑞𝑛}, where 𝑞𝑖 (𝑖 = 1, 2, . . . , 𝑛) is an
object to be evaluated.

The objects to be evaluated (elements of “𝑄”) in this paper
are the road states at different times (e.g., 10 a.m. or 5 p.m.).

Define a finite set, that is, 𝑃: 𝑃 = {𝑝1, 𝑝2, . . . , 𝑝𝑚}, and
the element 𝑝𝑖 (𝑖 = 1, 2, . . . , 𝑚) in 𝑃 represents a different
evaluation indices.

While evaluating a road’s real-time status, there are many
evaluation indexes that can be used. Based on the principle of
measurability, the average travel time (ATT), average number
of stops (ANS), and average stopped time (AST) are selected
as the final evaluation indices in thismodel, as in (1). All these
three indices can be calculated from data collected fromOBD
and V2X communication.

𝑃 = {𝑝1, 𝑝2, 𝑝3} = {ATT,ANS,AST} . (1)

Travel time is defined as the difference between the data
exchange time at the current intersection and that at the
adjacent downstream intersection.While traveling to the next
intersection, the OBD can record the number of stops and
total stopped time. In addition, all detected data will be
verified by communication integrity and data validation to
ensure the validity of the data. Then, the above selected three

real-time evaluation indices can be calculated by averaging
the valid data.

Define 𝑢𝑗 as the membership function of the 𝑗th evalua-
tion index 𝑝𝑗 ∈ 𝑃, that is, 𝑢𝑗 = 𝑢(𝑝𝑗), 𝑢𝑗 ∈ [0, 1]; then 𝑈 is a
finite fuzzy subset; that is, 𝑈 = {𝑢1, 𝑢2, . . . , 𝑢𝑚}.

Since the membership function is applicable to all evalu-
ation objects, an evaluation matrix can be obtained as a fuzzy
relation, that is, 𝑅: 𝑄 × 𝑈 → [0, 1], which is defined as

𝑅 =
[[[[[[
[

𝑅1
𝑅2
...
𝑅𝑛

]]]]]]
]

=
[[[[[[
[

𝑟11 𝑟12 ⋅ ⋅ ⋅ 𝑟1𝑚
𝑟21 𝑟21 ⋅ ⋅ ⋅ 𝑟2𝑚
... ... d

...
𝑟𝑛1 𝑟𝑛2 ⋅ ⋅ ⋅ 𝑟𝑛𝑚

]]]]]]
]𝑛×𝑚

, (2)

where 𝑟𝑖𝑗 = 𝑅(𝑞𝑖, 𝑢𝑗) ∈ [0, 1] is the membership degree of the
𝑖th object to be evaluated on the 𝑗th evaluation index.

Define 𝑆 = (𝑄,𝑈, 𝑅) as the primary evaluation space and
give a fuzzy vector𝑊:

𝑊 = (𝑤1, 𝑤2, . . . , 𝑤𝑚)𝑇 . (3)

In (3), element 𝑤𝑗 of 𝑊 represents the weight of each
evaluation index with respect to the primary evaluation
model:

𝐷 = 𝑅 ⊗𝑊. (4)

3.2. The Variable Membership Model. Assuming that the
evaluation result is a finite set 𝑉 = {V1, V2, V3, V4} =
{excellent, good,medium, bad}, each element in the set corre-
sponds to a distribution interval of themembership function,
which is shown in

𝑢𝑗 ∈ [0.25 (𝑖 − 1) , 0.25𝑖] ,
V = V𝑖 (𝑖 = 1, 2, 3, 4) . (5)

Considering the negative correlation between the eval-
uation indices and evaluation results, this paper selects the
membership function of the Cauchy type, as shown in

𝑢𝑖 = 𝜇 (𝑝𝑗) =
{{{
{{{
{

1, 𝑝𝑗 ≤ 𝑐𝑗
1

1 + [𝑎𝑗 (𝑝𝑗 − 𝑐𝑗)]𝑏𝑗
, 𝑝𝑗 > 𝑐𝑗

∀𝑎𝑗, 𝑏𝑗, 𝑐𝑗 > 0.

(6)

It can be seen that, in the coordinate system 𝑝𝑗 − 𝑢𝑗, each
membership function distribution interval 0.25𝑖 must have
a corresponding critical value 𝑝𝑖𝑗. According to the set of
values under the same membership function, the coefficients
of the membership function, including 𝑎𝑗, 𝑏𝑗, and 𝑐𝑗, can be
solved by regression analysis. Taking into account the actual
traffic scenario, 𝑝𝑖𝑗 is a time-varying value changing with
static traffic parameters.The dynamic adjustment strategy for
𝑝𝑖𝑗 is shown in

𝑝𝑖𝑗 = (
1 − 𝜉) 𝑝𝑖𝑗𝐿𝜔𝑚𝑗

𝐿𝛼𝑛𝑗 + 𝜉𝑝𝑖𝑗, (𝑖 = 1, 2, 3, 4) , (7)
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Table 1: Parameters of the membership function.

𝑝𝑖𝑗 𝜉 𝜔𝑚𝑗 𝛼𝑛𝑗 𝑝𝑖𝑗 𝑎𝑗 𝑏𝑗 𝑐𝑗
𝑢1 (184, 138, 97, 71) 0.3 1 1.05 (219, 165, 117, 86) 0.0007 1.66 79.8
𝑢2 (3.8, 2.6, 1.6, 0.9) 0 0.95 1.10 (5.5, 3.8, 2.3, 1.2) 0.164 1.82 1.2
𝑢3 (75, 50, 35, 26) 0.85 0.95 1.03 (80, 54, 37, 28) 0.165 1.29 27.3

where 𝑝𝑖𝑗 is a typical critical value for the length of the uni-
directional road at the specified road grade and is calibrated
by a large number of tests, 𝜉 is a coefficient that represents the
part of evaluation indices which is generated by the control
of the signal, which depends mainly on the green signal ratio
and the number of phases, 𝐿 is the standard length (500m) for
the urban road, 𝛼𝑛𝑗 is the influence coefficient of 𝑛 lanes on
the 𝑗th evaluation index, and 𝜔𝑚𝑗 is the influence coefficient
of𝑚 branch road on the 𝑗th evaluation index.

To obtain the critical value 𝑝𝑖𝑗, we take the relevant static
data (in Table 4) and typical values into (7). By the nonlinear
regression analysis function “nlinfit” in MATLAB, we obtain
the parameters of the Cauchy-type function in (6). Then the
coefficients are fitted as a curve, including 𝑎𝑗, 𝑏𝑗, and 𝑐𝑗. The
results are shown in Table 1 and Figure 5.

For the value of the membership function 𝑢𝑗, it is
necessary to convert it into the membership degree with the
corresponding indices: based on the trapezoidalmembership,
we define the interval as 0.25𝑖 of the evaluation result set 𝑉,
which is the intermediate membership degree (𝑟𝑖𝑗 = 0.5) of
the two evaluation indices. The floating range is from 0.25𝑖 −
0.1 to 0.25𝑖+0.1. The final membership relationship is shown
in Figure 6.

3.3. The Analytic Hierarchy Process. The Analytic Hierarchy
Process (AHP) is used for organizing and analyzing complex
decisions based onmathematics and psychology. Rather than
prescribing a “correct” decision, the AHP helps decision
makers find one solution that best suits their goal and their
understanding of the problem. It provides a comprehensive
and rational framework for structuring a decision problem,
for representing and quantifying its elements, for relating
those elements to overall goals, and for evaluating alternative
solutions.

In the proposedmodel, there aremany evaluation indexes
that can be considered. However, the weights of each index
are not predefined. For example, some researchersmay regard
that the average speed is themost important index to evaluate
a road state, but others may regard the stops as more impor-
tant than the average speed. Both of the two viewpoints are
subjective assumptions. So the AHP method is to determine
the weight of these evaluation indexes scientifically.The steps
of AHP are shown as follows.

Step 1. According to the relevant research and practical
experience, comparing the importance of the three evaluation
indices, the judgment matrix table can be acquired as shown
in Table 2.

1.2
1.1
1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

0 50 150100 250200
Average travel time (s)

u
1

(a)
1.2
1.1
1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

10 5 76432
Average number of stops

u
2

(b)
1.2
1.1
1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

20 40 60 80 1000
Average stopped time (s)

u
3

(c)

Figure 5: Curve fitting of the membership function.

Step 2. The data in Table 2 is brought into the following
equation to obtain the judgment matrix 𝐴:

𝐴 =
[[[[[[
[

𝑎1
𝑎2
...
𝑎𝑛

]]]]]]
]

=
[[[[[[
[

𝑎11 𝑎12 ⋅ ⋅ ⋅ 𝑎1𝑛
𝑎21 𝑎21 ⋅ ⋅ ⋅ 𝑎2𝑛
... ... d

...
𝑎𝑛1 𝑎𝑛2 ⋅ ⋅ ⋅ 𝑎𝑛𝑛

]]]]]]
]𝑛×𝑛

. (8)



6 Journal of Sensors
M

em
be

rs
hi

p 
de

gr
ee

r i
j

r1j
r2j

r3j
r4j

0
0

0.25

0.25

0.5

0.5

0.75

1

0.75 1
ui

Figure 6: Membership relationship of the evaluation model.

Table 2: Parameters of the judgment matrix.

𝑎1 𝑎2 𝑎3
𝑎1 1 3 2

𝑎2 1
3 1 2

3
𝑎3 1

2
3
2 1

Step 3. The columns of judgment matrix𝐴 are normalized as

𝑎𝑖𝑗 =
𝑎𝑖𝑗

∑𝑛𝑘=1 𝑎𝑘𝑗 (𝑖, 𝑗 = 1, 2, . . . , 𝑛) . (9)

To apply the AHP method, each element in (9) is
recalculated as a proportion to the sum of its own column. By
normalizing, the value of each element can be transformed as
a percentage, which is the value that needs to be calculated in
(10)

Step 4. The sum of the rows of the judgment matrix 𝐴 is
calculated as

𝑤𝑖 =
𝑛

∑
𝑗=1

𝑎𝑖𝑗 (𝑖 = 1, 2, . . . , 𝑛) . (10)

Step 5. Normalize 𝑤𝑖 to get 𝑤𝑖; we can find the largest
eigenvalue 𝜆max and eigenvector, according to 𝐴𝑤 = 𝜆max𝑤:

𝑤𝑖 = 𝑤𝑖
∑𝑛𝑖=1 𝑤𝑖 (𝑖 = 1, 2, . . . , 𝑛) . (11)

Finally, the weight matrix can be calculated:𝑊 = (0.52,
0.22, 0.26)𝑇.

When the weight set is calculated by AHP method, we
will make a consistency check to ensure that the results are
reasonable. For example, to avoid logical errors, if the result
is index𝐴 being more important than index 𝐵, and index 𝐵 is
more important than index𝐶, but index𝐶 is more important
than index 𝐴, then the results are unreasonable.

Step 6. Calculate the consistence index C.I; we can find the
corresponding mean random consistency index R.I, where 𝑛
represents the order of the judgment matrix 𝐴:

C.I = 𝜆max − 𝑛
𝑛 − 1 . (12)

Step 7. The consistency ratio C.R is calculated as (13), where
R.I represents a constant value, determined by 𝑛 (e.g., 𝑛 =
3, R.I = 0.52):

C.R = C.I
R.I . (13)

Through the calculation in (13), the results of consistency
check (C.R < 0.1) are accepted.
3.4.The FuzzyOperator Pair and Secondary EvaluationModel.
The symbol ⊗ in (4) represents a fuzzy operator pair. If more
operator pairs are introduced at the same time, a new fuzzy
subset can be obtained for each evaluation object:

𝑈 = {𝐷1, 𝐷2, . . . , 𝐷𝑝} , 𝑈 ∈ [0, 1] . (14)

In (14), 𝑝 represents the number of fuzzy operator pairs.
The fuzzy operator pair will determine the meaning of

the fuzzy vector to a larger extent. Besides, the secondary
evaluation space composed of multiple operator pairs will
help to measure the influence of the evaluation indices (𝑃)
on the object to be evaluated (𝑄) from various aspects. In
this paper, we select three operator pairs: (∧, ∨), (∙, ∨), and
(∧, ⊕), where “∨” represents Max, “∧” represents Min, “∙”
represents multiplication, and “⊕” represents addition.These
three operator pairs focus on the contribution of individual
or multiple evaluation indexes, and∑𝑝𝑗=1 𝑤𝑗 ̸= 1.

A new fuzzy relation can be obtained Combining 𝑄 and
𝑈, that is, 𝑅: 𝑄 × 𝑈 → [0, 1]:

𝑅 =
[[[[[[[
[

𝑅1
𝑅2
...
𝑅𝑛

]]]]]]]
]

=
[[[[[[[
[

𝑑11 𝑑12 ⋅ ⋅ ⋅ 𝑑1𝑝
𝑑21 𝑑21 ⋅ ⋅ ⋅ 𝑑2𝑝
... ... d

...
𝑑𝑛1 𝑑𝑛2 ⋅ ⋅ ⋅ 𝑑𝑛𝑝

]]]]]]]
]𝑛×𝑝

. (15)

In (15), 𝑑𝑖𝑗 represents the primary evaluation value of the 𝑖th
object calculated from (4) when the 𝑗th operator pair is used.

Thus, the secondary evaluation space 𝑆 = (𝑄,𝑈, 𝑅) is
obtained. Each element 𝑤𝑗 ∈ 𝑊 is given a fuzzy vector𝑊 in
the secondary evaluation space:

𝑊 = (𝑤1, 𝑤2, . . . , 𝑤𝑝) . (16)

In (16), the element 𝑤𝑗 of𝑊 represents the weight of the 𝑗th
fuzzy operator pair for the secondary evaluation space, and
∑𝑝𝑗=1 𝑤𝑗 ̸= 1, 𝑤𝑗 ∈ [0, 1].

The secondary fuzzy vector matrix is obtained according
to the AHP, that is, 𝑊 = (0.17, 0.28, 0.55). Then the
secondary evaluation model is obtained:

𝐵 = 𝑊𝑅𝑇 = {𝑏1, 𝑏2, . . . , 𝑏𝑚} . (17)
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Table 3: Data transmission performance with respect to communication distance.

Number Communication distance (m) Packet loss rate (%) Time delay (ms) Transmission rate (kbps)
1 20 1.6 <200 102.2
2 50 1.9 <200 99.5
3 100 3.3 <400 96.5
4 150 5.6 <400 91.9
5 200 7.2 <800 87.3
6 300 9.9 <800 80.5
7 400 21.7 >1200 71.5
8 500 46.6 >1200 50.4
Note. The test data consists of three packets, totaling 51 KB.

In (17), 𝑏𝑖 represents the evaluation index of the 𝑗th evaluation
object, where 𝑏𝑖 = ∑𝑝𝑗=1 𝑤𝑗𝑑𝑖𝑗.

We can find that this mathematical model is a two-level
fuzzy evaluation model. The final result is a set of evaluation
results.

3.5. The Synthetic Evaluation Results. Finally, the evaluation
results for connected vehicles are obtained based on the
synthetic evaluation method. To ensure the feasibility, the
original evaluation results 𝐵 are integrated according to the
weighted average principle. Firstly, the elements of 𝐵 are
normalized to obtain �̃�𝑖; then the final evaluation score 𝐶 is
calculated in

𝐶 = 100 −
𝑚

∑
𝑖=1

100
3 (𝑖 − 1) �̃�𝑖. (18)

We can find in (18), where 𝐶 ∈ [0, 100], that the road
condition is proportional to the value of 𝐶.

4. Experiment and Analysis

4.1. Experimental Method. A data acquisition system with
reference to a real V2X communication scenario is estab-
lished in this article. The system has an embedded data
acquisition device based on the chip of Freescale i.MX6 Q,
which is installed in vehicles (OBU) and intersections (RSU).
The device has a rich interface as shown in Figure 7, and
the data of the Experimental vehicle can be passed into the
device via the CAN interface. The OBU acquires OBD and
GPS data according to the implementation procedure and
communicates with RSU through the high power Zig-Bee
module. The actual environment proved that the communi-
cation established by the Zig-Bee module was stable enough
to simulate the real V2X communication. The test results are
shown in Table 3.

A segment of the Pingguoyuan SouthRoad in Shijingshan
District of Beijing is picked as experimental section in this
paper. The static data of this road is shown in Table 4. In
the experiment, two experimental vehicles equipped with
OBU device are traveling continuously on both sides of the
road. The calculated evaluation indices are transmitted via
wireless communication to the RSU device installed at the

Table 4: Parameters of the road section.

Parameter name Data
Road grade Secondary trunk road
Road type Two-way two-lane
Road length 698m
The number of branch road 1/1
Traffic signal control Yes

intersection. The experiment is carried out from 6:00 am to
8:00 pm on March 3, 2017. In order to improve the accuracy
of the evaluation asmuch as possible, the experiment ensured
that there are at least 10/16 sets of data in each section of the
road during the peak/valley hours of traffic flow. At the same
time, the flow data of the day is obtained through artificial
observation and converted to Passenger Car Unit (PCU).
Restricted by the experimental condition, the final evaluation
result is calculated by deriving the vehicle data stored in
the RSU into the personal computer. However, this does not
affect the evaluation result and preserves more details of the
original data to ensure the reliability of the results.

4.2. Experimental Data Analysis. A total of 407 data packets
were collected by the experimental device, of which 377 were
valid. That is to say, 92.6% of all data packets received by the
device is valid. All valid data are processed at intervals of one
hour as shown in Figures 8, 9, and 10 where (a) represents a
section from west to east, (b) represents a section from east
to west, the curve represents the three evaluation indices, and
the gray shaded area represents the distribution of the data.
As seen from the figures, the three evaluation indices share
similar trend with respect to time. This proves the reliability
of the data from one aspect.

The data sheets of the three evaluation indices are brought
into aMATLABprogramwhere the final synthetic evaluation
result 𝐶 is calculated; see the lower part of Figure 11. The two
colors of the data represent the two directions of the road.The
upper part of Figure 10 is the flowdata for the day. Comparing
the upper and lower parts of the figure, we can find that the
evaluation score has a negative correlation with the original
traffic flow data, which is consistent with the actual traffic
situation. As shown in the figure, the peak flow in the day also
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Figure 7: The hardware structure of the terminal for CV system.
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Figure 8: Results of average travel time.

corresponds to the lowest evaluation result. The difference
between the peak hours and the valley hours is evident in the
evaluation results.

Since the two directions of the road have similar static
road parameters, in order to describe the relationship cor-
rectly between the evaluation score and the traffic flow, all
the evaluation data are arranged in ascending order of the
traffic flow as shown in Figure 12. The red line in the figure
represents the actual calculated evaluation score, and the

green line represents the reference delay value of the grade
road at different traffic flows.

It can be seen from the above analysis that the evaluation
results of the multilevel fuzzy synthetic method used in this
paper are in good agreement with the actual situation. If the
device’s communication coverage is further improved, the
time interval of the traffic evaluation can be reduced to 5 to 15
minutes, which is sufficient to meet the requirements of the
road evaluation system under the complex road network. It
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Figure 9: Results of average stops.
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Figure 10: Results of average stopped time.

provides a feasible solution for the traffic evaluation method
under the V2X scenario.

5. Conclusion

By fusing the real-time connected vehicle data with static
road segment information, an online traffic condition
estimation model is proposed and tested in this paper. The
OBD data and the traffic evaluation method are applied in
the system of connected vehicles on urban road with V2X.
Based on the traditional fuzzy synthetic model, the multi-
operator synthetic fuzzy and variable membership model is
introduced. We determined the scientific model parameters
through AHP. In the field experiment, the evaluation results
produced by the proposed model are the same with the
actual situation of the road, which demonstrates the fidelity

and effectiveness of the method. When the OBD data in
the vehicle is collected by the V2X, the proposed model has
greater advantage over the traditional floating vehicle data
evaluation method. In addition, since connected vehicles are
supplied with more detailed traffic information, the traffic
capacity and safety can be greatly improved in the foreseeable
future.
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This paper proposes a public transit riders’ travel pattern measuring method based on divided cells and public transit vehicle’s GPS
data. The method consists of two parts: detecting urban origin and destination areas and measuring the public transit riders’ travel
pattern. Moreover, a series of indicators are proposed to reflect the public transit riders’ travel pattern. A case study is carried out
to evaluate the methods, which use the GPS data collected from taxis and buses in Harbin, China.The study is expected to provide
a better understanding of public transit riders’ travel patterns.

1. Introduction

Thedramatic increase of urban vehicles leads tomany serious
problems including traffic congestions, road accidents, and
air pollutions, which become general conundrums in many
metropolitans all over the world, or even in smaller cities.
Public transit is considered to be one of the most effec-
tive solutions for these general conundrums. Public transit
includes various services that provide mobility to the general
public, including buses, trains, ferries, shared taxi, and their
variations [1, 2]. Public transit has many obvious advantages,
such as less expenses, more effective mobility, and saving
travel time, whichmakesmore andmore urban residents turn
to public transit service. The city travelers and commuters
proportion of Beijingwho takes public transit system (includ-
ing bus, taxi, and rail transit) has continuously increased in
last decade. And this number cameup to 54.2% in 2015, which
represents more than 15.5 million trips per day [3].This trend
also occurred in other metropolitans and smaller cities all
over the world.

Public transit riders usually exhibit a fixed travel pattern.
That is to say, at a macrolevel, usually a fixed number of
Origin-Destination pairs locate in same place of urban area,
and the number of trips between these OD pairs stays steady
every day [4–6].The usage ratios of each kind of public transit
stay steady every day. And the trips at morning or evening
rush hours occupy a large proportion of the total trips every

day [3]. On the other hand, at a microlevel, a single traveler
moves from resident area to work place in the morning and
moves back in the evening for each day. If the travel pattern
of public transit riders could be identified, the urban public
transit manager can benefit from it. For example, analyzing
those riders who prefer to choose public transit vehicles
rather than private cars helps transit authorities to improve
the strategies and even make new policy to attract new riders
[7]. With a better understanding of the transfer behavior of
public riders, transit agencies can adjust the bus route tomake
transfer easier, which can enhance the riders’ satisfaction [8].
By calculating the shortest path lengths between all station
pairs, the original-destinationmatrix, and trip lengths, transit
agencies can develop fare change plans to manage demand or
raise revenue [9, 10].

The Original-Destination (OD) matrix is a typical rep-
resentation of residents’ travel pattern, which reflects travel
demand, trip generation, travel distribution, and so on. The
traditional models of establishing OD matrix usually rely on
travel behavior survey. In practice, household travel surveys
are conducted in many countries [11]. However, the survey
data contain many limitations and errors. For example, some
metropolitans in Japan (Tokyo, Kyoto, Osaka, etc.) survey
residents’ travel behavior every 10 years. Since the cities are
growing rapidly, the survey data will definitely be out of date
[11]. Furthermore, the sampling rate is usually very low, which
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brings sampling errors [12]. Meanwhile, many human factors
may affect the accuracy of the OD matrix, such as, willfully
filtering some trips, forgetfulness, and other related factors
[13].

Compared with traditional survey data, GPS data and
smart card data exhibit wider coverage, lower cost, and
higher accuracy. With the rapid development of data-based
technology, various intelligent transportation systems are
widely applied in public transit system. These systems could
collect residents’mobility data every day, including longitude,
latitude, boarding time, and dropping off time [14]. In the
last decade, various researches based on these data have been
carried out, for example, mining urban recurrent congestion
evolution patterns from GPS-equipped vehicle mobility data
[14], comparing accessibility in urban slums using smart card
and bus GPS data [15, 16], discovering functional zones using
bus smart card data [17], and partitioning bus operating hours
into time of day intervals based on bus GPS data [18], which
makes the data based transportation research to be a hot spot
of transportation field [19].

GPS data and smart card data are usually collected from
different subsystems of one whole intelligent transportation
system, or even from different systems. This is because
bus, taxi, and rail transit usually belong to different public
transit companies [3]. Therefore, most previous data based
researches into transit traveler behaviors utilize smart data
[20–22] or GPS data [23, 24], respectively. Accordingly, bus
and rail transit riders’ travel pattern can be generated [20–22]
or travel behavior of taxi riders [23, 24], respectively. To the
best of my knowledge, public transit riders’ travel pattern
researches are barely utilizing both smart card and GPS data.
However, smart card data only provide riders’ boarding and
dropping off information and lack locating information [21,
22]. As a result, only approximate location can be acquired,
which causes inaccuracy of origin and destination inference.
Moreover, on the microlevel, GPS-equipped public transit
vehicle riders’ trips are far less than other public transit vehi-
cles [3]. And the insufficient sampling number will definitely
lead to inaccuracy of trip distribution. In this light, the smart
data and GPS data should be integrated to discover public
transit riders’ travel pattern.

The aim of this paper is to propose an effective method
to explore the public transit riders’ travel pattern in an urban
area.There are two subgoals identified: detecting urban origin
and destination areas at a cell level and measuring public
transit riders’ travel pattern.

This paper is organized as follows. Section 2 discusses the
definition of cells and locating points that will be applied to
this research. Section 3 describes the proposed urban public
transit riders’ travel pattern measuring method. Section 4
applies the proposed public transit riders’ travel pattern
measuring methodology using taxi and bus GPS data and the
urban road network of Harbin. Section 5 provides conclu-
sions and recommendations for future research.

2. Definition of Cells and Locating Points

In this part, we are going to define some parameters of cells
and locating points. Firstly, the urban area is divided into

𝑛 × 𝑚 small cells with same size. 𝐶(𝑥, 𝑦) is one of these cells,
where 𝑥 = 1, 2, . . . , 𝑛 and 𝑦 = 1, 2, . . . , 𝑚.

According to the taxi GPS dataset, there are four types
of occupation status. In this paper, we are going to study the
public transit riders’ travel pattern, so we defined two types
of locating points according to the boarding and dropping off
status, which are described as follows:

Type 1. 𝑃taxi.boarding represents taxi vehicles’ locating points
whose occupation status value is 768 (i.e. the occupation
status is boarding).

Type 2. 𝑃taxi.dropping off represents taxi vehicles’ locating points
whose occupation status value is 16640 (i.e. the occupation
status is dropping off).

The locating points whose occupation status value is 256
(represents the taxi vehicles being vacant) are of no use to the
public transit riders’ travel pattern, so they are not utilized in
our research.
𝑃taxi⟨ID, ts⟩ represents a specific locating point of a taxi

vehicle, where ID and ts are the Taxi ID and Timestamp from
the taxi GPS datasets.

Passenger only needs to touch smart card once while
boarding bus in many cities of China, such as Guangzhou,
Xi’an, and Harbin, whereas, in Beijing, passenger needs to
touch smart card once again while dropping off. It is easy to
knowboth boarding locating points and dropping off locating
points in Beijing. In Harbin, the dropping off locating points
can be inferred based on boarding points and time period. In
order to simplify the method, in this paper, we use the most
periodic commuters’ data from the bus datasets.That is to say,
if a specific bus rider gets to work every morning and comes
back home every evening, only this type of rider’s locating
points will be included in our research. This type of bus rider
generates two trips each day. In this light, we defined two
types of bus locating points as follows.

Type 1. 𝑃bus.boarding represents boarding passengers’ locating
points.

Type 2. 𝑃bus.dropping off represents dropping off passengers’
locating points.
𝑃bus⟨ID, ts⟩ represents a specific locating point of a bus

vehicle, where ID and ts are the Card ID andTimestamp from
the bus GPS datasets.

How to identify the boarding locating points and drop-
ping off locating points from smart card data is described as
follows.

Step 1. Extract the locating points with same card ID
(i.e., 𝑃bus⟨ID𝑖, ts1⟩, 𝑃bus⟨ID𝑖, ts2⟩, . . . , 𝑃bus⟨ID𝑖, ts𝑛⟩) from the
whole smart dataset, where𝑃bus_𝑖⟨ID𝑖, ts⟩ is the locating point
whose card ID is ID𝑖 and 𝑛 is the number of this kind of
locating points.

Step 2. Extract the locating points whose 𝑛 = 2 and ts1 ∈
[07:00, 10:00] and ts2 ∈ [15:00, 18:00].

Step 3. Let 𝑃bus.boarding = 𝑃bus⟨ID, ts1⟩ and 𝑃bus.dropping off =
𝑃bus⟨ID, ts2⟩.
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3. Methodology

The methodology for discovering public transit riders’ travel
pattern is described in this section. Two stepwise methods
are proposed to achieve the main goal, including detecting
Origin and Destination areas, measuring the commuter
pattern between each OD pair.

3.1. Detecting Origin and Destination Areas. In this part, we
are going to detect Origin and Destination areas from public
transit riders’ GPS data (i.e., taxi and bus GPS data). Because
of the reasonable urban planning and constructions in recent
decades, the urban area is usually divided into many different
function zones. Therefore, all the origin points and destina-
tion points of passengers’ trips will be clustered into several
origin areas and destination areas. In this light, we use cluster
algorithm to detect origin areas and destination areas in
urban area. Moreover, we do not know howmany clusters are
in advance, and this type of cluster is usually not spherically-
shaped. Therefore, we apply a customized Density-Based
Spatial Clustering of Applications with Noise (DBSCAN)
algorithm to solve this problem.

For a specific cell 𝐶(𝑥, 𝑦), we define a parameter𝑁(𝑥, 𝑦)
to present the locating point (i.e. 𝑃taxi and 𝑃bus) number in
this cell during a specific period 𝑃. Taking a 3 × 3 cells, for
example (as shown in Figure 1(a)), in one period all cells’
parameters𝑁(𝑥, 𝑦) can be easily calculated. For two specific
cells 𝐶(𝑥1, 𝑦1) and 𝐶(𝑥2, 𝑦2), the distance between them
dist[𝐶(𝑥

1
,𝑦

1
),𝐶(𝑥

2
,𝑦

2
)] is calculated as follows:

dist[𝐶(𝑥
1
,𝑦

1
),𝐶(𝑥

2
,𝑦

2
)] = 𝑙 ⋅ √(𝑥1 − 𝑥2)2 + (𝑦1 − 𝑦2)2, (1)

where 𝑙 is the length of the cell. As shown in Figure 1(b), the
distance between 𝐶(𝑖 − 1, 𝑗) and 𝐶(𝑖 − 1, 𝑗 + 1) is 𝑙, and the
distance between 𝐶(𝑖 − 1, 𝑗 − 1) and 𝐶(𝑖, 𝑗) is 𝑙 ⋅ √2.

Some relative parameters are defined as follows:
Object 𝑜 represents the cell.
Core object co: the cell satisfies𝑁 ≥ 𝛿𝑁, where 𝛿𝑁 is
the threshold of parameter𝑁.
𝜀-Neighborhood of a core object is the space within a
radius 𝜀 centered at co.

Figure 2 illustrates the flow chart of the customized
DBSCAN algorithm in this research. The Original DBSCAN
algorithm is based on density. Comparatively speaking, the
density reachable points in our customized algorithm are
defined by 𝑁 ≥ 𝛿𝑁. And we define the minPts value as 1 in
our paper.

3.2. Measuring Public Transit Riders’ Travel Pattern. The
public transit riders’ travel pattern can be reflected by some
indicators, like trip number between each OD pair, the pro-
portion of different transit, path between each OD pair, travel
time of the path, and so on. In order to show these indicators,
we defined some preliminary terms as follows.

Trmode(CL𝑖 → CL𝑗) is the trip number of a specific transit
mode (i.e. taxi or bus) from 𝑖th cluster to 𝑗th cluster.

Based on clusters of origin and destination area, given
a specific period 𝑃, the public transit OD matrix can be
calculated.
𝑝mode(CL𝑖 → CL𝑗) is the proportion of a specific transit

mode (i.e. taxi or bus) from 𝑖th cluster to 𝑗th cluster, which is
calculated as follows:

𝑝mode (CL𝑖 → CL𝑗) =
Trmode (CL𝑖 → CL𝑗)
TrMODE (CL𝑖 → CL𝑗)

× 100%,
(2)

where TrMODE(CL𝑖 → CL𝑗) is the trip number of all transit
modes from 𝑖th cluster to 𝑗th cluster.

Ttmode(CL𝑖 → CL𝑗) is the travel time by the specific
transit mode (i.e. taxi or bus) from 𝑖th cluster to 𝑗th cluster.

4. Case Study

We apply the proposed methods to Harbin city (China). First
of all, the datasets used in this case study are described, and
the stepwise methods are implemented one by one.

4.1. Datasets. The smart card data and GPS data are collected
from all operating buses and taxis in Harbin. Harbin is the
capital of Heilongjiang province in northeast of China. With
4.74 million populations and 7,086 km2 areas in urban area
[25], Harbin is a typical developing city in China. The public
transit systemofHarbin consists of taxi, bus,metro, and other
rail transit. In addition, all taxis are equippedwithGPS device
and all buses are equipped with smart card system, which
make collecting GPS data and smart card data possible.

Approximately 16,000 operating taxis equipped with GPS
device are running aroundHarbin’s urban area day and night.
The location information is uploaded to the management
system every 30 s during the day and 2min at night. The data
are accumulated to 2G in size and around 25 million rows
each day. The taxi GPS data collected from 3rd Aug. to 7th
Aug. 2015 is used, consisting of taxi ID, timestamp, latitude,
longitude, and status, as shown in Table 1. There are 4 kinds
of “status” in the table: 17152, 16640, 256, and 768, which
represent occupation, dropping off, vacant, and boarding,
respectively.

There are nearly 1500 buses traveling around urban area
of Harbin, and these buses belong to 100 routes.The sampling
frequency is 30 s. The bus IC records collected from 3rd Aug.
to 7th Aug. in 2015 are used, consisting of Route ID, Bus ID,
Card ID, Timestamp, Latitude, and Longitude, as shown in
Table 2.

In our research, another dataset is digital map of Harbin,
which consists of most urban areas of Harbin. The research
area is nearly 100 square kilometers and just covers the range
of 2nd Ring Road of Harbin, as shown in Figure 3. About 80
percent of GPS points locate in this research area.We divided
this area into 250 square cells with same size. And each of the
cell is 200 × 200meters square, which is shown in Figure 3.

4.2. Detecting Origin and Destination Areas. In this paper, we
only measure the public transit riders’ travel pattern during
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Figure 2: The flow chart of the customized DBSCAN algorithm.

working days. According to Section 3.1, we can calculate the
𝑁(𝑥, 𝑦) values of all cells. Taking oneweek’s dropping off data
(consisting of 𝑃taxi.dropping off and 𝑃bus.dropping off ) for example,
that is, from 3rd Aug. to 7th Aug. in 2015, the relative data are
illustrated in Table 3. And the sampling time is from 07:00 am
to 19:00 pm.

And thenwe apply the customizedDBSCANalgorithm to
measure the origin and the destination clusters.We set 𝜀 value
as 282.8 meters (i.e. √2 ⋅ 𝑙, where 𝑙 is 200 meters). We apply
different 𝛿𝑁 values to our experiment, in order to find out
the optimal value. Table 4 illustrates the clustering results by
computing with different 𝛿𝑁 values. According to the results,
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Figure 4: Origin and destination clusters results.

when the value is larger than 1500, the cluster number is going
to be stable. So we set the 𝛿𝑁 value as 2,000 each day and
10,000 for 5 days. In this light, we can measure the origin
clusters (i.e. boarding clusters) and destination clusters (i.e.
dropping off clusters) for the 5 days, as shown in Figure 4.

4.3. Measuring Public Transit Riders’ Travel Pattern. For a
specific OD pair, we can measure the travel pattern between
them, that is, Trmode(CL𝑖 → CL𝑗), 𝑝mode(CL𝑖 → CL𝑗), and
Ttmode(CL𝑖 → CL𝑗), as mentioned in Section 3.2. Taking a
20×17 cells area, for example, as shown in Figure 5, there are
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Table 1: Typical GPS records of a taxi.

Taxi ID Timestamp Latitude Longitude Status
0100320311 2015-08-21 17:08:21 45.726025 126.69883 17152
0100320311 2015-08-21 17:08:51 45.725937 126.70046 17152
0100320311 2015-08-21 17:09:21 45.72592 126.70041 16640
0100320311 2015-08-21 17:09:51 45.72424 126.70028 256
0100320311 2015-08-21 17:10:21 45.727768 126.678665 256
0100320311 2015-08-21 17:10:51 45.72415 126.70134 768
0100320311 2015-08-21 17:11:21 45.7243 126.70027 17152
Note. The columns from the left to right, respectively, represent the taxi identification; the taxi sampling time; the latitude and longitude of the position; and
the occupation status.

Table 2: Typical Bus GPS records of a bus.

Route ID Bus ID Card ID Timestamp Latitude Longitude
120 0100320311 313011090 2015-08-11 08:08:21 45.739658 126.643119
120 0100320311 313013116 2015-08-11 08:08:24 45.739658 126.643119
120 0100320311 313008101 2015-08-11 08:08:28 45.739658 126.643119
120 0100320311 313191231 2015-08-11 08:08:33 45.73966 126.643119
Note.The columns from the left to right, respectively, represent the bus route number; bus ID; smart card ID; the card sampling time; the latitude and longitude
of the position.

Table 3: The dropping off data in sampling 5 days.

Date Total Average Minimum Maximum
20150803 1,121,198 448.5 0 26,371
20150804 1,112,459 445.0 0 24,508
20150805 1,112,058 444.8 0 25,100
20150806 1,111,987 444.8 0 24,766
20150807 1,110,522 444.2 0 24,958
Sum 1,113,645 445.5 0 25,140
Note. Total is the number of dropping off points in all cells, average is the average number of dropping off points in one cell,minimum is the minimum number
of dropping off points in one cell, andmaximum is the maximum number of dropping off points in one cell.

Table 4: Dropping off clustering results by different 𝛿𝑁 variously.

Date Cluster number
𝛿𝑁 = 500 𝛿𝑁 = 1000 𝛿𝑁 = 1500 𝛿𝑁 = 2000 𝛿𝑁 = 2500 𝛿𝑁 = 3000

20150803 38 71 49 30 24 19
20150804 36 75 44 27 20 21
20150805 32 70 47 29 18 19
20150806 35 77 46 29 21 17
20150807 41 75 50 28 20 18
Average 36.4 73.6 47.2 28.6 20.6 18.8
Variance 11.3 8.8 5.7 1.3 4.8 2.2

one typical origin cluster and one typical destination cluster.
And the three indicators’ values in the survey 5 days can be
calculated, which are shown in Table 5.

The Origin Cluster in this case study is the cell 𝐶(48, 22),
and the Destination Cluster consists of five cells (i.e. 𝐶(35,
33), 𝐶(35, 34), 𝐶(36, 34), 𝐶(36, 35), and 𝐶(36, 36)). The cell
𝐶(48, 22) is located nearby Harbin Hongqi Resident District,
Heping Resident District, Yuanda Central Park Resident Dis-
trict, and so on. And there is a bus station locating in this cell,

which consists of 12 bus routes (e.g. 14, 25, 31, and 44). And the
Destination Cluster is located nearby Harbin International
Golf Club, Harbin Wanda Plaza, several banks, and so on.
This cluster area locates in an important commercial district
in Harbin and definitely attracts many residents’ travels. In
this Cluster, there are several bus stations consisting of more
than 20 bus routes (e.g. 17, 27, 34, and 71). From the Origin
Cluster to Destination Cluster, there are at least three direct
bus routes (i.e. 71, 82, and 209).
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Table 5: Results of the three indicators.

Taxi Bus
Tr 367 509
𝑝 41.9% 58.1%
Tt 16min 40min

5. Conclusion

This paper presented a cell-based urban public transit riders’
travel pattern measurement method. The method used GPS-
equipped public transit vehicle’s locating data, which is more
realistic and easy to collect. We proposed a customized
DBSCAN algorithm to detect the origin and destination
areas. We computed three indicators for each OD pair, which
can reflect the relationship between the origin area and desti-
nation area.We carried out a numerical case study to evaluate
our method, which uses taxi and bus GPS data in Harbin,
China. The results can reflect OD pairs and relationship
between each OD pair.

In the future, we will improve the customized DBSCAN
algorithm by accuracy and efficiency. The travel pattern is a
little simple in this paper, so we will further discover some
other indicators in depth. Andwe plan to extend this research
by utilizing more kinds of GPS data from different public
transit vehicles.
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