
Received January 11, 2020, accepted February 11, 2020, date of publication February 17, 2020, date of current version February 26, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.2974192

Superhighway Virtual Track System Based on
Intelligent Road Buttons
YONG-MING HE 1,2, YU-LONG PEI1,3, BIN RAN3,4,5, JIA KANG 1,3, AND YU-TING SONG 1,3
1School of Transportation, Northeast Forestry University, Harbin 150040, China
2Department of Civil and Environmental Engineering, University of Wisconsin–Madison, Madison, WI 57305, USA
3Transport Research Centre, Northeast Forestry University, Harbin 150040, China
4School of Transportation, Southeast University, Nanjing 211189, China
5Southeast University–University of Wisconsin Intelligent Network Transportation Joint Research Institute, Madison, WI 53706, USA

Corresponding author: Yong-Ming He (hymjob@nefu.edu.cn)

This work was supported in part by the Natural Science Foundation of Heilongjiang Province, China, under Grant LH2019E004, and in
part by the National Natural Science Foundation of China under Grant 71771047.

ABSTRACT To improve the safety of superhighways, a virtual track system for superhighways based on
intelligent road buttons is studied by means of a structural analysis and mathematical model. The system
consists of a road subsystem, onboard subsystem and service center subsystem. When a vehicle equipped
with an onboard subsystem nears the road buttons, they activate the virtual track system, and the reader reads
location coordinates and road alignment information at that point from the label buttons. At the same time,
the data processing module begins to function. First, the module reads the linear parameters and processes
them to obtain the angle between the road tangent and vehicle body. Then, the module reads the angle of the
front wheels, the vehicle speed and the distance between the adjacent two label buttons. Finally, the module
obtains the rotational speed of the steering wheel while the vehicle is driving between two label buttons by
using the computational model and sends the control parameters to the steering motor. The research results
show that when the design speed of the superhighway is 140 km/h, 160 km/h and 180 km/h and the distances
between the road buttons are less than 1.33 m, 1.50 m and 1.69 m, respectively, the distance between the
centerline of the road and the vehicle can be restricted to less than 50 cm. Therefore, the virtual track system
based on intelligent road buttons can restrict vehicles to travel in the virtual track and ensure the safety of
superhighways.

INDEX TERMS Highway, superhighway, intelligent button, virtual track, traffic safety.

I. INTRODUCTION
In more than 10 countries in Europe, including France and
the Netherlands, the maximum speed limit on highways is
130 km/h [1]; in Texas, USA, it is 137 km/h (85 mile/h) [2];
in Italy, Saudi Arabia, Poland, it is 140 km/h [3]; and in
Germany, there is no speed limit on some highways [4]. The
Highway Engineering Design Guidelines (Draft) published
in 1951stipulated that the maximum design speed of high-
ways in China was 120 km/h, and it has been used to date [5].

More than 60 years have passed, the technologies of
highway construction and automobile performance have
been considerably improved in China, and it is possible
to construct superhighways with design speeds exceeding
120 km/h. The building of the first superhighway in China
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began in 2018; it was Hang-Shao-Yong Highway, which
extends from Hangzhou to Ningbo via Shaoxing, and it will
open in 2022 before the opening of the Asian Games in
Hangzhou. Construction of this highway began only two
years after the definition of a superhighway was proposed
by us in 2016 [6]. In March 2019, the construction of a sec-
ond superhighway with a special lane for automatic driving
began; it was the Jing-Xiong Highway, which is from Beijing
to Xiong’an. The development speed of the superhighway is
considerably faster than expected [7].

To improve the safety and efficiency of the highways,
we established a speed guidance system by the method of
experiment and simulation. The results show that the highway
speed guidance system can effectively improve the safety
and running speed [7]. Considering that the speed limit of
highways in many countries exceeds 120 km/h, automobile
and highway construction technologies in China have made
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considerable progress, and we put forward the concept of the
superhighway for the first time. In the same paper, we divided
the technical grade of the superhighway and demonstrate its
feasibility and necessity [6]. Subsequently, we published sev-
eral papers to conduct in-depth research on the safety, econ-
omy, and traffic capacity of superhighways.We demonstrated
the safety of the superhighway from three aspects: automobile
technology, highway technology and foreign experiences of
the safe operation of superhighways [8]. To evaluate the
economic efficiency of the superhighway, we compared the
cost of traveling by superhighway with the cost of traveling
by bus, by train and by plane. The results show that the cost
of traveling by superhighway for a single person is between
0.29 and 0.47 Yuan /km. This mode of travel is less expensive
than traveling by bus but more expensive than by train and
by plane [9]. To study the capacity of the superhighway,
we compared it with ordinary highways. The results show
that improving the design speed of the superhighway cannot
improve its traffic capacity; however, a special highway for
automatic driving vehicles can improve the design speed and
also improve the traffic capacity [10].

Under our influence, some scholars have begun to study
the superhighway. Fenfei and Peng focusing on the char-
acteristic advantages and disadvantages, opportunities and
threats of the external environment of superhighways during
the construction and operation management period, provided
suggestions for the future development of superhighways by
using the SWOT (Strengths, Weaknesses, Opportunities, and
Threats) analysis method [11]. ZHAO You-chao et al. pro-
posed high safety requirements for the superhighway based
on an investigation of the frequent problems in the existing
highway horizontal curve design. Starting from meeting the
safety requirements, these researchers established an obsta-
cle identification model for the geometric analysis of flat
curves and calculated the safety horizontal curve radius for
a superhighway, which provides a basis for the study of the
superhighway and its flat curve [12].

There are numerous studies on highways (including
expressways and freeways) at home and abroad, especially
studies related to safety. However, there are notably few
separate studies on highways with design speeds exceeding
120 km/h. The research related to safety mainly includes
fatigue driving, over speed and overload, brake failure, tire
bursts, geometric design and safety facilities. The Lane Keep-
ing System (LKS), Lane Keeping Assist (LKA) and Lane
Departure Warning System (LDWS) keep cars in the lane
they should be in. The LKS, LKA and LDWS can effec-
tively avoid traffic accidents caused by fatigue driving. The
Superhighway Virtual Track System (SVTS) has functions
similar to those of the LKS, LKA and LDWS. The difference
is that the LKS, LKA and LDWS identify the lane by cameras,
but SVTS identifies the lane by road buttons. In addition,
the LKS, LKA and LDWS aremainly used for ordinary roads,
whereas the SVTS is mainly used for superhighways with
design speeds exceeding 120 km/h. Therefore, it is necessary

to introduce research on the LKS, LKA and LDWS related to
this paper.

Michael I et al. invented a lane keeping system suitable
for use with an automated vehicle that includes a camera,
a ranging-sensor, and a controller. The camera is used to
capture an image of a roadway traveled by a vehicle. The
ranging-sensor is used to detect a signal reflected by an object
proximate to the roadway. The controller is in communi-
cation with the camera and the ranging-sensor. The system
can operate an automated vehicle using a ranging-sensor
when the lane-marking is not detected by a camera [13].
Christopher L et al. invented a lane centering system for
use in vehicles driving in a lane on a road and includes a
camera and a controller. The system not only keeps the car
in the lane but also keeps it in the middle of the lane [14].
Kibeom Lee et al. investigated the limits and tradeoffs
between three performance criteria (lane tracking, stability
robustness, and passenger comfort) by exploring the entire
design space of three prominent controllers. Based on these
studies, these researchers concluded that a robust controller
can provide the maximum performance limit with respect
to the lane tracking and stability robustness when properly
designed [15]. Abdelhamid et al. discussed the design of a
lane keeping assist system regarding the following stages:
preprocessing, detection, and tracking. For each stage, a short
description of its working principle, as well as its advantages
and shortcomings, were introduced. Their paper could help in
designing new systems that overcome and improve the short-
comings of current architectures [16]. Chouki Sentouh et al.
presented a shared control concept for LKA systems of intel-
ligent vehicles. The effectiveness of the proposed shared
control method is clearly demonstrated through various hard-
ware experiments with human drivers [17]. JonginSon et al.
proposed a real-time and illumination invariant lane detection
method for an LDWS. The proposed method works well
in various illumination conditions, such as in bad weather
and at night. The experimental results show a satisfactory
performance with an average detection rate of 93% under
various illumination conditions [18].

Pradnya N et al. presented an LDWS based on the Hough
transform and Euclidean distance. These researchers used
histogram equalization to enhance the contrast level of the
input image, used the Hough transform for lane detection,
and carried out lane departure identification using lane related
parameters. The experimental results indicated that the pro-
posed system provided a high lane detection and low false
warning rate [19].

Most of the abovementioned security facilities are based on
camera technology. Camera-based lane keeping technology
is relatively mature and widely used. However, research on
virtual track systems based on road buttons is only beginning.
The virtual track system limits vehicles on the virtual track
formed by road buttons, making it safer and more reliable.

The virtual track systemwe studied is similar to the current
LKS that keeps vehicles in the lane. We also found that
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there were studies on the application of virtual rail trains
in urban public transportation. However, compared to LKSs
and virtual rail trains, our research has many innovations.
First, the LKS uses video recognition to keep the vehicle in
the lane, while we use intelligent road buttons to create a
virtual track. Second, the virtual rail train is mainly used for
low-speed urban public transportation, while our virtual rail
system based on intelligent road buttons is mainly used for
highways. Finally, the virtual track system based on intelli-
gent road buttons uses vehicle-road coordination technology,
which greatly improves its security and reliability.

II. OVERVIEW OF SUPERHIGHWAYS
A. BACKGROUND OF SUPERHIGHWAYS
The speed and quality of infrastructure construction projects,
such as highways and railways, in China have attractedworld-
wide attention and are known as the ‘‘Construction Super
Star’’ [20]. By the end of 2018, the total highway mileage
in China had exceeded 140,000 km, ranking first in the world
for eight consecutive years, and it was far ahead of the second-
place country [21]. The mileage for high-speed railways was
29,000 km, which was more than 60 % of the total mileage
for high-speed railways around the world [22].

From 1997 to 2007, railways in China experienced six
speed increases, and the average speed increased from
48.1 km/h to 70.18 km/h [23]; in 2008, the first High-
Speed Railway from Beijing to Tianjin with the designed
speed of 350 km/h was opened [24]; in 2006, the first
maglev line in China was opened, with a running speed
of 430 km/h [25]. Railways have achieved leapfrog break-
throughs in both mileage and operation speed.

The total mileage of roads and highways in China is also
constantly breaking historical records. The opening mileage
already ranked first in the world, and a number of super
projects have been built. For example, of the ten longest
sea-crossing bridges in the world, five are in China, and the
Hong Kong-Zhuhai-Macao Bridge ranks first [26]. However,
the highest designed speed for highways in China has never
been improved and is locked at 120 km/h. This speed limit
has not changed in 68 years, and there is no relevant research
on raising the speed limit of highways.

The development of the High-Speed Railway in China
has provided valuable experience for the construction of
superhighways. The safe operation of highways with oper-
ation speeds over 120 km in foreign countries has estab-
lished confidence in the safe operation of superhighways
in China. Therefore, the author proposes the idea of a
‘‘superhighway.’’

B. THE DEFINITION OF A SUPERHIGHWAY
A superhighway is defined as a highway with a design speed
of more than 120 km/h. A superhighway is different from
an ordinary highway. To ensure the safety of the superhigh-
way, the pavement on superhighways is flatter, the route is
smoother, and the facilities are more complete.

TABLE 1. Classification of the highway for the first time.

TABLE 2. Classification of the highway after adjustment.

TABLE 3. Comparison of superhighways of different grades.

Since the definition of a superhighwaywas proposed, it has
been approved by many professors from Tongji University,
Southeast University and Chang ’an University and aroused
extensive interest of scholars attending the First World
Transportation Conference in June 2017. In January 2018,
the report titled ‘‘Feasibility Study of Superhighway Based
on Expenses’’ at the Donglin-Tongji Academic Conference
caused a heated discussion among the participating scholars.
Currently, the Intelligent Network and Transportation Joint
Research Institute of the Southeast University-University of
Wisconsin is engaged in research on autonomous driving
lanes based on vehicle-road collaboration technology and has
applied for a number of patents in the United States and
China, providing technical support for the development of
superhighways.

C. CLASSIFICATION OF SUPERHIGHWAYS
While proposing the definition of a superhighway for the
first time, the author also proposed the technical grade of the
superhighway and the maximum design speed. The technical
grade of the superhighway proposed for the first time is
shown in Table 1.

Considering the safety and economic problems, after sev-
eral rounds of expert argumentation, the classification speed
was considered to be too high; therefore, the classification
and design speed of superhighways were adjusted. The tech-
nical grade and maximum design speed of the demonstrated
superhighway are shown in Table 2.

While dividing the grades of superhighways, the classifica-
tion also proposes the service object, construction mode and
expected implementation years at all levels. A comparison of
superhighways at all levels is shown in Table 3.
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FIGURE 1. Structure composition of the virtual track system.

The service objects, construction modes and expected
implementation years of superhighways at all levels shown
above are only the preliminary assumptions for the first defi-
nition of superhighways, and there will be large discrepancies
in the actual development. For example, we planned that
superhighways of grade I would be built in 15 years, but
construction began only two years after the superhighway
definition was presented.With the transformation of highway
construction from high speed to high quality and the rapid
development of automatic driving technology, superhighway
construction at all levels will soon be placed on the agenda.

III. STRUCTURE COMPOSITION OF THE VIRTUAL
TRACK SYSTEM
A. OVERALL STRUCTURE OF THE VIRTUAL TRACK SYSTEM
The highway virtual track system based on an intelligent
road button is composed of the road subsystem, onboard
subsystem and service center subsystem. The road subsystem
consists of written buttons and label buttons; the onboard
subsystem consists of a reader, displayer, detector for front
wheel deflection, data-processingmodule and steeringmotor;
the service center subsystem consists of a server and handheld
terminal. In addition, each subsystem also includes a power
supply and connection lines. The readers of the intelligent
button system and label buttons communicate through UHF
(902-928MHz) RFID radio frequency identification technol-
ogy. The structure is shown in Figure 1.

B. STRUCTURE COMPOSITION OF THE ROAD SUBSYSTEM
The road subsystem consists of written buttons, label buttons
and its wiring. The road subsystem is buried in the pavement
structure layer during the pavement paving construction, and
the top of the buttons is flush with the pavement, thereby
avoiding the bumps during the rolling of vehicles. The buried
position of the written and label buttons is directly below the
driver while the car is running in the center of the lane. The
written buttons are installed at the beginning of the road or
the entrance of the lane, where a good line of sight induction

FIGURE 2. Installation of road subsystem and onboard subsystem.

is required. In addition to the light-emitting structure of the
conventional light-emitting road buttons, a written button also
has a written interface and a storage space. This system can
write the location of the buttons and the parameters of the
road sections, which are flat parameters, vertical parameters
and horizontal parameters, through a handheld terminal or the
server of the service center subsystem. The label buttons and
the written buttons are connected by wires, and the label
buttons have radio frequency emission structures in addi-
tion to the light-emitting structure of the conventional light-
emitting road button. The structure of the road subsystem
is shown in Figure 1. The structure and installation of the
road subsystem, the written buttons and the label buttons are
shown in Figure 2.

C. STRUCTURE COMPOSITION OF ONBOARD SUBSYSTEM
The onboard subsystem consists of a reader, a display,
a detector for front wheel deflection, a data-processing mod-
ule and a steering motor. The reader, composed of the
on-board subsystem, is installed at the bottom of the vehicle,
directly below the driver. While the vehicle is running in the
center of the lane, the reader is located directly above the label
road button. At this time, the reader is closest to the label
buttons.

The displayer that comprises the onboard subsystem is
compatible with the car navigation system; however, it has
more features. The displayer collects not only longitude and
latitude information from satellites but also collects design
parameters from the road buttons, such as the flat, vertical and
horizontal parameters of the road. The map in the displayer
is drawn with the horizontal, vertical and horizontal param-
eters read from the label buttons. The displayer can replace
the GPS coordinate information with coordinate information
read from the label buttons, to achieve more accurate and
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rapid positioning. The steering motor of the onboard subsys-
tem can be shared with the motor of the electric power steer-
ing system of the vehicle itself. The structure and installation
of the onboard subsystem are shown in Figure 1 and Figure 2.

D. STRUCTURE COMPOSITION OF THE SERVICE
CENTER SUBSYSTEM
The service center subsystem consists of a server and hand-
held terminals. The server of the service center subsystem
manages many roads with intelligent road buttons and many
onboard subsystems. The service center subsystem has the
functions of written information, similar to the road subsys-
tem, and functions of map generation, similar to the onboard
subsystem. The server can connect with the road subsystem
through wires and wireless to write and read the location
information from the label buttons and the linear information
of roads. The subsystem can also write and read road subsys-
tem information by a hand-held terminal in remote areas. The
structure of the service center subsystem is shown in Figure 1.

IV. WORKING PRINCIPLE OF THE VIRTUAL
TRACK SYSTEM
A. WORKING PRINCIPLE OF THE ROAD SUBSYSTEM
When the vehicle passes the position of the label buttons,
the flat, vertical and horizontal parameters of the road stored
in the written buttons can be accurately read through the
4G or 5G networks or RFID. At the same time, the position
parameters of the label buttons are read, indicating the exact
location of the vehicle. Compared with the GPS positioning
system and mobile phone base station positioning system,
the intelligent road button system has a high positioning
accuracy, short delay time and strong real-time performance.

B. WORKING PRINCIPLE OF THE ONBOARD SUBSYSTEM
The data-processing module can read the speed Vn−1 (km/h)
from vehicle’s electronic control unit (ECU) when passing
the (n–1)th label button. The data-processing module can also
process the road alignment parameters read by the reader and
obtain the tangent equation of each point. At the (n–1)th label
button, the angle between the road tangent and vehicle body
is αn−1/rad:
• While αn−1 < 0, the road tangent is on the left side of

the vehicle body centerline, and the vehicle will turn left;
•While αn−1 ·αn−1 = 0, the road tangent line is parallel to

the vehicle body centerline, and the vehicle will go straight;
• While αn−1 · αn−1 > 0 the road tangent is on the right

side of the vehicle body centerline, and the vehicle will turn
right.

When the vehicle passes the (n–1)th label road button,
the detector for the front wheel deflection detects and obtains
the front wheel deflection angle βn−1 (rad):
•While βn−1 < 0, the vehicle travels along the curve and

turns to the left;
•While βn−1 = 0, the vehicle travels in a straight line;

FIGURE 3. Angle between the front wheel and vehicle body.

FIGURE 4. Angle between the vehicle body and lane centerline.

•While βn−1 ·βn−1 > 0, the vehicle travels along the curve
and turns to the right.

During vehicle operation, the front wheel declination of the
vehicle should be parallel to the tangent of the road, that is,
θn = αn-βn = 0. When a vehicle passes through the (n–1)th
labeled button, if θn−1 = αn−1-βn−1 6= 0, the front wheel
needs to be rotated. When the vehicle passes through the nth
labeled road button, θn = α-β = 0, then the rotation angle is
1θ = θn-θn−1 = (αn-βn)- (αn−1-βn−1) = βn−1-αn−1.
• While 1θ < 0, the steering wheel needs to be turned

counterclockwise;
•While 1θ = 0, keep the steering wheel angle;
• While 1θ > 0, the steering wheel needs to be turned

clockwise.
If the front wheel of a certain vehicle declination β changes

from 0 to βmax, the steering wheel rotation angle changes
from 0 to γmax, and then the transmission ratio of the steering
wheel angle to the front wheel declination is I = γmax/βmax.
The angular velocity ω (rad/s) of the steering wheel rotation
is related to the time t(s) of the vehicle traveling between the
two buttons and the required angle of rotation, as shown in
Equation (1).

ω =
I1θ
t

(1)

which is determined by the length Ln (m, which can be read by
the reader) between the two buttons and the vehicle traveling
speed V (km/h), t = Ln / 3.6V (1 m/s= 3.6 km/h substituted
into Equation (1), that is Equation (2).

ω =
I1θ
t
=

3.6V1θγmax
Lnβmax

=
3.6V (βn−1−αn−1)γmax

Lnβmax
(2)
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Therefore, while the vehicle is traveling on different linear
roads, the rotational angular velocity (ω) of the steeringwheel
can be determined such that the data-processing module
can control the steering motor to turn the steering wheel to
drive the vehicle along the virtual track formed by the label
buttons.

C. WORKING PRINCIPLE OF THE SERVICE
CENTER SUBSYSTEM
The service center subsystem is composed of a server and
handheld terminals. The server of the service center subsys-
tem manages multiple roads with intelligent road buttons and
numerous on-board subsystems. The subsystem of the service
center has the functions of written information, similar to the
road subsystem, and map generation, similar to the onboard
subsystem. The server of the service center subsystem can be
connected with the road subsystem through wires or wireless
to write the location information and the road alignment
information from the label buttons and can write the road
subsystem information with handheld terminals in remote
areas. An onboard subsystem completes the map generation
of the onboard subsystem through the handheld terminals of
the service center subsystem.

V. VERIFICATION BY COMPUTATION
A. BASIC ASSUMPTIONS
To verify the critical condition of a derailment on the virtual
track, the following assumptions are made:

1) The vehicle travels in a straight line at first, then
turns right into the circular curve through the transition
curve, and finally enters the straight line through the
transition curve to complete a full turning process.

2) The slope of the verified section is zero, and the driving
of vehicles is not affected by other vehicles and small
obstacles on the road surface.

3) The radius of the circular curve is R, the maximum
steering angle of the transition curve isβ = 0.5 rad, and
the length of the transition curve ls = R is calculated
from β = ls/2R.

4) The wheel travels along the centerline of the track.
When the wheel is 50 cm away from the centerline of
the track, the derailment threshold is considered to be
reached.

5) The distance between every two labels is the same; the
distance between the two labels is Ln, and Ln < R.

6) The steering wheel starts to rotate at a constant speed
at the beginning of the transition curve, it stops rotat-
ing at the starting point of the circular curve, and
the front wheel yaw angle is tangent to the circular
curve.

7) The steering wheel transmission ratio is 20, which
means that the 360◦ rotation of the steering wheel
causes the wheel to turn 18◦, and the angular velocityω
of the driver’s comfortable steering wheel is βV/ls =
βV/R(rad /s).

FIGURE 5. Wheel offset distance from the transition curve to circular.

B. CALCULATION VERIFICATION
To explain in detail the working process of the virtual track
during turning, the calculation steps are as follows:

1) It is assumed that the vehicle will turn right, the front
road tangent is on the right side of the vehicle center-
line, αn−1 > 0, the front wheel off-angle is 0 when the
vehicle is on the straight line, and the front wheel off-
angle becomes β when the round curve starts.

2) The time required for the vehicle to travel between the
two buttons is t1 = Ln/3.6 V, and the time the vehicle
travels on the transition curve is t2 = ls/3.6 V= R/3.6 V,
as Ln < R, then, t1 < t2; therefore, t1 is taken as the
time unit for evaluating the deviation distance.

3) Because the steering wheel is rotated at a constant
speed, the front wheel angle 1β is the same between
every two road buttons, 1β = β · Ln/ R.

4) According to experience and analysis, the unit length
deviation is the largest when the transition curve seg-
ment enters the circular curve segment; therefore,
a small segment is taken at that point for analysis,
as shown in Figure 5.
If a button signal is lost, the offset distance can be
achieved by Equation (3).

LBD =
R

cos1β
− R =

R
cos(βL/R)

− R

= R
[

1
cos(βL/R)

− 1
]

(3)

5) According to the assumption that an offset distance
of 50 cm is a derailment, it means LBD < 0.1, shown
as Equation (4).

LBD = R
[

1
cos(βLn/R)

− 1
]
< 0.5 (4)

Simplified:

Ln ≤
R
β
arccos

2R
2R+ 1

(5)

As assumed, β = 0.5 rad, R = Rmin, and Rmin is the general
minimum radius of the circular curve calculated according
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TABLE 4. Minimum distance between road buttons [8].

TABLE 5. Superhighway parameters of the simulation models.

to the superhighway design speed V . The minimum distance
between the roads button is calculated, as shown in Table 4.

The above calculations and analysis show that as long
as the installation distance of the intelligent road buttons
meets the conditions in Table 4, it can be ensured that the
vehicle travels less than 50 cm from the centerline.

VI. VERIFICATION BY SIMULATION
A. BASIC ASSUMPTIONS
To facilitate the establishment of the simulation model and
make the simulation data comparable to the calculated veri-
fication data, the following assumptions are required:

1) Similar to the calculation verification, it is assumed that
the car first travels along a straight line, then turns right
to enter a circular curve through a transition curve, and
finally enters a straight line through the other transition
curve to complete a turning process.

2) The slope of the verified section is zero, and the driving
of vehicles is not affected by other vehicles and small
obstacles on the road surface.

3) The generalminimum radius corresponding to themax-
imum design speed of each grade of superhighways is
taken as the modeling radius. If the maximum turning
angle of transition curve β = 0.5 rad; then, the length
of the transition curve ls = R can be obtained from
β = ls

2R .
4) The vehicles move along the virtual track center-

line. When the vehicle centerline deviates 0.5 m from
the track centerline, the vehicle is considered to be
derailed.

5) The distances between every two buttons are the same,
Ln, and Ln < R.

6) The vehicle starts to turn at a constant speed at the
beginning of the transition curve, and the deflection
angle of the front wheels are tangent to the circular
curve.

B. ESTABLISHMENT OF SIMULATION MODELS
1) CALIBRATE SIMULATION MODEL PARAMETERS
According to the basic assumptions and calculation verifica-
tion, the road parameters of the simulation models R = Rmin
and the values of ls and Ln are shown in Table 5.

TABLE 6. Vehicle parameters of the simulation model.

FIGURE 6. Virtual track simulation model.

According to the requirements of the simulation soft-
ware and the simulation speeds, Wiedemann99 is selected as
the simulation model of the virtual track of the superhigh-
way. Wiedemann99 is a car following model proposed by
Wiedemann in 1999, and it is suitable for road traffic sim-
ulation. The simulation parameters are set in Table 6.

2) ESTABLISHMENT OF SIMULATION MODELS
According to the basic assumptions above, and the param-
eters in Table 5 and Table 6, the general minimum radius
corresponding to the maximum design speed of each level
of superhighway is taken as the modeling radius. Therefore,
3 simulation models need to be established. When the design
speed is 140 km/h, the simulation model is shown in Figure 6.

The model is a two-way six-lane superhighway with a rigid
concrete guardrail at the center of the straight section and a
green belt at the center of the transition curve and the circular
curve section. The superhighway simulation models with
design speeds of 160 km/h and 180 km/h can be established
by the same method.

To evaluate the operation of the vehicle in the virtual track
system, the distances from the track centerline obtained by the
simulation are taken as the evaluation index. Therefore, it is
necessary to set up the vehicle transverse position collector at
the cross-section of the center point of the circular curve after
the simulation models are built.

C. ANALYSES OF SIMULATION RESULTS
Through analyzing the vehicles’ position data collected by
the transverse position collector from the cross-section of the
track center point of the circular curve, the distances that each
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FIGURE 7. Deviation distance from the centerline and number of vehicles.

vehicle deviates from the track centerline when passing the
point can be obtained. In order to make the simulation results
more accurate, we conducted 10 simulation runs and aver-
aged the simulation results. The average deviation distance
from the virtual track centerline and the number of vehicles
is shown in Figure 7.

As seen from Figure 7, while the vehicles are driving along
the virtual track system, the deviation distances from the lane
centerline are no more than 50 cm. A further analysis of the
simulation data shows that the deviation distances for most
vehicles are less than 25 cm. When the design speed of the
superhighway is 180 km/h, 160 km/h and 140 km/h, the pro-
portions reach 97.74%, 98.15% and 98.94%, respectively.

VII. CONCLUSION
According to the calculation and simulation results, when the
designed speeds of the superhighway are 140 km/h, 160 km/h
and 180 km/h, the distances between the road buttons are
less than 1.33 m, 1.50 m and 1.50 m, respectively, and the
distance from the centerline of the vehicle can be ensured to
be less than 50 cm. Therefore, the vehicle can be restricted
to the virtual track by the virtual track system based on the
intelligent road buttons, and the safety of the superhighway
can be ensured.

Because the Virtual Track System does not need to have
a physical track constructed, there is no need to build a new
road; the only need is to add the intelligent road button system
to the original road surface; therefore, the cost is considerably
reduced. Users only need to install onboard subsystems on
their vehicles, and the cost is also notably low. For the vehi-
cles with existing onboard navigation systems and electric
power steering systems, only the reader and data processing
module are needed; therefore, the cost is even lower.

The research on virtual rail systems is still in its infancy
and is limited by road construction and vehicle performance.
In the future, we will further simplify the structure of the road
subsystem, improve the reliability of the on-board subsystem,
improve the function of the service center subsystem, and
gradually apply the virtual rail system.
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