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ABSTRACT Connected autonomous driving is considered as a potential way to improve traffic safety.
However, when positioning information is delivered through network, the network time delay could result
in additional positioning errors, which has been proved by the experiment done in this paper in XuChang
automatic driving center that the influence of one-way time delay will lead to meter-scale positioning error.
In this paper, we propose a positioning calibration mechanism for connected autonomous vehicles called
PCM. PCM firstly estimates the network time delay and then saves the calibrated location information in
the MEC server to reduce the positioning error caused by network time delay. Experiments in FangShan
and XuChang automatic driving centers verify the performance of PCM, and the result shows that PCM
can reduce the positioning error to centimeter-level. For example, under 100ms time delay, the average
positioning error without PCM is 119.67cm, while the average positioning error with PCM is 3.03cm.
Experimental results show that PCM can effectively reduce the positioning error caused by a one-way time
delay to centimeter-level, which is strictly required for positioning autonomous vehicles in automatic driving.

INDEX TERMS Automatic driving, high precision positioning, one-way time delay, the transformation of
a coordinate system, mobile edge computing.

I. INTRODUCTION
The idea of automatic driving has been grown for a long time.
The first widely recognized autonomous vehicle ‘‘Stanford
Cart’’ [1] was born in 1961. More and more autonomous
vehicles are gradually entering the market nowadays. The
positioning has always been an essential issue for auto-
matic driving [2]. There are many applications of high pre-
cision positioning in the automatic driving system, such as
path planning and obstacle avoidance, which substantially
improve the accuracy and safety of autonomous vehicles [3].

At present, the most famous positioning technology for
autonomous vehicles is Real-time Kinematic (RTK) technol-
ogy [4]. It is based on Global Positioning System (GPS),
by which the onboard satellite receiver provides centimeter-
level accurate position information to autonomous vehicles.
However, GPS signals may be blocked by buildings or veg-
etation in densely populated urban areas, causing a sharp
decline in positioning accuracy. So a solution named Fusion
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Positioning [5]–[7] comes forth, that is to coordinate position
information of GPS with other onboard sensors. Usually,
the Inertial Measurement Unit (IMU) is needed to provide
motion information (Speed, acceleration, direction angle,
pitch angle, etc.) for vehicles in real-time. This IMU-based
integrated navigation system enables vehicles to maintain
centimeter-level positioning accuracy when losing GPS sig-
nals within a short distance [8]. However, there still exist
accumulated errors.

In automatic driving scene, vehicles need to obtain not
only their own accurate position information but also position
information of other surrounding vehicles to furtherly assure
safety [9]. In response to this, autonomous vehicles should be
equipped with laser radar, millimeter-wave radar, binocular
camera, and other sensing devices to detect surroundings, yet
such devices are vulnerable to environmental interference,
which could result in enormous error [10], [11]. The key to
solving this problem is to connect autonomous vehicles to the
network and introduce Road Side Unit (RSU) to automatic
driving roads [12], [13]. The RSU is static and can provide
additional positioning information for vehicles under extreme
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conditions. All RSUs and vehicles upload their perceived
environmental information and high-precision positioning
information to the Mobile Edge Computing (MEC) server to
build a high-definition (HD) map [14]. So the MEC server
can update these messages in corresponding areas managed
by itself in real-time. Especially when one vehicle’s onboard
equipment is disturbed by environmental interference and
then causes errors as mentioned before, current environmen-
tal information measured by other surrounding vehicles still
can be sent to this influenced vehicle for navigation through
MEC [15]. In brief, MEC servers integrate multivehicle infor-
mation with RSUs to provide more accurate and stable posi-
tioning services for interconnected vehicles.

But there existing a one-way delay when either RSUs send
themeasured information or vehicles send their own position-
ing information to the MEC server, as shown in FIGURE 1.
For example, if the one-way delay is 10ms, which is a typical
end-to-end delay of 5G [16], positioning error caused by
this delay could be 16.7cm when the vehicle reaches 60km/h
speed. It means that by the time theMEC server receives posi-
tioning information uploaded by the vehicle, it has already
moved 16.7cm forward. However, automatic driving requires
the positioning accuracy of vehicles to be within 10 cm.
Moreover, it would be larger under the high-speed driving
scene, or when the network environment is unstable. In a
word, positioning error caused by neglect of time delay may
result in serious safety problems.

FIGURE 1. The influence of time delay on the location information in the
connected automatic driving architecture.

In order to solve this problem, a collaborative driving
system [17] is designed from the perspective of joint network
and control, so that the worst-case minimum safe distance
affected by one-way time delay is determined. On the other
hand, traffic efficiency may be reduced because of the larger
distance kept between vehicles. So the 5G network is intro-
duced to speed up data transmission, but it is still essential to
establish a mechanism to correct the positioning error caused
by network time delay.

The main contributions of this paper are as follows:
1. We design a method to calculate the one-way delay

existing in the transmission of vehicles and MEC data by
using the GPS satellite timing model. Furtherly, we propose
a positioning calibration mechanism named PCM to predict
real-time vehicle position via the calculation of one-way time
delay mentioned above.

2. We establish two scenarios to simulate the communica-
tion state between vehicles and theMEC server in the process
of automatic driving and verify the feasibility of PCM in these
two practical scenarios.

3. We analyze the predicted positioning error of PCM in
the actual scene.

The remainder of this article is organized as follows.
Section II introduces the concrete realization principles of
our algorithm. Section III shows the structure of the whole
testing system and preparatory work before the experiment.
Section IV demonstrates the performance of this algorithm
in two practical scenarios and then compares the MEC posi-
tioning error with or without algorithm. In the end, Section V
summarizes this article.

II. POSITIONING CALIBRATION MECHANISM
PCM algorithm consumes less computing resources and can
be deployed on the vehicle’s on-board controller and the
MEC server. The PCM deployed on the MEC server can
calibrate the vehicle’s position errors caused by information
propagation delays. The flow of the PCM algorithm is shown
in FIGURE 2. The vehicle sends its state information as a
message to the MEC server, which contains sending time,
vehicle position, direction angle, pitch angle, velocity, and
acceleration. After receiving the message from the vehicle,
theMEC server calculates the one-way time delay of message
propagation. Then MEC can use the vehicle’s state informa-
tion and one-way time delay to calculate the exact location
of the vehicle at the moment (when the message is received).
The core of PCM algorithm lies in three aspects:

FIGURE 2. A flowchart of the PCM algorithm running on the MEC server.

1. How to calculate one-way time delay accurately.
2. Establish a connection between a cartesian coordinate

system with the vehicle as to the origin and a GPS coordinate
system with the earth’s center of mass as the origin.

VOLUME 8, 2020 95047



Y. Ling et al.: PCM: A Positioning Calibration Mechanism for Connected Autonomous Vehicles

3. How to calculate the position of the vehicle by using its
state information and one-way time delay.

A. ONE-WAY TIME DELAY
When the MEC server receives the message from the vehicle
controller, it can’t store the vehicle’s location information
into the database immediately. There is a time delay in the
transmission of the message, so the position of the vehicle
at the time when the MEC server receives the message is
different from it at the time when the message is sent by
the vehicle controller. The key to eliminating the position
deviation is to know the specific value of the one-way time
delay of the data transmission. So, if the time of the vehicle
controller and theMEC server has been strictly synchronized,
we can calculate the one-way time delay directly:

M t = t1− t2 (1)

where Mt is the one-way time delay of data transmission.
t1 is the message’s receiving timestamp obtained from the
MEC server, and t2 is the message’s sending timestamp that
theMEC server gets from themessage. The vehicle’s onboard
controller puts t2 in this message.

B. COORDINATE TRANSFORMATION
At the beginning of section II, we know that PCM predicts
the position of the vehicle by using its direction angle, pitch
angle, and GPS position. Direction angle and pitch angle are
obtained by using the vehicle as to the reference frame, which
is a space rectangular coordinate system. Sowe need to covert
the GPS coordinate system to space rectangular coordinate
system to build the connection between direction angle, pitch
angle, and GPS position.

World Geodetic System 1984 (WGS84) is a coordinate
system established for deeply using GPS global positioning
system [18], which is a kind of geocentric coordinate system
adopted internationally, also known as Earth-Centered and
Earth-Fixed (ECEF) coordinate system. That means its origin
is the center of mass of the earth, and its Z-axis points to
the direction of the agreed earth pole (North Pole), which
is defined by BIH (Bureau International de l’Heure). Its
X-axis always points to the intersection of the equator and
the meridional plane of Greenwich, and Y-axis meets the
right-handed rule with the X-axis and Z-axis in the equatorial
plane. Its X-axis and Y-axis rotate with the earth’s rotation,
but the whole coordinate system is stationary with respect
to the earth. The latitude and longitude given by GPS is a
special coordinate established in the WGS84 coordinate sys-
tem. It can be transformed with space rectangular coordinate
system.

TheGPS uses latitude and longitude to position the vehicle.
But the direction angle and pitch angle can not be directly
calculated with the longitude and latitude coordinates. They
base on another coordinate system that uses the vehicle as to
the reference point. When the MEC server processes the data
from the vehicle controller, it must convert the latitude and
longitude coordinates to space rectangular coordinate system

in WGS84 [19]. So the current position of the car can be
represented by a coordinate value on the WGS84 XYZ-axis.
Then we establish the transformation relationship between
the vehicle coordinate system and the wgs84 coordinate
system.

1) CHANGE GPS COORDINATE TO SPACE RECTANGULAR
COORDINATE
According to the definition of latitude and longitude coordi-
nates and the relevant parameters defined by WGS84 [19].
We can write the following coordinate transformation
formula:

X = (N + H) · cosB · cosL (2)

Y = (N + H) · cosB · sinL (3)

Z =
[
N ·

(
1− e2

)
+ H

]
· sinB (4)

where X , Y , Z is the value of the X-axis, Y-axis, and Z-axis
in the WGS84 space rectangular coordinate system. B is
latitude, L is longitude, andH is altitude. TheMEC server can
obtainB, L, andH from the data sent by the vehicle controller.
According to the earth measurement parameters defined by

theWGS84 coordinate system, the long radius a= 6378160m
and the short radius b = 6356775m.
The first eccentricity e of earth:

e2 =
(
a2 − b2

)
/a2 (5)

So we can calculate the value of the first eccentricity of the
earth e = 0.0818196.
N is the radius of the curvature of the earth at the current

position of the car, and the value of N is related to latitude.
DefineW as the first auxiliary coefficient:

W =
√
1− e2 · sin2B (6)

The value of N can be expressed as:

N = a/W (7)

Therefore, when we know the specific position of the
vehicle, we can calculate the current value of the radius of
curvature N according to the latitude B. We can figure out
the existing space rectangular coordinates of the vehicle by
substituting N in formula (2), (3), and (4).

2) CONVERT SPACE RECTANGULAR COORDINATE BACK TO
GPS COORDINATE
When we complete the calculation by using a space rectan-
gular coordinate system, we need to convert the rectangular
coordinate of the vehicle to the longitude and latitude coordi-
nate in theWGS84 coordinate system. Only GPS coordinates
can be used to locate vehicles in the database of the MEC
server.

Suppose the real space rectangular coordinate of the car
after the prediction is (X, Y, Z). According to the previous
formula (2), (3) and (4).

95048 VOLUME 8, 2020



Y. Ling et al.: PCM: A Positioning Calibration Mechanism for Connected Autonomous Vehicles

(2) divided by (3) has the following formula:

L = arctan(Y/X ) (8)

So the longitude L can be easily calculated.
(4) divided by (3) has the following formula:[

1−
N · e2

N + H

]
· tanB =

(z · cosL)
X

(9)

So we can get tanB as:

tanB =
z · cosL

X ·
(
1− N ·e2

N+H

) (10)

It is very complicated to solve this equation directly.
Wewant to find latitudeB. But in formula (6) and formula (7),
curvatureN is related toB. So the idea of the iterative solution
is adopted here. The latitude B, longitude L, and altitude H
change very little over a period of time when driving auto-
matic vehicles. So the change in N is also tiny. The first
approximate value B1 of latitude B can be solved by using
the previous H and N values.

The current relatively accurate curvature N1 is calculated
from formula (6) and formula (7), and the current altitude
approximation H1 can be obtained through formula (2).
Then continue to substitute H1 and N1 into formula (10)

to solve the more accurate latitude value B2. Through B2,
a more accurate value of elevation H2 and curvature N2 can
be obtained.

Through multiple iterations, the final result Bn will be
very close to the exact value of latitude B. Automatic driving
requires the errors of latitude B, and altitudeH are eight deci-
mal places. Through the actual test, the accuracy of using two
iterations has been able to meet the calculation requirements.

At this point, we can obtain the predicted GPS coordinates
of the car’s current position.

C. PREDICT THE VEHICLE’S CURRENT POSITION
The GPS coordinates describe the vehicle’s position infor-
mation, while direction angle and pitch angle describe the
vehicle’s direction information. Direction angle refers to the
angle between the current direction of the vehicle and the real
north direction (tangent direction of the true meridian of the
earth), which is 0◦ (360◦) to the north and 90◦ to the east.
Pitch angle refers to the angle between the direction of the
vehicle and the current horizontal plane. If it is above the
0 scale, it means that the pitch angle is positive and vice versa.

We think that the motion angles of the vehicle keep the
same for a very short time. So during the one-way time delay
of the transmission of data from the vehicle controller to the
MEC server, the vehicle keeps moving in a straight line along
the current angle.

We use the unit direction vector −→m to represent the vehi-
cle’s motion angle in the WGS84 space rectangular coordi-
nate. We need to find the relationship between −→m and the
car’s direction angle and pitch angle, and figure out the unit
direction vector −→m .

The magnitude of the unit vector −→m is 1:∣∣−→m ∣∣ = 1 (11)

Define the direction angle as θ and the pitch angle as ϕ.
We can draw a vector figure of the vehicle moving relative to
the earth.

As shown in FIGURE 3, according to the WGS84 space
rectangular coordinate system model, point O is the center of
mass of the earth, and the Z-axis passes through the North
Pole. We define the current position of the vehicle as point P,
and let the vector through the point O and point P be vec-
tor −→τ . The horizontal plane is the tangent plane of the earth
at the point P, so that the vector −→τ is a normal vector of
the horizontal plane. The intersection of the Z-axis and the
horizontal plane is point Q, and vector

−→
PQ is the real north

vector (define as vector
−→
N ) of the car.

FIGURE 3. Vector figure of the vehicle moving relative to the earth.

Then we take the car as the origin and construct another
space rectangular coordinate system, as shown in FIGURE 4.

FIGURE 4. Space rectangular coordinate system of vehicle.

Point P is the current position of the car and the origin of
this new coordinate system. In other words, PointP is the cen-
ter of mass and the positioning center of the vehicle. Y-axis
is the real north direction of the current position (vector

−→
N

in FIGURE 3). The x-axis is perpendicular to Y-axis, and the
plane XPY is parallel to the horizontal plane. So The Z-axis is
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the normal vector−→τ of the horizontal plane, and the direction
vector of the vehicle is vector −→m .

The direction angle θ is the angle between vector −→m and
the real north direction, and the pitch angle ϕ is the angle
between −→m and the horizontal plane. So combined with
the coordinate system in FIGURE 3 and the definition of
direction angle and pitch angle, the direction angle θ is the
angle between vector −→m and plane ZPY , the pitch angle ϕ is
the angle between vector −→m and plane XPY .
Define the projection of vector −→m on plane XPY as vec-

tor−→w . So the direction angle θ is the angle between vector−→w
and vector

−→
N , and the pitch angle ϕ is the angle between

vector −→w and vector −→m .
The Z-axis, −→m and projection vector −→w are in the same

plane, so:

cos
〈
−→τ ,−→m

〉
= sin

〈
−→m ,−→w

〉
= sinϕ (12)

The north vector
−→
N of the vehicle is only related to the

vehicle’s current position, so
−→
N can be calculated by GPS

coordinates. According to the Tri Cosine Theorem, we can
write:

cos
〈
−→m ,
−→
N
〉
= cos

〈
−→m ,−→w

〉
· cos

〈
−→w ,
−→
N
〉

(13)

cos
〈
−→m ,
−→
N
〉
= cosϕ · cos θ =

−→m ·
−→
N∣∣−→m ∣∣ · ∣∣∣−→N ∣∣∣ (14)

The unit direction vector−→m of the vehicle can be obtained
by solving the equations (11), (12) and (14).

Because cosine is an even function, vector−→m will have two
solutions

−→
m1 and vector

−→
m2. These two solutions

−→
m1 and

−→
m2

are symmetric with respect to the north plane ZPY .
To solve this problem, we need to know the approximate

value
−→
m′ of the direction vector−→m . It is a continuous process

for the vehicle controller to send data to the MEC server, and
the change of vector −→m is smooth. Therefore, we can know
the position

−→
P last of the car at the previous data receiving

time. The approximate value
−→
m′ of vector−→m can be obtained:

−→
m′ =

−→
P now −

−→
P last (15)

Obviously
−→
P now and

−→
P last are space rectangular coordi-

nate after processing.
Find the cosine similarity between

−→
m′ and solution

−→
m1 or

−→
m2 respectively, and judge which is the real solution accord-
ing to the cosine similarity. The solution with large cosine
similarity is the real direction vector −→m .
The one-way time delay1t is tiny, so we can approximate

the vehicle’s motion model in 1t as a linear motion model
with uniform acceleration. This model is more accurate when
1t is smaller. According to the equation of uniformly accel-
erated motion:

s =
∫
1t
v(t) · dt (16)

We can figure out the displacement of the vehicle along
the current direction vector−→m . Suppose the space rectangular

coordinate of the car at point P is (x, y, z). −→m is a unit direc-
tion vector. Suppose −→m is (a, b, c), so the coordinate of the
car after the one-way time delay1t is (x+as, y+bs, z+cs).
So we can calculate the current position of the vehicle after

a one-way time delay.

III. SYSTEM ARCHITECTURE AND PREPARATION
In this experiment, we adopt the Integrated Navigation
System (INS) [20], which combines IMU and GPS to receive
vehicle state information and positioning information. The
INS sends data to the vehicle controller. When the controller
receives the data sent by INS, it will add the current timestamp
before the data and send the processed message to the MEC
server through the network. When the MEC server receives
this message, it records receive timestamp. The one-way time
delay of data transmission is obtained by subtracting the
timestamp of sending moment from that of the receiving
moment. Then the position of the vehicle in this receiving
moment can be calculated by using the state information in
this message.

FIGURE 5 shows the on-board equipment used in this
experiment.

FIGURE 5. The automatic driving terminal designed by our laboratory,
which conbines INS, vehicle controller and Customer Premise Equipment
(CPE). Internal structure: 1. Miniature transformer. 2. GPS module(In the
actual test we replaced it with INS). 3. CPE. 4. Vehicle controller
(Raspberry Pi 3).

A. TIME SYNCHRONIZATION
If the timestamp of the vehicle controller is not synchronized
with this of the MEC server, we cannot obtain the one-way
time delay of data transmission by subtraction directly. There-
fore, it is necessary to keep the vehicle controller timestamp
highly synchronized with the server timestamp. The general
solution to solve this time synchronization problem is using
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Network Time Protocol (NTP) [21]. But NTP requires the
communication process between the vehicle controller and
MEC server keeping a stable time delay, especially the uplink
and downlink time delay must be consistent. The vehicle con-
troller connects to the MEC server through the LTE network,
which cannot guarantee the same time delay in each data
transmission process and the same uplink and downlink time
delay in one data transmission process. Therefore, the vehicle
controller can’t synchronize with the MEC server by the NTP
protocol.

GPS is a global satellite radio navigation system,which can
provide continuous, realtime positioning services for many
users. At the same time, GPS navigation messages contain
accurate time [22]. GPS timing system [23] uses a receiver to
receive the time signal of the ‘‘atomic clock’’ from satellite to
obtain GPS time. GPS timing system can ensure the accuracy
of the clock by receiving at least one GPS satellite signal so
that other devices can be accurately synchronized.

The easiest way for the vehicle controller to get accurate
timestamp is to synchronize the PPS (Pulse Per Second) sig-
nal from a GPS time module, which is cheap but the accuracy
can reach 100ns [24]. We connected the vehicle controller
and the MEC server with two GPS time module separately
to synchronize their timestamp. This test uses millisecond
timestamp, so the accuracy of 100ms can fully satisfy the test
requirements.

FIGURE 6 shows the device and GPS time model connec-
tion architecture of this experiment.

FIGURE 6. System architecture.

B. VEHICLE STATUS DATA COLLECTION
INS can output at most 100Hz positioning information
and state information of the vehicle. The accuracy of
positioning is centimeter-level. The positioning information
includes longitude, latitude, and altitude. The state informa-
tion includes speed, acceleration, direction angle, and pitch
angle.

As shown in FIGURE 6, the vehicle controller adopts
Raspberry Pi 3 [25], and communicates with INS through
its serial port. This controller can add sending timestamp in
front of the message after receiving it from INS, and send
the message to MEC server by LTE network. Raspberry Pi
3 takes less than one millisecond to process data [26] so that
processing delays can be ignored.

IV. ANALYSIS OF TEST RESULTS
The experiment is done in two automatic driving centers to
test the performance of PCM.

FIGURE 7 shows the automatic driving experiment center
located in Xuchang city, Henan province. The vehicle is
connected to the LTE network through on-board CPE. The
position of the vehicle is get from INS equipped on the
vehicle, which is sent to its remote server located in Beijing.
The server in Beijing has a large time delay, so it can better
test the accuracy of prediction methods under a large time
delay.

FIGURE 7. Xuchang automatic driving experiment center.

FIGURE 8 shows the automatic driving experiment center
located in Fangshan District, Beijing. The difference between
the Xuchang experiment center and this experiment center is
that we use the MEC server here. The MEC server is on the
edge of the network, so the delay is generally small and stable.

FIGURE 8. Fangshan automatic driving experiment center.

A. THE EXPERIMENT IN XUCHANG: PERFORMANCE OF
THE ALGORITHM IN REAL SITUATIONS
We test the PCM algorithm in Xuchang automatic driving
experiment center. The data transmission between the vehicle
controller and the remote server is completed by UDP. INS
can output vehicle state information at up to 100Hz. However,
due to the impact of single transmission packet size, packets
loss occurs when TCP transmission frequency is over 10Hz
in the actual scene [27], [28]. Therefore, we choose to use
UDP to send the message. Packets loss doesn’t occur in
UDP transmission. But when the data transmission frequency
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exceeds 100Hz, sticky packets occurs when the remote server
receives a message. It means that the message sent at different
times arrives at the same time.

In the actual scene, if the message is sent at the frequency
of 50Hz, the sticky packets rate is 15.575%. The occurrence
of sticky packets does not affect the prediction accuracy of
the PCM algorithm, because as long as the message sending
time and receiving time are determined, the exact position
of the vehicle at the current time can be predicted. However,
it will affect the efficiency of the MEC to collect information,
because there’s only one piece of message can be used for
prediction at one time. Many network resources are wasted
when there is a lot of vehicles. Therefore, to save resources
and improve the experimental effect, we have used UDP at
the frequency of 20Hz to transmit data.

Firstly, the vehicle controller and remote server need to
synchronize timestamp through the GPS time module. INS
sends positioning and status information to the vehicle con-
troller at the frequency of 20Hz. The vehicle controller adds
the current millisecond timestamp before the message and
then sends the message to the remote server. When the server
receives this message, it will get the receiving timestamp of
this message from itself, and then gets the sending timestamp
from the message. The one-way time delay of data transmis-
sion can be obtained by subtracting these two timestamps,
and the current position of this autonomous vehicle can be
calculated by the PCM algorithm. Then the remote server
stores all messages and results in local files.

To test the accuracy of the PCM algorithm in this scene,
we run another program on the vehicle controller at the same
time, which collects the vehicle position data from another
INS at the frequency of 100Hz.

The positioning data collected by the remote server is
discrete, but the motion of the vehicle is linear. The solution
to this problem is to use interpolation to make the discrete
trajectory of the vehicle linear [29] so that we can get the
approximate position of the car at a certain time. The exact
method of analyzing PCM algorithm errors will be put in the
next section.

We make the autonomous vehicle drive 50 laps around the
XuChang test site and collect one million pieces of data.

From the measurement principle of PCM in section II,
PCM predicts the position of the vehicle based on one-way
time delay and the vehicle’s current speed. Sowe suppose that
the measurement error is related to these two parameters.

Firstly we analyze the one-way time delay. We extract
the one-way time delay of the whole data set and plot the
frequency distribution histogram and cumulative distribu-
tion function (CDF) plot of the one-way time delay of the
autonomous vehicle shown in FIGURE 9.
FIGURE 9 shows the highest one-way time delay is

198.2ms, and the lowest is 15.3ms. The majority of one-way
time delay is distributed in the range of 20ms to 80ms, with
96.3% of it less than 80ms and 98% of it less than 100ms.
We can calculate the average one-way time delay of the whole
data set is 49.4ms.

FIGURE 9. Distribution property of one-way time delay.

We plot the average positioning error and one-way
time delay figure at a resolution of 10ms, which is
shown in FIGURE 10(a). Such as when the one-way time
delay is 10ms, the figure shows the average error among
5ms and 15ms.

The average error of the PCM algorithm is 1.58cm. The
smaller the one-way time delay, the lower the average error
of the PCM algorithm. The error is approximately linear with
the one-way time delay. When the one-way delay is between
190ms and 200ms, the average error of PCM is 6.132cm,
which can reach the centimeter-level positioning accuracy
required by automatic driving.

We draw a relationship plot between vehicle position-
ing error and one-way time delay in FIGURE 10(b) when
the PCM algorithm is not used. The positioning error is
much higher than 10cm without the PCM algorithm. PCM
algorithm significantly improves the accuracy of the remote
server to position the vehicle.

We use the same way to plot the frequency distribution
histogram and CDF plot of the speed of the vehicle as shown
in FIGURE 11.

When the speed is 0, the car is waiting for the traffic light.
We drive in actual urban roads, so the speed of the vehicle
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FIGURE 10. Relationship between one-way time delay and positioning
error.

is mainly concentrated on 8m/s to 15m/s. The speed data was
equally divided into nine intervals according to the interval of
the speed of 2m/s. We draw a line chart of the vehicle speed
and average error, which is shown in FIGURE 12(a).

As we can see, the speed of the vehicle is approximately
proportional to PCM error. When the speed is 15.5m/s,
the max average error is 2.602cm. FIGURE 12(b) shows
the relationship between speed and average error without
the PCM algorithm. When the speed is 15.5m/s, the max
average error without PCM is 111.3cm. It can also be
seen that PCM can effectively improve the positioning
accuracy.

The frequency distribution histogram and CDF plot of the
error data set are shown in FIGURE 13. The maximum error
is about 7cm. And about 96% of the error data is less than
3 centimeters, 99% of the error data is less than 5 centimeters.
All error data meet the centimeter-level accuracy required by
automatic driving.

The experiment in XuChang proves that in the actual auto-
matic driving scene, even if the network environment is not
ideal so that the time delay is large, the PCM algorithm can
still improve the positioning accuracy to the centimeter-level
required by automatic driving.

FIGURE 11. Distribution property of speed.

B. THE EXPERIMENT IN FANGSHAN: CALCULATE THE
ALGORITHM ERROR ACCURATELY
The network structure in the FangShan test field is different
from that in the XuChang test field. In this scene, vehicle
data collection and one-way time delay measurement are
completed separately. In other words, the vehicle data col-
lection is completed by the vehicle controller itself (to collect
high-frequency data), while the vehicle controller and MEC
server jointly complete the one-way time delay measurement.
The message of the vehicle is not sent during the time delay
measurement so that the INS data of the vehicle can be
collected at high frequency.

To calculate the error of the PCM algorithm accurately,
we use the control variable method. After collecting a
large amount of one-way time delay data of a fixed time,
we assumed that the time-delay was a fixed value and com-
pared the vehicle position predicted by the PCM algorithm
using a fixed time delay with this collected by the actual sen-
sor. We can obtain the accuracy of the algorithm at different
time delays. The vehicle controller collects vehicle state data
at 50Hz frequency (a fixed interval of 20ms), and the vehicle
drives around the test field 50 times, collecting about one
million pieces of data.
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FIGURE 12. Relationship between speed and positioning error.

For example, we have the real data of the vehicle position
at the timestamp of 000000030, 000000050, and 000000070,
which are tested by INS. We use the real position data at
000000030 and assume the one-way time delay is 20ms,
and then calculate the predicted position value of the car at
the moment 000000050. By comparing the predicted value
with the real position data at 000000050, we can get a more
specific algorithm error. Similarly, if the one-way time delay
is assumed to be 40ms, the specific error of the algorithm at
40ms can be tested by comparing the real and predicted values
at the moment 000000070.

Through this method, we calculated the average error of
the PCM algorithm under different one-way time delay and
drew the relationship between error and delay in FIGURE 14.

As can be seen from FIGURE 14, the average error is
0.8cm when the time delay is 20ms, and then the error grad-
ually increases linearly and strictly with the increase of time
delay. The average error has reached 5.09cm when the time
delay is 200ms.

In the future 5G network, the typical end-to-end delay is
5-10ms. In existing 4G networks, the typical end-to-end delay
is 50-100ms [30]. We draw a CDF plot of PCM algorithm
errors with different typical time delays in FIGURE 15.

FIGURE 13. Distribution property of the algorithm position error.

FIGURE 14. Diagram of one-way time delay and PCM positioning error.

The one-way time delay from vehicle controllers to the MEC
edge server is about 20ms in the FangShan test field. So the
PCM algorithm has high accuracy in these typical time delays
and meets the requirements of automatic driving.

We select the maximum typical time delay (100ms) of 4G
and plot the frequency distribution histogram of its error
data in FIGURE 16. The distribution of the algorithm error
is approximately normal distribution, and the majority of
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FIGURE 15. CDF of PCM positioning error under different one-way time
delays.

FIGURE 16. The frequency distribution histogram of PCM positioning
error when time delay is 100ms.

the error is within the range of 1ms-4ms. The max error
is 7.11cm.

We calculate the average error of 100ms time delay under
different speed, which is shown in FIGURE 17.

FIGURE 17. Diagram of speed and average algorithm positioning error
of 100ms time delay.

In the process of starting the vehicle, when the speed
is slow (1-3m/s), the time delay will increase suddenly
and briefly. Then, in the process of increasing speed,
the error will increase linearly with speed and remain at

centimeter-level. The reason for error briefly increase is the
peculiarities of the RTK. RTK uses dynamic finite difference
technique so that the positioning data will be more precise in
the process of the vehicle in motion [31]. The speed interval
of 1-3m/s is a process where the vehicle changes its state
from stationary to moving. So the error increases for a short
time. With the increase of speed, the error decreases and
then increases linearly with speed. The max average error
is 4.714cm at the speed of 19m/s.

V. CONCLUSION
In this paper, we present a problem with the influence of
network time delay on the positioning accuracy of automatic
driving; that is, the location of the vehicle has changed when
the MEC server receives the positioning message sent by the
vehicle. Ignoring this problem will lead to a decrease in posi-
tioning accuracy, which will affect the safety and reliability of
autonomous vehicles. We propose an algorithm named PCM,
which firstly convert GPS coordinates to space rectangular
coordinates and estimate one-way time delay, then uses state
information and positioning information to predict the real
location of the vehicle after a one-way time delay, finally
turns the predicted space rectangular coordinates back to GPS
coordinates. PCM can correct the positioning error caused by
network delay.

The experiment in XuChang and Fangshan shows that
PCM has good performance to eliminate the positioning error
caused by a one-way time delay. First of all, we test the
whole algorithm flow in XuChang automatic driving test
field and analyze the distribution characteristics of speed and
one-way time delay in the process of driving. We analyze the
relationship between speed and one-way time delay and PCM
algorithm error. Then we measure the error of PCM in the
FangShan driving test field. When we choose the maximum
typical time delay (100ms) of 4G and the speed is less than
20m/s, the average error of the PCM algorithm is 2.55cm,
and the max error is 4.714cm. So the prediction ability of
PCM can fully meet the centimeter-level accuracy required
by automatic driving.
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