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BABSTRACTIl In this study, a method of accurate dead reckoning in urban environments via integration
of a mono-camera, an IMU (gyro, wheel odometer), and GPS is proposed. Recently, robust and accurate
vehicle position information has become essential for driver-assistance systems. In particular, dead
reckoning plays an important role for the continuous positioning in areas, such as urban canyons, in which
GPS positioning is limited. Visual odometry (VO) using a mono-camera is a method of dead reckoning
which offers the potential of low cost and high performance, but has an accumulated heading error along the
distance traveled. This study presents a method of heading estimation using GPS Doppler which corrects the
accumulated heading error of VO. The key point in this study is the time-series tightly coupled integration
of GPS Doppler and IMU that contributes to the improvement of availability of heading correction in
an area of poor satellite reception, where heading estimation is not available by GPS Doppler only. As
a result of evaluation in an urban environment, the error of dead reckoning is reduced to approximately 1/4,
as compared to the conventional method, owing to the improvement and availability of heading correction

in the urban environment.

BKEYWORDSII Visual-odometry, GPS Doppler, Tightly Coupled Integration, Urban Environment,
Dead Reckoning, Heading Estimation

dead reckoning. LIDAR®? and fiber-optic gyros are
reliable but costly, whereas microelectromechanical

Seamless and accurate positioning of a land vehicle systems (MEMS) gyros are much cheaper but have
is one of the most important tasks in the development a bias error which changes unpredictably over time.
of advanced driver assistance systems. Satellite
navigation systems such as GPS are a well-recognized
approach for obtaining the position of a vehicle. o =
Real-time kinematic GPS (RTK-GPS)®" can provide ] \\ o
sub-decimeter positioning accuracy in open-sky =5 , Blocked |
areas, whereas in urban canyons, the availability of
accurate positioning may be greatly reduced owing
to the blockage or reflection of satellite signals by tall
buildings.

Thus, in areas where accurate absolute positioning
is not available, dead reckoning is necessary for
seamless posmonmg..l.)ead reckoning is a jcechmque Dead-reckoning
that calculates the positional change of a vehicle based
on the motion of the vehicle and enables seamless

1. Introduction

positioning during the intervals between the absolute Absolute
positions (Fig. 1). positioning
There are a variety of approaches to dead reckoning.
Figure 2 shows the feature of major sensors used for Fig. 1 Absolute positioning and dead reckoning.
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On the other hand, visual odometry (VO) using
a mono-camera> has become an attractive approach
to dead reckoning due to its potential for high accuracy
and reasonable cost. VO is a method that estimates
the vehicle trajectory based on the motion of static
objects in successive camera images. VO can estimate
vehicle trajectory precisely. In addition, sensor costs
are decreasing as cameras become standard equipment
on modern vehicles. On the other hand, VO has
a problem in that the estimation error of the heading
is accumulated over time because it cannot estimate
the absolute heading, and this results in increased
trajectory error. Therefore, the purpose of the present
study is to improve the heading of VO using low-cost
Sensors.

Various studies investigated the issue of heading
error. Heng® used a magnetometer to correct the
accumulated heading error of the VO, but the
measurements of a magnetometer occasionally have
errors caused by interference with surrounding steel
objects, such as street lights or railways. There are also
approaches to absolute heading estimation that use
GPS signals. Rehder” has corrected the heading error
of VO through comparison of the time-series vehicle
position obtained by GPS and the VO trajectory.
Rehder’s heading correction approach works well
under open-sky conditions, but both the availability and
accuracy of heading correction are much degraded in
urban environments owing to the blockage or reflection
of satellite signals. Meguro® used the Doppler shift of
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Fig.2 Feature of major sensors used for dead reckoning.

the satellite, which can accurately provide the absolute
heading of the vehicle, to correct the heading error
of VO, but this is also problematic due to limited
availability in urban environments. Alonso® used
a digital road map for heading correction of VO, which
works well even in urban environments, although
there is a problem with the cost required to generate
a sufficiently wide and accurate digital road map.

The present study introduces a robust and
accurate heading correction technique achieved
by the integration of low-cost sensors (such as
mono-cameras, gyros, and wheel odometer GPS) to
improve VO in urban environments.

2. Visual Odometry

Before explaining the proposed method, the basic
approach of VO is described in this section. VO
estimates vehicle trajectory based on the position
change of static objects in sequential images. Figure 3
presents an overview of VO. First, the feature points
of the objects in the images are extracted. The feature
points are then tracked along multiple time epochs.
The tracked feature points are referred to collectively
as the optical flow (OF) and indicate the motion of the
objects. Based on the OF, the position and the pose of
the vehicle and the 3D position of the feature points
are estimated simultaneously.

Equation (1) defines the relationship between vehicle
positions, vehicle poses, 3D positions of feature points,
and the observed 2D positions of the feature points in
the images:

X', =KR,[1l-x]X,, (1)

t,m
where ¢ is the index of time, m is the index of feature
points, X', is the 2D position of feature points in
the images, K is the matrix of camera calibration
parameters, R, is the rotation matrix based on the
vehicle pose, I is the identity matrix, X, is the vehicle
position, and X, is the feature point position in 3D
space. The operator [A|B] means that matrices A
and B are combined. In Eq. (1), x,, R, and X are
unknown parameters, and all of the other parameters
are observable values. In the present study, bundle
adjustment!® was used to solve the optimization
problem of the time-series observation equations.
Equation (2) defines the least squares cost function
used to solve Eq. (1):
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M
EL'am (Rt’ X Xm) :Z (X't,m - KRt [Il - Xt] Xm)2 >
(=0m=0 (2)

where N is the total number of epochs of the
time-series data, and M is the total number of feature
points appearing in the time-series data. Here, the
Levenberg-Marquardt algorithm? is used to solve
Eq. (2). This is a widely used algorithm that generates
a least-squares solution to nonlinear equations using
a convergence operation. In this process, the solutions
that minimize £, are estimated, and, as a result, the
vehicle trajectory x, is obtained.

3. Proposed Method

3.1 Overview

VO can estimate highly precise trajectories over
short distances, whereas over long distances the
heading estimation error can become large, which
induces a large trajectory error.

The present study introduces a VO method for
heading correction using the Doppler shift of a satellite
signal (GPS Doppler) which can robustly work in
urban environments. Figure 4 shows an overview of
the proposed method. The key technique is heading
correction using the absolute heading estimated by
time-series tightly coupled integration of GPS Doppler
and IMU (gyro, wheel odometer). While the
conventional method requires at least four satellites
for heading estimation, the proposed method enables
heading estimation with fewer than four satellites.

Extracted feature points

L NI

i

Tracking

Fig. 3

In the present study, the velocity of the vehicle
estimated using GPS Doppler is also used for sensor
calibration of IMU. In this section, the conventional
method of velocity estimation using GPS Doppler is
first presented (Sec. 3. 2), and the method of IMU
sensor calibration is then described (Secs. 3. 3, 3. 4).
The method of absolute heading estimation using the
proposed method (Sec. 3. 5) and the method of VO
heading correction (Sec. 3. 6) are then shown.

3.2 Conventional Method of Velocity Estimation
Using GPS Doppler

GPS Doppler can estimate vehicle speed very
accurately. This section describes the conventional
solution for velocity estimation using GPS Doppler.(*!
Figure 5 shows an image of GPS Doppler velocity
estimation. First, based on GPS Doppler, the relative
velocity between each satellite and the vehicle can
be calculated, and by subtracting the velocity of the
satellite from the relative velocity between the satellite
and the vehicle, the vehicle speed in the direction of the
satellite is obtained. Then, by combining vehicle speed
in the direction of a satellite over multiple satellites,
a 3D velocity vector of the vehicle can be calculated.

The following equation describes the relationship
between GPS Doppler and the 3D velocity of the
vehicle:

Di
——c+G, vs,=G,"v—cp

f1

G, = %(xsi—x) (i=1,..,N), 3)
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where i is the index of the satellites, N is the number
of observable satellites in the current epoch, D; is the
GPS Doppler signal of a satellite, ¢ is the speed of
light, f1 is the frequency of the carrier signal, G, is
the unit vector of the direction from the vehicle to the
satellite (no unit of quantity required), vs, and v are
the 3D velocity vectors of a satellite and the vehicle,
respectively, and p is the clock drift, which is the rate

GPS doppler

of the receiver clock error variation per second (no unit
of quantity required). Here, G, can be calculated based
on the satellite position xs,, the vehicle position x, and
the distance between the vehicle and the satellite 7.

In Eq. (3), the unknown parameters are V (3D vector
of vehicle velocity) and p (clock drift), and all others
are observable values. Thus, the number of unknowns
is four, and the number of equations is dependent on
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Fig. 4 Overview of the proposed method.
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Fig. 5 Estimation of vehicle velocity using GPS Doppler.
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the number of satellites observed in the current epoch.
Thus, the equations can be solved when the number of
satellites is four or more.

In the present study, the velocity vector estimated
using GPS Doppler is used for sensor error correction
of the IMU (Fig. 6). The size of the velocity vector
(= vehicle speed) is used for scale error correction of
the wheel speed, and the direction of the velocity vector
(= vehicle heading) is used for bias error correction of
the yaw rate of the gyro. These approaches to sensor
error correction of the IMU are described below.

3.3 Estimation of the Scale Error of Wheel Speed

Generally, the vehicle speed calculated from the
wheel odometer (wheel speed) may have scale errors
because the tire diameter changes over a long period
owing to the change of pressure. The scale error
of the wheel speed associated with the wheel speed
accumulates with the distance traveled, and finally
causes a large error in the distance traveled. In order
to decrease the error accumulation in calculating the
distance traveled, a technique that corrects the wheel
speed error using the vehicle speed calculated from
GPS Doppler (Doppler speed) is proposed.

Figure 7 shows an outline of the scale error
correction of the wheel speed. The wheel speed is
robust, but may have a scale error. On the other hand,
the Doppler speed has some variation, but does not
have a scale error. Thus, in the proposed method,
noisy observations of Doppler speed are removed
based on their variation during a recent short period,
and the scale error of the wheel speed is then estimated

Bias error correction
of gyro
KN
1

’ Absolute heading ‘

Velocity vector estimated
using GPS doppler

Magnitude of speed

Scale error correction
of wheel speed

1
1
|
v
S

Fig. 6 Velocity vector for sensor error correction.

by fitting the wheel speed to the Doppler speed using
the least-squares method. The input time series data
for the scale factor estimation is stored and updated
when new data is obtained, and the scale value is also
updated at that time. In this manner, the scale error of
the wheel speed is repeatedly corrected.

3.4 Estimation of Bias Error of a Gyro

The yaw rate given by a gyro has a bias error.
When calculating the vehicle heading by integrating
yaw rates (yaw-rate heading), the bias error of yaw
rate accumulates in the estimated vehicle heading.
In order to decrease the accumulated heading error,
a correction technique for the bias error of yaw rate
using the vehicle heading calculated from GPS Doppler
(Doppler heading) is proposed.

Figure 8 shows an outline of bias error correction of
the gyro yaw rate. The yaw-rate heading is continuous,
but has an accumulated error caused by a bias error
in yaw-rate measurements. On the other hand, the
Doppler heading has some variation but does not have
a bias error. Thus, in the proposed method, the noisy
observations of Doppler heading are removed based
on their time variation during a recent short period, and
the bias error of yaw rate is then estimated by fitting
the yaw-rate heading to the Doppler heading using the
least-squares method. As with speed scale estimation,
the stored input data and the estimated bias value are
both updated whenever new data are obtained, and the
bias error is then corrected.

3.5 Heading Estimation Using Time-series Tightly
Coupled Integration of GPS Doppler and INS

In the previous sections, methods of IMU sensor
calibration are described. In this section, a method
of absolute heading estimation via integration of the
GPS Doppler and the calibrated IMU is described.
Figure 9 shows the concept of absolute heading
estimation using the proposed method. Time-series
data of satellites are used to make up for the shortage
of current satellite data. However, when using the
time-series data, there is a problem that the number
of unknown parameters describing the vehicle state
at each epoch increases in proportion to the length of
the time-series data, and this increases the uncertainty
in the estimation. In order to avoid an increase in the
number of unknown parameters with time, IMU is
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used to place constraints on the time-series vehicle
states. As a result, the proposed method can perform
absolute heading estimation if only one satellite is
observable at each epoch.

Next, the process of the proposed method is shown
through equations. First, time-series observation
values of GPS Doppler for M epochs are described as
follows:

1. Removing the noisy observations of
doppler speed based on the time variation

° "
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(t=0,.,M; i=1,.,N), (4)

where 7 (0, ..., M) is the time index of the time-series
data, and N, is the number of satellites at time ¢. Then,
v, is broken down into velocity magnitude and velocity
direction as follows:

2. Fitting the wheel speed to the
doppler speed for the optimal
estimation of the scale error
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Fig. 7 Outline of the scale error correction of the wheel speed.
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Fig. 8 Outline of the bias error correction of the gyro yaw rate.
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v,=[Vx, W, Vzl
= |v| [cosh, cosg, sing, cosg, sing ], (5)

where [Vx,, Vy, Vz,] are the components of the vehicle

velocity vector in a planar coordinate system, |v/| is

the magnitude of velocity vector v, 0, is the heading

angle of the vehicle, and ¢, is the elevation angle of

the vehicle. The conditions of the constraint described

below are then set in order to reduce the number of

unknown parameters.

(a) The vehicle speed is constrained by the speed
calculated from the wheel pulse rate.

(b) The time change of the vehicle heading angle is
constrained by the yaw rate of the gyro.

(c) The vehicle elevation angle is always estimated to
be 0. (The vehicle speed in the vertical direction is

Needs four satellites
in each epoch

Velocity
estimation

Needs four satellites
in all the time-series epochs

Time-series
constraints

Velocity
estimation

Fig. 9  Concept of absolute heading estimation using the
proposed method.

assumed to be negligibly small as compared to the
vehicle speed in the horizontal direction).

(d) The time change of the clock drift is approximated
to be linear because the time change of the clock
error is generally very gradual.

These constraint conditions are as follows:

v)=Vw,, (6)
0,=0, —At;ow,, , (7)
$.=0, (8)
p=po—a-t, ©)

where V'w, is the speed calculated from the wheel pulse
rate, A, is the processing time step, 6, is the vehicle
heading at the current epoch, ,. is the yaw rate of the
vehicle measured by gyro at time index ¢’, p,, is clock
drift at the current epoch, a is the slope of the time
change of the clock drift, and the unknowns are 6,, p,
and a. Then, by substituting Egs. (5)-(9) into Eq. (4),
we obtain the following:

Dt,z‘ .
71 ct+G, - vs, = Vw, Gx, , cos (80 —Att;)w,,)

t
+ th Gyt,iSin(HO_At Z wt')
0

=

—c(p,—a-t). (10)

In Eq. (10), the total number of unknowns is three
(0,, py> @), and the total number of equations is equal to
the total number of satellites in all time-series epochs.
Thus, Eq. (10) can be solved, and the current heading
of the vehicle 0, can be obtained if the total number of
satellites during the entire time-series is three or more.

3. 6 Integration with VO

In this process, the absolute heading estimated by
the proposed method is used to correct the heading of
the VO, and then the trajectory of the VO is refined by
the corrected headings.

First, the offset between the time-series heading
of the VO and the absolute heading is calculated.
Equation (11) shows the equation used to calculate
the offset, where Af is the value of the offset, 0, is the
heading estimated by VO, ¢, is the absolute heading
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estimated by the proposed method, J, is a flag that is
1 when the absolute heading can be obtained and is
0 otherwise, and 7 (0, ..., M) is the time index of the
time-series data. The time-series headings estimated
by VO are then corrected by adding the offset, as
shown in Eq. (12). After the heading correction, the
trajectory of VO is corrected as in Eq. (13). Here, X,
and X, are the vehicle positions before and after the
correction respectively, and R, and R, are the rotation
matrices before and after the heading correction,
respectively. The rotation matrix is a function of
the rotation angles [pitch, yaw, roll]. Note that pitch
and roll are not corrected in this process. Index ¢t = 0
indicates the oldest time in the time-series data used
for the estimation.

M M

A6=Z(5,(9,—¢,)/Zét (11)
t=0 t=0

6,=60+A0 (12)

;(t = Ro 11071 (Xz - Xo) X, (13)

4. Experiment

4.1 Setup

Experiments were carried out in an urban area. Table 1
shows the sensors used in the experiment. A gyro and
a wheel odometer are included as standard equipment
in the commercial vehicle used in the experiment, and
their signals were captured through CAN BUS. Trimble
NetR9 was used as the GPS receiver, and XCD-SX90
was used as the mono-camera. The resolution of the
camera image is SXGA (1280 x 960). The angle of
view of the camera is approximately 50 deg, and the
camera direction is the same as the vehicle direction.
As a reference positioning system, POSLV610% was
used. The camera can measure the vehicle position
with an accuracy of approximately 30 cm and the
vehicle pose with an accuracy of approximately

Table 1 Sensors used in the experiment.

Output interval

Gyro Market vehicle 12 ms
Wheel odometer Market vehicle 12 ms
GPS receiver NetR9 50 ms
Camera XCD-SX90 (SXGA) 66.7 ms
Reference system POSLV610 5 ms

0.1 deg in urban environments. The output interval
of each sensor is different, but the system ran with
a minimum interval (without reference) of 12 ms.
The data of the GPS and camera were synchronized
to the closest epoch each time in 12 ms intervals. The
amount of time-series data used for bundle adjustment
was 30 epochs (=2 s).

Figure 10 shows the evaluation course in
Shinjuku City. The length of the evaluation course was
approximately 500 m, and there were many high-rise
buildings along the course.

4.2 Results

Figure 11 shows the number of satellites and the
error of heading estimation using the conventional
method (GPS only) and the proposed method
(tightly coupled integration of GPS/IMU). Heading
estimation can be performed using the proposed
method even when the number of satellites is less
than four, whereas heading estimation cannot be
performed in such situations using the conventional
method. Moreover, the variance of the heading error
is much lower with the proposed method owing to
the increase in satellite information, which produces
an averaging effect and enables the RAIM* method.
In the present study, a reliability test for the estimated
heading was performed based on the variance of the
heading. The variance of the heading is calculated
using subtraction between the gyro-based heading
and the estimated heading for the past 10 epochs.
As a result of the reliability test, some reliable
headings are obtained using the proposed method,
whereas reliable headings are not obtained using the
conventional method.

Figure 12 shows the errors of heading and trajectory.
VO + GPS is the VO integrated with the conventional
method of heading estimation (GPS only),
VO + GPS (TC) is the VO with the proposed method of
heading estimation (tight coupling of GPS/IMU), and
IMU + GPS (TC) is IMU-based trajectory estimation
integrated with the proposed method of heading
estimation. The heading error of VO + GPS increases
as the vehicle progresses, which induces an increase
in trajectory error. On the other hand, the heading
error of VO + GPS (TC) is corrected in the latter half
of the course, and the increase in trajectory error is
suppressed.

Figure 13 shows the trajectory error per 100 m of
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Fig. 10 Evaluation course in Shinjuku.
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driving. The trajectory error of the proposed method
was approximately 40% less than that of the previous
method (VO + GPS).

5. Conclusion

In the present study, a method that improves the
accuracy of VO in urban environments by low-cost
multi-sensor integration was proposed in which the
key technique was heading estimation using the
time-series tightly coupled integration of GPS/IMU.
The proposed method contributes to the improvement
of the heading estimation for cases in which the
satellite reception is poor. Experiments in urban areas
revealed that the trajectory error of the proposed
method is reduced to approximately 1/4 of that of the
conventional approach.
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