Proceedings of the 2015 IEEE International Conference on Vehicular Electronics and Safety, Yokohama, Japan. Nov. 5-7, 2015.

Lane-Based Vehicle Localization in Urban Environments

S.M. Zabihi! S.S. Beauchemin! E.A.M. de Medeiros? M.A. Bauer!

Abstract— Vehicle self-localization is an important aspect of
intelligent transportation systems. Global Positioning Systems
(GPS) which provide vehicle localization information play an
important role in these systems. However, GPS is challenged
in urban environments where satellite visibility and multipath
situations are unavoidable. In this contribution we propose
a method by which vehicular speed and a map-based lane
detection process are called upon to improve the positional
accuracy of GPS. Experimental results with urban driving
sequences demonstrate that our approach significantly improves
the accuracy of positioning the vehicle as compared with
systems solely relying on GPS.

I. INTRODUCTION

In recent years driver assistance systems have contributed
remarkably to the mitigation of traffic accidents and their
consequences. Vehicle localization is an essential component
of these systems and thus their precision and robustness
being of great value. Current vehicle localization methods
are commonly based on satellite positioning technology, of
which GPS is the most established. However, GPS technol-
ogy is known to produce inaccurate position estimates in
certain conditions and to be reliable only up to a range of
several meters.

GPS is a passive satellite-based and easy-to-use position-
ing system, which was established by the U.S. Department
of Defence (DoD) [20]. This system is able to pinpoint the
absolute longitude and latitude coordinates of an object on
the globe. A GPS system consists of a number of satellites
orbiting around Earth. Each satellite frequently sends mes-
sages that include the time, the message was transferred,
and the satellite location. The messages are received on the
ground via a GPS unit and, comparing the time at which
the message was received (on its internal clock) against the
time which the message was sent, gives distance between the
unit and any of these satellites. Some of the common factors
influencing GPS accuracy include [5]:

1) Atmospheric effect: Both the ionosphere and tropo-
sphere impact the speed of GPS radio signals.

2) Multipath errors: This occurs when signals are re-
flected or bounced by coming in contact with surround-
ing hills, lakes, buildings or any radio wave reflective
object before it reaches the receiver. This delay in
signal travel time introduces positional errors.

3) Clock errors: The internal clocks of both the satel-
lite and receiver have limited accuracy, and they are
not precisely synchronized. Since position calculations
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depend on accurate time, small clock errors can cause
significant imprecision in position estimation.

4) Satellite geometry: Localization precision is optimal
when satellites are located at wide angles from each
other from the perspective of the receiver. Conversely,
poor geometry occurs when satellites form a line
or find themselves in a tight grouping, resulting in
Dilution of Precision (DoP).

Errors due to multipath and reduced satellite visibility are
the most difficult to minimize. Others such as atmospheric
errors can be compensated for by differential means, in-
cluding Differential GPS (DGPS) or with the Wide Area
Augmentation System (WAAS). Techniques known as dead
reckoning and map matching are generally applied to atone
for satellite visibility and multipath issues. Dead reckoning
employs measurements of the vehicle’s motion from on-
board sensors such as accelerometers and gyroscopes to
extrapolate from the last known vehicle location [21], [24].
Dead reckoning is ineffective when GPS position estimates
are unavailable for a long period of time. Map matching
methods apply a map of the road environment to narrow
the vehicle position as the correct road can be seen. In this
case, the vehicle position can be modified to lie on the road,
permitting a partial rectification of GPS estimates [27].

Landmark detection provides the ability to sense the
surrounding environment of the vehicle to alleviate many
of the localization issues identified above. By positioning the
vehicle with respect to objects in the environment, it becomes
possible to reduce errors in GPS estimates. Furthermore, it
should be easier to identify which road the vehicle is on as
well as correct the vehicle location by observing objects in
the surrounding environment.

In this contribution we propose a method by which ve-
hicular speed and a map-based lane detection process are
called upon to improve the positional accuracy of GPS. This
contribution is structured as follows: related work is reviewed
in section II. Section III describes our proposed method in
detail. Results and experiments are presented in section IV.
Section V summarizes our results.

II. LITERATURE SURVEY

Several methods have been proposed for improving the
accuracy of GPS. Among them, we find Differential GPS
(DGPS) [9] methods. DGPS employs one mobile and one
or more stationary GPS receiver stations nearby in order
to minimize errors introduced by atmospheric effects. The
fixed GPS receiver is in a known position and acts as a
reference station, calculating and broadcasting the difference
between its known location and that estimated by GPS. This
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information is applied to the moving GPS receiver in order to
correct its position. This technique relies on the assumption
that GPS errors are identical for nearby GPS receivers [14].

Another correction technique presented by Lin [18] uses
differential correction and Genetic Programming (GP) [16],
[18]. In this method, GP generates a correction function
from NMEA! information derived from the GPS receiver
at the known location and the GPS receiver which requires
correction. It then uses the generated function to modify its
location information.

Other techniques utilize vision or other means of sensing
the environment to refine vehicle position estimation. For
instance, Georgiev and Allen and Kais et al. apply computer
vision methods as a complement to GPS and dead reckoning
for positioning a robot in urban environments where satellite
visibility may be poor [10], [11]. Both approaches use
straight line features that are detectable and abundant in
urban environments, such as building edges, doors, windows,
trees, poles, traffic signs and lane boundaries. Features
used by Kais et al. for localization are mapped within a
Geographic Information System (GIS) database [11]. The
locations of GIS features are transformed to the camera
coordinate frame to specify search regions for these features
in the acquired image. Conversely, Georgiev and Allen
model buildings by their straight line features [10]. The
transformation needed to align the extracted features with
the model yields the location of the robot relative to the
building.

In addition, Barthet al. presented a method for localization
of a vehicle’s position and orientation with respect to stop
lines at intersections based on video sequences and mapped
data [3]. Brenner provided a landmark map consisting of ex-
tracted poles obtained using a mobile mapping van equipped
with LIDAR [6]. Poles are detected from the sensor data and
provided as input to a landmark matching algorithm which
estimates the vehicle position.

Diverse Visual Odometry (VO) techniques have arisen
in recent years, improving vehicle localization performance.
The methods in this category, such as [13] and [1] extract
3D features, followed by feature matching, and reconstruct
a 3D point cloud used to estimate vehicle pose.

Several recent approaches employ the principles of Simul-
taneous Localization and Mapping (SLAM) [17], [19], [22],
[2], [8], [23]. These types of techniques attempt to build
a map as a robotic vehicle navigates through an unknown
area while localizing the vehicle within the map simultane-
ously. Early attempts apply extended Kalman filter (EKF),
where the filter state includes the locations of landmarks
and robot poses [7], [8]. These methods face covariance
complexity problems and hence cannot be used for mapping
large environments. To overcome this problem, hierarchical
visual SLAM strategies are used to divide an initial map
into smaller submaps [26]. For instance, Schleicher et al.
presented a real-time hierarchical SLAM system which gen-
erates a number of local submaps, each composed of several
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Fig. 1: Overview of the proposed vehicle localization ap-
proach

visual landmarks that are then employed by a standard EKF
[22].

In this contribution, we extend our previous work in lane
detection using lane-annotated maps, stereo depth maps and
particle filtering [15] to estimate the precise position and
orientation of the vehicle by fitting lane features in stereo
imagery with lane maps obtained from Google Earth satellite
images.

III. PROPOSED METHOD

We describe a map-based localization approach that has
the capability to enhance GPS-based localization by using
lanes as landmarks on images obtained by a front-view sterco
imaging system. The map-based framework extracts lane
boundary features and attempts to fit the lane features with a
pre-loaded digital lane map by discovering the best relative
modification in the position and orientation from the GPS
module of the vehicle. Figure 1 depicts an overview of the
our localization strategy.

A. Modelling Observed Road Lanes

In general, features observed in driving environments are
not sufficiently unique by themselves to indicate vehicle lo-
cation unambiguously. This motivates the use of environment
maps containing the position and identity of features (lanes
in world coordinates, in our case). We apply a model based
on splines that can address the observed lane shapes and
cover the entire map of the region of interest [15]. The model
contains a number of splines where each spline is a lane
marker and consists of a set of control points with known
GPS coordinates. Candidate visible splines for each stereo
pair are determined based on the current vehicle’s position
and orientation, and the front stereo system viewing angle.

We use Google Earth satellite images to produce a map
that includes all the lanes in a path that was travelled by the
experimental vehicle within the city of London, Ontario. The
lanes obtained by this method are not occluded by objects
such as other vehicles or buildings. These images can also
be addressed directly by longitude and latitude which is
desirable since we use GPS coordinates to locate the vehicle
on the map and extract hypothetically visible lanes from the
stereo images.
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B. Localization by Particle Filtering

Particle filtering is used to estimate the vehicle position
by integrating measurements from GPS, visual sensors, and
context from the map. Information from visual sensors
installed on our experimental vehicle provide stereo images
and depth maps which are used for detecting lane features
in driving scenes. We then attempt to fit our projected spline
lane markers onto the image plane of the stereo sensor with
the lane features detected in the left stereo image using GPS
coordinates as a seed estimate for vehicle position.

1) Ground Plane Estimation: The ground plane param-
eters needed for projecting the lanes onto the image can
be computed from the depth map obtained from the stereo
system. With rectified stereo images, finding disparities and
hence depth map merely consists of a 1-D search with
a block matching algorithm (our implementation uses the
stereo routines from Version 2.4 of OpenCV) Assuming that
the ground plane equation is of the form

ax +by+cz=d (1)

where 77 = (a,b,c) is the unit normal vector to the plane,
we pose

1
d=—— ®))
a a’
b | =d| v 3)

cl

With the coordinates of 3D points in the reference system of
the left camera

we can write
Ax =B )

and solve for x in the least-squares sense as

x=(ATA)'ATB (6)
where
X1 vz )
Xy Yo Zy 1 a
A= B = x= |
: : : : J
X, Y, Z, 1

Often times the ground surface leads to inordinate amounts
of outliers, due in part to a lack of texture from the
pavement or other drivable surfaces. With the sensitivity
of least-squares to outliers being known, we resort to the
use of RANSAC in selecting the inliers and obtain a robust
estimation of the ground plane coefficients, in the following
way:

1) randomly select three points from the 3D points be-

lieved to be representative of the ground plane

2) compute the coefficients of the plane defined by the

randomly selected points using (5)

3) count the points whose distance to the plane is less

than a threshold ¢

Fig. 2: a) (left): Lane features detected by Algorithm 1 b)
(right): Projected lane splines on the image

4) repeat these steps n times where n is sufficiently large?

5) among the n fits choose the largest inlier set which
respect to € and compute the coefficients of the ground
plane this time using least-squares as in (6)

The plane parameters are averaged over a short period of
time in order to stabilize them further. The coefficients of
the plane are recomputed at each new stereo frame arrival.
However, in cases when the number of depth values is low
(poor texture, etc.) or other vision modules indicate the
presence of a near obstacle, the coefficients of the ground
plane are not recomputed, the previous parameters are used
instead.

2) Lanes feature detection: We apply a feature detection
algorithm to find the boundaries illustrating lanes in the
driving environment. The left stereo image and its depth
map have been used to create a Gaussian smoothed lane
boundary feature image. The lane feature detection algorithm
is outlined Algorithm in 1. Constants found in the algorithm
are « and [, used for computing the width expectation of
the lane markings Lmax, factored by their distance from
the vehicle. Constants NL and LD indicate the state of
the lane edge search. NL represents the state in which no
lanes are detected, while LD is its complement. Threshold
Tp, represents the minimum gradient value required for a
transition from NL to LD. Constant Oj is the minimum
variation in height from the ground plane for a pixel to be
considered part of an obstacle. Oy, and 75, depend on imagery
and are experimentally determined.

Figure 2a shows the lane features detected in a driving
scene and lanes splines of the same scene which are projected
to the left stereo camera image can be observed in Figure
2b.

3) GPS Correction: At this stage, we will apply a match-
ing method to fit the lane model projected on the image
coordinate system with the lane features acquired from the
previous step by finding the best changes in the position and
orientation of the vehicle provided by GPS unit. The position
and orientation of the vehicle obtained by unreliable GPS
measurements are used only as seed points to find the visible
parts of the lane map and start an optimization algorithm to
locate the accurate position of the vehicle. The optimization
methods produce two parameters 0.X and 66 which correct

2Choosing n > 20 does not significantly improve the number of inliers
with respect to €.
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Algorithm 1 Lane Feature Detection Algorithm

G «— 1D Gaussian row smoothing of I with ¢ = 0.5
G <+ horizontal gradient of G using 3-point central
differences
Remove the values corresponding to obstacles from G
using threshold Oy,
State — NL
F initialized to 0
for all rows ¢ in I starting from the image bottom do
Lmax < B — i«
Count « 0
for all column j in I do
if (G;,; > 7, A\ (State = NLV Count > Lmax)) then
State «— LD
end if
if (State = LD) A (G,,; < —75,) then
for k = 57 — Count — 5 do
Fi,k — 1
end for
State «— NL
Count « 0
end if
end for
end for
F' «— 1D Gaussian row smoothing of I with o = 0.5

the position and orientation of the vehicle. To estimate the
best fit parameters between projected lane-marking splines
and the detected lane features in the left stereo image, the
below likelihood function is defined:

L(z]x) ™

where z is a particular parameter fit, and x = (dx, §6). With
the lane feature image F' and the projected, visible lane-
marking splines, the likelihood function becomes

L(zlx) = > F(i,j) ®)

(¢,7)€S

where S is the set of all projected points of the lane-marking
splines.

With the likelihood function, we need to estimate the
parameters x of the fit as:

x = argmaxL(z|x), 9

Solving this optimization problem is not easily achievable by
regular hill-climbing methods due to the non-concavity of the
function. Since the search space is large, an exhaustive search
is prohibitively expensive while the probability of finding the
global maximum remains low [25].

A Particle Swarm Optimization (PSO) method may be
more appropriate. The particle swarm lane detection algo-
rithm by Zhou [28] is a single image frame method, which
we adapt here as a particle filter working on a sequence

of frames®. Our approach consists of generating a set of
uniformly distributed particles, each representing a set of
possible values for parameters x = dx, §6, §\. The likelihood
of each particle is estimated with (9).

At each iteration, each particle is replaced with a number
of newly generated, Gaussian position-disturbed particles.
The number of generated particles is proportional to the
likelihood of the particle they replace. Their likelihood is
estimated again with (9) and normalized. This ensures that
the stronger particles generate more particles in their vicinity
than the weaker ones. Particles with normalized likelihoods
lower than a certain threshold are removed and, if the number
of particles becomes less than a threshold, the process
repeats.

These iterations eventually lead to groups of particles
concentrated at the most likely answers in the search space
and the particle with the maximum likelihood is chosen as the
solution. In addition, keeping the particles over time makes
the particle filter to act as a tracker for the lane detection
mechanism.

The optimum solution gives us the GPS correction pa-
rameters which are relative changes in the position and
orientation of the vehicle. Therefore, the accurate position
and orientation of the vehicle can be calculated as:

X =x+0x (10)

p=0+50 (11)

where x and 6 are raw GPS measurements of position
and orientation of the vehicle, and X and ¢ represent the
corrected position and orientation.

IV. EXPERIMENTAL RESULTS

To evaluate the performance of our approach, we used
several sequences recorded by driving our instrumented
vehicle around the city of London, Ontario [4]. There is
much opportunity to observe extreme multipath conditions
which usually occur in urban environments. Our vehicle is
equipped with stereo camera rigs, a built-in GPS module,
and On-Board Diagnostic systems (OBD-II) with CANbus
protocol*. The front stereo rig is mounted outside of the
vehicle on top of the roof, providing stereo images with a
resolution of 320 by 240. The driving path covered by the
vehicle is illustrated in Figure 3a). Figure 3b) displays lane-
marking splines, each containing several control points, for
two distinct driving scenes. Google’s static API is used to
obtain the images and draw the lane-marking splines.

For evaluation purposes, we assume the vehicle is located
in the middle of the lane it is driving on, which we consider
ground truth. We keep track of lane information such as
opening and closing distances of the lanes from the vehicle
during the lane detection and model fitting processes. Hence,

3PSO is a population-based stochastic optimization method first proposed
by Eberhart and Kennedy [12].

4The CANbus (Controller Area Network bus) provides microcontrollers
with the means to communicate with each other within a vehicle.
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we can specify the driver’s lane by finding the closest lane
to the vehicle. The angle of this lane is considered as the
orientation of the vehicle in ground truth.

The localization results modified by the proposed method
are compared to the ground truth, where positional and
orientational errors are defined as the Euclidean distance
between the corrected GPS points and the corresponding
points in the ground truth. We have tested our localization
method on ten driving sequences, each of them covering
the path shown in Figure 3 and containing around ninety
thousand stereo frames. Figure 4 depicts the positional and
orientational errors of raw GPS data and corrected GPS
data as compared to ground truth. We observe that the both
positional and orientational errors for corrected GPS data are
significantly less than those of the raw GPS data. The mean
error value and standard deviation of the absolute positional
and orientational errors for these experiments are indicated
in Tables I and II. As the tables show, the average vehicle
localization error obtained by using raw GPS is considerably
higher than the average error resulting from our proposed
technique (where the positional and orientational errors are
0.36 m and 0.72° on average).

TABLE I: RESULTS OF VEHICLE POSITIONING ABSOLUTE
ERRORS IN WORLD COORDINATE SYSTEM.

| | Mean (m) | Std (m) |
Raw GPS Data 1.82 1.15
Corrected GPS Data 0.36 0.12

TABLE II: RESULTS OF VEHICLE ORIENTATION ABSOLUTE
ERRORS.

[ [ Mean (°) | Std (°) |
Raw GPS Data 1.02 0.67
Corrected GPS Data 0.72 0.31

V. CONCLUSION

It is nowadays possible to specify an absolute position
anywhere on the globe with GPS. Although GPS works
adequately in open environments with no overhead obstruc-
tions, it is subject to considerable errors when reception from
some of the satellites is blocked. This occurs frequently in
urban environments and renders accurate vehicle localization
problematic. This contribution proposed a novel approach to
improve vehicle localization accuracy by estimating vehicle
position and orientation which that minimize the observed
difference between detected lane features and projected lane-
marking splines using a particle filter.
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Fig. 3: a) (left): The path covered by the experimental vehicle. b) (right): Images obtained by the map building application
showing splines as lane markers. The green spline indicates the middle of lanes.
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