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Abstract—Lane-level vehicle self-localization is a challenging
and significant issue arising in autonomous driving and driver-
assistance systems. The Global Navigation Satellite System
(GNSS) and onboard inertial sensor integration are among the
solutions for vehicle self-localization. However, as the main source
in the integration, GNSS positioning performance is severely de-
graded in urban canyons because of the effects of multipath and
non-line-of-sight (NLOS) propagations. These GNSS positioning
errors also decrease the performance of the integration. To reduce
the negative effects caused by GNSS positioning error, this paper
proposes to employ an innovative GNSS positioning technique
with the aid of a 3-D building map in the integration. The GNSS
positioning result is used as an observation, and this is integrated
with the information from the onboard inertial sensor and vehicle
speedometer in a Kalman filter framework. To achieve stable
performance, this paper proposes to evaluate and consider the ac-
curacy of the employed GNSS positioning method in dynamic inte-
gration. A series of experiments in different scenarios is conducted
in an urban canyon, which can demonstrate the effectiveness of
the proposed method using various evaluation and comparison
processes.

Index Terms—Global Navigation Satellite System (GNSS) po-
sitioning accuracy, Kalman filter, sensor integration, vehicle
self-localization.

I. INTRODUCTION

V EHICLE self-localization is an important and challenging
issue in current driving assistance and autonomous

driving research activities. Beyond the correct road segment
identification, lane-level localization enables more precise
guiding along the desired trajectory. In addition, if there is more
than one vehicle on the road, the accurate knowledge of vehicle
position will ensure the safe operation of vehicle cooperation.
Thus, a vast number of localization proposals can be found in
the literature, which employed sophisticated methods to achieve
high accuracy.

A straightforward and commonly followed approach of the
localization problem is to use the integration of a Global
Navigation Satellite System (GNSS) and an inertial navigation
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system (INS). The Global Positioning System (GPS, i.e., one
kind of GNSS) should be the main navigation information
source for autonomous vehicles, due to its capability of posi-
tioning a circulating vehicle in real time with enough accuracy
and without temporal precision degradation, which was indi-
cated from the famous DARPA Grand Challenge [1]. In the
open-sky field, i.e., eight satellites or more, the error standard
deviation of differential-mode GPS positioning is about 30 cm
[2]. However, the land vehicle navigation system typically has
to operate in the areas where GNSS signals are either blocked
or reflected.

An INS is a navigation aid that uses multiple onboard sen-
sors, such as accelerometers and gyrosensors, to continuously
calculate via dead reckoning the position, orientation, and ve-
locity of a moving object. In addition, the vehicle speedometer
can be used as an external aid for the INS. The INS can
provide accurately relative vehicle position in a short time, but
its accuracy degrades with time. To overcome the disadvantages
associated with the standalone operation of GNSS and INS,
the two systems are often integrated together, so that their
drawbacks are minimized. In the early studies of this integration
field, the research studies focused on evaluating the integration
system performance under open-sky fields [3]–[5]. Recently,
the qualification of the integration system has been discussed
and performed in a more difficult environment. To overcome
the multipath interference when the GPS signal is blocked by
external agents, Milanes et al. proposed a dynamic integration
system using a decision unit, which can choose the correct one
from GPS and INS [6]. Godha et al. employed constraints to
describe the behavior of a typical land vehicle in the GPS/INS
integrated system, when a GPS outage occurred in urban ar-
eas [7]. Noureldin et al. improved the microelectromechanical
system (MEMS)-based inertial sensor errors to enhance the
positioning accuracy during GPS outage [8]. Kubo and Dihan
used the information of inertial sensors to aid Real-Time
Kinematic (RTK) to estimate the ambiguity solution in an urban
area [9].

In fact, the two effects, i.e., non-line-of-sight (NLOS) and
multipath, often happen together in urban canyons, but they are
not the same. Fig. 1 illustrates both phenomena. In the case
of NLOS, the signal is only received via reflection, no direct
line-of-sight (LOS) path exists. The multipath means that the
direct path and reflected path are received together. Various
technologies of GNSS were developed to mitigate the multipath
effects, which are mainly cataloged by three: antenna-based
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Fig. 1. Multipath interference and NLOS reception, inspired by [17].

[10], [11]; receiver-based [12], [13]; and navigation-processor-
based [14]–[16] techniques. The ranging measurement errors
that result from NLOS reception are quite different from those
produced by multipath interference, and these are not corrected
by most multipath mitigation techniques [17].

With the development of ranging technologies, the 3-D build-
ing information became available to estimate the multipath and
NLOS effects. Meguro et al. used an omnidirectional infrared
(IR) camera, which was installed on the roof of vehicles, for
estimating the area of sky and identifying NLOS signals [18].
As an extended idea of NLOS exclusion, Bauer et al. built
a shadow map, which can represent the satellite reception
conditions in real time [19]. The NLOS measurement can
be detected and excluded from the positioning solution [19].
Moreover, Obst et al. utilized a dynamic 3-D map to exclude the
potential multipath signal from the observation set for a vehicle-
based loosely coupled GNSS/INS integration system [20]. In
the aforementioned research studies, the positioning accuracy
values were improved by excluding the unhealthy signal. How-
ever, the skyscrapers locate along the two sides of the road.
As a result, the exclusion of satellite will lead to horizontal
dilution of precision (HDOP) distortion. Generally speaking,
the number of available satellites along the road direction is
more than that of the cross direction after exclusion. Thus, the
lateral (cross direction) positioning error would be much larger
than the longitudinal error (along direction). In the scenario of
autonomous driving, distinguishing lanes is significant. In other
words, the lateral error should first be considered.

To reduce the effect of the multipath and NLOS while
avoiding the distortion of HDOP, our research team devel-
oped a candidate-distribution-based positioning method using a
3-D building map for the pedestrian application, which can
rectify the positioning result of a commercial GPS single-
frequency receiver [21], [22]. After that, the 3-D-building-
map-based GPS positioning method was employed for vehicle
self-localization application [23]. Moreover, the GLObal
NAvigation Satellite System (GLONASS) and Quasi-Zenith
Satellite System (QZSS) were introduced to the 3-D-building-
map-based method for pedestrian application [24]. In this paper,
the 3-D-building-map-based GNSS positioning technique is
abbreviated as 3D-Map-GNSS.

One of the most famous urban positioning methods is named
shadow matching. The shadow matching method utilizes city
building models to predict the satellite visibility and compare
this with the measured satellite visibility, to improve the cross-
street positioning accuracy [25]–[27]. Recently, RTK GNSS

shadow matching based on particle filter is developed [28].
This kinematic GNSS shadow matching describes the likeli-
hood of particles based on the signal strength and satellite
visibility. The 3D-Map-GNSS employed in this paper also
applies particle filter to estimate receiver position. Moreover,
this method takes the advantage of 3-D building map and ray
tracing to distinguish the type of signal and further generates the
pseudorange correction for the purpose of NLOS and multiple
effects. As a result, the likelihood of the particle in this paper
is determined by the similarity between corrected pseudorange
and pseudorange measurement [22].

This paper proposes to integrate the 3D-Map-GNSS with
the onboard inertial sensor and vehicle speedometer to pur-
sue the lane-level accuracy in the vehicle self-localization.
Three GNSSs are used, including GPS, GLONASS, and QZSS.
In the integration, the positioning result from the 3D-Map-
GNSS is considered as observation. The vehicle motion is
described by the information derived from a controller area
network (CAN) bus of a car and an inertial measure unit
(IMU) sensor. This information is integrated by a Kalman filter
framework. Moreover, this paper analyzes the principle of the
candidate-distribution-based positioning method and develops
a way to describe positioning accuracy, user range accuracy
(URA3Dmap), and heading direction accuracy of the 3D-Map-
GNSS for the dynamic sensor integration. This proposed sensor
integration method is validated by conducting a series of exper-
iments in an urban canyon in Tokyo, Japan.

The remaining part of this paper is organized as follows:
Section II analyzes the proposed 3D-Map-GNSS and describes
the definition of the accuracy of the 3D-Map-GNSS. Section III
presents the integration framework. The experimental results
are demonstrated in Section IV. This paper is ended with a
conclusion and a future work consideration in Section V.

II. THREE-DIMENSIONAL-BUILDING-MAP-BASED

POSITIONING METHOD

A. Three-Dimensional Building Map and Ray Tracing

To analyze and correct the pseudorange measurement error
caused by multipath and NLOS, a 3-D building map is con-
structed. In this paper, the 3-D building map is shortened to
“3-D map.” In the establishment of the 3-D map, two sets
of map data are required. The first set is the 2-D building
outline data named fundamental geospatial data (FGD), which
is obtained from the Japan Geospatial Information Author-
ity. The other one is the digital surface model (DSM) data,
which is provided by a Japanese company called Aero Asahi
Corporation. The DSM data are used for obtaining the height
information of the building outline. Fig. 2 illustrates the process
of constructing the 3-D map. First, the coordinates of all corners
of the building outline are sequentially extracted from FGD,
as shown in Fig. 2(a). Then, the height information of each
determined corner is derived from DSM data and attached to
the corresponding corner. In this way, the 3-D map is generated,
which is shown in Fig. 2(b).

Theoretically, the more accurate the 3-D map used, the
more accurate pseudorange can be obtained in the ray tracing
method. To evaluate the developed 3-D map, an accurate 3-D
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Fig. 2. Construction of the 3-D building map. (a) Two-dimensional building
outline data. (b) Three-dimensional building map.

building model is required as a reference. To obtain a highly
accurate 3-D building model, we employed the famous 3-D
map mapping company in Japan, which is called Advanced
Technology Enables Comfortable Life (A-TEC), to measure
the experimental field selected in this paper. The minimum
and maximum differences between the reference and developed
3-D building models are about 0.13 and 1 m, respectively. This
result shows the resolution of the developed 3-D building model
(2-D FGD + 3-D point clouds) is good enough to estimate the
reflection path of NLOS signal.

The ray tracing technology was originally designed for the
image rendering in computer graphics. Because of the way light
propagations resemble those of radio, the ray tracing is also
developed and applied in the research of radio propagation [29].
In this paper, the 3D-Map-GNSS method assumes that a
building surface is a mirrorlike smooth surface, which can
completely reflect the signal. Suppose that satellite position,
receiver position, and building surface position are known,
the intersection between building surface and reflection path
can be estimated. If the intersection exists in the range of a
building surface, then the signal reflection is identified. This
developed ray tracing simulation can be used to distinguish
reflected rays and to estimate the reflection delay distance. In
addition, this paper only considers single reflection because the
more reflection that the signal traveled, the higher noise will be
contained in the ray tracing method.

B. Positioning Rectification Using Candidate Distribution

The ray tracing method provides a solution to estimate the
reflection delay distance. Theoretically, the simulated pseudo-
range from the receiver position and the pseudorange mea-
surement should be the same. Based on this assumption, the
3D-Map-GNSS positioning technique adopts a candidate distri-
bution method for the positioning rectification. First, this posi-
tioning method distributes a number of positioning candidates.
Then, the validity and likelihood of each candidate are evalu-
ated. Finally, the rectified position is determined by considering
the likelihood of all the valid candidates. The flowchart of this
method is demonstrated in Fig. 3. This paper will briefly explain
the rectification process, and the more detailed description can
be found in our previous works [21], [22].

The first step of this positioning method is to generate
positioning candidates. In the research, the commercial GNSS
receiver is employed for providing “raw” user position and
pseudorange measurement. This raw user positioning is consid-

Fig. 3. Flowchart of the 3-D-building-map-based rectification positioning
method.

Fig. 4. Candidate distribution and likelihood evaluation. (a) Distribution of
candidates. (b) Exclusion of candidates. (c) NLOS and multipath effects
visualized by ray tracing. (d) Valid and invalid candidates.

ered as one center of the distribution of candidates. Moreover,
to reduce the effect of the error of “raw” user position, the
predicted position is adopted as the other center of candidate
distribution. The prediction can be estimated from the onboard
inertial sensors in the vehicle application.

Then, the Gaussian random candidates are generated with
one half based on the “raw” user position provided by the GNSS
receiver and the other half based on the predicted user position.
The principle of the candidate distribution is illustrated in
Fig. 4(a). The distribution radius of the first half of candidates is
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set as 12.5 m, based on the performance of the positioning result
of the employed commercial receiver. The spread radius of the
remaining half of candidates is 7.5 m, to allow the prediction
error. In this paper, the number of candidates is 300. This
value is empirically chosen to balance computation load and
positioning performance.

Second, after the candidate points are generated, the ray
tracing is employed to calculate the simulated pseudorange
from each candidate point, to evaluate the similarity with the
original pseudorange measurement provided by the receiver.
The calculation of the simulated pseudorange is shown as the
following equation:

ρ̂(i)n = R(i)
n + c

(
δtr(i) − δtsvn

)
+ In + Tn + εrefl(i)n (1)

where R(i)
n denotes the geometric distance between the satellite

n and the simulated sample i, cδtr(i) is the receiver clock
offset equivalent distance, and cδtsvn is the satellite clock offset
equivalent distance. In is the ionospheric delay, Tn is the
tropospheric delay, and ε

refl(i)
n denotes the reflection delay

distance estimated by the ray tracing method. In this paper, the
satellite clock offset δtsvn is corrected using the QZSS L1-SAIF
fast and long-term corrections [30]. The ionospheric delay In
is obtained from the ionospheric grid point (IGP) delay model
provided by the QZSS L1-SAIF signal [30]. The tropospheric
delay Tn is calculated based on the Minimum Operational Per-
formance Standards (MOPS) model, which detailed in the Wide
Area Augmentation System MOPS [31]. The receiver clock
offset δtsvn is optimized to minimize the difference between the

simulated set and the measured set. The reflection delay ε
refl(i)
n

can be divided into three catalogs: LOS, multipath, and NLOS.
Ideally, the LOS signal is not affected by the buildings. Thus,

the reflection delay distance ε
refl(i)
n is zero. In the case of the

NLOS, as shown in Fig. 4(c), the calculation of the reflection
delay is straightforward, which is the signal reflection path
minus the NLOS path. In comparison to the NLOS case, the
multipath effect on pseudorange is more ambiguous, which
is shown in Fig. 4(c). This paper assumes that the multipath
effect is about 6 dB weaker than the LOS signal, and the
commercial receiver applies the strobe correlator [32] with
0.2 chip spacing based on the experience. These principles are
used to simulate the pseudorange delay caused by multiple
paths. In this step, both reflection delay distance and satellite
conditions are obtained.

Third, to provide the accurate pseudorange similarity, the
condition of each satellite for one candidate is verified based
on the signal strength. Generally, the carrier-to-noise density
ratio (C/N0) of NLOS signal should be lower than that of LOS
signal, and the multiple-path case should be between LOS and
NLOS. If the satellite condition determined from the ray tracing
is different with the evaluation result based on signal C/N0,
then the satellite is excluded from the following similarity
calculation process.

Fourth, after satellite condition validation, the satellites that
satisfy the aforementioned requirements are selected to calcu-
late the pseudorange similarity. The likelihood of candidate is
calculated on the basis of the similarity between the simulated

pseudorange and measured pseudorange. This is defined as the
following function:

α(i)(t) =

⎧⎨
⎩
exp

[
−D

(i)2

Pr

σ2
0

]
,

(
if D(i)

pr < Cpr

)
∼ valid

0, (otherwise) ∼ invalid
(2)

D
(i)
Pr =

n∑
k=1

(
Pr

(i)
(k,simulated) −Pr(k,measured)

)
n

(3)

where a(i) denotes the likelihood function of the ith candidate.
D

(i)
Pr is the averaged difference between the simulated pseudo-

range and the measured pseudorange. Pr(i)(k,simulated) denotes
the simulated pseudorange for the kth satellite at the ith can-
didate position, and Pr(k,measured) is the measured pseudo-
range of the kth satellite. The averaged difference between
the simulated pseudorange of n satellites and the measured
pseudorange of n satellites will be used for the calculation of
the pseudorange similarity for the candidate i in (2). σ0 is the
variance of D(i)

Pr . This paper tunes the variance empirically, and
this is set as 20 m2. To exclude the outlier candidate, this study
defines a constant threshold Cpr, which is adjusted to 10 m.
Fig. 4(d) demonstrates the invalid candidates marked by black
color and the valid candidates labeled with different colors to
denote different likelihood values.

Finally, the weighted average of the positions of all the valid
samples is the final rectified position, as shown in the following
equation:

x(t) =

∑
i α

(i)(t)P(i)(t)∑
i α

(i)(t)
(4)

where x(t) denotes the rectified position by the proposed
method, and P(i) denotes the position of the ith candidate.
Overall, this method uses the pseudorange similarity of can-
didate to denote the confidence of the candidate for the final
positioning.

C. Accuracy of the 3D-Map-GNSS Method

The 3D-Map-GNSS method provides a solution to correct
the positioning error caused by pseudorange delay. To effec-
tively use the positioning result in the integration system, the
confidence of the positioning result is expected to be provided.
However, the positioning process of the 3D-Map-GNSS is
different with the conventional GPS/GNSS positioning method,
i.e., weighted least square (WLS). Therefore, it is necessary to
discuss the definition of the positioning accuracy for the 3D-
Map-GNSS.

In the conventional GPS positioning, the positioning result is
calculated using the LOS vector between satellite and receiver
to project the pseudorange space to position space. The horizon-
tal positioning accuracy of the conventional GPS positioning is
defined as the following equation:

σ2
GPS = σ2

ρ × HDOP (5)

where the HDOP is the horizontal dilution of precision, and σρ

denotes the user equivalent range error (UERE) [33]. However,
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the 3D-Map-GNSS method considers the position and weight-
ing of each valid candidate in positioning, which can also be
expressed as

[
x
y

]
2×1

=

⎡
⎢⎣
x(1) y(1)

...
...

x(N) y(N)

⎤
⎥⎦
T

N×2

×

⎡
⎢⎣
W (1)

...
W (N)

⎤
⎥⎦
N×1

(6)

where W (i) = α(i)/
∑

N α(N) is the normalized likelihood of
a candidate. [x(i), y(i)] denotes the candidate position. Based
on the definition of candidate likelihood in (2), this normalized
likelihood represents the pseudorange similarity. Therefore, the
3D-Map-GNSS method projects pseudorange similarity into
position space. Referring to definition of the positioning accu-
racy of conventional GPS and the principle demonstrated in (6),
the calculation of the positioning accuracy of the 3D-Map-
GNSS method can be expressed as

σ2
3Dmap =

(
D

(i)
pr

)2

× HDOP3Dmap (7)

where D
(i)
pr denotes the average of pseudorange similarity of

all candidates, which can be considered as the UERE of the
3D-Map-GNSS. Ideally, the smaller pseudorange similarity
represents that the estimated position is closer to the ground
truth. The HDOP3Dmap can be represented by using candidate
positions, which is shown as the following equations:

H3Dmap =

⎡
⎢⎣
x(1) y(1)

...
...

x(N) y(N)

⎤
⎥⎦
N×2

(8)

(
HT

3DmapH3Dmap

)−1
=

[
σ2
x σxy

σxy σ2
y

]
(9)

HDOP3Dmap =
√
σ2
x + σ2

y . (10)

To observe (8)–(10), in general, the more number of valid
candidates results in the lower value of the HDOP3Dmap.
Based on the aforementioned analysis and definition, the higher
accuracy value means that the positioning result has lower
confidence.

The number of valid candidates can denote the confidence
of the estimated position as well. Ideally, if the center of the
candidate distribution is close to the ground truth, the simulated
pseudorange of the candidates around the center of distribution
will be very similar to the measurement pseudorange. Many
valid candidates are supposed to be existing around the area,
as shown in Fig. 5(a). Instead, there are few valid candidates
that remain after validation, as shown in Fig. 5(b). Based on
this analysis, this paper proposes to denote the confidence level

Fig. 5. Definition of URA (URA3Dmap) for the 3D-Map-GNSS method.
(a) Low-(URA3Dmap) case. (b) High-(URA3Dmap) case.

TABLE I
LEFT: DEFINITION OF URA [34]; RIGHT: URA3Dmap

USED IN THIS PAPER

of the positioning result by the percentage of the valid candidate
of all candidates outside the building, as shown in Table I. This
idea is similar to the URA of the conventional GPS [34] to
indicate its level of positioning service. Thus, the confidence
level is named URA3Dmap in this paper.

In fact, two sequential GNSS results can indicate the heading
direction of the vehicle. Inspired by the developed positioning
accuracy, this paper additionally proposes the heading direction
accuracy of the 3D-Map-GNSS for a dynamic integration sys-
tem. Based on the value of σ3Dmap of two sequential GNSS
results, the accuracy of the heading direction of the GNSS
results, from time k − 1 to k, can be defined as (11), shown
at the bottom of the page.

As shown in Fig. 6, DisGNSS
k−1,k is the distance from the GNSS

positioning result GNSSk−1 to GNSSk, which is indicated
by the green line. The two blue circles cover the possible posi-
tioning area based on the positioning accuracy (σ3Dmap,k−1)

2

and (σ3Dmap,k)
2. The red line, which is the cotangent line of

the two circles, has the maximum angle difference relative to
the moving direction from GNSSk−1 to GNSSk. The angle
(σθ

3Dmap,k)
2 is defined as the accuracy of the heading direction

of the 3D-Map-GNSS. If there is an overlap between the two
blue circles, the σθ

3Dmap,k is equal to π. The main idea of this
proposed moving direction accuracy is to indicate the confi-
dence of the moving direction of the 3D-Map-GNSS results.

(
σθ
3Dmap,k

)2
=

⎧⎨
⎩
[
arcsin

(
σ3Dmap,k+σ3Dmap,k−1

DisGNSS
k−1,k

)]2
if σ3Dmap,k + σ3Dmap,k−1 < DisGNSS

k−1,k

π2 otherwise
(11)
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Fig. 6. Accuracy of the heading direction of the 3D-Map-GNSS.

Fig. 7. Definition of angle in the IMU sensor.

III. SENSOR INTEGRATION

Although the proposed 3D-Map-GNSS can greatly reduce
the positioning error, it is difficult to satisfy the lane-level re-
quirement of the vehicle self-localization. The IMU and vehicle
speedometer can provide vehicle angle attitude and velocity,
respectively. These sensors have an advantage to describe the
vehicle motion in a short period of time. Therefore, this paper
integrates the IMU sensor and vehicle speedometer (CAN bus
data recorder) with the 3D-Map-GNSS method to achieve the
lane-level accuracy.

A. IMU Sensor and Integration Coordinate System

This paper employs the north–east–down (NED) coordinate
system for the localization calculation. Because the velocity
obtained from the CAN bus is the speed in the vehicle body
frame. Therefore, the velocity needs to be projected to the NED
coordinate system. This research adopts the IMU sensor to
detect the angle attitude of the vehicle. This IMU provides not
only the acceleration and angle rate but the value of angle along
each axis as well. Theoretically, the angle can be calculated
using the acceleration and the angle rate information [35]. This
paper directly uses the value of the roll and the pitch angle
instead of accumulating the angle rate over time.

Based on the specification of the IMU sensor, the roll and
pitch angle indicate the angle difference from the IMU body
to the horizontal plane that is perpendicular to the direction of
gravity, as shown in Fig. 7. The yaw angle is the rotation degree
on the Z-axis, which is referred to as the heading direction
of the IMU body in this paper. This IMU does not include
magnetometers; hence, the value of yaw angle is not the degree
relative to the true north in the real-world space. The yaw
angle is defined as the accumulated direction changing since

Fig. 8. Vehicle motion on the north–east plane.

the sensor was connected or since the last time this was reset.
Suppose that the heading direction has been calibrated relative
to the true north direction, the velocity of the vehicle along the
north and east directions can be calculated as follows:⎡
⎣Vnorth−east

0
Valtitude

⎤
⎦ =

⎡
⎣ cos(β) 0 sin(β)

0 1 0
− sin(β) 0 cos(β)

⎤
⎦

×

⎡
⎣1 0 0

0 cos(α) − sin(α)
0 sin(α) cos(α)

⎤
⎦
⎡
⎣VCAN

0
0

⎤
⎦
(12)⎡

⎣ Vnorth

Veast

Valtitude

⎤
⎦ =

⎡
⎣cos(θ) − sin(θ) 0
sin(θ) cos(θ) 0

0 0 1

⎤
⎦
⎡
⎣Vnorth−east

0
Valtitude

⎤
⎦

(13)

where α is the roll angle, β indicates the pitch angle, θ is the
heading direction relative to the direction of true north. The ve-
locity of the vehicle VCAN is decomposed into Vnorth−east and
Valtitude in (12). The speed on the north–east plane Vnorth−east

can be further decomposed into Vnorth and Veast by the heading
direction θ in (13). In fact, it is possible to automatically
calibrate the IMU sensor into the north–east plane to obtain the
heading direction relative to the north direction [36]. However,
directly using the heading angle provided by the IMU sensor
generates a drift problem with the increase of time. Therefore,
the heading direction is considered as the state in the Kalman
filter, and the drift of heading is expected to be mitigated by
GNSS positioning results.

B. Integration via Kalman Filter

Because the experiment is conducted in a flat area, the NED
coordinate system is simplified as the north–east plane. The ori-
ginal point of the north–east plane is the first epoch of the
GNSS positioning result, which is also the start point of the
integration. The ego vehicle is described by means of a point
position and heading direction in the north–east plane, as shown
in Fig. 8. Accordingly, the state vector X is given by

Xk =

⎡
⎣xnorth,k

xeast,k

θk

⎤
⎦ (14)

where (xnorth,k, xeast,k) denote the vehicle position, and θk
is the heading direction of the vehicle at time k. As shown in
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Fig. 9. Kalman filter framework for the integration.

Fig. 8, the movement of the vehicle can be expressed as the
following equation:

Xk =

⎡
⎣xnorth,k

xeast,k

θk

⎤
⎦ =

⎡
⎣xnorth,k−1

xeast,k−1

θk−1

⎤
⎦+

⎡
⎣Δt · Vnorth,k−1

Δt · Veast,k−1

Δθk−1

⎤
⎦

=

⎡
⎣xnorth,k−1

xeast,k−1

θk−1

⎤
⎦+Δt ·

⎡
⎣Vnorth−east,k−1 · cos(θk−1)
Veast−east,k−1 · sin(θk−1)

θ̇k−1

⎤
⎦
(15)

where Vnorth,k and Veast,k denote the velocity along the north
and east directions, respectively, at time k. Δθk−1 is the chang-
ing of the heading direction from time k − 1 to k, and θ̇k−1 is
the angle rate.

This paper integrates the IMU, vehicle speedometer, and
GNSS in a discrete Kalman filter framework. The Kalman
filter consecutively locates the vehicle by using the GNSS
positioning result and the movement of the vehicle on the
north–east plane, as shown in Fig. 9. In general, the velocity
and the heading direction changing directly drive the vehicle
motion model. This is used to predict the state of the system.
The prediction is then combined with the GNSS measurement
in the observation update block to produce the estimation of
the states. The calculation follows the general Kalman filter
algorithm [37].

Based on the vehicle motion model, the system model of the
Kalman filter is given by

Xk =F ·Xk−1 + uk−1 + ωk−1 =

⎡
⎣xnorth,k

xeast,k

θk

⎤
⎦

=

⎡
⎣1 0 0

0 1 0
0 0 1

⎤
⎦·

⎡
⎣xnorth,k−1

xeast,k−1

θk−1

⎤
⎦+Δt

⎡
⎣Vnorth,k−1

Veast,k−1

θ̇k−1

⎤
⎦+ωk−1.

(16)

In this model, the control vector u consists of the velocity
along the north and east directions and the angle rate. Moreover,
the observation of the system is defined as follows:

Mk =H ·Xk + νk =

⎡
⎣GNSSnorth,k

GNSSeast,k

θGNSS,k

⎤
⎦

=

⎡
⎣1 0 0

0 1 0
0 0 1

⎤
⎦ ·

⎡
⎣xnorth,k

xeast,k

θk

⎤
⎦+ νk (17)

where Mk is the GNSS positioning result in the north–east
plane, which is used as observation in the Kalman filter.
θGNSS,k denotes the heading direction of GNSS positioning re-
sults from time k − 1 to k in the north–east coordinate system.
In (16) and (17), the random variables ω and ν represent the
process and observation noise, respectively. They are assumed
to be independent of each other, and they are assumed to be
white normal probability distributions, as follows:

p(ω) ∼ N(0, Q) (18)

p(v) ∼ N(0, R). (19)

The value of element in Q denotes the uncertainty of the
system model, and the value of R is the uncertainty of the
observed GNSS result. The setting of the value of Q and R can
be found in the section of the experiment setup. In the dynamic
integration system, the value of R is expressed as follows:⎡

⎢⎣
(σ3Dmap,k)

2 0 0
0 (σ3Dmap,k)

2 0

0 0
(
σθ
3Dmap,k

)2

⎤
⎥⎦ (20)

where (σ3Dmap,k)
2 and (σθ

3Dmap,k)
2

correspond to the 3D-
Map-GNSS positioning accuracy and heading direction accu-
racy defined in (7) and (11), respectively.

When the complete outage happens, the GNSS method
cannot provide observation for the integration algorithm. In
this case, the system will only use the heading direction and
the velocity information to propagate. The propagation can be
explained by (15). This means that the system completely be-
lieves the information obtained from the IMU and speedometer.
Recently, many countries have launched their own satellite sys-
tems. In addition to the already available GPS and GLONASS
constellations and QZSS satellite, Galileo and BeiDou satellites
have been available. The multiple GNSSs increase the number
of the visible satellites and reduce the probability of outage hap-
pening. In this paper, we adopt the multiple-satellite systems
(GPS, GLONASS, and QZSS). The multiple-satellite systems
have decreased the probability of the outage. Moreover, the in-
tegration system monitors the state of the vehicle by the veloc-
ity. Here, a simple speed constraint is applied. If the vehicle
stops, the integration process will stop. The vehicle position is
maintained as the position at the last sampling time.

IV. EXPERIMENTS

A. Experimental Setup and Error Evaluation

This paper selected the Hitotsubashi area in Tokyo as the
experiment spot because of the density of the tall building,
as shown in Fig. 10(a). The 3-D map was constructed by
the method described in Section II. To demonstrate the ef-
fectiveness of the proposed integration method, we repeatedly
performed right- and left-turning experiments at different times
in a day. Left turning and right turning were performed three
times, separately. The driving routes are represented by the cyan
line, as shown in Fig. 10(b). The distance of each trajectory is
about 700 m.

In the experiment, a high-performance GNSS receiver, i.e.,
the NovAtel FlexPak-6 GNSS receiver, and a commercial level
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Fig. 10. Experimental environment and driving routes. (a) Building structure
at the experiment spot. (b) Driving routes.

Fig. 11. Demonstration of error evaluation.

receiver, i.e., the u-blox EVK-M8 GNSS model, were used.
The NovAtel receiver was only used to collect the QZSS
L1-SAIF correction signal. The u-blox receiver was set on the
top of the vehicle to provide pseudorange measurements and
“raw” positioning results. In addition, the CAN data recorder
and IMU sensor (AMU-3002A Lite) were equipped in the
experimental vehicle to provide the vehicle velocity and angle
information. Moreover, an onboard camera was employed to
capture the front-view images of the vehicle. The occupied
lane of the experimental vehicle and the ground truth trajectory
of the vehicle were distinguished from images captured with
the onboard camera. Furthermore, the vehicle was controlled
along the center line of occupied lane. In the experiments, the
data was collected from the four sensors simultaneously. The
computer system time was used for time synchronization. In
the vehicle self-localization, it is more important to distinguish
which lane the vehicle is. This paper adopts the lateral error to
evaluate the performance of the proposed method. As shown
in Fig. 11, the lateral error of positioning result Pk is the
vertical distance ErrorPk from Pk to the ground truth trajectory.

TABLE II
PERFORMANCE COMPARISON BETWEEN THE WLS AND THE

PROPOSED 3D-MAP-GNSS METHOD

In addition, the calculation of the heading direction error Errorθk
is demonstrated in Fig. 11 as well, which is defined as the angle
difference between the heading direction of positioning results
and the direction of ground truth trajectory.

B. Evaluation for 3-D Map GNSS Method

This subsection focuses on the evaluation of the performance
of the 3D-Map-GNSS positioning method. To understand the
benefit of the proposed 3-D building map in an urban canyon
environment, this paper compares the positioning results of the
WLS and the proposed 3D-Map-GNSS method. The second
and third columns in Table II show the quantitative comparison
of the WLS and the 3D-Map-GNSS method, which includes the
maximum, the mean, and the sample variance of error distance
among all left- and right-turning experimental results. This
result demonstrates that the proposed 3D-Map-GNSS method
reduces the errors dramatically. In particular, the mean error
is reduced to about 2.11 m. Moreover, the fourth column in
Table II demonstrates that the positioning mean error could be
further improved to 1.98 m, by selecting the position points
with URA3Dmap ≤ 3.

To understand how much the proposed method can improve
the performance compared to WLS, one of the right-turning
experimental results is visualized on Google Earth, which is
shown in Fig. 12. The Fig. 12(a) shows the positioning result
of the WLS. Fig. 12(b) demonstrates the positioning result of
the proposed 3D-Map-GNSS method, and the different colors
of points represent the URA3Dmap level. The cyan line is the
ground truth in this experiment. In Fig. 12(a), the positioning
results are randomly spread in a wide area, and it is difficult
to distinguish the driving route from the experimental result of
the WLS. Instead, the positioning result of the 3D-Map-GNSS
method is more accurate compared to WLS. In particular, the
red points in Fig. 12(b), which have lowest URA3Dmap value,
are extremely close to the ground truth.

For the explanation of the reason why the proposed method
can improve the performance, the condition of satellites used
in this experiment is shown in Fig. 12(c). When the GNSS
receiver is moving along the right-turning route, it can re-
ceive the signals of ten satellites, averagely. About six of the
satellites are transmitted as LOS, and the other satellites are
as NLOS. If the NLOS signal is used directly, such as WLS,
the pseudorange error will be introduced into the position-
ing process, and positioning error is generated significantly.
Due to the proposed GNSS positioning method that uses the
3-D map information, it can distinguish NLOS and rectify the
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Fig. 12. Visualization of an experimental result in the right-turning case.
(a) WLS method. (b) 3D-Map-GNSS method [the different colors on points
represent the URA3Dmap in (b)]. (c) Condition of satellites in the experiment.
A blue point indicates the number of satellites transmitted as LOS from the
position of ground truth point. An orange point means the number of satellites
used in the proposed 3D-Map-GNSS method (LOS + NLOS).

Fig. 13. 3D-Map-GNSS positioning accuracy and positioning error in the
experiment illustrated in Fig. 12.

positioning errors. Moreover, the multipath problem is also
considered in the proposed method. Therefore, the proposed
GNSS positioning method achieves higher performance.

Moreover, Fig. 13 shows the calculated positioning accuracy
and positioning error of the 3D-Map-GNSS method, with re-
spect to epoch. The different color points are the corresponding
epochs in Fig 12(b). The positioning accuracy is denoted by
the blue dash line. Fig. 13 demonstrates that the proposed
positioning accuracy and URA3Dmap can reflect the positioning
error. For example, the light blue and green epochs have large
positioning error. The positioning accuracy and URA3Dmap of
those epochs are also high. On the contrary, the positioning
accuracy, URA3Dmap, and positioning error of red epoch are
simultaneously low. This relationship makes the proposed posi-

Fig. 14. Heading direction accuracy of the 3D-Map-GNSS and direction error
in the experiment illustrated in Fig. 12.

Fig. 15. Visualization of one left-turning experimental result. (a) WLS method
and (b) 3D-Map-GNSS method (the different colors on points in (b) denote
URA3Dmap).

tioning accuracy and URA3Dmap that can be used in the sensor
integration, which can indicate the confidence of the positioning
results provided by the 3D-Map-GNSS method.

In addition, Fig. 14 demonstrates the heading direction ac-
curacy of the 3D-Map-GNSS. The blue dash line denotes the
value of σθ

3Dmap,k in the heading direction accuracy presented
in Section II. The different color points are the corresponding
epochs in Fig 12(b) as well, but the meaning of the vertical
axis is the direction error. When the direction error is larger,
the proposed heading direction accuracy also provides bigger
prediction. Throughout all epochs, the changing trend of the
heading direction accuracy reflects the degree of the heading
direction error of the 3D-Map-GNSS results. This developed
heading direction accuracy makes the integration system dy-
namically decide the observation confidence of the 3D-Map-
GNSS heading direction. In addition, Fig. 15 shows another
experimental result of the WLS and the 3D-Map-GNSS method
in a left-turning scenario. Obviously, the 3D-Map-GNSS has
more accurate positioning results.

C. Evaluation for the Performance of Sensor Integration

This subsection focuses on the evaluation of the performance
of the sensor integration. The GNSS receiver obtains a sample
every 1 s, and the frequency of CAN data and IMU data is

Authorized licensed use limited to: Hong Kong Polytechnic University. Downloaded on July 26,2023 at 11:28:30 UTC from IEEE Xplore.  Restrictions apply. 



GU et al.: GNSS/ONBOARD INERTIAL SENSOR INTEGRATION WITH THE AID OF 3-D BUILDING MAP 4283

approximately 15 Hz. The integration can increase the sampling
frequency. However, to make a direct comparison, this paper
evaluates the integration result and the GNSS positioning result
at the same sample frequency. The integration starts before
entering to the ground truth area. The comparison is conducted
among three different integration systems. The first one is the
integration of the WLS, IMU, and speedometer. The second one
is the integration of the 3D-Map-GNSS, IMU, and speedometer
without considering positioning accuracy and URA3Dmap. The
third integration system adopts a dynamic strategy for the 3D-
Map-GNSS, IMU, and speedometer integration. In the first
and second integration systems, the covariance values of the
GNSSWLS and GNSS3Dmap observation noise are defined as
follows:

RWLS =

⎡
⎣152 0 0

0 152 0

0 0
(

40
180 · π

)2
⎤
⎦

R3Dmap =

⎡
⎣22 0 0

0 22 0

0 0
(

20
180 · π

)2
⎤
⎦ .

The positioning covariance values of the WLS and 3D-Map-
GNSS are 152 and 22 m2, respectively, which are estimated
from Table II. In addition, we evaluated the uncertainty of the
heading direction of GNSS positioning results based on multi-
ple data. In the evaluation, the heading direction of two sequen-
tial GNSS positioning results is compared with the ground truth
to calculate the heading direction error. The standard deviation
of the heading direction error of the WLS results is about 40◦,
and the standard deviation of the heading direction error of
the 3D-Map-GNSS result is about 20◦. These two values are
used in the covariance of observation noise RWLS and R3Dmap.
The heading direction accuracy also indicates the advantage of
the 3D-Map-GNSS for localization compared to the WLS. The
value of the covariance matrix of the system noise Q was tuned
for making the system have the best performance. The value of
Q is set as follows:

QWLS =

⎡
⎣12 0 0

0 12 0
0 0

(
0.1
180 · π

)2
⎤
⎦

Q3Dmap =

⎡
⎣12 0 0

0 12 0
0 0

(
1

180 · π
)2
⎤
⎦ .

This Q3Dmap is also used for the third integration sys-
tem. In addition, the third dynamic integration system uses
the proposed positioning accuracy, URA3Dmap, and heading
direction accuracy, which have been explained in Section II.
Based on the analysis in the last subsection, if the value of
the positioning accuracy is larger, the possibility of a large
positioning error is higher. In addition, the URA3Dmap can
also illustrate the confidence level for the positioning result.
Thus, the third integration system selects the GNSS position-
ing results with low URA3Dmap value and uses the proposed
positioning accuracy and heading direction accuracy for dy-

TABLE III
PERFORMANCE COMPARISON OF THE WLS-BASED INTEGRATION

AND THE 3D-MAP-GNSS-BASED INTEGRATION

Fig. 16. Positioning error histogram of the WLS-based integration and the
proposed 3D-Map-GNSS-based integration.

namic integration. Table III compares the performance of the
three different integration systems and includes the maximum,
the mean, and the standard deviation of error as well. The
experimental result demonstrates that the integration with 3D-
Map-GNSS reduces the error dramatically compared to the
WLS-based integration. Moreover, the proposed accuracy and
the URA3Dmap confidence level can further improve the inte-
gration result.

To deeply understand the improvements, the histogram of
positioning error is illustrated in Fig. 16. The horizontal axis
of the histogram is the range of positioning error discretized by
a half-lane width of 1.5 m. The vertical axis means how much
percentage of epochs have the corresponding error. About 50%
of the WLS-based integration results have the error more than
6 m. In the integration with 3D-Map-GNSS, about 60% of the
positioning results have errors less than the half-lane width.
Moreover, the proposed accuracy and URA3Dmap reduce the
probability of occurrence of large errors in the integration with
3D-Map-GNSS, which can be observed in Fig. 16 as well.

Figs. 17 and 18 visualize the integration results of the three
different methods in two experiments that are corresponding to
Figs. 12 and 15, respectively. The integration with 3D-Map-
GNSS can obtain more accurate positioning results compared
to the WLS-based integration, which is easy to be observed.
Moreover, Fig. 17(c) presents better positioning results com-
pared to Fig. 17(b), in the white rectangle area, because the
dynamic integration strategy was used. This proves that the
proposed accuracy and URA3Dmap can reduce the effect of
the outlier GNSS positioning result in the integration system.
This conclusion is in consistency with the result demonstrated
in Fig. 16, i.e., the histogram of positioning error.
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Fig. 17. Integration results of the different methods in a right-turning case.
(a) Integration with WLS. (b) Integration with 3D-Map-GNSS. (c) Integration
with 3D-Map-GNSS using positioning accuracy and URA3Dmap.

Fig. 18. Integration results of the different methods in a left-turning case.
(a) Integration with WLS. (b) Integration with 3D-Map-GNSS. (c) Integration
with 3D-Map-GNSS using positioning accuracy and URA3Dmap.

Fig. 19. Heading direction errors of the IMU and the 3D-Map-GNSS-based
integration system. (a) Heading direction errors in the right-turning experiment
demonstrated in Fig. 17. (b) Heading direction errors in the left-turning experi-
ment demonstrated in Fig. 18.

With the comparison between Tables II and III, we can
conclude that the integration system can improve the position-
ing result compared to GNSS only. In the integration, GNSS
positioning results are used as the observation. The information
from the speedometer and IMU sensor smooths the GNSS
positioning results, which is observed in Figs. 17 and 18. On
the other hand, the observation of GNSS positioning results also
mitigates the drift problem of the IMU sensor. Fig. 19 shows the
error of the raw heading direction of the IMU sensor and the
heading direction error in the 3D-Map-GNSS-based integration
system (the state of the Kalman filter), which are indicated by
blue and orange lines, respectively. The positive value of error
means the angle along the counterclockwise direction. It is clear
to see that the heading direction of the IMU sensor has about
5◦ drift in experiments. However, the heading direction error
of the 3D-Map-GNSS integration system changes around zero.
This result proves that the integration system also can solve
the drift problem. The area between epoch 41 and epoch 61
in Fig. 19(a) and the area between epoch 21 and epoch 31 in
Fig. 19(b) are the turning areas. The large error is caused by un-
confident ground truth trajectory because it is difficult to manu-
ally provide the accurate curve to descript the turning trajectory.

In addition, magnetometers could be another option to pro-
vide the absolute heading direction, which can incorporate the
IMU to keep the heading drift under control. However, the
distribution of the magnetic field in the urban area is compli-
cated. The magnetic deviation is affected not only by the static
objects in the surrounding environment, such as buildings and
power lines, but by moving objects, such as vehicles, as well.
Based on the experiment in our previous work, the magnetic
deviation could be 10◦ [38]. Therefore, it is difficult to provide
an accurate heading direction for the integration system by
using the magnetometers.
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TABLE IV
PERFORMANCE COMPARISON BETWEEN INTEGRATION WITH THE
U-BLOX RECEIVER AND INTEGRATION WITH THE 3D-MAP-GNSS

Fig. 20. Positioning error histogram of the u-blox-based integration and the
proposed 3D-Map-GNSS-based integration.

D. Comparison With a Commercial Positioning Device u-Blox

Moreover, this paper makes a comparison between the pro-
posed integration system and one of the famous commercial
positioning devices, i.e., the u-blox EVK-M8 GNSS model.
The positioning result provided by the u-blox receiver is
integrated with the onboard inertial sensor as baseline.
Table IV shows the error mean, standard deviation, and max-
imum error of two integration systems in the experiments.
Fig. 20 shows the error histogram of the two integration sys-
tems. Both the error mean and the error histogram indicate that
the integration with 3D-Map-GNSS achieves the better perfor-
mance than the u-blox-based integration system. In addition,
the dynamic integration with the 3D-Map-GNSS reduces the
percentage of occurrence of large error, which is demonstrated
in Fig. 20.

To analyze the reason, the integration results of a left-turning
case is visualized in Fig. 21, which is corresponding to the ex-
periment demonstrated in Fig. 18. The green points are the
u-blox-based integration results. The yellow points denotes the
results provided by the proposed integration system. Fig. 21(a)
and (b) shows that there is a bias error in the u-blox-based
integration before left turning. The condition of satellites used
in the experiments is shown in Fig. 21(c). In this experiment,
the number of LOS satellites is approximately 4 before turning.
This means that the receiver can receive healthy signal from
four satellites at most; other received signals may include multi-
path and NLOS effects. In addition, this left driving route is
closer to the building along the left side of the road. Therefore,
most satellites at the left side will be blocked. Hence, this
pattern of HDOP and pseudorange error is the reason for the
bias error in the u-blox integration system. The 3D-Map-GNSS

Fig. 21. Visualization of experimental results in the u-blox receiver-based
integration and the proposed 3D-map-GNSS-based integration. (a) Integra-
tion results of the two integrated systems. (b) Positioning error. (c) Satellite
condition in the experiments. A blue point indicates the number of satellites
transmitted as LOS from the position of ground truth point. An orange point
means the number of satellites used in the proposed 3D-map-GNSS method
(LOS + NLOS).

method can rectify the error caused by multipath and NLOS
effects, while avoiding the distortion of HDOP. Therefore,
the proposed integration system maintains the performance.
Although the 3D-Map-GNSS-based integration achieves good
performance in an urban canyon, the positioning error of some
epochs is larger than 1.5 m. This means that those epochs are
located at the neighboring lane. The vision-sensing-based tech-
nology could be an option to further improve the positioning
result.

V. CONCLUSION AND FUTURE WORK

This paper has proposed to integrate a novel GNSS po-
sitioning method with the onboard inertial sensor and vehi-
cle speedometer for the lane-level vehicle localization. The
employed GNSS positioning method utilizes the 3-D build-
ing map and ray tracing method to rectify pseudorange error
caused by NLOS and multipath effects. To use the 3D-Map-
GNSS positioning method for the sensor integration, this paper
analyzes the employed GNSS method and provides a defini-
tion of positioning accuracy, confidence level URA3Dmap, and
the heading direction accuracy specifically. In addition, the
dynamic integration system is developed. In the integration,
the 3D-Map-GNSS provides the observation, and the inertial
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sensor and speedometer describe the vehicle motion. This infor-
mation is dynamically integrated in a Kalman filter framework
by considering the accuracy of the 3D-Map-GNSS. A series
of experiments and comparisons indicate that the proposed
integration system has better performance not only compared
to the conventional WLS-based integration but also than the
commercial receiver-based integration. The experimental re-
sults also demonstrate the proposed system can achieve 1.5-m
mean error in the different experiment scenarios.

The experimental results indicate that 60% of the positioning
results have half-lane width error (1.5 m). This means that
those 60% of positioning results can be used to decide the
occupied lane. It is true that the errors of the remaining 40%
of positioning results are larger than 1.5 m. The research tried
to use the GNSS/INS integration system to achieve the best
performance for the vehicle localization in urban environments.
We could find the limitation of our sensor configuration at the
same time. The experimental results also indicated that most of
the positioning results were located at the correct lane or the
neighboring lane. This phenomenon inspires us that the vision
sensor could be helpful for more accurate results. This will be
our future work.
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