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ABSTRACT The irradiation angle of the headlights is regulated by the United Nations Economic Commis-
sion for Europe (UNECE) for safe driving by preventing glare from oncoming drivers. Automatic headlamp
leveling is a system that automatically controls the angle of the headlamp horizontally to meet safety
regulations. To control the irradiation angle, the automatic headlamp leveling system must estimate the road-
to-headlamp pitch angle. This paper proposes an accurate and robust road-to-headlamp pitch angle estimation
system using a low-cost MEMS (Micro Electro Mechanical Systems) IMU (Inertial Measurement Unit)
sensor. The proposed system sequentially estimates the headlamp pitch angle, the road slope angle, and the
road-to-headlamp pitch angle. First, headlamp pitch angle is estimated using the gravity from IMU. Second,
the road slope angle is estimated based on vehicle prior knowledge that the vehicle is moving in the direction
of the road. Finally, road-to-headlamp pitch angle is estimated by subtracting road slope angle from headlamp
pitch angle. However, the measurement data of a MEMS IMU sensor contains various types of noise, such
as bias and white noise. For that reason, reducing the effects of MEMS IMU noise is highly important when
estimating the road-to-headlamp pitch angle. Therefore, the proposed system focuses on minimizing the
effects of the low-cost MEMS IMU noise. In addition, the proposed method is verified by simulations and
experiments. The simulation analyzes the effect of the MEMS IMU sensor noise on the estimation accuracy
and precision. Finally, the proposed algorithm shows more robust and accurate performance compared with
other methods on the test and common road verifications.

INDEX TERMS Automatic headlamp leveling, inertial measurement unit (IMU), road to headlamp pitch
angle estimation, road slope estimation.

I. INTRODUCTION in Fig. 1, when the irradiation angle of the headlamp is

The vehicle headlamp is essential for lightening the ego
vehicle’s foresight in darkness. Recently, most headlamps
provide long visibility distances and high luminous intensity
because of the technological development of Light Emitting
Diode (LED) and High-Intensity Discharge (HID). As shown
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too high, a vehicle accident may occur due to the glare
of an oncoming vehicle driver. For that reason, the irradi-
ation angle of the headlamp is regulated for all vehicles
not to exceed the horizontal line through United Nations
Economic Commission for Europe (UNECE) [1]. The chal-
lenge is that the irradiation angle of the headlamps must
be adjusted when the weight of the load on the vehicle
changes.
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FIGURE 1. The irradiation angle of the headlamp is raised by the load,
and the raised light interrupts the sight of oncoming drivers. Headlamp
leveling is to lower the raised angle of irradiation to improve safety.
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FIGURE 2. In this paper, it is a non-covered scenario and is not included
in the scope of UNECE regulation. It can be implemented only when both
the fast actuator and forward recognition sensor are attached.

There are two types of headlamp leveling: manual head-
lamp leveling and automatic headlamp leveling. Manual
headlamp leveling requires drivers to operate the headlamp
level manually, which degrades drivers’ convenience and
safety. On the other hand, automatic leveling is a system that
automatically adjusts the angle of the headlamp, contributing
greatly to convenience and driver safety. Automatic leveling
is divided into static leveling and dynamic leveling. Static
leveling is to control the irradiation angle of the headlamp
by estimating the pitch change by various loading condi-
tions. As shown in Fig. 2, Dynamic leveling controls the
irradiation angle immediately as the vehicle pitch changes
by a speed bump or ramps with varying angles [2], [3].
In dynamic leveling, not only the road-to-pitch angle but
also the shape information of the road in front of the vehicle
is additionally required as shown in Fig. 2. For dynamic
leveling to be implemented, expensive high-speed actuators
and forward perception sensors such as cameras or LIDARs
(Light Detection and Ranging) are required. Therefore, when
using only height sensors and IMU that can estimate the road-
to-headlamp pitch angle, scenarios of speed bumps or ramps
with varying angles are not possible [4], [5].

For automatic headlamp leveling, the road-to-headlamp
pitch angle must be estimated. Typically, there are several
types of sensors to estimate the road-to-headlamp pitch angle,
such as height sensors and Micro Electro Mechanical Sys-
tem (MEMS) Inertial Measurement Unit (IMU) sensors. The
height sensors, which measure the height between the body
frame and each wheel, can estimate the pitch angle using
the difference between the front axle height and the rear
axle height [3], [6]. This height sensor-based pitch estimation
method is very straightforward. But installing the height sen-
sor is expensive because the wire harness must be connected
from the front and rear sensors to the auto-leveling computer.
In addition, the height sensor is always placed in harsh envi-
ronments near the wheels, which can cause durability issues.
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A low-cost MEMS IMU-based road-to-headlamp pitch
angle estimation system has been recently proposed to over-
come this drawback. Low-cost MEMS IMU sensor can be
easily attached to the headlamp Electric Controller Unit
(ECU) board. Therefore, wiring harness to the rear axle is
unnecessary, unlike the height sensor-based method. Also,
there is no need to re-design the auto-leveling system when
the vehicle model changes because the IMU can be installed
inside the ECU, which can be reused for various vehicles.

However, to our best knowledge, there is no drift-free
method for IMU-based headlamp leveling. Some methods
recognize a vehicle’s stationary state where load conditions
may change, such as when a door or trunk opens [6]. When
stopping, the road-to-IMU pitch angle is estimated by inte-
grating the change amount of the IMU pitch angle [7]. How-
ever, the method of integrating the change of the IMU pitch
causes drift error. To overcome this drift problem, a drift-
free method of estimating the road-to-headlamp pitch angle
is proposed. A real-time road-to-IMU pitch angle estimation
method based on the Kalman filter has been proposed, but the
experimental results are divergent and not suitable for static
leveling [8]. A method for estimating the road-to-headlamp
pitch angle in the direction of acceleration has also been
proposed [9], [10]. This method assumes that the direction of
acceleration is the road-to-IMU pitch angle. However, since
the vehicle has pitch motion, the direction of acceleration is
not the road-to-IMU angle. Also, since it is an algorithm that
operates only on flat ground, it cannot be applied to a vehicle
running on the ramp.

IMU-based road slope angle estimation methods have been
proposed several times. Some papers do not differentiate
between road slope angle and IMU pitch angle [11], [12].
These methods treat the IMU pitch angle and the road slope
angle the same. It cannot be applied to automatic headlamp
leveling that has to distinguish between road frame and IMU
frame. A method for estimating the orientation of the accel-
eration as a road-to-IMU pitch angle was proposed [13],
[14]. However, it is not suitable for the road slope estimation
method for automatic headlamp leveling because the pitch
motion of the vehicle is not considered under the assumption
that the acceleration direction and the road slope direction
are parallel. Additionally, this method includes many vehicle
parameters, and tuning is required for each vehicle.

IMU-based pitch angle estimation methods have been
proposed many time. There are two methods of estimating
attitude (roll and pitch) using IMU. One is to use the grav-
ity of the accelerometer, and the second is to integrate the
gyroscope. The method using gravity accurately estimates
the attitude when stationary, but when the vehicle moves,
the estimation result becomes inaccurate due to external
acceleration. The method of integrating the gyroscope can
be used during motion, but drift error occurs because of
the integration. Most IMU-based attitude estimation systems
use these two methods by taking advantage of each method.
Methods using both methods can be roughly divided into
two types. First, the threshold-based switching method uses a
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threshold to divide it into the static condition and dynamic
condition [15], [16], [17], [18]. In static conditions with-
out external acceleration, the gravity of the accelerometer
is used, and during dynamic conditions, the attitude is esti-
mated by integrating the gyroscope. In general, as the norm
of accelerometer measurement is closer to 9.81 m/s?, it is
recognized as a static condition. This zero velocity detection
methodology has been widely proposed under the name of
Zero Velocity UpdaTe (ZUPT) [19], [20], [21]. When the
static condition is recognized, the gyroscope bias can be
removed with the information that the gyroscope should out-
put zero [15]. The second is the sensor fusion method. The
most common method is to fuse the accelerometer, and the
gyroscope, which fuses the two tilt measurement information
based on the tuning parameters called a complementary filter
[22]. There is also a method of estimating attitude using
gravity by estimating and eliminating external acceleration
based on the gyroscope [23]. In addition, methods to estimate
external acceleration by fusion of GPS and wheel speed
sensor have been proposed [24].

This paper proposes a framework for estimating road-to-
headlamp pitch angle using a low-cost MEMS IMU sensor
for a static headlamp leveling system. The overall system
consists of four parts. The first part is a calibration that
removes the gyroscope bias that causes estimation errors.
The second part estimates the IMU pitch angle when the
vehicle stops. Third, the road slope angle is estimated
using the estimated array of position data, which is pre-
dicted with an IMU-based dead-reckoning algorithm [25].
Finally, the road-to-IMU pitch angle can be obtained using
the IMU pitch angle and road slope angle estimated in
the above two steps. In addition, we analyze the effect
of various IMU noises on this system and then verify the
estimation performance with simulation and real vehicle
experiments.

The contributions of this paper are as follows:

1) We propose a framework to estimate the road-to-
headlamp pitch angle for automatic headlamp leveling
using only MEMS IMU. The proposed system satisfies
UNECE regulations by using a mass-produced IMU
sensor with limited resources without an expensive
height sensor.

2) The road slope angle estimation model is proposed
based on the assumption that the vehicle moves in the
road slope direction. Accurate estimation is possible
using data that satisfies specific conditions to minimize
the integration error and drift error of MEMS IMU
sensors. In the road slope angle estimation model, the
positions obtained from an existing IMU-based dead
reckoning model are used.

3) The proposed system is verified in various cases
through simulation, test road experiments, and com-
mon road experiments. The effect of the IMU sensor
noise on the proposed system is analyzed through sim-
ulation, and each module is experimentally evaluated in
the test road experiment. Finally, the proposed method
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FIGURE 3. The IMU is attached to the headlamp and is aligned with the
orientation of the headlamp. The angle required for headlamp leveling is
the road-to-IMU pitch angle (0;;) that is obtained by subtracting the road
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FIGURE 4. The proposed system consists of two parts. The first part (a) is
sensor and pre-processing, and the second part (b) is the road to
headlamp pitch angle estimation part.

shows state-of-the-art performance compared to other
IMU-based methods in general road tests.

The rest of this paper is organized as follows. Section II
describes a system architecture. The coordinate system, nota-
tion, and sensor pre-processing are explained in section III.
In section IV, the proposed algorithm is explained in detail.
Section V describes the evaluation results, and we conclude
the paper in the final section VI.

Il. SYSTEM ARCHITECTURE

The purpose of the system is to estimate the road-to-IMU
pitch angle (6;) as shown in Fig. 3. The road-to-IMU pitch
angle is obtained by subtracting the road slope angle (9)})
from the IMU pitch angle (6;), using (1). Therefore, the
proposed system was also designed to sequentially estimate
the IMU pitch angle, road slope angle, and road-to-IMU
pitch angle. In static leveling, the road-to-IMU pitch angle is
estimated as a constant if the load condition is not changed.

o =68 — o 1)
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FIGURE 5. Navigation frame (n-frame): The x-y plane of the n-frame is
perpendicular to gravity. The n-frame is stationary and does not move.
The states of the IMU, such as position, velocity, and orientation, are
defined in this frame. Road frame (r-frame): r-frame is a fixed frame like
an n-frame. Unlike the n-frame, the z-axis of the r-frame is perpendicular
to the road. Body frame (b-frame): The body frame is the IMU frame and
headlamp frame. The body frame moves as the position of the IMU
changes. IMU sensor measurements are measured in the b-frame.

Y

Road slope angle

The system architecture is mainly composed of two parts,
as shown in Fig. 4. Fig. 4 (a) is the first part, sensors and
pre-processing. Two sensors, IMU and wheel speed sensor,
are modelled. Pre-processing consists of a calibration module
and a zero velocity detection module. The calibration module
removes the bias of the gyroscope, and the zero velocity
detection module recognizes the information that the vehicle
is in a stationary state. The second part consists of three mod-
ules, as shown in Fig. 4 (b): IMU pitch angle estimation, road
slope estimation, and road-to-IMU pitch angle estimation.
First, the IMU pitch angle estimation module estimates the
IMU pitch angle using IMU measurements and zero velocity
information. Second, the road slope angle estimation module
estimates the road slope angle based on the assumption that
the vehicle moves in the road slope direction. Finally, the
road-to-IMU pitch angle estimation module estimates the
road-to-IMU pitch angle using the previously estimated IMU
pitch angle and road slope angle.

Ill. SENSORS AND PRE-PROCESSING

A. COORDINATE SYSTEM

Before introducing the system, the coordinate system and
notation are defined. In this system, three main coordinates
are defined, as shown in Fig. 5. A navigation frame (n-frame)
is a fixed frame that does not move. The z-axis of the
n-frame is parallel to gravity, and the x-axis is parallel to
the initial heading of the IMU. The road frame (r-frame)
is also a fixed frame that does not move. But the z-axis of
the r-frame is perpendicular to the road, not perpendicular to
gravity. The body frame (b-frame) is an IMU frame in which
sensor measurement is measured. Since the IMU is aligned
with the headlamp, the b-frame can be regarded as a headlamp
frame. Therefore, the IMU frame and headlamp frame are
defined as b-frame for convenience. The position, velocity,
and acceleration defined in the n-frame are expressed as
p*, V", and d”". In the case of a rotation relationship between
two frames, the reference frame is notated in superscript, and
the corresponding frame is notated in subscript. For example,
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the pitch angle of IMU (b-frame) reference to n-frame is
notated as 6.

The expression of orientation can be expressed as Euler
angle, direction cosine matrix, and quaternion. Using the
traditional z-y-x Euler angles (¢ (yaw), 6 (pitch), and ¢
(roll)), the direction cosine matrix (R}) and quaternion (g})
can be expressed as:

B crcl  cyrsfsgp — sycp  crsOce + syrse
RZ = | sych syPsOsp +cicp sysbcop —csgp | (2)
| —s0 cOs¢ chcop
[ cos(y/2) cos(8/2) cos(¢p/2)
n 0 0 sin(¢/2)
“=1 0 | ®lsine2) || 0 ©
| sin(y/2) 0 0

where ‘c’ and ‘s’ mean abbreviation of ‘cos’ and ‘sin,” and ®
is the multiplication of quaternion [26].

B. SENSOR MODELS

The purpose of sensor modelling is to formulate what the
sensor measures. In this system, two sensors are modelled.
One is the IMU sensor, and the other is the wheel speed
Sensor.

1) INERTIAL MEASUREMENT UNIT (IMU)

The Inertial Measurement Unit (IMU) consists of two types
of sensors: an accelerometer and a gyroscope. Accelerometer
measures specific force (f?) and gyroscope measures angular
velocity (@P). In (4), the specific force includes gravity )
and the acceleration of the IMU (a). The error occurring in
the accelerometer is defined in two types. One is the bias
(83), which is a slowly varying value, and the other one is
zero mean random noise (ela’).

fr=d+"+8+e @

In (5), the gyroscope only measures the angular velocity of
the IMU (w?). The error occurring in the gyroscope is defined
in two types. One is the bias (55)) that is slowly varying value
and the other one is zero mean random noise (¢?)).

b=ol+6)+6b Q)

)
2) WHEEL SPEED SENSOR
Electronic Stability Control (ESC) systems are regulated to
be installed in all vehicles. The ESC contains several sensors,
among which the wheel speed sensor provides the speed of
each wheel of the vehicle. The speed obtained from the wheel
speed sensor is used by averaging the speed values of the four
wheels as follows:

Vavg = Vrt + v + v+ Vfr)/4 (6)

where v,;, v, v and v represent the speeds of the left rear
wheel, right rear wheel, and left front wheel and right front
wheel.
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FIGURE 6. At the zero velocity, the bias is estimated using a low-pass
filter and the estimated bias is removed. During acceleration,
bias-removed gyroscope measurements are output.

C. PRE-PROCESSING

1) ZERO VELOCITY DETECTION

The purpose of the zero velocity detection module is to detect
the stationary state of the IMU. The wheel speed sensor is
used to detect zero velocity. Since the wheel speed sensor
directly measures the speed of the vehicle, zero output from
the wheel speed sensor means the stationary state of the IMU.
The catastrophe that can occur with a wheel speed sensor
is when it is perceived as stationary while moving. So the
algorithm for detecting zero velocity works conservatively.
The zero velocity is only detected if the wheel speed sensor
data outputs zero for a certain amount of time back and forth.

2) CALIBRATION

The purpose of the calibration module is to remove the bias
of the gyroscope (85)). The gyroscope error consists of bias
and high-frequency noise, as shown in (5). If the bias is not
removed, the bias is integrated when the angular velocity is
integrated, resulting in drift error. Therefore, a slowly varying
bias of the gyroscope (85)) is estimated and removed in this
module.

Calibration operates in two ways based on the stop infor-
mation obtained from the zero velocity detection module.
First, when zero velocity is recognized, angular velocity (wp)
should output zero. However, measurements in zero velocity
include bias (§ Z)) and high-frequency noise (efu). By reflecting
the characteristics of the two errors, bias is estimated using
a first-order recursive low-pass filter (7). A low-pass filter
removes high-frequency values from high-frequency noise
and passes only low-frequency values. As shown in Fig. 6,
high-frequency noise is removed in the zero velocity state,
showing that the bias is estimated.

Sy =axal + (1 —a)xb,, 1 @)

« is the coefficient of the first-order low-pass filter and
determines the cutoff frequency. The larger the «, the more
the latest measured value is weighted. Second, gyroscope bias
is removed using an estimated bias in (7). The bias removed
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FIGURE 7. There are two operating conditions of the system: deceleration
condition and acceleration condition. Static condition after deceleration
and acceleration after the static condition is defined before and after the
static condition, respectively. Only short-term IMU data with low
uncertainty are used. The reason for setting the condition in this way is to
use states with low uncertainty near static conditions.

gyroscope output (c?)f) is obtained using (8). As shown in
Fig. 6, bias-removed gyroscope measurement is output dur-
ing acceleration.

A

ol =l —38,, (8)

IV. ROAD TO HEADLAMP PITCH ANGLE ESTIMATION

In the road-to-headlamp pitch angle estimation part, IMU
pitch angle, road slope angle, and road-to-IMU pitch angle
are estimated in order as shown in Fig. 4 (b). First, the
IMU pitch angle estimation module estimates the IMU pitch
angle through the switching method using static information.
Second, the road slope angle estimation module estimates the
road slope angle under the assumption that the vehicle moves
along the road slope. Finally, the road-to-IMU pitch angle
estimation estimates the road-to-IMU pitch angle using the
angles estimated from the previous two modules.

The proposed system estimates the road-to-IMU pitch
angle when one of the operation conditions is met. As shown
in Fig. 7, two kinds of operating conditions exist. The first is
static conditions after deceleration, and the second is accel-
eration after static conditions. The static condition informa-
tion is obtained from the zero velocity module (III-C1), and
the operating conditions can be detected. The reason for
including the static condition in the operating condition is
twofold. First, as shown in Fig. 7, the state uncertainty is
the lowest in the static condition. Only short-term IMU data
with low uncertainty can be used. Second, drift errors can be
minimized by using the latest updated bias. When the static
condition is detected, the states like attitude (roll and pitch)
and velocity can be estimated. Attitude is estimated using
gravity from the accelerometer when velocity is estimated as
zero. In the case of static conditions after the deceleration,
integration is performed from the static states in reverse
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order of time. Since the proposed system operates in quasi-
real time, in deceleration conditions, the deceleration IMU
data can be saved, and then inverse time integration can be
performed.

A. IMU PITCH ANGLE ESTIMATION
The purpose of IMU pitch angle estimation is to estimate the
orientation (roll, pitch, and yaw) of the IMU, including the
IMU pitch angle (6;) as shown in Fig. 3. Two methods are
used to estimate orientation using IMU. First, the attitude is
estimated using the gravity measured by the accelerometer.
It can be used in a stationary state without external acceler-
ation. Second, the orientation is estimated by integrating the
gyroscope. It can be estimated when moving with external
acceleration. However, drift error occurs by integrating the
bias. In this paper, the switching method is used, which
estimates the attitude(roll and pitch) using an accelerometer
when static conditions and a gyroscope when dynamic condi-
tions. The stop information is obtained from the zero velocity
module (III-C1).

In the static condition, the attitude (roll and pitch) is esti-
mated as follows:

b

. 1.8
¢y = tan”' ()
Zz
—g
g/ sin ¢”

where the gravity (gf, gf, gf ) is the average value measured

01 = tan~!(

€))

from the accelerometer in a static condition [27].

In the dynamic condition, the orientation is estimated
by integrating the angular velocity from the gyroscope.
In (10), a quaternion-based prediction model is used [28].
This method uses bias-removed angular velocity (@;) as input
and estimates the state of the next time step from the state of
the previous time step. In the case of the deceleration condi-
tion, the time difference (At) is set to negative. The attitude
(roll and pitch) obtained using (9) is used as an initial value,
and yaw is initialized to zero. The initial attitude presented in
the Euler angle is converted into quaternion using (3).

n sin(®)/2 n
Gpry1 = [cosS(®/D] + ———— - A - dtlq),, (10)
) 0/2 }
A, and © are composed as follows.
0 - —wy —w
A llo 0 w,  —w,
2wy —w;, O Wy
w;, wy, —wy 0
0 = (@)% + (@) + (@)? - At (11)

Finally, the estimated pitch using (9) is used as the IMU
pitch angle (67) in Fig. 3.

B. ROAD SLOPE ANGLE ESTIMATION
The purpose of road slope estimation is to estimate road
slope angle based on the assumption that the vehicle must
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6! (Road Slope Angle)

FIGURE 8. The trajectory of the IMU is parallel to the road slope
regardless of vehicle lift due to load. At a constant road slope, the
following assumptions are possible and are applied for short distances.
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Stepl. IMU-based Remove L Inteeration
Dead Reckoning Gravity &

Step2. Road Slope
Angle Estimation

Road Slope Angle
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I
i
Road Slope Angle
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FIGURE 9. The road slope estimation module architecture consists of two
steps. In the first step, the position is estimated by performing a dead
reckoning based on the IMU value [25]. In the second step, the road slope
is estimated, and the case where the road slope changes are removed.

Fault Detection [

move along the road. As shown in Fig. 8, the IMU moves
in the same direction as the road regardless of the load on
the vehicle. Therefore, position-based road slope estimation
is performed. The position-based road slope angle estimation
is a method of using the trajectory of the IMU. Based on
the assumption that the trajectory of the IMU is parallel to
the road slope angle, the road slope angle can be estimated.
As shown in Fig. 9, the proposed system consists of the
IMU-based dead reckoning step that estimates the position
and the road slope estimation step that estimates the road
slope angle using the assumption.

The first step, IMU-based dead reckoning, is to estimate
the position (p”) of the IMU [25]. In (12), the Constant
Acceleration (CA) prediction model is used to estimate the
position of the IMU. The accelerometer measurement and
the orientation obtained from the IMU pitch estimation mod-
ule (IV-A) are used as input. The specific force from the
accelerometer includes both gravity and the acceleration of
the IMU. If gravity is not removed, gravity is integrated,
and a drift error occurs in the position estimation. Therefore,
(12) includes the process of removing gravity (g") from the
measured specific force (£?).

The specific force (f’) measured in the b-frame must be
converted into the n-frame to remove gravity. Since the z-axis
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FIGURE 10. Assuming that the road slope is constant over short
distances, the equation is derived. The road slope is defined as the ratio
of horizontal displacement to vertical displacement.

of the n-frame is the gravity direction, so gravity consists only
of the z component (g" = [0, 0, g7]). By using the orientation
(RZ) obtained from IV-A, the specific force can be converted
to an n-frame, and gravity can be removed. The acceleration
without gravity is integrated using a constant acceleration
model. In the case of the deceleration condition, delta time
(Ar) is set as a minus.
2
Pryt =Pp + ALV A7t Ry fP—¢h  (12)

In the above equation, the velocity of the IMU (v}) is
obtained by (13). The rotation matrix from n-frame to b-frame
(R}, ;) is obtained by transforming the quaternion output (g}, ,)
of IMU pitch angle estimation module (IV-A) using (3).

Vi =V AR -8 (13)

The second step, road slope estimation, is to estimate road
slope angle (6;') using positions of the IMU (pY, p§, and p7).
As shown in Fig. 8, the road slope estimation model has
based on the assumption that the vehicle moves parallel to
the road slope regardless of the vehicle pitch changes due
to the loading conditions. As shown in Fig. 10, the vertical
positions (Ap?),,,i.,;) and horizontal position (Ap’;’ horizontal)
are separated to estimate the road slope. Road slope angle is
estimated as the ratio of the horizontal position and vertical
position difference as follows:

n
gn = arctan(%) (14)

horizon
where Apyertical» APhorizon 18 vVertical and horizontal position
difference shown in (15). T, is a value determined by the
horizontal movement distance threshold of the IMU, which
is adjustable. Ty is set to a value small enough to consider
that the slope of the road is constant as shown in Fig. 10.

Ap:/lem'cal = p?,Td - p?,O
t=Ty

Mson = D J e =P+ W=l 7 (19)
t=1

Fault detection in the second step rejects data whose road
slope is not constant. As shown in Fig. 8§, (15) estimates
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Farthest

position,
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FIGURE 11. IMU data from the non-constant road is rejected. When the
farthest position of the IMU is out of a certain threshold, it is determined
that the road slope changes.

the road slope angle based on the assumption that the road
slope is constant. In cases where the road slope changes, such
as Fig. 11, (15) cannot be used. To reject cases where the
assumptions do not meet, the position of the IMU (pg, Pl
p5--..p,,,) obtained from the IMU-based dead-reckoning
step is used [25]. If the line is drawn at both ends of the
road slope to be estimated and the value farthest from the line
among the position of the IMU exceeds a certain threshold,
the road slope is not estimated and is rejected.

C. ROAD TO VEHICLE PITCH ESTIMATION

Using the IMU pitch angle from (9) and the road slope
angle from (14), the road-to-IMU pitch angle is estimated
easily using (16). As mentioned in Fig. 7, when the operating
condition is met, the road-to-IMU pitch angle is estimated
once. The estimated road-to-IMU pitch angles are numbered

Op.15 020 Op3---Op
O =04, — 0}, (16)
The obtained road-to-IMU pitch angle is averaged using
(17). The purpose of averaging is to compensate for perfor-
mance degradation caused by random walk during integra-
tion. Because the more road-to-IMU pitch angles averaged,
the more reliable the estimate is.

., m—=1,_ +6],

&, = - (17)

m represents the number of estimated road-to-IMU pitch
angles.

V. VERIFICATION

The verification consists of three parts: simulation, test road
experiment, and common road experiment. First, in the simu-
lation, the effect of the IMU sensor noise is analyzed. Second,
in the test road experiment, an IMU is attached to the vehicle,
and the performance of the proposed system is evaluated.
Third, in the common road experiment, the robustness of this
system is verified in a general urban driving environment.

A. SIMULATION

The purpose of the simulation is to analyze the effects
of the accelerometer bias (62) and accelerometer high-
frequency noise (eZ) in (4). Gyroscope bias and gyroscope
high-frequency noise are not considered because the bias of
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FIGURE 12. In the simulation, generated motion is in the order of
stop-acceleration-deceleration-stop at a constant road slope. At this time,
two system operating conditions are satisfied. There are three control

variables that can be adjusted: the road slope angle, the road-to-IMU
pitch angle, and the magnitude of the acceleration.

s

67 (Road Slope Angle)
case(0°,2.86° 5.71°)

—

TABLE 1. Simulation control variables.

Control Variables Values

Road Slope Angle 0%, 5%, 10% (= 0°,2.86°,5.71°)
Road-to-IMU Pitch Angle 0°,0.5°,1°
Magnitude of Acceleration 1m/s%,2m/s%,3m/s>

the gyroscope is removed in pre-processing, and the high-
frequency noise of the gyroscope has little effect. Therefore,
simulation consists of two parts: accelerometer bias simu-
lation and accelerometer high-frequency noise simulation.
First, in the accelerometer bias simulation, the estimation
error of the proposed system is analyzed while increasing
the accelerometer bias as an independent variable. Second,
in the accelerometer high-frequency noise simulation, the
estimation error of the proposed system is also analyzed by
changing the accelerometer noise density. There are three
control variables in both simulations, as shown in Table. 1:
road slope angle, road-to-IMU pitch angle, and magnitude of
the acceleration.

The simulation motion data is configured to perform linear
motion as shown in Fig. 12. The reason for the linear motion
is to exclude the effect of vehicles (vehicle vibration and
pitch motion) and non-uniform road slope angle. The motion
is in the order of stop-acceleration-deceleration-stop. Since
two system operating conditions are satisfied in one motion,
two estimations are performed. For sensor simulation, the
“imuSensor” function of the MATLAB navigation toolbox
was used. high-frequency noise and bias were generated by
setting the noise density and constant bias of the IMU. high-
frequency noise is Gaussian noise determined by noise den-
sity and sampling frequency, and bias is constant bias.

1) ACCELEROMETER BIAS SIMULATION

The purpose of accelerometer bias simulation is to evaluate
the effect of bias on the performance of the proposed estima-
tion system. The analysis is divided into three parts according
to the three types of control variables: road slope angle, road-
to-IMU pitch angle, and the magnitude of acceleration. Con-
trol variables are set as shown in the Table. 1. The road slope
was set to 0%, 5%, and 10%, which is a typical urban road
slope angle. The road-to-IMU pitch angle was set to 0°, 0.5°,
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FIGURE 13. The estimation performance is evaluated by changing the
road slope to 0%, 5%, and 10% among the control variables. Each
estimation error is shown as the bias increases. From the top, it is the
estimation error of IMU pitch angle, road slope angle, and road-to-IMU
pitch angle, respectively.

and 1°. The reason why the interval was set to 0.5° is because
of the range angle of UNECE regulations. The magnitude of
the acceleration was set to lm/sz, 2m/s2, and 3m/s2, which
is the range that includes normal acceleration and sudden
acceleration. The independent variable, accelerometer bias,
is changed from —1m/s? to 1m/s?* at an interval of 0.2m/s>.
To evaluate the effect of high-frequency noise as well, the
accelerometer noise density is set to 300ug/~/Hz, accord-
ing to low-cost IMU specifications. For each bias setting,
50 movements are performed, and the total operating condi-
tions are satisfied 100 times.

First, the effect of the accelerometer bias is analyzed by
changing the road slope angle variable to 0°,2.86°, and 5.71°.
Another control variable, road-to-IMU pitch angle, is set to
0° and the magnitude of the acceleration is set to 2mm/s. The
estimation errors of IMU pitch angle, road slope angle, and
road-to-IMU pitch angle are analyzed in Fig. 13. There is no
change in the estimation error as the road slope increases. The
accelerometer bias causes an error when estimating the IMU
pitch angle in (9). As the magnitude of the bias increases, the
IMU pitch angle estimation error also increases. Since IMU
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FIGURE 14. The control variable road-to-IMU pitch angle is changed to

0°, 0.5°, and 1°. Estimation errors of IMU pitch angle, road slope angle,
and road-to-IMU pitch angle according to the increase in accelerometer
bias are shown in order from the top.

pitch angle is used as the initial value in (10), the same error
occurs in the road slope angle estimation. However, since the
road slope angle is subtracted from the IMU pitch angle in
(16), the error caused by the bias is cancelled out. Finally,
the road-to-IMU pitch angle estimation error required for
headlamp leveling shows an error of a zero mean.

Second, the effect of the accelerometer bias is analyzed
by changing the control variable, road-to-IMU pitch angle,
to 0°,0.5°, and 1°. Another control variable, road slope angle,
is set to 0°, and the magnitude of the acceleration is set to
2m/s?. The estimation errors of IMU pitch angle, road slope
angle, and road-to-IMU pitch angle are sequentially shown in
Fig. 14. The result is the same as the previous simulation. The
increase in accelerometer bias affects the IMU pitch angle
estimation error and the road slope angle estimation error.
However, the road-to-IMU pitch angle estimation error is not
affected and is a zero mean. Finally, the road-to-IMU pitch
angle estimation error is not affected by the change in the
road-to-IMU pitch angle, which is a control variable.

Third, the scale of acceleration is changed to 1m/s?, 2m/s?,
and 3m/s?. Another control variable, road slope angle, is set
to 0°, and road-to-IMU pitch angle is set to 0°. The estimation
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2m/s?, and 3m/s2. Estimation errors of IMU pitch angle, road slope
angle, and road-to-IMU pitch angle are indicated from the top.

errors of IMU pitch angle, road slope angle, and road-to-
IMU pitch angle are shown in Fig. 15. As the accelerometer
bias increases, the IMU pitch angle estimation error and the
road slope angle estimation error increase. However, road-
to-IMU pitch angle estimation error is not affected by the
accelerometer bias. Unlike the previous control variables,
road slope and road-to-IMU pitch angle, the magnitude of
the acceleration reduces the variance of the road slope angle
estimation error. In (15), T, is determined according to the
set distance and is set to 2 meters in this simulation. When the
acceleration is large, the time to reach 2 meters is shortened,
the number of samples to be integrated decreases, and the
random walk by high-frequency noise integration decreases.

2) ACCELEROMETER HIGH-FREQUENCY NOISE SIMULATION
The purpose of this part is to analyze the effect of accelerom-
eter high-frequency noise on the proposed system. Since
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FIGURE 16. The road slope, which is a control variable, changes to 0°, 5°,
and 10°, indicating an estimation error. It shows the estimation error as
the high-frequency noise increases. From the top, the estimation error of
IMU pitch angle, road slope angle, and road-to-IMU pitch angle are
shown, respectively.

high-frequency noise randomly generates different noises,
50 simulations were performed for each control variable
to verify the performance of the proposed system, and
the road-to-IMU pitch angle was estimated 100 times. The
effect of estimation error is evaluated by changing the noise
density from 100ug/+/Hz to 700ug/~/Hz, which is the
high-frequency noise performance of the IMU.

First, the estimation errors of the proposed system are
evaluated by changing the road slope angle to 0°, 2.86°,
and 5.71°. The estimation error of IMU pitch angle, road
slope angle, and road-to-IMU pitch angle according to the
increase in accelerometer noise density are shown in Fig. 16.
The road slope angle has no effect on the estimation error.
The accelerometer high-frequency noise has little effect on
IMU pitch angle estimation less than 0.1°, but it has a large
effect on road slope angle estimation. As the noise density
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FIGURE 17. The road-to-IMU pitch angle, which is a control variable,
is changed to 0°, 0.5°, and 1°. The performance of IMU pitch angle
estimation module, road slope angle estimation module, and
road-to-IMU pitch angle estimation module are evaluated according to
the increase in noise density. The performance of the angle estimation
module. From the top, the estimation errors of IMU pitch angle, road
slope angle, and road-to-IMU pitch angle are shown.

increases, the variance of the road slope estimation error
increases up to 1°, and the average also fluctuates. Because
when integrating the accelerometer in (11), high-frequency
noise is also integrated, causing a random walk. As a result,
high-frequency noise increases the variance of the road-to-
IMU pitch angle estimation error and the road slope angle
does not affect the estimation errors.

Second, the road-to-IMU pitch angle is changed to 0°, 0.5°,
and 1°. The estimation error of the proposed system is evalu-
ated. Other control variables, road slope angle and magnitude
of acceleration are set to 0° and 2m/s?, respectively. The
estimation errors of IMU pitch angle, road slope angle, and
road-to-IMU pitch angle are shown in Fig. 17. The road-to-
IMU pitch angle has no effect on the estimation performance
of the proposed system. As in the previous experimental
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FIGURE 18. The magnitude of the acceleration changes as 1m/s2, 2m/s2,
and 3m/s2. As high-frequency noise increases, estimation errors of the
IMU pitch angle estimation module, road slope angle estimation module,
and road-to-IMU pitch angle estimation module are analyzed.

results, the accelerometer noise density increases the estima-
tion variance of road slope angle estimation and road-to-IMU
pitch angle.

Third, the magnitude of the acceleration is changed to
1m/s?, 2m/s?, and 3m/s>. Other control variables, road slope
angle and road-to-IMU pitch angle are both set to 0°. Fig. 18
shows the estimation errors of IMU pitch angle, road slope
angle, and road-to-IMU pitch angle. As in the previous exper-
iment, the estimated variance of road slope angle estima-
tion and road-to-IMU pitch angle estimation increases as the
accelerometer noise density increases. However, in the road
slope angle estimation, the magnitude of the acceleration
reduces the estimation variance of road slope angle and road-
to-IMU pitch angle. In (15), T, is determined according to
the distance. If the acceleration is large, the time to reach
2 meters becomes shorter and the number of samples to be
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FIGURE 19. The test vehicle is the vehicle model K5. The experiment was
carried out by installing the IMU at the position of the headlamp Electric
Controller Unit (ECU). The low-cost IMU is a model “mpu-6050,” and the
noise density has a performance of 300..g/+/Hz.

integrated decreases. That is, as the acceleration increases,
the random walk by integration decreases, and the road slope
angle estimation variance decrease.

In summary, accelerometer bias affects the IMU pitch
angle estimation and road slope angle estimation but does not
affect the road-to-IMU pitch angle estimation. Accelerometer
high-frequency noise affects the variance of road slope angle
estimation and road-to-IMU pitch angle estimation. The con-
trol variables, road slope angle and road-to-IMU pitch angle
do not affect the estimation performance. However, as the
magnitude of the acceleration increases, the variance of road
slope angle estimation and road-to-IMU pitch angle estima-
tion becomes smaller.

B. TEST ROAD EXPERIMENTS
The purpose of the test road experiment is to evaluate the per-
formance of the proposed system in the vehicle. As shown in
Fig. 19, the vehicle environment was configured by attaching
the IMU to the headlamp of the vehicle model K5. The IMU
model is mpu-6050, which consists of a 3-axis accelerometer
and a 3-axis gyroscope. The output frequency is 100Hz.
The detailed specifications of the IMU are as follows.
The noise densities of the accelerometer and gyroscope are
300ug/+/Hz and 0.01° //Hz, respectively. The bias changes
due to the change in temperature of the accelerometer and
gyroscope are 0.032%/°C and 0.026%/°C, respectively.
The ground truth of the road-to-IMU pitch angle is mea-
sured using (9) on the surface where the road slope angle
is zero. When (9) is used, as in the result of accelerometer
bias simulation (V-Al), bias causes an error in IMU pitch
angle estimation. The IMU accelerometer bias is removed
through the multi-position calibration method [29], and the
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FIGURE 20. The load conditions consisted of four. From the minimum
load condition to the maximum load condition, the 1.6° road-to-IMU
pitch angle change was measured. The road-to-IMU pitch angle is
measured on a surface with zero road slope angle.
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FIGURE 21. For load condition cases (1) to (4), mild acceleration and
rapid acceleration were tested. In (a), the experiment was conducted with
mild acceleration, and in (b), the experiment was conducted with rapid
acceleration.

bias-removed accelerometer accurately measures the road-
to-IMU pitch angle. On the road at 0 deg, the IMU and
headlamps can also be aligned. As shown in Fig. 20, The
road-to-IMU pitch angle was measured according to four load
conditions. From case (1) to case (4), a maximum of 1.6°
vehicle lift occurs.

The first experiment is divided into mild acceleration and
rapid acceleration. In order to evaluate the effect of high-
frequency noise, 60 estimations were made for each case.
The experimental results with mild acceleration are shown
in Fig. 21 (a), and the results with rapid acceleration are
shown in Fig. 21 (b). In the case of mild acceleration, the
errors and variances of IMU pitch angle, road slope angle, and
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FIGURE 22. The test road has three road grades: 0%, 5%, and 15% and
has a constant road grade.

road-to-IMU pitch angle are the same as accelerometer bias
simulation results (V-A). The estimated variance of the IMU
pitch angle is smaller than the estimated variance of the road
slope angle, and there is no effect by bias. However, contrary
to the result of Fig. 18, when the experiment was performed
with a large rapid acceleration, the variance of the road slope
estimation increased compared to the experiment with a mild
acceleration. This is because, during rapid acceleration, linear
motion cannot be achieved due to the pitch motion of the
vehicle. Even in the rapid acceleration, the mean error of
road-to-IMU pitch angle estimation performance is within
0.2° that can satisfy regulation.

The second experiment evaluates the road-to-IMU pitch
angle estimation performance at various road slopes.
As shown in Fig. 22, There is a test road with constant road
slope angles of 0%, 5%, and 15%. The road slope is divided
into uphill and downhill and consists of five road slope cases:
0%, uphill 5%, uphill 15%, downhill 5%, and downhill 15%.
In order to evaluate the high-frequency noise of the IMU,
60 estimations were made for each case. In addition, two load
conditions were tested to check whether the vehicle lift was
recognizable.

The experimental results are divided into two parts. One is
shown in Fig. 23 (a) when one person is riding, and another
one is shown in Fig. 23 (b) when one person and a load of
350kg is loaded. Based on the simulation result of Fig. 13, the
mean errors of the IMU pitch angle and road slope angle can
occur by the bias of the accelerometer. However, the road-to-
IMU pitch angle estimation error is not due to accelerometer
bias. This is because, on the ramp, the force of the front
and rear suspension of the axle is different, and the road-to-
IMU pitch angle is changed. The error of the road-to-IMU
pitch angle is the largest at 0.2° at 15%, but it satisfies the
regulation.

C. COMMON ROAD EXPERIMENTS

This experiment verifies the precision and accuracy of the
proposed algorithm in the common road. There are two com-
parison algorithms that propose a road-to-headlamp pitch
angle estimation system using an IMU sensor [8], [9].
As shown in Fig. 24, the experiment was conducted in the
city of Seoul. The vehicle travelled 8.5 km in 20 minutes
at an average speed of about 50km/h. Experimental data is
shown in Fig. 25, which shows accelerometer data and wheel
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FIGURE 25. Acquired IMU accelerometer data and wheel speed sensor
data are shown. Using the wheel speed sensor’s stop information, the
operating condition of the proposed system is satisfied. 28 operating
conditions were satisfied in the acquired data.

downhill 15%.

TABLE 2. The mean error of common road experiments.

Methods Mean Error
1P (70kg) | 5P (350kg)
Ours 0.04° 0.11°
Kasaba [9] 0.38° 0.19°
Nilson [8] 0.53° 1.1°

Common road experiment results
T
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FIGURE 24. The experiment was conducted in the city of Seoul, and a
distance of about 8.5km was driven. The vehicle was stopped due to
traffic signals and traffic jams, and the operating conditions of the system
were satisfied 20 times.

speed sensor data, respectively. The system detects a stop
based on the wheel speed sensor and estimates the road-to-
IMU pitch angle when the operating conditions are met. The
vehicle was stopped 14 times by traffic signals, including the
start point. In order to change the road-to-IMU pitch angle,
an experiment was conducted with two load conditions of
case (1) and case (2) of Fig. 20.

Mean error results in the Table. 2 compare the accuracy
of the proposed algorithm with other algorithms under two
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FIGURE 26. It shows the updated road-to-IMU pitch angle estimation
error results whenever the operating conditions are satisfied. In the
method of Kasaba [9], The x-axis is the time of the 20-minute period.

load conditions. The proposed algorithm shows better accu-
rate performance than other algorithms. In the case of the
Kasaba [9] algorithm, the road slope angle is not considered.
On a common road where ramps exist, the proposed algo-
rithm shows better performance.
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The results in Fig. 26 represent the precision performance
of the proposed algorithm. Kasaba [9] algorithm, which
estimates based on the direction of acceleration, requires
a lot of data to converge and also requires that the aver-
age road slope in the data should be 0%. The proposed
method robustly estimates the road-to-IMU pitch angle pre-
cisely and accurately in various road slopes and loading
conditions.

VI. CONCLUSION
This paper proposed a system for estimating the road-to-

headlamp pitch angle using an IMU sensor for automatic
headlamp leveling. Instead of using an expensive height sen-
sor, a low-cost IMU sensor and wheel speed sensor are used.
The proposed estimation model used the assumption that the
vehicle should follow the road slope direction. The proposed
system is verified in three steps.

1) First, in the simulation, the effects of high-frequency
noise and accelerometer bias on IMU pitch angle, road
slope angle, and IMU pitch angle estimation system
were analyzed. The bias of the accelerometer produced
biased errors in the IMU pitch angle and road slope
angle but did not significantly affect the road-to-IMU
pitch angle. However, the high-frequency noise of the
accelerometer causes a random walk by integration,
causing the estimation variance. Based on the noise
density specification of low- cost IMU, 300ug/+/Hz,
a variance of 0.2° inevitably occurs when estimating
the road slope.

2) Second, in the test road experiment, The IMU was
attached to the actual vehicle, and the proposed system
was verified in the various experiment environments.
As with the simulation results, it was verified that the
estimated variance of the road-to-IMU pitch angle was
estimated to be within 0.2°. However, unlike simula-
tions, the increased pitch motion during rapid accelera-
tion resulted in an estimated variance increase of more
than 0.2°.

3) Finally, precise estimation performance and stable con-
vergence performance were verified in the common
road when compared with other methods. In addi-
tion, the mean error of the proposed method is
less than 0.2 degrees, exceeding the current UNECE
regulations.

The proposed algorithm estimates only the static road-to-
headlamp pitch angle. In future work, the author plans
to develop an algorithm to estimate the dynamic road-to-
headlamp pitch angle for dynamic headlamp leveling using
only the IMU.
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