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Abstract. Researchers in robotic vision technology are facing larger challenges, where the 2D
technology has flaws in complex robot navigation in 3D space. Using 3D scanner, the robot is able to
get a more detailed terrain construction, making it easier to carry out its tasks. The 3D image is
obtained by fusing the Hokuyo URG-04LX and the 6-DOF IMU that consists of acceleration sensor
and gyro sensor. IMU sensor outputs are the angle, speed, and position in 3D. Nevertheless, just the
value of the angle is used in this study to construct 3D images based on geometric invariant. To reduce
the interference in the sensor output, two types of filter are applied; the Gaussian filter used on the
output of 2D LRF, while the complementary filter is applied to the output of the IMU sensor. Angle
measurement plays an important role in term of geometric invariant for terrain construction. The
complementary filter has provided the best angle measurement results with the lowest error on time
constant (t) = 0.475s and sampling time (dt) = 10ms. Thus, the proposed systems have successfully
made an obvious 3D image of the terrain in the indoor testing.

Introduction

Researchers in robotic vision technology are facing larger challenges, where the 2D technology has
flaws in complex robot navigation. Applying the 3D scanner, the robot is able to make a more detailed
terrain construction, making it easier to accomplish its mission. The 3D image is obtained by fusing
the Hokuyo URG-04LX and the 6-DOF IMU that consists of acceleration sensor and gyro sensor.
IMU sensor outputs are the angle, speed, and position in 3D. However, only the value of the angle is
employed in this field to make 3D images using geometric invariant. To filter out the noises at the
sensor output, two types of filter are used; the Gaussian filter used at the output of 2D LRF, while the
complementary filter is used for the output of the IMU sensor. The proposed schemes have
successfully created a valid 3D image according to the indoor testing that has been performed.

The mapping is the most substantial part of the mission of a mobile robot to distinguish various
objects in the surrounding environment [ 1], thus autonomous robot is able to determine maneuverable
paths while avoiding obstacles [2]. Many studies on the implementation of 2D navigation for SLAM
(Simultaneous Localization and Mapping) to determine the current position of the robot in an area
has not been recognized previously [3]. However, concurrent with the advancement of technology, a
mobile robot is required to perform more complex tasks; not only simply to avoid obstacles and to
recover a way, but also able to measure the dimensions of each bit of the surrounding which is
employed in the context of path planning information.

There are many ways to generate a 3D image [4] as the basis for the construction of a 3D map.
Experiments that have been done in previous works show how a map is developed using the 2D LRF
and the 6-DOF IMU sensor [4-7]. IMU sensors provide 3-axis angle information for a 3D image
construction and a 3-axis position data used to build a 3D map.

This paper describes the methods of 3D scanning for terrain construction using the 2D LRF sensor
Hokuyo URG-041x and 6-DOF IMU sensor with geometry invariant calculation.



Hardware Setup

In this experiment, two kinds of sensors are used; LRF URG-04LX used to obtain 2D terrain data
[8] and IMU sensor MPU6050 which is composed from the 3-DOF acceleration sensor and 3-DOF
gyro sensor used to measure angles [9]. A 3D projection of an object is obtained by combining the
output of the scanning angle and the distance for the calculation of the geometry. Figure 1 shows a
picture both of it.

Fig. 1. (a) 2D LRF Hokuyo URGO04LX (b) 6-DOF IMU sensor MPU6050

The laser range finder Hokuyo URG04LX measures the distance between 20 to 4095 mm. The
measuring coverage angle is 240 points with 682 steps, and then it presents an angular resolution of
0.352 degree. Every scanning period i takes 100 ms, accordingly it will give 10 fps measurement
[10]. Since the 2D LRF sensor only capable of scanning in horizontal direction, a tilt mechanism with
DC servo motor is applied to enable the laser sensor scanning in vertical direction for 40° ranges with
1° resolution. Every change in the angle will be measured by the IMU sensors, and employed as input
to establish 3D projection. Figure 2 shows scanning method to obtain 3D image.
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Fig. 2. (a) Horizontal scanning (b) Vertical scanning

Angle values are derived from the fusion process between acceleration sensor and gyro sensor at
once as complementary filters that will be spoken about in the succeeding piece. Arduino system is
used for IMU sensor data acquisition and to control the DC servomotor of tilt mechanism. Figure 3
shows a diagram of the experimental setup used in this work.
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Fig. 3. Schematic diagram of experimental setup

Geometric Invariant

In this study, a geometric invariant plays an important role in the effort to reconstruct the terrain.

Geometric invariant contains the distance vectors, with the direction designated by the angle of the
vector. Distance vector with its angle are obtained from LRF and IMU sensor. By default, the LRF



Hokuyo URG-04LX produces 682 data with a single 240 degrees left to right horizontal scanning
[10]. The outputs are used for 2D projection in the form of polar coordinates (r, 0). To facilitate the
required projection in the form of Cartesian coordinates (x, y), Polar into Cartesian conversion needs
to be performed. Figure 4 shows coordinate conversion from Polar into Cartesian.

z

(XomsY msZim)
X e (Xns¥a) !

()
Fig. 4. Polar to Cartesian (a) 2D coordinate (b) 3D coordinate

Polar coordinate involves the azimuth (6) and distance (d). Azimuth is the angle of the horizontal
scan respect to the initial position, with the azimuth (0) = n*0.352 degree, where n is the sequence
number from 1 to 682. Based on Figure 4(a), 2D Polar to Cartesian projection could be established by
using Equation (1, 2) below.

x, :dn><cos(6’). (1

P = dn xsin(8). ()
Where, n is the sequence number from 1 to 682. Thus, 2 matrix (X,Y) are obtained, as shown by
equation (3,4).

Xy :[xlsxz’xp'-*axcsz]- 3)

Y,, :[ypyz’)’p""y@sz]- “4)

Based on Figure 4(b), Z axis is needed in addition to the X axis and Y axis, to build a 3D image. To
obtain the value of Z, vertical scanning of depth is required for each inclination angle (¢) in the 40
degree range. Inclination angles (@) are obtained from IMU sensor, which will be discussed in the
next section. Equations (5-7) show the conversion steps from polar-spherical to 3D cartesian
coordinates.

x =d_ x cos(@)xsin(e). (5)
y, =d X sin(6)xsin(p). (6)
z, = dm xsin(8)x cos((p) . @)

Where, m is the sequence number from 1 to 682. Thus, 2 matrix (X,Y) are obtained, as shown by
equation (8-10).

X3y :[xl’XZ’XS""’x682]' (8)

Y, :[yl’y2’y3"“’y682]' )

Zy, = [ZI’Z2’ZB’ ---’Zegz]- (10)
Output Denoising

Sensors output could be disturbed by noise that are triggered by many sources from inside or
outside. This work uses two kinds of filter. Complementary filter is applied to the outputs of the IMU



sensor (Acceleration and gyro) to perform fusion function, while 1D Gaussian filter is applied to the
LRF Hokuyo URGO4LX output to perform a smoothing function.

Complementary Filter — The complementary filter does not take into account any statistical
description about the noise which is distracting the signals, and it is performed by simple analysis in
the frequency domain [11]. This filter performs complementary method to the output of acceleration
and gyro sensor. Between acceleration and gyro sensor have different characteristic in term of their
response to the input. Acceleration sensor measure all forces not only from the gravity vector alone,
and easily distracted even with small force. Data from the acceleration sensor only reliable in the long
term and the most appropriate filter is a low pass filter to remove noise on acceleration sensor. Gyro
sensor measures angular velocity and less affected by external force, but the drift will always produce
the result that cannot go to zero when the system returns to its original position. Complementary filter
utilizes the advantages from both the sensors. For the short term, this filter uses the data from the
gyroscope, because it is very precise and not susceptible to external forces. For the long term, this
filter uses the data from the accelerometer, as it does not drift. Figure 5 shows diagram of
Complementary filter.
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Fig. 5. The diagram of Complementary filter

Based on Figure 5, diagram of complementary filters can be poured into the form of discrete
mathematical equations, shown by equation 11.

Angle = (a)x(Angle + Gyro,,,, xdt)+ (1~ @)% (Angle,. ., vum)- (11)
Where o is the filter coefficient that determines the weighting of the input to the output, it’s
determined by time constant (t) and sampling time (dt) as shown by equation 12. Gyrooutput 1S an
angular speed which was measured by gyroscope, and Angle,ccel oupue iS an angle which was
calculated based on acceleration changing by using ATAN function.

T
o= ; 12
T+dt (2
= axd (13)
l—e

Where, the time constant (t) can be assumed as the boundary between trusting the gyroscope, and
trusting the accelerometer. By changing the value of the time constant will determine the
characteristics of the filter response, in other words it will change the cut off frequency of HPF and
LPF. Sampling time (dt) means a period where the IMU sensor will be read constantly. In this work,
the sampling time is 10milisecond. In opposite, equation 13 shows how to find out desired time
constant respect to a which has been known.

Gaussian Filter — This filter is commonly known in image processing for denoising purposes [12]. In
this work, it is used to maintain the output of LRF sensor. In contrast to the 2D image smoothing
method that uses a two-dimension Gaussian filter, this work used a one-dimension Gaussian filter
only. However, it is applied to every horizontal scan output of LRF sensor. In mathematics, the 1D
gaussian filter is written as shown by equation 14.



(14)

Where, o is the standard deviation of the distribution. The distribution is assumed to have a mean (u)
of 0.

Result & Discussion

Polar to Cartesian Conversion — LRF sensors Hokuyo URG-04LX has an output in the form of a 2D
polar coordinate, it needs to be converted into 2D Cartesian coordinate using equation 1 and 2. Figure
6 shows the projections of a 2D LRF data acquisition.
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Fig. 6. 2D projection (a) Polar plot (b) Cartesian plot
Angle Measurement — The value of the angle is obtained from the output of the complementary filter
based on the calculation indicated by equation 11. This experiment using the sampling time (dt) 10 ms

while a time constant () is variable. And then observe the influence of the time constant (t) against
errors of measurement. Input parameters and experimental results are shown in the Table 1 below.

Table 1. Complementary Filter Error Result

Complementary filter parameters
o =04s |1 =045 | 13=0475s | ©4=0.5s
Obiect T 2 3 4
JECUVE | 4t = 0.01s | dt=0.01s | dt=0.01s | dt=0.01s
Mean -4.378 -1.166 -0.74 -2.731
Stdev 6.506 1.138 0.708 4.278

In this experiment, measurement are taken from 40 deg to 90 deg with the number of samples are
15. Then, they are compared with manually measured data. The measured data are presented in terms
of Mean and Standard Deviation. The experiment is carried out for each variable of Time Constant
(1), i.e. 400 ms, 450 ms, 475 ms, and 500 ms. Figure 7 shows the statistical description of angle
measurement based on Table 1.
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Fig. 7. Error of Angle Measurements



Figure 7 shows the fact that the complementary filter has provided the best angle measurement
results as it known to have the lowest error when time constant (t) = 0.475s and sampling time
(dt)=10ms.

Smoothing Function — Noises at the output of LRF sensor are uneasy to reject, and it is stoutly
influenced by the surfaces feature of the observed object, such as color and reflectivity of the light
[13][14]. The smoothing function to the output of the LRF sensor is necessary for this problem.
Gaussian filter is used in this work. Equation 14 shows the mathematical functions from the 1D
Gaussian filter. Figure 8 shows the results of smoothing function using 1D Gaussian filter for the
value of 6 =3 and 6 = 6.
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Fig. 8. 1D Gaussian Filter Performance

Based on the figure 8, with the value of ¢ = 3 has provided the result close to the actual contour
with reduced noise. Compared with the value of ¢ = 7, even though the result has less noise, but the
constructed contour has bigger different compared to actuall.

Terrain Construction — In order to construct 3D contour of the terrain, the combination of horizontal
and vertical scan is carried out. Then, equations (5-7) are applied to each input distance (d) and angles
(8, ©). Complementary filters ensure proper readability of vertical scan angles (¢), whereas the
Gaussian filter discards the noises from LRF output caused by uncertainty factor of the object's
surfaces. Figure 9 shows the final results of this work.
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Fig. 9. 3D Terrain Construction (a) Original Image (b) Original 3D Construction (c) Gaussian
Smoothing with 6 = 3 (d) Gaussian Smoothing with 6 =7
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This paper presents a method of 3D image construction using 2D LRF Hokuyo URG-04LX sensor
with the tilt servo mechanism. The correction of tilt angle of the mechanism is done by the IMU
MPU6050 sensor. Filtering process was carried out to eliminate noise (denoising) on the both of the
outputs of the IMU sensors and LRF sensor. Complementary filter plays an important role providing
angle information accurately. It provides the best angle measurement results with the lowest error
when the time constant (t) = 0.475 sec and sampling time (dt) =10 ms. In this work, LRF sensor
output is smoothed using a 1D Gaussian filter. Obviously, the results which are shown in Figure 10
proved that the terrain has been well constructed and can be used for robotic 3D vision.
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