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Abstract. In order to drive robots automatically under various environments, the robots
themselves have to recognize the surrounding environment, determine appropriate mo-
tions, and perform the determined motions. The robot has to have some functional
capabilities such as creating the environment map and avoiding obstacles. In this paper,
as the basic research for realizing our goal, we propose the obstacle avoidance method for
a ground vehicle using three-dimensional Laplacian potential method based on the infor-
mation of self-localization and three-dimensional environment map which are obtained
by RGB-D camera and simultaneous localization and mapping (SLAM) algorithm. How-
ever, the method needs high computational cost. GPGPU method is employed for solving
this problem. The experimental results demonstrate the utility of this approach.
Keywords: Potential method, Laplace’s equation, Path-planning, 3D environment map

1. Introduction. In recent years, robots are utilized in various scenes. In order to
drive robots automatically under various environments, the robots themselves have to
recognize the surrounding environment, determine appropriate motions, and perform the
determined motions. A lot of researches on environmental recognition, path-planning for
mobile robot and motion-planning for multi-link robot have been reported [1,2].

On the other hand, recently, there are many researches on flying robots as typified
by quadrotor helicopter or drones, for example, not only theoretical researches on flight
control, but also application researches on ground survey, bridge inspection and so on.
The goal of our research is to realize the survey of forest by using drone. For surveying
forest, the drone has to have some functional capabilities such as creating the environment
map of the forest and avoiding obstacles not for colliding with trees or branches.

In this paper, as the basic research for realizing our goal, we discuss the generation
of three-dimensional environment map using RGB-D camera and the obstacle avoidance
using a ground vehicle based on three-dimensional environment map.

For path-planning of mobile robot in unknown environment, the self-localization and
the creation of environment map are important. There are many researches for achieving
these, for example, self-localization method using markers which are pre-placed in the
environment [3], the creation method of three-dimensional map in stereo vision using two
RGB cameras [4], the fast detection method of wide range of surrounding obstacles using
two-dimensional laser range finder (LRF) sensor [5], and the creation method of wide
range of three-dimensional map using three-dimensional LRF sensor [6,7]. Moreover, for
self-localization and mapping, SLAM algorithm is utilized in many researches [8,9].

On the other hand, in the research field of path-planning for mobile robot, the obstacle
avoidance is important. Various methods have been proposed, for example, Khatib’s
artificial potential field method [10], method using velocity potential [11] or hydrodynamic
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potential [12]. Moreover, obstacle avoidance using deep learning [13], which is the hot
topic recently, has also been reported. However, it is known that Khatib’s mothod has
the problem that the potential function may have local minima. And enormous amount
of learning data are required for deep learning algorithm.

In this research, three-dimensional Laplacian potential [14] is employed for path-plan-
ning and obstacle avoidance. The paper of [14] is path-planning in two-dimensional po-
tential field. In this paper, the path-planning is in three-dimensional potential field. The
method using the Laplacian potential has the advantage that the potential function does
not have local minima. However, the method needs high computational cost. In this
research, GPGPU method is employed for solving this problem. The process of solving
the Laplace equation can be parallel computation. Therefore, GPGPU with fast parallel
computation is the best. GPGPU has low power consumption, so long-term path-planning
becomes possible.

Moreover, many of conventional researches on path-planning for ground vehicles utilize
two-dimensional environment map and two-dimensional Laplacian potential method.

In this research, we propose the obstacle avoidance method for a ground vehicle using
three-dimensional Laplacian potential method based on the information of self-localization
and three-dimensional environment map which are obtained by RGB-D camera and SLAM
algorithm. The experimental results demonstrate the utility of this approach.

2. Robot and System. In this research, we develop a ground vehicle, which is shown
in Figure 1. The vehicle has RGB-D camera (Microsoft Kinect V2), high speed computer
for GPGPU calculation (NVIDIA Jetson TX1), vehicle controller (Pixhawk), batteries,
and wireless HDMI device which is for checking activity of Jetson TX1 using external
monitor. By using RGB-D camera, we can get color image and depth image, and can
generate self-position and environment map based on SLAM algorithm from those image
data. Figure 2 shows vehicle system and environment recognition system. In the environ-
ment recognition system, environment map is generated by the mounted computer based
on RGB-D camera data and SLAM algorithm. In this research, we employ real-time
appearance-based mapping (RTAB-MAP) algorithm developed by Labbe and Michaud
[15], which is one of the SLAM algorithms. In the RTAB-MAP algorithm, feature points
in RGB image are extracted based on the speeded up robust features (SURF) method,
and self-localization is achieved from moving distance of feature points. At the same time,

Figure 1. A ground vehicle
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Figure 2. Vehicle system and environment recognition system

environment map is generated based on depth image data. The environment map has a
large amount of point data. In this research, we reduce the point data by down-sampling
using Point Cloud Library.

Then, path-planning is calculated based on the calculated self-position and environment
map by using Laplacian potential method which is explained later, and vehicle control
signals, which consist of direction including right, left and straight, and motion including
move and stop, are generated based on the calculated path. By sending the signals to the
vehicle controller, the vehicle moves to the desired direction. In the experiment performed
later, steering angle is changed based on direction signal and wheels are driven based on
motion signal.

3. Path-Planning. In this research, the method based on the Laplacian potential func-
tion, which is one of the artificial potential field methods, is employed for path-planning
for the ground vehicle.

In the artificial potential field method, an attractive force is set to the goal point, a
repelling force is set to an obstacle, and the potential field in the search area is formed.
The mobile robot can reach the goal by moving based on the attractive force and repelling
forces in the potential field. However, it is known that the potential field method has the
problem that the potential function may fall into local minima where the attractive force
and repelling forces are in equilibrium, and the mobile robot may not be able to move
any more.

In this research, we employ the Laplacian potential method which is a type of the
artificial potential field methods. In the Laplacian potential method, by considering a
potential field ϕ that satisfies the Laplace’s equation shown in Equation (1), it is possible
to form the potential field which has no local minima.

∂2ϕ

∂x2
+

∂2ϕ

∂y2
+

∂2ϕ

∂z2
= 0 (1)

where x, y, and z are axes according to three-dimensional Cartesian coordinates, which
are shown in Figure 3. By discretizing Equation (1), the difference equation shown in
Equation (2) is obtained. Moreover, Equation (2) can be converted into Equation (3) by
partitioning the search area into grid patterns and by defining the grid width of each axis
as ∆x = ∆y = ∆z.
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In this research, the potential value at the goal point is set as −1 and the position of
the goal is known. And the potential values at the positions where obstacles have been
found from environmental map are set as 0.

The potential value ϕi,j,k at the grid point i, j, k with respect to x, y, z, respectively
except the goal point and the positions where the obstacles exist is iteratively calculated
from Equation (3) by using the Gauss-Seidel method. ϕi,j,k is a potential value on each
lattice point. The initial potential value of the unknown area is set as 0, and the value is
changed by iterative calculation by the Gauss-Seidel method. In this research, the size of
the search area is assumed to be known, and the iterative calculation by the Gauss-Seidel
method is performed in the entire search area. The disadvantage of the Gauss-Seidel
method is that the computational cost increases explosively according to the increase of
the number of grid points.

Most of conventional researches on path-planning for mobile robots use two-dimensional
Laplace’s equation. In this research, we utilize three-dimensional Laplace’s equations.
Hence, more computational cost is required. To solve this problem, we employ high speed
calculation based on GPGPU. The search area in this paper is assumed as 0 ≦ x ≦ 5m,
−5m≦ y ≦ 5m, 0 ≦ z ≦ 5m, and the width of grid is defined as ∆x = ∆y = ∆z = 0.1m.
The total number of grid points is 237699 except the points on the boundary.

In the high-speed computer shown in Figure 2, it takes more than 2 seconds for the
calculation of one step using CPU and memory. In contrast, it takes less than one second
for that using parallel computation with GPU and video memory. In this research, the
environment map and path-planning are updated every second, and the ground vehicle
moves according to the optimal route at that point.

Next, we explain how to move the vehicle based on the potential field. We focus on
the five points in front of the vehicle such as shown in Figure 3(a) and find the one which

(a) Ground vehicle is straight (b) Ground vehicle is diagonal

Figure 3. Moving direction determination method
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has the lowest potential value. When the attitude of the vehicle is diagonal, the focused
points are also taken diagonally according to the attitude of the vehicle such as shown in
Figure 3(b). If the point with the lowest potential value is in left side, right side or front
with respect to the vehicle, steering signal is set as left, right or straight, respectively.
And, motion signal is set as move. Then, the vehicle moves based on the signals. In the
experiment performed in the next section, steering angle is constant as 20 degree, and
wheels stop after moving 0.5m in the direction of x-axis, which is measured based on
self-localization. Vehicle stops 0.5m at a time so as not to collide before the calculation
is over.

Figure 4 shows the flowchart of path-planning in this research. Firstly, environment
map is generated based on RGB-D camera data at the point where the vehicle is, and
self-position of the vehicle is calculated at the same time. Secondly, path-planning is
achieved based on the calculated self-position and environment map by using Laplacian
potential method. Next, the vehicle moves to determined direction based on the created
path. By repeating this flow, the vehicle can reach the goal finally.

Figure 4. Flowchart of path-planning

4. Experiment. In this section, three types of experiments are performed. First experi-
ment is simple obstacle avoidance, which uses only one obstacle that is put on the ground.
Second one is avoidance of an obstacle which is hung up in the air. Third one is avoidance
of multiple obstacles. We assume that the ground vehicle moves slowly. The goal point
is set as (x, y, z) = (4m, 0, 0) for each experiment.

4.1. Simple obstacle avoidance. In this experiment, only one obstacle is used and put
on the ground. The obstacle is a cylindrical object whose diameter is about 20cm. The
obstacle is put at (x, y, z) = (2m, 0, 0). The experimental result is shown in Figure 5. The
vehicle has been able to avoid the obstacle and reach the goal. However, the vehicle has
moved zigzag after avoiding the obstacle since we used only proportional controller for
vehicle control. By using PD controller, we expect that the vehicle could move smoothly.

Figure 5. Experiment of simple obstacle avoidance
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4.2. Avoidance of an obstacle hung up in the air. In this section, we realize to
avoid an obstacle which is hung up in the air. The bottom of the obstacle is placed at
(x, y, z) = (2m, 0, 0.2m). The height of the bottom is lower than the highest part of the
ground vehicle. Therefore, the vehicle would come into collision with the obstacle if the
vehicle went straight to the obstacle. If we use two-dimensional LRF sensor which is
mounted parallel with respect to the ground for detecting obstacles, the obstacle which
is hung up in the air may not be detected. In this research, even if the obstacle is hung
up in the air, we can detect the obstacle since we generate three-dimensional map based
on RGB-D camera data.

The experimental result is shown in Figure 6. The vehicle has been able to avoid the
obstacle and reach the goal even if the obstacle is hung up in the air. Figure 7 shows the
obstacle detected by RGB image and depth image. Also in this experiment, the vehicle
has moved zigzag for the same reason as the previous experiment. We have shown that the
vehicle can avoid also the obstacle which is hung up in the air by using three-dimensional
map and three-dimensional Laplace’s equation.

Figure 6. Experiment to avoid obstacle hung up in the air

Figure 7. RGB and depth images of an obstacle hung up in the air

4.3. Avoidance of multiple obstacles. In this experiment, we achieve avoidance of
multiple obstacles which are put on the ground. The obstacles are cylindrical objects and
rectangular objects. Diameters of cylindrical ones are about 10cm and 20cm. Sizes of
rectangular ones are about 38cm × 8cm × 38cm, 25cm × 12cm × 33cm. The layout of
obstacles is shown in Figure 8.

The experimental result is shown in Figure 9. And, Figure 10 shows a potential field
at the time when the vehicle has reached the goal. Obtained potential field is three-
dimensional. Therefore, potential graph is different depending on the height, that is,
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Figure 8. Layout of obstacles

Figure 9. Experiment of multiple obstacles avoidance

z-axis. The potential graph shown in Figure 10 is the one at the same height as the RGB-
D camera mounted on the vehicle. From the difference between potential values, good
and obstacles can be recognized. The vehicle has been able to avoid the all of obstacles
and reach the goal. Especially, the vehicle has passed between cylindrical objects without
collision.

5. Conclusions. In this research, we have proposed the obstacle avoidance method for
a ground vehicle using three-dimensional Laplacian potential method based on the infor-
mation of self-localization and three-dimensional environment map which are obtained by
RGB-D camera and SLAM algorithm. The experimental results have demonstrated the
utility of this approach. The obstacle avoidance method can contribute as a safer vehicle.

Our future works are to apply this approach to flying robot such as a drone and to
realize the three-dimensional obstacle avoidance in the forest.
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Figure 10. Potential field during avoidance of multiple obstacles
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