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This study evaluates a trajectory generation method for the efficient navigation of autonomous
mobile robots in forests. We propose a graph-based cycle generation method. A graph was
generated using environmental landmarks as nodes, and the graph was modified to be Eulerian.
The Hamiltonian cycle contained nodes that could be regarded as the midpoint between a pair of
landmarks; an efficient path could then be found. We applied this method to an artificial forest to
Path generation verify the feasibility.
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carry out its work without damaging the trees. Therefore,
1. Introduction the path traveled must traverse all collision-free space.

Path planning is an essential function for autonomous
mobile robots and is required to automate work in many
sectors, such as production, agriculture, fishing, and
forestry. Path planning aims to provide an appropriate
path and final destination for the robot, which will vary
with the work being done and the working environment.

This study explores path planning for a field robot,
specifically a forest industry robot. Forestry robots work
in artificial and mountain forests. The robots are given
tasks such as weeding and tree observation; it is expected
that these tasks will become automated to compensate
for a lack of workforce. Let us consider a robot tasked
with weeding. Fig. 1 illustrates weeding done by an
autonomous mobile robot in an artificial forest. The
robot will be equipped with a weeding mechanism, and Fig. 1. Automatic weeding by an autonomous
must be able to travel across the entire workspace to mobile robot

remove all weeds. In addition, the robot must be able to
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Finding a path that visits all given coordinates is a
common optimization problem, known as the Travelling
Salesman Problem (TSP) [1]. In the TSP, the cost of
moving between coordinates is given based on distance,
and the minimum cost cycle will be found among the
paths that visit all coordinates exactly once and return to
the starting position. In some robotic applications,
planning such a path is important to complete tasks in the
shortest time and with the least energy consumption, or
to achieve complete coverage of a work area [2].
However, the TSP is classified as an NP-hard problem
for which an exact solution cannot be easily obtained;
therefore, it is generally solved using an algorithm,
resulting in a suboptimal solution [3],[4].

The aim of this work is to develop a method for
generating such a suboptimal path in a forest
environment. Previous methods have divided the
workspace into small regions (cells), and created a graph
structure using these cells as a set of nodes. A suboptimal
path for visiting all nodes can be found from the graph
by graph algorithms. Usually, the cells that divide the
workspace are rectangles of equal size, and a map
represented by such cells is called a grid map. The
memory usage for the map representation exponentially
growths with the area of the workspace, assuming that
the resolution of this cell is constant [5]. Naturally, it is
considered that the computational cost of path finding
will be increased on the grid map represents a large-scale
workspace such as a forest. Furthermore, it is desirable
to be able to generate the path with smaller
computational costs, since recalculation may be required
due to changes in the environment caused by natural
disasters. Therefore, in this study, we attempt a
generation method based on the placement of
environmental landmarks, instead of a region
decomposition-based method, to obtain a sufficient
solution. The proposed method is based on a
characteristic of line graphs in graph theory, which has
not been investigated thus far. The method only requires
representative points of each environmental landmark
(i.e., the center coordinate of the obstacle) as inputs, and
the cycle is obtained by geometric computation and
graph algorithms. The proposed method was verified
through simulations and artificial forest data.

2. Graphs and Line Graphs

In this study, a graph, G = (V, E), is constructed from a
set of nodes, V, and edges, E. An individual node (v; €
V) represents a position on a two-dimensional workspace,
and an edge (e; € E') represents a line that joins two
nodes. Here, e; = {v, v} represents e; which joins vy

and v,. Our proposed path generation method uses line

graphs; a transformation in graph theory, defined as

follows. The line graph of a graph, G, is denoted by L(G)

in this paper:

e L(G) has a set of nodes that correspond to the edges
of G.

e Two nodes, v, v; € V(L(G)), are adjacent if the
corresponding edges in G are adjacent.

As shown in the example of a line graph (Fig. 2), L(G)
is made by replacing the edges of G with nodes, and

Fig. 2. Example of a line graph; G is an
Eulerian graph including Euler path, L(G) is
the line graph of G and Hamiltonian graph
with Hamilton path

represents the edge joining of G [1, 5]. It is known that a
line graph has the following characteristic: if G is an
Eulerian graph, L(G) will be Hamiltonian. Eulerian
graphs always have a cycle that traverses every edge
exactly once. In the case of G in Fig. 2Fig. 2, by starting
at v; and visiting nodes with passing through each
edge in the order {v, ey, V,, €5, V3, €3, Uy, €4, V1, €5, U3},
every edge can be crossed (eq, ey €3,€4,€5) .
Hamiltonian graphs contain a path that visits every node
exactly once. In the case of L(G) in Fig. 2, by starting at
e; and traveling {e;, ey, e3,e4, €5}, all nodes can be
visited. Using the TSP on the Hamiltonian graph will
result in the shortest path being used to visit every
position. Using this proposed method, the Hamiltonian
cycle can be found rapidly by an autonomous moving
robot. The optimal solution may not always be obtained,
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but we will always find an appropriate path in the given
environment through this method.

3. Procedure of Path Generation

In this proposed method, the geography of the workspace
was obtained in advance (i.e., size of the work area and
the location of all landmarks). By referring to the
location of the landmarks, the initial graph G was
generated (Fig. 3A). G is made into an Eulerian graph by
the addition of edges (Fig. 3B). Finally, the Eulerian path
was found (Fig. 3C), and the Hamiltonian path computed
from this (Fig. 3D). The Hamiltonian cycle represents a
trajectory that can traverse the entire work area. Details
of each step are described below.

3.1. Generation of initial graph

Let N be the total number of landmarks in the
environment. G has a set of nodes, V ={v, |n=
1,2,..,N}, where each node, v, , is given two-
dimensional coordinates (x,, y,,). Each landmark would
serve as an obstacle for the robot to avoid. Based on the
neighborhood of the nodes, a set of edges is constructed
appropriately. Every edge represents a segment that the
robot should cross. Therefore, all edges should be
connected between pairs of nodes that satisfy the line-of-
sight condition. The Delaunay triangulation method was
used to do this as it is simple. This made a Delaunay
Network, and every Delaunay edge was added to G, as
shown in Fig. 3 (A).

3.2. Creating an Eulerian graph

To ensure that L(G) contained the Hamiltonian path (i.e.,
G was an Eulerian graph), every node of G had to be
connected to an even number of edges (even degree
nodes). Therefore, edges were appended or removed

from G. In graph theory, editing a given graph into an
Eulerian graph such that it has Eulerian paths is called
the Chinese Postman Problem [1]. For general graphs,
Eulerian graphs can be created by increasing some edges
in the graph to two, based on the following method:

(i) Find all nodes with odd degree in a given graph.
Note that the number of nodes is always even due
to the handshaking lemma [6].

(i) Pair the above nodes in a way that minimizes
distance traveled.
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Fig. 4. Simulated tree locations

(iii) For each of these pairs, find the shortest path
between nodes of its edges, and append the edges
contained in it to the graph.

Here, the Eulerian graph, G*, obtained by the method

described above is a multigraph (graph which allows

multiple edges to join the same node pair).

3.3 Computation of Hamiltonian cycle

The Eulerian cycle in G* can be found by Fleury’s
algorithm [6], and is denoted by E* = {e;, ey, ..., e }.
Finally, new nodes, v}, € V(L(G)), defined by v}, =
h(ey,) are obtained, and the order of visiting of v}, €
V(L(G)) should obey E*. Thus, we can obtain the
Hamiltonian path of the environment. We imposed the



natural geometry condition on h(e,,) (Eq. (1)). Here,
(xs,¥s) and (x;, y;) are the positions given to the nodes
v, Ve €EV(G) . In other words, the nodes of L(G)
represent the midpoints of every edge in G*.

h(em) — {xs‘;‘xt ) J’s‘;’J’t}

(M

4. Experimental Results

This section describes the results of the proposed cycle
generation method. The path was generated by following
the procedure described in section 3, using Python and
the Network X package.

4.1. Simulated path generation

This subsection describes a simulation of the proposed
path generation. We verified the proposed method in the
following conditions:

e  The workspace was a two-dimensional Euclidean
space of ten x ten m squares (0.01 hectare).

e  Simulations were carried out for four and five trees.

e The trees were represented by circles with
diameters of 0.3 m.

These conditions were chosen because the density of
harvestable trees (> 50 y) is approximately 500 per
hectare, and they have an average stem diameter of 0.3
m.

Fig. 4 shows the locations of the landmarks in the
simulation, and Fig. 5 shows the paths created. In the
case of N = 4, the five initial edges of G were created by
Delaunay Triangulation. Edges were added between
trees that were in the line-of-sight of each other (Fig, 5A,
N = 4). Here, v, and v, were odd degree nodes. To
make G into an Eulerian graph, the edge ez = es =
{v,, v,} was selected as the edge which should be
appended (Fig. 5B, N =4 ). The Eulerian path
{e4, e3,€5,€5,€5,e,} was found and the start node, v,
was chosen to be v; (Fig. 5C). Finally, the Hamiltonian
cycle, H, could be computed using Eq. (1) (Fig. 5D).
Every node of H was generated to be the midpoint of a
pair of trees and were connected by edges. Here, e5 and
es in Eulerian graph represent same segment, so the
nodes suffering these two edges were set on the same
midpoint between v, and v,. The proposed method also
provided a path which allowed the robot to travel all
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Fig. 5. Simulated path generation results

midpoints of tree pairs for N = 5 (Fig. 5). Here, four
additional edges were arisen, and there are four
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overlapping midpoints in the Hamiltonian cycle as the
result.

4.2. Artificial forest path generation

The proposed method was applied to an artificial forest.
The experimental forest on the campus of the Kyushu
Institute of Technology consists of 37 trees spread over
a 30 x 30 m square measuring 0.12 hectares. There are
no objects, other than the trees, in this area that might
impede the movement of a robot. The position of the
trees was measured using a Terrestrial Laser Scanner
(Leica, 3D Disto), as shown in Fig. 6. The positive y-
and x -axes are oriented to true north and east,
respectively. Fig. 7 shows the results of path generation
in the forest. There were 38 nodes (trees), resulting in

10

140 waypoints. The total length of the path was 398.4 m.
Using a computer with an intel core i7, 2.6 GHz CPU,
the time from creating the initial graph to obtaining the
path was 0.064 s. Moreover, the proposed method
succeeded in generating a Hamiltonian path from an
Eulerian graph based on the characteristics of the line
graph. In addition, using the neighborhood graph that
satisfies the condition that any pair of trees is
prospectively line-of-sight, the path passed through all
midpoints of tree pairs corresponding to waypoints that
the robot will visit. In summary, the proposed method
can generate a path for robot navigation using the
coordinate information of trees in a forest as an input.

5. Conclusion

This paper proposed a graph-based path generation
method for autonomous forestry robots. A final path in
the given workspace is computed systematically from an
initial geographic map containing the positions of trees.
In addition, the proposed method provides a Hamiltonian
cycle that can traverse all midpoints of tree pairs by
simple geometrical computation and graph algorithms
[7]. However, to improve the safety of the robot, the
collision of the segments in the Hamiltonian cycle and
the obstacles in the environment should be considered
both offline and online. Moreover, to be used in a wider
range of applications, testing in urban environments,
underwater environments, etc. are necessary in the future.
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