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Line Segment Selection Method for Fast Path Planning
Won-Young Shin*, Jong-Jin Shin, Byung-Ju Kim, and Kwang-Rae Jeong

Abstract: Path planning is required for a vehicle with the mission which includes the avoidance of certain areas.
There are various kinds of algorithms for path planning. Typical algorithms are Voronoi diagram, visibility graph,
potential field and trajectory optimization. These algorithms often need post-processing technique to satisfy the
vehicles’ constraints such as turning angle and minimum moving distance. The proposed method does not need
post-processing steps and always provides the fast and stable solution. It also gives a unique solution, while rapidly
exploring random tree algorithms do not guarantee same solution. We use the local search and the global search
at the same time in order to get a more appropriate path. We validate the proposed method by simulations and the
results show that the method is fast and effective for path planning.
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1. INTRODUCTION

A path planning is to determine the path which is re-
quired for a vehicle to complete its mission and avoid ob-
stacles. The path planning methods are widely used in the
areas of robot, unmanned vehicles, and so on.

A path can be represented by a trajectory but it can also
be simplified by constructing waypoints. Waypoints are
defined as a set of the reference points for a vehicle to head
for. These waypoints are virtual points which a vehicle
does not pass actually and are used as reference points for
a vehicle to turn.

There are various kinds of algorithms for path planning.
The conventional algroithms are Voronoi diagram [1,2],
visibility graph [3.4] potential field [5], trajectory opti-
mization [6,7] and rapidly exploring random tree(RRT)
[8-10], etc. The algorithms such as Voronoi diagram, vis-
ibility graph and potential field can generate an optimal
path relatively fast. However, these methods have some
disadvantages in that it is hard to consider the constraints
of a vehicle in advance and they need a post-processing
technique. RRT has advantages to plan a path very rapidly
and to consider the complex constraints. But, the same
path is not guaranteed due to a random search. Trajectory
optimization method can theoretically generate a path to
consider the various constraints, but it usually takes more
time than other methods. Its solution sometimes provides
the local minimum or does not give a solution.

It is a difficult problem to satisfy the both rapid and
stable path planning. This paper presents the path plan-

ning ideas and procedures to generate waypoints rapidly
and stably. We use the local search method and the global
search at the same time in order to get a proper path.

The rest of the paper is structured as follows. Section 2
describes a concept of candidate points and line segments.
Local search procedures using line segment are introduced
in Section 3. Global search procedures are introduced in
Section 4. We demonstrate the proposed ideas using sim-
ulations and compare with Voronoi diagram in Section 5,
and we finally conclude this paper in Section 6.

2. CANDIDATE POINTS AND LINE SEGMENTS

2.1.  Constructing candidate points and line segments

A determined point in Fig. 1 is a waypoint which is se-
quentially determined by the proposed method and it starts
from a starting point. The determined point is a kind of
pivot point to construct waypoint candidates one of which
will be a determined point later. Candidate line segments
are defined as line segments between a determined point
and candidate points and a basis line segment is defined as
a line segment pointing to a target.

Candidate points are constructed considering the vehi-
cles’ constraints such as a minimum distance and an angle
between the waypoints. We set candidate points to be on
the circle with a radius of minimum distance and its origin
is at a determined point. Candidate points are placed sym-
metrically along a basis line segment. As an example in
Fig. 1, we see two candiate points on both sides which are
separated by a basis line segment. These candidate points
can be increased depending on vehicles’ constraints or a
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Fig. 1. Candidate points and line segments.

Fig. 2. Candidate points within the avoidance area.

Fig. 3. Candidate points within multiple avoidance areas.

computing power. The more candidate points we consider,
the more accurate path we can get.

2.2. Line segment evaluation

Line segment evaluation is based on calculating a dis-
tance between a candidate line segment and an avoidance
area. It is important because waypoints are determined
according to the evaluation results.

We can simply evaluate line segments by checking
whether there is a collision with the avoidance area or not,
but the more elaborate evaluation method is required to
deal with the case in which all the candidate line segments
collide with the avoidance area such as in Fig. 2. It is also
possible that there are collisions with multiple avoidance
areas such as in Fig. 3.

We evaluate the candidate line segments using a min-
imum distance between the center of the avoidance area

Fig. 4. A minimum distance between the center of the
avoidance area and a candidate line segment.

Fig. 5. Minimum distance which is longer than the radius.

and a candidate line segment such as in Fig. 4.

Evaluation is better as this minimum distance gets
longer. Once this minimum distance gets longer than the
radius of the avoidance area such as in Fig. 5, evalua-
tion does not depend on the minimum distance any more.
Evaluation values can be expressed as a function of a min-
imum distance(d) and the radius(r) of the avoidance area.
A variable x is defined as d; . Then, evaluation value is
represented as a function f(x). A function g(x) can be de-
fined, when a minimum distance is smaller than the radius
of the avoidance area. When a minimum distance is longer
than the radius, evaluation value is saturated to a constant,
o. Finally, f(x) can be shown in (1).

pla= e 0=rst M
o, x> 1.

A marginal distance(e) can be added in calculating
evaluation value as a safety factor such as in Fig. 6. The
role of marginal distance is to prevent a vehicle from ap-
proaching too closely to avoidance areas. Especially if
there is not marginal distance under turning angle restric-
tion, it causes a problem for a vehicle to pass through the
avoidance areas. As marginal distance increases, a vehicle
avoids avoidance area by a wide margin and the probabil-
ity of passing through the avoidance area decreases even if
there is strict turning angle restriction. In Fig. 6, the radius
of the avoidance area becomes r + €. The definition of a
variable x is also changed as r%g . h(x) denotes an evalua-
tion function in a marginal area. Evaluation function, f(x)
can be expressed as in (2).

,
0<
g(x), Sx< oo
F()=1 h(x), <x<l, 2
r+¢€
a, x> 1.
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Fig. 6. Avoidance area with a marginal distance.
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Fig. 7. A basic idea to generate waypoints.

3. LOCAL SEARCH USING LINE SEGMENT
SELECTION

3.1. Basicidea

A basic idea to generate waypoints is introduced in Fig.
7. Waypoints are generated from a starting point sequen-
tially by evading the avoidance area to reach a target.

3.2. Procedures to generate waypoints

The procedures to generate waypoints are as follows.
Candidate points are constructed at a determined point.
The determined point is a starting point at first and is
sequentially changed as evaluation steps go on. Line
segment evaluation is conducted at the determined point
to choose a next waypoint, namely the next determined
point. After line segment evaluation, we choose the can-
didate point which is an endpoint of the best evaluated line
segment. When multiple candidate line segments have the
same evaluation value, the candidate line segment closest
to a basis line segment is chosen. Once a candidate point
is selected as a determined point, another candidate points
are generated from a newly generated determined point
and line segment evaluation is conducted up to a target
point. Table 1 summarizes the precedures for generating
waypoints.

Table 1. Procedures for waypoint generation.

Step 1 | Construct candidate points at a starting point.

i) Choose the best candidate point after evaluating
the candidate line segments.

ii) When multiple candidate line segments have
the same evaluation value, choose the candidate
point closest to a basis line segment.

Step 2

Repeat Step 2 at a recent determined point up to a

Step 3 .
target point.

fix)

100 ¢

0.5 1

Fig. 8. Evaluation function (r = 0.25, € = 0.25).

3.3. Illustration using the experiments

We illustrate the line segment selection method using
the experiments. Eighty-one candidate line segments are
constructed and the angle difference between the adjacent
line segments is 1 degree. The length of a candidate line
segment is 1. The radius of the avoidance area(r) is 0.25
and a marginal distance(€) is 0.25. Equation (3) and Fig.
8 represent evaluation function according to x. We set a
candidate line segment to be evaluated better as evalution
function f (x) is smaller. Evaluation value is 100 at the
center of a radius and becomes 1 at x of 0.5. Evaluation
value is 0 when x is greater than 1.

Fig. 9 shows the results for 4 different starting and tar-
get points with 100 avoidance areas.

—198x+ 100, 0<x<0.5,
f(x)= —2x+2, 05<x<1, 3)
0, x> 1.

Next experiment is for the case where a radius of the
avoidance area is greater than the length of a candidate
line segment. The radius of the avoidance area(r) is 1.5
and a marginal distance(€) is 0.375(= 0.25r). The other
avoidance area has r and € as 1.2 and 0.3 respectively. The
number of candidate line segments is 81 and the length of
a candidate line segment is 1. Equation (4) and Fig. 10
represent evaluation function according to x. Evaluation
value is 100 at the center of a radius and becomes 1 at x of
0.8.
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Fig. 9. Results of waypoint generation(S means a starting
point and T means a target point).
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Fig. 10. Evaluation function (r = 1.5, € = 0.375).

—123.75x+100, 0<x<0.8,
f(x)=< —5x+5, 08<x<l1, &
0, x> 1.

In Fig. 11, waypoints are generated for 6 avoidance
areas (3 avoidance areas with r of 1.5 and 3 avoidance
areas with r of 1.2). We notice that this method shows a
good performance for various avoidance areas.

We conducted trial and error to get the parameters of
(3) and (4) to get good results. We set maximum evalua-
tion value as 100 when the vehicle goes through the center
of avoidance area. We set evaluation value as 1 when the
vehicle goes through the border of avoidance area. Con-
cerning marginal distance, turning angle restriction and
the proportion of the radius of avoidance area to the length
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Fig. 11. Results of waypoint generation for the avoidance
areas with two different radii.

of line segment are important factors. If there is no turn-
ing angle restriction, we do not need marginal distance. If
there is turning angle restriction and the proportion of the
radius of avoidance area to the length of line segment is in-
creased, we need longer marginal distance. For example,
we set the marginal distance (0.375) in (4) longer than the
marginal distance (0.25) in (3), because the proportion of
the radius of avoidance area to the length of line segment
in (4) is longer than that in (3). When the candidate line
segment is affected by multiple avoidance areas, we add
all the evaluation values from each avoidance area.

4. GLOBAL SEARCH USING LINE SEGMENT
SELECTION

4.1. Necessity

The key idea of waypoint generation using the line seg-
ment selection method in Section 3 is to select the best
candidate among the candidate points which are sepa-
rated by line segment distance from the determined point.
Therefore, this method has a limitation of local search.
The left figure of Fig. 12 shows an example that way-
points are generated through the crowded avoidance areas.
In terms of a total distance of a path, it may be a good path.
But in terms of getting away from avoidance areas, the re-
sult shown in the right figure of Fig. 12 is much better
than that of the left figure.

In this section, we describe a global search method us-
ing line segment selection to overcome the limitation of
the local search that is shown in Fig. 12.
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Fig. 13. Example of various path generation.

4.2. Basic idea of global search

The first idea of global search is to generate diverse
paths by variation of line segment selection method. Fig.
13 shows an example of the generation of 5 different paths.
The second idea is to select the best path among the var-
ious paths considering avoidance areas and path distance.
In other words, after generating various paths using local
search variation, we can select the best path.

4.3. Basis line segment variation

By basis line segment variation, we diversify searching
regions. The basis line segment in the line segment selec-
tion method in section 3 always aims at a target such as in
Fig. 14. However, we can get a different path by making
the basis line segment aim at a different direction other
than a target such as in Fig. 15.

We set the direction of a basis line segment to be
changed as a waypoint advances to a target. Fig. 16 shows
the concept of basis line segments with varying directions
along waypoints.

In a first row of Fig. 16, a basis line segment at a starting
point aims at 90 deg up and gradually changes its direction
toward a target as a generated waypoint advances to a tar-
get. However, in a thrid row in Fig. 16, all the basis line
segments are aiming at a target.

@;(n) is defined as the direction of a basis line segment

Target
~
Start | |
Target
r— — L]
Start

Fig. 14. Basis line segments aiming at a target point.
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Fig. 15. Basis line segments aiming at a different direction
other than a target.
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Fig. 16. Variation of basis line segment direction relative
to distance to a target.

Target

at the nth waypoint of the ith path. i and n denote a path
index and a waypoint index, in respect. 6;(n) is defined as
the direction which points to a target at the nth waypoint
of the ith path. §; is defined as a constant which controls
the degree of varying basis line segment direction and it is



Line Segment Selection Method for Fast Path Planning 1327

$- == \Q\l
‘u\nk 1st n/
h\a\ 3rd /

Fig. 17. Waypoints generation using basis line segments
variation.

Unnecessary
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Start

Fig. 18. An example of unnecessary waypoints.

also a property to determine the ith path. Then, w;(n) can
be described as a function of i and n such as (5).

Fig. 17 shows 5 different paths using basis line segment
variation using (5) when §; is 0, —2.25, 2.25, —4.5 and
4.5 as i increases from 1 to 5. Basis line segments aim at
a target after the 20th index since n is 20.

0:(n)+(20—n)&;, n <20,

() = { 6:(n)+, n > 20. ©)

4.4. The method to delete unnecessary waypoints

Itis possible that basis line segment variation causes un-
necessary waypoints, because waypoints can be generated
regardless of avoidance areas. For example, in Fig. 18,
the 2nd and the 3rd waypoints are unnecessary because a
path connected from a starting point to the 4th waypoint
is more reasonable in terms of the travel distance.

In Fig. 19, we have 3 waypoints. We can decide
whether a middle waypoint is unnecessary by conducting
another line segment evaluation, which is not conducted
by constructing candidate points. A double line segment
evaluation is carried out using 3 waypoints and a direct
line segment evaluation is done just using the 1% and the
3" waypoints. If a direct line segment evaluation shows

Double

line segment
evaluation \

\ Direct

line segment evaluation

Fig. 19. Double and direct line segment evaluation.
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Fig. 20. Results before and after deleting unnecessary
waypoints.

Table 2. Procedures for generation of each path.

Construct candidate points at a starting point

Step 1 : o L
using basis line segment variation.

i) Choose the best candidate point after
evaluating the candidate line segments.

ii) When multiple candidate line segments have
the same evaluation value, choose the candidate
point closest to a basis line segment.

Step 2

Repeat Step 2 at a recent determined point and
delete unnecessary waypoints up to a target
point.

Step 3

a better result, a middle waypoint is unnecessary and it is
deleted.

The left figure of Fig. 20 shows the original result with
all the waypoints. In the right figure, unnecessary way-
points are deleted.

4.5. Procedures to generate a final path

At first, multiple paths are created by varying a basis
line segment according to the procedures in Table 2. Then,
a final path is selected among multiple paths by comparing
the evaluation result.
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Fig. 21. An example of multiple paths and the best path.

4.6. Illustration using the experiments

An experiment with varying basis line segments is il-
lustrated in this section. The properties of the avoidance
area and the evaluation function are the same as section
3.3. The parameters to construct candidates line segments
are the same as before except the fact that this experiment
uses varying basis line segments. Nine different paths are
generated internally and only one of them is chosen as the
best path. The first criterion to select the best path is how
well a path gets away from the avoidance areas. If multi-
ple paths have the same results, the second criterion is the
total distance of a path. The path with the shortest distance
is chosen as the best path.

The direction of a basis line segment is defined in (6).

0;is 0, —1, 1, =2, 2, —3, 3, —4, 4 for 9 paths.
0:(n)+(25—n)8, n<?25,

w;(n) = (6)
6;(n)+, n > 25.

Fig. 21 shows 9 paths generated using basis line seg-
ments variation according to (6). We have same evalua-
tion results regarding the avoidance areas for the 3rd, the
4th, the 5th, the 6th, the 8th and the 9th paths. The 3rd
path is selected as the best since it is the shortest distance.

5.  PERFORMANCE ANALYSIS

5.1. Simulation results

We validate the proposed method using a simulation. In
Fig. 22, the avoidance areas with a radius 1.5, 1.2 and 0.25
are randomly generated in a square of 20x20. A hundred
starting points are located along the line which is 1 down
from the bottom of the square. At the same time, 100 tar-
get points are located along the line which is 1 above from
the top of the square. The total number of simulations
is 10,000 because we have combination of 100 starting
points and 100 target points.

Fig. 23 illustrates some of simulation results. We can
see that the paths do not pass the avoidance areas. Table
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Fig. 22. Simulation environments.
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Fig. 23. Ilustrations of simulation results.

3 shows that there is no collision for 10,000 simulations.
The results also indicate that 3,126 cases do not need vary-
ing basis line segment for obtaining the best path. The
path of global search is chosen as the best for 6,874 cases.

When we compare the total distance of the best path
selected by the proposed method with the direct (namely,
shortest) distance from a starting point to a target point,
the average value of the ratio is 1.1064. This result means
that the selected paths, which is just 10.64% longer than
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Table 3. Simulation results.

Collision No collision
Local Search 0 3,126
Global Search 0 6,874
# of simulations 0 10,000

the direct paths, can avoid all the avoidance areas.

The computation time is 2,190 seconds (= 36 minutes)
for 10,000 simulations. Therefore, 0.22 seconds is used
for a simulation on average. Since 9 candidate paths are
generated for a simulation, only the average time of 0.024
seconds is needed for a candidate path. We notice that
line segment selection method can generate a path very
rapidly. PC specifications for the simulation are Intel(R)
Xeon(R) CPU X5460 @ 3.16GHz / 3.00 GB RAM.

5.2.  The number of operations

The basic operation of the proposed method is line seg-
ment evaluation which is based on calculating a distance
between a line segment and an avoidance area. A line
segment consists of a determined point and a candidate
point. To obtain one waypoint, we need N, x N, opera-
tions. N, and N, denote the number of candidate points
and avoidance areas, respectively. The maximum number
of waypoints in one path, M,, can be calculated using the
distance of feasible boundary of starting and target points,
so this is deterministic value. Then, to get one path we
need N, X N, X M,, operations. To overcome the limita-
tion of the local search, we generated multiple paths and
chose the best one. Then, to get the final path we need
Np x Ny x M,, X N,, operations. N, denotes the number of
multiple paths. We find out that the total number of op-
eration is in direct proportion to the number of avoidance
areas, so the total number is limited. This means that the
algorithm originated from our method converges.

5.3. Comparison with Voronoi diagram

Voronoi diagram [1,2] is widely used technique in path
planning. We compare the proposed method with voronoi
diagram to show that the proposed method is more appli-
cable than voronoi diagram. Fig. 24 illustrates an example
of voronoi diagram and the path that is generated using the
voronoi diagram.

From Fig. 25 to Fig. 27, we show the comparison ex-
amples of voronoi diagram with the proposed method ac-
cording to the different circular avoidance areas. The path
with blue line is generated by the proposed method. The
path with red line is generated using voronoi diagram. The
path generated using voronoi diagram do not change even
if there are changes in circular avoidance areas.

From the Fig. 25, we know that the proposed method
generates more efficient and shorter path than the path
generated using voronoi diagram.

End

yd

Start

Fig. 24. Voronoi diagram.

End

_ W

Start

Fig. 25. Comparison example 1.

From the Fig. 26 and Fig. 27, it is likely that the path
generated using voronoi diagram goes through the avoid-
ance areas. But the proposed method generates the way-
points which consider the various sizes of circular avoid-
ance areas.

5.4. Real world application

The proposed method can work on the real maps such
as google map. The point in these map are defined by us-
ing coordinate system such as degree (longitude/ latitude),
MGRS, and so on. But in the paper, the points are defined
in the Cartesian coordinates. To apply real world problem,
we need a conversion between two coordinate systems.
By the specific conversion technique, we applied the pro-
posed method to the unmanned aerial vehicle path plan-
ning project which we had conducted for several years.

We need a real-time applicable method with a varying
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End ‘

Start

Fig. 26. Comparison example 2.

End

Start

Fig. 27. Comparison example 3.

environment. The most important factor in real-time path
planning is the execution time and stability of the meth-
ods. With the typical methods such as Voronoi diagram,
visibility graph, potential field and trajectory optimiza-
tion, they need too much time for path planning. Some of
them do not provide solution occasionally. But by using
our proposed method, we can always get a good solution
in a short time, even if it is not the best. Moreover, we
do not need to worry about solution convergence. These
are the advantages of our proposed method. Therefore,
we can easily apply our method to varying environment
even if the number, the location and the size of avoidance
areas are not fixed. We can apply this method directly to
waypoints(reference points) generation, which is used as
navigational information.

6. CONCLUSION

In this paper, we propose a fast and effective path
planning method to avoid multiple circular avoidance ar-
eas. The line segment selection method that we propose
can generate waypoints taking the constraints of a vehi-
cle into account such as a minimum distance and angle
constraint between waypoints. Therefore, post-processing
techniques are not required. Because this method does not
use the cost function minimization, we always expect ef-
fective and stable results. Global search which uses the
varying basis line segment can overcome the limitation of
local search.

In this paper, we assume that the avoidance area is
circle-shaped. For some cases, this assumption is well ap-
plied, but there are many arbitrary shapes in reality. We
think that a polygon is more effective to represent the ar-
bitrary shapes than a circle. In the future, we will develop
arapid and effective path planning method to consider ar-
bitrary shapes.

REFERENCES

[1] O.M. Hammouri and M. M. Matalgah, “Voronoi path plan-
ning technique for recovering communication in UAVs,”
Proc. of the 2008 IEEE/ACS International Conf. on Com-
puter Systems and Applications, pp. 403-406,2008.

[2] M. C. Novy, D. R. Jacques, and M. Pachter, “Air vehicle
optimal trajectories between two radars,” Proc. of Ameri-
can Control Conf., vol. 1, pp. 785-790, 2002.

[3] M. Neus and S. Maouche, “Motion planning using the
modified visibility graph,” Proc. of the IEEE International
Conf. on Systems, Man and Cybernetics, vol. 4, pp. 12-
15,1999.

[4] H. P. Huang and S. Y. Chung, “Dynamic visibility graph
for path planning,” Proc. of IEEE/RSJ International Conf.
on Intelligent Robots and Systems, Sendai, Japan, 2004.

[5] H.J.S.Feder and J. J. E. Slotine, “Real-time path planning
using harmonic potentials in dynamic environments,” Proc.
of IEEE International Conf. on Robotics and Automation,
pp. 874-881, vol. 1, 1997.

[6] P. T. Kabamba, S. M. Meerkov, and F. H. Zeitz III, “Opti-
mal path planning for unmanned combat aerial vehicles to
defeat radar tracking,” Journal of Guidance, Control, and
Dynamics, vol. 29, no. 2, pp. 279-288, 2006. [click]

[7]1 J. J. Ruz, O. Arevalo, J. M. de la Cruz, and G. Pajares,
“Using MILP for UAVs trajectory optimization under radar
detection risk,” Proc. of 11th IEEE International Conf. on
Emerging Technologies and Factory Automation, pp. 1-4,
2006.

[8] K. Yang “Anytime Synchronized-Biased-Greedy Rapidly-
exploring Random Tree Path Planning in Two Dimensional
Complex Environments,” International Journal of Control,
Automation, and Systems, vol. 9, no. 4, pp. 750-758, 2011.
[click]


http://dx.doi.org/10.2514/1.14303
http://dx.doi.org/10.1007/s12555-011-0417-7

Line Segment Selection Method for Fast Path Planning 1331

[9] A.S.Lopez, R.Zapata, and M. O. Lama, “Sampling-based
motion planning: a survey,”Computaciony Sistemas, vol.
12, no. 1, pp. 5-24, 2008.

[10] B. Park, J. Choi, and W Chung, “Sampling-Based Retrac-
tion Method for Improving the Quality of Mobile Robot
Path Planning,” International Journal of Control, Automa-
tion, and Systems, vol. 10, no. 5, pp. 982-991, 2012. [click]

Won-Young Shin received his M.S.
degree in Industrial Engineering from
POSTECH University, Korea, in 2003. He
is currently a senior researcher in Agency
for Defense Development in Korea. His
research interests include a mission plan-
ning, weapon modeling & simulation,
combinatorial optimization.

Jong-Jin Shin received his M.S. degree
in Mechanical Engineering from Stanford
University, U.S.A., in 2003. He is cur-
rently a senior researcher in Agency for
Defense Development in Korea. His re-
search interests include a mission planning
and target/background modeling & simu-
lation.

Byung-Ju Kim received his M.S. and
Ph.D. degrees in Electrical Engineering
from Kyungpook National University, Ko-
rea, in 1999 and in 2007, respectively. He
is currently a senior researcher in Agency
for Defense Development in Korea. His
research interests include a mission plan-
ning and target/background modeling &
simulation.

Kwang-Rae Jeong received his M.S. de-
gree in Electrical & Electronic Engineer-
ing from Yonsei University, Korea, in
2010. He is currently a researcher in
Agency for Defense Development in Ko-
rea. His research interests include a mis-
sion planning and weapon modeling &
simulation.


http://dx.doi.org/10.1007/s12555-012-0515-1

