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Abstract — We have proposed the KPP (Korea University Path
Planner) in our prior work. The KPP in Ref. [6] is the path
planning scheme of a car-like mobile robot in a parking environ-
ment. The objective of this paper is to investigate the advantag-
es of the KPP through both quantitative and qualitative analys-
is. For comparison, numerical simulations have been carried
out by the application of the KPP and the conventional Probabi-
listic Roadmap approach. The Probabilistic Roadmap approach
is one of the widely used path planning schemes owing to its su-
perior performance. This paper shows that the KPP shows out-
standing performance from the viewpoints of optimality and
computational efficiency.
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1 Introduction

Path planning for the automatic parking of car-
like vehicles is one of main issues for future automo-
biles. The path planning of a car-like robot is diffi-
cult because of its non-holonomic constraints. More-
over, the path planner must consider obstacle avoid-
ance and the environment. The purpose of path
planning is to generate paths that connect the initial
and target points while satisfying the constraints.

There are two main forms of search concerning
automated parking path planners. One of them is
sampling-based search, and the other is grid-based
search. In the DARPA Urban Challenge'"’, various
non-holonomic path planning schemes such as heu-
ristic A * and Rapidly-exploring Random Trees
(RRT) were exploited to deal with path planning
for automated parking.

The Stanford team'’ and the CMU team"
demonstrated heuristic A * search. The MIT
team*' used the RRT scheme for path planning in
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the parking zone. RRT was presented in Ref. [5]
and is suitable for non-holonomic path planning.

Another sampling-based method is the Probabi-
listic Roadmap Method (PRM)"*". PRM constructs
roadmap graphs by connecting sampling points.

The KPP method was presented in Ref. [7-9].
KPP computes the collision area of motion sets and
provides non-holonomic paths. Details about the
above methods and a comparative analysis will be
given in section 2 and section 3.

Although various path planners have been prop-
osed, very few attempts have been made regarding
quantitative and qualitative analysis about existing
path planning methods. Moreover, KPP needs to
show its advantages and usefulness in a clear way.
Therefore, the purpose of this study is to quantita-
tively analyze KPP in comparison with RRT and es-
tablish the former’s superiority. Path planning sim-
ulation in a parking environment with the KPP and
RRT methods was performed for this purpose.

This paper is organized in four sections. In sec-
tion 2, we briefly explain the KPP and RRT meth-
ods; this is followed by a qualitative analysis of vari-
ous path planners. In section 3, the results of the
path planning simulations are presented. We con-
clude in section 4 with closing remarks and future
plans for this research.

2 RRT and KPP methods
2.1 RRT

RRT method was presented in Ref. [5]. This
scheme generates nodes by random sampling. Then,
it connects the generated nodes to make a tree that
involves the target and initial points.

Fig. 1 illustrates RRT scheme. This scheme per-
forms simple iterations that extend the tree T by
adding a new node gnew using a randomly-selected
configuration. If qrand is selected by random sam-
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pling, then the collision checking of qrand is per-
formed. If qrand is confirmed to lie in a collision-
free space, then RRT scheme adds the new node
qnew that is slightly away from the previous node
q. RRT scheme extends the node until the tree T
includes the target point.

Fig.1 The extend operation of RRT’ s method™

RRT is one of the most widely used path plan-
ners and is practically useful in non-holonomic con-
ditions and complex environments. Because RRT is
based on random sampling, the quality of the result-
ant path is not guaranteed.

2.2 KPP

KPP method was presented in Ref.[1]. It uses
two basic motions of a car-like robot. One is the
translation motion (TM), and the other is the rota-
tion motion (RM) with the maximum steering angle
for reducing the computational cost by simplifying
the robot’ s motion patterns. Then, KPP method
performs collision checking for calculating reach-
able regions.
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Fig.2 Computing the reachable region

Fig. 2 shows the procedure for computing the
reachable region (RR). Fig.2(a) shows the initial
pose and also indicates that KPP finds the reachable
region from the target point and not the starting
point. Fig.2(b) illustrates RR;,, which means the

reachable region under one translation motion. Fig.
2(c) shows how to calculate the RR of rotational
motion; the hatched area of Fig.2(d) is RR,,,
which means the reachable region under translation
motion after the rotational motion.

As we observed earlier, one set of motions con-
sists of TM, RM and TM.

The KPP method restricts motion owing to the
initial assumption of two basic motions. The reach-
able regions of a car-like robot are maximised when
the maximum steering angle is used. The number of
maneuvers can be decreased in a narrow parking en-
vironment when the reachable regions are in-
creased. Therefore, there is no limitation on the ro-
bot’s allowable motion in KPP. And, the candidate
paths computed by KPP contain all of the possible
motions.

All the candidate paths have their own path
cost that is computed by a cost function that we de-
fine later. The path for which the cost is the mini-
mum is selected as the optimal path.

The KPP method finds the path from the target
point that is narrower than the starting point; it
generates a candidate path for optimality.

2.3 Qualitative comparison of path planners

As noted in section 1, there are many studies
about path planning for car-like robots. Details and
a discussion of various non-holonomic path planning
methods are given below.

In the DARPA Urban Challenge'", a grid-
based A * search scheme with a heuristic cost func-
tion was presented by both Stanford?' and CMU"”
teams. Always, D * with heuristic cost schemes
performed very well in practical environments;
however, the performance of this search scheme
strongly depends on the heuristic cost function.

A sampling-based path planner is another way
to deal with the non-holonomic path planning prob-
lem. The PRM and RRT methods are well known as
sampling-based search methods. Sampling-based
methods can generate non-holonomic paths by con-
sidering non-holonomic constraints during node ex-
tension. RRT has a low computational cost and is
widely used in recent studies. However, because it
depends on random sampling, it cannot easily gen-
erate a path in a narrow environment for sampling-
based methods. As shown in many studies such as
Ref.[10] and [11], RRT is a useful solution for
non-holonomic path planning.

KPP was proposed in Ref.[7-9]. It is powerful
in parking environments because it starts to search
for a path from the goal configuration. Also, KPP
provides candidate paths for optimization. A major
drawback of KPP is the growth in the computational
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cost that is caused by an increase in the number of
motion sets.

As mentioned above, there are various non- ho-
lonomic path planners. We can consider the RRT
method as the current state-of-the-art solution.
Therefore, we have compared KPP with RRT using
simulations in order to show the advantages of KPP
and analyse the qualitative characteristics of KPP.

3 Simulations and results

3.1 Simulation environments

Fig. 3 illustrates the simulation environments.
The environment of a parking lot can be modeled as
two cases, namely, garage parking and parallel
parking. Two parameters, a and b, are needed to
determine the parking space. The width of the road
is represented by a, and the width of the goal is b.
The vehicle parameters are adopted from a midsized
car. The length and the width are 4 860 and 1 800
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Fig.3 Simulation environments

We define the cost function for calculating the
optimal path as shown in (1).

Cow = a(1/D ) + ANy + YNy + 6Dy

In the cost function, D, . iS the minimum distance
between poses on the path and obstacles, N, is the
number of steering angle changes, N,,, is the num-
ber of maneuverings, and D, is the travel distance.
a, B, 7 and ¢ are the weights. The minimum cost
path is optimal. The simulations shown here were
performed on a 2.33 GHz Intel Core™2 duo.

3.2 Simulation results

Fig.4 shows the computing time to obtain solu-
tion paths when the width of the parking lot b is
changed from 3.2 m to 2.4 m. It is evident that
RRT planner spends excessive time when b is small.
The computing time of RRT increases to 57 seconds
when b becomes smaller than 3 m. On the other
hand, KPP successfully provides a solution with an
acceptable computing time under 2 seconds.
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Fig.4 Computing time versus the width of the parking
lot b

The reason why the computing time of RRT in-
creases when b becomes smaller is that RRT starts
to find a node from the starting point. If the width
of the target point becomes smaller, the chance of
finding a node near the target point becomes small-
er. However, because KPP starts to find a path
from the target point, its computing time is inde-
pendent of the width of the target point.

Fig.5 shows the resultant path generated by the
RRT scheme in the same environment as in Fig. 4.
In Fig. 6, RRT has generated an inefficient path
with overlapped nodes and additional changes in the
steering angle. Thus, path planners based on ran-
dom sampling such as RRT can generate an ineffi-
cient path, as shown in Fig.5.
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Fig.5 Resultant path under RRT for a =7 m and b =
2.4m

Fig. 6 shows the computational times of KPP
and RRT when a =5 m and b=2.5 m. The comput-
ing time of RRT changed every time while that of
KPP was relatively constant. As shown in Fig. 7,
the standard deviation under KPP was 0.206 1 and
that under RRT was 44.696 9. Therefore, it can be
said that KPP has better dependability than RRT in
terms of the computational time.

Tab .1 shows the cost of each path generated by
KPP and RRT. The cost of the safest path generat-



12 Journal of Measurement Science and Instrumentation

Supplement 2011

ed by either method is shown in Tab. 1, which re-
veals that the cost of the safest path uneer RRT is
210.168, and that under KPP is 178.96. The short-
est distance from the obstacle under KPP (resp.,
RRT) is 57.531 cm (resp., 48.302 cm). Thus, it is
true that KPP generates a safer path than RRT.

Tab.1 Costs of paths. D, g

Dmin.obs Nslr Nmnvr Dlrvl Cloml

RRT 48.302 3 0 1373.3 210.168
KPP(obs) 57.531 5 0 1407.2 178.96
KPP(str) 48.302 3 0 1373.3 -
KPP(trvl) 5.576 5 2 1291.8 -

KPP has generated a better path than RRT
from the viewpoint of the minimum distance be-
tween the obstacle and the shortest path. Also, the
paths of KPP are easier to control than those of
RRT from the viewpoint of changing the steering
angle.
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Fig.6 Comparison of KPP and RRT in terms of the
computational time

The safest path generated by KPP costs 26. 79
cm, while the safest path under RRT corresponds to
4.939 cm. The latter path needs more than two
changes in terms of maneuvers, while the path un-
der KPP needs only one change. Thus, we can see
that KPP affords better simplicity of control. Also,
KPP has generated a shortest path of 1 913 cm,
while RRT has generated a shortest path of 2 436.6
cm. Because KPP has generated the shorter path,
we can see that KPP enables superior solutions than
RRT.

4 Conclusions

In this paper, we compared KPP with RRT us-

ing path-planning simulation in parking environ-
ments. The comparison was performed in terms of
the computational time, generality, simplicity, and
optimality. Both KPP and RRT can successfully
generate a path in both garage parking and parallel
parking. Hence, we found that both have generali-
ty. We also found that the computational times of
KPP are smaller than those of RRT for narrow tar-
get points. In addition, we noted that KPP affords
better simplicity and optimality than RRT. In con-
clusion, KPP is a powerful non-holonomic path
planner for car-like robots in automated parking.
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