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Abstract—Autonomous vehicles soon will be a reality for many
daily situations. Currently, the main barrier preventing the
development of autonomous vehicle is its high cost. In agreement
with the objectives of the Autonomous Mobility Laboratory from
the Mechanical Engineering Faculty at Unicamp of developing
inexpensive autonomous robots, the presented article exposes
relevant aspects from the implementation process of a real time
path planning technique for terrestrial vehicles. The studied
technique can be divided into four stages, which are: global
route construction, car localization, paths generation and path
selection. The construction stage plays an important role in the
robustness of the presented technique. The adequate number and
distribution of waypoints are highly correlated to well global
route construction and to a satisfactory arc length reparam-
eterization. Unfortunately, the actual aspects of the waypoints
provided by on-line services are inadequate to its directly usage
in the construction of the global route curve, making necessary
its prior processing. There is also a trade-off between the
numbers of waypoints and the quality of the desired arc length
parameterization that needs to be tuned.

I. INTRODUCTION

Recent technological advances have allowed the implemen-
tation of autonomous vehicles and advances driver assistance
systems (ADAS) at both research and commercial level to
provide increasing safety and comfort. Despite these advances,
however, safety and liability problems are far to be completely
solved.

The autonomous vehicle, which for instance can be assumed
as a mobile robot, has its specific aspect of cognition directly
linked to a robust mobility known as navigation [1]. In the
literature the navigation has two components: planning and
reacting. The planning component, also known as global path
planing, generates the global route, which guides the vehicle
from an initial position to a target. The reacting component,
also known as local path planning, generates several local
paths, which allows the vehicle to avoid obstacles. To optimize
the distance and the speed, the global path planning is per-
formed over previous known environment information (map)
and user’s choices. This approach for automotive applications
has more recently been studied by [2], [3], [4], [5], [6].

The robotic vehicle design of the Autonomous Mobility
Laboratory (LMA) from the Mechanical Engineering Faculty
at Unicamp is developed on a FIAT-PUNTO platform. Ac-
cording to [7], autonomous vehicles systems can be organized
into six major functional groups: interface sensors, percep-
tion, planning, control, vehicle interface and user interface.
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Figure 1. Architecture of the autonomous vehicle

In this context, and taking into account the model of [1],
which consists in perception, planning and motion control,
the autonomous vehicle system blocks that are tackled on the
article is shown in figure 1 and is in gray color.

The presented paper is divided into three section. The
first section presents the local path planning algorithm for
terrestrial vehicles adopted by LMA, the second section
explains the techniques employed in the generation of the
global routes from off-the-shelf software and the solutions
adopted to solve problems with the global route arc length
parameterization ([2]). Finally, conclusions are presented.

II. LOCAL PATH ALGORITHM

The main goal of the implemented algorithm is to generate
smooth obstacle free paths, which start from an initial position
and extend themselves in direction of the global route. In
addition, the paths have high dynamic executability. Figure 2
shows an example of a global route and of candidates paths
set with the features mentioned above.

The technique presented by [2] is didactically divided into
four stages, which are: construction, localization, generation
and selection.

A. Construction

The construction stage, which belongs to the global plan-
ning, is responsible to construct the global route curve. The
global route is a curve that extends itself over the road center
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Figure 2. Global route and candidates paths

from an initial position until a target. The global route curve
is parameterized in the arc length s and it is constructed by
cubic splines from points localized in the center of the road,
known as waypoints. The parameterized equation of the global
route curve constructed by cubic splines in terms of the arc
length s is shown in equation 1.

xp(8)=ag,i(5—S4) 3+bm (s—s3) 2+cm- (5—si)+dy i
Yp(8)=ay.; (s—si)3+by,7; (5—s34) Z—O—CW- (5—si)+dy,i (1)

From equation 1 it is possible to obtain the Cartesian
positions (zp, yp) of the global route curve associated to any
value of the arc length s.

1) Parametrization of the global route curve with respect to
the cumulative distance between the waypoints: Parameterized
curves in the arc length s can not be obtained directly from the
knots (waypoints) by spline interpolation. In the literature there
are different approaches that seek solutions for this problem
([81, [91, [10D).

In the present work, the strategy adopted to obtain an arc
length parameterized global route curve by spline interpolation
from the waypoints is divided into two steps: Firstly, it is
constructed a global route curve with a generic parameter and,
in sequence, it is performed its arc length s reparameterization.
The generic parameter chosen to construct the global route
curve is the cumulative distance between the waypoints d.
Figure 3 shows the cumulative distance parameter d, in which
dn = Z?:l d;.

The equations of the cumulative distance parameterized
global route curve constructed by spline interpolation are
shown in equation 2.

Ty i (d)=mg i [d—di) g i [d—di) *+0z ; [@—di}+Dz,i
Yb,i (d)=my.i[d—d;)>tny i ([d—d;) *+0y . ([d—d) Dy ; 2)

The cumulative distance parameterized global route curve
is illustrated by the blue line in Figure 3. This curve was
constructed by spline interpolation using the Cartesian position
(z,y) and cumulative distance d of each waypoint.

(Tnt1, Ynr1)

Sn

Figure 3. Global route in blue, cumulative distance parameters d in red and
arc length parameter s

2) Global route curve reparameterization with recpect to
the arc length distance: Constructed the global route curve pa-
rameterized in the cumulative distance between the waypoints
d as illustrated by the blue line in Figure 3, it is performed
its reparametrization according to [11], [9].

B. Localization

Dedicated to localize the vehicle with respect to the global
route curve, the localization stage computes the distance trav-
eled on the global route s, and lateral offset g. of the vehicle
according the technique described by [12]. The parameters s.
and g, are illustrated in Figure 4.

Figure 4. Vehicle localization
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C. Generation

Constructed the global route curve parameterized in the
arc length s and localized the vehicle, the candidates paths
generation is performed. The candidates paths generations
is executed in real-time and it is known as local planning.
The candidates paths are initially generated in a curvilinear
coordinate system defined by the parameters s. and ¢, and
subsequently mapped to the Cartesian coordinate system of
the global route. The curvilinear coordinate system sOg and a
set of candidates paths represented in the Cartesian coordinate
system are shown in Figure 5.

Figure 5. Curvilinear coordinate system, global route and candidates paths
represented in the Cartesian coordinate system

1) Path candidates generation in the curvilinear coordinate
system: The set of equation used to generate the candidates
paths in the curvilinear coordinate system are shown in equa-
tion 3.

(s) = alAs® + bAs® + cAs+d s; < s < s¢
T = g sp<s

dq 3aAs? +2bAs + ¢ s; < s < sy
94 =

ds 0 s5p<s

d?q 6aAs+2b s; < s < sg

——(s) =

ds? 0 sfp<s

where
As=5s—s,

The equations above are designed to provide smooth can-
didates paths as a function of the arc length s. The boundary
conditions necessary to determine the coefficients a, b, ¢ and
d are shown in equation 4.

dq
q(si = se) =de (8 = 5c) = tanfe
d
q(sf)=qs d—Z(Sf) =tanby = tan(0) =0

C))

The angle 6. is defined as the difference between the
vehicle orientation and the global route curve orientation at
the position specified by the arc length s; = s, ([13], [14]).

2) Mapping the candidates paths from the curvilinear co-
ordinate system to the Cartesian coordinate system: The
mapping approach is divided into two stages. Firstly, it is
determined the curvature % of each candidate path in the Carte-
sian coordinate system. Subsequently, with the information of
the curvature £ and the equations of the vehicle model, the
position of the candidates paths in the Cartesian system of the
global route is computed. The curvature k of the candidates
paths in the Cartesian system of the global route curve is
determined by equation 5 ([15], [16]).

2 2
Q Q?

with

2
S =sgn(l —qkp) Q= \/(%) + (1= qky)?

With the candidates paths curvature & and using the bicycle
vehicle model ([15], [17]) the differential equations 6 that de-
termine the positions in the Cartesian system of the candidates
paths are reached

dr Qcosl dy _ Qsind @9 _ Qk
s ds

D. Selection

From the set of candidates paths one is selected to be
followed by the autonomous vehicle. The selection is made
by the search of the candidate path that minimizes a linear
combination of cost functions that represents the intrinsic and
extrinsic safety of the vehicle. The cost functions are designed
to quantify specific path candidates features that are judged
important to a safe autonomous navigation, ([2]).

III. GLOBAL ROUTE

For the well performance of the technique presented by [2]
it is essential to obtain a global route curve that are both
representative of the real route and properly parameterized in
the arc length s. The construction of a representative global
route curve from cubic splines is strongly correlated with the
number and the distribution of the waypoints used. Likewise,
an appropriate parameterization of the global route curve is
also strongly related with the number and distribution of the
points used in the reparameterization process, that does not
need to be the same numbers of the waypoints used in the
construction stage.

A. Global route construction

In a market scenario of autonomous vehicles commercializa-
tion to the general public, it is coherent to assume that the way-
points utilized in the global route construction will be obtained
from off-the-shelf platforms that will integrate maps and route
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planning systems, as Google Maps ([18]) and Open Street
Maps ([19]) do. Unfortunately, the current characteristics of
the waypoints provided by those platforms do not allow its
direct usage in the global route construction, making necessary
a processing stage. The processing stage seeks to eliminate too
close waypoints that will contribute to the generation of splines
segments with high curvature and to add new waypoints in
regions that lack of them, because in those regions the cubics
splines will unwanted distance themselves from the real route.
The processing stage analyses the euclidean distance between
the waypoints, removing or adding waypoints according to
the design criterion of maximum and minimum distance. A
set of waypoints obtained from the platforms cited are shown
in Figure 6.

Figure 6. In magenta original waypoints provided by Open Street Maps and
in blue waypoints provided by Google Maps. Global route curve constructed
with Open Street Maps original waypoints in dashed line

In the Figure above, the blue markers represent the way-
points obtained from Google Maps and the magenta markers
represent the one obtained from Open Street Maps. The dashed
line represents the global route curve constructed from the
Open Street Maps waypoints. In Figure 7, in black were
represented the original waypoints provided by Open Street
Maps and the associated global route curve constructed and
in magenta were represented the processed waypoints and
associated curve.

Figure 7. In black, original waypoints provided by Open Street Maps
and associated global route curve constructed, and, in magenta, processed
waypoints and associated global route curve constructed

In Figure 8, it is illustrated in details the first roundabout
of the real route. In black, the original waypoints provided by
Googles Maps and associated global route curve constructed
and in blue the waypoints processed and associate curve.

Figure 8.
associated global route curve constructed, and, in blue, processed waypoints
and associated global route curve constructed

In black, original waypoints provided by Google Maps and

From Figures 7 and 8 it is observed a significant improve-
ment in the global route curve constructed with the processed
waypoints, magenta and blue colors, when compared to the
ones constructed with the original set of waypoints provided,
black colors. The new waypoints added to the original set
of waypoints provided by Open Street Maps allowed the
construction of a representative global route curve of the real
route, Figure 7. The remotion of some waypoints from the
original set provided by Google Maps allowed the construction
of a smoother curve in the roundabout, Figure 8.
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B. Arc length distance reparameterization problem

Once constructed a global route curve representative of the
real route, the reparameterization to the arc length distance
is performed. An adequate reparaterization, as well as the
representative construction discussed above, is essential to the
well performance of the technique discussed by [2] because
its equating was developed considering a global route curve
parameterized in the arc length s. To analyze the reparame-
terization quality it will be used the global route curve first
derivative, known as unit velocity or Frénet tangent vector.
The equation 7 shows the unit velocity vector.

L (dmy(s) dys(s)
- (S 80) o

For a perfect arc length parameterized curve the norm of
the vector T is always unitary, distancing itself from the
unit value according to the reparametezitaion quality. The
following graphics show the results of the norm of the vector
T subtracted by one as function of the arc length distance s.

Figure 9 shows the values of the norm of the vector T sub-
tracted by one of three different reparemeterizarion performed
upon a global route curve constructed by the waypoints from
Open Street Maps. The blue curve represents the reparameter-
ization quality performed with the 107 processed waypoints.
In magenta, the quality of the reparameterizarion performed
with 200 points upon the global route curve constructed and
in blue the quality of the reparameterization performed with
300 points.
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Figure 9. The norm of the vector T subtracted by one as function of the arc
length distance s of the global route curve constructed with the waypoints
provided by Open Street Maps

As the previous Figure, Figure 10 shows the values of the
unity velocity vector norm subtracted by one of three different
reparameterization performed upon the global route curve
constructed by Google Maps waypoints. In blue, the behavior
of the norm of the vector 7" subtracted by one of the performed
reparameterization using the google’s processed waypoints.
In magenta, the quality of the reparameterizarion performed
with 200 points on the global route curve constructed and in
blue the quality of the reparameterization performed with 300
points.
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Figure 10. The norm of the vector T subtracted by one as function of the
arc length distance s of the global route curve constructed with the waypoints
provided by Google Maps

From the graphics above, it is possible to note a significant
approximation of the values of the norm of the vector T sub-
tracted by one to the number zero, which is the expected result
for a perfect parameterized curve, as the number of points
used in the reparameterization increase. These approximation
indicates that the reparameterization quality was improved.

From the results shown in Figures 9 and 10 it is clear the
necessity of find a good trade off between the arc length
reparameterizarion quality sought and the number of way-
points used to do it. If, for one side, a global route curve
badly arc length distance parameterized is an instability source,
decreasing the robustness of the local path planning presented
by ([2]), for other side, the use of high waypoints number can
overload the communications between planning algorithm and
the real time control system process.

IV. CONCLUSION

By the presented in this article, it is possible to conclude
that is necessary a prior processing of the original waypoints
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provided by the on-line maps and route planning Open Street
Maps and Google Maps in order to achieve a representative
global route curve of the real route and to perform a satisfac-
tory reparameterization to the arc length s of the constructed
curve. The prior processing stage consists in adding, removing
and redistributing the original waypoints. In specific to the arc
length s reparameterization process, it was shown that perform
it with the same waypoints used in the construction stage
of the global route curve is likely an inappropriate approach
because it generates a global route curve badly arc length
parameterized. This condition makes necessary an engineering
study to reach a good balance between the points utilized in
the reparameterization process and the necessary quality of
the arc length s parameterized global route curve. It is worth
noting that a global route curve badly parameterized in the arc
length s will inevitably lead the presented technique or any
other based in arc length parameterized curves to a potentially
dangerous failure. The arc length s parameterization quality
problem can be softened by reducing the size of the paths’
lengths, which will lead to smaller integration steps and,
consequently, smaller errors.

The presented technique has two main interesting features.
First, it works in the arc length space s instead the time space t,
which allows the generation of the candidate paths without the
profile velocity. Second, it works in the curvilinear coordinate
system instead of the Cartesian system, which allows generate
the candidates paths with simple cubic polynomials, what
would just be possible in the Cartesian system with more
complex equation.
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