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Abstract. Path and trajectory planning systems are a big challenge in the robot autonomous navigation on unstructured
environments. Some of current path planning algorithms generate a path, with angular turns that require an aggressive
control action. One alternative to obtain a less aggressive control action is the use of the smooth trajectories, which
must be generated considering the robot kinematic, the feasible curvature, the robot dimensions, and the robot speed. For
that reason, the focus of this work was the development of a clothoids-based path planning to obtain smooth trajectories
for a car-like mobile robot. This approach showed a great adaptability to work in non-structured environments, while
considering the kinematics constraints. A predictive system determines the vehicles states together with a description
of waypoints allowing the reduction of action maneuvers. A fuzzy logic set was used on the robot angular velocities to
control its movement. An IMU (Inertial Measurement Unit) and a GNSS (Global Navigation Satellite System) were used
to measure the robot moving state. The proposed algorithm was validated by a series of experiments made in an outdoor
environment and the obtained results showed the controller’s ability to maintain the accuracy while retaining a smooth
drive.
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1. INTRODUCTION

Although the trajectory generation is a classic problem in robot navigation and there are, in the literature, many
papers with novelty solutions, currently this problem persists quite complex. Reeds and Shepp (1990) describe different
representations of path generators where some authors use paths composed by arcs connected by straight lines which are
easy to produce but they show discontinuities. Also, Reeds and Shepp (1990) proposed a method using three connected
curves, with a fixed radius, which represents the minimum permissible curvature for a given vehicle. Another example of a
path generator is found in Scheuer and Fraichard (1997) where the authors use a continuous curvature but only work for a
finite number of paths. The authors in Shin and Singh (1990), and Scheuer and Fraichard (1997) proposed the use of three
clothoid curves to soft the path along the trajectory and a segment of fixed curvature K to minimize the discontinuities
and the changes in the angular system.

Clothoids are the basis of most studies of terrestrial locomotion and they are mainly used in the generation of road
drawings (Eliou and Kaliabetsos, 2013). Also, clothoids can be used on controller since it produces low lateral push
and acceleration (Lima et al., 2015). Another two applications of the use of clothoids in path generator were found in
Atmosudiro et al. (2017) and Frego et al. (2016). In the first one, the authors use the concepts of the clothoids in real time
for smoothing the path and in the latter, the clothoids are used to minimize the time to avoid obstacles.

For the aforementioned reasons, this study is focused on the development and implementation of a clothoid-based
controller able to generate a smooth trajectory considering kinematic, feasible curvature, robot dimensions, and speed to
keep the accuracy while the control actions are reduce.
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2. METHODOLOGY

This section exposes the materials used on the experiments and the formulation of the clothoid-based path planning in
the reference to a clothoid base path trajectory.

2.1 Sensors

The sensors used in this work are the LSM9DS1 IMU and the GNSS module HMC58983. The linear acceleration of
the LSM9DS| can be set to & 2, 4, 8 or 16 g. Its gyroscope supports £ 245, 500 and 2000 /s, and its magnetometer has
arange of 4, 8, 12 or 16 gauss. On the other hand, the GNSS module has 10 Hz update rate for cold start and it is 2.5 m
for the horizontal accuracy of the GPS antenna. To verify the values of the horizontal precision, the GNNS module was
positioned in an georeferenced place and its readings were taken during several days in order to obtain its real precision
and the average number of satellites used. As the result was determined that the average number of satellites in the area
was 10 and the horizontal error had a variation of 5 m. Therefore it was established that this value would be considered in
the tests.

(b)
Figure 1. (a) IMU LSM9DS, (b) UBLOX NEO-M8n HMC5983.

2.2 Mobile Robots Platforms

To validate the proposed system, the HelvisIIl and RAM were used. HelvisIII is an electric small-scale car-like plat-
form developed by the Laboratory of Mobile Robotics (LabRoM) of the University of Sao Paulo. Its main characteristics
can be found in Higuti et al. (2016); Velasquez et al. (2016). RAM is a mobile agriculture robot developed by the Univer-
sity of Sao Paulo and a detailed description of its main characteristics can be found in Sousa (2016). Figure 2 shows both
robots.

(b)

Figure 2. (a) Car-like experimental platform HelvislIIl, (b) RAM - Mobile agriculture Robot.

2.3 General System

Movement planning is critical for environments that may require the computation of new paths, especially in off-
road conditions, which can be divided into two layers: a long-term global system and a local planning that respects the
kinematic limits of the vehicle and avoids obstacles. As can be seen in Fig. 3, the movement planning system was
subdivided in three sections: 1. The trajectory generation; 2. The path following; and 3. The error analysis. The latter
system performs as a local planning system based on simple heuristic rules.
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Figure 3. General Path-planning System.

2.4 Trajectory generation

To use the clothoid-based movement planning system, the trajectory generation system was divided by three possibles
situations show in Fig. 4. The first step is the creation of a reference path using a clothoid transition curve. In case of
errors, the system will try to create a sub-routine from the last state to some waypoint ahead in the reference path. If not
possible, it will generate a new path to the final state from the current position.

TRAIECTORY GENERATION

Bi(xf, yf, 07) {oncmaL pamn Path following

CREATE
NEW
PATH?

——  Error

INITIAL NEW PATH SUBRQUTE PATH
STATE (PREDICTIVE TRAJECTORY)

CURRENT
STATE

GNSS  IMU

Figure 4. Trajectory Generation System.

To use the clothoid as a transition curve, it is necessary to determine the curve constant C,, for an initial robot state
A(x;,y;,6;) and a final state B(zs,ys,07). Curve constant is the tangent which forms a constant angle with a fixed
direction and it is calculated with Eq. 1.

where m is the angular coefficient of the tangent line at point n, thus m,, = tan(é,,), and X,,, Y,,, C,, are the robot
position and curve constant at a point n, respectively. Applying the position and orientation of the robot in the A and B
states, the Eq. 1 can be redefined as Eq. 2.

Ci = tan(0;)r; — y;

2
Cf = tan(ﬂf)xf — yf ( )

where Cj is the curve constant at point A and C/ is the curve constant at point B. The slowest curve constant C'; will be
at the transition point ¢t. The maximal radius allowed between A and B is shown in Eq. 3. To set a radius efficiency for
the available mobile robots, this radius, which is the minimal one, is based on the Ackermann steering system. For that
reason, the radius was determined using the robot width and length on Eq. 4.

Rypas = tan(0;)z, + Cy 3
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Due to the fact that the robot usually initiates with a longitudinal movement and only starts steering when the cruise
speed is reached, it is established that the robot requires an initial straight line movement correction. This value is
determined by the time on the robot acceleration value. Such correction is given by d term in Eq. 5, which describes the
center of the curvature at the first clothoid set.

(m? — 1)z + (2Cymy)x; + (C2 —d*) =0 6)

At the point where the directions of motion for the initial and final curves are known and the radius of the curvature
Reyrve Will be a value between the minimal and maximum radius, the next step is to determine the center point of each
of the curves through Eq. 6 and Eq. 7.

T; cosA —sin A cos 0;
Ci = [ Yi } + Reurve [ sin A cos A ] [ sin 6; ] ©)
| oy cos A —sin A cos 0;
Cr = [ Yy ] + Reurve [ sin A cos\ } { sin 6; } @

where \ € [—m, ) represents a constant value based on the heading states and it depends on the direction of motion of
the analyzed curve. After center of curvature is defined, the next step is to calculate two angles with respect to the global
system: the first one between the centers of curvature (Eq. 8) and the second one for the straight path (Eq. 9).

C,, —C,.
b — tan™! (yfy) ®)
wa - Cy'i
m . -1 2 2 2
Hstzec—i—ism)\—f—tan \/\/(Cyf —Cyi) —|—(sz —Czl.) (ri+m7f)" (ri —ry) | cosA )

The values of 6. and 6, are used to define the arc of curvature and the points of intersection. This can be done by a
method similar to that presented in the equations above. With this data is possible to draw a set of points based on the
kinematic analysis and to define the position of the vehicle at each instant ¢ = 1 second as shown in Fig. 5. The time-based
approach was used based on the platforms limitation of turning speed per second. This also allows the error system to
reduce the movement speed. At the end the system will send to the path following system a sequence of points to follow
and the cruise speed of the system.

. |
o~
- o N \ ‘B
TIME: 15 SEC - =\ |
- *x 0; |
* ~ |
TIME: 8 SEC “F Q=
7. o |
~ K _\g\2
S el e
TIME: 1 SEC x 1o ™l |
. .98 1
N | Angle | X | Y | Lat | Long
e|e ] ] -22.80671325 -47.8984234911
1 19.0985931710274 8.981584090388457| @.165129161855787| -22.8067147334378 -47.89841461306272
2 | 38.1971863420549 | 1.85518940920921 | 0.642338217669156| -22.0067190204454 | -47.8984067124623
3 57.2957795130823 2.52441295442369 1.3790930: 9! -22.006’ 6390827 -47. 348 474
4 61.927513064147 2.99500118971781 2.26144602357205 -22.8067335657004 -47.89839640271175
5 | 61.927513064147 3.46558942501193 | 3.14379896474852 -22.806741492318 -47.89839214647646
6 61.927513064147 3.93617766030604 4.082615190592499 -22.8067494189356 -47.89838789024127
7 61.927513064147 4.40676589560016 4.90850484710146 -22.8067573455533 -47.89838363400598
8 61.927513064147 4.87735413089428 5.7b585778827793 -22.8067652721709 -47.89837937777069
9 61.927513064147 5.34794236618384 6.6732107294544 -22.8067731987886 -47.898375121535310
10| 61.927513064147 5.81853060148251 | 7.55556367063087 -22.0067811254062 | -47.898370865311
11| 61.927513064147 6.28911883677663 8.437916611808735 -22.8067890520239 -47.898366609064712
12| 61.927513064147 6.75970707207075 9.32026955298382 -22.8067969786415 -47.898362352829413
13| 61.927513064147 7.23029530736487 | 10.2026224941603 -22.0068049052592 | -47.898358096594114
14| 42.8289198931196 7.96056538229085 11.2001604745518 -22.8068138666416 -47.898351491667115
15| 23.7383267220922 8.7927028552183 11.7463491409873 -22.8068187733275 -47.89834396539916

Figure 5. Path Generator and waypoints determination system simulated results for one single path.
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Figure 6. Path Generator and waypoint determination system for one single path.

2.5 Path following

Figure 6 shows a diagram of the path following subsystem, which has two steps: 1. The error calculation; and 2. The
fuzzy controller. The latter receives the value of the next step, generates the steering speed of the vehicle for the current
step and sends the heading error to Error Analysis.

Vehicle orientation control was deployed using a fuzzy closed loop control. The input 6 corresponds to the heading
angle of the next step. The error signal €y is the input of the fuzzy controller block that calculates an appropriate control
action signal U, which will be applied on the actuators of the mobile robot represented by the robot block. Triangular set
definitions were adopted similarly to exposed in Yu and Zhang (2008). Input Fuzzy Sets MN (very negative), N (negative),
Z (zero), P (positive) and MP (very positive) are represented in Fig. 7(a). The output fuzzy sets: R (right), C (Center) and
L (left) are represented in Fig. 7 (b).

/—f(e)AMN N Z
0 : VAR
0 -1
(a)

Figure 7. Fuzzy logic sets.

The defuzzified output is employed to decide the necessary commands to be applied. Those commands are shown
in Tab. 1. The controller is based on the RAM’s steering capabilities of the mobile robot: the input was set such that
the minimal steering speed was 0.0174 rad/s and the maximum was 0.087 rad/s. If the system requires a greater steering
speed, then the error will be sent to the Error Analysis and the movement speed will decrease to give more time for the
system to complete steering.

Table 1. Fuzzy output

ife=Mn | theny=R | steering left max speed
ife=Mn | theny=R | steering left

ife=27 then y = C | no steering

ife=p theny =L | steering right

ife=Mp | theny=L | steering right max speed
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2.6 Error Analysis

This section presents the Error Analysis, which considers the robot kinematic model (at low speed) and the path
determined by the clothoid. Its motion can be described by the kinematic equations present in Eq. 10.

& v(t) cos(A(t))
gl = | v(t)sin(6(t)) (10)
0 o) tan(y(t))

where v(t) is the longitudinal robot speed, L is the distance between wheel axles and (¢) is the steering angle of the
front wheels at time ¢.

As Assume v(t) # 0 and v(¢) is a continuous function and consider v(t)dt = ds to translate Eq. 10 to space-domain.
Then, knowing that df/ds is the same as x(s), which represents the curvature along the path, and that it is a linearly
varying function, then we can say that Eq. 10 describes the clothoid and that x(s) can be defined as k(s) = Cs + K
where C is the clothoid curvature slope. The system can be defined by IV points with a function, then they can be rewritten
as Eq. 11-14. More details can be found in Lima et al. (2015).

ts+1 (S _ Si)2
Tir1 = X + cos(6;) + ki(s — si) + C¢+1? ds an
Si
Sit1 . (S _ Si)2
Yitl = Yi + sin(0;) + ki(s — s4) + CiHT ds (12)
Si
12
Oiv1 = 0; + Kilip1 + C Zgl 13)
Kit1 = ki + Cig1lip (14)

where i = 1,...,N, C; andl; are the i-th clothoid curvature slope and arc-length, respectively.

The system assumes that the vehicle is always close to the original reference and the distance between the base path
and predictive path through the trajectory can be computed using simple trigonometric relations. An invisible barrier is
set over each waypoint radius, in case when the system will overcome these barriers on the next step it corrects the path
creating a new sequence of points distributed in the remaining trajectory, as shown in Fig. 8.

Control action

Predictive
Sensor data L trajectory
o
o
Ed o e
Rt
A N B

| STEP |
’ I

Figure 8. Predictive trajectory path is represented by clothoids describe with several waypoint that will make the vehicle
follow the reference path.

The barriers limits is determined by a practical analysis of the vehicle kinematics, sensors and distance from the final
position it allows that the vehicle can follow the course smoothly just by monitoring the distance until the action time up.
This allows that even with a huge disturbance the system will distribute the error along the path letting the actions at the
minimal required to complete the path. Figure 9 shows the schematic of the path planning.

As the values of IMU and GPS are updated every 100 milliseconds and the loop time of the system is 1 second then
these readings are accumulated in counters and then the system can verify the values in order to generate instructions to
the trajectory generator. These instruction are described in Tab. 2.The actions will be execute if they the counter limit
between one step to another and will reset for every step.
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Figure 9. Schematic of the predictive analysis of the system.

Table 2. Control System instructions for the heuristics rules - those actions are taking while the action loop is running to
compute before the actions are take place

Data Error Possible cause Correction Counter
Boundaries limits passed turn problems new path +5
Distance 0 or Negative GPS data is wrong | acumulate error +1
Speed too Slow or too Faster Terrain change speed adjust +1
Heading - curve Faster turning Skidded Slow turn speed +1
Heading - curve very fast turning Data is old Sub-route +2
Heading - destiny Changed Data is old Sub-route +1

2.7 Experimental results

In essence, the experimental goal consisted to keep the mobile robot in the path on the smoothest way avoiding rough
movements while keep the track. Figure 10 shows the path used in the tests we used three test courses and for each one
ten tests are made five for each vehicle. The first path is a straight line, the second one is a single curve path and the last
one is a clothoid base curve combine of 3 curves set.

Goals

Initial
Position
Path

Figure 10. Path development for test with the clothoid based.

Figure 11 and Figure 12 show the path number 1, 2 and 3 generated by the trajectory generator and the GPS data

obtained along the path.
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Figure 11. Experimental results using the reference path 1 and 2. The figure on left shows the reference and the vehicle
curvature and the figure on the right shows the obtained GNSS data.
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Figure 12. Experimental results using the reference path 3.The figure on left shows the reference and the vehicle curvature
and the figure on the right shows the obtained GNSS data.

Table 3 summarizes the obtained results. Finally, the system reads the data every second to determine the next action
and to estimate the total time. The crusade speed was set 0.3 m/s on RAM. The speed could be increase until 1 m/s
without any loss on the accuracy during the trajectory but at the curvature speed its was limited by the steering speed its
would need a action time lower than 1 second. The worst results was take on the single curvature path, based on the idea
that the algorithm will try always to maintain the R,,,, on those cases it show that GNSS accuracy was a great impact

since of the curvature requires more corrective actions from the IMU and the reference path.

Table 3. Experimental results resume.

Path Distance GNSS Final Distance | heading Error | Action time (s)
(m) (m) (m) ©) Predictive / Real
Lineal ™ 26 28+5 0+3 03403 96/95 +1
Single curve® 26 26 +2.94 3.6 £3.54 1.5+ 1 139/134 +10
Clothoid™ 35 34+486 | 235+ 1.32 0+3.0 127 /12745

(1) Speed was 0.3 m/s
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2.8 Offline sensors test

Because the goal of those tests is to evaluate the vehicle capability to determine its initial position and autonomously
follow the created path to the final state, then different initial states were used in each of the experiments. The final state
is added to the robot’s initial database to generate the trajectory from its actual state, then the algorithm keeps track if an
errors on the sensors occurs will set a counter and allow the robot continues the path following the last path calculated.
If the counter reaches the limit set then the trajectory reset and will be reconfigured, otherwise, the system will reset the
counter when the sensors get back online. Figure 13 shows the experimental offline path test, at the state A, the error on
the GNSS reach it limit and the algorithm ignore the GNSS data and keep the track using the offline path, at state B GNSS
sensor is back on and its keep the original path until reach the final state. The idea is to show that the algorithm is able to
recognize when the GNSS data is having disturbances and will try to maintain the path using the reference path and IMU
set. The algorithm will stop if stays more than 10 seconds without any response for GNSS sensor or if the 8 value is over
/2.

Offline track test

A= ONSS data offline
B= GNSS data online

Reference path

Figure 13. Path development for test with disturbance at point A to B GNSS data is offline and the system was able to
autonomous recognize and switch to the reference path based and take only the IMU data while waiting new info, at point
B the GNSS data is back and the system was able to continues to the end state.

2.9 Discussions

The maximum number of clothoids used to describe the path is dependent on the maximum allowable deviation
between the reference path and the predictive path. This path deviation can be programmed to be inversely proportional
to the objective, as control actions throughout the process of trajectory are compensate with a predictive analysis allowing
the error to be large at the initial state with less aggressive control actions.

There are limitations to clothoid curves and the curve smoothing system, in this case the physical limitations would be
the steering speed of the vehicle and the minimal curve that it can perform based on its wide. The other limitations is the
GNSS accuracy on small curves (less than 3 meters), the values on the GNSS are inefficient and the IMU data will lead
the movement. The system is capable to maintain the route without the GNSS information for some time this allow the
system reboot the sensors data in case of failure and keeps the movement forward the track.

3. CONCLUSION

In this paper, a clothoid based path was applied for path following on mobile robots. This controller formulation is
based on three steps: a trajectory generation system, a fuzzy controller and an error analysis system. The clothoid path
has been taken as an ideal solution due to its smooth curvature allowing create large prediction distance and distribute the
minimal error along the entire trajectory. The heuristics rules are used to create boundaries for the sub route system to
reduce the control actions and the curve constant is established on the clothoids. In the end, we provide validation on real
reference paths with two different mobile robots. As future work, we can consider time efficiency of the proposed system
including the longitudinal dynamics of the robots to adjust the cruise speed and the inclusion of visual sensors to study
cases with eventual path blocking.
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