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ABSTRACT

Robotics in agriculture is gaining its own significance due to scarcity of labour, hazards due to
chemical usage and various other factors. Many small scale farmers use power tiller for field
operations and the heavy autonomous farming robots are out of reach for them and are also not
suitable for their small fields. Instead of the huge and heavy autonomous vehicles small robots can
do the job in smaller field area. So, this research aims to autonomously navigate and operate the
power tiller in the wet paddy field by only using camera as the guidance provider.

Keywords: Camera, Machine Vision, Robotics, Power Tiller, Paddy field, Autonomous till-
ing, image-processing
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CHAPTER 1

INTRODUCTION

1.1 Background

Tillage is known as the manipulation of the soil with the help of physical tools. Tilling the rice field is very
important before transplanting the seedlings, because it allows the seedlings to be planted at right depth
and also results in better root penetration, seedling emergence, improvement in moisture retention capacity,
improvement in soil porosity, aeration and reduction in weed growth according to (Haefele et al., 2007).
Tilling should be repeated for 2-3 times before transplanting the seedlings. This process is generally done
by using Buffalo’s, power tiller or tractors.

Tilling in wet rice field is classified into primary and secondary tilling.

1.1.1 Primary Tilling

Primary tillage is the first soil tillage that is done after harvesting the previous crop. This operation is
undertaken when the soil is wet enough to allow plowing and strong enough to give sufficient levels of
traction. This can be done right after the crop harvest or at the beginning of the next wet season.

Primary tillage’s objective is to kill weeds and also to get a depth of 10-15cm of soft soil with varying clod
sizes.

1.1.2 Secondary Tilling

Secondary tillage is performed after completion of primary tillage. The objectives of secondary tillage are:

1. Reducing clod size

2. Weed control

3. Incorporation of fertilizers

4. Puddling

5. Leveling soil surface

Secondary workings are usually less deeper than primary tillage. In the animal powered system, the second
working is normally done with the help of moldboard plough when the field is fully submerged by water
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and saturated. Then final workings are done using peg tooth harrows to puddle the soil and make the fied
ready for planting.

In 2-wheel tractor systems, moldboard, disc harrow and rotovator are used for secondary tilling. Sometimes
peg tooth harrows are also used in the absence of rotovators. Cage wheels on the tractor help in getting the
traction in all soil types and moreover, these also help in puddling the soil.

In 4-wheel tractor systems, tined cultivators, seven-disc ploughs, offset disc ploughs and rotovators are
generally used to perform secondary tilling operations. In this system, fields could be mechanically puddled
with tractors by rotovator and leveling board or by using tractors fitted with large cage wheels and harrows.

Generally secondary workings are done for 2-3 times after primary tillage and before planting and some-
times this number could be even more. The number of secondary workings will depend on the cloddiness
of the soil, the quantity of weeds present, the quantity of fertilizer needed to be incorporated and the level
of for puddling required.

Farmers using power tiller have to go into the rice field along with it in the field which is a bit difficult. To
solve this problem [1]Lasitha Piyathilaka, Rohan Munasinghe have added a remote control unit to the tiller
so that there is no need for the farmer to go inside the rice field and he can control it using the remote control.
There are more works going on to improve the functionality and autonomous capability of the power tiller
like (Ikoma, Yoshihara, Kato, Miyazaki, & Ohishi, 2015).

1.2 Problem Statement

Small scale farmers depend on buffaloes/cows or power tillers for making the rice field. In both of the cases
farmer has to get into the soil and it is difficult to till the land.

The remote controlled power tiller by (Piyathilaka & Munasinghe, 2010) solves the problem of not getting
in the rice field but the farmer has to continuously monitor and control it.

It only saves some effort of the farmer but coming to the time spent by him in monitoring and controlling is
the same. Time also has equal or greater importance compared to the effort.

This Thesis aims at making autonomous navigation of the power tiller in the wet paddy fields using camera.

1.3 Objectives

1. Automation of the power tiller

2. Navigation of the power tiller autonomously in the paddy fields
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1.4 Scope and Limitations

1.4.1 Scope

1. Ease of use

2. Reduction of time and effort used for tilling the rice field

3. No need to be concerned about slip of the wheels

1.4.2 Limitations

1. System can change the gear

2. System involves human to start the process

3. Due to the camera’s sensitivity for outdoor lighting, the tilling can be done only in desired lighting
conditions
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CHAPTER 2

LITERATURE REVIEW

2.1 Related Works

2.1.1 Remote Control Power Tiller

The power tiller (Piyathilaka & Munasinghe, 2010) used to build the model and subsequent model vali-
dation has a 12 Hp diesel engine. The steering of the power tiller is controlled by two clutches that enable
differential drive.Two electrical linear actuators are fixed to the power tiller to control the clutches remotely.
The power tiller is controlled by a remote controller. The remote controller will send the steering controls
wirelessly to the tiller. For tilling the land by the methodology proposed in this paper the farmer will spend
the same time to monitor the field as in the manulal tilling operation.

The heading angle, longitudinal and lateral acceleration of the power tiller was obtained from the Inertial
Measurement Unit (IMU) which was mounted on the center of gravity. The Mathematical model was
formulated on the assumption that the Power tiller is being moved on a planer surface without any slip in the
wheels. The remote control power tiller developed is shown in fig 2.1 and the feedback loop for controlling
the speed is shown in fig 2.2.

Figure 2.1:: Remote Control Power tiller developed by (Piyathilaka & Munasinghe, 2010)
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Figure 2.2:: Diesel Engine Model feedback used by (Piyathilaka & Munasinghe, 2010)

2.1.2 Autonomous maneuvers of a robotic tractor for farming

The robotic tractor used by (Wang & Noguchi, 2016) was the model EG105 (YANMAR Co., Ltd., Japan)
shown in Figure 2.3. The control unit of the tractor is referred as Tractor’s Electronic Control Unit (TECU)
and it is shown in fig 2.4. The steering angle, engine speed, velocity and leveling the gear up or down
and other controls were controlled through related control units in the TECU. One CAN bus was used in
the control system for communication and diagnostics among vehicle components according to the (SAE)
J1939 standard and another CAN bus followed the ISO 11783 standard for the communication between the
robot tractor and the control PC.

The position and heading angle of the tractor were measured with the help of RTK—GPS receiver (Trimble
SPS855) and an Inertial Measurement Unit (VN100).

2.1.3 Vision based path identification to autonomously navigate robot for weeding in paddy

field

This robot system was constructed by (Choi, Han, Park, Kim, & Kim, 2015) to remove the weeds in paddy
field automatically. The robot is shown in Figure 2.5 and it uses a special type of wheel to eliminate the
weeds while moving on the path obtained by the vision sensor. The regular wheels were replaced by screws
to get the best performance in paddy field, the spinning motion of the screws made the soil turn upside down
and thus eliminating the weeds. After reaching the end of the row, all the wheels were steered 360 degrees
to change the direction and this method reduces the rice plant damage during lane change. A small engine
was used to power the DC motor which controlled the screws and steering. The real time field data was
obtained and processed to determine the path the robot should be travelling from the near-IR camera that
was located on the head of the robot.
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Figure 2.3:: Autonomous robotic tractor developed by (Wang & Noguchi, 2016)

When rice plants are sown manually all the plants are not having uniform distance from each other and this
will create a problem for the robot to navigate. So for the robot to navigate without disturbing the plants,
transplanting the rice plants with machine will be suitable because all the plants will generally have uniform
distance of about 25-30 cm. 15-50 days after transplanting the rice plants is the period when weeding
operation should be performed. This robot was also tested in this particular period. The path followed by
the robot created using the proposed NIR camera algorithm, to remove the weeds autonomously. When
the robot has reached the ending point of the row performing weeding, it will move to the next rice row as
shown in Figure 2.6.

2.1.4 A Robot System for Paddy Field Farming in Japan

YANMAR EG65 model tractor was used by (K. Tamaki, 2013) and it is shown in fig 2.7. The steering
wheel was operated by stepper motor. The speed, heading direction, etc are controlled by can-bus.

The pitch, roll and the heading angle are obtained from an IMU from JAEI model no. JCS7401a and the
positional coordinates were were obtained from Trimble MS750 RTK-GPS receiver. The error of the IMU
used was below 2 deg/min.

CAN-Bus was used to connect the sensors and the processor. ISO 11783 protocol was used for communi-
cating between these nodes. The schematic diagram of the robot is shown in fig 2.8. The same system can
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Figure 2.4:: Control unit of the robotic teactor

be fixed to various other robots like rice transplanting robot and harvesting robots.

2.2 Navigation for Autonomous Robots in Agricultural Fields

There are many different methods for path planning and navigation for autonomous vehicles that can be
sued in agricultural fields. A review of these method is done by (Mousazadeh, 2013). Triangulation based
localization and path planning is also a technique used sometimes for agricultural robots as discussed by
(Guan, Zhang, Zhang, Zhang, & Wang, 2017), (“Delaunay Network Topology Generation Algorithm
for Wireless Sensor Networks”, 2013) and (Yuen & MacDonald, 2005).

2.2.1 Global positioning system (GPS)-based navigation

These days many researchers are automating many agricultural tasks with GPS based guidance technology.
The GPS guidance systems will be responsible for providing absolute position of the robot in the field,
and the robot will be navigated based on these measurements. The user will have the GPS coordinates
of his field and by having the GPS location of the robot in the field by the sensor placed on it we can
navigate the robot to the target location. Firstly, To make the robot more accurate the most basic thing
is to get an accurate GPS coordinates. New technologies are being developed and used to make the GPS
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Figure 2.5:: Autonomous weed control robot

based navigation more accurate. Which are Differential Global Positioning System (DGPS) and Real-Time
Kinematic Global Positioning System (RTK-GPS). Both of these systems require GPS base statin to be
located at a fixed distance(specified by the manufacturer) from the receiver on the robot.

2.2.2 Simultaneous localization and mapping

Simultaneous localization and mapping is also a highly active research area. This method is mostly used
when the navigation is dependend on the camera. In this method the features and key points are extracted
from the video frame and then these are compared to the features and key points in the next frame. Based on
the deviation between the features and key points in those frames it is possible to determine the direction the
robot is moving. This method is also used in visual odometry. The process and methodology are discussed
in (Bailey & Durrant-Whyte, 2006) and (Estrada, Neira, & Tardos, 2005).

2.2.3 Laser based Navigation

Navigation using laser scanners has attracted numerous research contributions. The high popularity of the
laser scanners is because we can obtain high resolution data and it has large field of view. A lot of outdoor
applications are supported by these laser based scanners. By measuring the time of flight of the laser pulses
the sensor can determine the relative position of the objects. The upper hand of laser sensors over the visual
sensors is the ability to provide high quality data for object detection and localization.
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Figure 2.6:: Process of weed control in a paddy rice fields

This will help to operate the robot with more efficiently even when the weather conditions and illumination
conditions are changed. The laser sensor is also being used in combination with other sensors to make it less
sensitive to noise and to get more accurate results and so that the efficiency of the system can be increased.

2.2.4 Laser scanner and vision based navigation

In many applications both vision sensor and laser range scanner can be a perfect fit as the primary sensors to
autonomously navigate robots around. The combination of both machine vision and laser scanner provides
more robust guidance because they both can support each others cons and increase the object detection
capability.

2.2.5 Vision-based navigation

Vision sensors are not only being used for motion detection, person identification, text translation but also
being used widely for robot navigation because of the cost effectiveness and we are also able to obtain
huge information of the scene and steer the robot accordingly in that particular scene. Vision systems are
being widely implemented in various outdoor agricultural applications by the help of localization, map
construction, autonomous navigation, path following, inspection, monitoring, and obstacle avoidance.
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Figure 2.7:: Robot tractor used for tilling the paddy field

It helps us navigate the robot without any predefined path planing, the decisions of the navigation can be
made during real time application of the vehicle as discussed in (Güzel, 2013). The One big disadvantage
using vision sensors is its sensitivity to the change in the outdoor lightening conditions.

For agricultural applications stereo vision systems can be used to obtain a 3D field image and make the
system more cost effective. But because of its sensitivity to the outdoor lightening it should be combined
with other sensors.
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Figure 2.8:: Schematic of diagram of robots
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Table 2.1:: Comparison of papers in section 2.1

Remote control

power tiller

Autonomous maneuvers

of a robot tractor
My work

Operation Manual Autonomous Autonomous

Equipment Power Tiller Tractor Power Tiller

Controlling
Using remote

control
Using PC

2.30 GHz notebook computer

with an Intel Core i-5 with 64-bit

CPU

Navigation

Is controlled by

farmer using

the remote

control

Based on the RTK- GPS

and IMU(inertial

measurement unit)

Sony HDR-AS200V/W

Action Cam

Path Planning No path planning

Path planning should

be done by the farmer

and give to the

processor

Navigated only for

one lap

Application For soil cultivation For soil cultivation Tilling wet paddy field

Speed

Can go in in any

predefined gear with

the constant speed

of that particular gear

1m/s 0.229m/s

Mean deviation ——— 4.1cm 9.44cm
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CHAPTER 3

METHODOLOGY

The projected was started with the intention to navigate and till the paddy field using a power tiller. The
autonomous navigation of the power tiller is done by a camera. Some objects will be placed at the corners
of the field. Now we have to detect these objects and find the angle of the object w.r.t a reference point(this
reference point is the center of the y-max line), from the feed obtained from the camera and then the tiller
should be navigated accordingly.

3.1 Selection of the sensor

A lot of time was spent on deciding what kind of sensors could be used for this project. I was considering
to use RTK-GPS and for this I would need high precision RTK-GPS and high precision compass to obtain
accurate location and heading direction of the tiller.

Figure 3.1:: RTK-GPS receiver

Due to the limitation of the budget, camera was used to compensate those sensors. Coming to the cost point
of view, using only camera and a good processor is highly effective. Sony HDR-AS200V/W Action Cam
was used in this project. Table 2 shows the comparison of the mean deviation of the autonomous farming
robot by (Wang & Noguchi, 2016) and my robot.

The process flow chart is shown in fig 3.2 and the process will be explained in the further sections.
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Figure 3.2:: Entire process flowchart

3.2 Stage 1: Controlling the movement of Power Tiller

Power Tiller has two clutches to control each wheel independently. To stop the movement of left wheel
we can pull the left lever. Similarly, we can do it with the right wheel using right clutch . By using these
clutches we can control the direction of the tiller. To make the tiller come to a complete stop we can pull
both the clutches.

3.2.1 Components used in the Controller circuit.

1. Arduino uno(1)

2. 4-Channel relay(1)
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Figure 3.3:: Camera used for the project (Sony HDR-AS200V/W Action Cam)

3. Linear Actuators(2)

3.2.2 Controlling the linear servo motors

Relays are used to control these linear actuators. Signal will be sent from the arduino to control the relays.
The output of the relays will now control the linear actuators. The input signals to the relays and how it
effects the linear actuators are tabled below.

The linear actuator is attached to the clutches of the power tiller. If the linear actuator moves in the forward
direction then the clutch is released and if the linear actuator moves in the backward direction then the clutch
is pulled.

Reset button on the controller button can used for changing the control from autonomous to manual.

3.3 Stage 2: Target object detection and tracking

The object detection is done by the camera based on the color of the object.The camera is placed on the head
of the tiller as shown in fig 3.6. In this project I am using red color object as my target. For the detection
of the target, the raw camera feed is converted into HSV color space. The general video obtained from the
camera is BGR color space and in this color space all the pixels values are shown as the combination of blue,
green and red colors, whereas in the HSV color space the pixel is represented based on its hue, saturation
and intensity. This will make it easier to detect the exact colors easily. Figure 3.5 shows the HSV color
space and this image source is from (Hanzra, 2015).
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Figure 3.4:: Block Diagram

Table 3.1:: Inputs and Outputs of the relays

Input-1(Arduino) Input-2(Arduino) Output(Linear Actuator)

LOW LOW Idle

LOW HIGH Moves Forward

HIGH LOW Moves Backward

HIGH HIGH Idle

This HSV color space is used to make a mask such that it passes only the red color intensity that the target
object has. The intensity of the red color can be made precise to match the intensity of the target object.
But, as the image processing is done outdoor, the lighting conditions are not same all the time. Due to this,
one particular range of intensity is not sufficient to make the mask. We have to go a bit out of range from
the target object’s color intensity. This kind of methodology was used by (Ghurchian, Takahashi, Wang,
& Nakano, 2002) for autonomous navigation of robot on roads.

Now we will obtain a binary image and then this will be morphologically dilated. Morphological dilation is
enlarging the foreground at the borders with a structuring element. Figure 3.8 shows the result of a binary im-
age being morpologically dilated by a 3x3 structuring element. This image was taken from (Robert Fisher
& Wolfart, 2003).

A bounding circle is made around target detected in the morpologially dilated binary image . After detection,
we have to find the center of the target and make a bounding around it and then a reference point(the center

16



Figure 3.5:: HSV color space

of the y-max line is taken) is taken and the angle between the center of the target w.r.t to the reference is
calculated. Based on this angle we can know the position of the target.

In Fig 3.9 the green color semicircle is the reference point and the red color is the target. The angle between
these two points is calculated and sent to the controller. Controlling part will be discussed in section 3.4.
The position of the target can be anywhere in the camera frame shown in fig 3.9.

Figure 3.10 shows some of the positions where the object to be detected is located.

3.4 Stage 3: Navigation

From the previous stage we determine the position based on the angle that was calculated. This angle will
be referred as Target angle. In this project the navigation is done only for one lap. Stage 3 is divided into 2
different parts

17



Figure 3.6:: Shows the camera position on the tiller

3.4.1 part (a): Heading towards the target object

Case(i):0 < � < 85

When the target is in the yellow region of the figure 3.12 then the controller will make the Power Tiller
turn right. As the tiller is taking right turn the position of the target will change w.r.t the target angle. The
position of the target will slowly move to case(ii) if the conditions are normal. But if there is any slip or
some rocks or uneven surface that makes the turn faster then the target could be in the case(iii) region. If
the target angle is changed and doesn’t belong to this case then the controller will perform according to that
particular case.

Case(ii) : �85 � � � 85

If the target is in the yellow region in the figure 3.13 , then the power tiller is commanded to move straight,
without taking any turns. As the paddy field is completely muddy there could be some slip and the direction
of the tiller could change and the target angle will also change. The target angle could be changed to case(i)
or case(iii). The goal is to position the power tiller such that the target is in case(ii) region always. If the
target region is changed, the controller is programmed to change the direction of the power tiller so that the
target would be in case(ii) region
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Figure 3.7:: Flow chart of the object detection

Case (iii): �85 < � < �1

If the target is in this particular region shown in figure 3.14, then the controller will make the power tiller to
take left turn. As the tiller is turning left the position of the target will change w.r.t the tiller. The tiller will
be turning left until the target angel is changed to case(ii) or case (i). This methodology is very effective
than using GPS, because there is no need to consider the slip. If there is any slip and the direction of the
tiller is changed then the controller will turn the tiller back to its ideal position.
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Figure 3.8:: Result of morphological dilation with 3x3 structuring element

3.4.2 part (b): Making u-turn

The power tiller will be guided to the target by the method discussed in part(a). The goal of this project is
navigate the tiller for one complete lap. So after reaching the first target the tiller should make a u-turn and
head back to the second target.

The navigation of the tiller to the target object is done by using a camera and the same camera is used to
determine if the tiller has reached the first target. In this process the area of the target object is considered.
As the tiller is going close to the target the area of the target will increase. A threshold area is defined and
if the area is greater than the threshold then the tiller commanded to make a right turn and then the camera
feed will be paused for a few seconds so that the tiller will take a u-turn. After many trials an optimum of
21sec were found to be suitable for the tiller to take an U-turn.

3.4.3 part (c): Stopping after reaching the final destination

After the U-turn the first target is not anymore present in the camera frame. After the pause time, the camera
feed will be processed again and by this time, the second target will be in the camera frame. The second
target is also the same red colored object. Hence there is no necessary for any more further addition in the
methodology. The tiller will be heading to the second target by the same conditions that was mentioned
above and after reaching the second target the tiler will come to a complete stop.

3.4.4 When there is no detection on the target

If the camera doesn’t detect the target or there is no target in the camera frame then the tiller will stop.
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Figure 3.9:: Hypothesis camera frame

3.4.5 Mechanical Design

The power tiller that was used was only having two wheels and hence it couldn’t balance by it self. So, a
mechanical design was made in order to attach an extra wheel. Linear actuators are also attached to this
design as shown in fig 3.15 and fig 3.16.
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Figure 3.10:: Images with the objects to be detected

Figure 3.11:: Flow diagram for navigation
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Left Motor Right Motor

Turn Left moves backward moves forward

Turn Right moves forward moves backward

Go Straight moves forward moves forward

U-turn moves forward moves backward

Table 3.2:: Controlling the motors

Figure 3.12:: First case for the object detection
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Figure 3.13:: Second case for the object detection
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Figure 3.14:: Third case for the object detection

25



Figure 3.15:: Mechanical Design

Figure 3.16:: Front view and side view of the design
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CHAPTER 4

EXPERIMENTAL RESULTS

In this chapter I will be showing the results of object detection and tracking in field like environment.And
the actual path travelled by the power tiller autonomously in the real wet paddy field will be compared to
the ground truth.

4.1 Object Detection

Figure 3.10 shows the images with the object to be detected. From these images a mask is made to extract
the object only, leaving all other parts of the image. This mask is then used to detect the object. If we pass
the original image through this mask then we can get the object to be tracked. Masks of figure 3.10 are
shown in figure 4.1 and the detected objects are shown in figure 4.2

Figure 4.1:: Masks of the figure 3.10

27



Figure 4.2:: Detection of the target objects form the figure 3.10

4.2 Navigation

As the target object was detected in the previous section, now it will be tracked w.r.t a reference point. The
reference point and the target object will be connected by a line on the camera frame. This is shown in figure
4.3.

Figure 4.3:: Tracking the angle of the target objects form the figure 3.10

Figure 4.4 and 4.5 show the tracking of the target and also the angle. The target angle in figure 4.4 is
-73�hence it belongs to case(iii) of section 3.4.1 hence tiller will now be commanded to take a right turn.
In figure 4.5 the target angle is 86�which belongs to case(ii) of section 3.4.1, so the tiller will now keep on
moving straight until the target angle is between -85�and 85�.
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Figure 4.4:: -73�target angle

Figure 4.5:: 86�target angle

4.2.1 Heading towards to the target object

Testing of the tiller was done in field like environment. The target object was placed over 20 meters away
from the tiller. In this case the power is only being tested to head towards the target object-1 as shown in in
fig 4.6. Taking a u-turn and heading back to the target object-2 will be shown in section 4.3

Fig 4.7 shows how target object is being tracked during the testing. The red color target object is enclosed
in the circle shown in yellow color and the reference point is represented by the red color semicircle at the
bottom of the figure. The green color line is drawn form the center of the circle to the reference point to have
a good visual of how the tiller is deviating during the navigation. The navigation is based on the algorithm
discussed in the section 3.4. Based on this algorithm controls will be sent to the control system and when
the tiller is heading to the wrong direction then the navigation algorithm will help the tiller to re-position
back into the correct direction.
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Figure 4.6:: Testing the tiller in field environment

Fig 4.8 shows the camera view when the tiller reached the target destination.

4.3 Tiller navigating autonomously in the real paddy field

The tilling operation is performed for field length of 20 meters and for two lanes. The power tiller will be
heading to the target object-1 in the first lane and after reaching the object-1 it will take a u-turn in order to
head back to the target object-2 in the second lane and comes to a complete stop when it has reached target
object-2.

4.3.1 Starting position of the power tiller

The two target objects are placed at a distance of 20 meters and the tiller is also positioned such that it’s is
around 170cm ahead the target object-2, as shown in fig 4.9. This kind of positioning is done because the
tiller will take u-turn around 2 meters before the target object-1 and while returning back it will stop about
1 meter before the target object-2. Hence the total length of the field the actual tilling will be done is 17
meters.

4.3.2 Taking U-turn

The area of the target object is being tracked to determine how far away the tiller is away from the target,
as the tiller goes closer to the target object the target object area keeps on increasing and at a particular
threshold value of the area the tiller will take u-turn.
The fig 4.10 shows the tiller taking a u-turn 204.6 meters before the target object-1.
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Figure 4.7:: Tracking the target object while testing

4.3.3 Coming to a Final Stop

Fig 4.11 and 4.12 shows side view and front-view of the tiller coming to a final stop respectively. The same
method as we discussed in section 4.3.2 will be used to determine how far the target object is from the tiller.
The tiller will come to a complete stop around 1 meter before the target object-2

4.4 Comparison of the path travelled by the power tiller to ground truth

Two tests were performed to compare the path travelled by the power tiller autonomously to the ground
truth.
For every 50cm a flag was placed to represent the path travelled by the tiller autonomously and compared to
the ground truth. In fig 4.14a flags represent the path travelled by the power tiller and the red line represents
the ground truth. The deviation of all the points from the ground truth were plotted in fig 4.13b and fig 4.14b.

In the results of the first test shown in fig 4.13b. The mean is calculated separately for both the lanes. (0,0) is
the start point of the tiller. The maximum deviation while heading to the target object at (0,2000) is ’-28.9cm’
and mean is ’-8.811cm’. The maximum deviation while returning back to target object-2 after taking u-turn
is ’+73.3cm’ and mean is ’27.703cm’. The maximum deviation for the complete lap is ’+73.3cm’ while
taking u-turn and as the tiller is heading back it is correcting its direction and adjusting back to the correct
lane.

In the second test results shown in fig 4.14b. The starting point for this case is also at (0,0) and the maximum
deviation while heading to the target object at (0,2000) is ’-34.2cm’ and mean is ’-15.313cm’. The maximum
deviation while returning back to target object-2 after taking u-turn is ’+69.8cm’ and mean is ’31.844cm’.
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Figure 4.8:: Tiller has reached the target destination

Figure 4.9:: Starting position of the power tiller

The maximum deviation for the complete lap is ’+69.8cm’, which is also while taking u-turn and as the tiller
is heading back it is correcting its direction and adjusting back to the correct lane.
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