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ABSTRACT
With vast improvements in computing power in the last two decades, humans have
invested significantly in engineering resources in an attempt to automate labor intensive or
dangerous tasks. A particularly dangerous and labor-intensive task is painting lines on roads for
facilitating urban mobility. This thesis proposes an approach to automate the process of painting
lines on the ground using an autonomous ground vehicle (AGV) fitted with a stabilized painting
mechanism. The AGV accepts Global Positioning System (GPS) coordinates for waypoint
navigation. A computer vision algorithm is developed to provide vision feedback to stabilize the
painting mechanism. The system is demonstrated to follow an input desired trajectory and cancel
any high frequency vibrations due to the uneven terrain that the vehicle is traversing. Also, the
stabilizing system is able to eliminate the long-term drift (due to inaccurate GPS waypoint
navigation) using the complementary vision system.

Design and Development of an Autonomous Line Painting System

Navneet Singh Nagi
GENERAL AUDIENCE ABSTRACT
There is a need to develop an automated system capable of painting lines on the ground
with minimal human intervention as the current methods to paint lines on the ground are
inefficient, labor intensive, and dangerous. The human input to such a system is limited to the
determination of the desired trajectory of the line to be drawn.
This thesis presents the design and development of an autonomous line painting system
that includes an autonomous ground vehicle (capable of following GPS waypoints) integrated
with an automatic line painting mechanism. As the vehicle traverses the ground, it experiences
disturbances due to the interaction between the wheels and the ground, and also a long-term drift
due to inaccurate tracking of the input GPS coordinates. In order to compensate for these
disturbances, a vision system is implemented providing feedback to a stabilizing arm. This
automated system is able to demonstrate the capability to follow a square trajectory defined by
GPS coordinates while compensating for the disturbances.
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Chapter 1: Introduction and Background
1.1 Motivation:
Automation of day-to-day tasks in order to reduce capital consumption and increase the
overall work efficiency has been an active area of research since the advent of industrial
automation and modern control. Autonomous systems have helped reduce costs, increased output
and helped mitigate occupational hazards. Road work zones pose a major hazard to workers on
highways as they are exposed to motor vehicle traffic travelling at speeds of up to 75 mph in
close proximity. Highway work zones also pose a hazard to the motorists as they have to face
abrupt lane changes with the lanes lined with an array of barrels and signs. This is a major
occupational hazard for the workers as there have been an average of 669 fatalities per year from
2007 through 2012 [1] with 609 fatalities in 2012 alone [2]. Between 2003 and 2010, 962
workers were killed while working on the road work site when struck by a vehicle [1].
Considering the high number of fatalities (mid-600s) in the past decade, the conventional
methods of ensuring safety and hazard reduction/prevention have not been effective.
The need to maintain the vast network of the USA’s highways and to upkeep safety
without compromising the lives of the workers, provides the prime motivation for the effort to
develop an autonomous solution. With the road network spanning 6,586,610 km in the United
States [5] and expanding, huge time and cost savings can be achieved if one of the several
processes of road-construction can be automated. Comparatively trivial steps in road
construction like painting the pavement makers/lines can potentially be automated to bring large
savings in time, money, and human effort and at the same time reducing the exposure of human
life to the hazards of fast-moving traffic.
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1.2 Current Road Marking Options
Road markings can fade away over time and require repainting to adhere to safety
standards. This is a laborious process that requires time, manpower, and expensive machines.
Usually, a truck outfitted with a spraying mechanism (see Figure 1.1) is driven with one person
driving the truck, and up to 3 workers operating the painting mechanism. In other instances, a
line painting machine is used which is operated by a team of about 2 workers. Hence, by
automating this process, an average of 2 workers per machine can be protected from exposure to
fast moving vehicles.
(a)

(b)

Figure 1.1 (a) An entire truck outfitted with paint sprayers [3], and (b) Workers using a
specialized carriage fitted with sprayers to paint markings, the paint reservoir
and pump are on the truck behind them [4].
1.3 Automated Platforms
With the recent improvement in technologies in vehicle guidance and localization,
Autonomous Ground Vehicles (AGVs) have been developed with the capability of following
GPS waypoints. Such AGVs can serve as platforms for automating processes such as line
painting. A painting mechanism can easily be added to an AGV and implemented to automate
the task of painting the road markings. Deployment of such autonomous systems to paint the
road markings is economical as they can work for vast distances continuously with minimal
human intervention and can be monitored remotely. An AGV fitted with a painting mechanism
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coupled with a GPS sensor, a heading sensor, and a vision sensor, is capable of drawing a perfect
line or a curve.
1.4 Background and Literature Review:
In this application, the simplest capability of an autonomous system is explored by
drawing a square with a 10m side, while robustly cancelling out the disturbances due to the
uneven surface on which the line is being drawn. This section discusses the sub system
technologies, the literature reviewed to determine the best hardware and software solutions
implemented to achieve the final goal.
1.4.1 AGVs
AGVs are ground vehicles which usually have the capability of following GPS
waypoints. The DySMAC (Dynamic Systems Modeling and Control) lab at Virginia Tech has
developed an AGV (see Figure 1.2) for general purpose research. It can be controlled in
autonomous mode wherein the AGV follows a set of GPS coordinates or non-autonomous mode
wherein the operator can use either a Microsoft XBox controller or a radio transmitter to control
the vehicle. The sensors on the AGV include a GPS, accelerometers, gyroscopes and a compass,
for guidance and navigation. All its sensors and actuators are controlled using an onboard
computer and data communication is carried out using serial and ethernet protocols.
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(a)

(b)

Figure1.2 (a)The AGV developed at DySMAC lab, Virginia Tech [6], (b) The 3 axes of
rotation
1.4.2 Computer Vision
Computer Vision (CV) is used in a wide range of industries as means to automatically
perceive and understand the localization information of an object in an input image and use this
information for feedback purposes. Vision based feedback offers greater flexibility in obtaining
the localization of an object with respect to another object, as opposed to other types of sensors
used for feedback. Figure 1.3 shows a CV implementation to perform tracking. Only a CV
system is capable of solving this particular problem of pointing and tracking a particular object
in the scene.
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(a)

(b)

Figure 1.3 (a) shows a camera (as a part of a CV system) on a 2-axis gimbal to perform
pointing and tracking. (b) Shows the image frame which shows two positions of
the camera rotated about the azimuth angle, about r in (a) [7]
In this application, a CV-based system is implemented as a means to obtain a visual
reference for controlling the actuator to actuate the end effector (painting mechanism). The
vision system acquires the image of the scene behind the AGV as the vehicle moves forward
while painting the line, isolates the painted line, measures its position with respect to the vehicle,
and determines the reference/target input for the controller for the actuator to maintain a straight
line. This is the solution implemented for correcting the bias introduced by errors in the GPS
waypoint navigation of the AGV. The following paragraphs discuss the solutions researched to
develop the CV algorithm to generate vision feedback.
A fundamental step of the CV-based feedback in this application is to detect the line
drawn at various lighting conditions. One technique of separating an object from the background
is called Image Thresholding. Image thresholding is a process where the intensity value of a
pixel in a 8-bit depth greyscale image, p(x,y) is set either 255, or 0 depending on a local adaptive
threshold value, t(x,y).
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Equation 1.1 shows the final value, s of the particular pixel:
255,
𝑠(𝑥, 𝑦) = {
0,

𝑖𝑓 𝑝(𝑥, 𝑦) > 𝑡(𝑥, 𝑦)
}
𝑖𝑓 𝑝(𝑥, 𝑦) ≤ 𝑡(𝑥, 𝑦)

(1.1)

The choice of the threshold t(x,y) can be made automatically depending on an adaptive
thresholding algorithm.
According to [8], disturbances in the image include other lines in the frame, non-line
markings, vehicles, shadows, sun-glare, water and so on. For line detection, this paper discusses
the implementation of an image segmentation algorithm based on prior knowledge, statistical
information, and the width of the markings in the bird’s eye view of the image to obtain an
adaptive threshold value. The authors in [8] consider three classes of road surfaces: roads with no
disturbances, with few disturbances, with higher disturbances, and test the performance of the
thresholding algorithm. Figure 1.4 shows results of this algorithm to threshold the input image in
the presence of disturbances.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 1.4 (a) Original image, (b) Adaptively thresholded image, (c) contours of the white
area, (d) modified binary image, (e) Bird’s eye view of the image, and (f) Lines
fitted on the original image
In [9] a color-based method is discussed to detect lanes in the presence of disturbances, in
which an RGB image is transformed into I1 I2 I3 space, and the I2 space is used for further
processing. A Sobel filter is used to generate an edge image from the I2 image. The edge image
(or edge map) is then binarized using equation 1.2.

𝑒(𝑖, 𝑗) = {

1, 𝑖𝑓 ℎ(𝑖, 𝑗) ≥ 𝑚(𝑖, 𝑗)/𝑘
}
0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

(1.2)

where, h(i,j) is the intensity value of the pixel at row i, column j in the edge image, m(i,j)
is the highest intensity value inside a window (Kernel) of a specific shape and size, and k is a
constant. This results in a binary image with connected components which is further processed to
obtain the potential line markings. Such a method has been demonstrated to be robust against
disturbances.
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Another adaptive thresholding method is discussed in [11] where an adaptive
thresholding algorithm is used with the formula provided in equation 1.3 for calculating the
threshold value.
∑(𝑏−1)/2
𝑖=−(𝑏−1)/2 𝑝(𝑥 + 𝑖, 𝑦 + 𝑖)𝑤(𝑥+𝑖,𝑦+𝑖)
𝑡(𝑥, 𝑦) = (
) − 𝑐, 𝑖 ≠ 0
∑(𝑏−1)/2
𝑤
𝑖=−(𝑏−1)/2 (𝑥+𝑖,𝑦+𝑖)

(1.3)

In 1.5, p(x,y) is the intensity value of the pixel (x,y), t(x,y) represents the local adaptive
threshold value. 𝑤(𝑥+𝑖,𝑦+𝑖) is weight value of pixel (x+i, y+i), weighed according to a Gaussian
function from the center. b is the size of the region enclosed by the Gaussian function and is an
odd number, and c is a constant. In [10], the authors compare entropy-based algorithms for
adaptive image thresholding, including Otsu’s method. Out of the thresholding methods
reviewed, Otsu’s method turned out to be the most effective and it was easy to implement. Also,
Otsu’s method has been popular and computationally efficient [12].
After thresholding, the next step is to generate a coordinate transform that maps the pixel
space to the real-world space. Inverse Perspective Mapping (IPM) provides a way to determine
the relative position of the AGV to the line/lane drawn behind it in order to generate the correct
reference angle for the controller to follow. In [11], [13] and [14], IPM is used to relate the world
frame to the camera frame by generating a bird’s eye view of the scene captured on the image
frame. The world frame and the image frame are shown in Figure 1.5 (a). The image frame
position, (𝑢,
̂ 𝑣̂) is determined by the camera position with respect to the world frame (𝑥̂, 𝑦̂, 𝑧̂), p is
a point on the world frame, and q is the corresponding point in the image frame. The rectification
of perspective effect is important because in perspective view, different pixels represent different
positions on the road as shown in Figure 1.5 (b). This is helpful for knowing the exact position of
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the line with respect to the point of rotation of the painting arm, so that the reference angle is
easily determined. However, this process does not account for the barrel distortion of the lens.
(a)

(b)

Figure 1.5 (a) Depiction of the image frame and the world frame. (b) Due to the perspective
effects different portions of the road are represented by different pixels [13]

9

In [8], [13], and [15], the authors use Hough transform to detect lines after image
segmentation, filtration, and performing IPM, with the assumption of a flat ground. However, a
drawback is that, with the presence of non-lane markings, false detections can occur and the
computation time is usually large. An algorithm is proposed in [14] for the purpose of scanning
the processed image row by row and determining the markings based on adjacent intensity
values, and the centers and the width of the markings are identified based on a set of constraints.
The histogram of the width values is computed, low pass filtered to obtain the optimal width
value of the lane marking. This algorithm does not fit the lines or the curves detected. In [16], the
use of frequency domain-based techniques is studied to solve the lane detection problem in a
Bayesian setting. The frequency domain lane detection technique performs better than spatial
techniques when it comes to “distractions” such as cracks on the ground.
Random Sample Consensus (RANSAC), and other robust fitting methods such as the
Bisquare method are other methods investigated for line fitting [17].
1.4.3 Arm and Painting Mechanisms
The AGV serves as a mobile ground robot, designed as a platform for general-purpose
research, and is capable of following a path defined by GPS coordinates. However, it is
susceptible to high frequency jitters due to the bumps on the surface it traverses on or long-term
drift due to the errors in the GPS waypoint navigation. Attaching a painting mechanism without
active control to the AGV would result in non-straight lines subject to imperfections rendered by
the jitters and the long-term drift of the AGV when traversing long distances. A stabilizing
mechanism is required to counter the effects of the noise and stabilize the painting mechanism.
The stabilization is achieved by implementing a feedback loop to counter the high frequency
jitters, and to follow a reference trajectory defined by the vision system.
10

An arm mechanism is proposed similar to that of a double gimbal stabilization system, 2
Degrees of Freedom (DOF); however, since the AGV would be travelling on level ground (with
occasional bumps), a 1 DOF stabilizing mechanism would be sufficient to stabilize the end
effector (painting mechanism). In [7], the authors demonstrate a gimbal stabilized system
capable of performing visual line-of-sight tracking based on feedback from a computer vision
system. In this application, the gimbal system is coupled with an aerial platform which is subject
to roll, pitch and yaw and also medium to high frequency vibration (noise) and implements
feedback from a vision system coupled with an image processing algorithm to track an object of
interest in the scene. In our application, we assume that the ground robot can only steer, hence
we provide just one DOF by installing one actuator with the plane of rotation parallel to the
horizontal plane as depicted in Figure 1.2.
According to a cost-effectiveness study of the pavement markings, water-based paint was
the most cost effective for rural areas [18]. The scope of work discussed in this thesis allowed for
using commercial spray paint cans with a custom-designed painting mechanism.
1.4.4 Actuators and Control Systems
Selecting the right actuator with adequate torque to drive the painting arm is very
important. A robust controller which can control plants with unknown/changing parameters
would be required for controlling the actuator with minimum overshoot and quickest rise time. A
Model Reference Adaptive Controller (MRAC) was investigated to robustly control the actuator.
However, a servo actuator, Robotis Dynamixel EX 106 for high angular resolution and torque
applications was already available. After testing the actuator performance for position control,
the actuator was deemed suitable to actuate the stabilizing arm. The actuator implements a robust
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controller which can accept target position values, enabling the user to implement an open loop
control scheme when the actuator is integrated with the overall painting system.
1.5 Objectives
Designing, constructing, testing, and demonstrating the painting mechanism with the
associated vision sensor and AHRS implemented on the AGV platform is the goal of this work.
The final demonstration includes the robot successfully painting a 10m square defined by GPS
coordinates. Review of the literature referring to autonomous ground painting robots did not
reveal an AGV capable autonomously painting lines on the ground, hence the research presented
in this thesis is unique.
In a broader perspective, this research aims at demonstrating the technology to develop
AGVs capable of painting a range of pavement markings with minimal human intervention.
Eventually, the goal is to use this technology and develop systems to be adopted as a
conventional method of painting ground markings.
1.6 Outline of This Thesis
In Chapter 2, the painting mechanism design is discussed. This includes the hardware
design, the arm assembly and the sprayer attachment construction, the electronics: actuators,
sensors, support electronics, and their general layout. Chapter 2 also includes the control
software implementation. Chapter 3 discusses the design and implementation of the CV system
including fundamental image processing techniques used to achieve the processed image and
results. Also included are the equations developed to calculate the reference angle for the arm
controller input along with the Matlab ® and LabVIEW ® implementation of the code. Chapter
4 discusses the test platform, the AGV, its sensor suite, capabilities and performance of the GPS
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following capability. Chapter 5 discusses the system integration (LabVIEW implementation), the
testing of the CV code using simulated and real images for the purpose of setting optimal values
for the thresholds in the CV algorithm. In chapter 6, the results of the final demo are presented,
and a discussion is provided regarding the fulfillment of the objectives of this research. Chapter 7
discusses the conclusion and future work.
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Chapter 2: Design and Development of the Painting System
This section discusses the design and manufacture of the hardware constituting the
painting mechanism. The painting mechanism (also called the arm) is designed to allow easy
integration with the AGV. The hardware is designed on Creo Parametric ®, a CAD software, and
the designed parts are manufactured using rapid prototyping on the Makerbot Replicator ® 3D
printer. The frame hardware used to build the arm is the T-slotted aluminum framing extrusion,
and associated fasteners. The controlled actuation of various parts of the system is achieved by
implementing servo actuators of appropriate torque ratings. A vision sensor keeps track of the
line drawn and provides future reference angular positions of the arm as the AGV moves
forward. An Attitude and Heading Reference System (AHRS) is used to correct the noise
introduced ground irregularities about the yaw axis of the AGV.
2.1 Mechanical design
The requirement for the painting mechanism is that the arm must eliminate the effect of
the high frequency displacement in the 𝑟1 𝑟2 plane as shown in Figure 1.2 due to ground
irregularities. Also, there is a possibility that the AGV will drift from the intended path due to the
change in the local topology of the ground, or due to GPS drift from one waypoint to another,
needing correction. To correct the long-term bias and the high frequency noise, a 1DOF rotating
arm is proposed, rotating in the 𝑟1 𝑟2 plane (Figure 1.2). As shown in the graphic depicted in
Figure 2.1, one end of the arm (in red) is directly attached to the actuator (the black rectangle)
that facilitates the rotation, which in turn is connected to the aft of the robot. The 1 DOF painting
arm is equipped with an end effector: the painting/spray mechanism as shown in Figure 2.1,
green dot. The rest of this sub-section discusses the details of the individual parts that compose
this mechanism.
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Figure 2.1 A side-view graphic of the AGV showing the yaw axis, yr and the painting arm
rotation axis, ya. Also shown is the general layout of the components of the
painting system. (Not to scale)
2.1.1 Arm
The arm is designed to be a 1-DOF rigid bar allowing rotation around the axis 𝑦𝑎 as
shown in the graphic represented in Figure 2.1. Its simple design allows for quick simulations
and easy manufacturing. There are 4 parts that constitute the arm: the upper actuator adapter,
lower actuator adapter, bar, and the t-bracket (see table 2.1). The manufacturing process for the
actuator adapters and the t-bracket involves designing the parts on Creo Parametric ®, a CAD
design and simulator software by PTC, converting the CAD model into STereoLithography
(STL) files, uploading the STL file onto the MakerBot Replicator ® 3D printer (as shown in
Figure 2.2), for rapid prototyping.
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Figure 2.2 The MakerBot Replicator ® 3D printer situated at the DySMAC Lab, Virginia
Tech [19]
In order to provide high strength to the 3D printed parts, the part density was set at 80%
while manufacturing. The part density is set to the optimal value suggested by MakerBot ®, and
no further material strength analysis was performed as it is beyond the scope of this thesis. The
CAD models, the manufactured parts and the associated descriptions are provided in table 2.1.
Table 2.1 The individual parts constituting the arm assembly:
CAD Model

Manufactured Part

(a)

Upper Actuator Adapter: This 3D printed part integrates the arm with the actuator.
The blue axis coincides with the axis of rotation of the actuator. This, along with the
lower actuator adapter couples the arm assembly to the actuator.
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(b)

Lower Actuator Adapter: Provides support to the Upper Actuator Adaptor to prevent
excessive bending. This in conjugation with the upper actuator adapter completes the
integration of the arm assembly with the actuator.
(c)

Bar: Slotted aluminum extrusion, 304.8mm x 20mm x 20mm forms the support to
connect the painting mechanism to the actuator.

17

(d)

T-Bracket: 3D-printed bracket to connect the end effector to the arm assembly.
(e)

The Arm Assembly: The red bounding box shows all the components constituting the
Arm
2.1.2 End Effector: The Spraying System Assembly
The Spraying system design objectives are:
1. To quickly attach to the arm, with a single fastener connecting the arm and the spraying
system assembly.
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2. To hold a standard water-based spray painting can (Figure 2.3) without slippage, as well
as providing rigidity with easy means to replace spray painting cans.
(a)

(b)

Figure 2.3 (a) Commercial water-based spray painting can, (b) Nozzle, releases the paint
spray when pushed sideways while the can is inverted at an angle with respect to
the ground [20]
There are 4 parts that constitute the spraying system assembly: curved brackets, 45degree brackets, vertical bar, angled bar. The curved brackets and the 45-degree brackets are
custom designed using Creo Parametric ® and manufactured in the same fashion as the 3D
printed parts discussed in section 2.1.1 with 80%-part density. The vertical bar and the angled
bar are cut from T-slotted aluminum extrusion. The CAD models, the manufactured parts and
descriptions of the parts discussed in this section are provided in table 2.2.
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Table 2.2 The individual parts constituting the End Effector: The Spraying System Assembly
CAD Model

Manufactured Part

(a)

Curved Bracket: 4 of these wrap around the spraying can and hold it in place by
friction.
(b)

45-degree adapter: Attaches the vertical bar with the angled bar.
(c)

Vertical Bar: Slotted aluminum extrusion, Connects the end effector to the arm assembly
Angled bar: Supports the 4 curved brackets to hold the paint can.
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(d)

The Spraying System Assembly: This subsystem then attaches to the arm discussed in
section 2.2.1

2.1.3 Spraying Mechanism
The spraying mechanism is used to automatically activate the spraying nozzle of the paint
can. This assembly attaches directly onto the spray can head (Figure 2.3 b) and is fastened using
screws. A micro servo (described in detail in section 2.2.1) actuator is used to activate the nozzle
(pushing it sideways as explained in Figure 2.3 b) is also integrated into this assembly. The
Spraying Mechanism is composed of three 3D printed parts. The CAD models, the manufactured
parts and descriptions of the parts discussed in this section are provided in table 2.3. The final
hardware assembly is provided in table 2.3. A preliminary test was performed to determine the
optimal linear speed of spraying the line so that a line of appropriate thickness is generated to be
visible by the vision sensor.
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Table 2.3 The individual parts constituting the Spraying Mechanism
CAD Model

Manufactured Part

(a)

Can Adapter Left: part 1 of the assembly coupling the servo with the spray can.
(b)

Can Adapter Right: part 2 of the assembly coupling the servo with the spray can.
(c)

Hammer: Attaches directly onto the micro-servo actuator shaft to actuate the paint can
spray nozzle.
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(d)

The Spraying System Assembly: The micro-servo motor (red bounding box) rotates
the hammer hence bending the nozzle, releasing the spray of paint.

2.1.4 Adapter Frame
An adapter frame using T-slotted extrusion is also assembled to integrate the painting
arm (with the painting mechanism, end effector attached), and the camera to the AGV. Machine
screws and hex nuts are used as fasteners. Figure 2.4 shows the frame built to integrate the arm
actuator and the vision system to the AGV. The servo is directly bolted using hex nuts to the
frame (Figure 2.5 a, and Figure 2.5 b) and the camera is screwed on to a 3D printed holder
(Figure 2.6 a, Figure 2.6 b, and Figure 2.6 c), and attached to the frame using machine screws.
The entire frame assembly is coupled to the AGV using C-clamps, see Figure 2.5 b and Figure
2.5 c.
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(a)

(b)
Frame to AGV
coupling points

Figure 2.4 (a) The side 1 of the adapter frame, (b) The side 2 of the adapter frame, attaches
to the back of the AGV, at the depicted attachment points. The attachment is
done using C-clamps
(a)

(b)

(c)
C-clamp

Figure 2.5 (a) The milled aluminum holder that interfaces the servo actuator and the
adapter frame, (b) The mounting points on adapter frame for integrating the
actuator with frame, (c) The aluminum holder screwed onto the adapter frame
using hex nuts
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(a)

(b)

(c)

(d)

Figure 2.6 (a) The CAD model of the camera adapter to integrate the camera to the frame,
(b) The 3D printed camera adapter, (c) The top view of the camera interfacing
with the adapter frame, (d) Another view of the camera adapter-adapter frame
interface.
2.1.5 Hardware Layout and Operating Conditions
The full assembly is shown in Figures 2.7 (a) and (b). These figures show the subassemblies integrated to form the overall painting system, including: the painting arm, the endeffector (spraying mechanism), and the adapter frame.
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(a)

(b)

Figure 2.7 (a) CAD rendering of the full hardware assembly, (b) Full hardware assembly
A test was performed to test the quality of the sprayed line on grass and to determine the
optimal speed of the AGV based on the line quality. The quality is defined by the line width as
perceived by the camera, at a fixed lens exposure setting.
The objective of this test is to determine the upper bound on the speed of the robot based
on the line quality. The painting system was run at 3 different speeds and the optimal speed was
determined based on inspecting the highest quality line drawn. Based on recommendations of
Rust Oleum®, the can is held at 5 inches above the ground, to spray a targeted 2-inch-wide
stripe. The width of the line depends on the speed at which the can traverses. The results are
shown in Figure 2.8.
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(a) Speed 1: 0.5 m/s

(b) Speed 2: 1 m/s

(c) Speed 3: 1.5 m/s

Line width ≈ 2 inches

Line width ≈ 1 inch

Line width ≈ 1 inch

Figure 2.8 Resulting images from running the inverted paint can at (a) 0.5 m/s, (b) 1 m/s,
and, (c) 1.5 m/s.
Figure 2.8 shows a thicker line drawn by the can at a speed of 0.5 m/s. The lines drawn at
1 m/s and 1.5 m/s, are almost the same width. The operating speed of 0.5 m/s was chosen as
more line thickness provides more flexibility in choosing the height of the camera and also
optimizing the field of view (FOV) of the camera.
2.2 Electronics
The electronic components are classified into actuators, sensors, and support electronics
(including power supplies). Two servo actuators with different torque ratings are used:
Dynamixel ® EX-106+, and TowerPro ® SG92R micro-servo. Sensors are implemented to
provide feedback to the controller: the vision sensor to capture the scene behind the robot, an
AHRS to obtain the angular position (or yaw angle) of the AGV, and a magnetometer to measure
the heading. The vision sensor used is the Basler® Scout scA1300-32gm area scan camera, and
the gyroscope, and accelerometer used are on the same module: MicroStrain® 3DM-GX3-25
Attitude Heading Reference System. To control the actuators and sensors, support electronics are
used: Arduino ProMini, FTDI chip, USB to RS485 converter chip, HP 540 laptop, and power
supplies.
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2.2.1 Actuators
This section discusses the actuators used in further detail. There are two actuators used:
2.2.1.1 Dynamixel EX-106+
The Dynamixel EX-106 servo actuator, as shown in Figure 2.9 (a) is used to rotate the
painting arm. This servo was chosen because it provides a stall torque of 10.9 N.m at 18.7 V, 7A.
Apart from the high torque, the servo also offers a maximum angular speed of 91 rpm and has a
resolution of 0.06 degrees. Another desirable feature of this servo is its capability to communicate
digitally over RS485 Asynchronous Serial Communication protocol with a minimum speed of
7343 bps. The Dynamixel servo also features a built-in position controller, with current position
feedback and the reference position provided by the user. The built-in controller is used for
following the desired position calculated by the vision sensor. This actuator is represented by the
black box in the graphic shown in Figure 2.1.
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(a)

(b)

(c)

(d)

Figure 2.9 (a) Dynamixel EX-106 Actuator [21], (b) Tower Pro SG92R Micro Servo [22] (c)
Basler Scout Vision System [23], (d) MicroStrain 3DM-GX3-25 gyroscope, and
accelerometer [24]
2.2.1.2 TowerPro SG92R
The TowerPro SG92R micro-servo is chosen because of its small form factor for easy
integration with spraying mechanism as discussed in section 2.1.3. The servo measures 23.0 x
12.2 x 29 mm and weighs 9 grams. Its low weight also makes it desirable because it allows for
keeping the weight of the end-effector to the minimum. For its small size, the servo provides a
large stall torque of 0.216 N.m, at 5V, 40mA, enough to bend the nozzle of the paint can and
release the paint. Moreover, the servo is controlled using a Pulse Width Modulated (PWM)
signal. The Servo is depicted in Figure 2.9 (b).
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2.2.2 Sensors
This section discusses the sensors used to determine the reference position for the
painting arm actuator to follow and to eliminate the noise. A vision sensor is used to detect the
line and provide the position of the line with respect to the axis of rotation of the painting arm.
An AHRS is used to determine the angular position of the arm.
2.2.2.1 Vision Sensor
The vision sensor is an area scan camera that is fitted on to the AGV facing backwards at
an angle as shown in the graphic (Figure 2.1), represented by the orange box. This set up enables
the vision sensor to view the scene containing the spray-painted line right up to the horizon. The
data transfer protocol used by the camera is GigE (Gigabit Ethernet), a standard in the machine
vision industry. The camera uses a resolution of 1296 x 966 pixels (columns by rows) at 32
Frames per Second (FPS) maximum frame rate, however the frame rate is throttled down to 8
FPS (a GigE parameter) to allow for the processing for each image to complete before the arrival
of the next frame. The operational voltage is 12 to 24 VDC with typical power requirement of
3.5 W. The small form factor, high resolution, low power requirement, and high-speed data
transfer makes it an ideal choice as a vision sensor for this application. The camera is depicted in
Figure 2.9 (c).
2.2.2.2 Gyroscope, Accelerometer, Magnetometer (AHRS)
For sensing the high frequency noise in the yaw direction (see figure 1.2 (b)) of the AGV,
an AHRS is used. MicroStrain 3DM-GX3-25 Attitude Heading Reference System, shown in
Figure 2.9 d provides the position data. The sensor is placed on the frame directly connected to
the AGV. This features a gyroscopic range of ±300°/sec, data output rate of up to 1000Hz. The
output used is the estimated yaw angle obtained by the fusion of the onboard sensors.
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2.2.3 Other Electronics and Layout
Additional electronics are integrated that support the primary electronic components
discussed in sections 2.2.1 and 2.2.2. These include: a laptop computer, an Arduino
microcontroller with FTDI interface, and power supplies.
2.2.3.1 Laptop Computer/Application Host
The HP 540 Laptop computer hosts the drivers for all the hardware. It runs the software
responsible for obtaining data at the required rates from all the sensors, processing the data and
sending signals to the actuators. The computer also runs the high-level control software that
processes the current GPS coordinates of the AGV parallel to the sensor data processing
software. The Laptop has an Intel Core 2 Duo CPU T5670 with a clock speed of 1.8 GHz, and a
RAM of 3GB. It runs a 64-bit Windows 7 professional Operating system.
2.2.3.2 Servo Controllers
Additional components are used to communicate with the servo actuators. The
Dynamixel servo uses a USB to RS485 controller to communicate with the laptop computer. The
Dynamixel uses a separate power supply and not the USB port for operation. An Arduino
ProMini 5V microcontroller coupled with an FTDI chip is used to communicate with the
TowerPro mirco-servo. The power to operate the micro-servo is derived from the USB port. The
controllers are provided in Figure 2.11.
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(a)

(b)

(c)

Figure 2.10 (a) The USB to RS-488 converter used to communicate with the Dynamixel
Actuator [25], (b) The FTDI chip used to communicate with the Arduino directly
[26], (c) the Arduino ProMini [27]
2.2.3.3 Power Supply
All the core electronics and the support electronics are powered using AC to DC power
adapters. The power outputs for the power supply adapters are provided in table 2.4 for each of
the electronics. The adapters draw power directly from the AGV battery pack through an
inverter.
Table 2.4 The power outputs of all the power supplies used for the electronics
Electronic
Device
Dynamixel
EX-106+
TowerPro
SG92R
Basler Scout
scA1300-32gm
MicroStrain
3DM-GX3-25
HP 540

Type

Voltage
Output
(Volts)

Actuator

12

Current
Output
(Amperes)
0.85

Actuator

5

0.5

2.5

Vision
Sensor
AHRS

12

0.85

10.2

5

0.5

2.5

laptop

18.5

3.5

64.75
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Power
(Watts)
10.2

Source

AGV battery
pack
laptop USB 2
port
AGV battery
pack
laptop USB 2
port
AGV battery
pack

2.3 Electronics Layout
A schematic shown in Figure 2.12 shows the layout of the electronics and also shows the
data communication protocols used.

Figure 2.11

Electrical system layout along with the communication protocols used
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Chapter 3: Computer Vision System
The CV system is composed of the vision sensor and the image processing algorithm.
The vision system is focused on the scene behind the AGV and its Field of View (FOV) includes
the line painted by the painting mechanism. The CV system detects the line and processes it to
determine the target angular position of the line relative to the axis of rotation of the painting
arm. The target angle provided by the CV system is used to compensate for the bias in the
waypoint navigation of the AGV. Prior to the angle determination, a series of operators are
applied to the captured image to isolate the line for robust line fitting. After the angle of the line
is determined in the image frame, the reference/target angle for the painting arm is calculated. To
solve the problem of isolating the equations of lines directly from the captured image containing
high intensity noise, a combination of noise reduction filters, edge detection algorithm, robust
line fitting algorithm to fit lines in the presence of outliers is used. The following sub-sections
describe the approach in detail. The image processing algorithm processes each image within
125 ms, hence the frequency of the data available from the CV system is 8 Hz.
3.1 Reduction of Image Resolution
The camera streams images at a resolution of 1280X960 pixels (see Figure 3.1) based on
the GigE settings (GigE is an Image streaming protocol). For faster processing, a reduced
resolution, gray-scale image is ideal. The resolution reduction is done using the Gaussian
Pyramids Algorithm. This image encoding algorithm allows us to obtain images with reduced
spatial density and reduced resolution. An initial image, I0, called the base image is filtered using
a low-pass filter, the Gaussian Filter, to obtain the reduced image I1. The final resolution is 640 x
480 pixels.
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Original Image, g0

Reduced Image, g1

Figure 3.1 (a) The original image from the camera, RGB image with a size of 1280x960
pixels, (b) Image resolution reduced to 640x480 for faster processing.
3.2 Conversion to Grey Scale Image and Selection of Area of Interest
Next, the reduced resolution 640 x 480 RGB image is converted to a gray-scale image for
faster processing. The image consists of 3 channels of red, blue, and green image intensity
matrices. However, for further processing, only the 0-255 gray intensity values are required,
hence the image is converted into a gray-scale image. The conversion is done using equation 3.1:
𝑌 = 0.2989 ∗ 𝑅 + 0.5870 ∗ 𝐺 + 0.1140 ∗ 𝐵

(3.1)

Where R, G, B represent the red, green and blue intensity matrices of the original image.
Y represents the final Gray Image. Figure 3.2 shows the obtained gray scale image. However,
since this application is tested on a grass field, a better option to obtain the grey values would be
to just use the red channel, as the blue channel would represent the green values with minimal
intensity. Since, the painting robot is designed to work on roads and other surfaces as well,
equation 1 may be used.
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(a) The Red channel

(b) The Green channel

(c) The Blue channel

Figure 3.2 (a) The red channel, (b) The green channel, (c) The blue channel. The blue
channel attenuates the intensity of the green region the most.
3.2 Adaptive Conversion into Binary Images
The gray scale image obtained from the previous step (section 3.1) is now converted to a
binary image using the Otsu’s method [28] of thresholding. For our application, Otsu’s algorithm
was easy to implement programmatically, and performs well for segmenting a simple image with
2 primary segments, line and the grass background. Processing the image with Otsu’s algorithm
adaptively separates the image into two regions, provided uniform exposure (like an area
illuminated by the sun). Otsu’s method adaptively generates the thresholding value (an intensity
value), t based on the assumption that there are two natural groups of intensity values in an
image, and each group has a small intensity variance. The algorithm aims at minimizing this
“within-group” intensity variance or maximizing the “between-group” intensity variance. Since
the original image largely contains 2 colors (the white line region, and the green grass region),
that produces 2 regions of distinct intensities in the grey scale image, Otsu’s method is desirable.
The high-level approach is:
I.

All possible values of t are considered (0 to 255, for an 8-bit gray-scale image). Each
choice of t separates the histogram into 2 groups of intensity values.

II.

For each t, the variances of the 2 groups are computed
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III.

The value of t that minimizes the weighted within-group variance is selected as the
threshold value.

This method allows for a recursive implementation, which results in optimizing the
computations and making the algorithm fast. First, the histogram of the image is computed, used
to find the probability distribution of each intensity value, i. The probability of i, p(i), is
calculated from the histogram, h(i) using 3.2:
𝑝(𝑖) = ℎ(𝑖)/256

(3.2)

The estimated probability that a pixel value falls in group, q1 is given by equation 3.3:
𝑡

(3.3)

𝑞1 (𝑡) = ∑ ℎ(𝑖)
𝑖=0

The estimated probability that a pixel value falls in group 2, q2 is given by equation 3.4:
255

𝑞2 (𝑡) = ∑ ℎ(𝑖)

(3.4)

𝑖=𝑡+1

2 (𝑡)
The weighted within-group variance 𝜎𝑊
which must be minimized based on the value

of t is (equation 3.5):
2 (𝑡)
𝜎𝑊
= 𝑞1 (𝑡)𝜎12 (𝑡) + 𝑞2 (𝑡)𝜎22 (𝑡)

(3.5)

Where, 𝜎12 (𝑡) is the variance of group 1 and 𝜎22 (𝑡) is the variance of group 2, given by
equations 3.6 (a) and 3.6 (b):
𝑡

𝜎12 (𝑡)

= ∑[𝑖 − 𝜇1 (𝑡)]2
𝑖=1
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ℎ(𝑖)
𝑞1 (𝑡)

(3.6 a)

255

𝜎22 (𝑡)

ℎ(𝑖)
= ∑ [𝑖 − 𝜇2 (𝑡)]
𝑞2 (𝑡)
2

(3.6 b)

𝑖=𝑡+1

Where, 𝜇1 (𝑡) and 𝜇2 (𝑡) are the means of groups 1 and 2 given by equations 3.7 (a) and
3.7 (b):
𝑡

𝜇1 (𝑡) = ∑
𝑖=1

𝑖ℎ(𝑖)
𝑞1 (𝑡)

255

𝑖ℎ(𝑖)
𝜇2 (𝑡) = ∑
𝑞2 (𝑡)

(3.7 a)

(3.7 b)

𝑖=𝑡+1

To determine the threshold value, we could run through all the values of t and choose a t
2 (𝑡)
value for which the within group variance, 𝜎𝑊
is minimum. However, the relationship

between the within-group and between-group variance can be exploited to obtain a recursive
algorithm to find the threshold value. The total variance is given by equation 3.8:
2 (𝑡)
𝜎 2 = 𝜎𝑊
+ 𝜎𝐵2 (𝑡)

(3.8)

Where, 𝜎𝐵2 (𝑡) represents the between-group variance, which, as discussed before can be
maximized to obtain the threshold value, and is defined in equation 3.9:
𝜎𝐵2 (𝑡) = 𝑞1 (𝑡)[1 − 𝑞1 (𝑡)][𝜇1 (𝑡) − 𝜇2 (𝑡)]2

(3.9)

The between group variance can be recursively computed for all the t values from 0 to
255 by first initializing 𝑞1 (0) and 𝜇1 (0) at t = 0, (equation 3.10 a and 3.10 b):
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𝑞1 (0) = ℎ(1)

(3.10 a)

𝜇1 (0) = 0

(3.10 b)

Then, the between group variance is calculated recursively using equations 3.11 a, 3.11 b,
and 3.11 c:
𝑞1 (𝑡 + 1) = 𝑞1 (𝑡) + ℎ(𝑡 + 1)
𝜇1 (𝑡 + 1) =

(3.11 a)

𝑞1 (𝑡)𝜇1 (𝑡) + (𝑡 + 1)ℎ(𝑡 + 1)
𝑞1 (𝑡 + 1)

(3.11 b)

𝜇 − 𝑞1 (𝑡 + 1)𝜇1 (𝑡 + 1)
1 − 𝑞1 (𝑡 + 1)

(3.11 c)

𝜇2 (𝑡 + 1) =

𝜎𝐵2 (𝑡) (equation 3.9) is now computed recursively for all the t values, and the maximum t
value is chosen as the threshold value.
The algorithm implemented is:
I.

Compute histogram and probabilities of each intensity level, t

II.

Set up initial, 𝑞1 (1) = ℎ(1); 𝜇1 (0) = 0

III.

Step through all possible thresholds t = 0 to 255
a. Update 𝑞1 , 𝜇1 , and 𝜇2
b. Compute 𝜎𝐵2

IV.

Desired threshold corresponds to the maximum 𝜎𝐵2

Figure 3.3 shows the result of the Otsu’s adaptive thresholding technique for the input grayscale image:
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(a) The grayscale image (red channel)

(b) Binary image after adaptive thresholding
Noise

Figure 3.3 (a) The red channel of the image, (b) The image after adaptive thresholding using
Otsu’s algorithm.
3.3 Image Filtering
In image processing, 2D filters (with a specified kernel size) are available to remove
noise on order to improve the results of subsequent CV algorithms. Filters such as a Median
filter, or a Gaussian filter are typically used to remove random, salt and pepper noise (see image
3.3b), but a Median filter is able to preserve the edges in the image for small kernel sizes, a
requirement for this application. The removal of noise by filtering the image is important so that
edges only appear around the painted line rather than on the grass background when the Sobel
filter is applied to detect the edges. Moreover, if noise is not eliminated, more number of outliers
are present when the robust line fitting algorithm is run to fit the line. Figure 3.4 (b) shows the
filtered image using the median filter.
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(a) Binary image after adaptive thresholding

(b) Binary image after processing with
Median Filter

Painted line region

Figure 3.4 (a) The binary image, (b) The filtered binary image, filtered using the non-linear
median filter. The binary image has been filtered of the numerous small particles
but preserves the line.
3.4 Image Dilation
After the binary image is eliminated of the noise, the resulting image is dilated to remove
the holes inside the painted line region as shown in Figure 3.5 (a). Along with the removal of
holes, image dilation operation also helps with connecting any segmented components (Figure
3.5 (a)) belonging to the painted line. The removal of holes is important because the presence of
edges (when edge detection filter is added) inside the painted line region is undesirable as that
region is regarded as single, solid enclosed region. Also, the presence of holes would produce
false data points (outliers) when the robust line fitting method is used to fit a straight line for the
painted line region. For dilating an image, first, an appropriate structural element is chosen to
perform the dilation process and, in this case, a rectangle of size 7x7 pixels is chosen and it is
symmetric along the x and y axes. A size of 7 is chosen as an optimal size to cover the largest
hole encountered in the test images when testing. Also, this size is small enough to preserve the
edges. For the dilation process, each pixel is visited in filtered image, and an ‘&’ operation is
performed between the input binary image and the structuring element. The maximum element in
the resultant matrix represents the corresponding pixel in the dilated binary image. The process is
shown in Figure 3.5.
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(a) Binary image after processing with
Median Filter

(b) The filtered image after dilation

Hole

Segments

Figure 3.5 (a) The filtered image, (b) The dilated image; we can see that the individual
components in the painted line are now connected, accentuating the region
covered by the line.
However other unwanted particles in the image are also dilated. To remove the unwanted
smaller particles, another operation is required before the edge detection is done.
3.5 Blob Detection and Removal
In this step, the dilated image as shown in Figures 3.5 (b) and 3.7 (a) is further processed
to remove the blobs in the binary image in order to obtain purely the region of interest, i.e. the
white region representing the line surrounded by black background. The blobs are detected using
a blob detection algorithm which identifies 8-connected regions with a specific number of pixels.
8-connected regions encompass regions separated by a pixel edge and are considered as 1 region,
as opposed to 4-connected regions that consider such regions as 2 separate regions. This is
depicted in figure 3.6.
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Figure 3.6 (a) The 8-connected image: two regions are considered one region, (b) The 4connected image: two regions are considered 2 separate regions when the blob
detection algorithm is ran with the 4-connected mode

Once that regions are identified, they are removed based on the specified threshold value
represented by the area of the region, or the total number of pixels included in the region.
Without this algorithm, we’d be left with exogenous noisy regions/data that might be factored
into the calculation of angular position of the line representing the spray-painted line. Figure 3.7
(b) shows the cleaned-up image after blob removal.
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(b) Dilated Image after blob detection and
removal

(a) Dilated Image

Figure 3.7 (a) dilated image, (b) 8-connected objects under an area threshold of 3000 pixels
are detected and removed, leaving the required area for further processing
3.6 Edge Detection
After the unwanted blobs are eliminated, the Sobel filter is used to detect the edges of the
white region representing the painted line. Sobel filter is chosen as it was easy to implement and
carries quick processing time. It is a 2-D discrete differentiation operation which is also
separable, meaning that the filter can be separated into X and Y kernels that can be run in
parallel and then combined. A kernel is 2-D matrix that is convolved with the image resulting in
the processed image. Two different filter masks: one for the x direction, and the other for the y
direction are convolved (using the 2-D convolution operator) with the input binary image and the
2 results are combined to produce an edge image representing the edges in both the x and y
direction. The resulting edge image is shown in Figure 3.8(b).
(a) Cleaned up image after
blob detection and removal

(b) The edge image

(c) The point data set

Figure 3.8 (a) Dilated image after removing the smaller blobs, (b) Edge image after the line
edges are detected using the Sobel Edge Detector, (c) The point data set
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3.7 Building the Point Data-Set
After the edge image is obtained, the robust line fitting algorithm is applied to points
representing the painted line. An input data set is first generated from the line edge points for the
robust line fitting algorithm. An average of the points describing the 2 edges (left and right) of
the painted line in a selection of rows of the edge image is calculated in order to develop the set
of points representing the line. The algorithm to develop the representative input data set iterates
over the rows detecting the location of edge points (values of 1, in the binary image). An average
of the column positions of these edge points, in each selected row is determined and added as a
part of the data set (the x position, as input to the robust fit algorithm). To optimize the code, the
rows in the edge image are selected for calculating the average in steps of 4. The resulting point
data set is shown in Figure 3.8 (c).
3.8 Robust Linear Regression
Typical line fitting algorithms accept a vector of x coordinates and a vector of
corresponding y coordinates and return the parameters (slope and intercept) characterizing the
line. Robust line fitting is defined as fitting a line while eliminating the outliers. Least Squares
algorithm was implemented initially but it failed due to its sensitivity to the outliers. Presence of
outliers can affect the fit as squaring the residuals magnifies the effects of these extreme data
points. Residuals are defined as the perpendicular or the vertical offsets between the fitted line
and the points as shown in Figure 3.9.
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(a) Vertical Offsets

(b) Perpendicular Offsets

Figure 3.9 (a) Vertical offsets, (b) perpendicular offsets, the distance between the points a,
b, c, d in (X,Y) and the fitted line with the estimated parameters p1 and p2 are
the residuals.
The Robust Least Square regression method is chosen to fit the line as it minimizes the
effects of the fitted line. This method is implemented with Bisquare Weights regression method,
where each data point is given a weight depending on how far the data point is from the
estimated line.
The performance of the two line fitting algorithms is depicted in Figure 3.10. final fitted
line is superimposed on the original image and the result is shown in Figure 3.11.
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Figure 3.10

This plot compares the regular linear least square regression algorithm and
the robust least square algorithm with Bisquare weights regression method. The
robust fit is not strongly influenced by the outliers.

Figure 3.11

Line (in red) after its detection and fitting on the original painted line on the
processed point data set (Figure 3.7 (c))
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3.9 Relating the Line and the Painting Arm
This is a critical step in the determination of the reference angle for the painting arm
actuator. A perspective transformation mapping needs to be determined to relate the pixels (u, v)
in the image space I = {(u,v)} ∈ E2 to the real world 2D plane, V = {(x, y,0)} ∈ W where W =
{(x, y, z)} ∈ E3, the world frame. These respective coordinate frames are depicted in figure 3.12
(a), (b) and (c).
(a) The Image coordinate frame, I

(b) The world coordinate frame, W (view 1)
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(c) The world coordinate frame, W (view 2)
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Figure 3.12

(a) The image frame, (b) The world frame, W also shows the image plane in
red, and one of the image plane coordinate axes, this also shows the mapped
frame V, (c) Another view of the world coordinate frame [11]

Now that the coordinate frames are defined, a mapping can be determined by performing
a perspective calibration. The authors in paper [11] use the equations, 3.12 (a) and 3.12 (b),
where m is the horizontal resolution of the camera and m is the vertical resolution of the camera
(640 x 480).
𝑥−𝑑
arctan (
) − (γ − α)
𝑦−𝑙
𝑢(𝑥, 𝑦, 0) =
2𝛼
𝑛−1

(3.12 a)

ℎ
arctan (
) − (θ − β)
√(𝑥 − 𝑑)2 + (𝑦 − 𝑑)2
𝑣(𝑥, 𝑦, 0) =
2𝛽
𝑚−1

(3.12 b)

This method was implemented but it became computationally challenging, as the
coordinates u,v have to be calculated for every coordinate in V within the camera FOV. This
method was abandoned for a perspective calibration and a mapping routine offered by
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LabVIEW. This method allowed for calibrating the input images and rectifying the perspective
effects. Figure 3.13 (a) shows the raw image converted to greyscale, and 3.13 (b) shows the
rectified image. The rectified image is then used to calculate the reference angle for the end
effector actuator.
(a)

Figure 3.13

(b)

(a) The original image. (b) the rectified image. Note that the perspective effects
have been removed in the rectified image.

The reference angle in the image frame is determined by calculating the point of
intersection between the trajectory of the end effector and the line in the rectified image frame.
The trajectory is determined by tracking a fiducial, in our case a red dot, over multiple frames.
The red dot as shown in Figure 3.14 at the edge of the painting arm is tracked and its trajectory
in the image frame is plotted and fitted with a second order polynomial. The transformation of a
circle in the real-world frame into an ellipse in the camera frame happens due to the perspective
effect since the camera is positioned to view at an angle as shown in Figure 1.8 (a).
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(a)

Figure 3.14

(a) One of the images acquired to trace the locus of the red dot

The collected images are then processed using a complementary image processing
algorithm to detect the position of the red dot and return the pixel position (row, column) of its
centroid. The positions of the centroid are plotted and fitted. For simplifying calculations, the
plot of the centroid positions was fitted using a second-order polynomial rather than an ellipse;
the R2 value of the fitted polynomial is 0.99 representing a good fit for practicality. The second
order polynomial fit gives us the formula of the trajectory of the arm on the camera frame. The
polynomial fit is done on Matlab and the resulting equation is provided in Equation 3.13.
𝑦 = 0.0002𝑥 2 − 0.2219𝑥 + 229.72
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(3.13)

The Trajectory of the Red Dot in the Image Plane
0

Centroid of the red dot
Fitted Quadratic Polynomial
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Figure 3.15

(a) Plot of all the positions of the red dot captured in the field of view, with the
fitted second order polynomial

The equation of the line is obtained from section 3.8, and the equation of the arm
trajectory is obtained in Equation 3.12 are solved to obtain the point of intersection on the image
frame. As discussed earlier, IPM was initially considered to map the points from the image frame
to the world frame, however, due to the lens distortion, an accurate map could not be determined.
Hence, an image-to-world frame mapping was generated to map the point of intersection from
the camera frame to the world frame using perspective mapping. Advantages of implementing
this include: almost instantaneous mapping (in software) from the image frame to the real-world
frame, and correction for barrel distortion of the lens (to some extent).
3.10 Software Implementation
The software to implement the computer vision algorithm was first developed on Matlab
to test the vision algorithm parameters. The final algorithm was implemented on LabVIEW
because:
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1. Easy Integration with the vision sensor using the GigE protocol, Serial
communication with the IMU and the actuators, and TCP/IP communication with the
robot to receive the GPS coordinates.
2. Easy implementation of a GUI to monitor the application performance.
The CV algorithm was initially implemented on Matlab. The CV algorithm prototype
implementation on Matlab allowed for choosing the correct sub-algorithm and its associated
running parameters. Matlab was also used in conjugation with a virtual robot experimentation
platform (V-REP) to study the feasibility of the project. Matlab functions were developed to
process the images, resolve the arm position on the image frame, and finally output the desired
arm actuator position on V-REP to simulate the process.
Full implementation of the application is done on LabVIEW. LabVIEW is a visual
programming language that allows programmers to quickly build software prototypes to
integrate subsystems. LabVIEW allows programmers to build Virtual Instruments (VIs) to
implement communication protocols, control algorithms, computer vision algorithms with ease.
3.10.1 Software development:
The TCP/IP protocol is used to facilitate Ethernet communication between the AGV’s
on-board computer (Cappuccino PC) and the HP540 PC running the robot control software. The
entire software implementation for the project is divided into 3 main VIs: 1, the high-level
control VI; 2, the image processing VI; and, 3, the high frequency stabilization VI. Division into
3 separate VIs facilitates the running of main loops within each program at different frequencies
and in parallel tasks to optimize the speed. The flowchart in Figure 3.16 explains the algorithms
implemented and the flow of data between them:
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Figure 3.16

The 3 major VIs that control the entire painting mechanism. The VIs are set
up to run at specific frequencies
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Chapter 4: Test Platform
This chapter discusses the test platform (AGV) in detail; specifications and performance.
The AGV has been developed as a multi-year project at the Dynamic Systems Modeling and
Control (DySMAC) lab situated in Durham hall, Virginia tech, Blacksburg. The AGV has been
designed to serve as a test platform for general purpose controls/autonomous vehicles related
research.
4.1 Specifications and Capabilities
The AGV, figure 1.2 (a) and Figure 4.1 is a 4 wheeled ground vehicle with casters for
front wheels with their own suspension, providing 360o rotation. The rear wheels have
independent DC motor drives that impart differential steering, allowing for a zero turn-radius.
Table 4.1 specifies the mechanical components of the vehicle as well as the driving mechanism.
A CAD model of the suspension system is shown in Figure 4.1.

Figure 4.1 The CAD model of the suspension system of the AGV. The front of the chassis is
supported by casters and the rear of the AGV has independently DC motor
powered wheels with suspension.

56

Table 4.1 The descriptions of the parts that make up the chassis
System

Description

Front suspension

Air spring trailing arm configuration. This suspension system is
robust against vibrations, improving off road performance.
High strength independent parallel link suspension. The vehicle
has a narrow wheelbase for improved maneuverability.
The chassis is all aluminum, with 2 casters as the front wheels and
two independent drive wheels at the rear. During its design, the
chassis was subjected to finite element analysis to study its
performance under static and dynamic loading. The chassis was
constrained at the 4-wheel support locations. According to the
FEA results, static stresses experienced by the frame are within the
limits of the yield strength of aluminum, rendering it safe against
complete failure under normal operating conditions.
The Maxon high torque motors allow for speeds from 0km/h to in
excess of 10km/h.

Rear Suspension
Chassis

Motors

The AGV is equipped with sensors, wireless Ethernet communication system, a
programmable onboard computer and a power supply to make it a flexible system. Table 4.2
discusses these components in further detail. Figure 4.2 describes the layout of the electrical
system.
Table 4.2 The electronic components of the AGV:
System
Main Computer

Ethernet Communication

GPS, IMU, INS Sensor

Description
Cappuccino PC running Windows 7 OS, and
equipped with USB and Ethernet ports for
data communication. The computer also runs
the control algorithm to control the speed of
the motors, and also other control algorithms
enabling GPS way point following.
The Ubiquiti Networks Rocket M-5 unit is
used for a long range, wireless Ethernet
communication with a base station.
Novatel SPAN-CPT Single Enclosure
GNSS/INS Receiver is used to determine the
GPS location of the vehicle, vital for GPS
navigation. The sensor also determines the
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Battery

heading of the vehicle for localization. It is
capable of determining the heading, angular
rate, and the angular acceleration of the
vehicle.
8 Cell LiFePO4, 26 V. Has an endurance of 8
hours.

The electrical system is divided into a power distribution system and a signal
communication system. The power distribution system is set up with safety features; the main
power supply is connected directly to the power supply unit (PSU), it is also connected to an
auxiliary power supply unit, and the drive motors. All the onboard sensors derive power directly
from the PSU. There is also an energy management unit that drives power from the auxiliary
power supply unit.

Figure 4.2 The flowchart depicting the power supplied to each of the electronic components
of the AGV
The signal communication layout between the different electronic components is shown
in Figure 4.3. The capabilities of the AGV include waypoint navigation, zero radius turning,
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maximum speed of 10 km/h, and endurance of 8 hours. The important feature that is used in this
thesis is the waypoint navigation capability. GPS waypoints (latitude and Longitude) can be
uploaded on to the onboard control software, and the vehicle is able to follow them to certain
degree of accuracy at the desired speed. The accuracy is affected by the terrain surface, and AGV
speed (see section 4.2).

Figure 4.3 This flowchart depicts the communication between the electronic components
responsible for autonomous GPS waypoint navigation; the base station
communicates with the AGV main computer wirelessly over wireless Ethernet.
4.2 GPS Waypoint Navigation Performance
For performing the GPS waypoint navigation, wireless communication is initiated
between the ground station and the AGV computer. The ground station consists of a computer
from which a remote desktop connection is made directly with AGV computer over wireless
Ethernet using the Ubiquiti Networks Rocket M-5 unit (see Table 4.2). With the connection
made, the GPS navigation waypoints are uploaded as input to the control software responsible
for controlling the vehicle to follow the intended waypoints.
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4.2.1 Test
This section discusses the test performed to gauge the performance of the AGV’s GPS
waypoint following capability. The test was performed at the Virginia Tech Drill Field, the
waypoints were set up for the AGV to follow a path as shown in Figure 4.4 (a). The path
contains a square with sides 6m long, and the circles represent the turning radius of 1m. For the
AGV to follow the specified path, a set 33 of discrete GPS coordinates was created that defined
the specific path. A text file containing the GPS coordinates was passed to the AGV main
computer as the input, the file is provided in appendix A. Figure 4.4 (b) shows the mapping of
the GPS waypoints on a Google Earth map.
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(a)

(b)

Figure 4.4 (a) The specified path of the AGV test (not to scale). (b) The path defined in terms
of 33 GPS coordinates on the actual location where the test was performed; the
dimensions are the same as the one specified in Figure 4.4 (a)

The AGV was tested to follow the GPS waypoints representing the given path at two
speeds, 0.5 m/s, and 1 m/s, and the actual GPS data was collected at the rate of 10 Hz. The data
collection was facilitated by the LabVIEW VI running on the on-board cappuccino PC. The data
was collected from the GPS sensor.
4.2.2 Results of the Waypoint Navigation Test
Figure 4.5 shows the superposition of the reference (Appendix B) and the actual
coordinates of the AGV collected during the test at the 2 speeds: 0.5 m/s, Figure 4.5 (a); 1 m/s,
Figure 4.5 (b).
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(a) Slow (0.5 m/s)

2

(b) Fast (1.0 m/s)

3
2
1

3

4
1

4

Figure 4.5 The trajectory of the robot superimposed with the desired path (reference
trajectory) at the speed of (a) 0.5 m/s and, (b) 1 m/s.
4.2.3 Analysis
From the test data (Figure 4.5), it can be seen that the slower speed (0.5 m/s) is preferable
as the AGV is able to follow the intended trajectory much precisely along the straights. Also, in
section 2.1.4, the best drawn line was achieved at 0.5 m/s. Good performance along the straights
is desirable as the painting system is triggered to paint only along the straights. At lower speeds
vibrations incurred due to interaction of the suspension with the ground is lower. Lower
vibrations are desired for better performance of the painting system. Better performance by the
painting mechanism results in a better-quality line resulting in a better performance by the CV
algorithm. Table 4.3 shows the standard error between the reference trajectory and the actual
trajectory of the 4 sides (as shown in Figure 4.5) of the square trajectory.
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Table 4.3 The standard error between the actual trajectory and the reference trajectory at
the speed of 0.5 m/s:
Side Number
1
2
3
4

Standard Error (m)
4.05x10-3
1.63x10-1
2.55x10-3
1.63 x10-1

4.3 Overall Control Algorithm
In chapter one, we have defined the basic geometry of a square that the AGV coupled
with the painting system must paint perfectly in order for the project to be deemed successful. To
achieve that, the waypoints have been chosen for the AGV to follow a perfect square shape,
however the AGV has to specially make large turning circles in order to create 90-degree corners
as seen in Figure 4.5. These special turns around the corners of the square have to be taken into
account when the painting system is used. The spraying mechanism must be turned on when
painting the sides of the square or rectangle, and turned off when the AGV traverses the circles
around the square to orient itself towards the new adjoining edge. To achieve this, a high-level
control algorithm is developed that takes the AGV’s current latitude and Longitude, and heading
information to determine when to keep the sprayer on and when to keep it off. The algorithm is
explained as follows:
I.

Set reference latitude and longitude of the 4 corners (Figure [4.4a]) of the square
to be painted.

II.

Obtain current latitude, longitude and heading of the AGV

III.

Check current position’s proximity to one of the 4 reference corners

IV.

If AGV is within a certain proximity threshold of corner 1, then
a. If AGV is visiting corner 1 for the first time, then start spraying
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b. If AGV has already visited corner 1, then stop spraying
If AGV is within a certain position proximity threshold of corners 2, 3 or 4
a. If AGV is visiting current corner for the first time, stop spraying
b. If AGV has already visited current corner, then check if heading is
towards the next adjacent corner,
i.

if yes, then start painting

ii.

if no, then keep paint spray off

V. Stop painting
This high-level algorithm is also critical in determining when to turn on and off the CV
code to stabilize the painting arm.
4.3.1 Testing the High-Level Code
The implanted code was then tested on the AGV at the venue specified, and it performed
exactly the way as was expected, turning the painting mechanism on and off at the correct
positions. A plot portraying this result is shown in Figure 4.6:
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The Activation of the Overall Control Algorithm
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System on Actual Path
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Figure 4.6 The trajectory of the robot superimposed with the desired path (reference
trajectory) superimposed by the path (in red) showing the activation of the
painting mechanism governed by the overall control algorithm.
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Chapter 5: System Integration and Testing
In this chapter, the testing and integration of all the subsystems to build the final product:
the autonomous painting system is discussed. The major sub-systems have been discussed in
detail in the previous chapters: the painting mechanism, computer vision system, and the AGV
with waypoint following. In this chapter we discuss the testing of the CV code in a virtual
environment and as well as a real environment. Then we discuss the development and testing of
all the software associated with the control of the individual hardware, followed by a discussion
of the system simulation in a virtual world. Lastly, the LabVIEW implementation on the master
computer (HP 540 Laptop) of the algorithm to integrate all the major and minor subsystems is
discussed. This chapter sets the stage for the final demo and for the discussion of results from the
final demo.
5.1 Computer Vision Code Testing
This section describes the testing of the CV code discussed in chapter 3 to determine the
parameter values for the constituent algorithms used in CV code, and also to validate the overall
algorithm.
5.1.1 Testing the Code in Virtual World
The CV code was tested on simulated images; the simulated images were generated on
V-REP (Virtual Robot Experimentation Platform), a robot simulation software by Coppelia
Robotics. The environment is set up with a vision sensor set up with the same pose as shown in
Figure 2.1, with an artificial line drawn, see Figure 5.1 (a). In the virtual world, the camera is
simulated with same pose as the real camera and we can change the camera height and the pitch
angle to select the optimal camera position and orientation on the robot. From the simulation, it
is validated that the position would be 0.61m above the ground with a pitch angle of 30 degrees
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(below horizontal). The images captured in the virtual and the real world are shown in Figure
5.1.
(a) Virtual Image

(b) Real Image

Figure 5.1 The virtual (a) and the real image (b) compared based on the camera parameters
specified. The virtual image does not simulate the lens distortions
The camera focusing c-mount, 8 mm lens could not be reproduced perfectly on the virtual
system. The radial distortion of the lens is still present. However, the perspective effect, angle of
view and the resolution is maintained. The camera parameters are provided in table 5.1:
Table 5.1 The lens and camera parameters replicated in a simulated camera
Focal Length

8 mm

Angle of View, along rows

25.5 degrees

Angle of View, along columns

33.8 degrees

resolution along rows

480 pixels

resolution along columns

640 pixels

The virtual images (figure 5.1 a) were collected and the VREP simulation environment
was integrated with Matlab to test the preliminary CV algorithm on the virtual images. This
allowed for the generation of tuning parameters that could easily be changed to adapt the CV
algorithms with the real images.
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5.2.2 Testing the Code with Real Images
The camera is positioned and fixed on the AGV at the exact position as in the virtual
world and real images are collected by driving the robot over a pre-painted line (see appendix C).
The CV algorithm parameters are tuned and fixed based on the collected input images, the
parameters values for each of the sub-algorithms are listed in table 5.2.
Table 5.2 The CV algorithm tuning parameters:
Parameter
Median Filter
window

Sub-Algorithm
Median Filter

Image Dilation
Window

Image Dilation

Blob Detection
Connectivity

Blob Detection Algorithm

Minimum Area
Threshold

Blob Removal Algorithm

Description
the size of the
window used in the
median filter in
pixels
The size of the
window used in the
Image Dilation
algorithm in pixels
The connectivity
between the pixels
representing
regions in the blob
detection algorithm
The minimum area
of the detected
blobs that are
removed in pixels

Value
10

7

8

2500

Figure 5.2 shows the algorithm tested on a stream of real images. The red line is detected
and a red line is generated and superimposed on the input image.
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Figure 5.2 Frames are collected on site and processed with the computer vision algorithm to
determine the mathematical equation of the line. The Algorithm fails when there
is little or no information about the line.
5.3 Software Development and Testing Hardware
This section discusses the software developed for controlling key hardware (including
sensors and actuators), and also the testing performed. The software is developed in Matlab,
LabVIEW, and in the Arduino programming language.
5.3.1 The Camera
The Basler camera uses the GigE protocol to transfer images, hence it is connected with
the master computer with an Ethernet cable for high-speed data transfer. Once the camera drivers
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are installed, LabVIEW is used to programmatically control and retrieve the images from the
camera. The Software Development Kit (SDK) for the camera offers libraries for image
acquisition and camera control in C++, but LabVIEW has a Vision Development Module
(VDM) that allows users to acquire images from a GigE camera using IMAQ. For reducing the
implementation time, the LabVIEW VDM is used for image acquisition from the camera. The
acquisition parameters are then set to match the requirements of the CV algorithm on LabVIEW.
Appendix D shows an VI used to grab images from the camera.
5.3.2 The Dynamixel Servo
This servo communicates with the main computer using the RS485 communication
protocol. A USB to RS485 converter is used to facilitate the communication between the
computer and the servo. Robotis provides the SDK for software development in Matlab and as
well as in LabVIEW. The header and the Dynamic Linked Library (DLL) files are implemented
in LabVIEW, which is eventually used to create a VI to control the servo. The block diagram is
shown in Appendix D. The VI accepts the reference position sends it to the servo which then
tracks this position by reading bit number indicating the current position of the servo. A desired
position signal is sent to the servo and the current position feedback packet from the servo is
received and plotted in Figure 5.3. The sampling rate for the current (response) discrete signal is
20 Hz and the communication channel speed is set to 57600 Bits per second.
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Figure 5.3 The input and the output signals from the Dynamixel servo
For interim testing, Matlab code was developed that connected the servo coupled with the
painting system (arm and end effector) with the simulated images to test the servo. The servo
linked directly with the results from the VREP simulation.
5.3.3 The Spraying Mechanism
The spraying mechanism is controlled by the micro-servo, which accepts a PWM signal
in order to rotate to the desired position. In our case, two positions for the servo are required,
position 1 to deactivate the spray and position 2 to activate the spray. These positions depend on
an on/off signal from the high-level control as discussed in section 4.3. The on/off signal is sent
to the Arduino directly from the master computer where it is converted to the appropriate PWM
signal and sent to the servo. The software is implemented on LabVIEW to communicate with the
Arduino over serial (using the USB to serial FTDI chip). The software to interpret the on/off
signal from LabVIEW into a PWM signal and to send the PWM signal to the servo is
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implemented in the Arduino Programming Language and uploaded onto the EEPROM of the
Arduino microcontroller. The Arduino code to implement this is Appendix E.
5.4 Simulations on V-REP
As introduced before, V-REP is a cross-platform, virtual robot simulation platform
capable of simulating robotic systems. V-REP features a remote Application Programming
Interface (API) that enables the user to control the simulation remotely using Matlab. V-REP
also features the advanced Bullet physics engine to simulate real world physics. The CV
algorithm is run on Matlab while the dynamic simulation is hosted on V-REP.
5.4.1 The Environment and Robot Set-Up
The V-REP environment is set-up with a terrain 60m x 60m as shown in Figure 5.4. The
blank terrain is set with the same friction as a grassy field, and covered with a texture of a grassy
field in order to create a realistic environment for the computer vision algorithm to process the
image.
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Figure 5.4 The VREP simulation environment with the AGV and the vision system
simulations set up with high accuracy
This simulated model is coupled with a vision sensor with the similar camera parameters
as the Basler camera, and the painting system attached at the back complete with actuators with
similar dynamic properties as the real Dynamixel actuator. The simulation on V-REP is a virtual
system integration and test of the robot, which provides information about the limits of the
actuator and the performance of the computer-vision system.
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(a) Rear View

(b) Front View

(c) Side View
Figure 5.5 The Simulated AGV model with the dynamics simulated to match the actual
AGV
The CV algorithm is implemented on Matlab and then integrated with the output from the
simulated camera. The virtual images were processed to obtain the reference signal for the
simulated Dynamixel servo actuator. Figure 5.5 shows the CAD model of the AGV implemented
on VREP, the material properties and the dynamic properties were provided as inputs and the
dynamics of the system was simulated using the Bullet dynamics engine.
5.4.2 The Virtual Test
After AGV and the environment set up, the robot simulation is started with the robot
drive motors (driving the rear wheels) given differential angular velocities governed by Gaussian
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noise. The Simulation performed to cover a straight-line distance of 20m. As the virtual AGV
traverses this distance, the painting mechanism is turned on, along with the computer vision
algorithm, and the data is collected.
The actuator is set up in the open loop mode where a reference angle is input and it
follows it using it’s built in PID controller. In the simulation, a similar actuator was set up, with
the PID gains set up to emulate the real actuators performance.
5.4.3 The Virtual Test Results
The actuator performance in the virtual world was analyzed. In Figure 5.6, the trajectory
of the axis of rotation of the AGV (about yr, Figure 2.3) is plotted in blue, and the trajectory of
the paint spray is plotted in red. The test shows the performance of the CV algorithm.
There is a small bias present in the trajectory of the painted line. This is a result of a
combination of errors in the fitting the line in the virtual image.
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Figure 5.6 The test results of the simulation performed on VREP. The red line shows the
trajectory on a planar surface; the blue plot shows the trajectory of the point of
rotation of the AGV
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5.5 LabVIEW Software Implementation and System Integration
Software to run the individual systems has been implemented on LabVIEW for ease of
data communication between all the components. As discussed earlier, for fast implementation,
the Master LabVIEW VI is divided into 3 VIs, which run in parallel while communicating data
with each other in real time; LabVIEW performs multithreading automatically. The first VI
implements the high-level control algorithm, also controlling the sprayer; the second runs the CV
code for long term stabilization; and the third, runs the algorithm to obtain the angular position
estimate (about yaw) signal. Appendix D provides the VIs.
5.6 Testing with the Rig
A test rig is built for testing the overall software architecture, including communication
between all the components, in real time. Testing the algorithm on the AGV proved to be an
involved task because the AGV initialization procedure requires the AGV to be outdoors and
good weather conditions, and an open field for good GPS reception. The test rig construction
was kept simple with 80-20 aluminum extrusions used build a rectangular frame. The suspension
system was kept similar to the actual AGV. Figure 5.7 shows the test rig.
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Figure 5.7 The test rig; the camera can be freely positioned on the rig to obtain an optimal
position
The rig is translated and rotated manually, with the speed maintained approximately
around 0.5 m/s. The vertical attachment on the rig can be integrated with the attachment as
described in section 2.1. The servo and the camera are directly screwed on to the attachment and
the attachment is integrated with the vertical assembly on the rig. This maintains the relative
position between the painting arm and the camera and cancels the relative vibrations between the
two. Though the test rig was not used for painting the lines, it was used for testing the
communications between the components and testing the vision algorithm, and the performance
of the AHRS.
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Chapter 6: Final Demo and Results
The final demonstration included the AGV to follow a rectangular figure similar to
Figure 4.4, however the sides were 10 m instead of 6 m in length. The line following and the
disturbance rejection capability of the painting system were tested.
6.1 Final Demo:
The demo was set up to test for the straight-line painting capability of the AGV over
distances of the order of 10m, and the turning performance. In order to test for the specified
capabilities, the final demo was set up for the AGV to follow the path specified in section 4.2.1,
and Figure 4.4. The turning radius at the corners of the path were the same, 2m, however the side
length was increased from 6m to 10m. The path is shown in Figure 6.1:
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Figure 6.1 The path superimposed on the actual site where the final demo was performed
6.2 Results
The performance of the system is gauged based on how accurately the system draws the
lines and if the system is able to control the paint spraying mechanism (turning it on/off) during
the correct intervals.
The trajectory of the line painting arm is tracked in the real-world coordinates at 100 Hz.
The trajectory of the point of rotation of the painting arm is tracked at 20 Hz and are both
plotted. Also, the reference line connecting the 2 GPS points (representing 1 of the 4 sides of the
square) is plotted. The standard error between the real-world trajectory of the painting arm and
the reference line is calculated.
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Figure 6.2 shows the performance of the system as it traverses side 1 of the square. The
red plot is the trajectory of the AGVs point of rotation, and the blue plot is the trajectory of the
spray paint dot. Along the x-axis, the longitudinal displacement of the AGV is plotted along with
the relative position of the spray paint dot. Along the y-axis, the lateral displacement of the AGV

Lateral Displacement
(m)
Displacement(m)
Lateral

is plotted about its reference trajectory.

Longitudinal Displacement (m)

Figure 6.2 The performance of the painting mechanism as it draws the first side of the 10m
square. The AGV Trajectory (in red) is translated into real world coordinates
with the starting point being (0,0) and the end point being (0,10)
Figure 6.3 shows the trajectory of the AGV’s point of rotation as well as the trajectory of
the spray paint dot that draws the line for side 2. The blue trajectory is the true painted line and it
follows the intended trajectory. The plots representing the line drawing performance for sides 3
and 4 are represented in figures 6.4 and 6.5.
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Lateral Displacement (m)

Longitudinal Displacement (m)

Figure 6.3 The performance of the painting mechanism as it draws the second side of the
10m square. The AGV Trajectory (in red) is translated into real world
coordinates with the starting point being (0,0) and the end point being (0,10)
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Figure 6.4 The performance of the painting mechanism as it draws the third side of the 10m
square. The AGV Trajectory (in red) is translated into real world coordinates
with the starting point being (0,0) and the end point being (0,10)
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Lateral Displacement (m)
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Figure 6.5 The performance of the painting mechanism as it draws the fourth side of the
10m square. The AGV Trajectory (in red) is translated into real world
coordinates with the starting point being (0,0) and the end point being (0,10)
The standard error in the painted line trajectory and the reference lines is provided in
table 6.1:
Table 6.1 The standard error calculated from the data representing the trajectory of the
painted line
Side

Standard error (m)

1

0.0045

2

0.0066

3

0.0069

4

0.0068
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Chapter 7: Conclusion and Future Work
7.1 Conclusion:
The results from the final demo show that disturbances were rejected and a straight line
was drawn even though outside disturbances were introduced. The CV algorithm performed as
expected given the processing power available.
7.2 Future Work:
A majority of the processing power was consumed by the image processing algorithm;
hence the image processing algorithm can be developed using OpenCV or other image
processing libraries optimized for speed. Typically, such an implementation would increase the
processing rate of the image. The hardware of the host PC can also be upgraded with a faster
processor with additional cores to decrease the processing time of each frame. Also, the camera
optics can be upgraded to reduce the effects of lens distortion and increase the accuracy of
localizing the line position.
For developing a product capable performing major road painting activity, capabilities
such as drawing curved lines could be implemented. This project presents a demonstration of the
technology to automate the process of line painting.
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Appendix A: GPS Data

37.228381, -80.421834
37.228347, -80.421798
37.228306, -80.421754
37.228290, -80.421736
37.228273, -80.421730
37.228259, -80.421740
37.228254, -80.421758
37.228261, -80.421776
37.228277, -80.421785
37.228292, -80.421774
37.228306, -80.421754
37.228343, -80.421703
37.228358, -80.421683
37.228362, -80.421661
37.228356, -80.421640
37.228338, -80.421636
37.228325, -80.421644
37.228319, -80.421665
37.228328, -80.421685
37.228343, -80.421703
37.228384, -80.421746
37.228400, -80.421762
37.228417, -80.421770
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37.228431, -80.421762
37.228436, -80.421742
37.228431, -80.421722
37.228414, -80.421715
37.228398, -80.421726
37.228384, -80.421746
37.228347, -80.421798
37.228333, -80.421821
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Appendix B: AGV Trajectory Plots
Plots for the 4 lines
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Appendix C: Raw Image Stream
The stream of images collected for the vision algorithm development
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Appendix D: LabVIEW VIs
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Appendix E: Arduino Code

#include <Servo.h>
int incomingByte = 0;
const int ledPin = 13;
int outputofpinnine = 0;
Servo myservo;
int pos = 0;
void setup() {
Serial.begin(9600);
pinMode(ledPin, OUTPUT);
myservo.attach(9);
}
void loop() {
delay(100);
incomingByte = Serial.read();
if (incomingByte == 1)
{
digitalWrite(ledPin, HIGH);
myservo.write(95);
// delay(200);
}
else
{
digitalWrite(ledPin, LOW);
myservo.write(45);
//delay(200);
}
}
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