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Abstract

This thesis describes an attempt at developing a computer vision based control system for
Inteco’s 3D crane. Various computer vision related techniques are presented to the reader

and their implementation in the context of this work is described in detail.

The end result of this work is an application functioning in MATLAB’s environment

which is capable of controlling the 3Dcrane by analyzing markers put on the ground.

The thesis is written in English and it contains 30 pages of text, 6 sections, 4 tables and 8

figures.



Annotatsioon

Kéesolev 10putto kirjeldab katset luua raalndigemisel pohinevat Inteco 3D kraana juh-
timissiisteemi. Lugejale on esitatud erinevad raalndgemisega seotud votted ja nende

votete rakendamine on antud t60s detailselt kirjeldatud.

To60 1opptulemuseks on MATLABI keskkonnas tootav rakendus, mis on suuteline kon-

trollima 3D kraanat, analiiiisides maha pandud markereid.

To6 on kirjutatud inglise keeles ja sisaldab 30 lehekiilge, 6 peatiikki, 4 tabelit ja 8 graafikut.



Nomenclature

DAC Digital to Analog Converter
DC  Direct Current

GPU Graphics Processing Unit
GUI  Graphical User Interface
PC  Personal Computer

PID  Proportional-Integral-Derivative
PWM Pulse Width Modulation

px Pixel

RGB Red Green Blue

RT  Real Time

SISO Single-Input Single-Output

USB Universal Serial Bus
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1 Introduction

1.1 Background

The first modern type of cranes powered by internal combustion engines or electric motors
were designed in late 19th century, during the era of industrial revolution. Since then,
cranes have found extensive use in various industrial settings such as ports and factories.
As technology advances and computing power becomes cheaper, more and more tools of

industry are becoming automatized and cranes are no exception.

The Control Systems Research Laboratory [2] provides its students access to a real-time
industrial crane model provided by Inteco (among various other models) which is meant
as a tool for control research. In addition, it provides access to MATLAB and a few of its
commercial toolboxes. The access to these tools provided a chance to research computer

vision applications on control systems which resulted in this thesis.

1.2 Objectives

The goal of this thesis was an attempt to develop an application as a proof of concept for

computer vision aided crane control which would be able to:

e Detect flat markers on the usable 2D domain of the crane.
e Set the cargo of the crane directly on top of the marker.

e Additionally, let the user control the crane by clicking on an image or video feed

representing the crane’s usable domain.

1.3 Thesis outline

In Section 2 the reader is presented with a short description of the used physical objects
and software. In addition, it is briefly described how the components are specifically used

in the context of this work.
In Section 3 the system model and the development of it is described.

In Section 4 a detailed description of how the system was developed is described. This
includes both software related decisions and also the general algorithm of how the system

works.

In Section 5 the developed application and its usage are described.

8



2 System description

2.1 Inteco 3D Crane

The physical subject of this thesis is a three-dimensional model of an industrial crane
provided by Inteco. It comes equipped with a dedicated system of sensors and a 2D angle
measuring unit. The system is fully integrated with MATLAB/Simulink and operates in
real-time. The crane comes equipped with three DC motors and five position measuring

wheel encoders [3].

Figure 1: Inteco 3D Crane

The payload is lifted and lowered in the z direction. Both the rail and the cart are capable
of horizontal motion in the x direction. The cart is capable of horizontal motion along the
rail in the y direction. Therefore the payload attached to the end of the lift-line can move

freely in 3 dimensions.



rail

payload

Figure 2: Degrees of movement

There are five identical measuring encoders measuring five state variables: the cart coordi-
nates on the horizontal plane, the lift-line length, and two deviation angles of the payload.
The encoders measure movements with a high resolution equal to 4096 pulses per rota-
tion. These encoders together with the specialised mechanical solution create a unique
measurement unit. The deviation of the load is measured with a high accuracy equal to
0.0015 rad. The power interface amplifies the control signals which are transmitted from
the PC to the DC motors. It also converts the encoders pulse signals to the digital 16-bit
form to be read by the PC. The PC equipped with the RT-DAC/USB multipurpose digital
I/0 board communicates with the power interface board. The whole logic neccessary to
activate and read the encoder signals and to generate the appropriate sequence of pulses
of PWM to control the DC motors is configured in the Xilinx chip of the RT-DAC/USB
board. All functions of the board are accessed from the 3DCrane toolbox which oper-
ates directly in the MATLAB/Simulink environment [4]. The crane, however, does not
come with a mechanism of unloading or loading a payload which restricts the amount of

situations it is capable of simulating without further modification of the crane.
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2.2 Camera

The camera used in this work is a Logitech C615 webcam. It is a modern video camera
capable of taking photos up to 8 megapixels. However, using a high resolution is not
desirable in the context of this work. What the camera needs to accomplish is to capture
photos with a resolution sufficiently high for the image processing software to be able
to distinguish the markers, yet as small as possible in the interest of the performance of
the system. As a result of experimentation, the camera was set to capture at a smaller
resolution of 640x480.

2.3 MATLAB

MATLAB is a high-level language and interactive environment for numerical computa-
tion, visualization, and programming. MATLAB can be used for a range of applications,
including signal processing and communications, image and video processing, control
systems, test and measurement, computational finance, and computational biology. More
than a million engineers and scientists in industry and academia use MATLAB [5]. The
software developed in this thesis is written entirely in MATLAB. A few of its add-ons are

neccessary dependencies for the software to work.

2.3.1 Image Processing Toolbox

Image Processing Toolbox is a toolbox for MATLAB which provides a comprehensive
set of reference-standard algorithms, functions, and apps for image processing, analysis,
visualization, and algorithm development. It can be used to perform image analysis, im-
age segmentation, image enhancement, noise reduction, geometric transformations, and
image registration [6]. Image Processing Toolbox is used to develop the logic for han-
dling the image data gathered from the mounted IP camera in order to send information

about the target coordinates to Simulink.

2.3.2 Simulink

Simulink is a block diagram environment for multidomain simulation and Model-Based
Design. It supports system-level design, simulation, automatic code generation, and con-
tinuous test and verification of embedded systems. Simulink provides a graphical editor,
customizable block libraries, and solvers for modeling and simulating dynamic systems.
It is integrated with MATLAB, enabling the user to incorporate MATLAB algorithms into
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models and export simulation results to MATLAB for further analysis [7]. Simulink is

used to implement the algorithm to control the crane object.

2.3.3 Real-Time Windows Target

Real-Time Windows Target provides a real-time kernel for executing Simulink models on
a PC and blocks that connect to a range of I/O boards. It can be used to create and tune a
real-time system for rapid prototyping or hardware-in-the-loop simulation [8]. RTWT is

needed to run simulations on the crane in Simulink environment.
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3 System model

In order to get familiarized with the technicalities of the crane and how it functions, it was

decided to begin the work with developing a model in Simulink.

The 3DCrane installation package comes with examples and guides on how to get started.
Included with the package were various basic controllers for Simulink. The most suit-
able one as a template for what the controller was envisioned to be was the SDOF PID

controller. After a few minor adjustments the Simulink model was ready to be used.

3.1 Opverview of the Simulink model

—H

o [X
2] — =
c- il * A — [Y]
Saturation ¥ position
Setpoint X Z position
- » X angle |[SEIpoL
- v aturation1 ¥ angle
o N Addd D
e / =
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. Crane 30 [Setpomt 3
SetpointZ ‘@ Add2
r X.Y,Z X angle, Y angle

Control X. Y, Z

Figure 3: Screenshot of the Simulink model

The driver (tagged on Figure 3 as Crane 3D) has three PWM inputs (DC motor controls)
for the X, Y and Z-axes and 8 outputs: X position, Y position, Z position, X angle and Y

angle and 3 safety switches.

The 3 inputs are being controlled using 5 different PID controllers, 3 for the coordinates
and another 2 for the angles to minimize oscillations. The 3 saturation blocks were in-
cluded to limit the values of the PWM inputs. Although the driver already limits these
values to be [—1; 1], it proved to be beneficial to limit these values even more. This will
be expanded upon in Subsection 5.2.1. The terminator blocks were added to the safety
switches to prevent warnings about unconnected output ports. Lastly, 2 scopes are used

to monitor control and status of the system.
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3.2 PID control

Although the system only has 3 degrees of movement, it is modelled using 5 PID con-
trollers — 3 of them for movement in the X, y and z coordinates, and another 2 for x and
y angles. The reason for implementing the latter 2 controllers is due to the oscillations
of the payload, which we seek to minimize. Without the angle controllers, the payload

would have undesirable oscillations due to gravity whenever the cart is moved.

After implementing these controllers into the model, they need to be parametrized to suit
the system. Many different types of PID tuning rules have been proposed in the literature,
such as the Ziegler and Nichols method [9], which is suitable for a SISO system. Things
get more complicated, however, if the system has numerous interacting PID controllers.
For that reason, it was decided to keep the parametres provided by Inteco and only adjust

them slightly, if experimentation proved it was neccessary.

After testing for various different setpoints for the system with the initial PID parameters
it was noticable that the crane was affected by integral windup, which is a situation where
the controller starts to overshoot the setpoint and in order to compensate, it overshoots
in the other direction, thus creating an unwanted loop [10]. The problem was addressed
by reducing the value for the integral components of the PID controllers at the expense
of a slightly larger steady-state error. The final PID parameters chosen for this model are
listed in Table 1.

Table 1: PID parameters

PID Proportional component Integral Component Derivative
Controller component
X position 10 0.05 0
Y position 10 0.05 0
Z position 50 0 0

X angle 15 0 0
Y angle 15 0 0
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4 Development

The development of the application took place in MATLAB environment. Most of the

important toolbox dependent functions used in this work have been listed in Table 2.

Table 2: Toolbox dependent functions used in this work

Function Dependencies Short description
webcam MATLAB Support Package Creates a webcam object that represents the
for USB Webcams connection between MATLAB and the USB
webcam.

snapshot MATLAB Support Package Acquires single image frame from a
for USB Webcams Webcam.

imsubtract  Image Processing Toolbox Subtracts one image from another or
subtract constant from image.

rgb2gray Image Processing Toolbox Converts RGB image or colormap to
grayscale.

medfilt2 Image Processing Toolbox Performs median filtering of a matrix in two
dimensions.

1im2bw Image Processing Toolbox Converts image to binary image, based on
threshold.

bwareaopen Image Processing Toolbox Removes small objects from binary image.

bwlabel Image Processing Toolbox Labels connected components in 2-D binary
image.

regionprops Image Processing Toolbox Measures properties of image regions.

cp2tform Image Processing Toolbox Infers spatial transformation from control

point pairs.

imtransform Image Processing Toolbox Applies 2-D spatial transformation to image.
imfindcircles Image Processing Toolbox Finds circles using circular Hough
transform.

4.1 Image acquirement

Capturing a snapshot from a webcam in MATLAB is relatively straightforward since the
release of the support package for USB Webcams in 2014 [11]. First, a connection to
the webcam is initialized with the command webcam and then a snapshot is acquired

to the workspace with snapshot. Albeit simple, this method of image acquisition has a
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drawback — it does not support buffering or logging of data so the snapshot could only
start being read once the command has been issued. This has negative consequences on
the performance of the application as it could take up to 3 seconds to acquire a single

snapshot.

Alternative methods were explored and a potential solution involved functions from Im-
age Acquisition Toolbox. The idea would be to start the video stream along with the
application and store the video stream in a buffer, then trigger the snapshot using trigger
and getsnapshot() (as opposed to snapshot from the webcam support package). Unfortu-
nately, this idea had to be abandoned as there was no access to Image Acquisition Toolbox

in the laboratory.

Figure 4: Unaltered snapshot
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4.2 Corner markers and their detection

In order to define the usable domain of the crane on the image, 4 corner markers were
placed on the ground. For sake of practicality, they were chosen to be red and circular to
stand out from background noise such as shadows or the yellow frame of the crane. Their
positioning was calibrated by lowering the payload to the ground at the maximum and

minimum values of the domain space.

The algorithm for detecting the red markers was based on a program created by A. Bhar-
gav Anand, which had been uploaded to the MATLAB file exchange [12]. A detailed
description of the algorithm used in this work is given in Subsections 4.2.1, 4.2.2 and
4.2.3.

Another thing worth mentioning is the angle and position the of the camera. While it
would have made sense to have placed the camera directly above the crane to get a more
flat view of the domain (the objects on the ground are basically treated as 2D), a part of
the domain would have been obfuscated due to the crane rack. For that reason, the camera
was placed on top of a table to capture from a slight angle, where unobstructed vision of

the domain was attainable.

4.2.1 Detecting red colors

After importing the captured image to MATLAB workspace, it is ready to be processed
for image manipulation. The first step in the image processing algorithm is filtering out
the red colors from the image in order to fix the coordinates of the marker. This is accom-
plished by subtracting the grayscaled version of the source image from the red channel
of the image. What this results in is an image where the higher the red value of the RGB

pixel and the lower the green and blue values, the brighter the pixel will be.

4.2.2 Noise filtering

The next step is converting the resulting image to a black and white (binary, not greyscale)
image by applying a filter for each pixel and change them either to white or black, de-
pending on whether they pass the threshold. This threshold can be applied with quite a
forgiving range of possible values, as the markers are easily distinguishable by their RGB
values. In most cases, the RGB values of the 4 markers range from about 0.30 to 0.39
(from a scale of 0 to 1) as opposed to an upper value of around 0.10 for the brightest non
marker pixel. So in general, a binary conversion value of anywhere from 0.11 to 0.30

could provide the desired results (the final application was set to use a value of 0.26).
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The thresholding process is preceded by applying a median filter (function medfilt2) to
the image to clear it of noise — isolated pixels that could erroneously be detected as red.
After the binary conversion, another filter is applied to clear any white pixels that aren’t
connected by at least 150 other white pixels in case there is still some noise on the image

(function bwareopen).

Figure 5: Binary image after noise filtering

4.2.3 Storing the regions of interest

At this stage, the image needs to be analyzed to gather usable information from the white
regions. This begins by storing and counting any white pixel regions that are connected
by 8 or more pixels (function bwlabel). Next, it will be verified whether there are exactly
4 regions that were detected — if that is the case, it is highly likely the algorithm was
succesful in finding the 4 corner markers. Now all that there is left to do is to store the

centroids (center points) of the regions. This is accomplished with the function region-

props.
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4.3 Perspective adjustment

The application assumes the domain is in 2D space so in order to proceed further with
computer vision related analysis, the image needs to have its perspective adjusted. What
is needed is a constant ratio for each pixel on the image with a certain physical area of
the domain, in order to be able to calculate the coordinates reliably. Given the area of the
entire domain is 630 by 500 millimemeters and the image is 640 by 480 pixels, it seemed

reasonable to convert the image with a 1:1 pixel to millimetre ratio.

4.3.1 Projective transformation

Projective transformation or homography is a type of geometric transformation that allows
mapping quadrilaterals from one projective plane to another. It shows how the perceived

objects change when the view point of the observer changes [13].

Projective transformation is based on the following formulae:

_ar+by+ec 0
Cgr+hy+1
and
Y_dx+ey—|—f 2

Cgrd+hy+1

where X and Y are the coordinates to be calculated in the second reference system, given
coordinates (z, y) in the first reference system in function of 8 transformation parameters
a, b, c d e f, g h[14]. So, having these 8 unknowns, at least 4 known points in both

systems are required.

As we have already stored the centres of the 4 corner markers (Subsection 4.2.3), we can
use them as our control points (moving points) in the initial reference system. The fixed
points on which we desire to map the initial quadrilateral were chosen to be as follows: (1,
630; 500, 630; 500, 1; 1,1). After infering a spatial transformation by creating a structure
tform (function cp2tform) and applying the structure to the source image (function im-
transform), we get a new image with the dimensions 500x630px. The conversion process

is illustrated in Figure 6.
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Figure 6: Projective transformation with illustrative quadrilaterals
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4.4 Finding target markers

After rotating the image to match the pixels with the real life coordinates, we can begin

searching for the target marker — the desired setpoint for the crane.

Choosing the shape and size of the marker was deemed not to be of particular impor-
tance, considering this work is supposed to be simply a proof of concept, not an overly
realistic simulation. That said, it is known that Hough transform is a widely used pattern
detection technique in computer vision so as a chance to explore the possibilities with that

technique, it was decided to make the target marker circular.

The circular hough transformation algorithm is not a rigorously specified algorithm, rather
there are a number of different approaches that can be taken in its implementation. How-

ever, by and large, the common steps for the algorithm are as follows:

1. Foreground pixels of high gradient are designated as candidate pixels and are al-

lowed to cast ’votes’ in the accumulator array.

2. Each of these high gradient pixels in the geometric space (x,y) generate a circle

with a radius r in parameter space (circles with dashed lines in Figure 7).

3. The intersection point (a, b) of the circles in parameter space is computed. This is

also the center of the circle in geometric space [15, 16].

v-ﬂ‘
Ym

Figure 7: Center detection with circular hough transformation [1]
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Granted, performance costs have to be taken into consideration and for that reason it is

wise to limit the radius to a range of values the circle is suspected to belong to.

Using circular Hough transform in MATLAB is straightforward with the function imfind-
circles, which scans for circles on the image and returns their centers. As an additional
parameter, the function allows a radius range in pixels to be entered as a parameter, which
was chosen to be [30; 45].

4.5 Graphical user interface

In order for the user to have a better overview of how the system functions, a GUI was
designed. This was the last and the most time consuming part of the development process,
as there was a lot to learn about developing a GUI in MATLAB.

The buttons, textboxes and various other standard GUI objects were added with MAT-
LAB’s guide (graphical user interface design environment) and they were programmed in
MATLAB'’s code view.

A detailed overview of the GUI and its usage is given in Section 5.
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5 Application
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Figure 8: Screenshot of the GUI

The application was developed as a GUI and it has the following features:

e A panel for displaying the latest processed snapshot. In addition, it is possible to

click on the panel to apply a new setpoint,
e a visual indicator for the target marker drawn on the snapshot,
e buttons for starting/stopping the Simulink model,
e a function for detecting target markers (button Detect circles),

e a function for detecting target markers and moving the crane to its coordinates (but-
ton Detect & Run),

e a function for moving the crane to home coordinates and resetting the encoders of
the crane (button Go home),
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e a textbox to time the amount it took to execute the image capturing and processing

functions,
e aslider to control the lift-line height,
e manual coordinate setup panel,

e a panel for displaying the current coordinates of the cart.

5.1 Usage

The application works for MATLAB’s 2014b versions and above, as long as all the re-

quired dependecies have been met:

Table 3: Application dependencies

Dependency Version

MATLAB 2014b

Image processing toolbox 9.1

USB webcam support 2014b
package

Simulink 2014b
Real-Time Windows 4.5

Target for Simulink

3DCrane MATLAB —
support

Before starting the application, the user should verify that all 4 red markers are within
camera’s field of view. Furthermore, it should be noted that the camera should capture
from the angle as shown in Section 4 (so the zero point is at the bottom right hand side),
unless the user is willing to reconfigure the image rotation algorithm. Other than these 2
restrictions, the camera can be placed quite leniently and thus it doesn’t neccessarily have

to be mounted in place.

Next, the user can start testing the features of the GUI. Clicking the Detect circles button
will display the processed image on the GUI and draw a blue circle to where the program
thinks it found a circle and draw the coordinates inside of it. This can be used to verify

that the camera has been placed properly and the algorithm is functional.
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It has to be noted that in order to access the crane controlling functions, the Simulink
model needs to be started with the respective button. Doing so also enables the Detect
& Run button, which is identical to the button above it, but in addition it will parse the
detected coordinates of the circle to Simulink, which will in turn move the cart above the
circle. Another method of controlling the crane is by clicking on the desired coordinates
on the image, after which a notification will appear on the screen to display the coordinates
that were clicked on. The 3rd method to control the crane is by entering the desired

setpoints manually and then pressing apply.

During or after the process of controlling the crane, the user may try and access the
Simulink scopes to monitor the status or control of the system to verify that the PID
controller is functioning properly. If the coordinates on the scope match with the ones
detected by the Hough algorithm but the crane still seems to be misplaced, it is recom-
mended to try and reset the encoders by stopping the Simulink model and pressing the Go

home button.

5.2 Shortcomings
5.2.1 Encoders

The first big shortcoming of the application is related to the encoders of the crane. After
using the application for a while, it can be noticed that the cart’s position will not quite
align with the position of the target marker’s, even though the static error in Simulink’s
scope is minimal. The error can be up to ~5 centimetres and this mostly happens with the
x coordinate. Due to this the encoders of the crane have to be reset often by moving to

the (0; 0; 0) coordinates, which is time consuming.

This issue stems from the inaccurate encoders of the crane, which cause the system to
misestimate the amount the crane has moved and thus the actual coordinates of the crane’s

position will be different from what the encoders calculate it to be.

It is suspected that this error quickly adds up due to the PID controller, which controls the
crane at various speeds as the issue didn’t seem to be as severe when controlled manually.
A working but time costly method to mitigate the issue was by restricting the maximum

PWM control speed of the crane.

5.2.2 Performance

The performance of the application was regarded as one of the priorities in the context

of this work, as the purpose of any computer vision based system should be to optimize
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efficiency. That said, the performance of the system can be considered unsatisfactory, as

the algorithm takes about 4 seconds per iteration.

MATLAB’s Profiler [17] was used to measure the time it took each function to execute.

Partial results of a typical execution are displayed in Table 4.

Table 4: Performance of different functions

Function Time spent % Time
snapshot 2983 s 74.3%
imtransform 0.186 s 4.6%
imfindcircles 0.180 s 4.5%
webcam 0.169 s 4.2%
All other functions 0.499 s 12.4%
Totals 4.017 s 100%

As can be gathered from Table 4, the bottleneck for the program is the image acquisition
part (functions snapshot and webcam), taking up nearly 80% of the time it took to execute

the program. A method to mitigate the problem has been provided in Subsection 4.1.

Improving the performance for the rest of the program can be done by passing the im-
age processing functions to the GPU. The options for this method were explored and it
turned out that MATLAB’s Parallel Computing Toolbox would have been neccessary to
accomplish the job, which we did not have access to in the laboratory.

5.3 Potential for further development

Even though the application is usable at its current stage, it could be developed further.

The most plausible idea to realize in near future would be adding additional visual indi-
cators on the GUI. Namely, the path of the crane’s trajectory could be drawn on the image
by parsing the data from Simulink’s scope history. An attempt was made at implementing
the afromentioned idea, however a complete reconstruction of the GUI’s logic would have

been neccessary so it fell out of favor due to time restrictions.

As the application was mainly built as a proof of concept, it wasn’t made to be very
customizable. With further development, various functions could be made parametrizable
within the GUI, such as image rotation or customizable target markers, perhaps even by

using machine learning algorithms.
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Another, longer term vision would be to upgrade the system to be able to compute 3D
coordinates and thus be able to control the crane without the use of encoders. This idea
would require at least 2 cameras for stereo vision. Problems such as obstacle avoidance

and optimal path finding could be explored with such a solution.
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6 Conclusions

MATLAB and its toolboxes provide a solid foundation for computer vision type appli-
cation development. With MATLAB’s detailed documentation for the vast amount of
functions and features, a functional application to control the 3Dcrane was successfully
developed. That being said, MATLAB’s development environment might not be the opti-
mal choice for a real-time application, as an iteration of the program took up to 4 seconds,
leaving the performance a bit lacking if one were to develop a system that would be used

in real life situations.

The biggest issue was related with the crane’s built-in encoders, which had to be reset after
every few iterations in order for the coordinates to be calculated accurately. Despite that,
the objectives of the thesis were reached and the results can be considered satisfactory, as

the application worked more or less as was envisioned when beginning this work.

Looking forward, the system has room to be developed further. As a start, the issues
with the encoders of the crane and performance of the application need to be addressed.
Next, more visual features and a GUI with parameter inputs could be developed to con-
trol the crane more efficiently and which would be more suited for various situational

experiments.
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