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Summary 
This thesis work was done together with SAAB Automobile (Saab) and has investigated 
how to implement vision based robot systems into Saab’s body shop part of the factory 
(where the car body is mounted together). Vision based robot systems are common in the 
automotive industry, but not so much in the body shop part of the factory. 

This thesis work was a continuation of a project where the basics about a camera, Cognex 
In-Sight 5100, were learned. This camera is a so called smart camera, which means that it 
can work alone without a computer controlling it. This because it has a small processor 
built in to the system.  

The thesis work was solved by looking at an area of an object and compare differences in 
this area when moving the object. With these differences the accuracy of the camera could 
be known. The optics, lighting and calibrations were also investigated to learn how to use 
them best. The work was also to be a part in a team that investigated how to best 
implement vision based robot systems into Saab’s body shop factory. It was members from 
Saab’s factory, professional vision companies and a company that was professionals in the 
making of jigs and other mechanical inventions.    

The results from the tests that were made showed that it was important to calibrate the 
camera right. For example one test was to see how accurate the camera was to guide a 
gripper to the middle of a beam when having the field of view at the side of the beam. The 
tests showed that the camera showed wrong in both translation and angle. If both errors 
were superposed calculated together big errors could occur. 

The results also showed that this camera system is not advanced enough to handle all 
different situations that need to be solved in the body shop factory. For example the 
camera can not take two pictures and then compare them. These functions can be 
programmed in a PC based vision system where the programmer can program whatever he 
wants. It is no limitations. The camera that was investigated is best used when it is not too 
complex solutions. For example it can guide the robot where the accuracy does not need to 
be very exact. 
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Nomenclature 
AOV:  Angle of View 

CAD:  Computer Aided Design 

CCD:  Charge Coupled Device, an image sensor 

Cognex:  Cognition experts, a company name 

Field Of View: The area where the object should be inside and what the    
camera can observe 

FindPatterns:  Function in the In-Sight Explorer software 

FOV:  Field Of View, see above 

GM:  General Motors 

In-Sight Explorer: The software to the Cognex camera  

LASER:  Light Amplification by Stimulated Emission of Radiation 

LED:  Light Emitting Diode 

PatMax:  Function in the In-Sight Explorer software 

SAAB:  Svenska Aeroplan AktieBolaget 

SMD:  Surface Mount Device 
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1 Introduction 

1.1 Background 
This thesis work has been performed together with SAAB Automobile (Saab). It was 
one of the steps towards a vision based robot system standard in the Saab factory and 
could be recommendation for the whole General Motors group. Vision based robot 
systems are commonly used in the automotive industry [4-12], but in the body shop 
part of the factories there are not so many vision based robot systems yet. 

Saab has a goal to introduce a vision based robot system in their body shop factory 
during 2006. Therefore they have to investigate different technologies. One of the 
technologies was to use a smart camera, a camera that was “autonomous” because of 
a small “computer” inside (see chapter 4). This thesis work was to investigate one of 
those cameras on the market, a Cognex In-Sight 5100. The thesis work was also to be 
part of Saab’s work to implement vision systems in to the body shop factory. The 
investigation was made together with companies that are professionals in machine 
vision with experience on how to best implement vision systems in the factory. The 
thesis work was to be a part of the discussion and help Saab to evaluate all the 
proposals the professional companies were giving. The thesis work was a continuation 
of a project course that was a pre-study to this thesis work. 

The work method was to use the camera to investigate a steel beam from the factory. 
The camera was put on the robot hand and the robot was used to move the camera. 
By doing this the exact movement of the camera could be known. 

1.2 Aim 
The aim of the thesis work was to examine a number of issues regarding the camera 
performance and its capability to detect specific features on relevant objects, like: 

- Are the features chosen in the project good enough to investigate the accuracy 
of the camera? 

- Is the accuracy depending on the chosen feature? 

- How does change in ambient light affect the camera performance? 

- How does the camera handle object position changes in x, y and different 
rotations? Is the camera showing the same change as the real change? 

- Is the camera good enough to be used in the applications Saab want to use it? 

- To make a Mini Manual for use in early planning so the work can be started 
up faster [Appendix B]  

- To learn as much as possible about vision systems and to spread this 
knowledge in the group at Saab 

- Assist in the discussions at Saab about future vision systems in the factory  
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1.3 Limitations 
Most of the investigation was to learn as much as possible about the camera’s 
accuracy and its usability for the factory needs. Only representative test objects were 
investigated. 

The work was focused on the camera and how it performed; the camera was 
connected to the robot, but  did not communicate with it.  

2 Presentation of the collaborating companies 
The project was a collaboration between Saab Automobile AB and University West 
and the work was done using a smart camera from Cognex. 

2.1 SAAB Automobile 
SAAB, Svenska Aeroplan AktieBolaget which means "Swedish Aircraft Company”, 
was founded 1937 to build military aircrafts [13]. After the Second World War, that 
ended 1945, it was a natural change to start making cars instead of military aeroplanes, 
so 16 engineers got the mission to make a car. Since they had only made aeroplanes 
before they used a lot of that knowledge to make a car that had as good aerodynamics 
as today’s cars, see Figure 1 from [13]. To this day its drag coefficient level of 0.31 is 
still viewed as competitive. 

 
Figure 1: The first Saab called Saab 92 

The part of Saab that made military aeroplanes continued to make aeroplanes and 
over the years the company has started a number of branches such as SAAB trucks, 
buses, aerospace etc. In 1990 SAAB Automobile AB was founded after a co-
operation between Saab-Scania and General Motors [18]. Since 2000 Saab Automobile 
is fully owned by General Motors and the main office is in Trollhättan. 

For Saab it is still important to have aeroplanes in mind, the cars should be unique in 
that way, see Figure 2 [14].  
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Figure 2: Saab is born from jet aeroplanes 

Saab has also made a lot of great innovations, for example they were the first 
manufacturer that had seat belts as standard. Other innovations that Saab designers 
have made are for example turbo engines, heated seats, active head restraint systems, 
cabin air filters, headlamp washers etc.  

Today Saab produces two main models, 9-3 and 9-5, in different versions. In USA 
there are also two more models on the market, the smaller 9-2X and the bigger 9-7X, 
both based on other car manufacturers platforms. This is because Saab is owned by 
General Motors. 

Saab sold last year over 126 000 cars and during all years Saab has sold over 4 million 
cars in more than 60 countries worldwide. There are over 5000 employees at Saab. 

 6 
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2.2 Cognex Corporation 
Cognex Corporation was founded in 1981 [12] and was one of the first manufacturers 
of machine vision. The name was put together from "Cognition Experts". Since they 
have sold more than 300,000 vision systems they are the world leader in machine 
vision. The development in machine vision is very fast, which is why the percentage 
of engineers is as high as 35 of a total of 750 persons. The company is a worldwide 
company and has employees in 29 countries outside North America. The main office 
is in Natick, USA. 

There is always a local partner in every country to assist the customer to implement 
the system they have bought and to make a full solution with everything needed. The 
full solution is including correct lighting, programming the camera system, extra 
programming with other software if needed, and support after installed etc. 

Cognex's vision systems can automatically identify products, inspect for defects, gauge 
part dimensions, and guide robotic equipment. The sensors can be cameras, ID 
sensors (checking different codes), wafer sensors (wafers are used in semiconductor 
industry) etc, see Figure 3 from [12]. 

 
Figure 3: An ID sensor. Checks for different patterns and reads bar codes 

In a typical application, a system captures an image of the part to be inspected 
through a video camera. The system then analyzes the image and generates an answer 
about it, such as whether a part is defective. This information then can be sent to 
other equipment in the manufacturing line, including the control system of a robotic 
arm that can be programmed to remove a bad part from the process. Cognex has 
applications in many industries such as semiconductors, electronics, pharmaceuticals, 
automotive, healthcare, packaging, consumer products, and high speed inspection of 
materials such as steel, paper, and nonwovens. 

 7 
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3 Background theory 
There are a lot of different theories behind vision based robot systems. To make it 
easier to understand the results some theory is presented in this chapter together with 
some examples from the investigations. 

3.1 Machine vision  
Machine vision systems are used in environments where something needs to be 
inspected automatically. The systems are supposed to replace the human eyes and 
brain when for example the part/s that is inspected moves too fast or if it is too small 
to be able to see it correctly [1-3, 11-12]. To replace the human eyes you mostly use a 
camera. The information from the camera is processed in some way (through image 
processing) and sent forward to for example a robot. 

3.1.1 Robot vision 
A vision system that controls a robot can be built up in many different ways, using 
only one camera or multiple cameras. The more complex situations, the more cameras 
are needed [11-12]. Camera systems can be in two dimensions 2D, where the z 
direction is not considered, in 2½D where also the z direction is calculated and three 
dimensions systems, 3D, where all degrees of freedom will be calculated by the 
system. 

The 2D system [11-12] is the less complex solution, but can be used in many different 
applications. The information out from the image processing is the x- and y- position 
of the object and the rotation around the z-axis of the object. The biggest 
disadvantage is that the distance to the object, the z- translation, can not be 
determined , see Figure 4 from [11].  

 
Figure 4: 2D robot vision 

By connecting a measuring system to the camera or always have the same and known 
distance to the object a 2 ½D system is created. By doing these changes the z- 
position of the camera to the object will also be known, see Figure 5 from [11]. 

 8 
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Figure 5: 2 1/2D robot vision with  the z direction known from other means, i.e. the distance 

between the camera and the object must be known 

In a 3D system the object can be translated in any direction and also be rotated in all 
directions relative to the camera. By taking images from different angles, with one or 
more cameras, the result out from the system will give all the information that is 
needed to know where an object is located, see Figure 6 from [11].  

 
Figure 6: 3D robot vision with three cameras 

There are also other types of 3D systems that for example only use one camera that 
takes images. By looking at three or more features in the image the software that is 
connected to the camera compares stored 3D models based on CAD data with the 
values it gets from each picture, see Figure 7 from [10]. The system is called mono 3D 
vision [10]. To be more accurate, two cameras can take an image from the same view 
at the same time, and then the system is called stereo 3D vision, see Figure 7 from 
[11]. 

                              
Figure 7: (Left) Mono 3D vision. (Right) Stereo 3D vision with two cameras in several 

positions 

The investigation for Saab was with one camera and a 2D system. 
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3.2 Optics 
Optics is a big part of a vision solution. Here is some theory about the main things 
needed to be known. The optics of a camera depends on which lens the camera has. 
The different lenses have different characteristics such as focal length, chip sizes, etc. 
Filters can also be used to help the optics improve the image, but no filters were used 
in this work. 

3.2.1 Field of view 
The field of view (FOV) is what that the camera sees [12, 18-19, 23]. Depending on 
the lens that is used and how far away from the object the camera is, it will be 
different FOVs, see Figure 8 from [23]. 

Working Distance

Lens
Field of View

Parts

Working Distance

Lens
Field of View

Parts

 
Figure 8: How the field of view is recognized 
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One factor that also affects the field of view is the size of the CCD chip which is the 
sensing device in the camera. The smaller CCD chip the smaller FOV, see Figure 9. 
CCD is one technique for how the pixels in the image are built up. It is made of many 
small capacitive elements (representing one pixel each) that are sensitive to light and 
they become charged when they get exposed by light [24]. Another often used camera 
technique is CMOS, where each pixel is made up from CMOS-transistor elements.  

 

Figure 9: The size of the CCD chip affects the FOV 

There are tables [12] that can be used to calculate the best lens to use at a certain 
distance or the distance to the object if you already have one lens.  
The camera that was used in the tests had a lens that had 8 mm focal length. At the 
tests the FOV was measured at a distance of 550 mm and it showed that the FOV 
was 370x270 mm, see Figure 10 [from the camera]. See more in section 5.3.1 

       
Figure 10: Left/Right The ruler shows the width/height of the image from the distance of 550 

mm 

3.2.2 The angle of view 
Together with the FOV, there are different angles of view (AOV) to the object. The 
AOV is the angle out from lens of the camera. The angle becomes wider and wider 
the smaller focal length of the lens that is used, see Figure 11. The numbers in the 
image are the measurements used during the experiments, see chapter 5. 550 mm is 
the distance between the camera and the object and 185 mm is the distance from the 
edge to the middle of the object. 
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Figure 11: The angle of view from the camera 

This also shows that in the middle of the image it is no big changes of what the 
camera sees when the camera gets closer or further away, but at the edges of the 
image it becomes bigger changes. If you for example move the camera 30 mm up the 
change at the border is 10 mm, but in the middle it is no change, see Figure 12. 

 
Figure 12: Bigger change at the edges than in the middle 
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3.2.3 The radial distortion problem 
Which kind of optics you use is very important. If you want to come close to the 
object and see as much as possible of it, you want a lens with a small focal length [20-
21]. But the smaller focal length you have the picture becomes more and more radial 
distorted the further out from the middle you come, see Figure 13 [from the camera]. 
In the figure the red frame shows that the borders of the image are not correct.  

 
Figure 13: Radial distortion in picture 

There are functions in PC based systems that can handle these problems. But if you 
only have this lens and this camera you can solve this by looking at features as close to 
the middle of the picture as possible. One even better solution is that, if you have 
possibility to have the camera further away, to buy a lens with a bigger focal length or 
a lens that has telephoto abilities. Telephoto lenses are made so it has no radial 
distortion problems at all because they are built so they have small angle of view [21]. 
This implies that all parts of the object are seen with same angle (lines of sight are 
parallel). The big problem is that the lens needs to be as big as the object you are 
looking at, see Figure 14, which is why this not is a realistic solution.  

 
Figure 14: How telephoto lens beams work 
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3.3 Lighting 
The light is an important part of a vision solution [12, 19, and 23]. Shadows, 
reflections, different colours etc. are examples that affect how the light falls on the 
object and how the camera observes the object.  

The best light is most often a natural ambient light that is not too bright or too dark, 
but there are some techniques that help the camera at different occasions. For 
example if there is an object with sharp edges it can be easier for the camera to see the 
edges with a backlight, see Figure 15 from [23]. 

object

light

camera

                                              
Figure 15: (Left) Back lighting; (Middle) Lamp without back lighting; (Right) Lamp with back 
lighting 

Sometimes the best way to see parts of the object that are important is to light the 
object from different angles. Then you can see just the part of the object that you 
need to see easier, see Figure 16 from [23]. Or if it is hard to see the part of the object 
with different lighting techniques the shadows can be looked at. 

 
Figure 16: Light from angle to see part of object 

If it is a surface that reflects light it is hard to get good lighting with normal ambient 
light. Then you need polarized light from LED lights or LASER light. To use the 
LED light you need to be very close to the object because normal ambient light is 
disturbing the LED light. You also need to have the waves in the right direction 
(vertical or horizontal polarization). It can be times when you do not see anything 
with the waves in the wrong direction, see Figure 17 from [23].  

Ring light is a light that is mounted at the camera around the lens and most often it is 
made of LEDs. The light source can be triggered by the camera and be active when 
the picture is taken, or the light can be active all the time.  
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Figure 17: (Up) Image taken without polarized ring light (Down) Same image with polarized 

ring light 

4 The Cognex In-Sight system 
The camera used in the investigation is a Cognex In-Sight 5100 [19]. It is a so called 
“smart camera” which means that it has a built in small computer making the image 
processing. This makes it possible for the camera to work stand-alone without a 
computer connected to it. The camera has two connections out. One is a breakout 
connection (in figure 18 24VDC Connector) that is connected to a module [20] which 
has different outputs and from that module the camera can be connected to the robot 
through a RS-232 cable. The other connection is an Ethernet cable that can be 
connected to a network or to a single computer through the network card at the 
computer, this because the camera needs to be programmed before it can work alone. 
The camera also has five LEDs showing the status of the camera, see Figure 18 from 
[16]. 

 
Figure 18: The connections to the camera and the status LEDs 
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The network status LED shows green light when detected, the network traffic LED 
flashes green while transmitting and receiving data, the power LED shows green 
when power is applied, user 0 and user 1 LEDs are indicating status when using 
different discrete output lines. 

The resolutions of the images are 640 x 480 pixels. 

4.1 The software to the camera 
The camera is programmed with a program called In-Sight Explorer [19]. It is built up 
with spreadsheets just like Microsoft Excel. You program the camera by choosing one 
cell in the spreadsheet and make your function in that cell, see Figure 19 [from 
screenshot]. 

Network pane =  
(In-Sight hosts on 
your network)

Files pane =   Files 
on selected host

Spreadsheet on 
selected host

Tool 
palette

Pull-down menus Toolbars

 
Figure 19: The appearance of the software In-Sight Explorer 

The In-Sight Explorer can perform four main tasks: 

• Guidance 

• Inspection 

• Identification 

• Measurement 

Guidance is used to locate the objects you want to find with the camera. The camera 
is trained with an object that is correct, see more in chapter 5. The camera then sends 
for example the x-, y-, z coordinates and rotation to for example a robot, see Figure 
20 from [19]. The camera works with one object at a time, it compares the objects and 
handles them in the best way. 
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Figure 20: Guidance locates the objects, the red cross in the objects indicates middle of object 

and rotation 

When the guidance is done it is time for inspection of the object. When doing 
inspection of images the camera is looking for presence/absence of features, 
production defects, count features etc, see Figure 21 from [19].  

 

 
Figure 21: (Up) Presence or absence of features. (Down) Looking for production defects 

When looking for identifications it can be to check serial numbers, bar codes, 
colours etc, see Figure 22 from [19]. The In-Sight 5100 that is used in the project has 
no colour inspection because the camera takes images in grey scale. 
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Figure 22: (Left) Scan bar codes; (Right) Colour inspection 

 

It is also possible to measure different features in an image to make sure the parts 
that are inspected are correct, see Figure 23 from [19]. 

 
Figure 23: Measurements of a gap and length of a spark plug 

4.2 Functions in the software 
PatMax and FindPatterns are used for locating objects and other image features in the 
field of view by “training” a model of a pattern, then searching subsequent images for 
matching patterns. In the software there are two different functions for finding 
patterns. It is the “normal” FindPatterns function and a more accurate function called 
PatMax. The difference between these two are that FindPatterns follows the pixels in 
the picture and PatMax is so called grid based and follows object’s geometry. An 
illustration of the differences can be seen on the Figure 24 from [19].  
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Figure 24: (Left) FindPatterns follows the pixels (Right) PatMax follows the object´s geometry 

Since PatMax follows the features better the accuracy and the measurements can be 
improved using this function. 

4.3 PatMax 
PatMax is following the features better because it uses sub pixels. By looking at the 
geometry of the object in the image PatMax can see where there are differences in the 
pixel value. Then it uses mathematical formulas, that are patented by Cognex, to be 
able to get the sub pixels. The formulas in PatMax are made so it can see up to 1/40th 
of a pixel. The pictures in Figure 25 from [23] show that sub pixels are working better 
than normal pixels. In the pictures the grid is representing the pixels in the image. 

 
Figure 25: (Up) The pixel grid according to the object. (Down) PatMax uses sub pixels 
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As can be seen in the pictures it are very hard to get good results out when the object 
is rotated or scaled, but if you can divide the pixels into smaller parts instead it will be 
easier. PatMax has problems when there are not so much geometrical changes since it 
needs many differences in the shape of the object. In the PC-based program 
ProVision they have solved this and have a PatMax function that can handle edges, 
but in In-Sight Explorer this function is not built in. 

4.4 Accuracy of a vision camera 
The accuracy of a vision camera can be calculated theoretically [23]. By accuracy it is 
meant how accurate the camera is to measure distances in the image. To do that you 
need to know the field of view (FOV) (see chapter 3.2.1), the resolution in the camera 
and how accurate the vision function in the program is. 

When calculating the accuracy of the camera used in the tests the camera’s field of 
view is 370x270 mm (see chapter 3.2.1) and the camera resolution is 640x480 pixels. 
FindPatterns accuracy was 1 pixel and PatMax was up to 1/40th pixel. 

The formula that calculates the accuracy to measure distances is: 

mm
directiononeinPixels

pixelsAccuracymmFOV
directiononeinAccuracy FunctionVision ___

)__(#
)()(

)__( _ =
×

=

 

The results need to be calculated in both horizontal and vertical direction. The 
calculations were made so that PatMax could handle 1/10th pixel and 1/40th pixel 
because it was not always PatMax could handle 1/40th pixel. It depended on the 
conditions for the camera, like light and optimal distance to the object etc. The results 
of the calculations (in mm) can be seen in Table 1. 

Table 1: Calculations of  accuracy 

 Horizontal Vertical 

FindPatterns 58,0
640

1370
=

×
 56,0

480
1270
=

×  

PatMax 
10
1 pixel 

058,0
640

10
1370

=
×

 056,0
480

10
1270

=
×

 

PatMax 
40
1 pixel 

014,0
640

40
1370

=
×

 014,0
480

40
1270

=
×

 

These calculations can be used to compare the results from the camera in the tests. 
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5 Experimental set up 
To make the tests some preparations needed to be done. Both the camera and the 
robot needed to be programmed and calibrated. The test object was chosen to be a 
steel beam that is normally mounted in the rear of a Saab 9-3. It is a little curved and 
has small holes at both ends. In the middle it is a small cut that was easy to recognise. 
Figure 26 shows a drawing of the steel beam. 

 
Figure 26: The steel beam used in the tests 

The camera is mounted on to the robot arm to make the movements in the tests in an 
easy way. Instead of moving the steel beam the camera is moved by the robot. Since 
the robot is well calibrated the tests are based on that the robot moves in the right 
way. 

5.1 Set up of the functions in the program 
The functions FindPatterns and PatMax use different set ups. The most important set 
ups of the functions was to choose which area and what details the camera should 
look. To use the functions in the right way the functions are trained with an image 
from the camera to see the right area and then compare this with the future images 
from the camera. FindPatterns could look at every pixel in an area or look at edges in 
the area. 

The areas that were chosen on the object (here a steel beam from Saab’s factory) were 
areas that had good geometric changes for the functions. The areas that were chosen 
had sharp edges when using the FindPatterns function and had an area with a lot of 
geometric changes for the PatMax function. Geometric changes are curves, holes etc. 
The area for the FindPatterns function used at the side of the beam can be seen at 
Figure 27 [own camera]. 
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Figure 27: The steel beam with area at the side identified by FindPatterns (marked in green) 

In the middle of the beam FindPatterns finds more edges that are very sharp and have 
little more geometric changes than on the side of the beam (it is a sharper curve in the 
edge), see Figure 28 [own camera]. When the edges have less geometric changes 
FindPatterns get more accurate results. 

 
Figure 28: Middle of the steel beam with edge found by FindPatterns (marked in green)  
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Figure 29: Area that PatMax is looking at 

The area that was chosen for PatMax was an area with many geometric changes, see 
Figure 29 [own camera]. And it was not too big, because the bigger area you choose 
the longer the calculations are taking. In the middle of the beam it was not enough 
geometric changes, the software had problems to find an area where stable results 
were presented (see chapter 4.2.1). After choosing the area where the functions 
should look, the information from the FindPatterns and the PatMax functions needed 
to be transformed to millimetres. There is a function that transformed pixel values 
into world coordinates. If the calibration was made in the right way the position 
change in pixels was supposed to show the right values (see chapter 5.2.1). How the 
different functions looked like in the software you can see in Figure 30 [screenshot]. 

 
Figure 30: The functions in the program 

Like in chapter 4.1 you choose one cell to write your function in (Patterns, Point, 
Edges etc.). After all set ups needed for the function are done the result in the 
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program are presented. The numbers, on the same row as the function name and the 
text above the numbers are the results from the function. In the functions in Figure 
30 the most important results are the results from Row and Column in the Patterns 
functions. They are pixel values from the image. To transform the pixels to 
millimetres in real world a calibration is made where an image with known dimensions 
is put in front of the camera, see chapter 5.2.1. This calibration is used together with 
the Point function to get the world millimetre values (in the program called world 
values) In the tests performed the values from before moving the robot was 
compared with the results after moving. Then the results were compared with how 
much the robot was exactly moved, see Appendix C.  

Then a function that could see the mean-, maximum-, minimum- and last value was 
used to see how the values from the functions were changing. The function was 
connected to one cell (part of the function result) at the time and could be for 
example the change in X or Y translation. The function was set up so it remembered 
the last 10 values. With using the Custom View settings, you choose what the user can 
see, only the functions that were showing the min, max etc could be seen on the 
screen together with the image from the camera, see Figure 31 [screenshot]. Then it 
was only to move the robot as wanted and read the results. 

 
Figure 31: Easy to read the results 

5.2 The robot program 
To make it easier to move the robot a robot program was made [Appendix A]. It was 
built up in a way to make it easy to understand what the program was doing. It is built 
up so the user gets different alternatives to choose between in every step on the way 
to make the robot move as the user wants. The user chooses if the robot shall move 
in x- or y direction or if the camera shall rotate, and then gives a measure on how 
much to translate or rotate. Translation and rotation can be combined freely. 
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5.3 Calibration 
In the following subsections it will be explained how the calibrations of the tool at the 
robot, the robot, the work object  and the camera  were made. 

5.3.1 Calibration of the camera 
The camera was calibrated in a way that an image was taken of a square object of 
known size (127 x 127 mm in the tests). A function in the program transforms the 
pixel values into world coordinates (in this case transformed to mm). This calibration 
function was made in three steps:  

• First step is to write the world coordinates of the square. World point 0 is the 
upper left corner, world point 1 is the upper right corner, world point 2 is 
down left corner and world point 3 is the down right corner. You write the 
coordinates with world point 0 as the starting point, see Figure 32 
[screenshot]. 

 
Figure 32: Step 1: Fill in the world coordinates for calibration 

• In step two you point out the pixel values of the square’s corners in the image. 
The points are pointed out by hand with the mouse or are measured out by 
some other function, see Figure 33 how it is made by hand [screenshot]. 
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Figure 33: Step 2: Point out the pixel coordinates 

• In step three you choose functions that can perform the calibration. There are 
functions that can transform edge information to pixel information, blobs 
information to pixel information etc. There are different kind of calibration 
functions because they have different set ups according to what is needed. 
The function used in the tests is the function that transforms pixel values to 
world coordinates, see Figure 34 [screenshot]. 

 
Figure 34: Step 3: Use a function that transforms pixel coordinates to world coordinates 

5.3.2 Calibration of the robot 
When the robot is calibrated it is important to calibrate the robot hand, where the 
camera will be situated, and the work object calibration so the robot gets a coordinate 
system according to the table. 

5.3.2.1 The tool calibration 
A tool calibration is made so the robot gets a frame, a coordinate system with x, y and 
z, at the point where the tool is situated, see Figure 35 from [22].  
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Figure 35: Tool coordinate system 

The camera was mounted at the TCP, see figure 35, and the tool coordinate system 
for the camera was chosen to be at the front of the camera lens. A tape was put on 
the cover in front of the lens and measurements on where the middle was were 
performed. Then the middle was marked and was used for being the point where the 
frame had its origin, see Figure 36. 

 
Figure 36: Tool calibration with the camera 

To create this frame you choose to create a new frame and choose calibrate by jogging 
the robot. This is done by jogging the robot in four directions to a point that is the 
same all the time, for example a tip of something, see Figure 37 from [22]. The 
calibration is done so the marked middle of the camera is touching the tip.  
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Figure 37: Four different ways to the point 

After doing these four joggings the x- and y- direction are jogged so the frame will 
have the right directions according to the coordinate system. After that you get a 
result on how good the calibration was with some numbers. The numbers shows how 
accurate the calibration was and the smaller numbers the better calibration. If it was 
good enough the tool coordinates are saved or the procedure is done again. 

5.3.2.2 The work object calibration 
After doing the tool and robot calibration you need to calibrate the work object. The 
work object is the frame that the robot sees as start point at for example a table. The 
robot always has base coordinates and the work object is made according to the base 
coordinates. The intention is to use the work object to define both the position of a 
table (user frame) and the position of the object to work on (object frame). When the 
table or the object is moved, the program may still work if the corresponding work 
object is updated, see Figure 38 from [22]. 

 
Figure 38: Different coordinate systems for the work object of the robot 

The work object was made by making a new work object in the robots hand module 
and chooses to do it by jogging the robot. First the robot was jogged to where the 
origin of the frame should be situated, then the robot was jogged in x direction and 
then in y direction. The z direction will be constructed automatically. Then it is the 
same as for the tool calibration, you get a result on how good the calibration was and 
you choose to save it or not. By doing this the user coordinate system in Figure 37 
was made. The object coordinate system was the same during the tests. 
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6 Results 

6.1 Accuracy of the camera in the tests 
The investigation was to measure the accuracy of the camera. This was performed 
through moving the robot (and thereby the TCP with the camera) and study the 
change in the image of the object.  The tests were both to move the robot in only x or 
y position without any rotations and to rotate the object in two different ways. The 
first was to have the camera in one position and only rotate it around the own axis. 
The second was to have the camera in the same position and move the beam so it will 
be an angle change. Then the results from the camera were compared to the results 
from the robot (see Appendix C). Lowest and highest in the tables is from the 
calculated results from the camera. Since the camera took new images all the time it 
also calculated new changes. These changes could differ and that is why the lowest 
and highest change is written. The changes could differ much depending on how 
accurate the function was and how good the conditions (like light, lens distance etc) 
was. The result was calculated with the change between the two positions of the 
camera. For example if the camera will be moved 50 mm, first the start position is 
written in with lowest and highest calculations, then the camera is moved 50 mm and 
the lowest and highest calculations there are written down. The result could then be 
calculated with the least and most change. Most change was the highest result after 
the movement minus the lowest result before the movement and opposite with least. 

The theoretical accuracy of the camera has been calculated in Section 4.4. In this work 
the accuracy of the camera is compared to the robot’s accuracy The results to 
compare are the calculated results and the result it should have been. For example 
when the camera has been moved 100 mm and the result says least 102,299 mm and 
most 103,34 mm the camera is showing wrong with least 2,299 mm and most 3,34 
mm. The measurements did not correspond to the theoretical accuracies in Section 
4.4, see Appendix C. That was probably due to a non perfect calibration of the camera 
and robot. The functions that transform pixels to world coordinates might not work 
perfect either (see chapter 5.2.1). Furthermore, the camera is not built to be perfect in 
measuring accurate positions. There are other systems that are better in measuring 
exactly, like 3-camera systems and alike [10-11]. 

 At the tests the robot (with camera) has moved up to 100 mm and the camera 
showed an error of max 2,5 mm (with right calibration) see closer in Appendix C. The 
robot positional accuracy is assumed to be in the range of micrometres, which is 
much less than what the camera position can identify. Sometimes the results from 
FindPatterns show better results than PatMax. That can seem strange, but the 
explanation to that is that the surface of the beam has a difference of three 
centimetres between the lowest and highest point and FindPatterns are looking at an 
area that has the same height and PatMax all height differences. 
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6.2 Fault when gripping the beam 
Saab wanted to investigate if it was possibilities to grip the beam in the middle part If 
the camera is having the view at the side of the beam the measurements need to be 
very accurate because a small error becomes bigger in the middle, see Figure 40. The 
broken line is showing the error. 

 
Figure 39: Grip failure at the beam, the beam is the rectangle. The coordinate system is the 

work object coordinates 

Some calculations can be made with the results from Appendix C, see Table 2. The 
total error can be much larger when considering both position and rotation errors. 
The calculations in Table 2 are calculated like: 

)sin(500__ __ angleinerrorxinerrorDeltaX α•+=  
and ))cos(1(500__ __ angleinerroryinerrorDeltaY β−•+= . The angles are in degrees. 

 30 



Implementation of a vision based robot system for SAAB Automobile 

Table 2: Calculations of error of grip point position 

 
Because PatMax is more accurate and shows more accurate results in the angle it gets 
better results. FindPatterns is having too big errors in the angle because it is having a 
big error in DeltaX. 

6.3 Importance of right calibration 
It was very important to do the calibration at the right height, if calibrated at the 
wrong height the measurements became wrong. Tests [Appendix C] were made to see 
how wrong the calibration could be and it showed that if you calibrate at the right 
height and then move the camera 5 mm the camera shows 1 mm wrong. And it got 
worse the further away you moved the camera. So the big problem to calibrate the 
beam was that it had height differences that were three centimetres. Tests were 
needed to test at which height it was best to calibrate the camera and after calibrating 
at different heights (between the highest and lowest point) it was best results at the 
lowest point of the beam. 

6.4 How the camera handles different light 
It was big problems to make the tests when the weather was shifting. In the machine 
hall, where the tests were performed, it was no good protection for light changes. The 
meaning was to try some different lighting techniques, but there was no equipment 
and the tests that were made when it was no shifting weather was good. The beam 
was made by iron and was a little reflecting, so a light technique that could be good 
was to use polarized light or laser light (see chapter 3.3), but polarized light would not 
work because you need to be close to the object and with laser light you need special 
filters that was not available (it was no laser available either). 

6.5 Problems 
One big problem on the way was to calibrate the robot and camera in the best way. 
After the first calibration the camera did not go straight when translated. It showed 
that the camera had been rotated a little. After calibrated a second time it worked in 
the right way. During the tests it showed that it was important to calibrate the camera 
in the right height. Since it is translating pixels to mm [23] it was important it could 
translate in the right way (see chapter 5.2.1).  
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The PatMax function did not work in the middle of the beam. It did not get enough 
geometrical changes, but the FindPatterns function worked good enough. 

Some days the weather was very shifting, and it was not enough protection at the 
windows to keep the light stable. The tests had to be made when the weather was 
stable again. 

7 Conclusions 
This camera system investigated, a smart camera system, is not working good enough 
to solve all the problems that Saab wants to be solved, see chapter 6 and Appendix C. 
The accuracy of the system is not accurate enough to guide the robot in the right way.  
That is one of the biggest reasons to recommend the use of a PC-based robot vision 
system. Saab needs a vision system that can do more specialized functions. A PC- 
based vision system can be programmed more flexible. For example, you might want 
to look at an area of a picture but not look at the inside of that area because it has a 
lot of shadows or reflecting too much light. There are no functions to handle that in 
the software examined, but if you have a PC-based system there are possibilities to do 
this. The camera that was investigated is best used in not too complex situations. This 
camera can for example pick up objects that do not have to be picked up exactly right 
because when they are put down again there are helping cones to direct the object 
afterwards.  

With a PC-based vision system it is easier to get good measurement results also. The 
camera can look at one part of the object and then another part and compare the 
images to calculate better results. It can also take one picture further away to locate 
the object and then go closer to examine the object better. This needs more 
knowledge in programming and knowledge how to make a perfect vision system. 

8 Future work 
The following tasks are recommended to be performed in a future work: 

• Connect the camera to the robot and the camera will guide the robot 

• Saab should work together with a professional vision system company to 
make the best solution to their different problems. Needs to be a PC-based 
vision system. (Saab has already started this) 

• Investigate how the parts that will be picked by the robot, with help from the 
camera, easier can be recognised by the camera 

• Tests to find the best lighting technique in the applications the camera will be 
used in 
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A. The robot program 
MODULE ACAMERA 
PERS wobjdata 
wobjcam:=[FALSE,TRUE,"",[[249.83,1030.75,604.71],[0,0.014977,0.999888, 
0.000118]],[[-5.72528,-1.28806,-0.021815],[1,0,0,0]]]; 
VAR robtarget move:=[[0,0.04,-600.02],[0.927496,-0.025961,0.029032,-
0.371802],[0,0,0,0],[9E+09,9E+09,9E+09,9E+09,9E+09,9E+09]]; 
VAR robtarget move1:=[[0,0.04,-600.02],[0.927496,-0.025961,0.029032,-
0.371802],[0,0,0,0],[9E+09,9E+09,9E+09,9E+09,9E+09,9E+09]]; 
PERS tooldata cam:=[TRUE,[[-129.54,131.683,158.881],[0.999595,-
0.028451,-0.001241,3.6E-05]],[5,[85,0,65],[1,0,0,0],0.01,0.01,0.01]]; 
 
VAR num ans:=0; 
VAR num translate:=0; 
VAR num rot:=0; 
 
PROC main() 
start: !Start point in the program, used for the GOTO command 
  TPErase; !Clear screen 
  wobjcam.oframe.rot:=OrientZYX(0,0,0); !Puts the rotation to zero to 
make the robot ready for startup 
  MoveJ move1,v200,fine,cam\WObj:=wobjcam; !Moves the robot to the 
startposition with the right translation and rotation 
  move:=move1; !Sets the move movement to the same as move1 movement 
so the offset that can be in move will dissapear 
  TPReadFK ans,"What do you want to 
do?","Exit","","","Translate","Rotate"; !Choose action, if EXit is 
chosen ans will be set to 1, if Translate ans will be set to 4, if 
Rotate ans will be 5 
  TPErase; !Clear screen 
 
IF ans=1 THEN !If Exit was chosen ans became 1 and it goes into this 
condition 
  EXIT; !The program will be stopped and can not be restarted from 
your last position  
ENDIF 
     
IF ans=4 THEN !If translate was chosen ans became 4 and it goes in to 
this if condition 
  trans: !Start point in the translation part of program, used for the 
GOTO command 
  TPErase; !Clear screen 
  TPReadFK ans,"Translate in which direction? Or Rotate?","Not 
translate","","Rotate","X","Y"; !Choose action, if Not translate ans 
will be set to 1, if X ans will be 4, if Y ans will be 5 
  TPErase; !Clear screen 
    IF ans=3 THEN !If Rotate was chosen ans became 3 and it goes in to 
this if condition 
    rotate1: 
    TPErase; !Clear screen 
    TPWrite "How much do you want to rotate in degrees (can be + and -
)?"; !Writes information on the teach pendant, have to write this 
before TPReadNum because of to long sentence 
    TPReadNum rot,"Always rotates from 0 degrees, even if it is 
already rotated"; !Puts the value written on the teach pendant in to 
the rot numerical 
    TPErase; !Clear screen 
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    wobjcam.oframe.rot:=OrientZYX(rot,0,0); !Puts the rotation to 
value written on the teach pendant 
    MoveL move,v200,fine,cam\WObj:=wobjcam; !Performs the rotation 
    TPWrite "The camera has been rotated="\Num:=rot; !Writes 
information on the teach pendant 
    TPWrite "degrees"; !Writes information on the teach pendant 
    TPReadFK ans,"Want to rotate again? Or 
translate?","Translate","","","Yes","No"; !Choose action, if Translate 
is chosen ans will be set to 1, if Yes ans will be 4, if No ans will 
be 5 
  IF ans=1 THEN !If Translate was chosen ans became 1 and it goes in 
to this if condition 
    GOTO trans; !Jumps to the trans point 
  ENDIF 
  IF ans=4 THEN !If Yes was chosen ans became 4 and it goes in to this 
if condition 
    GOTO rotate1; !Jumps to the rotate1 point 
  ENDIF 
  IF ans=5 THEN !If No was chosen ans became 5 and it goes in to this 
if condition 
    TPErase; !Clear screen 
    TPWrite "The robot goes to the beginning of the program"; !Writes 
information on the teach pendant 
    WaitTime 3; !Waits 3 seconds to see the information 
    GOTO start; !Jumps to the start point 
  ENDIF 
ENDIF 
  IF ans=4 THEN !If X was chosen ans became 4 and it goes in to this 
if condition 
    TPErase; !Clear screen 
    TPReadNum translate,"How much do you want to translate in mm (can 
be + and -)?"; !Puts the value written on the teach pendant in to 
translate 
    TPErase; !Clear screen 
    move:=Offs(move,translate,0,0); !Makes an offset with the value 
written on the teach pendant in x-direction, 0 offset in y- and z-
direction 
    MoveL move,v200,fine,cam\WObj:=wobjcam; !Translates the camera 
with the offset chosen 
    GOTO trans; !Jumps to the trans point 
  ENDIF 
  IF ans=5 THEN !If Y was chosen ans became 5 and it goes in to this 
if condition 
    TPErase; !Clear screen 
    TPReadNum translate,"How much do you want to translate in mm (can 
be + and -)?"; !Puts the value written on the teach pendant in to the 
translate numerical 
    TPErase; !Clear screen 
    move:=Offs(move,0,translate,0); !Makes an offset with the value 
written on the teach pendant in x-direction, 0 offset in y- and z-
direction 
    MoveL move,v200,fine,cam\WObj:=wobjcam; !Translates the camera 
with the offset chosen 
    GOTO trans; !Jumps to the trans point 
  ENDIF 
  IF ans=1 THEN !If Not translate was chosen ans became 1 and it goes 
in to this if condition 
    TPErase; !Clear screen 
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    TPWrite "You have chosen not to translate, the robot goes to the 
beginning of the program"; !Writes information on the teach pendant 
    WaitTime 3; !Waits 3 seconds to see the information 
    GOTO start; !Jumps to the start point 
  ENDIF 
ENDIF 
  IF ans=5 THEN !If rotate was chosen ans became 5 and it goes in to 
this if condition 
  rotate: !Start point on rotation part of the program, used for GOTO 
command 
  TPErase; !Clear screen 
  TPWrite "How much do you want to rotate in degrees (can be + and -
)?"; !Writes information on the teach pendant, have to write this 
before TPReadNum because of to long sentence 
  TPReadNum rot,"Always rotates from 0 degrees, even if it is already 
rotated"; !Puts the value written on the teach pendant in to the rot 
numerical 
  TPErase; !Clear screen 
  wobjcam.oframe.rot:=OrientZYX(rot,0,0); !Puts the rotation to value 
written on the teach pendant 
  MoveL move,v200,fine,cam\WObj:=wobjcam; !Performs the rotation 
  TPWrite "The camera has been rotated="\Num:=rot; !Writes information 
on the teach pendant 
  TPWrite "degrees"; !Writes information on the teach pendant 
  TPReadFK ans,"Want to rotate again? Or  
translate?","Translate","","","Yes","No"; !Choose action, if Translate 
is chosen ans will be set to 1, if Yes ans will be 4, if No ans will 
be 5 
  IF ans=1 THEN !If Translate was chosen ans became 1 and it goes in 
to this if condition 
trans2: !Start point in the translation part in rotate, used for the    
GOTO command 
    TPErase; !Clear screen 
    TPReadFK ans,"Translate in which direction? Or rotate?","Not 
translate","","Rotate","X","Y"; !Choose action, if Not translate ans 
will be set to 1, if X ans will be 4, if Y ans will be 5 
    TPErase; !Clear screen 
    IF ans=3 THEN !If Rotate was chosen ans became 3 and it goes in to 
this if condition 
    GOTO rotate; 
    ENDIF 
  IF ans=4 THEN !If X was chosen ans became 4 and it goes in to this 
if condition 
    TPErase; !Clear screen 
    TPReadNum translate,"How much do you want to translate in mm (can 
be + and -)?"; !Puts the value written on the teach pendant in to 
translate 
    TPErase; !Clear screen 
    move:=Offs(move,translate,0,0); !Makes an offset with the value 
written on the teach pendant in x-direction, 0 offset in y- and z-
direction 
    MoveL move,v200,fine,cam\WObj:=wobjcam; !Translates the camera 
with the offset chosen 
    GOTO trans2; !Jumps to the trans2 point 
  ENDIF 
  IF ans=5 THEN !If Y was chosen ans became 5 and it goes in to this 
if condition 
    TPErase; !Clear screen 
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    TPReadNum translate,"How much do you want to translate in mm (can 
be + and -)?"; !Puts the value written on the teach pendant in to the 
translate numerical 
    TPErase; !Clear screen 
    move:=Offs(move,0,translate,0); !Makes an offset with the value 
written on the teach pendant in x-direction, 0 offset in y- and z-
direction 
    MoveL move,v200,fine,cam\WObj:=wobjcam; !Translates the camera 
with the offset chosen 
    GOTO trans2; !Jumps to the trans2 point 
  ENDIF 
  IF ans=1 THEN !If Not translate was chosen ans became 1 and it goes 
in to this if condition 
    TPErase; !Clear screen 
    TPWrite "You have chosen not to translate, the robot goes to the 
beginning of the program"; !Writes information on the teach pendant 
    WaitTime 3; !Waits 3 seconds to see the information 
    GOTO start; !Jumps to the start point 
  ENDIF 
ENDIF 
  IF ans=4 THEN !If Yes was chosen ans became 4 and it goes in to this 
if condition 
    GOTO rotate; !Jumps to the rotate point 
  ENDIF 
  IF ans=5 THEN !If No was chosen ans became 5 and it goes in to this 
if condition 
    TPErase; !Clear screen 
    TPWrite "The robot goes to the beginning of the program"; !Writes 
information on the teach pendant 
    WaitTime 3; !Waits 3 seconds to see the information 
    GOTO start; !Jumps to the start point 
  ENDIF 
ENDIF 
ENDPROC 
ENDMODULE 
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B. Mini Manual for start up vision projects 
What features are the easiest to look for? 

Are there some sharp edges, areas with a lot of geometric changes, some holes? 

Which are the best functions to use? 

The functions are chosen according to the features that are looked for. 

How accurate should it be? 

The more accurate results wanted the more complex functions. Everything needs to be 
perfectly calibrated to get best results. Also a camera with high resolution and right optics 
is needed. 

Which distance from the object can the camera be? 

A camera that has to be close to an object needs a lens with a wide angle of view. If the 
camera can be further away less angle of view is needed. A small angle of view is good 
because then it is fewer problems with concave problems, see chapter 3.2.3. 

Should the camera be mounted on to the robot arm, on the roof or at some other 
fixed point? 

The best results are from a camera in the roof with a big focal length lens. If the object is 
on a place that is hard to get a picture at probably the camera needs to be mounted on to 
the robot. It can also be that the robot picks up the object and shows it to a camera and 
then makes corrections. 

Is more than one camera needed? 

One camera can guide the robot and another camera can inspect the object closer. If 3D 
calculations are needed more than one camera can be used or more than one picture is 
taken. Depending on how complex the system needs to be the more cameras or more 
knowledge how to program the camera is needed. 

How are the light conditions? 

Is it a good environment for the investigations of the object? Is special lighting needed to 
be bought to be able to perform the investigations? Read chapter 3.3 how to make this in 
the best way. 

Can the part be made in a way that helps to investigate it? 

If the parts can have a lot of good edges and a lot of geometric changes it is easier to find a 
good function to be used and if the part can have some hole that will easy be detected it 
would be good.  

How are the conditions of the environment around the parts? 

If it is a lot of dirt or other environmental problems they need to be considered. Then the 
camera needs extra protection and the functions need to know that it can affect the object. 
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C. The test results 

Robot motion: x=0 x=-100

Results
In-Sight lowest highest lowest highest lowest highest lowest highest
y 64,889 64,993 119,354 119,655 66,818 66,846 121,297 121,478
x 170,144 170,152 149,767 150,556 67,812 67,845 47,763 48,388
angle -0,03 -0,026 -0,832 -0,492 -0,134 -0,116 -0,98 -0,137
score 99,93 99,975 96,84 100 85,058 85,288 91,852 94,276

Results of the change

least most least most
y 1,825 1,957 1,642 2,124
x 102,299 102,34 101,379 102,793
angle 0,086 0,108 0,488 0,695
score 14,642 14,917 2,564 8,148

Robot motion y=0 y=-90

Results
In-Sight lowest highest lowest highest lowest highest lowest highest
y 114,467 114,476 167,048 167,434 21,882 21,903 75,945 76,233
x 183,523 183,53 163,993 164,86 182,409 182,49 163,377 164,127
angle -0,008 -0,003 -0,746 0,254 -0,294 -0,256 -1,098 0,125
score 99,791 99,841 98,313 100 95,882 96,221 97,551 100

Results of the change

least most least most
y 92,564 92,594 90,815 91,489
x 1,033 1,121 0,134 1,483
angle 0,248 0,291 1,352 0,129
score 3,57 3,959 0 2,449

All the motions and results are in millimeters except the angles that are in degrees.

PatMax FindPatterns

The change should have been 0
The change should have been 100

Side of the beam, only one beam
Calibration of the camera made at the same height as the table (see chapter 6.3)

PatMax FindPatterns

stable. FindPatterns less stable.

The tests are made so the camera is moved as much as possible in the different direction and still
having the object inside the field of view (see chapter 3.2.1). The score results are working almost 
like a percentage of how good the results are according to the original position.

The change should have been 0

FindPatterns PatMax FindPatterns

but a high score always gives best result.

The change should have been 90
The change should have been 0
The change should have been 0

No value it should have been changed to,

No value it should have been changed to,
but can notice that the score had changed 

much for PatMax and it was still pretty

So it should not be a big change

PatMax FindPatternsPatMax

PatMax

FindPatterns
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Robot motion y=0 y=35

Results
In-Sight lowest highest lowest highest lowest highest lowest highest
y 114,467 114,476 167,048 167,434 151,365 151,378 202,672 203,155
x 183,523 183,53 163,993 164,86 182,881 182,912 162,974 164,569
angle -0,008 -0,003 -0,746 0,254 0,404 0,421 -0,562 1,078
score 99,791 99,841 98,313 100 99,12 99,384 94,875 99,602

Results of the change

least most least most
y 36,889 36,911 35,238 36,107
x 0,611 0,649 -1,886 0,576
angle 0,407 0,427 0,184 1,824
score 0,407 0,721 -1,289 5,125

Test of the angle at the side of the beam and in the middle of the beam
The aim of the test was to see if the program was showing the same result.
A theoretical conclusion is that it should be a little more angle change in the middle of the beam.

Angle made by hand and using the result shown in the program
Trying to rotate the beam so it has been angled 10 degrees

Results
In-Sight lowest highest lowest highest
beam side 9,977 9,985 8,871 9,84
beam mid - - 9,902 10,047

Angle test where the robot is rotating the camera
The tests made at the side of the beam

Results
In-Sight lowest highest lowest highest
rot 0° 0,046 0,051 -0,884 0,129
rot 15° 15,083 15,089 14,141 15,484
rot -12° -11,865 -11,858 -12,313 -11,672

showed there

looked at the side of the beam and rotated
the beam so it got angled 10 degrees. Then
I moved the camera to the middle of the
beam and saw the result that the program

So it should not be a big change

PatMax FindPatterns

The change should have been 0

PatMax FindPatterns

PatMax FindPatterns

The change should have been 35

PatMax could not get any good result out from the

PatMax FindPatterns The test was made in a way that first I

The change should have been 0

No value it should have been changed to,
but a high score always gives best result.

middle of the beam. That because of that it was not
enough geometrical parts (see more in chapter 4.2.1)

PatMax FindPatterns It is different angles for the positive and
the negative rotation because the robot
could not rotate more in the negative
direction. (One of the axes was at the max)
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Robot motion: x=0 x=-90

Results
In-Sight lowest highest lowest highest lowest highest lowest highest
y 48,66 48,674 102,292 102,535 52,579 52,594 105,543 106,018
x 166,647 166,653 152,39 153,186 74,714 74,762 61,849 63,184
angle -0,003 0,002 -0,371 1,148 -0,319 -0,298 -0,316 1,605
score 99,65 99,768 96,551 100 90,248 91,206 87,034 95,535

Results of the change

least most least most
y 3,905 3,934 3,008 3,726
x 91,881 91,939 89,206 91,337
angle 0,295 0,321 -1,976 1,464
score 8,444 9,52 1,016 12,966

Robot motion y=0 y=-90

Results
In-Sight lowest highest lowest highest lowest highest lowest highest
y 81,745 81,761 135,29 135,519 -10,327 -10,306 44,301 44,552
x 165,445 165,455 151,294 151,851 163,511 163,568 149,897 150,457
angle 0,002 0,009 -0,504 0,395 -0,006 -0,197 -0,426 0,408
score 99,706 99,902 99,871 100 90,489 91,346 95,078 96,77

Results of the change

least most least most
y 92,067 92,072 90,738 91,218
x 1,877 1,944 0,837 1,954
angle 0,008 0,206 0,013 0,912
score 8,36 9,413 3,101 4,922

The change should have been 0
No value it should have been changed to,
but a high score always gives best result.
So it should not be a big change

PatMax FindPatterns

The change should have been 90
The change should have been 0

PatMax FindPatterns PatMax FindPatterns

The change should have been 0
No value it should have been changed to,
but a high score always gives best result 
So it should not be a big change

PatMax FindPatterns

The change should have been 0
The change should have been 90

PatMax FindPatterns PatMax FindPatterns

The same tests as above, but with the beams piled up (five beams) making the pile 3,5 cm high at 
the lowest point of the beam and 6 cm high at the highest point.
This makes the calibration hard because which height is best to calibrate on? After tests it showed
that it was best to calibrate at the lowest height. Probably because it is good edges at that height.
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Robot motion y=0 y=35

Results
In-Sight lowest highest lowest highest lowest highest lowest highest
y 81,745 81,761 135,29 135,519 118,547 118,578 171,113 171,556
x 165,445 165,455 151,294 151,851 164,995 165,01 150,743 151,182
angle 0,002 0,009 -0,504 0,395 0,361 0,382 -0,207 0,949
score 99,706 99,902 99,871 100 98,676 99,057 97,754 100

Results of the change

least most least most
y 36,786 36,833 35,594 36,266
x 0,435 0,46 0,112 1,108
angle 0,352 0,38 0,297 1,453
score 0,649 1,226 0 2,246

Test of the angle at the side of the beam and in the middle of the beam
The aim of the test was to see if the program was showing the same result.
A theoretical conclusion is that it should be a little more angle change in the middle of the beam.

Angle made by hand and using the result shown in the program
Trying to rotate the beam so it has been angled 10 degrees

Results
In-Sight lowest highest lowest highest
beam side 9,996 10,005 9,34 9,748
beam mid - - 9,914 10,313

Angle test where the robot is rotating the camera
The tests made at the side of the beam

Results
In-Sight lowest highest lowest highest
rot 0° 0,003 0,011 -0,539 0,551
rot 15° 15,047 15,054 15,102 15,732
rot -12° -11,918 -11,911 -12,379 -11,625

PatMax FindPatterns PatMax FindPatterns

PatMax FindPatterns

The change should have been 35
The change should have been 0
The change should have been 0

No value it should have been changed to,
but a high score always gives best result.
So it should not be a big change

PatMax FindPatterns The test was made in a way that first I
looked at the side of the beam and rotated
the beam so it got angled 10 degrees. Then
I moved the camera to the middle of the

PatMax could not get any good result out from the beam and saw the result that the program

the negative rotation because the robot
could not rotate more in the negative
direction. (One of the axes was at the max)

middle of the beam. That because of that it was not showed there
enough geometrical parts (see more in chapter 4.2.1)

PatMax FindPatterns It is different angles for the positive and

Robot motion y=0 y=35

Results
In-Sight lowest highest lowest highest lowest highest lowest highest
y 81,745 81,761 135,29 135,519 118,547 118,578 171,113 171,556
x 165,445 165,455 151,294 151,851 164,995 165,01 150,743 151,182
angle 0,002 0,009 -0,504 0,395 0,361 0,382 -0,207 0,949
score 99,706 99,902 99,871 100 98,676 99,057 97,754 100

Results of the change

least most least most
y 36,786 36,833 35,594 36,266
x 0,435 0,46 0,112 1,108
angle 0,352 0,38 0,297 1,453
score 0,649 1,226 0 2,246

Test of the angle at the side of the beam and in the middle of the beam
The aim of the test was to see if the program was showing the same result.
A theoretical conclusion is that it should be a little more angle change in the middle of the beam.

Angle made by hand and using the result shown in the program
Trying to rotate the beam so it has been angled 10 degrees

Results
In-Sight lowest highest lowest highest
beam side 9,996 10,005 9,34 9,748
beam mid - - 9,914 10,313

Angle test where the robot is rotating the camera
The tests made at the side of the beam

Results
In-Sight lowest highest lowest highest
rot 0° 0,003 0,011 -0,539 0,551
rot 15° 15,047 15,054 15,102 15,732
rot -12° -11,918 -11,911 -12,379 -11,625

PatMax FindPatterns PatMax FindPatterns

PatMax FindPatterns

The change should have been 35
The change should have been 0
The change should have been 0

No value it should have been changed to,
but a high score always gives best result.
So it should not be a big change

PatMax FindPatterns The test was made in a way that first I
looked at the side of the beam and rotated
the beam so it got angled 10 degrees. Then
I moved the camera to the middle of the

PatMax could not get any good result out from the beam and saw the result that the program

the negative rotation because the robot
could not rotate more in the negative
direction. (One of the axes was at the max)

middle of the beam. That because of that it was not showed there
enough geometrical parts (see more in chapter 4.2.1)

PatMax FindPatterns It is different angles for the positive and
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Robot motion: x=0 x=-90

Results
In-Sight lowest highest lowest highest lowest highest lowest highest
x 95,705 95,726 146,573 146,82 100,094 100,103 151,326 151,577
y 194,622 194,629 177,445 178,083 108,706 108,822 91,934 92,795
angle 0,013 0,022 -0,043 0,668 0,141 0,17 -1,172 0,715
score 99,988 99,997 99,879 100 85,39 86,137 96,223 98,426

Results of the change

least most least most
x 4,368 4,398 4,506 5,002
y 85,8 85,923 85,511 86,149
angle 0,119 0,157 0,047 1,84
score 13,851 14,607 1,453 3,777

Robot motion y=0 y=-90

Results
In-Sight lowest highest lowest highest lowest highest lowest highest
x 96,345 96,352 146,094 146,496 8,756 8,77 59,858 60,238
y 185,355 185,361 163,068 163,946 183,146 183,206 161,617 162,028
angle -0,056 -0,06 -0,758 0,551 -0,31 -0,283 -1,609 -0,5
score 99,366 99,546 98,477 100 90,085 90,426 98,538 99,355

Results of the change

least most least most
x 87,575 87,596 85,856 86,638
y 2,149 2,215 1,04 2,329
angle 0,702 0,611 0,258 2,16
score 8,94 9,461 -0,878 1,462

The change should have been 0
No value it should have been changed to,
but a high score always gives best result.
So it should not be a big change

PatMax FindPatterns

The change should have been 90
The change should have been 0

but a high score always gives best result 
So it should not be a big change

PatMax FindPatterns PatMax FindPatterns

The change should have been 0
The change should have been 90
The change should have been 0

No value it should have been changed to,

In these tests the beams are also piled up, but with wrong calibration. The calibration was made 
three centimeters too far away.
You will see at the results that they are not as accurate as when it is the right calibration.

PatMax FindPatterns PatMax FindPatterns

PatMax FindPatterns
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Robot motion y=0 y=35

Results
In-Sight lowest highest lowest highest lowest highest lowest highest
x 96,345 96,352 146,094 146,496 131,408 131,432 180,12 180,57
y 185,355 185,361 163,068 163,946 184,888 184,923 162,92 163,563
angle -0,056 -0,06 -0,758 0,551 0,294 0,338 -0,656 0,273
score 99,366 99,546 98,477 100 95,625 96,472 98,781 100

Results of the change

least most least most
x 35,056 35,087 33,624 34,476
y 0,432 0,467 -0,495 1,026
angle 0,35 0,398 0,329 0,596
score 2,894 3,921 0 1,219

The change should have been 0
No value it should have been changed to,
but a high score always gives best result.
So it should not be a big change

PatMax FindPatterns

The change should have been 35
The change should have been 0

PatMax FindPatterns PatMax FindPatterns

 

 

 

Robot motion: x=0 x=-50

Results
In-Sight lowest highest lowest highest lowest highest lowest highest
y 94,787 94,793 120,675 120,858 96,069 96,075 121,741 122,253
x 106,827 106,839 102,874 103,845 56,696 56,775 51,753 53,542
angle 0,002 0,009 -0,867 0,981 -0,513 -0,538 -0,016 -1,438
score 99,765 99,835 97,59 100 79,241 80,13 93,789 95,496

Results of the change

least most least most
y 1,276 1,288 0,883 1,578
x 50,052 50,143 49,332 52,092
angle 0,515 0,547 0,851 2,419
score 19,635 20,594 2,094 6,211

In these tests the beams are also piled up and now the camera has been moved 20 cm closer. The
calibration is made in the best way. 
Here the results should be even more accurate, but you can not move the camera as much as

PatMax FindPatterns PatMax FindPatterns

you can do on longer distance, because then the object comes out from the image.

The change should have been 0
No value it should have been changed to,
but a high score always gives best result 
So it should not be a big change

PatMax FindPatterns

The change should have been 0
The change should have been 50
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