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Abstract

The NUbots compete annually in the RoboCup competition and have done since 2002.
The competition involves teams of four Sony AIBO robots who compete in the game of soccer.
To achieve this, work must be done in many areas to produce the final result. These main areas

are vision, localisation, behaviour and locomotion.

Work has been undertaken in the vision area to create object recognition algorithms for
the NUbots robotic soccer team. Algorithms for identifying the ball and goals, and finding the
distance, bearing and elevation of these objects have been developed and implemented on the

robotic dogs and were used in the 2005 RoboCup competition.

An overhead camera has been utilised and software has been written to interface it with

the debugging program and perform image processing of the incoming data.

Research has been done into generic object recognition. This was for use in the almost
SLAM (Simultaneous Localisation and Mapping) Challenge in which previously unknown

objects must be used for the localisation of the robot.

The resulting software developed was used in the Australian open competition held at
Griffith University on the 25" and 26™ of April where the NUbots achieved second place. Then
later on at the Robocup competition held in Osaka Japan from 13" - 19" July where the NUbots

achieved second place in both the competition and the technical challenges.
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The key contributions which I made towards this project are as follows:
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Developed, implemented and tested sanity checks for ball and goal recognition.

Developed, implemented and tested distance calculations for ball and goal

objects.

Developed, implemented and tested algorithm to scan images to find edges of

balls for use in circle fitting.

Investigated, implemented and tested method for correcting horizontal skew of

image caused by movements of the camera.

Implemented and tested system for reconstruction of goal objects from multiple

blobs.
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of goal posts in an effort to reduce false positive results.
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1. Introduction

1.1. About RoboCup

Robocup is an international research and education initiative whose goal is to foster
artificial Intelligence and robotics research. To do this the game of soccer was chosen as a way
in which different research teams could compete. Its vision is to “By the year 2050, develop a
team of fully autonomous humanoid robots that can win against the human world cup champion
team.” There are a number of soccer based competitions including Simulation League, Small-
size robot league, Middle-size robot League, Four Legged Robot League and Humanoid
League. The competitions held at RoboCup also include RoboCup Rescue competitions and
RoboCup Junior competitions[1]. This year RoboCup was held in Osaka Japan during July 13 —
July 19.

1.1.1. The Four-Legged League

The Four Legged League consists of four Sony AIBO robots compete in soccer against
other teams from universities around the world. The game is played on a field that measures 6m
by 4m. The field has white field lines, a blue goal and a yellow goal, and four beacons that are
colour coded by location and are used by the robots for localisation. This field is shown in
Figure 1.1. The robots play with an orange ball that is approximately 85mm in diameter. During
the game the robots must be fully autonomous meaning no interference from outside of the field
is allowed either physical or electronic. The individual robots can communicate between each

other while playing using a wireless connection [2].

Figure 1.1 - Four-Legged League field, taken from [2]




1.1.2. The Sony AIBO ERS-7 Robot

The robots prescribed for use in the Four-Legged League is the Sony AIBO ERS-7.
These robots were originally built for entertainment purposes; but because they provide
relatively inexpensive, stable and standard platform for robotics work and are now used in many
areas of research and teaching. These robots contain a number of sensors including a 350,000
pixel CMOS camera, accelerometers, temperature sensor, infra-red distance sensors, two
microphones and multiple buttons and pressure sensors. The processor is a 64-bit RISC
microprocessor running at 576MHz and has 64Mb of SDRAM available to it. The robot also
includes a built-in IEEE 802.11b wireless LAN card [3].

Figure 1.2 - The AIBO ERS-7 robot from http://www.rockingstone.nl




1.1.3. The NUbots

The NUbots have been competing in the Four-Legged League since 2002. For the
robots to play soccer many different software modules are required. The NUbots already had all
of the elements required from the previous year, however it was decided that most of the code
was to be re-written for the 2005 competition as the code had become overly complicated and
difficult to maintain and improve. The NUbots basic software structure for his year can be seen
below in Figure 1.3. This software is written using both C++ and Python programming
languages. Python is used primarily for behaviour as it allows much faster development. Other

elements are written in C++ for greater low-level control and increased execution speed.

The main focus of this report is the vision processing module. The vision pipeline can
be seen in Figure 1.4. Firstly the YUV image is classified into more basic colours such as Ball
Orange, Field Green etc. During the next stage areas of classified colours are used to form
“blobs”. These blobs are used to store the location and size of the coloured area as well as other
details such as the number of correct pixels. Once these blobs are formed they are filtered and
then the object recognition algorithms are run on the blobs. For more information on

classification, blobs, blob formation, and related algorithms used by the NUbots, see [4].

Camera
™ Localisation Locomotion
> Vision N and World > Behaviour »  Engine
> Model >
»| Processing 4 4
Sensors
Figure 1.3 — Simplified NUbots software structure
q ] ] N Blob N Object
YUV Image "| Classification d ) d N
Formation Recognition

Figure 1.4 — The NUbots Vision Pipeline




1.2. Project Scope

As previously stated the NUbots performed a complete code rewrite for this year’s
competition meaning new code from scratch for almost all areas. A major part of this project
focuses on the Object Recognition component of the vision pipeline seen in Figure 1.4.
Recognition of both balls and goals was done along with the calculation of the distance, bearing
and elevation of the object in relation to the robot. This recognition relies on the blobs formed

on the image.

Other work involved in this project included work for one of the RoboCup challenges
involving object recognition. Generic object recognition was required for “the almost SLAM

challenge” [3] as the field markers used in this challenge are unknown.

The final part of the project involved implementing an overhead camera to view the
locations of objects on the field for use in development with the robots. This involved both
interfacing the camera to a debugging applications and creation of the subsequent image

processing required for the recognition of objects and calculations of their location on the field.

1.3. Report Outline

This report will first describe the work done involving object recognition on the ball
and goal objects. This will include an initial description of the more general object recognition
problems and ideas moving on to the objects specific work and the more detailed elements of

each.

Following this will be a description of the almost SLAM challenge and the work done
for this involving the repeated recognition of previously unknown beacons. Following this is a
description of the work on the overhead camera involving camera selection, the interface

design, and lastly the implemented vision system.




2. Object Recognition

The Following chapter will give a brief overview of some of the requirements of the

object recognition software and general information about the systems used.

2.1. Object Recognition Aims and Challenges

The purpose of the object recognition software is to identify objects in the pictures
given and obtain certain data about these objects. In this case the location of the object is
required. The major challenge in creating this software is to get the highest possibly true
identification rate (objects correctly identified), while keeping the false identification rate

(objects incorrectly identified) to a minimum.

True identifications occur when the system is operating as required and is correctly
identifying an object as the correct object type. False identifications occur when an object is
incorrectly identified as the wrong type of object. Because of the careful colour selection of
objects on the field, false identifications more generally occur with objects that are not on the
field but rather in the background. These problem objects are generally furniture, walls,

spectators, or other equipment.

2.2, EOTN (Eye Of The NUbot)

The EOTN application is used to test the NUbots vision system offline of the robots,
increasing the users’ ability to test and troubleshoot the vision code. EOTN allows the user to
stream images from the robots and store them. It is then possible to move back through these
one at a time to accurately tell if the vision code is working. During this project several
additions were made to this program in an effort to simplify testing and troubleshooting of other
elements of this project. Perhaps the most notable of this is the addition of a sensor dialog
allowing the user to view the information of the sensors on the robots in real time during live

streaming and later on during playback.

The process of creating this dialog taught me a great deal about the Microsoft Visual
C++ dialog code that was later used in the WMD camera dialog. This addition proved
particularly useful for viewing the robots pan sensor when investigating and implementing the

image skew correction part of this project described in section 0.




Senson Readings

Head

Chin IT
Press IT
Mouth  [3851 Deg
Small Tilt W Deg
BigTit  [7.215 Deg
Par |—|:| Deg
Left Front Leg

Palm IT
Kree m Deg
Abductor (3583 Deg
Rotator  |-12.43 Deg
Left Rear Leg

Palm IT
Knes [105.9 Deg
Abductar I_EI Deg
R atatar Iﬂ Deg
[rfraned

Mear Im
Far Im
Body PSD [ 126271
Kinernatics

&3

Tail

Harizontal W Deg
Wertical lﬁ Deg
Back Buttons

Front IT
biddle IT

Rear IT
Right Frant Leg

Palm IT
Knee m Deg
Ahductar lﬁ Deg
Rotator IW Deg
Right Rear Leg

Palm IT
knee lm Deg
Abductar I_EI Deg
Rotator Im Deg
Accelerometers
Fanward lﬁ
Side L
Yertical W

Body Roll  |.000291489 Deg

Body Tilt

-6.32276775 Deg

Figure 2.1 - EOTN Sensor Dialog




2.3. The Confidence System

The confidence system works similarly to the sanity factors proposed in [5]. This
system is used to allow multiple identification checks to be used to improve simple Boolean
yes/no sanity checks used in the past. Using the previous method a failure on any check
performed on the object would result on the object being ignored irrespective of the results of

previous or following tests.

It is better that the object is allowed to fail one or more of the tests without being
immediately rejected as long as it easily passes other tests. This gives an advantage in a few
different ways. This method allows objects that may have otherwise have been discarded to be
correctly identified if they perform well in other areas, allowing for worse objects to be
correctly identified. Another advantage is that the limits of the tests can be restricted as they do

not all need to be passed.

This allows more specific tests to be performed that are not crucial for the identification
of the object, but can help tip the balance during marginal decisions. The confidence of a
candidate object blob starts at zero. When it performs well in tests its confidence is increased
and when it performs poorly in tests the confidence is decreased. If at the end of the testing
procedure the candidate blob has a positive confidence, it is accepted as the object, otherwise it

is rejected and the next blob that is of the correct colour is analysed.

2.4. Distance, Bearing and Elevation

The required measurements of the object include its distance from the robot, its bearing
from the robot, and also its elevation from the robot. The distance measurement is calculated
differently for each object as the features that can be used to determine this value vary from

object to object. The bearing and elevation however are found using a standard method.

This method involves finding the (x, y) coordinates of the centre of the object in the

image. The x coordinate is used to find the bearing, while the y coordinate is used to find the
elevation. The mathematics used to calculate the angle from the pixel is similar to that shown
later in section 3.5.3. These values for distance, elevation and bearing are all relative to the
camera. Because the camera can move around, it is required that these values be transformed
through a combination of matrix translations and rotations so that they are relative to the more

stable body of the robot.

There was an existing function written to perform these calculations called Transform

Position, however it was also required for use in C++ and so the function was re-written in C++.




This function takes the raw values of the objects position that are relative to the camera and

returns the transformed position that is now relative to the body of the robot.

2.5. Storing Object Data

When an object has been recognised the details of that object must be stored. These
include its distance, bearing, elevation, and also the blob or blobs used to form it. Later other
information from the localisation and world model code is added such as the x and y values
representing the location of the object on the field. Classes were written to store the field objects
in both C++ and Python. Some simple class functions such as Set, Reset, and Copy were written
as well as interfacing code to allow the field objects to be synchronized in both C++ and

Python.




3. Ball Recognition

The location of the ball during a soccer game is one of the most important pieces of
information for any player to have as it greatly affects the required actions of the player. A
number of different elements are used to get an identification of the ball and also measurements

of the balls distance, bearing and elevation.

The elements that are examined before a blob is identified as a ball include the blobs
correct pixel ratio, height above the ground, the colour below the ball, and also its roundness. A
confidence system is used to bring all of these elements together to come to a final decision.
The ball recognition code was created in Python primarily for the reason that code can be

changed on-the-fly and uploaded to the robots, decreasing the required testing time.

The following chapter will describe the object recognition software developed for use

on the ball, giving a description of each tests motivation and subsequent implementation.

3.1. Ball Distance, Bearing and Elevation

The raw values of bearing and elevation are calculated using the centre x and centre y of
the blob in the image, while the raw distance is calculated using the width of the blob in pixels.
These values are the values relative to the camera. These values are converted using the
transform position function. Circle fitting is applied to a ball to improve the accuracy of all three
values [5, 6]. When an acceptable circle is found these values are re-calculated using the new
centre x and centre y of the circle to find the raw bearing and elevation, while the circles

diameter is used to find the raw distance.

3.1.1. Ball Distance Calculation

The distance to the ball is calculated using the balls diameter physical and the diameter
of the ball in pixels. The ‘Effective Camera Distance in Pixels’ is a value calculated using
trigonometry and the field of view of the camera along with its resolution. This value represents
the effective distance from the camera to the image in pixels. Its calculation is shown in more
detail in section 3.5.3. This can then be used as a ratio to convert the diameter of the ball in

pixels and the physical diameter of the ball into the physical distance of the ball as seen below.

Effective Camera Dis tan ce( pixels)x ball diamter(cm)

dis tan =
is tan ce(cm) visual diameter of ball(pixels)




3.2. Ball Height

3.21. Motivation for Test

The ball rarely leaves the ground during play. Because of this the perceived ball height
should be relatively constant. This can be used to identify balls by comparing the calculated
height to the expected height. This test relies on both an accurate distance and elevation;
therefore any errors in either of these values can cause errors in the height. For this reason a

range of heights must be allowed to cater for the noise in the distance and bearing calculations.

3.2.2. Implementation of Test

The ball height is calculated as the z co-ordinate in the robots 3D space. The z-axis goes
from the ground upwards in the positive direction. This z-value is calculated by using simple
trigonometry multiplying the radial distance (d ) of the object by the sine of its elevation (&)
i.e. z=dsin@ this can be seen in Figure 3.1. This z-value is relative to centre of the robot, and

as such should be below zero.

Distance (d) 7 Val
-Value

0
Elevation (0)

Figure 3.1 - Z-value calculation
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3.3. Surrounding Colour Test

3.3.1. Motivation for Test

As previously stated the ball rarely leaves the field during play and most false objects
are located outside of the field. From these assumptions testing the colour directly below a blob
can be used to determine if an object is on, or off of the field. If the area directly below the blob

is field green, then this increases our confidence that the object is located on the field.

3.3.2. Implementation of Test

It is expected that a ball by itself would be sitting directly above the green of the field.
However the robots camera is constantly moving and so the bottom of the image is not always
downwards. Therefore the area in which the colour is checked must be rotated so that it does
appear below the object. This required a rotation of the co-ordinates of the pixel before the test

is done. The following formulas were used:

X =(x—x,)cosO—(y—y,)sin@+x,

rotated ~

Vroea = (X=X, )sin 0+ (y -y, )cos O+ y,

Where & is the angle of the rotation to be performed, (x, y) is the original point and
(xc , yc) is the point about which the rotation is to occur. In this case the rotation occurs about

the centre of the blob currently being processed. The theta value used is obtained by finding the
angle between the x-axis of the image and a plane parallel to the ground represented by the
horizon line that is calculated from the robots current joint positions, see [7], [5] or [8] for more
detail. Upon implementation of these equations a problem was found whereby once an area had
been rotated it may be partially or in some cases fully outside of the image. This required in
special cases, where all of this area is located outside of the image that the colour check simply
ignore this test. If this is not the case then the number of correctly scanned pixels (i.e. contained
inside of the image) is counted as well as those that are found to be of the correct colour. The

results are returned as a percentage ratio i.e.

) ] Correctly Coloured Pixels
Correct Pixel Ratio =

Correctly Scanned Pixels

This method greatly improved the accuracy of the scans as the pixels that were rotated

outside of the image were originally included in the total of scanned pixels. The nature of this

11



test means that it should be able to aid the identification of the ball however should not be able
to on its own reject a blob as the ball. This is because of the many scenarios where the green
below the ball may not be seen either because it is blocked by another object or it may not even

exist if the ball is sitting on a white field line.

Figure 3.2 - Rotated scan area used for ball recognition (shown in blue)

12



3.4. Circle Fitting

Least squares circle fitting has been implemented to improve the distances, bearings and
elevations of balls that are not fully visible in the image. The functions used to implement the
least squares circle fitting function in the previous years worked well and so they were not re-

written. For more information on the least squares fitting function used see [5, 6].

The existing code is written in C++ and at the early stage at which this was required;
none of the previous python code had required calls to C++. Interfacing code had to be written
to call the C++ code from python. This was done using the examples given in [9]. The function
to gather the points on the outside of the ball was also re-written in order to work with the new
code structure. These points are gathered during one of various scan types depending on the
parts of the ball that are cut-off. Rules to select the scanning direction to use then had to be

implemented.

The scans work by searching from the outside of the blob inwards until it finds pixels of
the same colour of the blob, or in the case of the orange blobs also one of the soft colours close
to orange. Soft colours are colours that can belong to more than one “basic” colour [4]. The

directions for which scans have been created are:

= Left to Right = Top to Bottom

= Right to Left = Bottom to Top

= Simultaneous Left to centre and = Simultaneous Top to Centre and
Right to centre Bottom to Centre

Once these points are found they are put into the existing circle fitting function that
returns a circle object in the form of an X,y coordinate a radius and a standard deviation for the
distance of the points from the circle. If the diameter of the circle is significantly lower that the
width of the blob then it is assumed that the circle fit is not correct. In the case that it is fitted
correctly the new distance, bearing and elevations are calculated from the circle that is returned.
These can be significantly different to the original values calculated from the blob particularly

when the image of the ball is heavily obstructed.

13



Figure 3.3 - Circle fit to the ball can be seen in blue

Figure 3.4 - Circle fit of occluded ball shown in blue

14



Figure 3.5 - Ball scanning directions, (fop left) left to right, (middle left) right to left, (bottom left)
left and right to centre, (fop right) top to bottom, (middle right) bottom to top, (bottom right) top

and bottom to centre.
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3.5. Image Skew Correction

3.5.1. Motivation

When the robot pans with speed or the ball is moving sideways, the shape of the ball in
the image is distorted as can be seen in Figure 3.6. This distortion occurs because off the way in
which the camera works. The pixels are read horizontally from the top left corner to the bottom
right hand corner while the pixels are constantly being re-exposed. Therefore in the time
between the exposing of the top line of pixels and the exposing of the bottom line of pixels, the
balls place in the image may have moved dramatically. This causes problems with the circle

fitting algorithm as the ball is no longer a circle, but ellipse.

Figure 3.6 - Ball skew caused by pan speed on stationary ball

3.5.2. Ellipse Fitting

The use of ellipse fitting has been considered by the NUbots in the past, however its
side effects have the potential to assume there is relative speed between the camera and the ball

when the view of the ball is only obstructed [5].

Ellipse Fitting was re-investigated as a possible solution to the ball skewing previously
described. It was also thought that the shape of the ellipse could also be used to determine the

relative velocity between the ball and the camera suggested in [5]. However upon further

16



investigation it was found that a problem arises due to the heavy quantisation of the image in the

form of pixelization, and also the expected level of noise encounter in the image.

Mathematically an ellipse can be defined by five points, however because of the
quantisation and therefore loss of data this is not correct when it comes to the pixels of an image
as each pixel location may represent a range of values. It was found through some analysis and
experimentation with the java applet found at [10], that often there a many different possible
ellipses that can be fit to the points. Particularly when the full ball cannot be seen, there is a
tendency for the ellipse fitting algorithms to form an ellipse that is much smaller than the balls
real size as can be seen in Figure 3.7. Because of this perceived problem the use of ellipse
fitting was not pursued in this project. For this reason an attempt has been made to instead

correct the image before a circle fit has been applied.

It may be possible to place constraints on the fitting of the ellipse to overcome this
problem. If this were to be done the method previously developed for skew correction described
later in this chapter can be used to determine the amount of skew caused by the movement of
the camera. Using this information, along with the skew observed in the ellipse, the velocity of
the ball could be determined. This extra data would prove valuable for predicting the path of the
ball.

" Bookstein © Tauhin & Ellipse-specific

Clear | & Add Points O Mowe Points O Delete Points

Figure 3.7 - Applet from [10] showing problem caused by an approximated obscured ball in the

bottom left hand corner of the frame
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3.5.3. Skew-Correction

To correct the skewing of the ball the idea used is to reverse this skew by skewing the
image in the opposite direction by an equal amount thus nullifying the skew effect. To find the
amount of skew that is present in the image the values available from the pan sensors we logged
and evaluated these being the pan angle and the PWM signal sent to the motor. It was found that
neither of these provided enough information to predict the skewing of the image. To predict the
amount of skew it was found that the velocity calculated from the pan angle values provides the

best indicator. Using the velocity the amount of skew can be computed.

To do this first the effective camera distance (d) is calculated using the image width (1)
and the cameras field of view (FOV) using the relationship shown in Figure 3.8. This value is
also used to calculate the bearings of objects. The values given for the image width is 208 pixels

and the field of view 56.9 Degrees [3]:

28.45 Degrees
(Half FOV)

104 Pixels
(Half Image Width)

A
v

Effective Camera Distance in
Pixels (A

Figure 3.8 - Calculation of effective camera distance (d)

125 W 104

= = =191.9 Pixels
tan(l/2x FOV)  tan(28.45)

The effective camera distance can then be used to convert between an angle (0) and a

pixel (x) as shown in Figure 3.9

Position of Pixel
(x=dtané)

A
v

Effective Camera Distance in
Pixels (d)

Figure 3.9 - Pixel Calculation using angle
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To calculate the movement in pixels, firstly the position of a relative pixel is calculated

from the pan of the frame before:

x,=d tan(6,) Where @, = Previous pan angle

The position of the current relative pixel is then calculated from the current pan:
x,=d tan(&c) Where 6. = Current pan angle

The difference between these two pixels is the difference over the entire frame.
Ax=x,-x,

The next step was to find the time it took for the frame to be taken so that the distance that the
pixel had moved during the capture of the image could be found. Using images of a fluorescent
light which flickers at a known frequency (100Hz) the number of light dark cycles appearing on

the image can be used to find the amount of time that has passed during the capturing of this

image as seen in Figure 3.10. Using the fluorescent lights period of flicker (T L ) equal to 10ms

and the number of cycles per image (3) an estimate for the period of the camera (T ) can be

cam

made.
T, =3xT, ~30ms~33.33ms

This suggests that the since the camera operates at 30 frames per second, or a period of
33.33ms, that the full time between images is used to read the next image. Therefore the time

taken between scanning the top right pixel and the bottom left pixel is one full frame.

Figure 3.10 - Image of the fluorescent light shows three distinct cycles

19



Therefore the Ax value is used as is to calculate the skew amount per line.

Ax
numberOfLines

SkewPerLine =

These equations were implemented, and worked reasonably well correcting the skewing
of the image of a majority of the images correctly. The major problem found was that other
factors would affect the skew on the ball such as movement of the ball. Using this de-skewing
technique the correction generally improves the distances returned by the circle fitting when the

ball is stationary. One such result can be seen below in Figure 3.11.

This method corrects the skew in the horizontal direction of the frame, however is much
more difficult to implement in the vertical direction. This is because the vertical skew is caused
mostly by the dropping of the robots body rather than movements of the head and involves the
movement of many more joints which can mean increased noise and is also affected by external
influences, eg if the robot is kicking the ball it will move at a different vertical speed compared

to if there is no ball under it.

The velocity of the ball also causes skew in the image that is not corrected using this
method. This feature could possibly be used in conjunction with ellipse fitting to determine the

velocity of the ball minus the velocity of the robots head.

e = T

Figure 3.11 — Classified image of ball with resulting circle fit before and after skew correction
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3.6. Results

The ball recognition code worked well after a large amount of testing and tuning and
was used in the 2005 robocup competition. The modified circle fitting also performed well with
the circle fitting greatly improving the calculated values of the balls location. The image skew
correction was achieved in the horizontal direction although does not compensate for the
movement of the ball, or vertical movements. This area could be improved upon. The
investigation into ellipse fitting was relatively short for the reasons given previously however

may in the future prove useful in velocity calculations.
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4. Goal Recognition

The recognition of the goal is required as the objective of the game is to get the ball into
the goals. The goals and its posts are also used for the localisation of the robot. Like the ball it is
important that the goal is identified properly when it is seen in the image and it is also important

that other objects are not identified as the goal.

Since the introduction of soft colours and due to obstructions on the field, the goal is
often not seen as a single blob, but a cluster of blobs. Because of this the blobs must go through
a reconstruction process. Once the goal has been reconstructed a series of tests are performed

and if the goal has been identified then goalposts can be found.

Goal recognition uses the confidence system previously described in section 2.3. That is
as the goal candidate performs well in tests it will increase in confidence and when it performs
poorly it will decrease. At the end of the tests if the confidence is greater than zero the candidate

is accepted as a goal.

The following chapter will describe the object recognition software developed for use

on the goals.

4.1. Goal Candidate Construction

The soft coloured blobs are linked to basic coloured blobs in a structure called a goal
object. These blobs are all combined to get the total size of the object and stored as a goal
candidate. These objects are then compared and those that are within a specified range, or those

that line up horizontally are merged together to create one object as can be seen in Figure 4.2.

One problem that occurs is that when there is a goalkeeper inside the goals it can cause
the blob to break into two with a gap at the location of the goalkeeper. To reconstruct this part
the goal objects are rotated so that they are parallel to the ground to nullify tilts caused by the
cameras orientation. This uses functions described in [7]. Any blobs whose top and bottom co-
ordinates are approximately equal are merged into a single goal candidate. The results of this

can be seen in Figure 4.3.
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Figure 4.1 - Left: Original blue blobs. Right: Resulting blue goal blob.

e

Figure 4.2 - Left: Original yellow blobs. Right: Resulting yellow goal blob.

Figure 4.3 — Left: Blobs of goal broken into two by goalkeeper. Right: Resulting goal blob.
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4.2. Goal Candidate Cut-Off Detection

The sides of the goals that are cut-off can give a lot of information that is used in
deciding what checks should be performed on the goals as well as in finding the goal posts. To
find the edges that have been cut-off by the edge of the screen the blob is first rotated to remove
the effects of the camera orientation. This allows 8 points to be selected. These points are the
top, left, right, bottom, top left, top right, bottom left and bottom right these can be seen in
Figure 4.4. These points are then un-rotated back into the original image to determine if they are
close to, or outside of the edges of the screen. A side is seen as cut-off if two or more points on
a side are located near the edge, or outside of it. For example if the top point and the top left
point is outside or close to the edges of the screen then the top is assumed to be cut-off. This
information on the suspected cut-off areas of the objects is used to tell the accuracy of the

measurements obtained as well as the presence of goalposts in the image of the goal.

Figure 4.4 — Points of blob used for object cut-off detection

4.3. Goal Distance, Bearing and Elevation

The raw distance of the goal is found by using the height in pixels. This value is the
only factor that will remain relatively constant when viewed from different parts of the field.
The problem with this, however is that the robot must see the entire goal. When the robot is
close to the goals this can be a problem. Because of this the infra-red distance sensors are used
to gain a more accurate distance to the goal when the goal is close. The raw bearing and
elevation is found using the centre of the goal blob or in the case of the goal posts their centre
points. As with the ball these raw distances are translated back so they are relative to the centre
of the robot. If the object cannot be properly seen and the cut-off detection has determined that
part of the object has been cut-off that is required for correct measurements to be made, then the

software sets a flag so that the localisation software knows to give these values less weighting.
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4.31. Goal Distance Calculation

The distance of the goal is calculated using the height of the blob formed around the
goal. To do this an approximate linear relationship was used requiring an offset and a multiplier.
This value was recorded for a large range of distances and these were plotted against the actual
distance using Excel. Excel was then used to apply the line of best fit to these two sets of data
and these equations were used to approximate the linear relationship between the two. Because
the height of the goal is used, the distance of the goal becomes inaccurate when either the top or
bottom of the goal is cut-off by the edge of the image. In this case a flag is set for the
localisation component signalling that the distance given should be taken as a maximum limit

on the distance, rather than the exact distance.

multiplier

goal blob height

dis tan ce = + offset

When using this method it was found that as the robot moved closer to the goals
distance does not remain linear. This occurs because as the robot moves towards the goals the
sides of the goals artificially increase the height of the goal. It was attempted to approximate the
non-linearity by create two linear relationships, one near and one far, however it became
difficult to determine when to use each one and it was found that there was a better way. Due to
the introduction of soft colours, it was found that in many cases the sides of the goals were
classified as soft colours. Therefore the height is taken only from the yellow blob if the

difference in heights is not too great.

4.4. Goal Identification

Once the goals candidates are reconstructed they are then tested for identification. The
following tests are only applied to goals that do not cover a large majority of the screen since it
can be very difficult to get readings in this situation. For this reason if a goal candidate appears
to be a very close it is assumed to be a goal and these tests are skipped since it is very likely to
be the goal as there are not usually other objects large enough and of that colour to fill the

cameras FOV.

The first test that is performed is a colour test similar to that used in the ball
recognition. The test works in the same way as that described in Section 3.3. This test

determines that the candidate is on the field.
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44.1. Elevation and Z-Value test

Because the goals are stationary, like the ball, their height should remain relatively
constant. For this reason the z-value is calculated as described in section 3.2.2; this is then
compared to a range of acceptable values. If it is not in this range then the candidate is penalised
through a reduced confidence. Elevation checks are then performed; this is because the range of
z-values for an acceptable goal needs to be quite large to account for incorrect distances and

elevations. Therefore the elevation of the objects is used to help remove the other false goals.

4.5. Goal Post Detection

Using the information gathered during the cut-off detection the image is scanned for
goal posts. This is done by performing a least squares line fit on the edge of the goals. Firstly
the points to be used in the fit are gathered. This is done by performing scans parallel to the
horizon at regular intervals along the side of the goal. The least squares line fitting method is
then performed by first calculating the sum of squares as this method appeared the simplest to

implement as an algorithm. The values used with the sum of squares method are:

.

Figure 4.5 - The scanning path for the line fit points are drawn in red, while the least squares line

fit is drawn in yellow
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These are used to calculate the equation of the line y = a + bx . Firstly the regression coefficient

b, the correlation coefficient 7* , and the residual variance 5% are calculated as follows:

582,
2 Sy T
sS sS., s8
h=—> rP=—2 5t = = [11]
S8 SS . SS n—-2
The value of a is then found: a=y—-bx [11]

Where y = Zn:yi ,X = Zn:xi , Xy = Zn:xiyi
i=1 i=1 i=1

Once this line has been fit, the correlation co-efficient (1’2) and the sample variance

(sz) are used to determine the edges suitability as a goal post. One change that had to be

considered was that in the most likely and most ideal case of a goal post being a straight vertical
line, the gradient of the fit line would be infinite. To correct this problem the x and y axes are
swapped in the line fitting mathematics and a check is done in the case of a completely

horizontal line to prevent a divide by zero error that would cause the robot to crash.

The raw distance for the goal is used and new raw elevations and bearings are
calculated for the individual posts using their centre points. The detected posts can be seen in

Figure 4.2 and Figure 4.3 they are shown as the vertical white lines on the edges of the goals.

4.6. Goal Gap Detection

4.6.1. Motivation

The locations of the goals play a large part in the NUbots kicking behaviour in that
before a robot takes a shot at goal it will first try to visually line up the goals. However the
centre of the goal (given by the goal detection) is not always the best place to kick the ball. The
best place to kick the ball in a majority of cases is at the largest “gap”, the goals largest
unobscured area. This allows the shot to go past the obstacles and therefore increase the chance
of scoring. To help improve the NUbots goal kicking abilities when faced with a goal keeper or

other obstacles, goal gap detection was developed.
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4.6.2. Implementation

The gap detection consists of an algorithm that searches from the left hand side of the
goal to the right hand side of the goal in the image designated by the current goal blob. The
search runs parallel to the horizon and hence roughly parallel to the goals. The height of the
scan is calculated depending on the height of the goals in an effort to scan at approximately the
shoulder height of another robot, thereby at the height of the largest portion of the robot. Runs
of pixels that are of the correct goal colours are counted and the longest run found is given as

the gap. This gap is given as a field object and therefore the robot can use this to line up shots.

it mica

A

Figure 4.6 - The scan path for the gap detection is show in yellow

4.7. Results

The goal rebuilding code works well, the major concern was blobs that were not part of
the goals being merged with the goal objects; however this did not prove much of a problem.
The line fitting greatly improved the accuracy of the post identification, removing many false
positives. This was a large improvement over the initial method of only looking for the cut-off
parts at the edges of the image. The new method also removes many posts that have objects in

front of the posts such as robots.
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5. The Almost SLAM Challenge

The following chapter will describe the almost SLAM challenge, and the work done for

it during this project involving object recognition.

5.1. About The amost SLAM Challenge

This challenge is designed to help the league move away from using fixed beacons for
localisation and use more general landmarks such as those naturally found in a soccer stadium.
In the challenge there are a number of artificial landmarks placed around the field. The
landmarks are not known before the challenge. The challenge begins by allowing the robot
some time to explore the field with the traditional beacons and goals in place. These are then
removed and the robot must then move to set points on the field that are written on its memory
stick. It must do this using the information that it has gathered during its exploration. There are

a number of constraints on the landmarks placed around the field [12]:

= They shall all be outside the playing area but on the green field.

= They shall be of varying size and color.

= They are guaranteed to be unique when color and orientation are taken into account.

= There shall be at least three of these landmarks containing a patch of pink at least 10cm across.
= There shall be at least six landmarks.

= They shall be at least 15cm apart.

= They shall contain no white or black, although they may have a stand that is black or white.

= Each dimension shall be between 10cm and 50cm.

= They shall be no more than 50cm above the field.

The Almost Slam Challenge requires a large amount of collaboration between both the
vision module and the localisation module. The vision module must be able to recognise the
new objects that are present and re-recognise them as the same object. While the localisation
module must keep track of the locations of the objects and then re-use them as the basis for

localisation.

5.2. Coloured Pattern Recognition

The solution developed for this challenge involved a form of coloured pattern
recognition. The method used creates a selection of regions of the image centred on the pink
blobs, taking advantage of the guaranteed minimum of three objects containing pink. Nine
regions in total are created, equal to the size of the pink blob to form a 3x3 cross. Each section

of the grid is scanned for the two most common colours in that region. Once these have been
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found the colours of each region of the grid is compared to the equivalent region of each of the
available patterns for each object that has been previously seen. If a similar pattern with eight or

more sections of the grid having at least the most common colour, then the object is identified.

During the initial exploration stage of the challenge the original beacons are used for
localisation and so the location of the objects that are seen can be worked out as the robot has an
accurate estimation of its current position on the field. In this stage if a pattern is not matched to
an object the calculated location of the pattern is then compared with that of the previously seen
objects. If it is within an acceptable range to the previously seen object it is assumed to be that
object and the patterns are added as an additional pattern for that object. Otherwise the pattern is
set as a new object. At the end of this phase the most commonly seen patterns are set as the land

marks.

During the localisation stage of the challenge objects are only identified, not created.
This means that if a new pattern is found it is ignored. This occurs because the location of the
object cannot be accurately calculated as it cannot be guaranteed that the robot can accurately

predict its location as was the case in the previous section.

For the module to calculate the distance, bearing and elevation to the objects in the
second part of the challenge, the size of the blobs is tracked by the localisation module. During
the initial part of the challenge the localisation module computes a linear relationship between
the size of the blobs and the distance of the objects. This is then used by the object recognition

code when finding objects in the second part of the challenge.

Cell 0

Cell 1 Cell 2 Cell 3

Cell 4

Figure 5.1 - Scanning grid for almost SLAM Challenge
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5.3. Results

The results obtained offline using streams of test images featuring the normal beacon
objects showed promising results with four different objects repeatedly recognised a large
number of times. These being the four distinctively coloured beacons. The system was also

tested on the field with the beacon recognition code disabled.

Because the system must work closely with the localisation module a large number of
changes were also made to the localisation portion of the code by other members of the NUbots
team. Unfortunately during The Almost SLAM Challenge event one of these changes

encountered a math error causing the robot to crash, and hence failing the event.

Due to the removal of this event from the challenges program for next years
competition and the lack of relevance to real problems faced in this area, no further time was

spent on this aspect of the project following robocup.
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6. World Model Debugger Overhead Camera

The following chapter will discuss the work done on the selection and implementation

of an overhead camera for use in the development of the NUbots Robocup soccer team.

6.1. Overview

This part of the project involves the use of an external camera to view the field and
recognise the objects. It can be used to report the “real” location of objects on the field so that

they can be compared to what the robot has reportedly seen.

There are many advantages to knowing the real locations of the robots and the ball. It
can be used to improve the vision system of the robots, providing easier measurements of the
distances of the objects from the robot; these were previously done with a tape measure. It can
provide better tracking of speed and direction when developing walks and kicks allowing more
flexibility when using machine learning methods. Finally it will allow a direct comparison
between the Robots world model data and the real world data (from the overhead camera)

allowing the world model data’s accuracy to be assessed.

The World Model Debugger application was developed with Kenny Hong, who worked
on the applications user interface as well as other elements such as networking, data logging and

object prediction. For details on the work done on these elements see [7].

6.2. Aims

The aims of this part of the project were to develop a system that can be used to track

the locations of objects on the soccer field via an overhead camera.
The system should be able to:

= Track the location of the ball and robots on the field in terms of the coordinate
system used in the robots and display them in the World Model Debugger

application.
" Run in real time and be able to store the data collected for later analysis.

" Provide an interface usable by other members of the NUbots team and have its’ data
on object locations accessible from other areas of the WMD World Model Debugger

application.

. Provide an accuracy of around 10cm.
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6.3.

Camera Selection

The selection for the camera was an important part of this section of the project. There

were a number of desired Features:

Resolution of at least 640x480 for the desired measurement accuracy.
Able to be permanently fixed to the ceiling.

Field of View (FOV) large enough to capture full field in a single frame from

ceiling (may require attached lens).

Digital (USB 2.0 or IEEE1394) connection (should not require a frame
grabber).

Should have good picture quality so that objects are easily seen.

Should be compatible with windows.

During the initial stages there were many different cameras considered. These included two that

were currently available to the NUbots team. These were a Philips Vesta Pro web-cam, and a

JVC GR-DV3000EA Camcorder. Other cameras that were considered that would have to be

purchased included an Apple iSight Web-cam, a Sony HDRHC1 High-Definition Camcorder,

and a Basler A601fc Digital video camera. The selection criteria for the cameras are shown in

Table 1.

Figure 6.1 - Balser A601fc
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The camera eventually chosen for use was the Basler A601fc. This camera is designed

for use in machine vision and was recommended for use in this application by a representative

of Total Turnkey solutions who specialise in imaging and machine vision equipment. Some of

the advantages with this camera were Windows drivers for the camera, a large selection of

compatible lenses, a large amount of control over the cameras operation from the pc, and also a

compact design. The camera also came with a recommended lens that covered the full field as

per the required specifications. This makes it ideal for mounting on the roof as it is light and can

be controlled and powered remotely via the IEEE 1394 firewire connection used for the data

connection. The interfacing was simplified with the windows drivers available.

Phillips Vesta JVC GR- Sony
Camera Apple iSight Basler A601fc
Pro DV3000EA HDRHC1
Resolution
640x480 or Yes Yes Yes Yes Yes
higher
Permanent
. Yes No Yes No Yes
Fixture
FOV
Obtainable No Yes Yes Yes Yes
Windows
Yes Basic No Basic Yes
Support
Digital
. Yes Yes Yes Yes Yes
connection
Picture
Fair High Good High High
Quality
Other
Owned b Owned b High
Features Y Y Inexpensive &
NUbots CDSC Definition
Considered

Table 1 - Camera Features used for selection
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6.4. The small-sized league

An application similar to that of the overhead camera can be found in other robocup
leagues, one in particular is the small-sized league. This league consists of 5 individual custom
built robots. In this league all 5 of the robots share the same vision system which consists of an
overhead camera connected to a central PC. This camera is used to see all of the objects on the
field, including the other robots and the ball. This application is very similar to that required in
this project. For this reason the small sized league was looked at as a base for ideas concerning

the equipment and software to be used in this project.

After reviewing a number of reports and publications including [13-15] concerning
small-sized league vision systems it was found that by far the most common and effective way
of processing the image is through the colour classification method. This is currently the same
method that is used effectively by the NUbots in the four-legged league. Due to the extensive
use of colour classification in the small-sized league, as well as my familiarity with the colour
classification process from working with the NUbots code, it became clear that colour

classification would be the most effective and simplest method to implement for this project.

6.5. Colour Classification

The colour classification method of image processing relies on the colours of objects as
their most prevalent feature. This means that each object should have a unique colour or pattern

of colours that can be used to identify the object from others.

The colours in the image have a large number of different shades and hence individually
distinguishable colours. Colour classification is used to group all of these shades into more
meaningful classified colours such as red, blue, orange and green. These classified colours
simplify the image for the proceeding algorithms by giving the image in terms of more general
colours allowing similar colours of varying shades to be grouped and seen as equal classified
colours. In the case of this project where a YUV image is the data source, the classification
procedure is done by mapping all of the possible YUV values to their respective classified
colour groups. This is done via a 3 dimensional lookup table that stores a classified colour for
the YUV values. The lookup table must be manually produced using the users’ eyes and own

sense of colour recognition to determine the colours that belong to the classified groups.
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Figure 6.2 - A classified image from the above field camera
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6.6.

Blob formation is the process of identifying areas of the same classified colour and

Blob Formation

storing these areas for later use. The blob formation process involves moving through the image

pixel by pixel and comparing each pixel to its neighbours. Pixels of the same classified colour

found together are formed into a blob. These blobs are then extended or merged as new pixels

are found that belong to it. The algorithm used for the blob formation has two major

requirements, accuracy and speed, since it is performed on every pixel.

Each blob has a number of properties attached to it. These can be seen in Table 2. These

were taken from those used in the NUbots classification system on the robots. However for this

application some of the values used by the NUbots were not required. These were values that

tracked the points at which the pixels intersected the edges of the blobs.

Property Definition

Colour Defines the colour of the pixels that were used to form the blob.
Blob Number | Is the number of the blob given at creation, used to identify blob.
Width The width of the blob in pixels.

Height The height of the blob in pixels.

Area The area of the blob in pixels (Width x Height).

Minx The smallest X coordinate in the blob (left edge).

Maxx The largest X coordinate in the blob (right edge).

Miny The smallest Y coordinate in the blob (top edge).

Maxy The largest Y coordinate in the blob (bottom edge).

Pixels The number of pixels present in the blob.

Trueblob Used to keep track of the current blob in use when blobs have been merged.
Ignore Used to indicate that the blob should no longer be used.

Table 2 - Blob Properties
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6.7. User Interface

The user interface was created to utilise menus rather than buttons. The primary reason
for this was that the images have a resolution of 640x480 and therefore take up a large portion
of the screen. Once multiple images are added this becomes an even greater problem. Using

menus allows more room on the screen to display images rather than buttons or other controls.

The file menu, seen in Figure 6.3, is used to open and store files. The files that can be
accessed are lookup tables and image streams. The lookup tables store the table to map the
YUYV values to their classified values. The image stream files store the raw data stream from the
camera, this can be used to later review images.

FIEN Wiew Camera  Classification
Mew Lookup-Table

Cpen Lookup-Table. ..
Open Carnera Skream. .

Save Camera Stream As...
Save Lookup-Table As...

Close Skream

Close

Figure 6.3 - File Menu

The camera menu, seen in Figure 6.4, is used to connect and disconnect the camera
driver. The menu also allows access to the drivers configuration dialog for access to the camera
settings. The begin streaming and stop streaming options begin and stop the streaming of
images from the camera once itr has been connected. To stream image a file must be specified

for writing. The camera menu also allows the grabbing of individual images.

Classification

File  ‘iew

Conneck ko Camera

Figure 6.4 - Camera Menu
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6.7.1. Classification

The classification menu allows the user to select the classified colour they are currently
defining. They can then select pixels from the colour image by left clicking on the required
pixel. Pixels that are of the selected colour are highlighted in the currently selected classified

colour. To write this association to the lookup table, the user clicks the right mouse button.

To speed up this process the colour sensitivity control seen in Figure 6.6, is used. This
control enables the user to extend the range of the colours properties to be selected when the
user selects a pixel. A sensitivity of zero indicates that only colours whose values for the lookup
table are equal to that clicked are selected. A value of one indicates that the values one below
and one above are also selected. A value of two allows values within a range of two from the
selected value in that component, and so on. This is true for each of the Y, U and V

components.

File “iew Camera ReESE ()

® Classification Disabled
Ball Crange
Field Green
Field Line White
taoal Yelow
anal Blue

Figure 6.5 - Classification menu

Colaur Sengitivity
Y u

||:|||:|||:| [~ Equal

Figure 6.6 - Colour sensitivity control
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6.7.2. Images

The program displays one enlarged image at full resolution as well as several smaller
images. This interface is used during the manual classification procedure and testing. The
smaller images can be enlarged by clicking on it with the left mouse button. This causes the
selected image to be displayed in the enlarged image section and the previously enlarged image

to be displayed in the place of the smaller image.

There are a number of overlays available for the program to display the current
classified pixels and the blobs formed by them. These overlays are drawn over the original

colour image.

B Camera Feed = |||

File View Camera Classification

M. -
Wiewing File: C:AStuFfM e Stream.svf

Wsing LUT: C:AStuffsnewlest lut | of 15 ¥ ]
FResolution: 540x480x16 4 I S ! 0 l il r_g—— I~ Equal

1~ Colour Sensitivity

Figure 6.7 - Interface for camera dialog
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6.7.3. Zooming

To aid in testing and classification a zoom feature was added. This allows the user to
select a predefined level of zoom, or specify their preferred value. Zooming allows more

accurate selection of pixels and also greater detail to be seen.

The zooming can also be controlled using the mouse. Moving the mouse wheel up
increases the zoom on the image, while moving the mouse wheel down decreases the zoom.
When zoomed in, holding down the middle mouse button allows the image to be panned. This is
required as the display area of the image does not change and stays at 640 by 480. Double

clicking the mouse button resets the zoom to the original level and re-centres the image.

Camera Classification

W 100%
200%:

File

uskon, ..

Figure 6.8 - View Menu

6.8. Camera Interfacing

The Basler A601fc camera was supplied with a dll file allowing access to the cameras
drivers. The driver provided functions to connect and disconnect from the camera, a function to
open the drivers’ settings dialog, as well as functions to read and modify settings. To grab
images from the camera there are two possible modes, individual frame grabs, or pass through
mode. With individual frame grabs the function is passed a buffer and the current image is

written to this buffer. This is useful for individual image captures.

Using pass through mode the driver takes images at the frame rate currently set in the
drivers settings dialog. Upon calling the function to enable pass-through mode a pointer to an
array of buffers is passed. The images are stored into one of these buffers. Each time a new
image is available an event message is sent to the window specifying the pointer to the start of
the current buffer, allowing the code to process the image to be run. This method was used as it

easily allows a fixed frame rate to be used for the streaming.
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6.9. Image Display and Conversion

The images obtained from the camera are in YUV 4:2:2 in the UYVY format [16]. This
means that each Y value shares its U and V value with the neighbouring Y pixel. It is possible
to perform interpolation to calculate an approximation for this missing data. However in an
effort to quickly display an image the same U and V data was used for both of the Y values.
This produced a clear image and so the interpolation was not implemented as it did not appear

necessary.

Ul Yl Vl YZ U3 Y3 V3 Y4 US YS VS Y6 eee

Figure 6.9 - UYVY Data Structure

To display the image, the YUV4:2:2 images are converted to RGB which is then written
to a bitmap and displayed onto the screen. The RGB image is used to draw extra data onto the

image before it is displayed. The conversion between YUV and RGB used is shown below.

R = clip[(298(Y -16)+ 409(V -128)+128) >> 8]
G = clip[(298(Y -16)—100(U -128) - 208(V - 128)+ 128) >> 8]
G = clip[(298(Y -16) + 516(U -128)+128) >> 8]

where clip denotes clipping between 0 and 256

6.10. Processing an Image

When an image is initially read it is first classified. Blob formation is then run on the
classified image. If the image needs to be displayed, the YUV image is then converted to RGB
format and written to a bitmap. The classified image, blobs and objects are all drawn to RGB
images, or over the coloured image as required and these are copied to bitmaps. These bitmaps

are then accessed and displayed as required.

6.11. Object Recognition

Once objects are recognised their position in the image is used to calculate their location
on the field. This requires that the camera be calibrated upon installation and each time the

camera, or the field is moved.
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6.11.1. Ball Recognition

The ball recognition is much simpler to that implemented on the robots. The ball stays
approximately the same size as it moves around the field as the distance does not change. This
is taken advantage of in that only blobs of the appropriate size are checked as being the ball.
The circle fitting code described in section 3.4 was modified to work with the images from the
new camera and vision system and is used to more accurately recognise the ball and determine

its centre, similar to when used on the robot.

6.11.2. Robot Recognition

Robot recognition requires a special marker attached to the top of each individual robot
to uniquely identify them, so that the data collected from robots can be matched to each specific

robot seen by the camera.

6.11.3. Image Distortion

The lens used on the camera causes some “fish-eye” distortion of the image; hence the
field lines are not straight but curved. To accurately find the position of objects on the field this
distortion must be either corrected or taken into account when calculating the position of the

object.

Figure 6.10 - An image from the camera showing the 'fish eye' distortion
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6.12. Results

The Interface is fully completed with all elements working. The file I/O is fully
completed with the ability to save and open both lookup tables and image streams. The
classification and blob formation system are both working and images can be streamed,

displayed and classified.
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7. Future Work

The object recognition software has all been completed and was used successfully at the
2005 robocup competition. The overhead camera is nearing completion with the basic vision

system fully implemented.

7.1. Immediate Future

= Implement robot recognition for the overhead camera.

= Implement fish-eye distortion correction for overhead camera.

7.2. Possible Extensions

= Ellipse fitting to ball to find velocity.

= Determine skew for vertical camera movements.
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Appendix A — Goal Distance Comparison
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Goal Distance Calculation Comparison
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Appendix B — Pan Sensor Values
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