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CS 3630 (Spring 12) 
Project 1: Dead Reckoning and Tracking 

Team Members : Sameer Ansari, David Bernal, Tommy Kazenstein 

Overview 
This project involved two major parts: Commanding the Rovio to travel along a path/trajectory, and 
using the overhead camera to track it. For Part 1, 3 trials were run with the Rovio attempting to travel a 
square trajectory using dead reckoning. For Part 2, an overhead camera was used to track the Rovio, and 
the equations for homogenous transform from world-space to pixel coordinates are derived. For Part 3, 
the Rovio repeats 3 trials with an arbitrary trajectory (chosen as an hourglass shape), as well as a 
discussion more advanced techniques than dead reckoning with pseudo-code examples. 

Coding Techniques used 
All code was run from a 64 bit windows laptop using opencv2 and python bindings. For sending and 
receiving commands to the Rovio, python and the pyrovio library were used as the base, some minor 
syntax and logic errors were modified inside the pyrovio library, and a main test python file was forked 
off for project use. One important change was replacing the python Sleep timer with a system timer to 
determine update cycles, resulting in code that did not vary with host computer Sleep timer intervals 
(which vary by current processing time etc.), this resulted in more consistent motions of the Rovio.  

For overhead tracking, python with opencv2 was again used from a windows 64 bit platform. Instead of 
the traditional blob tracking with color, optical flow via two hierarchical Lucas-Kanade pyramids was 
used, the code being forked off of a python optical flow demo. Features were defined using the 
GoodFeaturesToTrack subroutine on an area specified by mouse-click or expected initial location, these 
points then had an averaged optical flow (the Rovio, a face, anything of import) that was used to update 
the area’s location to follow the optical flow. In images the features tracked are shown as green lines 
with green square dots on the features, and the area tracked is shown as a yellow circle of constant 
radius, an interesting future addition would be to specify features using a more specific method than 
good features to track, and choosing the area as a function of the points chosen, allowing for a more 
form-fitting area. 

Part 1: Odometry 
Part 1’s main task is to make a Rovio travel the pre-specified trajectory of a square using dead reckoning 
(no outside knowledge). The sides of the square are 1 meter each, with 90 degree turns at each point, 
resulting in a final position and orientation that is ideally the same as the initial. 
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Since dead reckoning generally requires close to ideal conditions, in normal conditions errors happen, 
and will accumulate over time. The Rovio was programmed to accomplish somewhere within 30% of the 
required translational movements, not including rotation error, and succeeded in that task. 

Q 1.1 
In our tests, we used the overhead camera along with openCV and matlab to determine that 1 meter in 
the real world was equivalent 210 pixels in our camera view from a distance of 3 meters. This comes out 
to 2.1 pixels per centimeter. Three tests were conducted for the square trajectory, shown in Figure 1. 

   
Figure 1 - Tests 1-3 Segment Displacements 

Figure 1 shows the measurements of each segment length in pixels, which are then converted to real 
world distances in meters using the conversion of 210 px to 1 m, as shown in Table 1, with the percent 
error from expected shown also. 

Table 1- Test 1-3 Segment Displacements and Percent Error 

Straight Line Offset 
Target = 1 meter 

Segment 1 Segment 2 Segment 3 Segment 4 

Test 1 1.07 m 7% .97 m 3% 1.02 m 2% 1.05 m 5% 

Test 2 1.01 m 1% .98 m 2% .95 m 5% 1 m 0% 

Test 3 .99 m 1% .97 m 3% .96 m 4% 1.03 m 3% 

Average 1.02 m 2% .97 m 3% .98 m 2% 1.03 m 3% 

 

1 Meter 

Rovio 



Wayward Sons – CS3630 Spring 12 Project 1 – Page 4 of 12 
 
Further inspection of the trajectories was shown for each expected corner of the square, as shown in 
Figure 2. 

   
Figure 2 - Corner Displacements 

Also, the angles were determined for each turn, as shown in Figure 3. We used simple trigonometry to 
calculate our angles from pictures taking during the experiment.  

  

 
Figure 3 - Turn angle calculation (Tests 1 2 3 as Left Right Bottom) 
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To get the angle we drew a line in the direction Rovio was moving, and connecting it with the line in the 
direction Rovio was facing after the rotation, forming a right triangle. A basic sin formula returned the 
angle. 

       
 

 
         

 

 
  

Using the information from Figure 2 and Figure 3, Table 2 displays the Rovio's target displacements, 
more specifically the Distance column represents the distance the Rovio was from target, each corner of 
the square. The Angle column represents the number of degrees Rovio was off in its rotation. For 
example in the test 3 and segment 1, Rovio was 4.76 centimeters from the target location in the top 
right corner, and Rovio had an angle offset of -8 degrees meaning Rovio under-rotated 82 degrees 
instead of the target 90 degrees.  

Table 2 - Segment displacements and angle offsets 

Displacement 
from Expected 

Segment 1 
 

Segment 2 Segment 3 Segment 4 

Distance Angle Distance Angle Distance Angle Distance Angle 

Test 1 9.38 cm 0° 11.76 cm 24° 43.7 cm 0° 65.82 cm 26° 

Test 2 0 cm 8° 15.51 cm 0° 23.22 cm 12° 30.01 cm 24° 

Test 3 4.76 cm -8° 18.1 cm -2° 27.35 cm 6° 15.51 cm 35° 

Average 4.71 cm 0° 15.12 cm 7° 31.42 cm 6° 37.11 cm 28° 

 

Q 1.2 
Table 3 shows measurements of the offset distance and angle of the robot's final position compared to 
the expected position and angle. The average offset for our three cases was 37 cm meaning for our 
reported tests,  the robot was displaced by 37% from the initial position at the bottom left of the square. 
This is largely due to the error discussed below in addition to the four rotations in the square trajectory. 
Because one under or over rotation could cause the Rovio to go one meter in the wrong direction.   

Table 3 - Trial displacements and angle offsets 

 Distance Offset Angle Offset 

Test 1 65 cm 20° 

Test 2 30 cm 60° 

Test 3 18 cm 30° 

Average 37 cm 36° 

Though for each test the distance and angle offsets vary in placement, the displacement error per 
segment was always within 30%, with angle offsets accounting for the majority of the displacement 
error accumulating over time. 
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Q 1.3 
In running the tests of dead reckoning, an assumption is made that the condition of the environment 
and Rovio are constant, and the commands passed to the robot, when executed, will cause the same 
series of actions consistently in every trial. Unfortunately that is not the case.  

Surface friction of ground 
Though the environment is generally static, the surface friction’s effects on the wheels are not taken 
into account, so that a Rovio that turns 90 degrees on carpet may turn more or less on hardwood floor, 
and move further in a straight line. For tuning, the surface used for testing was considered constant and 
tuned as such. 

Rovio wheel motors 
Another assumption was for a specified speed, a wheel would rotate with a certain velocity or at least 
force. This was found to be false, as the wheel velocity is directly dependent on battery state of the 
Rovio, as well as something else that was generally not possible to account for in dead reckoning. A 
hypothesis is that the Rovio has limited power to provide to the 3 wheels, therefore the resistance 
encountered by a wheel results in more power being sent to it, reducing the available power and 
therefore velocity to the other wheels, in a non-deterministic fashion. 

Rovio wheel rolling friction 
Another assumption was constant rolling friction on the wheels of the Rovio, which is found to be false. 
The rolling friction of the Rovio’s wheels is dependent on the orientation of each wheel, and whether a 
roller or the plastic in between is in contact with the surface. This changes the friction for both 
translation and rotation into a combination of static friction and rolling friction, which is generally not 
possible to account for without any encoders on the wheels and consistent wheel rotation. 

Tests were conducted by placing the wheels in an initial configuration, and it was found that tests 
performed consistently better, where if the Rovio performed the same number of revolutions per step 
in trajectory, it tended towards a more consistent set of motions. However, changes did occur as a result 
of not taking into account battery level and time-varying wheel motor strengths. 

Network latency and Update interval 
The final assumption is that commands are passed consistently and in the exact same way. This 
assumption is incorrect when taking into account wireless network latency and the Rovio’s update cycle. 
In testing, though the commands sent to the Rovio were broadcast consistently and in an accurate 
timeframe, the Rovio would arbitrarily execute commands for varying times until the next update cycle 
triggered and it received the next broadcast message. These discrepancies cause the Rovio to execute 
the motor-wheel commands for varying time intervals between trials. This requires more testing, but 
different broadcast frequencies between 10Hz to 1Hz were tested, with 2Hz tending towards more 
consistent actions.  

Part 2: Tracking 
A homogenous transform from world coordinates to pixel coordinates is a useful first step that allows 
one to describe events in world-space coordinates, and know how that would be seen from a camera’s 
point of view, for example, a real-world trajectory can be converted to a 2d path traversed from the 
camera’s point of view. This key ability allows on the use camera information to make decisions in the 
real world. 

In the setup, the camera is set up at 3 meters above the field facing straight down. The world coordinate 
frame is defined as follows: the origin in the point on the ground which is in the center of the cameras 
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point of view, with x being to the right along the surface, y is up along the surface, and z is up off the 
ground towards the camera. 

Q 2.1 
The transform required is a 90° rotation about the x axis to account for camera facing down (90° from 
world space). X, Y, Z stands for world space coordinates. X’, Y’, Z’ stands for camera space coordinates. 

    
   
                

               

  
   
    
   

  

The transform also required a 3m translation along the world coordinate’s Z axis. Since the rotation 
happens first, the z axis becomes the –y axis and the y becomes the z, so the translation is done in the y 
axis, as shown in   . 

    

    
    
    
    

  

The total transformation: 

             =   *                                                               
  
  
  

   

    
     
    
    

  
 
 
 
  

This transform is useful to adapt to the camera’s downwards facing position by rotating. The camera is 
also at a different Z location so a translation is required in order to account for this slight change. This 
transformation adequately transforms the world frame to where the camera is positioned thus creating 
the camera frame. 

Q 2.2 
Once the camera frame coordinates are found, another set of transformations is needed in order to 
adapt to the computer’s representation of the frame. 

A rotation is adequate in order to transform the camera’s frame so that it matches to an image’s 
representation of the X and Y axis. In an image, the X axis runs left to right and the Y axis runs from the 
top to the bottom. 

The following transformation deals with this rotation. 

    
   
                

               

   
   
    
   

  

Next, a scaling is needed to successfully map the camera frame’s coordinates to match with the 
computer’s pixel representation. Through testing the scale factor was found to be 210 pixels per meter, 
for a height of 286cm. Thus a 1 meter distance in world space coordinates needs to be 210 pixels in pixel 
coordinates. Using the scale factor the following transform deals with the required scaling from meters 
to pixels. 
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Following the scaling, another transformation was needed in order to correctly match the Cartesian 
system’s coordinates to the computer’s pixel coordinates. For example, the origin in the camera frame 
exists at coordinates X = 0, Y = 0. On the image however, the origin’s coordinates (which are at the 
center of the image) are located at X = 320, Y = 240. 

The following transformation deals with the translation. 

    

      
      
    
    

  

The total transformation: 

            =   *   *                                                
  
  
 

   

        
         
      
    

  
 
 
 
  

Note that             has the z translation zeroed out as the z axis is not used in pixel coordinates. This 

transform is useful in order to adapt to the computer’s definition of an image compared to the world’s 
definition of the image. The image rotates in order to fit the pixel’s axis, scales to fit the image pixel size, 
and translates shifting the frame’s origin to match the pixel representation of the center of the image. 
This transform effectively transforms the camera frame onto the image(pixel) frame. 

Q 2.3 
The homogeneous transform that maps world to image (pixel) coordinates is the multiplication of the 
world to camera frame transform and the camera frame to pixel transform. 

Thus, the following transformation deals with the transform from world to pixel. 

       =             *                                      
  
  
 

   

        
         
       
    

  
 
 
 
  

Here,        shows the complete transform from world space coordinates         to pixel 
coordinates       . Interesting to note is that the z and y axis are just inverted as a result of the two 90° 
rotations due to the camera facing down and the inverted y axis of pixel coordinates. A scale and 
translation finalize the conversion to pixel coordinates. It is important to note that no perspective 
conversions are done, this essentially assumes the camera’s view is orthogonal, an approximation that 
has minor effect for the specific scenario detailed in this project. 
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Q 2.4 
Using the homogenous transform from Q2.3 the world-space coordinates of the square trajectory are 
transformed into pixel coordinates, as shown in Table 4. 

Table 4 - Transformed pixel coordinates of square trajectory 

Point Position World Space (x,y,z) in meters Pixel Space (x,y) in pixels 

1 Bottom-left -0.5 m -0.5 m 0 m 215 px 345 px 

2 Top-left -0.5 m 0.5 m 0 m 215 px 135 px 

3 Top-right 0.5 m 0.5 m 0 m 425 px 135 px 

4 Bottom-right 0.5 m -0.5 m 0 m 425 px 345 px 

Table 4 shows the homogenous transformation applied to the world-space coordinates of the square 
trajectory, producing pixel coordinates. These are shown overlaid in Figure 4 alone and with the robot 
traveling along the trajectory path. 

  
Figure 4 - Overlaid Square based off Homogenous transform (left), Rovio traversing path (right) 

As can be seen in Figure 4, the transform results in pixel coordinates that are similar to the actual world-
space positions (black tape marks), with a slight offset in the y axis, possibly due to placement of camera 
not being exact center of the image. 

Q 2.5 
The robot began the trajectory at pixel position [215,345]. The robot travelled the first segment and 
stopped its movement at pixel position [214,130]. The expected location of the robot after the first 
segment is at pixel position [215,135]. Using the Euclidian distance formula the total error was found to 
be around 5 pixels, a pretty minimal and relatively negligible amount.  

The robot’s actual final position was          . This compares to the expected final position which is 
the same starting position of the robot. The starting position was          . Assuming the robot’s initial 
position is its expected final position, the total error distance for the whole trajectory was found to be 
91.78. The total error distance in the world frame, which was measured by hand, was      . Again, 
taking into account that the final position is the initial position the robot started in. 
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Q 2.6 
The pixel error for the whole trajectory was 98.6. This compares to the physical measurement of the 
robot’s error in the world frame which was 0.48m. A meter is represented by 210 pixels, so converting 
the errors into fractions leads to following results. 

                                                     

                                                 

The two error fractions are nearly identical thus clarifying the fact that an error in the pixel frame 
matches up to the error on the world frame. 

Part 3: Analysis 

Q 3.1 
For Part 3, a new trajectory was chosen and 3 trials were repeated. The new trajectory was arbitrarily 
chosen as an hourglass with a path as shown in Figure 5, with the Rovio shown in the initial and ideal 
final position and orientation. 

 

 

   
Figure 6 - Arbitrary trajectory trials 1 to 3 (left to right) full path images via overhead camera and optical flow tracking. 

1 Meter 

1 Meter 

Figure 5 - Arbitrary Trajectory 
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In Figure 6, the three trials for the arbitrary trajectory are shown, green lines showing the features of 
the Rovio tracked, the Rovio tracked with a yellow circle, and the expected trajectory shown as a 
magenta overlay. The displacements and orientation offsets are shown in Table 5. 

Table 5 - Arbitrary trajectory trials final position errors 

 Displacement  Orientation offset  

Trial 1 5 cm 30° 

Trial 2 28 cm 45° 

Trial 3 50 cm 55° 

In Table 5, the final displacement reached a maximum of 50 cm, which was surprisingly good, however, 
more testing than 3 would be needed to build a more accurate representation of the errors in testing. 
For these tests, the Rovio was kept charged fully, and the wheel initial positions constant and the code 
the same. The errors accumulate on each turn, with distance traveled being more consistent than the 
angles turned. 

Using the transform formula from section 2, the pixel coordinates were determined as shown in Table 6. 

Table 6 - Arbitrary Trajectory Homogenous Transform from World Space to Pixel Coords 

Point Position World Space (x,y,z) in meters Pixel Space (x,y) in pixels 

1 Bottom-left -0.5 m -0.5 m 0 m 215 px 345 px 

2 Bottom-right 0.5 m -0.5 m 0 m 425 px 345 px 

3 Top-left -0.5 m 0.5 m 0 m 215 px 135 px 

4 Top-right 0.5 m 0.5 m 0 m 425 px 135 px 

Table 6 shows the transformed arbitrary path points to pixel coordinates. These points are shown as an 
overlay in Figure 7, which contains images of the Rovio traversing the path and after it has finished 
traveling. 

  
Figure 7 - Rovio traveling along arbitrary path overlay built using Homogenous Transform 
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As can be seen in Figure 7, the transform from world coordinates to pixel coordinates provides an 
accurate representation in this scenario. The final displacement and orientation offset of the Rovio in 
this test was       and    .  

Q 3.2a 
Here is a possible pseudo-code implementation for using the overhead camera to help the robot 
navigate a path/trajectory. 

For each waypoint in path: 
 While distance to waypoint > TOLERANCE: 
  Get robot offset and orientation to waypoint from camera 
  Turn robot towards waypoint and drive forward X distance  

Where X distance is minimum of distance to the waypoint and distance traveled in one update cycle at 
maximum speed. An update cycle is each step in the while loop, from the Rovio’s point of view. This 
could be made slower but more accurate by adding an orientation check with camera before driving, but 
it is all the same principle. 

Q 3.2b 
Using the onboard camera on the Rovio, it is possible to use various computer vision techniques to 
determine the change in position and orientation of the Rovio to a higher degree of accuracy than dead 
reckoning, allowing for more accurate trajectory traversal. The principle is the same, the Rovio moves, 
checks with CV techniques what actually happened, and corrects. One way is to use a camera calibration 
with a known target (or set of targets), and use that to determine its orientation/position. Another is to 
use optical flow, which doesn’t require a preset target, and determine how the image has changed 
frame by frame based to determine the motion and rotation of the camera/Rovio.  

Contributions 
Work was split up as follows: 
Q1.1,1.2 - Tommy 
Q2.1-2.3,2.5-2.6 - David 
Overview/Coding Tech, Part1, Q1.3, Q2.4, Q3.1-3.2 - Sam 
 
Team worked together to come up with homogenous transforms, etc. 
Sam did general coding, David worked on Rovio alternate trajectory. 
Tommy was primary for running tests for data. 
 


