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Introduction 

Robots and vehicles often need to calculate their position and orientation relative to the surface. This is 

often achieved using gyroscopes, tachometers, magnetometers and GPS, but each of these technologies 

has limitations. This project investigates the feasibility of using surface tracking as an additional tool to track 

the movement of a vehicle. The goal was to create an accurate position and orientation sensor that could 

complement the other technologies. 

 

Hypothesis  

If an optical sensor could be used to track the 

movement of a surface below a vehicle, then it 

should be possible to calculate and track the 

position and orientation of that vehicle relative to 

that surface. 

 

Design Goal 

The goal was to design, build, program and test a position and orientation sensor that can accurately track 

the movement of a vehicle relative to a surface using a low-cost sensor or camera. The sensor should 

correct its position and orientation when known references are detected. The recorded calculated data 

should accurately reflect the path travelled by the vehicle. 

 

Methodology 

Prototypes will be designed, built, programmed and tested. Test results will be recorded in CSV files, which 

will be analysed using R. Results from the analysis will be used to improve the prototype. Different sensors, 

lenses and lighting will be tested to determine the optimal configuration. The software will be continuously 

upgraded and evaluated to improve the accuracy based on the results collected. A graphical interface will 

be created to visualise the real-time and historical position and orientation data. The final prototype will be 

tested by moving along a known path and comparing the calculated path data with the actual path followed. 

 

Results 

Two prototypes were developed. The first prototype used two high-resolution computer mice 15cm apart to 

determine the position and orientation of the sensor. A Raspberry Pi was used to combine the data from 

both mice and calculate the position and orientation. TCS34725 light sensors on the corners of the sensor 

were used to detect the edges of the surface. Edge detections were used to adjust the calculated position 

and orientation. Position and orientation data was stored manipulated using matrices. This prototype 

produced accurate results when tested on a flat surface but did not work when lifted or on uneven surfaces. 

The above diagrams show the planned route (left) and 

the hypothetical calculated result (right).  

 



A graphical interface was developed using OpenGL to display real-time and historical information, as well 

as showing where known references were detected. 

The second prototype used a Raspberry Pi IMX219-based camera with a CCTV lens to calculate the 

position and orientation instead of the mice. VL6180X distance sensors were used to detect edges.  Using 

Raspiraw, 800 frames per second were captured. The dimensions of the captured image were altered to 

1640x75px. Two sections, each 75x75px, were extracted from the edges of this image and analysed. Pixels 

were combined to produce grey-scale images. Consecutive images were compared to detect movement. 

The final tests were conducted with the camera mounted 13cm above the surface and using a 16mm lens, 

resulting in the two sub-images being 5cm apart. Lenses with shorter focal lengths were tested closer to the 

surface, but the images were more curved near the edges. Good lighting allowed for faster shutter speeds 

and higher frame rates. Lights mounted close to the surface at an acute angle provided detailed images 

and shadows. Images were adjusted to compensate for non-uniform light distribution. 

Thousands of tests were conducted, following predefined patterns at different speeds and orientations. 

Data was collected and analysed using R. Results were used to continually improve the performance. The 

current sensor can calculate its position and orientation with an accuracy of approximately 2% after 

travelling 3m. The orientation accuracy will depend on the distance between the sensors. The sensor 

successfully operated at up to 2.3m/s forwards, 1m/s backwards, and 1.5m/s sidewards. 

 

Challenges 

Java was initially used to compare the images. This program was rewritten in C to avoid the Java garbage-

collects and improve performance. Separate threads were used to compare the two sub-images. Numerous 

performance optimisations were required to compare 800 frames per second. 

The rolling shutter on the IMX219 camera sensor caused the captured images to be stretched, compressed 

or slanted depending on the direction of movement. Formulas to compensate for the rolling shutter were 

developed and tested against captured data before implementation. As a result of the rolling shutter, the 

sensor experienced different speed limitations when moving in different directions. 

 

Conclusion 

The design goal was achieved. The 

prototype was able to calculate its position 

and orientation on the surface in real-time 

by analysing two portions of a Raspberry Pi 

Camera image and adjusting this data 

when known references were detected. 

 

During testing, it was noted that the sensor could operate on various surfaces but performed poorly on dark 

surfaces as they lack the detail necessary to detect movement. This could be solved by varying the 

brightness of the light. Further testing is required on a larger vehicle using a second camera. This will 

provide four movement measurements instead of two. GPS readings could be used as known references 

for position and orientation corrections. Camera images could also be analysed for known references.  

The above diagrams show the planned route (left) and the 

corresponding test result plotted in R (right). 
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