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Abstract 

 

This work is part of the preliminary stages of the PRoViScout project. PRoViScout is a collaboration of 

the major European groups in the field of robotic exploration, with the aim to further the 

autonomous capabilities of planetary exploration rovers. The following Master Thesis report 

describes the creation, functionality and results of a vision-based rover navigation demonstrator, 

designed to practically test the current sensors onboard the PRoViScout rover in a navigation 

scenario. The work has a focus on implementing the novel 3D time of flight sensor into the vision 

system but also describes the continued integration of a stereo camera pair, based on earlier work 

done by the hosting institute Joanneum Research. For comparison the report gives a description of 

the vision and navigation systems of the only practically implemented and successful planetary 

rovers; Sojourner, Spirit and Opportunity. A collective description is also given on the experiences 

gained from various projects implementing a 3D time of flight sensor. 

The methods and tools developed by the host institution are described, as well as the newly 

developed methods during this work, primarily aimed toward the implementation of a 3D time of 

flight sensor and navigation functionality. The components developed in this work consist mainly of 

sensor interfaces, mapping of sensor data into digital elevation maps and a navigation application 

making use of these tools. The results from the components are shown and analyzed to derive 

various strengths and weaknesses. A discussion on the characteristics of the system is given as a basis 

for a conclusion. 

The results show a functional prototype, suitable for the purpose of acting as a vision-based rover 

navigation demonstrator. Some of the improvements required to advance to the stage of a robust 

end-system, usable for planetary missions, are noted. 
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Nomenclature 

 

API – Application Programming Interface 

AVT – Allied Vision Technology 

CCD – Charge Coupled Device 

DEM – Digital Elevation Model 

CMOS – Complementary Metal Oxide Semiconductor 

EVA – Extra Vehicular Activity  

FOV – Field Of View 

GNC – Guidance and Navigation Control 

GPS – Global Positioning System 

HFVM – Hierarchical Feature Vector Matching  

IMU – Inertial Measurement Unit 

IR – Infra Red 

IRV – Institutionen för Rymdvetenskap (the Department of Space Science) 

ISS – International Space Station 

JR – Joanneum Research 

LED – Light Emitting Diode   

LPT – Line Print Terminal 

LRS – Laser Range Sensor 

MER – Mars Exploration Rover 

RSS – Roughness Slope Step 

RVS – Rover Vision System 

SLAM – Simultaneous Localization And Mapping 

SAD – Sum of Absolute Differences 

SOC – System On a Chip 

TOF – Time Of Flight 

VRML – Virtual Reality Modeling Language  
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1. Introduction 

 

A barren landscape as far as can be seen in any direction, a mix of rocks and dunes, the red tinge 

from the high amount of oxidized iron is clearly visible. The red sand shifts in the wind and close by a 

dust devil winds its way through the terrain. Nearly flat expanses are cut off by deep winding 

canyons. This scene may not be so different from what exist on our Earth today yet it is in fact 

completely alien, it is a part of Mars. The similarities have long since given rise to the idea that Mars 

was once much like Earth, perhaps housing life. 

In a quest for answers to the mysteries of Mars, mobile robots have played an essential role. These 

vehicles, often dubbed rovers, have enabled scientist to directly examine the surface of Mars. Once 

on site, getting around and finding targets of significant scientific importance is a difficult task. The 

tools we have for this are constantly being refined and expanded. 

One of these tools, most relevant to this work, is autonomy. With enhanced rover intelligence and 

more capable hardware come increased autonomy and thus a greater probability for a large scientific 

yield for any planetary mission. The focus in this work is on new hardware, aimed at improving the 

rover’s capability to perceive and traverse its environment. The demonstrator in this work will 

provide the initial test bed for such components. 

Yet the work is part of a larger project, to increase scientific yield by giving rovers the capability to 

perform opportunistic science. Future rovers should themselves be able to make decisions on what 

may or may not be scientifically interesting.   

Hopefully, what is achieved in this larger project will give us many valuable findings on coming Mars 

missions. Resulting in more knowledge of Mars current geology and clues to what type of world it 

may have been in the past.      

1.1. PRoViScout - Planetary Robotics Vision Scout 

The work performed for this thesis is part of the preliminary stages of the PRoViScout project, which 

is designed to further the autonomous capabilities of planetary exploration rovers.  The project aims 

to increase the amount of quality science data that can be delivered on behalf of Earth based science 

teams.  

As data produced by the rover’s vision system is retrospectively analyzed on Earth, important finds 

may come up far after the rover has passed these points of interest.  The find may be of such 

importance that a detour back to this point is justified. By giving the rover the capability to 

autonomously detect regions of scientific interest through pattern recognition, assess their value, 

and feed them into a decision making module that can re-plan the rover’s traverse, such time 

consuming mission re-directives can be avoided. Figure 1 gives an overview of the rover operations 

using the PRoViScout approach. The overall map for traverse between waypoints 1 and 2 may be 

derived from satellite images. Local navigation and hazard avoidance is performed by the rover. On 

route to target there may be points of interest close to the rover’s path. The rover will have the 

capabilities to detect these points and base decisions thereafter.  
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Figure 1. Rover operation using the PRoViScout approach [3]. 

The opportunistic capabilities need not be restricted to detecting the known or predicted. 

PRoViScout also aims to make it possible for the rover to document serendipitous events, something 

possibly interesting yet completely unexpected. 

An important by-product of increased autonomy is a reduced need for costly man-power during 

rover missions. If the amount of required staff for a rover mission can be reduced, the return-on-

investment may be increased. 

Apart from developing new building blocks for future robotic planetary exploration, PRoViScout also 

brings together major European groups in the field of robot exploration in a collaborative effort to 

push the boundaries of our capabilities. The project is supported by NASA-JPL from USA, which has 

already gained practical experience in robotic planetary exploration through two successful Mars 

rover missions.  

One of the more specific objectives of the PRoViScout project, related to this thesis work, is the 

implementation of a novel rover sensor suite. This setup will include a 3D-TOF camera and a pair of 

high resolution cameras, both with zooming function, a wide angle laser imager and a panoramic 

camera. The suite will be used for both scientific selection and navigation. The specific objectives of 

the PRoViScout project can be found on the homepage [1]. For clarification it is noted that the 

system setup used during the work consisted only of a 3D-TOF camera and stereo camera pair. 

1.2. Purpose within the PRoViScout project 

The purpose of this work, within the PRoViScout project, was to update and extend the rover vision 

system software, from now on referred to as the RVS software, and produce a demonstrator to 

practically test the sensors in a navigation scenario. This consisted of the continued integration of a 

stereo camera pair and the integration of a new sensor, the SwissRanger 4000 3D-TOF camera. The 

stereo camera pair, two AVT PIKE f210b cameras, required a new interface for giving the RVS 

software direct control of the cameras (not requiring 3
rd

 party software). Prior to the start of this 

work, the RVS software already had full functionality for creating 3D models of the environment, also 
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called digital elevation models (DEMs), from stereo pair images, and processing these DEMs to create 

hazard maps (defining obstacles and difficulties in the terrain) useful for navigation. 

No previous implementation of a 3D-TOF camera existed in the RVS software. This work therefore 

meant to extend or, where possible, update the software to handle a SwissRanger camera, as well as 

to produce the required DEMs and hazard maps from its data. 

To be able to test the sensors in a practical situation, this work was also to create a simple path 

planning application which could make use of the hazard maps produced by either the stereo 

cameras or the 3D-TOF camera. It was also an objective to extend the RVS software with a simple 

navigation demo, making use of the path planning client to navigate the rover from position A to B 

through a generic terrain. This final addition also constituted the complete vision-based rover 

navigation demonstrator.  

 

The above work was done at Joanneum Research (JR), an institute based in Graz, Austria. JR acts as 

coordinator for the PRoViScout project and is responsible for the vision system of the PRoViScout 

rover. The required hardware components for this work, a rover with a mounted stereo vision 

system and 3D-TOF camera, were provided by JR. 

 

1.3. Joanneum Research 

Joanneum Research is a provider of innovation and technology, focusing on applied research and 

technology development. The company consists of multiple departments specializing in different 

sciences, such as health sciences, resource sustainability, and information and communications 

technologies, among others [2]. 

The DIGITAL Institute for Information and Communication Technologies is part of Joanneum 

Research. Among other things it specializes in image processing together with remote sensing, 

communication and navigation technologies.  

 

Gerhard Paar heads the Close Range Photogrammetry Team within DIGITAL’s Remote Sensing and 

Geoinformation Research Group. The Team acts as coordinator for the PRoViScout project, among 

other things. The team deals with industrial, biometric, environmental and space-related 3D 

modeling and reconstruction from passive and active vision sensors [1]. The work done in this thesis 

was supervised by this team. 

 

1.4. SwissRanger 4000 - 3D Time of Flight camera 

The most novel of the sensors in this project is the 3D Time of Flight camera. The basic function of 

this camera is to indirectly measure the time of flight for light produced and received by the camera. 

By using the speed of light, the distance may be calculated.  

 

The camera has a frame of infrared LEDs which emit modulated IR light at a certain frequency. The 

CCD/CMOS sensor array then samples the return signal at four times per modulation period, with 90 

degree shifts for each sample. The sample points are denoted �� to �� in fig. 2.  The intensity level � 

(or offset), amplitude � and phase � of the return signal are derived with the following relations: 

 

� = ���� − �
�� + ��� − ����2 ,        (1)       � = �� + �
 + �� + ��4 ,        (2)		 
 � = atan	 ��� − �
�� − ��� .         (3) 
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Figure 2. Signal emitted by 3D-TOF LED compared to the measured return signal. [31] 

� = ��4π�� .         (4) 

 

The radial distance � to the viewed scene, from the measuring pixel, is given by eq. 4. � is the speed 

of light, and �� is the frequency of the modulated IR signal. A more detailed description on the 

functionality of the 3D-TOF sensor array and distance measurement can be found in [4], [5], [30] and 

[31]. 

 

The 3D-TOF camera which has been used during this work is a SwissRanger 4000, shown in fig. 3, 

produced by MESA Imaging AG. It will be referred to as the SR4000 from now on. 

 

 

Figure 3. SwissRanger 4000 3D-TOF camera. [34] 

The SR4000 utilizes a solid-state camera design, allowing for maintained quality even in demanding 

environments. The quality of the measurements is further assured by its self calibration capability, 

which compensates for the temperature effects during operation. 

The SR4000 is calibrated for a modulation frequency of either 30 or 15 MHz. This gives a non-

ambiguity range of 5 or 10 meters respectively [6]. It is possible to set the modulation to other 

frequencies, although at a loss of measurement quality unless new calibration is done. Using 

different modulation frequencies allows for the simultaneous use of multiple 3D-TOF cameras. 

The camera can output three different image types; an intensity image (see eq. 2 and fig. 6), a radial 

distance image (see eq. 4 and fig. 5) and a confidence map (the reliability of each measurement 

based on amplitude, see eq. 1 and fig. 4). The data for each pixel is output in the range of 0 to 

0xFFFF.  The raw images are in mono-color format, but to accentuate differences a fake color scale 

has been added in this work. The intensity values are by default multiplied by the square root of the 
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distance, resulting in an intensity image more similar to one from a conventional camera. The 

example images, figs. 3-5, are of three rocks on a plane floor and acquired using the software 

produced in this work. The images are taken from a height of approximately 1m and at a 35° angle. 

       

        

 

 

The SR4000 can also output a Cartesian point cloud of the entire field of view. This is actually the key 

function of the device, as it allows for real-time construction of topography maps, a useful function in 

robot navigation. The transformation from radial to Cartesian data is done by the camera hardware 

and includes a correction for lens distortion effects. An example of output from the SR4000 can be 

found at [7].                          

With its robust structure, simple use and relatively high depth resolution (sub cm range) [34], 3D-TOF 

cameras like the SR4000 may be used in many different applications, both scientific and industrial. 

Some application areas are the automotive industry for out-of-position detection, human-machine 

interfacing, and in the field of robotics for object handling or navigation. 

The downsides of using a 3D-TOF camera are explained in sect. 2.2.1 and are based on the 

experiences from previous projects.  

1.5. PIKE f210b - Stereo vision 

The second of two sensors used in this system is a stereo vision setup. Stereo vision sensors are 

based on two conventional cameras viewing a scene with overlapping fields of view. The depth of the 

scene can be derived from the difference in the two images, i.e. the shift or disparity between two 

corresponding pixels, as this is inversely proportional to the distance (disparity decreases with 

increased distance to scene). A mathematical description to finding the 3D coordinates of a scene 

from disparities can be found in sect. 2.2.2 of [8]. Another method for deriving 3D coordinates using 

the projection matrix (sect. 3.3.4 eq. 25) of each camera is given in [9]. An explanation on how to 

derive 3D coordinates based on binocular geometry is given below.   

 

 

 

 

 

 

 

 

 

 

Figure 4. Radial distance image. 

 

Figure 5. Confidence image. 

Figure 6. Intensity image. 
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convergent binocular imaging system, with two parallel cameras pointing 

straight ahead. The geometric relation between a world point and its projection onto left and right 

camera’s image plane is given in eqs. 5 to 7. These relations are based on similar triangles created in 

the binocular geometry. Solving for �,	# and �, eqs. 8 to 10, results in the 3D coordinates of the − �!  is the disparity, along the image plane x-axis,

There is no disparity along the image plane y direction in a non-converge

covering geometry is shown here. For a convergent imaging system, with 

cameras at an angle towards each other, deriving 3D coordinates becomes more complex. 

most difficulty lies in efficiently matching pixels between left and right image. The matching 

is necessary as the disparity is the difference between to corresponding pixels in the left and right 

image. Many different matching methods exist, of which two will be briefly explained in this work 

cameras used during this work are two PIKE f210b cameras

The PIKE f210b camera generates monochromatic images with a maximum 

resolution of 1920x1080 pixels at 31 fps. The sensor used is of the type CCD progressive

sensitive to motion during image acquisition than for example sensors using the interlaced method 

The camera is interfaced via an 800Mbit/sec IEEE 1394b FireWire connection 
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cameras, shown in fig. 8, 

camera generates monochromatic images with a maximum 

e CCD progressive, which is less 

using the interlaced method 

IEEE 1394b FireWire connection [11].      
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Figure 8. AVT PIKE camera [11]. 

The camera performs onboard image processing, improving the quality of output images and 

reducing the computational load for the main computer. The onboard image processing includes 

automatic gain and exposure control, shading correction, high SNR mode etc. [11]. 

1.6. Summary 

The first section of this thesis report introduces the reader to the background of this work, the 

PRoViScout project. PRoViScout aims to give rovers the capability to perform opportunistic and 

serendipitous science. The purpose of this is to increase the rover’s autonomy, allowing it to detect 

scientifically interesting regions or events and make an intelligent decision on whether to investigate 

further. With these developments, PRoViScout hopes to increase the amount of quality science data 

achieved from a planetary rover mission, as well as the return-on-investment of the project. The 

project also aims to implement a novel sensor suite, including a 3D-TOF camera. 

Next, the purpose of this work within the PRoViScout project is described. The end goal is to create a 

vision-based rover navigation demonstrator to practically test the sensors onboard the rover in a 

navigational scenario. To reach this goal the current RVS software suite must be extended with 

proper hardware interfaces to the two sensors. Thereafter it needs to be able to produce DEMs from 

either of these sensors and use accompanying hazard maps for navigation.   

A short description of the hosting institute, Joanneum Research is given. JR focuses on applied 

research and technology development in various sciences. The work described in this thesis has been 

supervised by the Close Range Photogrammetry Team, which is a part of JR.  

The last half of sect. 1 is dedicated to giving some details on the sensors, how they function and 

some image acquisition information. 

The 3D-TOF camera measures incoming IR light, produced from its on IR LED frame. The basic 

principal behind deriving distance from these measurements is to indirectly measure the time of 

flight for incoming light, and calculate the distance traveled based on the speed of light. The 3D-TOF 

camera used in this work is a SwissRanger 4000. The camera can generate three types of images: 

intensity, radial distance and confidence images. The SR4000 can convert the radial measurements 

into Cartesian coordinates of the viewed scene. 

The second sensor in this work is the stereo vision setup, consisting of two PIKE f210b cameras. The 

3D coordinates of the scene can be derived from the disparities between the pixels of the left and 

right image, as they are proportional to the distance. The camera produces high resolution, 

monochromatic images, using a CCD progressive sensor array. 



8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Intentionally left bank 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



9 

 

2. Related work 

This section will describe work related to vision-based rover navigation. Two navigation systems with 

stereo camera setups as main sensor will be described. As a 3D-TOF camera is used in this work, a 

part of this section will go to giving a sense of the 3D-TOF cameras characteristics and how it 

performs compared to other sensors. Two other real-time 3D sensors will be briefly described for 

comparison.   

2.1. Vision-based rover navigation 

Vision-based rover navigation is a method for autonomous robots to perceive their environment, 

evaluate it and choose a path through it. In a scientific scenario, the purpose of such a system is to 

explore and examine regions not safely or easily accessible by humans. The system developed in this 

work is a first prototype for a rover with the goal of exploring the surface of Mars. This section will 

give a description of the vision based navigation systems used for the two only successful Mars rover 

missions to date, Mars Pathfinder and Mars Exploration Rover (MER). 

2.1.1. Mars Pathfinder - Sojourner 

The Sojourner rover was part of the payload of the Mars Pathfinder Lander, launched on July 4, 1997. 

The Sojourner rover was the first rover to successfully traverse the surface of Mars and continued to 

do so for approximately 85 Earth days. The Sojourner is a six-wheel rover with a rocker-bogie 

suspension system. Its power source is comprised of both a non-rechargeable battery and a 0.25m
2
 

solar cell array. The onboard scientific instruments consist of an alpha proton X-ray spectrometer for 

determining the elemental composition of rock and soil samples, a set of experiments for 

determining material adhesiveness and wheel abrasion, a stereo pair of monochromatic cameras, 

and a single color camera. The positions of various components of the rover are shown in fig. 9. [12] 

The telemetry sensors used for perceiving the environment consist of two front facing 

monochromatic cameras, used for stereo vision, and a set of five front facing laser stripers at 

increasing angle away from the middle of the rover. An example of the acquired stereo images is 

shown in fig. 10. The rover was also equipped with a 3D accelerometer sensor system to measure the 

slope of the terrain the rover was traversing. Sojourner’s movements were based on only straight 

paths and turning on the spot when a new heading was required. The current position and 

orientation of the rover was derived from an average of the number of revolutions for each wheel 

(for distance traveled) and integrating the results from an onboard rate gyro (for heading). [13] [14] 
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Figure 9. Sojourner rover [12]. Text in image has been resized. 

 

Figure 10. Stereo images from Sojourner’s two front facing cameras. [15] 

The global navigation of Sojourner was not implemented onboard the rover. Images from the lander 

and rover stereo vision were sent back to Earth at the end of each sol (Martian day) by the lander. 

The stereo images were processed into a global 3D map of the lander’s and rover’s surrounding in 

which the rover’s current position could be found. The destination which the rover should reach the 

next sol was decided on by a member of the operations team. Where necessary, intermediate 

waypoints were also defined. [13] [14] 

The autonomy on Sojourner comes into play when traversing the distance between two pre-defined 

waypoints. In this case an autonomous hazard avoidance system comes into effect. The hazard 

avoidance is based on the data from the accelerometers and the combined stereo camera and laser 

striper setup. When a hazard is detected, the rover turns until the hazard is no longer detected, 

continues on a straight path for a defined length, stops and resumes its path to the next waypoint. 

[13] [14] 

The hazard detection is based on two factors: the height differences in the immediate terrain and the 

slope which the rover currently stands on. A hazard is detected if any of these two factors exceeds a 
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certain threshold. The height threshold is based on three levels of risk depending on the environment 

[17]. The level of risk is defined by the rover operators.   

The topography of the rover terrain was derived from the stripes or scanlines, produced from the 

laser stripers, as viewed by one of the front facing cameras (see sect. 2.3.2 of [8] for details on 

structure from light striping). Figure 11 shows a laser stripe caught on camera. 

 

Figure 11. Laser stripe caught on image from one of Sojourner’s front facing cameras. [16] 

The method is based on measuring the deviation of the scanlines from their known shape. For 

example, on a completely flat and horizontal surface (relative to the rover) the laser stripers would 

generate straight lines at some known angle. A pit or rock in the path of the scanline would generate 

a disruption in the line which can be measured. The line would also deviate due to slope. [13] [14] 

[17] 

The 85 days of successful traverse along rough terrain on the Mars surface proved this system 

functional under the requirements set for this mission. Although due to the limited capabilities and 

its slow movement, only the close vicinity of the lander could be explored. Gaining from the 

experiences of Sojourner and due to new technological advancements, mainly in computer science, 

the successors to Sojourner would come to explore ever further into the landscapes of Mars. 

2.1.2. Mars Exploration Rovers – Spirit and Opportunity 

The second successful mission to Mars was with the Mars Exploration Rovers, Spirit and Opportunity. 

These two identical rovers are tasked to explore and examine different areas of the Martian surface, 

looking for signs of a previously habitable climate for microbial life. The new rover design re-uses 

some well-proven design elements from Sojourner. The drive mechanism implements six wheels and 

a rocker bogie suspension system. The power source consists of solar panels and a battery. A large 

difference to Sojourner is that the Mars Exploration Rovers house the main camera and 

communications and computer systems, making them independent from the lander. The new rovers 

also have increased abilities to examine their environment, with more instruments and a robotic 

arm. The instrument suite on the rovers is shown in fig. 12. [18] 
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Figure 12. Mars Exploration Rover with various instruments indicated [19]. Text in image has been resized. 

The navigation sensors onboard each rover consist of an inertial measurement unit (IMU), wheel 

encoders, navigation camera (NavCam), panoramic camera (PanCam) and front and back facing 

hazard avoidance cameras (HazCams). Similarly to Sojourner, main odometry is performed by dead 

reckoning (counting wheel revolutions with the wheel encoders) together with the IMU. The heading 

of the rover is intermittently corrected using the PanCam as a sun sensor in combination with the 

IMU as gravitational sensor. Algorithms for visual odometry using images from one of the cameras 

are also implemented, but not regularly used. The main task of the NavCam is to provide stereo 

images to be used in global path planning on Earth, in the same way as Sojourner’s global path 

planning was performed. The HazCam’s main task is to assist in hazard detection during autonomous 

navigation, although depending on the environment, the NavCam may also be used to assist in this 

task. The positions of the stereo cameras and their FOVs are shown in fig. 13. Each camera supports a 

maximum resolution of 1024x1024 pixels. [21] [22]  

 

Figure 13. Simple schematic diagram showing the position of cameras onboard a MER rover. [20] 
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During the process of autonomous navigation, the HazCams and NavCam are used to perceive a 

topographical environment around the rover. The algorithm for deriving 3D coordinates of the 

viewed scene is based on using the camera calibration matrices of the cameras, together with 

disparities to map between left and right images. The calibration matrices are derived using 

Gennery’s CAHVORE formulation. CAHVORE is an extension of the geometric camera lens model 

CAHVOR, described in [23], which takes into account three additional parameters for lens-distortion 

correction. Figure 14 practically shows some of the steps involved in finding the disparities used to 

derive the elevation map.    

 

Figure 14. Various steps of the 3D reconstruction process onboard a MER. [24] 

The initial raw images are first reduced in resolution from 1024x1024 to 256x256 pixels by a 

combination of binning in the CCD array and averaging the output. This is done to reduce 

computational cost. Thereafter the images are rectified to remove any lens distortion thus aligning 

the epipolar lines with the horizontal lines of the images. The advantage of working with epipolar 

lines is that for a pixel in one image the corresponding pixel in the other image must lay on the 

epipolar line [9]. Before correlation of the two images, the Laplacian of both images is calculated to 

remove pixel intensity bias. The correlation is based on the sum-of-absolute-differences, SAD, 

described in eq. 11. 

∑∑
− −

−=

1 1N

I

N

J

IJIJ
RCSAD .	        (11) 

In this case N = 7 and C and R are 7x7 pixel blocks in each image. For each pixel in the left image this 

operation is performed for the corresponding pixels along the epipolar line in the right image. Higher 

correlation is achieved with lower SAD value. Some correlation values are sorted out by various 

filters before choosing the matching pixel. The disparities between matched pixels can then be 

mapped into 3D space using the geometric camera lens model mentioned earlier. [22] [24] 

The 3D maps produced from mainly the HazCams are used for hazard avoidance via a Grid-based 

Estimation of Surface Traversability Applied to Local Terrain, GESTALT, which determines its path by 

choosing between multiple drive arcs (see fig. 15). GESTALT chooses between 23 backward and 

forward facing circular drive arcs of varying radius as well as two point turns. The choice is dependent 

on the goodness values of each arc, which defines how well the arc takes the rover to the next 

waypoint and how well it avoids hazards. [22] [24] 
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A goodness value based on hazards is determined by mapping a top-down view of the local 3D 

environment around the rover to a 10x10m grid centered over the rover. Each grid cell is the size of a 

rover wheel. To derive a goodness value for each cell, a best-fit plane is calculated at the center of 

each cell. The plane is derived from the 3D coordinates in a rover-sized patch around the cell. The 

goodness value is then based on the maximum step, RMS residual and slope of the plane, as well as 

on the fact whether the cell borders to an unknown cell. A weighted sum, biased to favor nearby 

cells, is then used to derive a single goodness value for a complete arc based on the cell values. This 

goodness value is then merged with a goodness value of how well the arc drives the rover to the next 

waypoint, which is based on required travel distance and the cost of turning wheels [53]. [22] [24] 

 

Figure 15. Visualization of GESTALT arc choice process. [25] 

The rover will drive an operator defined distance along the arc, usually between 0.3m to 1m, before 

stopping to acquire new data. During the drive the rover drives blindly. The motivation for different 

travel distances along an arc depends on the mission requirements and current environment. For 

hazardous environments a shorter distance is more prudent, but this may conflict with the 

requirement for the rover to autonomously cover a large distance. Due to the slow pace of the rover 

during autonomous drive, about 0.6 cm/sec, intermediate waypoints for blind drive were usually set 

as far apart as possible by the rover operators.  

Figure 16 gives a practical example of one of the Mars Exploration Rovers, Opportunity, performing 

hazard avoidance upon detection of a cluster of rocks. The figure shows the rover having first 

performed a turn in place and thereafter following subsequent arcs to bypass the hazard. 

 

Figure 16. Small segment of Opportunity’s traverse showing hazard avoidance [26]. 
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Figure 17 shows Spirit’s journey from its landing point in the Gusev Crater on its way to the 

Bonneville Crater. The image shows one of the terrain types Spirit had to traverse and hints to some 

of the hazard avoidance performed along the route. 

 

Figure 17. A segment of Spirit’s traverse towards Bonneville Crater during Sol 65. [27] 

The operational team lost contact with Spirit in March of 2010 while the rover was operating close to 

Scamander Crater. As of November 2010, it has yet to hear from Spirit, although work still continues 

to regain contact. Opportunity is currently navigating its way through a field of small impact craters 

on its way to the Endeavour Crater. The increased traverse ability of Spirit and Opportunity has 

increased the scientific gain of a Mars rover mission compared to the Mars Pathfinder mission. It is 

reasonable to state that with increased traversability, and thus increased ability for rovers to reach 

predetermined scientifically interesting areas, the scientific gain of these missions will increase.   

The next rover to be sent to Mars is the Mars Science Laboratory (MSL), with a planned launch in 

2011. MSL will have increased scientific capabilities in the continued search for proof on whether 

Mars did have a habitable climate for microbial life. Some other major Mars rover programs planned 

for the future are The Mars Astrobiology Explorer and ExoMars. 

2.2. 3D-TOF based vision 

As 3D-TOF sensors and their use are fairly young and not extensively tested, it is difficult to find 

practical implementations of its use on a rover. This section therefore strives to give an overview of 

some of the overall work done pertaining to 3D-TOF cameras, describing experience gained from 

other projects, testing in indoor environments and comparisons to other sensors. The aim is to give 

an idea of the applications suitable to and the usefulness of 3D-TOF cameras, as well as what 

difficulties one might encounter when using them.   

2.2.1. Experiences with the use of 3D-TOF cameras 

The first implementations of 3D-TOF cameras began in 2004 with the work done by Wiengarten et al 

[28]. Since then there have been many different approaches to the use of this type of sensor in 

mobile robotics. May et al. [31] gives an overview of some of the past work done up until 2009. 

The difficulties encountered in previous works pertain both to the built in characteristics of the 

camera as well as performance depending on the viewed environment. These errors are not yet 
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solved for in current commercial 3D-TOF cameras but solutions to mitigate the effect of these errors 

exist for all the described cases. 

The built in limitations refer to spatial resolution and field-of-view. A state-of-the-art 3D-TOF camera 

like the SwissRanger 4000 has a resolution of 176x144 pixels; this is quite low if compared to a 

conventional state-of-the-art CCD array. There is a technical reason for this [30] but it still makes 

image processing difficult on the resulting images. One such case is that of correlation of data from 

two different views where feature matching is hampered by the low resolution intensity image. [29] 

[31] [32] 

The narrow field of view for the 3D-TOF camera creates a problem for hazard avoidance, as close 

objects may be lost from the FOV and still pose a threat to the vehicle. It also affects the navigation 

capabilities as the amount of information in one view is limited. How seriously this must be 

considered depends on the setup of the system and requirements of operation. If the sensor is 

mounted on a PTU, the sensor may be given a large FOV by matching data from many different 

viewing angles. [28] [31] [33] 

Some random and systematic errors in the 3D-TOF data are mentioned in [31]. The random errors 

are noted as noise, inter-reflection (multiple path errors also described in [34]) and light scattering. 

The systematic errors are stated as wiggling (error is dependent on measured distance), amplitude 

related errors, errors due to inhomogeneous image illumination and fix-pattern noise. Some of these 

random and systematic errors are also described in [29].    

The noise and systematic errors are induced by the hardware of the 3D-TOF camera, by internal 

electronics and in connection to the LED light source as described in [31]. Inter-reflection and light 

scattering are induced by the viewed scene. May et al. [31] gives some methods for reducing the 

effect of some of these errors using filters and by calibration. 

The integration time is another problem, which affects the quality of the retrieved data, as explained 

in [33]. It is most likely necessary to have the integration time adjusted depending on the 

environment currently in the FOV. A solution for this is suggested in [33] but it is noted that each 

new integration time required a separate calibration of the camera. 

Ambiguous data is another error source resulting from the core functionality of the 3D-TOF camera, 

its modulated light source. The modulation frequency defines a maximum range beyond which 

measurement data becomes ambiguous. The suggested solution in [33], to discard low intensity 

measurements, would work in most situations but is hampered by the fact that close objects may 

have low intensity due to a low reflectance of its surface. In this case some valid data is also lost. 

2.2.2. Practical comparisons to other sensor types 

In the work performed by Einramhof et al. [33] a SwissRanger 3000 3D-TOF camera is evaluated and 

its performance is compared to a stereo camera pair pointing in a horizontal and vertical position. 

The comparison and evaluation is done in the context of robot navigation. A SICK LMS 200 laser 

range camera is used as ground truth. [33] 
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Figure 18. Results from testing various sensors for navigation in an indoor environment. (V) specifies a verticle baseline. 

Units are in meters. [33] 

The performance of each sensor was tested in a 2D plane, in order for the laser range camera to be 

used as ground truth. The tests were done in an indoor office environment. The results of each 

sensor can be seen in fig. 18. The stereo camera setup has here the lowest error, yet a large standard 

deviation due to false positives. The 3D-TOF camera has the lowest standard deviation but the values 

are poorly aligned to the ground truth. This may be due to the inter-reflection problem. 

Hussman et al. [35] makes a comparison between a 3D-TOF PMD sensor (PMD 1k-S engineering 

sample) and a Sick laser scanner (LMS200) in the scenario of object identification. Three simple 

geometric objects were chosen; a triangle, a rectangle and a cylinder. The results, as seen in fig. 19, 

show that the LRS is inadequate for identifying an object, were as the 3D-TOF can perform quite well. 

The advantage gained with the LRS is its high accuracy compared to a 3D-TOF, although it should be 

noted that the 3D-TOF sensor is an engineering sample in this case and not of commercial grade. [35] 

 

 

Figure 19. The results from the work done by Hussman et al. [35]. The two top images show the 3D-TOF data and the two 

bottom images show the corresponding LRS data. 
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In the early work done by Weingarten et al. [28], the capabilities of a 3D-TOF camera were also 

compared to an LRS. The results were much the same as above where the inadequate object 

detection was noted, shown in the left image of fig. 20. In this case it refers to detecting and avoiding 

collision with a table. The 3D-TOF cameras usefulness in navigation was also tested and compared. In 

an indoor environment the LRS can find a more optimal rout as it has a larger FOV when compared to 

a stationary 3D-TOF camera, see right image of fig. 20. [28] 

 

Figure 20. Results from Weingarten et al. [28] showing obstacle avoidance and navigation using a 3D-TOF sensor and an 

LRS. Left image shows an obstacle avoidance test. Right image shows navigation test. 

 

2.2.3. Improving performance by sensor cooperation 

Since the establishment of the 3D-TOF sensor in the mobile robotics scene and the determination of 

its usefulness, work has begun on creating robot vision systems which combine sensors that are 

complimentary. The 3D-TOF has been a welcomed addition as it can compliment either traditional 

LRS in navigational tasks or stereo vision system in building more accurate 3D models and 

environments. 

Guðmundsson et al. [32] and Zhu et al. [36] give two different methods to improve the accuracy of 

range measurements by fusing 3D-TOF and stereo geometry data. The results from each work show 

clear improvements of depth maps. 

Yuan et al. [37] shows a method for complimenting navigation by LRS with 3D point clouds from a 

3D-TOF sensor. The method keeps the accurate navigation capabilities from an LRS but circumvents 

its flawed obstacle detection with the addition of 3D data. 

2.2.4. Real-time 3D reconstruction in other sensor systems 

Another real-time 3D sensor, familiar to many console gamers, is embedded within the Xbox 360 

Kinect device. This sensory system, produced by PrimeSense and dubbed PrimeSensor [56], 

interpretates the 3D structure of the scene by analyzing a projected pattern of near IR light-spots. 

The computing system is housed within a small System-On-a-Chip
1
 (SOC). The SOC has two tasks: 

controlling the IR emitter to produce the desired light pattern, and processing the acquired images of 

the pattern into a depth map. Image acquisition is performed by a standard CMOS sensor. 

PrimeSensor has a depth-image resolution of 640x320 pixels with a frame rate of 60 fps.      

1
SOC is a term for a computer or electronic system housed within a single chip, or integrated circuit.  
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Stereo vision systems exist in numerous varieties, with different hardware and 3D reconstruction 

algorithms. Some of these systems have achieved real-time performance from an efficient 

combination of hardware and algorithms. One such system is the Bumblebee XB3 [57], produced by 

Point Grey Research, Inc. Its key functionality is that it uses an MMX
2
 optimized SAD correlation 

algorithm for matching between stereo images. MMX is a processing technology present in some of 

Intel’s Pentium processors, which improves performance for image processing [58], among other 

things. The Bumblebee XB3 has an image resolution of 1280x960 pixels, with a frame rate of 16 fps. 

2.3. Summary 

Section 2 aims to give some context of vision-based robot navigation. As the 3D-TOF sensor is quite 

novel this section also goes into some deeper detail on this subject. 

The first part of sect. 2 gives two practical examples of vision-based rover navigation systems, 

implemented in a Mars environment onboard the Sojourner and MER rovers. The older Sojourner 

rover relied on an Earth based operation team, using information from both the rover’s and lander’s 

stereo vision, for global navigation. Local hazard avoidance was performed using a method of 

structured light and accelerometers. The more advanced MER rovers are independent of the lander, 

thanks to enhanced stereo vision capabilities, yet still require an earth based team for global 

navigation. Local path planning is here made possible with increased computational power. Using a 

grid based traversability map, and by choosing between a set of drive arcs, the MER rovers could 

intelligently plan a safe and efficient path of up to 1m ahead. 

The second part of sect. 2 gives a summarized description of the experiences from various projects 

using a 3D-TOF camera. Built in short comings, relevant to rover navigation, were mentioned and 

briefly described, such as low resolution and small FOV. Flaws leading to erroneous data, based on 

the perceived environment and the sensor itself, were also mentioned. Inaccurate data due to fix-

pattern noise and amplitude errors are related to the hardware and IR emitter of 3D-TOF camera. 

Inter-reflection and light scattering are stated as some scene induced error sources.  

Some projects have compared a 3D-TOF camera to other well established range sensors, in this case 

stereo vision and laser range sensors. The tests and results of obstacle avoidance and navigation 

scenarios are described. The conclusion to these results is that a 3D-TOF camera can act as 

complementary to both stereo-vision and laser range cameras, yet is not suited to replace them 

completely. 

Some projects which have experimented with sensor cooperation, combining 3D-TOF data with data 

from either of the two other sensors, are mentioned. 

Finally, two other sensors capable of real-time 3D measurements of a complete scene are briefly 

described to give a comparison to the 3D-TOF camera as a real-time 3D sensor.  

 

 

 

 

2
MMX is a trademark of the Intel Corporation. 
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3. Method 

 
This section will first describe the work already done by the hosting institute, Joanneum Research, 

with regard to the work done for this thesis. Thereafter the specific goals and limitations set out at 

the start of this work, and the approach which was taken to achieve these goals in a good way, will 

be described. New tools developed when the pre-existing tools did not fit the requirements are 

explained in the end of this section.        

3.1. Previous work by Joanneum Research 

3.1.1. EUROBOT Robot Vision System Software 

Before describing the software developed in this work, a description must be given of the software 

already present before its commencement. Much of the newly developed software is built into JR’s 

pre-existing software. The software referred to as JR’s is the rover vision system software from 

EUROBOT. 

EUROBOT is an ESA initiative to create a 3-arm robot for ISS EVA applications. It is presently extended 

with the EUROBOT Ground Prototype, to cover planetary and lunar environment exploration with 

long-term objectives for human Lunar and Mars exploration in the AURORA [54] context. The 

EUROBOT Ground prototype will be based on a centaur concept composed of a mobile platform able 

to transport an astronaut and 2 robot arms, see fig. 21. [3] 

 

 

Figure 21. Visualization of the EUROBOT Ground Prototype. [39] 

The activities proposed for this vehicle are assembly works in a Lunar or Mars base including tasks 

such as solar array deployment, mounting antennas, attaching and detaching cables, etc., in 

cooperative works with an astronaut in planetary exploration missions. 

 

Joanneum Research is responsible for the hardware and software components of the EUROBOT RVS 

to perform stereo based mapping, hazard detection and vehicle localization. At a later stage also a 

3D-TOF camera may be incorporated (of which the early work has been performed here). The 

development of the EUROBOT RVS will serve as a major technology base for the navigational parts of 

the PRoViScout project and vice versa, therefore avoiding redundant development.  
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3.1.2. Initial RVS setup 

The main purpose of the RVS is to support Guidance and Navigation Control (GNC) by generating 

DEMs and performing vehicle localization and orientation. The RVS software is composed of a 

number of components, integrated and held together by a central server component, which also 

constitutes the interface to the GNC. 

The hardware setup, which the software shall be implemented within, is shown below in fig. 22. On 

the initial PRoViScout rover, the vision system will run on a dedicated notebook mounted on the 

rover chassis. Although as the RVS and GNC software are being developed at different locations, it 

should not be assumed the GNC will be implemented on the same notebook. It therefore makes 

sense to make the software a server application allowing remote communication and control. The 

remote connection will in this case use a common TCP/IP protocol.  

  

 

Figure 22. Preliminary RVS hardware components and their connections. [38] 

The initial vision sensors in this setup consist of two AVT PIKE f210b cameras, with data transfer 

between camera and notebook via FireWire cables. Power to the sensors is distributed by a trigger 

box developed at JR. The trigger box also provides the possibility for simultaneous image acquisition 

by multiple cameras. A 3D-TOF camera may also be added to the system and would be connected via 

USB cable. For simultaneous triggering of all three sensors the trigger box needs to be updated with a 

connecter for the 3D-TOF camera trigger cable. The trigger box allows for two additional sensors to 

be added. Control of the trigger box is implemented via IEEE 1284 cable. 
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The trigger box also distributes power to the PTU. Communication with the PTU is handled via RS232 

cable, allowing for control of pan and tilt. The chosen PTU is designed for a larger weight than initial 

hardware, to account for future additions. A control unit for a variable baseline is in fig. 22 specified 

as a possible future addition. This unit would control the baseline between two stereo-cameras, i.e. 

the distance between them, which affects the depth perception of the system. Such a variable 

baseline mounting for the cameras may increase the weight significantly.   

The above hardware will be mounted on a test platform provided by Joanneum research. The 

platform, as seen in fig. 23, consists of a simple aluminum beam framework to provide mounting 

spots for each component. During this work there will be no variable baseline mounting available. As 

the position of each stereo-camera is static, the 3D-TOF camera may conveniently be placed between 

them.  

 

Figure 23. Hardware configuration of RVS including mobile platform. 

The aluminum frame will be mounted on a Pioneer 3-AT Research Robot Platform. The Pioneer 3-AT 

has a number of capabilities in itself, such as a capable onboard computer, sonar sensors and dead 

reckoning with inertial correction. Communication with the robot platform may be done via serial or 

Ethernet connection among other things. It should be noted that, as computing and sensing should 

be available in a system separate from the robot platform, the only relevant features of the Pioneer 

3-AT are that of a mobile platform with the possibility of computer controlled steering. A joystick can 

be used for manual steering of the Pioneer 3-AT.   

An overview of the software components of the RVS can be seen below in fig. 24. The components 

are structured around classes with a central server class [40]. Other important classes provide data 

structures and handling for commands and communication. The functionality is implemented 

through various function libraries or using workflow scripts interpreted by the PROX
3
 process control 

software. The core foundation of the image processing within this RVS software comes from JR’s own 

extensive toolbox, consisting of numerous libraries and executables. 

3
The PROX software and script language is developed at Joanneum Research. 
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Figure 24. Overview of RVS software. [40] 

The PROX scripts specified in fig. 24 are for performing DEM generation, relative orientation and 

absolute orientation (global surface positioning). Some of the EUROBOT source code functions are 

also mentioned in fig. 24, these are for hazard detection, vehicle orientation (VO) and 3D tracking of 

an object.   

Control and data access to the stereo camera pair and PTU is implemented through a LabView
4
 

server and a TCP/IP link to the RVS server. The cameras can also be accessed by a separate video 

client also using LabView. 

Various parameters used throughout the RVS server are stored and handled using configuration files 

and classes. Each module within the core server has its own separate configuration class and file. 

These configurations may either consist of default parameters, to be applied on initiation of the RVS 

server, or they may consist of parameters to be used for specific functions (i.e. acquisition settings 

when grabbing images, creating DEMs, etc.).  

A full list of the modules and commands usable by the GNC when communicating with the RVS is 

listed in appendix C. The list also gives a short description of the action performed by each command 

and the corresponding function.  

4
LabView is a trademark of NATIONAL INSTRUMENTS. 
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3.1.3. Stereo based DEM reconstruction 

A DEM is a representation of the topology of an environment. The DEM consists of a set of x, y 

coordinates with a corresponding height value. The simple structure of a DEM makes it efficient and 

straightforward to use in various navigational purposes. In the EUROBOT RVS these DEMs are used 

for target location, vehicle orientation and hazard avoidance. 

The information upon which the DEM reconstruction is based is in this RVS derived from stereo 

matching between to images to find the disparity, which is the slight difference in scene projection 

onto each sensor array. The disparities can be used to find the Cartesian coordinates of a point in the 

scene expressed in the cameras coordinate frame, as described in [8]. If the relative orientations 

between camera, PTU and rover are know, together with the rover global orientation, the global 

coordinates of the scene may be derived. 

The matching of points between two stereo images is here based on an algorithm implemented and 

improved on by JR, called Hierarchical Feature Vector Matching [41] (HFVM). HFVM is based on 

comparing feature vectors in two consecutive images in order to match pixels and create disparity 

maps. Features for each image are derived from local properties. The feature vector for each pixel 

describes the pixel column and row distance to a feature. 

For each pixel in image N, the pixels in image N+1 in the roughly predicted area are compared using 

the feature vectors. The comparison giving the least difference defines two corresponding pixels. The 

matching can be done using a low resolution to achieve a good prediction for matching in higher 

resolutions.    

JR uses locus reconstruction [42] [43] to create elevation maps from stereo pair images. The main 

principle of locus reconstruction is that the work is done in image space rather than object space. As 

with any elevation map a virtual grid must first be decided upon, where each grid section is of a 

defined size. To find the elevation corresponding to each grid point the corresponding disparity must 

be found from the stereo pair of images. In locus reconstruction this is done by creating a virtual, 

vertical, line through a grid point. The line is then projected into the left and right image. Assuming a 

HFVM matching has been done, each pixel along the projected line in the left image can be 

compared to the corresponding pixel in the right image using the pixel disparities, see fig. 25. If the 

corresponding right pixel covers the projected line in the right image, the corresponding disparity is a 

candidate for describing the elevation at the current grid point. Due to matching and computational 

uncertainties the lines do not always intersect in the correct location. The disparity to use is 

determined by the most consistent line intersection.  
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Figure 25. Locus reconstruction. The figure shows vertical line I projected onto left and right image (Il and Ir). Pr shows the 

left line projection mapped into the right image. The candidate disparity is found in the intersection of Pr and Ir. [42] 

3.1.4. Mosaic of DEMs 

Part of JR’s toolbox contains functions for combining multiple DEMs. The combination requires that 

areas of the DEMs overlap. Thereafter the merging of two DEMs may either be based on a row-wise 

combination of pixels, where each row is treated separately and some specified criteria determines 

the merging process, or be based on an area transition. 

 

 Figure 26. Digital Elevation Map. Brighter values 

indicate larger height. 

Figure 27. Ortho-Image, i.e. the projection of the 

intensity images onto the DEM. 
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Figure 28. Part of the stone quarry from which the example images were derived. 

The images in figs. 26 to 28 are acquired at a stone quarry from the stereo cameras used in this work. 

Figures 26 and 27 are derived from images acquired in a 360 degree panorama at three different tilt 

angles. The DEMs from each stereo pair are merged together to produced the complete example 

image in fig. 26. Figure 27 shows an ortho-image which is the intensity values corresponding to each 

DEM data point, i.e. the projection of the intensity images onto the DEM. A method for creating an 

ortho-image is described in sect. 3.3.4. Figure 28 shows a section of the panorama at the highest tilt. 

3.1.5. Vehicle localization 

The RVS should provide the continuous localization of the rover. This is done by tracking the change 

of interest points, such as corners, in two consecutive overlapping images. A landmark tracking 

algorithm is used to track these points which are chosen by an interest operator, such as the Harris 

operator [44]. The displacement between two corresponding interest points is used as a base for the 

localization update. [45] 

3.1.6. Hazard avoidance 

To detect hazards in the path of the vehicle a low resolution DEM is processed to produce a 

roughness map, slope map and step map. The roughness map shows local variance, the slope map 

shows the angle, derived from a plane normal vector and global Z axis, of a local regression plane
5
. 

The step map shows the deviation from the local minimum.  

Depending on threshold values for each map and by combining the three types of information it can 

be determined which points of the DEM should be defined as hazardous. Figure 29 shows some post 

processed images of a DEM and hazard map acquired from ESTECS Project Test Bed. The images also 

show the hazard map from a rover perspective. An image from a VRML representation of this DEM 

can be found in [39]. 

 

 
Figure 29. Left: top down view of DEM, middle: top down view of hazard map projected onto ortho-image, white is 

hazardous, right: middle image from rover perspective. [45] 

5
A regression plane is a best fit plane only taking into account errors in the Z direction.   
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Figures 30 to 32 show the three components from which the hazard map in fig. 33 is based. The 

maps are derived from the DEM in fig. 26. The smaller rock clusters from fig. 28 can clearly be seen in 

the hazard images. The elongation of the hazards is a result of the interpolated areas of the image. 

 

         

 

 

3.1.7. Path finding 

To find an efficient path from the current vehicle position to its destination, the A-star search 

algorithm is used [46]. The result of an A-star search will take into account both the distance of the 

path as well as the cost of the path, where the cost is freely defined by the user, it may for example 

be based on the distance to a hazardous region. 

The search algorithm works in a grid environment, where each grid section contains a node point. 

The position of the node point is dependant of how the A-star algorithm is set up, it may simply be 

Figure 31. Step map. Brighter indicates larger step. Figure 30. Slope map. Brighter indicates larger slope. 

Figure 33. Hazard map. White indicates hazardous. Black 

is non-hazardous. Grey is undefined. 

Figure 32. Roughness map. Brighter values indicate 

larger local variance. 
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the middle point of the grid section or it could be based on some function to derive the node point 

within a grid section.  When performing its search it is these nodes that A-star will analyze to find its 

path. 

Each node contains a set of values; the cost to move from the start node to this node (G), an 

approximation of the distance (often called a heuristic) from this node to the destination node (H) 

and finally the sum of these two values (F). The cost G could be both the cost of movement, i.e. the 

distance required to reach this node as well as the nodes environmental cost, i.e. how hazardous is 

its region. The heuristic may be any function approximating the distance to the destination node. 

More complicated heuristics will increase the time it takes to complete an A-star search. 

Each node also contains a pointer to another node, called its parent. This is important for the 

calculation of G as it is defined as the distance from start to the current node moving through each 

nodes parent.  Below is an example of an A-star search in progress. The start point is in green, the 

end point in red and non-walkable areas are solid blue. Each grid section contains a node in its 

middle. The lines out from each node point to that nodes parent.  The G value is shown in the lower 

left corner of each grid section, the H value in the lower right and the F value in the top left corner. 

 

Figure 34. A-star search example [46]. Green specifies starting point, blue is non-walkable and red specifies the end 

point. Green frames indicate the search area (open list) and turquoise frames indicate the direction of the A-star search 

(closed list). White pointers point to parent nodes.   

In figs. 34 and 35 the G value is based on a horizontal or vertical movement costing 10 and a diagonal 

movement costing 14. The H value is in this case the cost of the horizontal and vertical movements 

required to get from the current node to the end node. 

Beginning at a specified start node, A-star will first put this node into a closed list, which is a list of 

nodes not to be analyzed. A-star then looks at the node in each neighboring grid section.  These 

nodes are put into a so called open list, a list of nodes which should be analyzed. A node will not be 

put into the open list if it is already in the closed list or if it resides on an area defined as non-

walkable. Other rules may also be applied that restrict a node from being put in the open list. In the 

example case, figs. 34 and 35, a neighboring node will not be put in the open list if a diagonal 

movement across a non-walkable section is required. 

For each node in the open list, the F value is checked. The node with the lowest F score is removed 

from the open list and put into the closed list. The search algorithm then moves on by looking at the 

neighboring nodes of the node which was previously put into the closed list.  



When new nodes are applied to the open list their

into the closed list. If a neighboring node to be put into the open list already is in the open list

parent node may be updated. This update is based on calculating the G value for this neighbor node 

if we were to move through the current node on the closed list inste

current parent. If the new G value is lower the neighbor node will change its parent, in this case also 

the F value must be recalculated since G has changed. 

Repeating the above process will expand the searched area towards the d

moving in the direction of the lowest F value). When the end node has been added to the open list 

the search is finished and to find the optimum path one must simply follow the parent nodes from 

the end node back to the start no

Important to note is the scenario of two nodes in the open list with equal F values

factor must be decided upon to tip the favor for one node or the other (for example biasing 

the order they were put into the list, 

in a clockwise manner around the start point, in fig. 35

Figure 35. Completed A-star search example

optimal path to

The A-star algorithm that will be used in the RVS software

the above method. In this version the method for determining G uses both distance and 

environmental cost; the significance of either of these two may be altered by an input weight ranging 

from 0 to 1, where 0.5 is equal use of both val

determining the H value, where the closest approximation is given by the Euclidean method. The 

node for each grid section is in this case defined as the pixel with highest value, i.e. the brightest 

point within the grid section. If there are multiple points that are equally bright the last of them

read is chosen. 

The input parameters to A-star 

hand. This means choosing a suitable grid s

3.1.8. Sensor calibration 

Joanneum Research has developed its

objective of CalWin is to find the so called 

a number of real world coordinates to their corresponding 2D coordinates in the image space. 
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e applied to the open list their parent will by default be the node previously put 

ist. If a neighboring node to be put into the open list already is in the open list

parent node may be updated. This update is based on calculating the G value for this neighbor node 

if we were to move through the current node on the closed list instead of the neighbor node’s 

current parent. If the new G value is lower the neighbor node will change its parent, in this case also 

the F value must be recalculated since G has changed.  

Repeating the above process will expand the searched area towards the destination (as it is always 

moving in the direction of the lowest F value). When the end node has been added to the open list 

the search is finished and to find the optimum path one must simply follow the parent nodes from 

the end node back to the start node, as shown by the red dots in the right image of

Important to note is the scenario of two nodes in the open list with equal F values

factor must be decided upon to tip the favor for one node or the other (for example biasing 

the order they were put into the list, favoring late nodes). In fig. 34 the closed list has been expanded 

ound the start point, in fig. 35 it is the opposite.   

example [46]. The left image shows the completed search. The r

optimal path to the end point in red dots and yellow frames.   

hm that will be used in the RVS software is implemented by a JR

the above method. In this version the method for determining G uses both distance and 

environmental cost; the significance of either of these two may be altered by an input weight ranging 

from 0 to 1, where 0.5 is equal use of both values. There are three different methods available for 

determining the H value, where the closest approximation is given by the Euclidean method. The 

node for each grid section is in this case defined as the pixel with highest value, i.e. the brightest 

section. If there are multiple points that are equally bright the last of them

 must be tweaked to best suit the conditions and requirements

hand. This means choosing a suitable grid size, distance to cost weight and an appropriate heuristic.

Joanneum Research has developed its own software for sensor calibration, called CalWin

find the so called camera calibration matrix (sect. 3.3.4 

a number of real world coordinates to their corresponding 2D coordinates in the image space. 

will by default be the node previously put 

ist. If a neighboring node to be put into the open list already is in the open list, its 

parent node may be updated. This update is based on calculating the G value for this neighbor node 

ad of the neighbor node’s 

current parent. If the new G value is lower the neighbor node will change its parent, in this case also 

estination (as it is always 

moving in the direction of the lowest F value). When the end node has been added to the open list 

the search is finished and to find the optimum path one must simply follow the parent nodes from 

the right image of fig. 35.  

Important to note is the scenario of two nodes in the open list with equal F values. In this case some 

factor must be decided upon to tip the favor for one node or the other (for example biasing them by 

the closed list has been expanded 

 

The right image shows the 

a JR college and follows 

the above method. In this version the method for determining G uses both distance and 

environmental cost; the significance of either of these two may be altered by an input weight ranging 

ues. There are three different methods available for 

determining the H value, where the closest approximation is given by the Euclidean method. The 

node for each grid section is in this case defined as the pixel with highest value, i.e. the brightest 

section. If there are multiple points that are equally bright the last of them to be 

and requirements at 

ize, distance to cost weight and an appropriate heuristic. 

own software for sensor calibration, called CalWin
6
. The 

 eq. 31), that best fits 

a number of real world coordinates to their corresponding 2D coordinates in the image space. From 
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this transformation matrix the extrinsic parameters, i.e. the orientation, of the camera can be 

derived. 

During this work the calibration for each sensor was based on images of a diversely structured area 

of a corridor. A number of black dots were placed on flat surfaces, in a well distributed manner in 3D 

space. The 3D position of each dot relative to the PTU was acquired using a geodolite.   

When calibrating a certain sensor in CalWin, each black dot in the calibration image must be targeted 

by hand and assigned to the corresponding real world coordinate. CalWin then has the required 

image 2D coordinates and the real world coordinates. Most calibration methods require the intrinsic 

parameters to be known. Intrinsic parameters refer to the focal length, principle point (lens center 

orthogonally projected onto the sensor array) and distortion coefficients. In this case these were 

acquired beforehand using the MATLAB
7
 calibration toolbox (calibration using checkerboard). 

A detailed description of how to find the transformation matrix using a linear and non linear method 

can be found in [47]. 

3.2. Developing new RVS software components 

This section will explain the guidelines set out at the start of this work. These guidelines consist of 

objectives, limitations and an overall approach. The principles followed during coding will also be 

explained here. 

3.2.1. Objectives 

• Create hardware interfaces 

Each sensor hardware component comes with an application programming interface (API), which 

gives a number of functions for communicating with the software onboard the hardware. The 

functionality provided from the APIs in this work did not fit the requirements in their basic form. A 

first objective was therefore to create new interfaces more suitable to the projects needs. Each new 

interface would make use of the existing APIs for basic components, and then combine these to 

create functions tailored to the needs of the RVS. 

In this work a previous hardware interface to the stereo cameras had been implemented using 

LabView, and the RVS software had been designed for using this interface. Due to compatibility 

problems with Windows XP, it became necessary to bypass the need for LabView by creating a new 

interface. For efficiency, the new interface should mimic the LabView interface making any changes 

to the RVS software unnecessary in this respect. 

• Create user interfaces 

To provide initial control and data access to the sensors some type of user interface was required. In 

order to not spend unnecessary time on this objective it was decided that the user interfaces would 

be text based, command console, applications. These would be useful for testing the functionality of 

each hardware interface before implementation in the RVS. 

6
CalWin is a trademark of JOANNEUM RESEARCH. 

7
MATLAB is a trademark of The MathWorks, Inc. 
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• Extend current RVS software 

Once the hardware interfaces are developed, the RVS software can be extended to use the sensors. 

As stated earlier the RVS software would only need to be extended with respect to the 3D-TOF 

camera. 

The first additions required in the RVS software are image and 3D data acquisition by the 3D-TOF 

camera. Thereafter a DEM generation process using the 3D-TOF data must be added. From each DEM 

a number of hazard maps may be produced using pre-existing tools described in sect. 3.1.6. With the 

capability to create a DEM and hazard maps from either stereo camera images or 3D-TOF data it 

would be possible to implement a navigation function, making use of these hazard maps to plot a 

safe and efficient course. 

The core element of the navigation function would be a path finding algorithm. Which algorithm to 

use must first be decided upon and then implemented. The navigation function would then initiate a 

sequence of acquiring 3D data, creating a DEM and hazard maps, deriving the path and finally giving 

the path as output in either graphical or text form. 

3.2.2. Limitations 

 

The most important limitation of this work is that it is not a goal to produce the most accurate or 

efficient navigation system. The purpose of the navigation demonstrator is only to practically test the 

rover’s sensors in a navigation scenario. 

Although the RVS consists of multiple sensor types it has not been an objective of this work to merge 

the data from the two sensors in the navigation demonstrator. 

The goal of the demonstrator is only to show that a safe path can be found in a generic terrain using 

the sensors in this work. It is not a requirement for the demonstrator to move the rover along the 

found path and extend the path once at the end of the path. This also removes the necessity of 

implementing self localization in the demonstrator, although this tool is available specifically for the 

stereo cameras in the current RVS. There was no interface to the rover drive system available during 

this work nor will one be developed during this work. 

3.2.3. Approach 

 

An overall approach to creating a vision-based rover navigation demonstrator was prepared by the 

hosting institute before commencement of this work. This consisted of a number work points closely 

following the above objectives. As the demonstrator is part of a larger project, the hardware 

components had already been chosen and much of the necessary software had already been 

prepared. 

The existing RVS software was used as a starting point for each work point. This was convenient as 

the new software, mainly for integrating the 3D-TOF camera, was meant to have the same 

functionality as the pre-existing software used together with the stereo cameras, i.e. hardware 

interface, data acquisition and DEM and hazard map generation.  
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All software components were revised by JR’s handler for this thesis work. The relevance of each 

function was discussed, aiming to remove unnecessary functions or add new necessary functions. 

The efficiency and robustness of the software could be improved after remarks from the handler. 

3.2.4. Coding principles 

 

When building software there are a number of factors to keep in mind for building good software. 

Some traits that characterize this are.  

• Robust 

• Intuitive 

• Efficient  

• Useful Feedback 

• Structured and logical 

Robustness defines how the software responds to unreasonable inputs or anomalous values 

generated inside the processes of the software. Frequent system crashes with no indication for the 

reason is a trait of software lacking in robustness. In this work, exception handling has been used to 

give a robust code. The exception handing is useful both for catching foreseen errors as well as 

unforeseen. In blocks of code where it is foreseeable that an error may occur it is prudent to add 

checks for relevant variables and have the code-block generate an exception if the value is found to 

be erroneous. Most built in functions from various libraries will also implement this type of exception 

generation thus increasing the chance that also unforeseen errors are caught. Each exception is 

usually accompanied by an error message giving the user a good idea of why and where the problem 

has occurred. Exceptions are caught using try and catch bracket encapsulation. The catch operator 

allows the user to define which types of exceptions should be caught. 

Intuitiveness of software refers to how easy it is to use. This point is quite subjective, as what counts 

as an intuitive, or user friendly, differs from person to person. A good basis for intuitive software is to 

have a clear and well defined purpose for the software. Functionality that is not truly relevant to this 

purpose will mainly increase the complexity of the code and decrease its intuitiveness. Input options 

should be well named and have a good degree of freedom for the user. Too complex and various 

options may only suit experienced users, but too limited options may even frustrate first time users.    

Efficient code is a desirable trait in most situations, although in a scientific scenario it may even be a 

necessary trait as computational power often is limited. In this work it has not been a requirement to 

make an optimally efficient code as the navigation demonstrator is to run on a test platform with a 

sufficiently powerful laptop as main computer. Nonetheless a basic amount of efficiency is 

implemented in the form of avoiding redundant code and loops of high computational cost, 

especially in connection to processing images. 

Useful feedback is essential for the developer or user to have any idea of how the software is 

running. With useful feedback the user may see which parts of the code are currently being run and 

how they are performing. This also supports a robust code.  

Structured and logical code simplifies the creation of software. It makes it easier for the developer or 

a college to read and follow the code and thus understand it. The structure and naming policies in a 
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batch of code are usually governed by a coding standard. In this case Joanneum Research has its own 

coding standard. 

3.3. Additional tools for RVS development 

This section will describe the tools that were developed when the existing toolset, developed by JR, 

either did not fit the requirements or were not convenient to use. How these tools are implemented 

in the overall software is later described in sect. 4. 

3.3.1. Post processing of A-star path 

For each determined A-star path within the local maps, the path must also be translated into suitable 

waypoints for the rover. In this work it has been assumed that the most resource efficient path is 

along straight lines, requiring a minimal amount of maneuvers to reach the destination. 

The path is approximated into a minimum number of straight lines by finding the line equation 

between an intermediate start- and end point, and then finding the orthogonal distance to the line 

for each point in between. The line is incrementally expanded to connect to each following A-star 

path point. For each point along the line, the distance to this line is recalculated. If at some point the 

distance from an intermediate point to a line is too great, the process is halted and the previous 

endpoint is chosen as one of the waypoints for the rover. The process is repeated with a new start 

point at the newly generated waypoint, and a first endpoint at two path points away from the new 

start point (as processing only two path points is pointless). Equation 14 is used to derive the 

distance from point to line [48]. Figure 36 gives a visual representation of the parameters in eq. 12-

14. The x, y coordinates may be seen as pixel coordinates here, where x1, y1 and x2, y2 are the start- 

and end points of a line and x0, y0 is a generic point beside the line. $ is a vector perpendicular to the 

line, its derivation can be found in [48]. % is a vector from a generic point to the start of the line.     

 

Figure 36. Visual representation of the parameters in eqs. 12-14. 
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How closely the rover should follow the optimum safe path can be adjusted by altering the maximum 

allowable distance between an intermediate path point and a line. 

Figure 38 gives a visualization of the straight line approximation process. Figure 37 shows a 

theoretical A-star path from start to end. The artificial environment only consists of walkable and 
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non-walkable areas. Grey has in this case only been used to distinguish between a real hazardous 

region and its expanded border. In the lower image, the resulting straight line approximation has 

been added, showing the derived waypoints in blue. As an example, a faulty line has been added in 

red. When this line is evaluated in the approximation process the distance from intermediate point 

to line (shown in yellow) will quickly become too large and a new line will be set to begin at the 

previous path point. Important to note is that the images do not represent actual results and are 

used only to assist in this explanation.  

 

Figure 37. Theoretical A-star path (green dots) in an artificial environment. Black and grey regions are hazardous. 

 

Figure 38. Theoretical A-star path (green dots) in an artificial environment together with a straight line approximation 

and rover waypoints (blue dots/circles). Red line shows an evaluated path with too great distance to A-star path. Yellow 

lines show distance from A-star point to red line. Grey lines show distance from A-star point to black line.  
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3.3.2. Coordinate transformation 

Only the transformation of the coordinates from 3D-TOF measurements will be described in this 

section, as the data acquired by the stereo camera pair is already processed into 3D coordinates in a 

global coordinate frame by JR’s toolbox. 

Before the coordinates are transformed, a transformation matrix must be created. This matrix shall 

express a transition from the camera coordinate frame to a global coordinate frame. The relevant 

coordinate frames are shown in fig. 39. It shows the 3D-TOF camera coordinate frame, a PTU 

coordinate frame as defined in the PRoViScout project and a generic global coordinate frame. The 

later depends on the input relative position of the PTU coordinate frame to the global coordinate 

frame. 

 

 

Figure 39. Coordinate frames used in this work. Left: Generic global coordinate frame. Middle: PTU coordinate frame. 

Right: 3D-TOF camera coordinate frame. 

For the transformation of coordinates from camera- to global coordinate frame to be successful, the 

orientation of the cameras mounting on the PTU frame must first be known. For this purpose JR’s 

own calibration software, CalWin (sect. 3.1.8), was used.  

In this case the transformation matrix output by CalWin is based on a transformation from PTU to 

camera coordinate frame, with zero rotation defined as “looking straight down with the image rows 

parallel to the x axes and ascending column index corresponding to ascending x world coordinates” 

(citation from CalWin help file). For the 3D-TOF case this is represented in the top image of fig. 40. 

The unit vector ,- corresponds to the Z axis of the camera coordinate frame and unit vectors ,. and ,/ correspond to the X and Y axis. 
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Figure 40. 3D-TOF camera mounting in PTU coordinate frame. Black indicates the PTU coordinate frame and green the 

3D-TOF camera coordinate frame. Top: Zero orientation of frame. Bottom left: Orientation after transformation. Bottom 

right: Optical axis after transformation. 

The bottom left image of fig. 40 shows the orientation of the camera coordinate frame after the 

rotation matrix from CalWin has been applied. The vectors show a slightly exaggerated case where 

the camera has some unintended rotational offsets from a purely forward pointing orientation. The 

bottom left image visualizes the process of finding the rotational offset, 0, around the cameras 

optical axis, which passes through ,-. The blue vector, 1, in the bottom left image shows the 

orientation of ,. assuming no rotational offset around the optical axis. The angle 0 can be found 

with the following relations [49]: 

,. ∙ 	1 = 	 2�345678 9:;<=> cos 0	        (15)  ,. ∙ 	1 = 	 2�B C + 2�D E + 2�F G	        (16) ,- ∙ 	1 = 2
B C + 2
D E + 2
F G = 0	        (17) 
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 G = 0	        (18)  C� +  E� = 1	        (19) 

The vector 1 can be derived from eqs. 17, 18 and 19 in the following way: 

2
B C + 2
D E = 0			 → 				  C =	−2
D E2
B  

 C� +  E� = 1	,  C =	−2
D E2
B 			→ 		
LMM
N
MMO C = ∓

2
D2
B1 + �2
D2
B��	 E = ± 1
1 + �2
D2
B��

R.	 
 

There are two possible solutions to 1. The solutions with the least difference to ,. should be chosen. 

With 1 known, eqs. 15 and 16 may be used to derive the angle 0. 

The vertical angle, S, and the horizontal angle, T, of the cameras optical axis are shown in the 

bottom right image of fig. 40. These angles may be calculated using basic trigonometric formulas.  

The above angles, 0, S and T, can be used to transform 3D coordinates in the camera coordinate 

frame to the PTU coordinate frame assuming the PTU is in a position of zero pan and tilt. Using the 

angles S and T, the pan and tilt values of to the PTU simply need to be added in order to find the 

required rotations back to the PTU coordinate frame.  

Figure 41 gives an example of the camera coordinate frame pointing at an angle due to a certain pan 

and tilt of the PTU. It is assumed in this case that the required rotation about the optical axis has 

been performed in order for the camera coordinate frame X axis to be in the PTU coordinate frames 

X-Y plane. Equation 20 shows the necessary rotation about the X axis and eq. 21 shows the necessary 

rotation about the Z axis. 

−90 + VWXV	YZ[X2 + S	        (20) 

−90 − \YZ	YZ[X2 + T	        (21) 

The sign conventions use here are: 

• Rotation of coordinate frame is positive if rotating counterclockwise when looking towards 

the origin [50]. 

• When looking in the forward facing direction, positive pan is to the right and positive tilt is 

up. 
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Figure 41. Transformation of 3D-TOF camera coordinate frame (blue) to PTU coordinate frame (black). Desired rotational 

transformation is marked as red. Pan and tilt rotations are marked as grey. Deviation from vertical and horizontal zero, 

due to mounting, is also marked as grey. 

The degrees required for each rotation is stated in eqs. 20 and 21. Each rotation corresponds to a 

certain rotation matrix described in [50]. The rotations may be applied in one mathematical 

operation if the rotation matrices, ]^ and ]_, for the relevant axis are first multiplied in the reverse 

order (eq. 22). 

]_ ∗ ]^ = ].        (22) 

To complete the transformation from one coordinate frame to the other, a translation is also 

required. The 3D translation vector, a, will be equal to the position vector of the camera after a 

certain pan and tilt of the PTU. The initial position vector of the camera is given by CalWin. To find 

the new position, the initial position vector must be rotated around the PTU coordinate frame’s Y 

and Z axis according to the tilt and pan angles. 

To transform the acquired coordinates within the camera coordinate frame, to be expressed in the 

PTU coordinate frame, the above mathematical operations must be applied to every coordinate set 

produced from the 3D-TOF camera. Expressing each initial coordinate set as a vector, b, the 

transformed coordinate can be found using eq. 23. 

] ∗b+ a = bc.         (23) 
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Once the 3D-TOF coordinates are expressed in the PTU coordinate frame, a given rotation matrix and 

translation vector is applied for transformation to the global coordinate frame. 

3.3.3. DEM generation from 3D-TOF data 

As previously stated the RVS software has been extended to generate a DEM from 3D-TOF 

coordinates. This can be done using one or multiple sets of coordinates. The creation of a single DEM 

is implemented through the executable DemImport, which is part of JR’s toolbox. DemImport takes a 

point cloud of Cartesian coordinates and generates a DEM using direct reconstruction, which is a 

nearest neighbor projection onto the DEM structure. The principle function of direct reconstruction 

is shown in the fig. 42 below. 

 

Figure 42. Direct reconstruction. Projection of 3D point cloud onto DEM grid. 

The green dots in fig. 42 represent a generic point cloud of Cartesian coordinates. The lower plane 

represents an image grid belonging to the DEM, where each red point will be an elevation point 

within the DEM. The 2D coordinates of the red and green points may be expressed in the same 

dimensions if the size in meters for each grid section of the DEM is defined. It is then possible to 

calculate the 2D distance between a red and green point. For each green point a nearest neighbor 

red point is found and assigned the height value of the corresponding green point. This method 

builds a grid of height values closely representing the point cloud. The grid of height data will be 

expressed in the same coordinate frame as the point cloud.    

It is possible that multiple points in the point cloud have the same 2D coordinates. An example is 

visualized in fig. 43. In this case these height values will be assigned to the same grid point. This is a 

desirable case for this type of environment as a simple solution can be to prioritize the greater height 

value. The same solution applies for two different points of the point cloud being approximated to 

the same grid point. This effect occurs with the point cloud only after transformation to the PTU 

coordinate frame. A related case is when coordinates are acquired of two different height planes, 

one occluding the other, and the transformed coordinates are neither equal in 2D nor approximated 

to the same grid point. This is visualized in fig. 44. In this case a top-down view of the DEM in this 
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area will show some points from the top level as well as some points from the bottom level, which 

should show as occluded in such a top-down view. A solution to the problem of fig. 44 has not been 

implemented in this work. 

                 

           

 

A number of grid points will still be undefined after the process is complete for all green points. The 

height values belonging to these grid points may be approximated by interpolating with the 

surrounding defined grid points. The interpolation process is performed by JR’s toolbox in this work. 

3.3.4. Image projection onto a global DEM 

 

In this work it is has been desirable to be able to project a conventional camera image onto a DEM. 

This makes it easier for a viewer to distinguish what area the DEM corresponds to. The projected 

image is in this work called an ortho-image. 

The principle behind this projection is to find which DEM grid point corresponds to a certain pixel in 

the conventional image. This is done with the following relations: 

d =	 efege ,        (24)        h = 	Si 0 fj0 Sk gj0 0 1 					
000 ,         (25)        l =	 ] a0�m 1 ,         (26) 

b =	�#�1	,        (27)        n	 = 	 opq1  ,        (28) 

 d = h ∗b,         (29)        b = l ∗ n,         (30)        r = h ∗ l,         (31) 

d = homogeneous vector of image pixel coordinates, h = perspective projection matrix, l = global to camera coordinate frame transformation matrix, ] = rotation matrix, a = translation vector, b = generic coordinate in camera coordinate frame, n = generic coordinate in global coordinate frame, r = camera calibration matrix,	f = pixel column position, g = pixel row position, e = scalar, 

Figure 43. Case of identical 2D coordinates after 

transformation 

Figure 44. Case of separate 2D coordinates in different 

height planes. 
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Si= focal length / pixel width, Sk = focal length / pixel height, fj = principle point column coordinate, gj = principle point row coordinate. 

Equations 29, 30 and 31 combine to give 

d = r ∗ n, (32) 

which expanded becomes 

sefege t = 	 uSiv
,
 + fjv�,
 Siv
,� + fjv�,� Siv
,� + fjv�,�Skv
,
 + gjv�,
 Skv
,� + gjv�,� Skv
,� + gjv�,�v�,
 v�,� v�,� 				SiV
 + fjV�SkV� + gjV�V� w ∗ x opq1	y. 
 

Figure 45 below visualizes the above relations. The relationship between f, g and x, y from the image 

below is described in [47], a more detailed description of the above equations is also given there. 

 

Figure 45. Visual representation of the parameters involved in eqs. 24 to 28. 

From a coding standpoint this method means each data point of the DEM must be expressed as a 

coordinate n and processed with eq. 32. The rotation matrix ] in l can be derived by transposing 

the rotation matrix used to transform 3D-TOF coordinates into the global coordinate frame, sect. 

3.3.2. The final translation vector used in sect. 3.3.2 is expressed in the global coordinate frame and 

must be transformed using the transposed ] to be usable as a in l. The values for Si, Sk , fj , gj can 
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be found by standard camera calibration methods. In this work these values have been derived by a 

college using the MatLab calibration toolbox (calibration using checkerboard). 

The f, g coordinates found to correspond with a certain DEM data point may not be integers. As 

pixel coordinates only support integer values, the derived f, g coordinates must first be 

approximated to their closet integer value. 

The ortho-image uses the same grid as the DEM and thus has the same resolution. The ortho-image 

grid values are the acquired intensity values of the conventional camera image. The DEM grid 

coordinates which translate into points outside the conventional camera image (i.e. the derived f, g 

coordinates are outside those supported by the sensor array) will show as black.  

3.4. Summary 

Section 3 gives aims to describe the complete set of tools, needed to produce the navigation 

demonstrator, which were or were made available for this work. 

The first part of sect. 3 described the starting ramp of this work, the EUROBOT RVS software suite. 

The EUROBOT project is an ESA initiative to create a 3-arm robot for ISS EVA applications, but also 

includes plans for a planetary and lunar exploration vehicle. 

The section then goes on to explain the initial hardware components comprising the EUROBOT RVS. 

The system houses two PIKE f210b cameras for stereo vision, with the possible addition of a 3D-TOF 

camera. The sensors are mounted on a PTU. The main computer is a standard laptop. Power 

distribution to the PTU and sensors is performed by a trigger box, which also enables simultaneous 

image acquisition from multiple sensors. The configuration of these hardware components, onboard 

a rover test platform, is shown and described. 

Next an overview of the structure of the RVS software suite is given. The structure is built around a 

main server class which houses the main functions. These functions are backed up by libraries for 

interfacing a LabView component which in turn interfaces the hardware. Executables are used for 

processing certain data. JR’s own toolbox contains many functions useful for image processing.    

The next sub-sections go into more detail on the image processing methods developed by JR. First a 

method called locus reconstruction is explained, which builds a DEM by searching for the disparity 

belonging to each point in a DEM grid. The process of combing multiple DEMs is briefly described. 

Hazard maps can be derived from the DEMs. These are black and white maps showing what areas are 

traversable. The hazard map is based on three maps derived from the DEM; a slope map, step map 

and roughness map. Threshold values for each map determine if a point in the map should be 

traversable or not. Combing the result from each of these three maps produces a hazard map. 

Section 3 goes on to describe a path finding algorithm, A-star, used to find a safe traverse within the 

hazard map. A-star searches for the shortest and least costly path. The algorithm works in a grid, with 

a node point in each grid section. The nodes contain information on cost and distance. By evaluating 

the nodes in an expanded search towards the destination point, an optimal path may quickly be 

found. 
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Sensor calibration using JR’s application, CalWin, is briefly described before moving on to the next 

subsection. The objective of CalWin is to find the camera calibration matrix that best fits a number of 

real world coordinates to their corresponding 2D coordinates in the image space. 

The second part of sect. 3 begins with describing the objectives, limitations, and approach decided 

upon at the start of this work. The objectives are listed as: create hardware interfaces, create user 

interfaces and extend current RVS software. Some of the limitations are stated as: not requiring the 

most optimal navigation system as an end product and that data from the two sensors does not need 

to be merged. The approach to this work was based on work points, specified by JR, closely following 

the described objectives. The RVS software from EUROBOT was used as a starting point for each 

work point. 

The general coding principles to follow while developing the software in this work are described by 

defining a set of characteristics the code should have. The characteristics are: robust, intuitive, 

efficient, providing useful feedback and structured and logical. 

The third part of sect. 3 describes the newly developed tools for further RVS development. These 

new tools are meant to add functionality where JR’s toolbox either did not fit the requirements or 

was found inconvenient. 

First of it is explained that the raw path, output by the path finding algorithm, must be processed to 

be more suitable as waypoints for a rover. A method for approximating the raw path to a minimum 

number of straight lines is therefore developed. The method is based on expanding lines along the 

raw path points until some intermediate point, now positioned beside the line, is at a too great 

distance from the line. At that instance the previous end point of a line becomes the start point of a 

new line, and the whole process is repeated. 

Next it is described how the coordinate transformations have been performed in this work. It is 

explained what mathematical operations need to be applied on raw sets of coordinates for them to 

be expressed in a global coordinate system. 

Once the coordinates are expressed in this global coordinate system, the process of producing a DEM 

based on these values can be started. The cloud of coordinates is projected onto an image grid, 

which will become the DEM. Nearest neighbor approximation is used to find the grid point 

corresponding to a certain coordinate. The Z value, or height belonging to a coordinate, is stored in 

each grid point, thus giving a grid of height values which is the same as a DEM.    

Section 3 finishes with describing how intensity images may be projected onto a DEM, to create an 

ortho-image. The projection is based on finding the intensity value corresponding to a certain DEM 

coordinate, using the camera calibration matrix. 
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4. Results 

 

Using the available tools and methods described in sect. 3, the software described in the following 

sections aims to accomplish the objectives of this work. The software was mainly built using C++ and 

with Microsoft Visual Studio
8
 as development environment. The coding standard used is one defined 

by Joanneum Research.  

The diagram in fig. 46 gives an overview of the new structure of the RVS software. Areas relevant to 

the new developments in this work are highlighted in red. 

 

Figure 46. Diagram of RVS software layout after new developments. 

The changes compared to the older version of the RVS software (fig. 24) are: 

• Acquisition of images and data by the 3D-TOF camera, using the interface library. 

• Stereo cameras can be accessed directly through their new interface, rendering LabView 

obsolete. 

• Simple GUIs for control and data access to the sensors 

• DEM reconstruction is implemented for 3D-TOF data 

• Navigation function making use of a path planning application 

The following sections will describe these components in detail. 

8
Microsoft Visual Studio is a trademark Microsoft. 



46 

 

4.1. AVT PIKE f210b interface 

As described in sect. 3.1.2., the connection from RVS server to stereo cameras was handled through a 

LabView server. This LabView server used a wrapper called AVTGrab, which was created for the AVT 

Universal API (UniAPI). The UniAPI is the interface library to the cameras developed by Allied Vision 

Technologies. AVTGrab Implements some post processing of the data returned by the UniAPI 

functions to procure more useful data. It also implements exception handling to allow for safe usage 

of the significant UniAPI functions.  

Due to experienced issues using LabView in a Windows environment it was necessary to remove the 

LabView component and instead create a direct link from RVS software to cameras, bypassing any 

third-party software. This is the purpose of the library dubbed rvs-libcam-avt. 

Rvs-libcam-avt utilizes the functionality of AVTGrab to produce more purposeful functions, in order 

to be able to control the stereo cameras as intended by the RVS. As it mainly uses the functions of 

AVTGrab, the UniAPI can be accessed in a safe way. In addition to the error handling borrowed from 

AVTGrab, each function of rvs-libcam-avt is encapsulated by a try block, catching exceptions 

generated from AVTGrab or any other source.  

In some instances, where the functionality of AVTGrab is not sufficient, UniAPI functions are used. In 

these cases the exception handling from AVTGrab is implemented.   

The diagram in appendix A gives a structured overview of the high level content of rvs-libcam-avt. 

4.1.1. Camera identification 

Rvs-libcam-avt is based on the active use of only two AVT cameras, as the PRoViScout project uses 

only two conventional cameras in their vision system. The handle ID for each camera is stored in a 

global camera ID structure, SCameraIDs, which only supports a left and right camera. A global ID 

structure simplifies the process of acquiring a camera handle ID for each function to use when 

manipulating a specific camera. 

The left and right cameras are initially chosen by default in the function RvsCam_InitLibrary, were 

the first found camera is generically chosen as left. The user then has the possibility to specify which 

camera should belong to left or right in RvsCam_SetCameraIDs, with a known camera ID as input. 

The user may also ask for the current ID numbers of the cameras associated with left and right using 

RvsCam_GetCameraIDs. For the usual case of only two connected cameras it is convenient to be able 

to swap left and right handle ID. For this purpose RvsCam_SwapCameraIDs is implemented. 

4.1.2. Camera maintenance 

For maintaining the functionality of each camera, functions for resetting, reinitializing and retrieving 

status information have been implemented. The function for retrieving significant status data, such 

as busy or idle state data, may be accessed through multiple threads of execution.  

The reset function performs a full hardware reset of the cameras. A reset re-activates a camera and 

applies default settings to it. The reinitializing function simply overwrites the default settings to the 

camera. 

The status is monitored by reading from a global status structure, with a separate instance for left 

and right camera. The members of the structure are types of useful status data. These are updated in 
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Rvs-libcam-avt at the relevant points. This way a secondary thread can easily obtain the status of 

different aspects of the camera. Reading and writing the global status structure is mutexed to avoid 

simultaneous use. 

4.1.3. Basic image acquisition settings 

The UniAPI allows for detailed control of image acquisition parameters. Basic image acquisition 

parameters are asked for when calling for each image to be grabbed. These consist of one of a set of 

pre-defined resolution modes (low, medium, high, highest) and the pixel format. Other, more 

detailed settings can be set to each camera separately with RvsCam_SetSettings, including shutter 

speed, gain, white balance and target grey level.  

Rvs-libcam-avt only supports the pixel formats 8-bit mono and 8-bit RGB. For use of the YUV formats, 

algorithms for converting from different YUV patterns to RGB, also depending on PAL or NTSC 

output, would first have to be implemented. The pre-defined resolution modes are chosen from 

those available in the cameras hardware [11]. 

4.1.4. Load/Save settings 

The detailed settings from RvsCam_SetSettings can also be stored and loaded from disk with 

RvsCam_SaveSettings and RvsCam_LoadSettings, which use UniAPI functions in this case. For an 

unknown reason the information of the target grey level was not stored on disk by the UniAPI 

function. The matter was not resolved.  

4.1.5. Image acquisition 

Rvs-libcam-avt supports the image acquisition by left, right or simultaneously by both cameras. The 

image data is generated using the AVTGrab library, resulting in a pointer to an image data buffer. The 

buffered data is read into a custom data structure for images usable by JR developed software. The 

image/s can either be stored on disk as *.tif or left available in memory for further processing. All 

image handling uses JR’s own extensive toolbox. 

When acquiring images from both cameras, an external trigger box is used for synchronization. The 

trigger box uses an LPT connection to the computer. Setting pin two on this connector initiates a 

trigger pulse, received by both cameras. To set LPT pins, open source software called PaPiC [55] is 

used.  

A user notification for frame ready, one for each camera, ensures that the complete images have 

been transferred to buffer before accessing them. A wait function from the Boost library is here used 

which will wait for a frame ready flag to be set before allowing the software to retrieve the image 

from the buffer corresponding to a certain camera.  

4.1.6. Interface command console 

To allow for control and data access to the AVT camera, a console utility called rvs-cam was created 

to run rvs-libcam-avt functions. Although most errors are caught through the existing exception 

handling in rvs-libcam-avt, errors can still occur not related to this library. For this reason most of rvs-

cam is encapsulated within a try block, catching any errors. All public functions of rvs-libcam-avt can 

be tested there within.  
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4.1.7. Integration into RVS software 

As described in sect. 3.1.2, a LabView server was used for camera control and data access. As the 

functions for interfacing the LabView server were already deeply integrated into the RVS software, 

rvs-libcam-avt was made to contain the same function names and functionality. Thus no further 

integration of this library into the RVS software was required. 

4.2. Mesa SwissRanger 4000 Interface 

As the rover vision system will be using a 3D-TOF camera, a wrapper for the MESA SwissRanger 

interface library, LibMesaSR, has been made. This wrapper, called rvs-libtof, is oriented around a 

camera object. Its error handling is limited to throwing exceptions; it is left to the user of this library 

to decide what to do with these exceptions. A command console utility has also been created for the 

same reason as for the stereo camera library. 

The diagram in appendix B gives a structured overview of the high level contents of rvs-libtof. 

4.2.1. Camera identification 

The camera object belongs to a CTOFCameraUSB or CTOFCameraEthernet class which in turn 

inherits members from the central class, CTOFCamera. The constructors for the two first classes 

initiate the specified camera which will belong to the camera object. During this initiation the specific 

camera handle ID is stored within the object. As with the stereo camera interface, the camera handle 

ID is needed for each LibMesaSR function to identify the camera upon which the action should be 

performed.  

To keep track of the cameras currently open, the camera ID of each open camera is stored in a list 

and removed from the list upon closing of the camera. Along with the camera ID, each element of 

the list also contains serial number or IP number and miscellaneous information (vendor ID, product 

ID, manufacturer and product type). The device specific class constructors require either serial 

number or IP address to initiate a specific camera. Input 0 is used as default for the USB class and 

opens the first found USB camera. The camera is de-initialized on destruction of the camera object.  

A query function allows for the retrieval of camera ID, serial number etc. from any SwissRanger 

camera connected to the RVS. As serial number or IP address may be used as input when creating a 

new camera object, it makes sense to also include functions for specifically retrieving this 

information from an initiated object. The functions for retrieving serial number and IP address exist 

only in their respective classes, CTOFCameraUSB and CTOFCameraEthernet. 

4.2.2. Camera maintenance 

Rvs-libtof implements reset, re-initialization and status functions in the same way as rvs-libcam-avt, 

each of these functions are applied only to the camera object they are associated with. Reset will re-

activate the camera as well as set the default values. Re-initialization only sets the default values. The 

function for retrieving status returns a status structure belonging to the object.  

The status structure contains information on busy or idle state, trigger mode, image type, exposure 

mode and modulation frequency. These values are updated at the relevant points in the code. As a 

secondary thread should be able to obtain the status of the camera, reading and writing to the status 

structure is mutexed. The mutex is locked within the scope of its initialization, at each point of read 

and right, and destroyed at the end of the scope. 
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4.2.3. Basic image acquisition settings 

The LibMesaSR library allows for many adjustments to be made to the acquisition settings of the 

camera. Some of these adjustments have been grouped into one function call others have been left 

separate, depending on what was deemed practical. 

The basic image acquisition settings are applied with SetSettings. These consist of; the minimum 

valid amplitude, which is the lower threshold below which all amplitude measurements are set to 

zero; the modulation frequency of the IR LEDs, which directly affects the non-ambiguity range; the 

integration time, which is the time the sensor array collects light; the exposure mode, which 

determines if the integration time should be constant or automatically adjusted, depending on the 

scene. The state of these settings is retrieved with GetSettings. 

Although automatic exposure mode generates better images it also results in a varying integration 

time, which may make synchronization with other cameras more difficult. But to ensure that usable 

images are generated, it is recommended that automatic exposure mode be used. 

4.2.4. Modulation frequency 

When using the SR4000 it is important to take note of the modulation frequency of the IR LED’s since 

it directly affects the maximum measurable distance (where after the data becomes ambiguous). 

Except from setting the frequency to a default value, rvs-libtof doesn’t change this frequency unless 

asked to. The camera is calibrated based on a certain frequency, so most accurate results will be 

obtained using this frequency. For the 3D-TOF camera used during this work, that frequency is 30 

MHz allowing for a maximum distance of 5m [34] to be measured. 

Assuming that the user still wants to adjust the modulation frequency, a function has been added to 

set the modulation frequency by specifying a maximum distance to be measured. Only pre-defined 

distances are possible, because there are only a pre-defined set of modulation frequencies.   

4.2.5. Color range 

The color range of the retrieved images is set separately in SetColorRange. The color range is valid 

both for the grey scale images, which is the cameras raw output, and the artificially created color 

images (described in sect. 4.2.9). The upper and lower level of the color range is set in this function. 

All measurements in between these two values are evenly divided into pre-defined colors. 

4.2.6. Image correction modes 

The SR4000 has a number of image correction modes which can be applied upon image acquisition. 

The status of these modes, if they should be active or not, is applied by LibMesaSR using a bitwise 

or:ed combination of the assigned bit value for each mode. In rvs-libtof these modes are activated or 

deactivated using SetImgCorrectModes. The input to this function is a structure with Boolean 

members for each mode. The function initially retrieves an or:ed value of the modes currently in 

effect. Depending on the input structure, the function either removes or adds the modes bit value to 

the initially retrieved or:ed value. The new modified value is then set to the camera. The currently 

active modes may also be checked by GetImgCorrectModes. 

Of the possible image correction modes, it is recommended to at least use the 5x5 hardware 

adaptive neighborhood filter and fix pattern noise correction for each image. Conventional grey 
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image mode is in most cases also good to use. This converts the amplitude images to look more like 

images from a normal camera, by multiplying the values by their square root [34]. 

The SR4000 has a mode which when activated increases the precision of radial to Cartesian 

coordinates transformation at small distances (<1m). In rvs-libtof the state of this mode is altered by 

SetEnhancedXyz. 

4.2.7. Load/Save settings 

All the above settings can be stored on disk using SaveSettings, and loaded back to the camera using 

LoadSettings. The settings currently in use are stored as a text file in the specified location. 

The default camera settings are loaded from file at the creation of a camera object. If this file does 

not exist, a default settings structure stored in the memory is used instead. A default settings file 

may be created using either SaveSettings and specifying the default file name or using 

CreateDefaultSettingsFile which creates a settings file with pre-defined default values. 

4.2.8. Image acquisition 

Rvs-libtof supports two types of data acquisition, traditional images and sets of Cartesian 

coordinates. Image acquisition is done with GrabImage, where data is retrieved and stored in 

memory in the same way as in rvs-libcam-avt, using JR’s toolbox. SaveImage allows the image to be 

stored on disk as *.tif at the specified location. All three available image types are supported; radial-

distance, amplitude and confidence. It has also been made possible to generate an image from the Z-

coordinate data. 

The SR4000 also supports triggered image acquisition. Modifying the current trigger box with a 

connection to the SR4000 camera would allow these images to be synchronized with the AVT camera 

images. By default the camera will be started in software trigger mode, only capturing images upon 

the acquire command. It is also possible to run the camera in continuous or hardware triggered 

acquisition mode [34], although no part of this library makes use of these two types of triggering.   

4.2.9. Artificially added coloring 

In order to make differences in the images clearer, an option for generating a fake color image has 

been added. This converts each measurement data (in the range 0 to 65535) to a color range 

specified by the user. The RGB color range goes through dark blue, blue, green, yellow, red and dark 

red. The color range is created by setting all measurement data below a specified value to dark blue, 

all measurements above a specified value to dark red and all values in between will be evenly divided 

into the color span. The same principle applies to the mono-chromatic images although the color 

range goes through white, gray and black. The shorter the span, the larger the color increments are 

for each measurement increment. 

4.2.10. Cartesian coordinate images 

The SR4000 supports the conversion from radial-distance data to Cartesian coordinates, including a 

correction which compensates for the radial distortion of the optics [34]. GetXyzImage lets the user 

retrieve the Cartesian coordinates of each measurement point. The complete xyz data set will be 

used for DEM generation, at which point the compensation for radial distortion comes into effect. 

The xyz data is stored as a three channel image. 
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4.2.11. Data improvement 

Any acquired data may undergo processing by the cameras onboard hardware before being 

transferred to the computer.  The image processing methods to be used can easily be altered using 

rvs-libtof. For some further improvement of image quality, rvs-libtof can also integrate a specified 

number of images. The measurement results of each image are added to the last; when all data has 

been retrieved, each value is divided by the number of sums it consists of to create one mean value 

image. The number of images to integrate is adjustable.  

If automatic exposure mode is enabled, rvs-libtof will allow the 3D-TOF camera sufficient time to 

correct the integration time before each instance of data acquisition. As the integration time is only 

updated upon image acquisition, rvs-libtof will continuously acquire images until the integration time 

is found to be stable. During this process the images are not stored and on its completion the 

acquisition of the image to be stored may be done. There is a limit to the amount images that will be 

acquired to find a stable integration time. 

As LibMesaSR also supports the generation of a confidence map, each measurement from each 

image is compared to its corresponding confidence value. If the confidence value is below a specified 

threshold the measurement at that point is discarded during the integration process. This is 

implemented for all data acquisition. When acquiring xyz data, a measurement point which yields no 

data will be given xyz values of -1 (an impossible real measurement, as it would indicate a point 

behind the camera), which represents an undefined point. 

4.2.12. Distortion correction 

Inherit to all optical sensors is a certain distortion of measurements due to the lens. Rvs-libtof 

contains a low level function for removing the distortion of the images produced from the SR4000. 

The function uses pre-loaded distortion coefficients to un-distort images stored in memory. The un-

distortion is performed by an OpenCV
9
 implementation in the rvs-libtof library. This image correction 

is performed by default if not otherwise specified. To be noted is that this is not required for the 

coordinate data. 

4.2.13. Interface command console 

To be able to test the functionality of rvs-libtof, a console utility has been created. The console utility, 

rvs-tof, gives the user the possibility to test each functionality of rvs-libtof. As rvs-libtof only throws 

exceptions on error events this console utility must handle them, which it does in one try block with 

catch statements for any type of exception. 

To use the functions in rvs-tof, the user must initiate a camera object. This is done by specifying 

either the serial number or IP address for the camera in a camera-id option. If this is unknown the 

user can use the query option to retrieve the required information or simply use 0 for the first found 

USB camera to be used. 

As rvs-libtof works around camera objects, the console utility will initiate a single camera object on 

start up, using the specified ID, thus the user may only use one camera at a time. 

 
9
OpenCV (Open Source Computer Vision) is a library of programming functions for real-time computer vision. 
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4.3. Integration of 3D-TOF into the RVS software 

As stated in the beginning of this report, there was no previous implementation of a 3D-TOF camera 

in the RVS. As the benefits of using a 3D-TOF camera were to be explored, an implementation was 

made to give the RVS software the same tools as for the stereo camera pair, but instead using a 3D-

TOF camera. These tools consist of conventional image acquisition together with DEM generation.  

To meet the new requirements, the RVS software has been updated with functions for grabbing 

single 3D-TOF images, the Cartesian coordinates of a view and multiple sets of coordinates covering a 

specified view range. This is done in three separate functions, AcquireTofImage, 

AcquireTofCoordImage and AcquireTofCoordImages.  

These acquire functions are called within higher level command functions, belonging to the same 

class as those described in appendix C and may be called by for example the GNC. These command 

functions are described in the table 1 below. They translate user input to the parameters required by 

the lower level functions, apply new settings to the camera if specified and return a server reply 

indicating the result of the command. PROX is used if external executables need to be run. 

Module Command Function Action 

EGP-RVS-GRAB-TOF grab-tof DoCmdGrabTof Acquires a 3D-TOF 

image and stores it in 

the specified location. 

EGP-RVS-DEM-FULL-TOF dem-full-tof DoCmdDemFullTof Generates a new DEM 

from 3D-TOF data 

covering a specified 

view-range 

EGP-RVS-DEM-UPDATE-TOF dem-update-tof DoCmdDemUpdateTof Updates an existing 

DEM using newly 

acquired 3D-TOF data. 

An extended view-

range may be specified 
 

Table 1. Description of data acquisition modules added to the RVS software. 

 

4.3.1. Acquisition of 3D-TOF  images 

3D-TOF images are acquired with DoCmdGrabTof, which has the output image name as a required 

addition to the command. An example call would be as the following: grab-tof –output 

TestImage. The Images are acquired by calling AcquireTofImage, of which the overall processes 

consist of; create a proper file path using information from a configuration file, print some essential 

information to screen for the user and store an acquired image in the created file path using rvs-

libtof. The inputs required by AcquireTofImage are image type, number of images to use when 

creating each single image (for enhanced image quality) and the confidence threshold (minimum 

accepted accuracy of each pixel value). These input parameters are loaded in DoCmdGrabTof, from 

the specific configuration class for grabbing tof images. 
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4.3.2. Acquisition of 3D coordinates in a global coordinate frame 

Before describing the process of DEM generation in the RVS software it should be explained how 

Cartesian coordinates are acquired from the 3D-TOF camera. In the same function, coordinates are 

transformed to be expressed in a global coordinate frame. 

The 3D coordinates are acquired by a combination of AcquireTofCoordImage and 

AcquireTofCoordImages. The later function requires, among other things, the view range to gather 

data over. The PTU pan and tilt positions required to cover this range are calculated using 

GetPtuPositions (part of JR’s toolbox), which uses the horizontal and vertical FOV of the camera to 

calculate the positions. AcquireTofCoordImages then loops AcquireTofCoordImage over these 

positions to acquire all the necessary sets of coordinates. The coordinates from each PTU pointing 

are stored in separate files, each with a time-tagged name. In order to keep track of all the 

coordinate files for a view range, the name of each file and the corresponding pointing is stored in an 

image list. Similarly to AcquireTofImage, AcquireTofCoordImages also takes number of images to be 

integrated and confidence threshold as input. Other inputs are: function-name used in image list 

creation, region to acquire coordinates within, position of the PTU in a global coordinates frame, 

view overlap between each point of data acquisition and some miscellaneous parameters. 

The acquisition and transformation of 3D coordinates is done within AcquireTofCoordImage. 

GetXyzImage from rvs-libtof is used to acquire a 3 channel image containing the xyz coordinates 

expressed in the camera coordinate frame. The image is stored in JR’s custom image structure. 

The process of transforming the coordinates is described in sect. 3.3.2. The transformed coordinate 

data is stored within a 4 channel image, together with a corresponding intensity image. 

The transformations matrix produced within AcquireTofCoordImage can conveniently be converted 

to apply for global to camera coordinate frame transformations, which is needed for ortho-image 

generation. This conversion has therefore been implemented within AcquireTofCoordImage and is 

stored as a *.cal file with the same name as the acquired intensity image.     

4.3.3. DEM generation from 3D-TOF data 

The process of generating a DEM from 3D-TOF data was built into DemImport, one of JR’s 

executables for creating DEMs. Originally DemImport only handled text files but an addition was 

made for it to be compatible with the 4 channel images produced from AcquireTofCoordImage. The 

method for building a DEM from the 3D-TOF coordinate data is described in sect. 3.3.3. 

The DEM generation process is implemented within DoCmdDemFullTof and DoCmdDemUpdateTof. 

These functions are called by a dem-full-tof or dem-update-tof command to the server.  After 

the 3D coordinates of the scene have been acquired a custom made PROX script is activated which 

runs DemImport for each coordinate data file stored in the image list. If there is more than one 

element in the image list, each generated DEM from the list will be merged together using JR’s 

DemMosaik executable. The process of building a mosaic of DEMs is briefly described in sect. 3.1.4. 

The same PROX script is used for both DoCmdDemFullTof and DoCmdDemUpdateTof. In the later 

case, a complete DEM is first created based on the input view range; thereafter it is merged into the 

previously created DEM using the mosaic executable. 
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The script also initiates the generation of a hazard map, slope map and roughness map. This is done 

using JR’s Dem2Hazard executable once the final DEM has been generated. The process of creating 

these hazard maps is described in sect. 3.1.6. 

A flowchart of the DEM and ortho-image generation can be found in appendix D.  

4.3.4. Ortho-image generation 

The creation of an ortho-image is also built into DemImport. In this case the calibration matrix 

produced from AcquireTofCoordImage is used to project DEM points onto the image plane to find 

the corresponding pixel. Once the correct pixel, and thus intensity value, has been found it can be 

applied to the correct pixel in an ortho-image which has the same format as the DEM. This process is 

described in detail in sect. 3.3.4. Both the Cartesian coordinates and the intensity image have been 

corrected for lens distortion at this point. 

4.3.5. Misc 

As described in sect. 3.1.2, configuration classes are used to support each separate function of the 

RVS server. As new functions and parameters are introduced to the RVS software, new configuration 

classes also need to be added for DoCmdGrabTof and DoCmdDemFullTof (DoCmdDemUpdateTof 

function uses the same configuration class as the DoCmdDemFullTof version). 

4.3.6. Example results from 3D-TOF data 

This section gives an example of a DEM and its corresponding images resulting from processing 3D-

TOF data. The top-down views are the output from the RVS. A DEM with ortho-image has also been 

input to a VRML application in order to show a textured DEM from different angles. 

 

Figure 47. Grey scale image of DEM. Brighter values are higher elevation. 
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Figure 48. Ortho-image. Intensity images projected onto the DEM. 

 

Figure 49. Hazard map. White regions are hazardous, black are non-hazardous  

and grey are undefined. 
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Figure 50. Slope map. Brighter value indicates more slope. Image has been  

contrast enhanced. 

 

Figure 51. Step map. Brighter values indicate larger distance from  

local minimum. Image has been contrast enhanced. 
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Figure 52. Roughness map. Brighter values indicate larger local variance.  

Image has been contrast enhanced. 

 

Figure 53. VRML processed DEM with ortho-image overlaid, viewed from different angles. 

The environment within which all test results are produced is an indoor office environment. Office 

walls are white and the floor is of a wooden, semi-glossy, type. The cables connected to the RVS have 

been covered by a black cloth sheet. All examples include three rocks to create a more structured 

surface. Figures 47 to 52 also show a sand-box which includes a small scale structured terrain of 

varying grain size as well as some artificial steps and boxes. Figure 53 includes patterned paper 

sheets in order to better evaluate the success of the intensity image projection and DEM merging. 
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4.4. Navigation 

The purpose of creating a hazard map is in this case for it to be used in navigation. This segment is 

done in two parts. First a path planning application was created to plot a safe and optimal path based 

on a suitable image. Thereafter this application was implemented in the RVS software to navigate 

within hazard maps.   

4.4.1. Path planning client application 

The main inputs to the path planning client application are the maps to navigate within and the start 

and end point of the path. The navigation maps required are the global and local hazard avoidance 

maps. This refers to a global slope map and hazard map, for example produced from satellite images, 

and the local slope and hazard map produced from the rover. The start and end points of the rover’s 

path are required for the path finding algorithm. The user interface to this application is a command 

console window.  

This application has three major tasks. The first is to handle input images and process them into a 

single image suitable for path planning. Second is to plot the safest and most cost effective path to 

the target destination. Finally this path must be processed into waypoints suitable for the rover. 

The safest and most cost effective path is based on the result of an A-star search algorithm, 

described in detail in sect. 3.1.7. The A-star path is post processed using an algorithm to translate the 

path into a minimum number of straight lines, thus simplifying the required rover maneuvers, as 

described in sect. 3.3.1. 

A flowchart describing the process of producing a rover path in the path planning application is found 

in appendix E. 

4.4.2. Implementation of A-star in the path planning application 

The images, which the A-star paths will be based on, are a combination of hazard map and slope 

map. Thus the cost of traveling from one node to another will be affected by the slope of the terrain. 

Obstacles, such as rocks or pits, will be non-walkable areas and will therefore be avoided by the A-

star path. 

In the case of the PRoViScout project there will be global hazard maps at hand as well as a final 

destination with intermediate waypoints. The path planning application will require the pixel size of 

these images to be known in meters. Initially, the global hazard maps will be fused together to create 

a single global hazard map with both hazard and slope information.    

Next, the local hazard map must go through some pre-processing as the hazardous areas do not 

account for the rover size (the path is based on the movement of the rover center). OpenCV has 

been used to find and expand hazardous areas in the hazard map. The OpenCV functions used are 

cvFindContours, to find hazardous regions in a black and white image, and cvDrawContours to 

increase the size of these regions. 

The local hazard map and slope map will be superimposed over the global map. This requires the 

pixel size in meters to be known for both local and global images. The combined global and local map 

is the image that the A-star path is based on. Using this method the A-star algorithm can base its 
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path on both, local and global, hazard avoidance and slope-cost and will be more likely to generate 

an optimal path.  

The local maps will most likely have the most detail and accuracy and thus the rover should only 

move along the path within these local maps to be sure the path is safe. The local maps can be 

expanded and the A-star path recalculated as the rover moves forward and acquires new images and 

DEM’s. An important factor in this process is the field of view of the cameras. Depending on the 

angle and height of the cameras there will be an undefined area of a certain size closest to the rover, 

where no image data was gathered. If the rover moves too far along its path within the local map, for 

example to the very edge, this undefined area will not be overlapped by the already existing local 

map. Although this area will be defined by the global map, it is best to ensure that the rover can 

travel completely over a locally defined area, since this data is most accurate. 

To ensure the rover has a locally defined area to travel across, it will only use those path points that 

are within the local map and at a certain distance from the border of the local map. To find out when 

this distance has been reached along the path a distance-to-border map will be used. The distance to 

border map is generated from a black and white image, showing just the outer border of the local 

DEM region, using a JR toolbox function. By checking the pixel value in the distance to border image 

at each point of the A-star path, the point at which the rover should stop, and acquire new images, 

can quickly be found. 

4.4.3. Example results from the path planning application 

To test the functionality of the path planning application before implementation into the RVS 

software some artificial hazard avoidance maps were created to use as input. Figure 54 and 55 show 

the results of one such map. The figures show the A-star path in green and rover waypoints in blue. 

Hazards are black and the grey scale shows cost, which can be thought of as slope in this case (darker 

is steeper). Figure 55 shows the result including the expanded hazard regions to account for rover 

size. 

 

Figure 54. Artificial hazard avoidance map including resulting rover path. Darker indicates higher cost. 
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Figure 55. Artificial hazard avoidance map with expanded hazard regions. 

 

4.4.4. Path planning application in the RVS software 

In order to practically test the path planning application in a real environment using the vision 

system, a function for navigating from current position to a destination point has been implemented 

in the RVS software.  

Module Command Function Action 

EGP-RVS-NAVIGATE navigate DoCmdNavigate Navigate rover to the 

specified target 

coordinates 
 

Tabel 2. Description of navigation module added to RVS software. 

The function, DoCmdNavigate, takes current position and destination as input. The path to the 

required global maps is specified in the configuration file for this function. The user may also choose 

to start up a simple GUI, which would be a version of a global map (exactly which map to use here is 

also specified in the configuration file). The destination point may then be selected by clicking a point 

in the image.  

If no real global maps exist, it is possible to have the function create blank dummy maps to be used 

during navigation. In this case the destination is required as an input parameter to the command 

function. A blank global map can now be created encompassing both current position and 

destination. This includes a blank DEM, hazard map and slope map of the appropriate size and with a 

pre-defined pixel size. These are then used as input to the path planning application. The global path 

in this case may be far from optimal as only the local terrain will be known. 

Once the global maps are ready, the function will create an initial DEM covering a 360 degree view, 

with associated hazard maps. These, together with the global map data and other required inputs, 

are used with the path planning application to create the first set of waypoints for the rover. As the 

path planning application is in the format of an executable, it is run using a PROX script. 
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After the first waypoints are acquired the rover must manually be moved to these positions as there 

is yet no interface to the rover within the RVS. At this point the navigation function will have entered 

a loop, continuously updating the local DEM and acquiring further waypoints to reach the final 

destination. To allow time for the manual translocation, the function will wait for the user to press 

enter before each new data acquisition. The loop continues until the current position of the rover is 

found to be within a small region of the destination point. 

Self localization has not been implemented within this navigation function due to time constraints, 

nor has it been a requirement during this work. This means that navigation based on multiple 

locations of data acquisition can at best be roughly tested (by manually specifying current position 

and orientation). Due to the inability to acquire exact orientation of the rover after moving in a global 

coordinate frame, all test results in this work are based on data acquisition from a single rover 

location. 

Currently no method for combining stereo image DEM data with 3D-TOF DEM data has been 

implemented. For this reason the navigation funtion will either run using the stereo cameras or the 

3D-TOF camera, depending on the method specified in the navigation command. 

A flowchart describing the navigation process in the RVS software is found in appendix F. 

4.4.5. Example results from navigation demonstration 

Figure 56 shows the result of running the navigation function using the 3D-TOF camera. The start 

point is at the current rover position and the end point is set to be within the view of a 360 degree 

DEM. The top image shows the hazard avoidance map (combined hazard and slope information, with 

the original hazard regions expanded) together with the path. The lower image shows an ortho 

image with the rover path.  An additional feature was added to the DEM generation functionality in 

the below images compared to those in sect. 4.3.6. The rover and its extensions are removed from 

the completed DEM so they do not affect the end result. 

 

Figure 56. Resulting hazard map with path, produced by the navigation function. 
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Figure 57. Resulting ortho-image with path, produced by the navigation function. 

These examples show that the navigation demonstrator can plan a safe and efficient path in an 

indoor office environment with drawers, desks and shelves. The terrain has been made more varied 

using three rocks. The blue dots show a path suitable to the rover, making maneuvering simple and 

avoiding hazards. 

4.5. Summary 

Section 4 describes the end products of this work, together with some example results. 

The section begins with describing the interface libraries for the stereo cameras and 3D-TOF camera. 

The two libraries contain similar functionality, with some differences depending on the 

characteristics of the sensor. Both libraries contain essential functions for hardware control; Re-

initialization, reset and status-request functions. Both Libraries allow for acquisition of single 

intensity images. The stereo camera interface library also makes possible the simultaneous 

acquisition of images from left and right camera. The 3D-TOF camera interface library supports 

acquisition of radial distance and confidence images and can retrieve the 3D coordinates of the 

entire viewed scene. Both libraries contain functions for altering any relevant settings of the sensors. 

After the components of the respective libraries have been explained, a description is given of what 

changes need to be made in the RVS software to make use of that interface. As the initial RVS 

software was developed with regard to the stereo cameras, using a LabView interface for 

communications with the hardware, the new stereo camera interface was made to mimic the 

previous interface. This removed the need for any updates to the RVS software in this regard. 

The first modifications to the RVS software enable image and 3D coordinate acquisition using the 3D-

TOF camera. This functionality is structured into lower level functions, performing the actual tasks, 

which are run by higher level functions contained in the server class. It is the high level functions 

which are run on commands from a client (such as the GNC). The high level functions, with regard to 
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the 3D-TOF camera, allow for acquiring intensity images or DEMs from a user-defined view range. 

DEM generation is performed by starting a workflow script in the high level function, requiring the 

transformed coordinate data to be available before hand. The script runs executables to process the 

data. The high level function for producing DEMs will also produce the accompanying ortho-image 

and hazard maps. 

Some results are shown of the new RVS software’s capabilities, in the form of a DEM, ortho-image, 

slope map, step map, roughness map and hazard map. An example of a VRML processed DEM is also 

given. A VRML viewer is used to show the DEM as a 3D model at different angles. The ortho-image is 

here used as a texture for the 3D model. 

Section 4 then goes on to describe the path planning application and its implementation in a high 

level navigation function. 

The path planning application makes used of the A-star path finding algorithm to find suitable 

waypoints, in global coordinates, for the rover to travel between in order to quickly and safely reach 

its goal. The application is designed to take global and local maps as input, among other things. The 

global map shall encompass the entire terrain to be traversed. The local map is that which is 

produced from the rover itself, and will only encompass the sensors maximum viewing distance. The 

required maps are both slope- and hazard map. The application merges all input images into a single 

image to be processed with the A-star algorithm. An approximation of the path to a minimum 

number of straight lines is used to find suitable waypoints for the rover. 

The path planning application is tested using artificially created maps, before integration into the RVS 

software. An example of these tests is given. The examples show that the produced paths avoid 

costly routes and steer clear of obstacles.   

A Navigation function, which makes use of the components produced in this work, constitutes the 

vision-based rover navigation demonstrator. It makes use of the DEM generation function to produce 

the required maps for the path planning application, which then produces the path the rover should 

take. The function takes current position and destination as input. These input positions should be 

expressed in the desired coordinate system. It requires the global navigation maps to be present at a 

default folder location. The navigation function implements a simple GUI, showing the global map 

and allowing the user to click the destination point. Although no self-orientation is implemented in 

this function, a loop is used to acquire new DEMs once the end of a local path is reached. It is left to 

the user to manually specify the rover’s new position at the start of each loop. This segment could 

later be replaced by self-orientation. The loop ends once the current position of the rover is found to 

be within a small region of the destination point. The output from the navigation function is an 

ortho-image covering the rover’s complete path, with the complete A-star path overlaid in green 

dots and the waypoints as blue dots. 

Section 4 ends with an example of the output from the navigation function showing the combined 

slope- and hazard map and the ortho-image, both with the rover path and waypoints overlaid. These 

final example results show the navigation system is practically capable of avoiding hazards in the 

vicinity of the rover. 
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5. Analysis 

 
The following section will base an analysis on the results of this work. An explanation is given of the 

benefits and flaws of the components in section 4. The quality of the output data is also analyzed.  

5.1. Interface libraries 

The interface libraries produced in this work were a necessary step in achieving the final goal of a 

navigation demonstrator. The functionality of the libraries directly affected the ease with which 

further work could be done with the respective sensor types. 

The resulting libraries, rvs-libcam-avt and rvs-libtof, were built to encompass every relevant 

functionality contained in the corresponding interface from the producers. As the functionality 

required by the RVS was well known beforehand, each interface library could be tailored to suit the 

needs of the RVS in an effective way. The code was written following the principles defined in sect. 

3.2.4. 

During the later part of the work, the libraries were found to work quite well in performing as sensor 

interfaces for the RVS. A sufficient degree of robustness and feedback made debugging of code a 

quick process when errors were detected during testing. After thorough reviewing by a handler it can 

also be stated that the libraries achieved a good degree of intuitiveness, although dependant only on 

the subjective views of 2 people. The handler also made sure the code followed the proper coding 

standard defined by JR. 

5.2. DEM creation from 3D-TOF data 

5.2.1. Acquisition of global coordinates 

The acquisition of global coordinates derived from 3D-TOF data is a fairly straight forward process. 

The acquired data is expressed in a camera coordinate frame and then transformed using standard 

linear algebra. A difficult case arises after transforming coordinates when previously “visible” 

coordinates should, after transformation, be occluded. This effect is described in sect. 3.3.3. In fig. 58 

below, the result of this effect is shown in a practical case. Figure 58 is an enlarged part of fig. 47. The 

two rocks here have a small bulge which extends a short distance above the floor, allowing the 

sensor to see regions of the floor under the rocks. In the DEM, both the floor and rock bulge are 

visible in this area where the floor should be completely occluded. As the hazardous boundary of the 

object is maintained it does not noticeably affect hazard avoidance. 

 

Figure 58. Effect of multiple height levels in a top-down view 
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The effect shown in fig. 58 may also have been increased by an inherit flaw to the SR4000 camera 

(and perhaps other 3D-TOF cameras). During tests with the SR4000 camera using simple geometries, 

boxes in this case, it was noticed that the horizontal surfaces close to edges became extended. Figure 

59 shows a theoretical visualization of the assumed effect.  

 

Figure 59. Measurement flaw as experienced during testing. 

The effect was found to be dependant of the angle between the cameras optical axis and the vertical 

surface to be measured. The affect disappeared at large angles and was negligible at very small 

angles. It was theorized that the error was due to the fact that for each image the reflected light is 

sampled four times. It may be that the return signal during the four samples is varyingly affected by 

both the horizontal and vertical surface, if the region between them is sufficiently small. The 

measured phase-shift when looking at the vertical surface would then decrease and thus decrease 

the radial measurement. This would lead to the horizontal surface being somewhat extended. The 

described effect would mainly affect the path planning performance as the non-walkable areas of the 

navigation map are increased, thus occluding a possibly better path. During testing, this effect had a 

negligible effect on the navigational performance.  

5.2.2. Direct reconstruction 

As the output from a 3D-TOF camera is already in the format of Cartesian coordinates the step to 

creating a DEM is not very far. In this work a simple method of DEM generation is implemented by 

directly projecting the resulting 3D-coordinates to a DEM grid. Although this method benefits from 

being simple to implement, it lacks in qualitative output.  

As each data point in the point cloud produced from the 3D-TOF camera is projected onto the DEM 

using a nearest neighbor method a number of the DEM grid points will likely remain undefined, even 

though it could be reasonable for these grid point values to be derived from the point cloud. This can 

be compared to the locus reconstruction method which evaluates every DEM grid point and derives a 

value based on the stereo pair data. It should be noted that the locus reconstruction method is not 

compatible with a 3D-TOF camera as it works in the image space of two overlapping images. 

The fact that some real world coordinates may be approximated to the same grid point means that 

some data is lost, reducing the accuracy of the DEM.  

Overall the direct reconstruction process is still accurate enough in the context of hazard avoidance 

and path planning to not hamper the operations of the rover. However, it may not be acceptable for 

other purposes, for example in connection with global positioning, during which a local DEM is 

compared to a global DEM to derive a position. 
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5.2.3. Erroneous results 

Some of the downsides to using a 3D-TOF camera described in sect. 2.2.1 can be seen in the results 

of this work. 

Figure 47, displaying a DEM of an indoor environment with a level floor clearly shows variations in 

the floor plane. Most of the deviation can be seen as increasing radially out from the camera. 

Generally, the deviation can be seen as a decrease in the height of the floor, or as an increase in the 

distance measured by the camera. As the effect is increasing outward towards the office walls it is 

most likely the result of inter-reflection against these walls. 

Figure 48 also shows some problems with respect to the integration time of the camera. The varying 

integration time results in slightly different brightness levels for each view of the environment. This is 

an acceptable flaw as the automatic integration time is necessary to avoid saturation in close or 

highly reflective objects.  

The slope map in fig. 50 gives a good picture of the level of noise, and what seems to be amplitude 

related errors, within the data used for DEM generation. The floor which should theoretically have no 

slope in the global coordinate frame shows numerous small bumps, most likely due to the varying 

textures in the environment.  

Although it is not present in the resulting images, many test results had the problem of artifacts. By 

artifacts it is meant groups of deviating coordinates. These errors were not easy to reproduce as it 

was sensitive to both the scene and the angle to the scene. As the areas or objects producing the 

artifacts were of a complex type it was theorized that the artifacts were caused by extreme inter-

reflection in the complex areas. The measured radial distances in these areas were in all cases just 

below saturation. A quick fix was implemented which set a threshold for the maximum valid radial 

measurement. Although this adequately removed the artifacts the problem needs to be addressed 

more thoroughly. A solution would be an outlier or blob filter to remove these groups of deviating 

coordinates.   

5.3. Hazard avoidance map from RSS 

The method of producing a hazard map from a roughness, step and slope map works well in this 

case. The regions which should not be traversed correspond well with the real environment. An 

additional benefit when using this method together with an A-star search algorithm is that the 

byproducts, the RSS maps, can be used for cost evaluation of the path. 

A useful trait of using the RSS method is that the thresholds used for each RSS image can be adjusted 

to not be significantly affected by noise in the height values of the DEM. The resulting hazard 

avoidance maps in this work have been tweaked in such a way. The down side to using this method is 

that using more lenient thresholds increases the possibility of failing to properly define the 

hazardous areas.   

5.4. Path planning application 

The path planning application is meant to utilize the A-star search algorithm together with input 

global and local, hazard and cost, maps to produce a good path for the rover to travel. The path 

planning application is also to limit this path so that the rover can travel purely within a local dem, 

only using the global maps to improve the overall path.  
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The first task of this application is shown to work well from the results above. In figs. 54 and 55 a cost 

effective path is slightly more favored (length is weighted with 0.4 as described in sect. 3.1.7). The 

path shown in these figures can be seen to follow the brightest path, i.e. the least costly path. The 

path also avoids hazard regions completely. The blue rover waypoints also seem to be reasonable 

approximations to the path without danger of hitting an obstacle. 

Since this work does not aim to produce the best possible navigation application there are likely 

improvements to be made to the path planning implemented here within. Two important 

parameters which have not been taken into account are the initial and final 2D pointing of the rover 

between two waypoints. Instead this is simplified into moving along straight lines and having the 

initial and final pointing along these lines. 

5.5. Results from the navigation function 

The results in figs. 56 and 57 show the combined performance of DEM generation, hazard map 

creation and path planning. The resulting hazard avoidance maps and ortho-images are suitable for 

their purpose yet suffer from the same flaws as described in sect. 5.2.3, specifically a slight slope to 

the floor (inter-reflection), some noise indicated in the floor plane and an ortho-image with varying 

brightness levels. The flaws have a negligible effect on the end performance. 

The path in figs. 56 and 57 shows the same result as described in the previous section. In this case 

the weight used was 0.7 meaning that the distance traveled is of more importance. The slope map 

contains only small variations making it harder to distinguish in what way the slope-cost affects the 

path. The grid size, i.e. resolution of the path is significantly less in figs. 56 and 57 compared to figs. 

54 and 55. This was done to reduce the computation time. Such a high path resolution as in figs. 54 

and 55 is unnecessary in a practical situation and was done to better evaluate the performance of 

the A-star algorithm. 

5.6. Summary 

Section 5 gives an analysis on the results of this work, pointing out flaws and benefits of the 

developed components and the reasoning behind this. 

First off the interface libraries are analyzed. These libraries are of importance as they effect the 

further development of the navigation demonstrator. It is stated that the libraries fulfill their purpose 

in a good way as they did not hamper further development.  

Next a flaw in the DEM generation process is pointed out. An example is shown of a DEM where 

underlying areas that should be occluded, are still visible through a top layer. It is theorized that the 

problem is enhanced by an inherit flaw to the SR4000. No solution is suggested.  

Some of the error sources described in sect. 2 are seen to be in the results of this work as well. The 

erroneous data is described, as well as the error source it may be due to. Effects of inter-reflection, 

varying integration time, amplitude related errors and artifacts are mentioned. 

The resulting hazard maps in this work show that obstacles may be accurately detected. The method 

of basing the hazard map on a slope map, step map and roughness map was proven to be practical as 

these maps may also be used to derive the cost of a path. It is noted that the threshold can be used 

to tweak the accuracy of the hazard map. 



69 

 

The results from the path planning application show that it works well for its purpose. Obstacles are 

avoided and a short and efficient path is derived. It is stated however, that a more complex algorithm 

than A-star could be implemented. A parameter not accounted for by this algorithm is the pointing of 

the rover at start and end points.          

Finally the maps and path produced from the navigation function are analyzed. They show the same 

characteristics described earlier in the section. The path points are here sparser than in the 

previously shown example. This is due to the fact that the grid size for the path finding algorithm 

need not be so large in a practical case. 
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6. Discussion 

 

Based on the results and their analysis, the angle of this discussion will be on how well the above 

system is suited for use as a rover vision system in terms of perception, hazard avoidance and 

navigation. 

6.1. Perception 

The methods for deriving DEMs of the viewed scene are in this work based on static data. The vision-

system acquires the data from one point in time and the software produces a DEM from this data. 

Although it is possible to combine two DEMs taken at different times, there is no support for 

continuously updating one DEM. This unfortunately means the system developed in this work does 

not make use of the 3D-TOF camera’s full potential.   

A solution for real-time modeling of the scene, implemented in other projects, is to have a 

continuously updated point cloud, by using for example a 3D occupancy grid. With this method a 3D 

grid can be continuously updated with real-time data from a 3D-TOF camera. Information on 

whether a grid section is occupied or not and if this section is safe or hazardous as well as what cost 

it has, may then be used for path determination. An example of an implementation of occupancy grid 

based navigation can be found in [51]. 

In this case the hardware setup of the RVS contains both a stereo vision sensor and a 3D-TOF camera. 

It would have benefited the performance of the system if the data from these two sensors could be 

combined. 3D reconstruction from stereo images works best at larger distances and with a patterned 

scene, where as the 3D-TOF camera generates most accurate measurements at close distances and 

does not require any patterns in the viewed scene at all. These characteristics make the two sensors 

complementary to each other.   

Another beneficial counterpart in the characteristics between the two sensors is that the stereo 

vision system does not suffer from the same types of problems as the 3D-TOF camera. For example 

inter-reflection and amplitude related errors are not present in a 3D reconstruction based on stereo 

images. It may be possible remove bad data based on what is known of the sensors in this system. 

6.2. Hazard avoidance 

The results show quite adequately that hazards can be detected. The performance could be 

improved using stricter thresholds when deriving the hazard regions from the RSS maps, assuming 

the noise and other errors in the measurements could be reduced. As the path planning application 

adds a specified margin around any hazardous region, the user can assure the rovers safety by 

specifying an adequate margin. 

In this work the navigation function is based on creating maps of 360 degree view which is time 

consuming both from a mechanical (moving the PTU) and computational standpoint (acquiring, 

processing and combining data from many different views). The reason for this is to give the path 

planning application the best possible conditions for deducing a good rover path. However, using this 

method the system would need to rely on a subsystem, for real-time hazard avoidance to be possible 

between locations of data acquisition.  
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A solution for implementing real-time hazard avoidance without additional sensors, and minimal 

software changes, would be to use the 3D-TOF camera with a suitable forward pointing orientation. 

Between locations of 360 degree image acquisition, the PTU would be pointed facing forward with a 

certain tilt. The current software for generating hazard maps from 3D-TOF data could be used, with 

the modification of a drastically reduced DEM resolution to decrease computation time. An 

application for determining if the rover should stop and redo the navigation process would need to 

be developed. This application would base its decision on the input hazard map, the rover’s position 

relative to the camera, the rover’s size within the map, and the current movement direction. As this 

has not been tested, it is unknown how much the DEM resolution would need to be decreased to 

achieve a hazard detection time in the range of a few seconds.        

6.3. Navigation 

As stated earlier, the vision system produced in this work is not suitable for real-time use. The path 

planning algorithm, A-star, has the same limitation as it is not capable of dynamically updating the 

path. The system works well for path planning in a static environment, but would not handle any 

changes well. For a Mars like environment this would most likely not be a serious problem, as 

changes in the immediate terrain would be rare.  

One can discuss if a real-time navigation system is necessary at all in a static environment. The only 

other benefit likely to be gained is increased traverse speed. Yet this is only the case if the rover’s 

maximum speed takes it beyond the boundary of the currently known area before the sensors can 

update the terrain and a new path can be found.  

With the hardware setup in this work it would likely not be possible to find an optimal path in real-

time. To be able find an optimal path, a sufficient area around the rover must be known. With only a 

small window it is likely the rover will drive into dead ends or take inefficient routes around an 

obstacle. The FOV of the sensors alone is not large enough. In this work it has been increased to an 

almost omni-directional system via the PTU, but these pan and tilts require some time to be 

performed. A solution would be to use a sensors with a larger the FOV, or multiple sensors with a 

large combined FOV.  

The path finding application implemented in this system has the advantage of being adjustable to the 

user in many ways. Various types of input maps allows for the path finding to take into account 

different aspects of the environment and not just where the rover may or may not tread. The grid 

size allows the user to manipulate accuracy and computation time to some extent and having an 

adjustable margin to hazards allows the user to tweak for an efficient and safe path. 

As stated in sect. 5.4 the path planning application does not take into account the heading of the 

rover. This requires the rover to perform a rotational movement at each waypoint in order for it to 

align itself with the line to be traveled. This puts some demands on the rover as to its maneuvering 

capabilities, e.g. for a 4-wheel rover the 4 outer wheels should preferably be able to angle 

themselves so that the rotational plane of the wheel is parallel to the rotational movement of the 

rover.  

On the Mars Exploration Rovers a path finding algorithm called GESTALT is implemented which takes 

the heading of the rover into account by basing the path on a number of drive-arcs. The version of 

GESTALT used on the Mars Exploration Rovers was flawed in that it only took into account a local 
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area when deciding on an arc. A short, pre-defined distance was then traveled along the arc before 

acquiring new data and choosing a new arc. This way it became possible for the rover to get stuck as 

it could approach a hazard which it determines there is no way around. The paper in [53] gives a 

method for enhancing GESTALT with data from global path planning. The goodness value of the 

drive-arcs is now affected by the global path which has taken into account all known obstacles. The 

path planning algorithm is here a modified version of the D-star [52] search algorithm. It allows the 

path to be continuously updated when new data on the terrain is acquired. 

Using an occupancy grid for 3D reconstruction from 3D-TOF data, together a navigation system as 

described above would be a way to remove the flaws and limits of the software components of 

navigation system developed in this work.       

6.4. Summary 

Section 6 contains a discussion on how well this vision-based rover navigation demonstrator 

performs with regard to perception, hazard avoidance and navigation. 

On the subject of perception, two downsides are noted to the current system. The first is that it is 

not suited for real-time generation of 3D maps. An alternative method, using an occupancy grid, is 

mentioned. The second downside is that although the two sensors in this system are 

complementary, there is no implementation of combining data between the two sensors. 

The hazard map creation in this work fulfills its purpose well, allowing for adequate hazard avoidance 

in the context of this work. A problem related to hazard avoidance is the infrequent updates to the 

hazard map during the rover’s traverse. A solution requiring a minimum amount of change to the 

current system is outlined. 

Finally the navigation aspects are discussed. It is further explained how the navigation system is not 

suitable for real-time use. A benefit to the system employed in this work is that it is adjustable by the 

user in many ways. Another limit to the path finding algorithm is that it does not take into account 

the heading of the rover. An example is given of a project which implements dynamic path finding 

and also accounts for rover heading. It is stated that using occupancy-grid based environment 

modeling together with the dynamic path finding algorithm, D-star, would be a more efficient system 

than the one implemented here.       
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7. Conclusion 

 

The conclusion to this work should answer two questions. How well does this demonstrator test the 

capabilities of its hardware components? And do the components of the navigation system prove 

themselves useful for autonomous mobile robot exploration in an unknown terrain? 

7.1. The demonstrator 

The navigation system in this work should give a good idea of how well its sensors fit their purpose. 

As a complete process chain is performed, from data acquisition to producing a viable rover path, 

many of the sensor’s aspects are practically tested. The ability of the sensor interface to provide the 

necessary tools, how the output format supports further processing, the output accuracy with regard 

to hazard avoidance and the sensor’s usefulness for local or global path planning, these are all 

elements tested by this demonstrator. 

The analysis and discussion based on the above elements, show that the demonstrator performs well 

in most regards. However, significant limits hinder the demonstrator to optimally test the 3D-TOF 

camera. 

The software components developed during this work may be used for further development of a 

rover vision system within PRoViScout. Components may be gradually improved or replaced and 

tested in the context of the demonstrator before moving on. This function of the vision-based rover 

navigation demonstrator makes it a valuable tool within the project.      

7.2. Autonomous mobile robot exploration 

Although the system has successfully demonstrated its ability to safely and efficiently navigate to a 

desired location, it is not an end-solution for real environment mobile robot navigation. Important 

improvements need to be made before this system can achieve sufficient robustness and efficiency 

for real planetary exploration. The improvements include making better use of the real-time 

capabilities of the 3D-TOF camera, combining sensor data and making a more efficient navigation 

application which accounts for rover heading.  

The novel 3D-TOF camera, on trial in this demonstrator, does show benefits in ease of use. Yet it 

does not offer such complete capabilities in the field of robot vision to make other sensors 

redundant. Both stereo vision and LRS have complementary qualities depending on the environment 

to be perceived. 

The complementary qualities make it likely that future rover missions will choose to include some 

type of direct 3D sensor with the more standard stereo vision or LRS. As the direct 3D sensors are still 

fairly new, they currently lack sufficient experience to prove that they can be successfully used 

during otherworldly exploration. It is up to projects such as PRoViScout to test new technologies and 

push the boundaries of what planetary rovers are capable of. 

 

 

 



76 

 

 

 

 

 

 

 

 

 

 

 

Intentionally left blank



77 

 

8. References 

 

[1]. Joanneum Research, 2010. PRoViScout, Planetary Robotics Vision Scout. [online] Available at: 

<http://www.proviscout.eu/index.php/home> [Accessed 4 January 2011]. 

[2]. Joanneum Research, 2010. Joanneum Research: A tradition of Innovation. [online] Available at: 

<http://www.joanneum.at/en/jr/company.html> [Accessed 4 January 2011]. 

[3]. PRoViScout (Planetary Robotics Vision Scout), 2009. PRoViScout: Planetary Robotic Vision 

Scout, Part B, Scientific and Technical Description. In: Seventh Framework Programme. 

[4]. Gokturk S., Yalcin H. and Bamji C., 2004. A Time-Of-Flight Depth Sensor – System Description, 

Issues and Solutions. In: Canesta Inc., Conference on Computer Vision and Pattern Recognition 

Workshop, 2004. Washighton, DC, July 2 2004.  

[5]. Oggier T., 2009. Image Sensor Technologies for 3D Time-of-flight Range Imaging. [online] 

Bergen: ImageSensors, Inc.  Available at: 

<http://www.imagesensors.org/Past%20Workshops/2009%20Workshop/2009%20Papers/058

_paper_Oggier_invited.pdf> [Accessed 4 January 2011]. 

[6]. MESA Imaging, 2010. SR4000 Data Sheet. [online] Zurich, Switzerland: MESA Imaging. Available 

at: <http://www.mesa-imaging.ch/prodview4k.php> [Accessed 3 January 2011]. 

[7]. MRPT (Mobile Robot Programming Toolkit), 2010. Example: SwissRanger SR4000 3D camera 

demo application. [online](Updated 29 May 2010) Available at: 

<http://www.mrpt.org/Example:SwissRanger_SR4000_3D_camera> [Accessed 3 January 

2011]. 

[8]. Ballard D. and Brown C., 1982. Computer Vision. Englewood Cliffs, New Jersey: Prentice Hall, 

Inc. 

[9]. Hillman P., 2005. White Paper: Camera Calibration and Stereo Vision. [online] Lochrin Terrace, 

Edinburgh: Square Eyes Software. Available at: 

<http://www.peterhillman.org.uk/downloads/whitepapers/calibration.pdf> [Accessed 3 

January 2011]. 

[10]. Axis Communications. Progressive scan vs. interlaced video. [online] Available at: 

<http://www.axis.com/products/video/camera/progressive_scan.htm> [Accessed 3 January 

2011]. 

[11]. AVT (Allied Vision Technologies), 2010. AVT PIKE Technical Manual. [online] Stadtroda, 

Germany: Allied Vision Technologies. Available at: 

<http://www.alliedvisiontec.com/fileadmin/content/PDF/Products/Technical_Manual/Pike/Pik

e_TechMan_V5.0.1_en.pdf> [Accessed 3 January 2011]. 

[12]. JPL (Jet Propulsion Laboratory). NASA Facts: Mars Pathfinder. [online] Pasadena California: Jet 

Propulsion Laboratory. Available at: <http://www.jpl.nasa.gov/news/fact_sheets/mpf.pdf> 

[Accessed 3 January 2011]. 



78 

 

[13]. Matijevic J., 1998. Autonomous Navigation and the Sojourner Microrover. Science, vol. 280, no. 

5362, pp. 454-455. 

[14]. Shirley D. and Matijevic J., 1997. MARS ROVERS: PAST, PRESENT AND FUTURE, In: Princeton 

Space Studies Institute, Princeton Space Studies Institute’s 20
th

 Anniversary Conference. 

Princeton, New Jersey, 10 May 1997. 

[15]. JPL (Jet Propulsion Laboratory, 1999. Mars Pathfinder, Stereo Pairs Archive. [online] Available 

at: <http://marsprogram.jpl.nasa.gov/MPF/mpf/stereo-arc.html> [Accessed 4 January 2011]. 

[16]. Jet Propulsion Laboratory. PHOTOJOURNAL. [online] Available at: 

<http://photojournal.jpl.nasa.gov/targetFamily/Mars?subselect=Spacecraft:Mars+Pathfinder+

Rover:> [Accessed 10 January 2011]. 

[17]. Public Information Office, Jet Propulsion Laboratory, 1997. SOJOURNER'S 'SMARTS' REFLECT 

LATEST IN AUTOMATION. [online] Pasadena, California: Jet Propulsion Laboratory. Available at: 

<http://www.jpl.nasa.gov/news/releases/97/pfsmarts.html> [Accessed 4 January 2011]. 

[18]. JPL (Jet Propulsion Laboratory). NASA Facts: Mars Exploration Rover. [online] Pasadena, 

California: Jet Propulsion Laboratory. Available at:  

<http://www.jpl.nasa.gov/news/fact_sheets/mars03rovers.pdf> [Accessed 4 January 2011]. 

[19]. JPL (Jet Propulsion Laboratory), 2004. Mars Exploration Rover Landings. [online] Pasadena, 

California: Jet Propulsion Laboratory. Available at: 

<http://marsrovers.jpl.nasa.gov/newsroom/presskits.html>  [Accessed 6 January 2011]   

[20]. JPL (Jet Propulsion Laboratory), 2010. Mars Exploration Rover Mission, Spacecraft: Surface 

Operations: Rover. [online] Available at: 

<http://marsrover.nasa.gov/mission/spacecraft_rover_eyes.html> [Accessed 9 January 2011].   

[21]. Eisenman A., Liebe C., Maimone M., Schwochert M. and Willson R. Mars exploration rover 

engineering cameras. [online] Pasadena, California: Jet Propulsion Laboratory. Available at: 

<http://www-robotics.jpl.nasa.gov/publications/Reg_Willson/MER_Cameras.pdf> [Accessed 4 

January 2011]. 

[22]. Maimone M., Johnson A., Cheng Y., Willson R., and Matthies L. Autonomous Navigation Results 

from the Mars Exploration Rover (MER) Mission. [online] Pasadena, California: Jet Propulsion 

Laboratory Available at: <http://www-

robotics.jpl.nasa.gov/publications/Reg_Willson/MER_ISER2004.pdf> [Accessed 5 January 

2011]. 

[23]. Di K. and Li R., 2004. CAHVOR camera model and its photogrammetric conversion for planetary 

applications. Journal of Geophysical Research, vol. 109, no. E04004, doi: 

10.1029/2003JE002199. 

[24]. Goldberg S., Maimone M. and Matthies L., 2002. Stereo Vision and Rover Navigation Software 

for Planetary Exploration, In: Jet Propulsion Laboratory, IEEE Aerospace Conference 

Proceedings. Big Sky, Montana, USA, March 2002.  



79 

 

[25]. Jet Propulsion Laboratory, 2010. Robotics, APPLICATION-VIDEO GALLERY. [online] Available at:  

<http://www-robotics.jpl.nasa.gov/applications/applicationVideo.cfm?App=1&Video=70> 

[Accessed 4 January 2011]. 

[26]. JPL (Jet Propulsion Laboratory), 2010. Mars Exploration Rover Mission, Press Release Images: 

Opportunity. [online] Available at: 

<http://marsrover.nasa.gov/gallery/press/opportunity/20080102a.html> [Accessed 10 January 

2011]. 

[27]. Cornell University, 2005. ATHENA Mars Exploration Rovers, TRAVERSE MAPS. [online] Available 

at: <http://athena.cornell.edu/the_mission/maps.html> [Accessed 5 January 2011]. 

[28]. Weingarten J., Gruener G. and Siegwart R., 2004. A State-of-the-Art 3D Sensor for Robot 

Navigation. In: IEEE/RSJ International Conference on Intelligent Robots and Systems. Sendai, 

Japan, September 28 2004. 

[29]. Kolb A., Barth E., Koch R. and Larsen R., 2009. Time-of-Flight Sensors in Computer Graphics. 

[online] Lübeck, Germany: Pauly M. and Greiner G., EUROGRAPHICS 2009. Available at: 

<http://www.inb.uni-luebeck.de/publikationen/pdfs/KoBaKoLa09.pdf> [Accessed 5 January 

2011]. 

[30]. Büttgen B., Oggier T., Lehmann M., Kaufmann R. and Lustenberger F. CCD/CMOS Lock-In Pixel 

for Range Imaging: Challenges, Limitations and State-of-the-Art. [online] Zurich, Switzerland: 

Swiss Center for Electronics and Microtechnology. Available at: <http://www.mesa-

imaging.ch/publications.php> [Accessed 5 January 2011]. 

[31]. May S., Droeschel D., Holz D., Fuchs S., Malis E., Nüchter A. and Hertzberg J., 2009. Three-

Dimensional Mapping with Time-of-Flight Cameras. Journal of Field Robotics, vol. 26, issue 11–

12, pp. 934-965. 

[32]. Guðmundsson S., Aanæs H. and Larsen R., 2008. Fusion of Stereo Vision and Time-of-Flight 

Imaging for Improved 3D Estimation. International Journal of Intelligent Systems Technologies 

and Applications, vol. 5, Issue 3/4, pp. 425-433. 

[33]. Einramhof P., Olufs S., and Vincze M., 2007. Experimental evaluation of state of the art 3d-

sensors for mobile robot navigation. In: 31st Annual Workshop of the Austrian Association for 

Pattern Recognition. Schloss Krumbach, Austria, May 3 2007. 

[34]. MESA Imaging, 2010. SR4000 User Manual. [online] Zurich, Switzerland: MESA Imaging.  

Available at: <http://www.mesa-imaging.ch/prodview4k.php> [Accessed 3 January 2011]. 

[35]. Hussmann S., Schauer D. and MacDonald B., 2009. Integration of a 3D-TOF camera into an 

autonomous, mobile robot system. In: International Instrumentation and Measurement 

Technology Conference. Singapore, Republic of Singapore, May 5 2009. 

[36]. Zhu J., Wang L., Yang R., Davis J. and Pan Z., 2010. Reliability Fusion of Time-of-Flight Depth 

and Stereo for High Quality Depth Maps. IEEE Transactions on Pattern Analysis and Machine 

Intelligence, ISSN 1939-3539. 

 



80 

 

[37]. Yuan F., Swadzba A., Philippsen R., Engin O., Hanheide M., and Wachsmuth S., 2009. Laser-

based Navigation Enhanced with 3D Time-of-Flight Data. In: 2009 IEEE International 

Conference on Robotics and Automation. Kobe International Conference Center, Kobe, Japan, 

May 12-17 2009. 

[38]. Medina A., Paar G. and Pradalier C., 2008. GMV-EGP-DSN-0003. [internal document] In: EGP-

ROVER-DESIGN-DOCUMENT, EUROBOT GROUND PROTOTYPING FOR ORBITAL AND 

PLANETARY SCENARIOS, January 12 2008.  

[39]. Joanneum Research, 2008. EUROBOT Ground Prototype. [online] Available at: 

<http://dibs011.joanneum.at/projects/eurobot> [Accessed 5 January 2011]. 

[40]. Medina A., Paar G. and Pradalier C., 2008. GMV-EGP-SWA-0004. [internal document] In: EGP-

ROVER SOFTWARE ARCHITECTURE DOCUMENT, EUROBOT GROUND PROTOTYPING FOR 

ORBITAL AND PLANETARY SCENARIOS, January 12 2008. 

[41]. Paar G., Sidla O. and Pölzleitner W., 1995. Natural Feature Tracking for Autonomous 

Navigation. In: Joanneum Research, 28th International Dedicated Conference on Robotics, 

Motion and Machine Vision, ISATA. Stuttgart, Germany, October 1995. 

[42]. Bauer A. and Paar G., 1997. Stereo Inspection of Arbitrary Shapes Using the Locus Method In: 

Proc. 4
th

 Conference on Optical 3-D Measurement Techniques. Zurich, Switzerland, September 

27 1997. 

[43]. Bauer A. and Paar G., 1993. Stereo reconstruction from dense disparity maps using the locus 

method. In: SPIE, vol. 2252, pp. 460-466.  

[44]. Harris C. and Stephens M., 1998. A Combined Corner and Edge Detector. In: Proc. Alvey Vision 

Conference. University of Manchester, Manchester, England, August 31 1988. United Kingdom: 

The Plessey Company plc. 

[45]. Medina A., Paar G. and Pradalier C., 2008. GMV-EGP-ANA-0002. [internal document] In: EGP-

ROVER ANALYSIS DOCUMENT, EUROBOT GROUND PROTOTYPING FOR ORBITAL AND 

PLANETARY SCENARIOS, January 12 2008.  

[46]. Lester P., 2005, A* Pathfinding for Beginners. [online](Updated July 18, 2005) Available at: 

<http://www.policyalmanac.org/games/aStarTutorial.htm> [Accessed January 5 2011]. 

[47]. Owens R., 1997. Camera calibration. [online](Updated October 29, 1997) Available at:  

<http://homepages.inf.ed.ac.uk/rbf/CVonline/LOCAL_COPIES/OWENS/LECT9/node2.html> 

[Accessed January 5 2011]. 

[48]. Weisstein E., 2011. Point-Line Distance--2-Dimensional. [online](Updated January 4, 2011) 

Available at: <http://mathworld.wolfram.com/Point-LineDistance2-Dimensional.html> 

[Accessed January 5 2011]. 

[49]. Weisstein E., 2011. Dot Product. [online](Updated January 4, 2011) Available at: 

<http://mathworld.wolfram.com/DotProduct.html> [Accessed January 5 2011]. 

[50]. Weisstein E., 2011. Rotation matrix. [online](Updated January 4, 2011) Available at: 

<http://mathworld.wolfram.com/RotationMatrix.html> [Accessed January 5 2011]. 



81 

 

[51]. Morris W., Dryanovski I. and Xiao J., 2010. 3D Indoor Mapping for Micro-UAVs Using Hybrid 

Range Finders and Multi-Volume Occupancy Grids. In: 2010 Robotics: Science and Systems 

Conference, Universidad de Zaragoza, Spain, June 27 2010. 

[52]. Stentz A., 1993. Optimal and Efficient Path Planning for Unknown and Dynamic Environments. 

[online] Pittsburgh, USA: Robotics Institute, Carnegie Mellon University. Available at: 

<http://www.ri.cmu.edu/publication_view.html?pub_id=310> [Accessed January 5 2011]. 

[53]. Carsten J., Rankin A., Ferguson D. and Stentz A., 2007. Global Path Planning on Board the Mars 

Exploration Rovers. In: IEEE Aerospace Conference 2007. Big Sky, Montana, USA, March 3 2007. 

[54]. ESA (European Space Agency), 2010. Aurora Programme. [online] Available at: 

<http://www.esa.int/esaMI/Aurora/index.html> [Accessed 11 January 2011]. 

[55]. The Code Project, 2007. Parallel Port Pin Control Library (PaPiC). [online] Available at: 

<http://www.codeproject.com/KB/system/PaPiC.aspx> [Accessed 12 January 2011]. 

[56]. PrimeSense, 2010. Reference Design. [online] Available at: 

<http://www.primesense.com/?p=514> [Accessed 15 January 2011]. 

[57]. Point Grey Research, Inc., 2010. stereo vision software, triclops. [online] Vancouver, Canada: 

Point Grey Research, Inc. Available at: 

<http://www.ptgrey.com/products/triclopsSDK/triclops.pdf> [Accessed 15 January 2011]. 

[58]. Intel Corporation, 2010. Pentium® Processors with MMX™ Technology. [online] Available at: 

<http://www.intel.com/design/intarch/mmx/mmx.htm> [Accessed 15 January 2011]. 



82 

 

Appendix A 

 

Camera 

handling

RvsCam_InitLibrary

Settings

RvsCam_DeInitLibrary

Image 

acquisition

RvsCam_GetCameraIDs

RvsCam_SetCameraIDs

RvsCam_SwapCameraIDs

RvsCam_GetSettings

RvsCam_SetSettings

RvsCam_LoadSettings

RvsCam_GrabMono

RvsCam_GrabLeft

RvsCam_GrabRight

RvsCam_Reset

RvsCam_ReInit

RvsCam_SaveSettings RvsCam_GrabStereo

RvsCam_GrabMonoDirect

RvsCam_GrabStereoDirectRvsCam_GetStatus

 

Figure 60. High level content of stereo camera interface. 
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Appendix B 

 

 

Figure 61. High level content of SR4000 interface. 
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Appendix C 

 

Module 

 

Command Function Action 

EGP-RVS-QUIT quit DoCmdQuit 
Interrupts all server 

operations. 

EGP-RVS-STANDBY standby DoCmdStandby 

Providing the system is in a 

healthy state, the system 

waits for a change-of-mode 

command. No other processes 

are run in the meanwhile. 

EGP-RVS-BREAK break DoCmdBreak 

Interrupts all RVS processes 

and stores current relevant 

data in a backup recovery data 

set. 

EGP-RVS-CONTINUE continue DoCmdContinue 

If the last command involved 

hardware access the status of 

the hardware is checked. 

Otherwise it re-initializes the 

hardware. 

EGP-RVS-RESET reset DoCmdReset 
Check hardware status then 

re-initialize hardware. 

EGP-RVS-REINIT reinit DoCmdReInit 

Depending on some pre-

requisites; re-initialize 

hardware 

EGP-RVS-DEM-FULL dem-full DoCmdDemFull Create a DEM from scratch. 

EGP-RVS-DEM-UPDATE Dem-update DoCmdDemUpdate Create a DEM and at to last. 

EGP-RVS-ORIENT orient DoCmdOrient 

Acquire image in moving 

direction and calculate 

orientation. 

EGP-RVS-HAZARD-START hazard-start DoCmdHazardStart 
Start dynamic hazard 

detection sequence. 

EGP-RVS-HAZARD-STOP hazard-stop DoCmdHazardStop 
Stop dynamic hazard 

detection sequence. 

EGP-RVS-TRACK3D-

DETECT 

track3d-

detect 
DoCmdTrack3dDetect 

Search for target (possibly 

astronaut)  

EGP-RVS-TRACK3D-START track3d-start DoCmdTrack3dStart Start tracking of target 

EGP-RVS-TRACK3D-STOP track3d-stop DoCmdTrack3dStop Stop tracking of target 

EGP-RVS-MOVE-PTU move-ptu DoCmdMovePTU 
Move PTU to specified viewing 

angle (specified pan and tilt). 

EGP-RVS-GRAB-STEREO grab-stereo DoCmdGrabStereo 
Grab and store stereo image 

pair. 

EGP-RVS-LOGBOOK logbook DoCmdLogbook 
Copy current log file to shared 

directory. 

EGP-RVS-SLEEP sleep DoCmdSleep 

Set system to sleep mode for a 

specified time. No operations 

occur during this time. 
 

Tabel 3. Description of all RVS software modules existing before the commencement of this work. 
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Appendix D 

 

                             

Figure 62. Flowchart of DEM creation process from 3D-TOF data. 
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Appendix E 

 

 

Figure 63. Flowchart of path planning application. 
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Appendix F 
 

 

Figure 64. Flowchart of navigation function in the RVS software.  


