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Abstract

The  work  done  in  this  master  thesis  concerns  laser  guided  vehicles,  and  more 
specifically the autonomous navigation by following the edge of a road. The idea is 
that using two synchronized lasers on top of each other would increase the robustness 
of the road detection, compared to only one laser. The algorithm was developed in 
Matlab, using a sequence of scans recorded on a snowy road with snow piles on the 
sides.  The  road  detection  uses  the  Hough  transform  for  each  scan.  The  relative 
position of the robot on the road is then estimated from the road edges detections. The 
control law is based on the “dog-rabbit principle”. Simulations were done in Matlab, 
and a few tests have also been done on the MICA wheelchair.  The algorithm was 
successful when following a straight corridor, but some more work has to be put into 
dealing with intersections, and on predicting the detection.
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1. Introduction

A lot  of  research has been made on using a  scanning range measuring laser  as  a 
navigation  tool  for  autonomous  mobile  robots,  both  indoors  and  outdoors.  When 
driving outdoors following some kind of road, one of the key problem is the detection 
of the road boundaries. A detectable border could for example consist of poles with a 
known diameter, or the wall of a building, or, in our case, snow piles. Those piles, 
created by the ploughing machines when removing snow from the road, are natural 
borders to every road during a snowy winter. The road detection in snow has been 
developed in [FRWH07], and this paper has been used as a base for the work done in 
this thesis.

The idea behind this work is the use of two synchronized laser scanners, as shown on 
the sketch below, Figure 1. 

   

Figure  1: The basic principle when a mobile robot with two laser scanners move 
along a road. In this case there is a building to the left and a tree trunk to the right.  
The two lines marked “1” and “2” represent the different positions hit by the two 
laser scanners. Each laser scans a 180 degrees sector.

To  scan  with  two  lasers  instead  of  one  will  increase  the  robustness  of  the 
interpretation of the scans, for example the detection of the snow piles as the road 
boundaries. The particular point studied here is how to get the relative position of the 
robot compared to the road, including the relative angle. This information is then used 
to control the robot navigation by following the side of the road. This last part has 
been simulated, but is yet to be implemented in the robot.

All the scan analysis and the simulations have been implemented in Matlab 7.1, a 
numerical  computing  environment  that  allows,  among  other  things,  matrix 
manipulation,  plotting of data, and implementation of algorithms.
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2. The mobile robot and the motion equations

This chapter describes the two different mobile robots used in this project. We first 
report on a try using a mirror to generate a second scan. The second system, with two 
lasers, was more successful. We also establish the motion equations of the robot.

2.1. The mobile robot

First robot: one laser and a mirror on a car
The initial robot that was planned to be controlled in this project was a car with a 360 
degrees laser scanner mounted on the roof, see Figure 2. A mirror placed behind the 
laser  is  used to  produce a second laser scan,  as shown on  Figure 3.  The steering 
should be automated, allowing the car to follow a road with edges (snow piles or 
building).  The  speed  of  the  car  is  controlled  by  the  driver.  The  practical  test  of 
controlling the car was done in another project; the object of this project was only the 
theory of implementing the steering algorithm.

Figure  2:  The  car  with  the  360  laser  
scanner on the roof. 

The resulting scans obtained with the mirror were unfortunately not easy to use, first 
of all because there is a misalignment between the laser and the mirror. It is indeed 
necessary to put the measurements from the mirror in the same coordinate system as 
the rest of the measurements. Due to the mechanical solution used to fix the mirror, it 
was almost impossible to know its exact position and orientation. As shown on Figure
3,  the  mirror  was  taped to  a  metal  plate  fixed  to  two small  metal  bars,  and  was 
vibrating when driving the car.

Figure 3: The laser scanner with 
now the mirror.
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The other problem was the size of the mirror. As it can be seen in Figure 4, the values 
from the mirror do not cover at all the complete road, but only about half of it. 

  
Figure  4:  Resulting  scan  with  the  values  from  the  mirror  in  the  
rectangle. In green, the values from the mirror after an approximate  
transformation.

Moreover,  the “hole” in the middle of the scan is due to the laser ray send directly 
back in the scanner head of the laser after hitting the mirror. This because the tilt angle 
of the mirror is too small. The value is then the distance between the laser and the 
mirror, about 20cm, see Figure 5. A larger tilt angle of the mirror could have solved 
this problem, but then the laser was hitting the front hood of the car.

Due to so many problems with the mirror, it was decided to use an other solution, with 
two laser scanner. However, for future work with mirrors, a solution could be to use at 
least two mirrors.
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Figure  5:  Measurement  from  the  mirror  after  distance  
transformation. The line behind the car represents the mirror,  
and the two dots are probably the edges of the mirror.
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Next robot: two lasers on a wheelchair
Since  another  project  was  starting  on  a  wheelchair,  it  was  decided  to  mount  two 
synchronized laser scanners on top of each other, as described in section  3.2. Each 
laser has a 180 degrees scanning sector.  
The robot used is the MICA (Mobile Internet Connected Assistant) wheelchair, see 
Figure 6. It can be remotely controlled, and has an embedded PC connected to the 
internet via WLAN. A great advantage with the wheelchair is that it is possible to get 
readings  from  the  lasers  and  to  send  commands  using  Matlab.  The  algorithms 
developed in Matlab can then be tested directly on the robot.

2.2. Motion equations
The model is in discrete time and we assume that the motion of the robot is constant 
between two sample points. The car can be represented by a three wheels robot with 
the front wheel as steering wheel, see Figure 7. The local coordinate system at time tk 

is also shown on this figure.

Figure  7:  Representation  of  the 
mobile  robot  and  the  local  
coordinate system.
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Figure  6:  The  Mica  wheelchair  with  the  
two lasers in the front.
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The robot is then included in a global coordinate system, as shown below on Figure 8.

Figure 8: Position and orientation of  
the  robot  in  the  global  coordinate  
system.

The details  of the calculations for the motion model can be found for example in 
[BF89].

With ω the rotation rate, v the absolute speed of the robot, and T the sampling period, 
we get:

x k1=x k 2v


sin T
2

cos  T
2

k 

y k1= y k 2v
 sin T

2
sin T

2
k 

k1=k T  

(1)

We assume that, during one sampling period T, the changes of the angle θ are small, 
so ωT is small. The equations can then be simplified to:

 

x k1=x k vT cos  T
2

k 

y k1= y k vT sin T
2

k 

k1=k T

(2)
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3. The laser scanner and algorithm for finding lines

This chapter gives some details about the laser scanner, and how the two lasers are 
mounted on the robot. It also shows how to use the Hough transform in order to find 
lines in a laser scan.

3.1. About the laser scanner
The lasers used on the wheelchair are range scanning lasers of make SICK LMS200. 
This model has an angular resolution of 1° over a 180° span, and its range is limited to 
80 meters. The laser measures a new complete scan every 0.2s.

How does a laser scan look?
The laser used for the scan in  Figure 9 is the mounted on top of the car. It has an 
angular resolution of 0.5°, over a 360° span (make SICK-IBEO).

The data received from the laser is in polar coordinates: for each ray of a scan, its 
relative  angle  and  at  which  distance  it  hit  an  object.  The  end  point  of  a  ray  is 
represented by a blue dot in Figure 9. The position of the laser is marked by the red 
star at the origin. We see a typical road in the forest with snow edges on both sides, 
and the wall of a building on the left side. The laser thus hits the trees, the wall, the 
road, or the snow. 

To be able to detect the road the laser must be tilted downwards. Therefore, at some 
interval in the back, the laser is pointing into the sky, and does not get a valid range 
measurement. This is seen in the lower middle of this scan.

6

Figure  9:  Scan of  a  typical  forest  road with snow edges  on both  
sides. The road line is in the upper middle, the trees are the irregular  
pattern to the right,  the lower left,  and between the road and the  
building. The plot is in laser coordinates.
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3.2. Distance calculations for two lasers

How they are mounted on the robot
The two scanners are mounted one above the other in the front end of the wheelchair, 
and tilted downwards, see Figure 6. The tilt angle can be changed, so it is possible to 
select at what distance each of the lasers reach the ground. The requirements are that 
the two rays should not cross each other, and they should hit the ground at least a few 
metre from each other.

Distance calculations
To be able to process at the same time data from both the laser scanners, the scans 
must be in the same coordinate system. 

The only differences between the two lasers are their respective pitch (or tilt) angle, 
and mounting height. The two scans are transformed into the polar coordinate system 
with origin on the ground, vertical to the scanners, and no tilt  angle, as shown on 
Figure 10.

  

Figure 10: Transformation of the two laser scans in a common coordinate system.

The angles γ are estimated using the data received when the robot faces a flat empty 
surface. The greatest distance in front of each of the lasers gives the values d10 and d20 

(see Figure 10). We also know the mounting heights of the lasers, and then calculate 
the pitch angles as follow:

i=asin
h i

d i0
  (3)

The distances in the common coordinate system are:

r i=d i⋅cos i  (4)
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It should be noticed that this transformation is valid only in front of the laser, the pitch 
angle γ being dependent of the scanning angle. The case with side measurements has 
not been studied.
However, the road we are looking for is mainly in front of the robot. 

An interesting fact is the relation between r1 and r2, shown on Figure 11. How they are 
related to each other is depending of where the lasers are scanning. If both lasers hit 
the ground, then r1 > r2, if they both hit a vertical object like a tree or a wall, then 
r1 ≈ r2.
This could be used to improve the robustness of the road detection, by discarding 
directly the points fulfilling the condition  r1 ≈ r2.

Figure 11: Scattergram for the relation between the scanning  
ranges, r1 and r2, of the two synchronized lasers. There are 
two  main  clusters:  the  vertical  objects  and  the  vibration  
disturbances Δ of the road.

3.3. Interpretation of the laser scan: Hough transform
In a laser scan, all the planar surfaces, like the wall of a building or the road, become 
lines. To find those lines, and be able to get a rough idea of the environment, we use 
the Hough transform.

The Hough transform
The Hough transform is based on the equation of a line in its normal form. With d the 
length of the normal, and θ the angle of the normal:

 d =x . cos  y .sin  (5)

The  transform  is  given  two  intervals  Id and  Iθ,  and  two  step  sizes.  For  each 
combination of d and θ in those intervals,  the number of (x,y)-pairs  in the image 
solving the above equation is put in the Hough matrix of size [Id  x Iθ], see the grid in 
Figure 12.

The resulting Hough matrix is a two dimensional histogram. It can be interpreted by 
extracting the highest peaks, which positions give the length and angle of the normals 
of the straight lines in the image.
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Figure  12:  The Hough transform counts the number of points in a strip  
around the line defined by d and θ, and puts this number in the Hough  
matrix. The resulting transform is a two dimensional histogram.

The specific case of a laser scan
A Matlab function written by H. Fredriksson [FRWH07] has been used in this project, 
implementing the Hough transform specifically for laser scans. As mentioned before, 
the data received from the laser is in polar coordinates, so it is easy to rotate the scan 
around the origin. After a rotation of - θ, the distance d corresponds to the distance 
along the ξ-axis of the robot.

When looking for the road line, it is possible to reduce the Hough transform search 
window by considering only the reasonable positions for the road.

3.4. Developing and testing an algorithm with Matlab

When working with laser scans, it is very hard to predict and simulate how the scans 
will look like when driving in a certain environment. To develop and test a detection 
algorithm, it is then necessary to work directly with the “real” scans. The method is to 
drive the robot according to the behaviour it should have, for example follow a road in 
the forest, and record the scans in a sequence. Then, for each development step of the 
algorithm, the scans of this sequence are plotted in Matlab together with the results 
found. This allows a constant test and correction of the detection algorithm.

The resulting algorithm will then be very robust when the robot is navigating in the 
environment used for the development and test.  However, it  is unsure how it  will 
work in a  different  environment,  and some model based adjustment will  probably 
have to be made.

The roll angle will also disturb the laser scans. This is not included in this study since 
we expect low sensitivity in the estimates.
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4. Finding the position of the robot on the road

This chapter goes through the algorithm for finding the road segments and from them 
the sides of the road. The position of the robot relative to the road is then estimated.

4.1. The road segment
The development and test of the algorithm to find a road segment in front of the robot 
has been done in Matlab with a sequence of laser scans taken with the initial car. The 
car  was  driven  on  a  road in  the  forest,  with  high  snow piles  on both  sides.  The 
sequence is about 600 meters long, and the shape of the road can be seen on the 
Figure 13 below. There are three straight segments, and two left turns of about 85 and 
75  degrees.

The algorithm is based on the one developed in [FRWH07], but the part for finding 
the “end points” of the road segment is improved.
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Figure  13:  Picture  of  the  road  where  the  laser  data  was  collected,  
Datavägen in Luleå.
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Hough transform: finding the line
The first step is to find the Hough line corresponding to the road, as described in the 
previous section. The parameters used for the Hough transform in Matlab are:

– search window: d in the interval [4 to 15] meters,
θ in the interval [65 to 115] degrees

– step size: 0.5 meter for d,
2 degrees for θ

To get a more robust result, we check through the Hough matrix four times for each 
scan, and then select the peak the furthest  away from the robot. This is important 
when driving around buildings, with walls that could be faultily detected as a road, or 
when driving through a crossing, as seen in Figure 14. The ground in front of the laser 
will always be further away.

Each of the four times, the highest peak is stored (its range and angle) and removed 
from the matrix, and the peaks too close to it are also deleted. This is done to avoid 
multiple Hough lines when the data line is “noisy”. An alternative solution could be to 
increase the step size, but then there is a loss in precision.

Figure  14:  On  this  scan,  the  two  largest  Hough  peaks  in  green  
correspond to  the  road leaving on the  left  of  the car,  because they  
include more points than the actual road, the red Hough line.
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The diagram in Figure 15 describes the algorithm used to find the Hough line.

   

Figure 15: Algorithm to find the road line using the Hough transform

When  the  road  angle  and  road  range  are  found,  we  will  look  for  the  actual 
measurements in the scan that are belonging to the road.

The road segment
To be able to get the position of the robot on the road, we need to know where the 
road stops on the left and right sides. We first pick all the measurements of the scan 
lying close enough to the Hough line. 
Then, since the road is supposed to be a continuous line, we discard the isolated small 
segments of measurements, that are most probably not part of the road. A least-square 
polynomial approximation is done with the measurements of the remaining segment, 
and the first and last point of the polynomial are the road “end points” along the scan. 
This algorithm is more detailed on the diagram on Figure 16.
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Figure  16:  Finding  the  road  from  the  Hough  line.  The  
parameter  t  allows  to  adapt  the  algorithm  to  the  test  
environment. In this study t=6.

On Figure 17, we can see the resulting road segment plotted as a red line.

Figure  17:  The  red  line  corresponds  to  the  detected  road  
segment. 
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Finding the road during a turn
When driving on a “normal” road, i.e. with turns relatively smooth, the road is almost 
always reachable to the laser. However, the peak corresponding to the road line is in 
this case not necessarily the furthest away. We can then get some confusion with, for 
example, a tree line somewhere in front of the car, like on Figure 18.
The solution to this problem was to make some prediction: if the road segment is 
“moving” to the left (resp. right) side of the scan more than three times in a row, the 
next Hough line search will only be on the left (resp. right) side. When the road goes 
back to the centre of the scan, the search is also centred.

In Figure 18 below, the tree line in front of the car on the right side could be mistaken 
for the road line, that is partly hidden by a snow edge.

Figure 18: Detection of the road during a left turn. The red line  
does  not  follow  exactly  the  road,  but  gives  anyway  the  right  
information about the direction of the road.

Result of the road finding
Figure  19 gives  the  result  of  the  road  finding  algorithm  during  the  Datavägen 
sequence in Figure 13. The vertical axis is the scan number, the sequence being about 
400 scans long. The horizontal axis corresponds to the η-axis of the robot.
For each scan, the green line shows the position of the detected road along the η-axis 
of the robot.
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Figure  19: Detected road when driving along Datavägen, with two left turns. Two 
roads enter to the left, and one road to the right.

 In this sequence we can observe the two left turns around scan numbers 100 and 350. 
We also see two of the three roads leaving to the left and one road leaving to the right 
at the end of the sequence.

The distance along the  ξ-axis of the robot (how far in front is the road line) is not 
represented on this figure, to keep it simpler. It is not a so big loss of information 
because this distance is quite constant, but it is noticeable in the turns. Since the road 
line in a turn is not perpendicular to the η-axis of the car, it becomes narrower on the 
plot.

15
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4.2. With two lasers: the sides of the road

After finding the road segment using a sequence with one laser, a second test run was 
made with two lasers on the wheelchair. Since there was no snow piles left on the 
roads outside, the test run was made in a corridor. 

For this sequence, the two laser scans are first put in the same coordinate system, as 
explained in section 3.2, and the two corridor segments are found. We can then use the 
information given by those two segments to define the sides of the road, or in this case 
the walls of the corridor. Each side is the line defined respectively by the two right 
and the two left “end points” of the segments.

Figure 20 below shows the double lasers scan plotted in green and blue. The corridor 
is plotted in red, with the two detected lines corresponding to the floor of the corridor, 
and the walls on the sides.
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Figure 20: The two laser scans are plotted in green and blue. The  
detected floor/ground is plotted as the two horizontal red lines .  
The “end points” give the vertical red lines, i.e. the walls of the  
corridor. The left wall is made of windows, so we can see a wall  
and some chairs an tables through the glass.
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4.3. Estimating the relative position of the robot

As seen in the previous section, the sides of the road is defined by the “end points” of 
the road segments.  Using either the right  or left  boundaries,  it  is  then possible  to 
estimate the relative position of the robot on the road. 

In Figure 21, we define the relative angle ψ, and the relative distance ρ of the robot to 
the left side of the road. The road side line is defined by the points (x1,y1) and (x2,y2) 
from the road segments. L1 is the distance from the rear wheels of the robot to the 
lasers.

Figure  21: Laser coordinate system and parametrisation of the robot position  
and orientation relative to the road. L1 is the distance from the rear wheels to the  
lasers.

• Angles detected for the left and right side of the road, expressed in the laser 
coordinates:

l=arctan 
y2− y1

x2−x1


r=arctan 
y4− y3

x4− x3


 

(6)

• Distance from the robot to the left side of the road:

 

=[ x1L 1t x2−x1 , y1t  y2−y1]

with t=
y1 y1− y2 x1L1x1−x2

 y2−y1
2x2−x1

2

(7)

A similar result can also be obtained using the right side.

On increasing the robustness
As the robot relative position can be estimated using either one or the other side, there 
is the possibility to verify the consistency of the two results, and maybe discard false 
scans.
Moreover,  if  some kind of  prediction  is  used,  and one of  the  side of  the  road  is 
detected at an unexpected position, it is then possible to discard this side and choose 
to follow the other segment. This can be useful for example when there is a bus stop 
on one side of the road.
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5. The control law and simulations

In this chapter, we establish the control law to follow along the side of the road. We 
also simulate the control in different situations.

5.1. “Dog-rabbit” control law
From the processing of the laser scan,  section  4,  we get the position of the robot 
relative to the road, described by the angle ψ and the perpendicular distance ρ.
We can then establish the control law to follow along a line according to the Figure
22, as it is developed in [BF89].

Figure 22: Position of the robot relative to the road 
and notations for the control law

 =arctan −
sgn ∣∣ L1L 2 sin 

dr− L1L 2cos
− (8)

With
− L1 the distance rear wheels - lasers
− L2 the distance lasers - steering wheel
− ρ the orthogonal distance from the robot to the road
− ψ the angle between the robot and the road
− dr the “rabbit” distance, how far in front the robot is aiming

Introduction of the offset dL
Since the line represents the side of the road, the goal is to get the robot to drive 
following this line at a certain specified distance, defined as the offset dL. Depending 
which side of the road is followed, the robot should follow the line by the left or the 
right side. When dL is positive the robot drives on the left side of the line, if negative 
it drives on the right side.

 =arctan −
sgn ∣∣sgn  . dL ∣dL∣ L1L 2 sin 

dr−L1L2cos
− (9)
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5.2. Simulations
The different steps in the simulation are shown in the Figure 23. The part about the 
left turn detection will be explained later in section 5.3, and skipped for now.

The line to be followed is simulated by a set of points in global coordinates. The laser 
rays are also simulated by a set of points, in the robot coordinate system. 

To find the measurement corresponding to a laser, the line is transformed into the 
robot current coordinate system, and the two sets of points are compared with each 
other. The two closest points (one from the line and one from the laser rays) give the 
measurement found by the laser.

Then the position of  the  robot  is  calculated using the  formulas  established  in  the 
section 4.3., as well as the steering wheel angle according to equation (9) in section 
5.1.

Last step, the next position of the robot is given by the motion equations of section 
2.2. The position is updated and the robot is moved.

Figure 23:  Block diagram of the simulation, for a robot following a line by  
the right side. Two lasers are used to detect this line. The turn detection will  
be explained later in section 5.3.
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Simulation conditions
The following results are simulations of a robot with a 4 meter long wheelbase. Two 
lasers are pointing on the ground at 6 and 9 meters, and placed 1 meter from the front 
wheels. The sampling period is 0.5 second , the speed of the robot is 6 meters per 
second, and the rabbit distance is 11 meters.
The initial  conditions of each simulation include the robot position (x and y)  and 
orientation (θ), and the desired offset (dL).

Following around a circle
This sequence illustrates the behaviour of the robot when following around circles of 
different diameter and with no offset dL. If the diameter is large enough compared to 
the lasers pointing distance the robot follows the circle. As the circle gets smaller, the 
robot drives inside it, and if even smaller, the robot looses the circle completely.

 

Figure 24: 

Diameter = 50m, limit value for  
the robot to drive on the circle.

 

Figure 25: 

Diameter  =  25m,  the  robot  is  
driving  about  3m  inside  the 
boundary.
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Figure 26: 

Diameter  =  20m,  the  circle  is  
too  small  compared  to  the  
pointing  distance  of  the  lasers.  
The robot looses the circle.

Driving along a corner
Next we simulate the behaviour of the robot when it is to follow two perpendicular 
segments, representing a corner.

 

Figure 27: concave corner
Initial conditions: 
x=0, y=2, θ=0, dL=3

 

Figure 28: convex corner
Initial conditions:
x=0, y=2, θ=0, dL=-3

We  can  see  that  the  robot  is  
“cutting”  the  corner  to  reach 
the second segment. This occurs 
as soon as it detects the corner.
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5.3. Navigating around a convex corner

To avoid driving “through the wall” when trying to turn around the convex corner of a 
building for example, the robot needs to detect the corner in advance and adapts its 
behaviour.

To decide if there is a corner, we compare the angles of the current and the previous 
detected lines. If the difference in angle is big enough, and with the right sign, it 
means that there is a convex corner approaching. The exact position of this corner is 
shown by a range discontinuity in the laser scan, since the laser cannot see behind a 
wall.

When a turn is detected, the robot is to follow an artificially introduced line that has 
an angle of 45 degrees with the initial line, see the green line on Figure 29. As soon as 
the corner is passed, the robot starts to look for an other line to follow.

Figure 29: Initial conditions: x=0, y=-4, dL=-3. The robot  
follows the horizontal line until the detection of a corner.  
The positions  plotted in green show when the introduced 
“corner line” is followed. The second turn is detected as  
concave so there is no change of behaviour.

It should be noticed that the corner detection performed here is only valid for the 
simulations. During a “real” drive, the angle of the detected line in far too noisy to be 
compared to the previous angle. 
This corner detection has not been implemented yet, but one suggested solution could 
be to check for range discontinuity, that would indicate a convex corner.
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6. Implementation and testing  in the wheelchair
The last step of this project was to test  the detection and control algorithm in the 
wheelchair. The Matlab program run in the robot goes through the following steps:

– Get the data from both laser scanners
– Detect the two road lines
– Find the four edges
– Calculate the relative position of the robot compared to the left side of the 

road
– Calculate the aim point for the robot to follow the left side

Due to lack of time, not so many tests where performed, and in only one type of 
environment: driving in a straight corridor. As expected, the robot could not deal with 
intersections, but it did manage to drive along the corridor.

In  Figure 30 below is one of the scan of the sequence when the robot was driving 
autonomously. We can see that the left wall became a bit shifted because of a bench in 
the way of the front laser, in blue. This indicates that obstacle avoidance might be 
possible to implement using this algorithm.
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Figure  30:  Detected  road-lines  and  walls  in  the  corridor.  The  
calculated aim point is plotted as the small circle.
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7. Evaluation and discussion

The  goal  of  this  master  thesis  has  been  to  investigate  the  idea  of  using  two 
synchronized laser scanners on a mobile robot to navigate on a road with some kind of 
edge (snow, building, wall,...). This in order to increase the robustness of the road 
detection compare to using only one laser.

The work done covered the development an algorithm to find the needed information 
about the road position in the laser scans, and the simulation of the control law. The 
algorithm has been tested somehow successfully in  the wheelchair,  but more tests 
need to be done.

The  results  are  highly  dependant  on  the  type  of  environment  where  the  robot  is 
driving. Since the algorithm has been developed for a snowy road in the forest, the 
tests on the robot in other environments might not give the same good results. Some 
model based adjustments should be done of the algorithm.

7.1. Future work
The navigation algorithm has to be improved to handle corners and intersection. The 
information from both sides of the road should be used to get better robustness for the 
aiming point. To use a Kalman filter to track the road detection is also expected to 
increase the robustness of the algorithm
The double laser scans can be used in many other ways to improve the robustness of 
the interpretation of the scene and the robot navigation. Only one specific point has 
been studied in this thesis, a lot more can be done.

When the speed of the vehicle increases the vibrations will also increase. How does 
this random noise degrades the performance of the algorithm?
Make  a  check  of  the  performance  versus  the  laser  parameters,  with  models  and 
simulation for both existing lasers and new laser systems in progress.
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Appendix

Appendix A: Laser plots and the Hough transform

This figure is a plot of three laser scans in a sequence taken in the yard shown in the 
figure below. The car is moving following the three dots in the picture. The order is 
blue, green, an red. The distances are in units since the laser was not calibrated. One 
unit is approximately  equal to 4 meters.
The building in front of the car is getting closer as the car moves forward while the 
building in the back is getting further away. In the top right corner,  the laser hits 
another building in between the two closest ones. It can also be seen on this figure that 
there is a rotation of the scans, with the centre of rotation somewhere outside the 
picture on the top left side.
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This figure is again a sequence of three scans, but with some more time in between. 
The figure below is the range weighted Hough transform of the green scan in the 
middle. The straight lines A and B correspond to high values in the Hough matrix, at 0 
and 90 degrees. Line B is from the mathematics building.
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Appendix B : Disturbances in the tilt angle

In this appendix a tilt angle disturbance  Δ is analysed. This disturbance occurs for 
example when the front wheels of the robot hit a bump.

Figure 1: Side view representation of the laser rays with a tilt angle disturbance Δ.

The  values  of  d0,  the  nominal  range  right  in  front  of  the  robot,  are  known from 
calibration when the robot is stationary,  and the mounting heights h can easily be 
measured. This allows to calculate the nominal tilt angle of the laser:

0=asin h
d 0



Value of the disturbance
The distance measurement received from the laser when the robot is driving will be 
dependant of the tilt disturbance Δ:

d 0=
h

sin0−

It is then possible to calculate the value of the disturbance:

=0−arcsin  h
d 0
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Calculation of the range with disturbance: d20Δ

The two angles are linked together with  a relation not dependant of the disturbance:
2=1diff

The two angles can be expressed with the nominal angle and the disturbance:
1=10t 
2=20t 

For each side the range with disturbance can be expressed as follow:
d 20⋅sin2=h2

d 20,=
h2

sin 20
⋅

sin20
sin20

=d 20⋅
sin20

sin20

Laser planes

Figure 2: The road detection with and without a disturbance  
in tilt angle.

The position of the robot on the road is found relative to the line defined by the two 
measurements. It is then not dependant of the disturbance Δ.
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