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Abstract 
 

The objective of this thesis was to perform and analyse a method of terrain mapping 

with a tracked robot.  Many robots already have this functionality using different 

sensors and techniques for obtaining altitude measurements.  The tracked robot 

achieves this using an inclinometer, for measuring the pitch of the robot and an optical 

encoder, for measuring the distance travelled. 

 

Advanced robots have a vast array of very expensive sensors which provide accurate 

altitude readings relative to their application.  These sensors include altimeters and 

GPS receivers.  The tracked robot project investigated the feasibility and methodology 

for performing terrain mapping using an inclinometer and an encoder. 

 

Using these sensors, altitude calculations proved to be sufficiently accurate and 

actually produced a better terrain map than what would be produced using more 

expensive devices mentioned above. 

 

With the inclusion of altimeters or GPS receivers in larger scale robots, the 

applicability and area of operation for the robot were brought into question.  

Traditionally, these robots operate in a different environment to the small, enclosed, 

area in which the tracked robot was tested.  The tracked robot’s method proved to be 

more practical and accurate for this application. 

 

The outcomes of this project demonstrated the worthiness of the finalised method for 

obtaining a terrain map.  The result of this project produced a better way of 

performing terrain mapping, in small areas, compared to that of the methods used in 

more expensive robots.  The cost effectiveness and simplicity of the tracked robot 

were key factors in determining the practicality of the mapping method. 
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1. Introduction 
 

Mobile robots have attracted huge amounts of interest over the past decade and will 

continue to do so well into the future.  One of the main reasons for their growing 

popularity is the powerful microprocessors which are now available.  These were 

previously considered impossible to produce [12].  The potential benefits of these 

processors have barely been investigated but are likely to be very significant.  The 

American National Aeronautics and Space Administration (NASA) is at the forefront 

of designing and producing robots that utilise many of the capabilities of mobile 

robots.  These robots are extremely well-publicised and are very exciting to see in 

operation.  The objective of these planetary robots is to explore a designated planet 

and obtain as much environmental information as possible [11].  One of these 

functions is to obtain a terrain map of the designated area.  This functionality exists in 

many types of robots and it is critical that this operation is performed as efficiently as 

possible, due to the high expense of development and production.  This project will 

investigate an approach to obtaining a terrain map using a tracked robot fitted with an 

inclinometer and optical encoder and determine where this method may be applicable, 

if at all. 

 

The key objective of this project is to obtain a meaningful representation of a physical 

area by mapping its terrain.  This representation will describe the area using a surface 

plot which can be easily interpreted by humans.  This surface plot should resemble the 

actual area itself with features being easily recognisable whilst providing as much 

accuracy as possible.  The terrain map must also be available in a format that can be 

used by various robots, enabling them to determine a path for traversing the terrain.  

To produce the terrain map, the robot must ascertain the altitude of each cell within 

the area. 

 

In order to obtain the terrain map, the robot must traverse each segment within the 

area and calculate the altitude as the robots passes these segments.  To reach every 

segment possible, the robot will drive in a lawnmower pattern.  The robot will start in 

a corner and then drive forward until a wall is reached.  At this point, the robot will 
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turn around and drive parallel to the previous lap, shifted over by the width of the 

robot.  This will continue until the entire terrain is traversed. 

 

Many aspects of the robot, whilst in motion, will affect the accuracy of the terrain 

map produced.  Ensuring the robot drives in straight lines and performing turns that 

leave the robot perpendicular to the wall, are essential in guaranteeing that the 

calculations performed by the robot are done with a high degree of accuracy.  This 

will allow the focus of the errors to be on the inclinometer and its characteristics 

whilst traversing over different features of the terrain. 

 

The performance of the terrain mapping method will allow a judgement to be made on 

whether or not the method is viable.  This decision will be based on the accuracy of 

the terrain map and the effectiveness of the method itself.  Driving the robot in a 

lawnmower pattern may not produce the best results for terrain mapping.  Controlled 

factors such as this must be scrutinised in order to increase accuracy.  Although 

certain components of the robot’s method and design may be undesirable, the method 

could be very useful in the areas for which the robot is designed.  Factors such as 

simplicity and cost would also influence a decision on the applicability of this terrain 

mapping method. 
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2. Background 
 

This section is a brief overview of mobile robots that perform terrain mapping and 

navigation through an unknown terrain.  Conducting this review before designing or 

developing the tracked robot is essential, as it provides a strong knowledge base 

against which decisions and designs can be compared.  It also assists in knowing what 

to expect throughout the course of the tracked robot research.  Generally, the focus 

will be on planetary robots as they perform much the same function as that required of 

the tracked robot.  Other forms of robots exist, such as legged robots, but these robots 

are of lesser relevance to this project. 

 

As with planetary robots, the tracked robot must be able to traverse many types of 

surfaces without much difficulty [1].  The reason that tracks are used is because off-

road performance is crucial in being able to perform terrain mapping.  The 

performance of the robot is based on a number of factors.  The first of these is its 

ability to traverse the terrain with a minimal amount of slippage on unknown 

surfaces [1].  Slippage can cause the robot to lose track of its location because the rate 

at which wheels or tracks that are turning is no longer proportional to the robot’s 

actual speed [2].  This means that readings taken from the rotational velocity of the 

drive shaft to calculate the speed are misleading.  Slippage can also affect the robot’s 

ability to traverse the terrain.  For example, if there is not enough traction the robot 

may be unable to climb slopes.  The robot would then have to find another path to 

enable it to reach the desired location.  The robot may even become bogged which for 

planetary exercises is extremely undesirable.  Tracked robots distribute their weight 

over a greater surface and tend to be positioned higher on soft surfaces, such as sand, 

compared to wheeled robots that sink into the sand [2].  Greater traction and reduced 

slippage make tracked robots superior in negotiating rugged, hostile and unknown 

areas. 

 

The increased surface area contact of tracked robots over wheeled robots provides 

greater stability over various surfaces [5].  When traversing corrugated surfaces, the 

tracks of the robot will tend to locate themselves on top of the ridges and troughs.  
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This reduces the amount of vertical, oscillating motion of the robot and its suspension 

components, leading to smoother navigation of the terrain.  The advantage of this is 

reduced probability of becoming immovable in troughs, and reduction in the amount 

of shock and vibration on the components of the robot.  These reductions increase the 

lifetime of the robot and its individual components. 

 

The manoeuvrability of tracked robots is also greatly beneficial when negotiating 

unknown terrain.  These robots are able to turn 360° on the spot simply by driving the 

tracks on either side of the robot in opposing directions.  This enhances the 

manoeuvrability of the robot greatly, as the robot can avoid obstacles and modify its 

path with ease [1].  Wheeled robots can also perform this function but they may 

require more motors, increasing the amount of control required in order to complete 

the operation [7].  This manoeuvre gives tracked robots superiority over wheeled 

robots due to its simplicity. 

 

For the purposes of terrain mapping, both planetary and terrestrial robots store the 

information in similar ways.  These robots will often have a limited amount of 

information of the area they are mapping before entering.  For planetary robots, this is 

done using satellites or other space vehicles orbiting the planet before landing a robot 

to perform terrain mapping, along with many other functions [11].  This allows the 

robot to function in a certain area for which the robot is designed.  This area can be 

divided into cells and topographic information, then recorded into each of these 

cells [4].  This is usually done using a simple two dimensional array representing the 

area, with each array element signifying a cell.  For each element, data relating to the 

terrain can be stored and for highly advanced robots, soil samples, wind speed and 

other measurements can be taken and stored. 

 

The tracked robot project will be focusing on the altitude of the cells in relation to the 

starting point.  With these ideas in mind, design and implementation of the tracked 

robot may commence. 
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3. Robot Design 
 

The tracked robot, as the name suggests, employs the use of tracks to traverse the 

terrain in a similar fashion to a military tank.  The manoeuvres are performed in 

conjunction with an EyeBot controller with a range of sensors and actuators. 

 

3.1  EyeBot Controller 
 

The EyeBot controller is the backbone of 

the robot, as it provides an interface to 

all the associated devices with a 

reasonably easy-to-use operating system 

known as RoBIOS (version 6.4).  The 

controller contains a 32-bit 

microprocessor with a clock rate of 

33MHz along with 512KB ROM and 

2048KB RAM.  The controller accepts 

many input types, often for specific 

sensors and actuators, but also includes 

digital and analogue inputs.  The outputs 

are controlled in a similar manner.  

There is a Liquid Crystal Display (LCD) connected for displaying the controller’s 

status which also functions as a form of output for the programs developed for it.  

Assembly or C programming languages may be used. 

 

3.2  Sensors 
 

Position Sensitive Devices 

 

Position sensitive devices (PSDs) are commonly used on mobile robots as they 

provide the distance from the device to the object directly in front of them.  These 

Figure 3.1.1: EyeBot Controller 
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devices produce a raw reading which is used for calibration.  

The calibrated values are then stored in an array in millimetres, 

so that the calibrated distance measurement matches the 

corresponding raw value. These devices are quite prone to error 

and care must be taken when using them. 

 

There is an effective range when using these types of PSDs of approximately 10cm to 

35cm, from the PSD to the object it is detecting.  At distances less than 10cm, the 

reading from the PSD is unpredictable, but increases in reliability up to 30cm.  The 

accuracy of the PSD degrades as the distances increases from around 30cm, with a 

very dramatic increase in error around 40cm and above.  The effective range of the 

PSD is rather dependent on the specific PSD because they all produce their own 

performance characteristics.  This is why it is important for each PSD to be calibrated 

with prior knowledge of the device, so that caution can be exerciesed when using the 

information they provide. 

 

Inclinometer 

 

The inclinometer is a small device for measuring the 

inclination relative to the horizontal plane.  On the tracked 

robot, its function is to measure the pitch of the robot so 

that it can determine the angle of the slopes that the robot 

drives on.  The output of the inclinometer is simply read 

from an analogue input on the EyeBot.  These values must 

then be calibrated to the actual inclination or declination 

angle of the robot. 

 

The accuracy of the inclinometer itself, for the purposes of this robot, is satisfactory 

but it is prone to error from other sources.  When the robot is in motion, the reading 

from the inclinometer can be misleading because of the turbulence caused by the 

robot’s motion.  This causes the inclinometer to produce erroneous inclination values 

even when the robot is traversing over a flat, horizontal surface.  These types of errors 

Figure 3.2.2: Inclinometer

Figure 3.2.1: PSD 
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Figure 3.3.1: Motor

are mainly due to the robot’s movements and not the inclinometer.  Measures can be 

taken to decrease the impact with knowledge of where these errors arise. 

 

Optical Encoder 

 

The optical encoder is a device for measuring the number of revolutions of a rotating 

shaft or axle.  In this case, it measures the number 

pulses produced as the motor’s drive shaft rotates.  The 

number of pulses is proportional to the distance 

travelled by the robot.  A simple calculation, using the 

number of pulses, can then be made after a calibration 

factor has been obtained.  This encoder produces 128 

pulses per revolution which is an extremely high 

degree of resolution.  For this robot, the number of pulses per centimetre is 187 ±1 

pulses, meaning that the calculation of the distance travelled by the robot is excellent 

if there is no slippage between the tracks and the surface it is travelling over. 

 

3.3  Actuators 
 

Motor 

 

The tracked robot has a single motor for powering the tracks on 

either side through a differential.  The speed of the motor is 

controlled by a regulator that produces a voltage level relative 

to the input into the regulator.  Control of the regulator is 

similar to that of a servo where there is a specified input range 

from 0 to 255.  Values above 128 will drive the robot forward 

and values below 128 will drive the robot in reverse.  The 

speed increases as this value diverges farther away from 128, 

hence increasing the voltage output of the regulator in either 

a positive or negative fashion. 

 

Figure 3.2.3: Optical Encoder
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Brakes 

 

To enable the tracked robot to turn, the brake is applied to the axle after the 

differential on the side in which direction the turn is to be made.  To turn left pressure 

is applied to the left-hand brake.  Pressure is applied by pulling the brake discs 

together which is done using a servo.  Rotating the servo in one direction will apply 

braking on one side.  Rotating the servo in the other direction will apply pressure to 

the brake on the opposite side.  This means that braking can only be done on one side 

at a time. 

 

 
Figure 3.3.2: Braking System 
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3.4  Other devices 
 

Remote Control 

 

A universal remote control is used for simple operations on the tracked 

robot.  These operations include starting the terrain mapping process, 

stopping the robot in case of emergency, and selecting options once 

the mapping has been completed.  The remote control is only used for 

emergencies and selecting options, not controlling the movements on 

the robot itself as that is fully autonomous. Figure 3.4.1: 
Remote Control
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4. Terrain Mapping 
 

The objective of the terrain mapping that the tracked robot is designed to perform, is 

to produce a representation of the area which it is traversing.  This representation 

shows the altitude of each segment of the enclosed area by means of a graphical 

picture or simply storing the information in memory for other functions. 

 

To perform the mapping of the terrain, the robot must manoeuvre over the entire area, 

enabling it to calculate the inclination of the slopes within the area.  The inclination 

angles are then used to compute the height at points along the slopes, as well as on the 

flat surface, producing a two-dimensional array with each array element storing the 

height at these points.  The height calculated is relative to the starting position. 

 

The area used for testing is approximately a 3x3 metre area with walls enclosing it.  

Within the walls are various slopes and platforms that the robot negotiates in order to 

perform that terrain mapping. 

 

4.1  Traversing the Terrain 
 

As previously discussed, the robot must traverse the entire area enclosed by walls to 

be able to perform terrain mapping.  The tracked robot manoeuvres in a lawnmower 

pattern as shown in Figure 4.1.1.  This pattern enables the robot to drive over every 

segment within the area given it can reach any segment from any other segment in a 

straight line.  The process used to drive the robot in this pattern is shown in 

Figure 4.1.2.  The turning process is an extremely important part of the robot’s 

function because the turns must be made so that the robot is perpendicular to the wall 

once the turn is complete.  This means that the robot can then drive forward after the 

turn, in a straight line parallel to the all the other lines.  This stops the robot from 

drifting over other segments and reduces the amount of errors in the production of the 

array. 
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Figure 4.1.1: Lawnmower Pattern 
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Figure 4.1.2: Turning Algorithm 
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To begin with, the robot starts in a corner of the enclosed area and drives forward, as 

shown in Figure 4.1.1.  As the robot moves forward, the front position sensitive 

device (PSD) is used to detect the distance to the wall in front of the robot.  When that 

distance reaches a threshold value, the robot stops. 

 

Once the robot has stopped, it reads the PSD on the side of the robot that relates to the 

direction that the robot will turn.  For example, if the robot is going to turn right, the 

PSD located on the right hand side of the robot is read.  This simply checks for 

objects or walls that may stop the robot from being able to perform the turn.  If a wall 

is detected, then the robot must have traversed the entire area.  If nothing is detected, 

then the robot reverses 10cm, allowing enough room for the turn to be completed. 

 

The robot now has enough room to make the turn, so the brake is applied on the track 

that is closest to the apex of the turn.  That is, if the robot were to turn right, then the 

right hand brake is applied.  Power to the motor is supplied so that the turn can be 

performed. 

 

As the robot is turning, the PSD located on the back of the robot is determining the 

distance from the back of the robot to the wall behind it.  As the robot turns, the value 

that this PSD reads decreases until the robot is perpendicular to the wall, at which 

point the value would start increasing.  When this point of decreasing values turning 

to increasing values is detected, the robot will stop and the turn will be complete.  

Since the PSDs are subject to many errors, such as noise, the encoder measuring the 

distance travelled is used to ensure that the robot makes a significant portion of the 

turn before relying on the PSD for accurate measurements.  When the robot arrives at 

a wall, it will be almost perpendicular to the wall meaning that the encoder can be 

used to determine how far through the turn the robot is because each turn is the same 

and the start and end points of the turn are similar for each turn.  This ensures the PSD 

is only being used when the distance is within the effective range of the PSD. 
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Once the turn is complete, the brake pressure is removed and then robot drives 

forward to the next wall and repeats the process until it detects a wall before 

performing the final turn. 

 

4.2  Calibration of the Inclinometer 
 

The inclinometer must be calibrated in order to produce the most accurate 

measurements possible.  To accurately calibrate the inclinometer, various tests were 

performed.  Firstly, the robot was tested in a stationary state on horizontal, inclined 

and declined surfaces.  The average reading from each of these tests was then mapped 

to the actual angle of the slope in degrees.  This was simply done using a standard 

linear equation to find the relationship between the inclinometer’s raw reading and the 

actual angle in degrees.  This assumes the zero value, the raw value of the 

inclinometer on an incline of 0°, to be the raw reading of the inclinometer on a 

horizontal surface. 

 

This zero value was then adjusted in realisation that the robot’s front end lifts as the 

robot drives.  Various tests of the robot in the dynamic state were performed by 

examining the inclinometer’s readings as the robot accelerates and reaches cruising 

speed.  The robot was then driven over a mound in order to methodically test various 

zero values based on the results of the dynamic tests.  Analysing the performance of 

the altitude calculations obtained in the mound tests would then provide the best zero 

value for maintaining accuracy and reducing error accumulation. 

 

4.3  Recording Data 
 

As the tracked robot is traversing the enclosed area, it must store the calculated 

information for uploading to a computer after completion of the mapping or store it on 

the EyeBot allowing the robot to use this information to perform other tasks.  The data 

is stored in a two dimensional array with the columns indicating the lap number and 

the rows indicating the segment along that lap.  A lap is the movement from one wall 
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to the opposite wall in a straight line.  The array elements store the altitude 

computation for the each segment on each lap. 

 

Each lap is divided into equal-sized segments so that calculation of the altitude can be 

made at each junction between segments along the lap.  The length of each segment in 

this case is 4cm, but this can easily be changed depending on how much detail about 

the terrain is required and whether or not the processor on the EyeBot can handle the 

additional computations. 

 

By reducing the size of each segment, the frequency in which the altitude calculations 

are made also increases.  This significantly increases the number of computations and 

operations that must be performed within the same timeframe, putting extra pressure 

on the microprocessor, which may lead to errors becoming apparent.  Since the robot 

is still in motion while the computation is being made, if the computation of the 

previous altitude has not finished when the robot arrives at the next point, then the 

calculation for the new point may be missed leaving gaps within the lap.  This can be 

combated by reducing the speed of the robot but this means that it takes much more 

time for the robot to complete the terrain mapping exercise.  This trade-off between 

the resolution of the map and the time to complete the mapping must be examined 

depending on the overall purpose of the robot.  For the tracked robot working in the 

testing environment, using 4cm segments produces a good mapping of the terrain. 

 

Another problem with added pressure on the EyeBot controller, with the increase of 

segments per metre, is that other devices also struggle.  The readings from the PSDs 

can become erratic and misleading, causing the robot to perform unpredictably.  Other 

operations on the robot can also perform undesirably but in most cases the robot will 

still carry out the required task. 

 

Aside from the computation problems, each segment must represent the distance from 

the start of the segment to the end of the segment along the horizontal plane.  To be 

able to divide up the enclosed area for storage into a meaningful array, each array 

element must represent the height for each segment over the horizontal plane.  When 

the robot is travelling up or down slopes, the distance the robot travels is greater than 
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the distance it travels on the horizontal plane.  This means that determination of the 

segments must be calculated from the distance travelled by the robot over the 

horizontal plane.  This is a simple calculation as shown in Equation 4.3.1. 

 

cosh td d θ=  

Equation 4.3.1 
 

Where hd is the distance travelled over the horizontal plane 

td is the distance actually travelled by the robot from start of the segment 

θ  is the pitch angle of the robot 

 

This means that each time hd is equal to 4cm, a calculation is made, not when td is 

equal to 4cm.  Obviously, when the robot is driving over a horizontal surface, the 

pitch angle of the robot is zero causing the cosine of this angle to equal one, so that 

the distance travelled and the distance over the horizontal plane become equal. 

 

Now that the laps are divided into small segments, calculation of the altitude for each 

of these segments must be carried out.  This process is similar to the division of the 

lap into segments.  Each time the distance travelled over the horizontal plane equals 

4cm, an altitude calculation is performed for the corresponding segment.  Calculation 

of the altitude is done by computing the vertical distance gained or lost for the current 

segment and summing it with the previous computed altitude.  When the robot begins 

the terrain mapping, the initial altitude is set to zero and all altitudes calculated are 

relative to this initial value.  The calculation for the height as the robot is traversing 

the terrain is shown in Equation 4.3.2 

 

sinc p ta a d θ= +  

Equation 4.3.2 
Where ca is the altitude of the segment 

pa is the previous segment’s altitude 

td is the distance actually travelled by the robot from start of the segment 

θ  is the pitch angle of the robot 
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Essentially, the robot will calculate the altitude every 4cm along each lap based on the 

previous altitude computation.  Due to the restriction of available sensors, this method 

of adding the previous altitude to the vertical distance gained or lost is the only 

method possible.  Results of this method will be discussed later. 

 

4.4  Producing the Map 
 

Once the robot has performed the terrain mapping, the two dimensional array storing 

the altitude of each segment is uploaded to a computer and plotted in MATLAB, 

using the surface function.  This produces a representation of the physical area and 

looks just like the real area with slopes and horizontal surfaces.  An ideal surface plot 

depicting the testing area is shown in Figure 4.4.1 below. 

 

 
Figure 4.4.1: Ideal Terrain Map 
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5. Performance Analysis 
 

The readings from the inclinometer are the most important readings with regards to 

producing accurate terrain representations.  For this reason, tests were performed to 

see how well the inclinometer operates in certain situations.  Some of these tests were 

to see the variance of the inclinometer’s raw measurement in both static and dynamic 

situations.  The static tests were performed on an incline, a decline and also on a 

horizontal surface.  The results of these tests show some interesting characteristics of 

the inclinometer especially in the dynamic tests. 

 

As described in Section 4.2, the results of these tests will be used to calibrate the 

inclinometer.  The static tests will provide points at which the linear calibration of the 

inclinometer will be made.  That is, to determine what is the relationship between the 

raw inclinometer and the actual angle in degrees.  The results from the dynamic tests 

will then offset the raw inclinometer value that corresponds to zero degrees. 

 

5.1  Stationary Performance 
 

The static tests performed on the robot were used to calibrate the inclinometer.  The 

technical specifications of the inclinometer specify that it is a linear device, so these 

tests will determine the relationship between the raw inclinometer value and the angle 

in degrees. 

 

To begin with, the inclinometer was tested on a horizontal surface to see how much 

the raw reading actually changes over 100 seconds.  Readings were taken every tenth 

of a second and produce the results shown in Figure 5.1.1 shown below.  Note that the 

figure produced includes the angle in degrees for each corresponding raw value which 

was calculated after performing these tests and was inserted to produce a more 

meaningful graph. 
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Figure 5.1.1:  Stationary Horizontal Inclinometer Test 

 

Figure 5.1.1 shows that when the robot is stationary on a horizontally flat surface, the 

inclinometer’s raw readings do not vary much at all.  In fact, the value does not 

exceed 4 units either side of the average value of 620.  It also shows that the reading 

is equal to the average value 82% of the time and is between 619 and 620 for 97% of 

the time. 

 

Translating these maximum errors into degrees shows that the inclination does not 

vary by more than ±1.29°.  Since the inclinometer’s reading is equal to the average 

value 82% of the time, -0.64° for 15% of the time and ±1.29° for the remaining 3% of 

the testing time, then the inclinometer’s reading on a horizontal surface is resilient to 

error.  This means that when the robot is on a horizontal surface and is stationary, the 

reading from the inclinometer is very reliable and does not contribute much error. 

 

Testing of the inclinometer on an incline and a decline produced similar results to 

those shown for a horizontal surface.  The results of the tests on an incline and decline 

are shown in Figure 5.1.2 and Figure 5.1.3 respectively.  Note again that the figure 
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produced includes the angle in degrees for each corresponding raw value which was 

calculated after performing these tests and was inserted to produce a more meaningful 

graph. 

 

 
Figure 5.1.2:  Stationary Inclined Inclinometer Test 
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Figure 5.1.3:  Stationary Declined Inclinometer Test 

 

The average value for the incline was 656 units and 584 for the decline.  For both the 

incline and the decline, the readings did not vary by more ±2 units which translates to 

an error of ±1.29°.  Again, this is the maximum error that was recorded during the test 

so this would not occur frequently.  Similar to the horizontal test, the percentage of 

time that the reading was equal to the average was 63% and 80% for the inclined 

slope and declined slope respectively.  Although the inclined slope had a lower 

percentage of time that the value was equal to the average, 98% of the time the value 

was either 655 or 656.  Table 5.1.1 below shows the standard deviation of the various 

tests.  This demonstrates that the accuracy of the inclinometer in a stationary state is 

excellent. 
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Test Average Standard Deviation 

Horizontal 620 (0°) 0.45 

Inclined 656 (23.2°) 0.45 

Declined 584 (-23.2°) 0.53 

Table 5.1.1:  Stationary Inclinometer Test Statistics 
 

The values shown in Table 5.1.1 can now be used to calibrate the inclinometer with a 

modified version of the standard linear equation, shown in Equation 5.1.1. 

 

( )m r cθ = −  

Equation 5.1.1 
Where θ  is the angle in degrees 

 m is the gradient 

 r is the raw inclinometer value 

 c is the point at which graph crosses the r axis, also known as the zero value 

 

Calculating the gradient is simply done by dividing the difference between the 

inclined and horizontal raw values by the difference in the corresponding angles.  

Similarly, this is done with the declined value in place of the inclined value and in this 

case the gradient is equal to 0.6444.  The point at which the graph crosses the r-axis is 

known from the horizontal test which is 620.  Equation 5.1.2 shows the final equation 

with the values substituted. 

 

0.6444( 620)rθ = −  

Equation 5.1.2 
 

This equation is used to calculate the angle using the raw value from the inclinometer.  

The value for c, in this case is 620, is the raw inclination value for which the robot is 

horizontal.  The dynamic tests will adjust this value to increase the accuracy of the 

terrain mapping. 
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For all of the stationary tests, the inclinometer performed exceptionally well, as would 

be expected.  However, these results do not have much bearing of the accuracy of the 

terrain mapping because all the readings taken during the mapping are taken when the 

robot is in motion.  This means that testing of the inclinometer in this dynamic state is 

essential. 

 

5.2  Dynamic Performance 
 

The dynamic tests performed on the robot were used to determine how the 

inclinometer functions under certain conditions.  The values read from the 

inclinometer in these tests will underline the effectiveness of the inclinometer as a 

means of determining the altitude of each segment.  The result will influence many 

factors in which the robot will undertake its mapping and also adjust the zero value 

for calculating heights. 

 

Initially, testing of the inclinometer in the dynamic state was performed simply by 

recording the raw value for a period of 10 seconds.  For the first 3 seconds, the robot 

would be stationary and then would drive forward for the remaining 7 seconds over a 

horizontal surface.  This test would show what the reading should be for the surface 

and then show how the inclinometer is affected when the robot accelerates and 

reaches its cruising speed.  The results of this test are very interesting and are shown 

in Figures 5.2.1 through to 5.1.4 below.  Note that the angle in degrees has been 

calculated using Equation 5.1.2 found in the static tests, without any adjustments from 

the dynamic tests. 
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Figure 5.2.1:  Dynamic Horizontal Test 1 

 

 
Figure 5.2.2:  Dynamic Horizontal Test 2 
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Figure 5.2.3:  Dynamic Horizontal Test 3 

 
Figure 5.2.4:  Dynamic Horizontal Test 4 
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For the first 3 seconds in all cases, the value of the inclinometer was approximately 

620 without much variation; this corresponds to results of the static tests.  At the time 

of 3 seconds when the robot begins to accelerate, the raw value read from the 

inclinometer suddenly spikes a significant amount.  In some cases, this corresponds to 

an angle of about 21° which is a substantial error.  This value quickly drops back to a 

more desired reading but continues to fluctuate significantly as the robot drives at 

cruising speed.  From the figures shown above, it can easily be seen that the amount 

of oscillation can vary greatly even between tests performed one after another.  The 

results of the four tests performed are shown in Table 5.2.1. 

 

Test 
Number 

Average after 
spike 

Standard Deviation 
after Spike 

Size of 
Spike 

Conversion of 
spike to degrees 

1 628 7.20 29 18° 

2 624 3.32 33 21° 

3 630 6.54 34 21° 

4 630 5.60 25 16° 

Table 5.2.1:  Dynamic Test Results 
 

These results show how much the motion of the robot actually affects the readings 

from the inclinometer.  The amount of oscillation in the readings has a substantial 

bearing on the accuracy of the altitude calculations which is described by the standard 

deviations in the table.  The standard deviations are calculated for the values recorded 

after the first spike.  The deviations found are considerably greater than those found in 

the stationary tests.  These oscillations are very difficult to eradicate, but perhaps 

using the average over the interval of the oscillations would increase the accuracy of 

the altitude computations. 

 

There is a simple explanation for these errors when the robot is in motion.  The initial 

spike in the raw reading is caused by the sudden application of power to the motor 

causing the robot to lift at the front end.  This happens with many robots and other 

vehicles and is impossible to completely remove.  Reduction of this error could be 

done mechanically by stiffening the robot with respect to its tracks but this is probably 

not the best option.  The reason this would decrease the size of the spike is because it 
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would reduce the amount of travel between the tracks and the robot and hence reduce 

the size of the spike.  The size and frequency of the oscillations also depends on the 

speed and the surface which the robot is traversing.  Another option is to reduce the 

rate at which the robot accelerates. 

 

When the robot is instructed to drive forward, application of power to the motor is 

effectively instantaneous.  By progressively increasing the amount of power to the 

motor, the effect of the sudden burst of power is greatly reduced, therefore reducing 

the size of the initial spike in the reading of the raw inclinometer values.  This would 

make the robot’s terrain mapping more accurate but at this point in time, this spike is 

almost irrelevant. 

 

The results from the dynamic tests were very inconsistent.  This means that the zero 

value for the angle equation could not be adjusted based on these results.  Firstly, the 

effect on the segments of an erroneous zero value must be investigated.  Following 

this, a simple test of driving the robot over a mound, with known dimensions, must be 

performed.  The results from this test performed with various zero values would then 

determine the offset required for the calculation of the angle. 

 

5.3  Effect on Segment Calculations 
 

Since the robot calculates the altitude every 4cm, this initial spike does not affect the 

calculation because it has no bearing on the reading when the calculation is made.  

However, to get more resolution into the map by reducing the size of the segments, as 

previously discussed, this spike may have an effect on the reading at the end of the 

segment depending on how small the segments are.  Although this spike may affect 

the first altitude for each lap, reducing the amount of error when the robot is at 

cruising speed is far more important. 

 

The oscillation of the readings from the inclinometer when the robot is at cruising 

speed must be accounted for.  This is because for the vast majority of the time, when 

the robot is computing the altitudes, the robot is at cruising speed, so the oscillations 
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in the inclinometer’s measurements produce a significant amount of the error in the 

terrain map.  By taking the average or the inclinometer readings over the 7 seconds 

that the robot is in motion, excluding the initial spike, and calculating the height over 

one 4cm segment using this average value, the height for one segment in each of the 

four dynamic test cases is shown in Table 5.3.1. 

 

Test Number Height of 1 Segment, using average 

1 0.35 cm 

2 0.17 cm 

3 0.44 cm 

4 0.44 cm 

Table 5.3.1:  Error in Height Calculation Over Segment 
 

This table shows the amount of error that exists in each segment without any 

adjustments being made in the way that the heights are calculated.  With the robot 

driving over a horizontal surface in each of these tests, the height at the end of each 

segment should be zero.  Since each height calculation is based on the previous 

segment’s height, the error obtained in each segment will accumulate throughout the 

terrain map.  This means that action has to be taken to reduce this error as much as 

possible. 

 

5.4  Mapping Performance over Known Mound 
 

Testing of the robot’s terrain mapping abilities over a mound with known dimensions 

was used to determine a zero value for the angle equation.  Performing these tests 

with various zero values and determining the best option, would prove to produce 

more accuracy in the terrain map. 

 

To reduce the effect of the oscillations in the readings from the inclinometer, when 

the robot is in motion, has proven to be quite difficult.  There are two options to 

explore to reduce oscillations, the first of which is to change the raw value that 

corresponds to an angle of zero.  Initially, the raw value corresponding to 0° of 
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inclination for calibration, was the average value for the inclinometer when the robot 

was stationary.  This is intuitively how the inclinometer would be calibrated but 

produces misleading measurements.  The calibration should be made when the vehicle 

is driving forward at cruising speed because this is the state that the robot is in when 

the altitude calculations are made.  Using the average of the inclinometer reading, 

over the 7 seconds that the robot is in motion, as the 0° calibration point would make 

more sense.  Deciding on which average from the tests should be used can only be 

done by performing tests on each of them.  To produce the best results, the robot’s 

terrain mapping accuracy was tested by driving the robot over a mound, so that the 

initial height and the end height were the same. 

 

Testing and adjusting the robot’s terrain mapping parameters until the best 

combination for accuracy is found would greatly increase the accuracy of the terrain 

map.  This test was accomplished by driving the robot over a mound with known 

dimensions and analysing the results.  By changing the value for the zero level of the 

inclinometer, an optimum point could be found so that the height at the beginning and 

the end were equivalent.  Also, the height along the horizontally flat surfaces would 

become relatively constant with minimal variation.  Looking at the height that the 

robot calculates on top of the mound and comparing it to the physical value would 

also be an important result.  Finally, determining how well aligned were the 

transitions from sloped to horizontal surfaces was another factor in determining the 

zero value.  Analysing all of these with a range of tests, were performed and an 

optimum level was found. 

 

Optimising the zero value was the first concern in these tests.  Figures 5.4.1 through 

to 5.4.3 below show the results of these tests.  Each figure describes the height of the 

robot as it drives from left to right over the mound.  A video of this test is included on 

the enclosed CD.  In Figure 5.4.1, the zero value is 622 and the figure shows the height of 

the robot increasing even when it is driving on a horizontal surface.  This is not desirable as it 

affects the height of the robot after it has negotiated the mound.  This figure also shows the 

altitude on top of the platform to be rather erroneous.  The error in the calculated height along 

the platform is 5.15±0.22cm.  This is a large amount of error considering that the height of the 

platform is 19.70cm.  The difference in the altitude at the beginning and end was found to be 
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2.25cm.  This would lead to large amounts of accumulated error if this value were used for 

the terrain mapping.  The alignment of the transitions is inadequate as well, leading to this 

value being eliminated. 

 

 
Figure 5.4.1:  Mound Test with 622 as 0° 

 

 

Figure 5.4.2 is the result of the test using 624 as the zero value.  This figure shows the 

calculations maintaining consistency quite well for the horizontal surface but the beginning 

height and end height do not align well enough.  In fact they differ by 2.8cm.  The alignment 

of the transitions has improved over the case using 622.  The error in the height on top of the 

platform in this case was found to be 1.6±0.27cm which is far better than the previous case.  

However, the most important factor in the decision of the zero level is the beginning and end 

height. 

 

 
Figure 5.4.2:  Mound Test with 624 as 0° 
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Figure 5.4.3 shows the beginning and end heights being much closer and the flatness of the 

horizontal sections being acceptable.  In fact the difference in the height of the beginning and 

end altitudes was found to be only 0.54cm which is far better than the previous two tests.  The 

alignment of the transitions is comparable to those found in the 624 case.  The error in the 

height calculated along the top of the platform was found to be 2.01±0.26cm which is close to 

that found in the 624 case.  The flatness in the horizontal sections of the mound test are the 

key factors.  This flatness and the consistency between the beginning and final altitudes led to 

623 being chosen as the zero value.  This leads to the least accumulation of error for the entire 

terrain map.  Although there is a 10% error in the height at the top of the slope, this will not 

increase the accumulation of error, as the height before and after the mound is almost equal. 

 

 
Figure 5.4.3:  Mound Test with 623 as 0° 

 

Since the height calculated at the beginning and end of the test, with 623 as the zero value, is 

consistent, the altitude on top of the mound must be due to the gradient in the equation for 

calculating the inclination angle.  The reason for this error would mainly be due to error in the 

measurement of the slope of the mound.  However, the error does not influence the overall 

result of the terrain map and is within 10% so at this stage this error has been noted but not 

resolved. 

 

To further improve the accuracy of the terrain mapping, the resolution of the map was 

increased.  This means that more computations are made over the same distance, therefore 

increasing the level of detail in the representation of the terrain, especially in transitions from 

horizontal surfaces to sloped surfaces and vice versa.  This also increases the precision of the 

mound tests and ultimately the final terrain map.  Firstly, the segment size was reduced from 

4cm to 2cm.  This produced a representation shown in Figure 5.4.4. 
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Figure 5.4.4:  Mound Test with 2cm Segments 

 

 

Noticing the difference between the two mound tests with 2cm and 4cm segment sizes is a 

little challenging.  The main areas where the difference is most apparent are between 

transitions of slopes and the effect of large oscillations of the inclinometer.  It can be seen that 

the transitions are smoother due to the number of calculations being made as the robot 

negotiates the transition.  The smoothness of the transitions, as well as other points along the 

curve, is also due to the fact that having more frequent computations, the effect of a large 

oscillation in the inclinometer’s reading is now reduced.  This is because the oscillation will 

affect a segment that is now half the size, as the oscillation has no bearing on the next 

segment.  The performance increase gained from the reduction of the segment size was 

significant, so another test was performed with 1cm segments.  The results are shown in 

Figure 5.4.5 below. 

 

 

 
Figure 5.4.5:  Mound Test with 1cm Segments 
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As with the previous reduction of the segment size, the performance gained from halving the 

segment size was worthwhile.  Again, the area in which this gain is more noticeable is in the 

transitions and inclinometer oscillations.  Due to the increased resolution of the mapping 

function, both the 2cm and 1cm cases have also recorded, and incorporated into the graph, the 

distance that the robot has traversed for each calculation that has been made.  This increases 

the quality and precision of the curves shown in these figures.  With the initial cases that used 

4cm segments, the effect of the varying segment was negligible for the purposes of the graph 

but was found to be important for smaller segments.  These segment sizes will also be 

incorporated into the final terrain map. 

 

These tests produced a value for the zero level for use in the Equation 5.1.2 for calculating the 

angle of inclination.  The value that was used was 623 and the performance of the terrain 

mapping for the test area was performed using this value. 

 

5.5  Terrain Mapping Performance 
 

A section of the representation of the physical area produced by the robot is shown in 

Figure 5.5.1.  This figure also shows the path that the robot took to perform the 

mapping, represented by a black line.  Underneath this is Figure 5.5.2 showing the 

ideal terrain map.  This terrain map is the initial terrain map produced by the tracked 

robot which does not include the adjustments made to the calibration of the 

inclinometer and also does not include the increased resolution along with the actual 

segment size being recorded, as discussed in the previous paragraph.  A video of the 

robot performing terrain mapping is included on the CD attached to this thesis. 
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Figure 5.5.1:  Initial Terrain Map 

 

 

 
Figure 5.5.2:  Ideal Terrain Map 

 

In this terrain map, there are a few things to note with respect to determining where 

errors have occurred.  Firstly, it can be seen that the edge of the platform is not a clean 

edge between each lap.  This is highlighted by the brown areas on top of the platform 

not lining up with each other.  This is mainly due to the resolution of the segments, so 

decreasing the size of the segments would make this edge cleaner.  This also occurs at 

the bottom of the slope and can be resolved in the same way. 
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Another problem is along the lap itself.  Along the horizontally flat part of each lap, 

the altitude is slightly increasing in the direction that the robot traversed the lap.  The 

effect of this error is very apparent as the lap is followed in the representation.  This 

not only affects the altitude of the segments along the horizontal surface but also 

affects the height at the top of the slope.  Subsequently, each lap succeeding the 

current lap is influenced by the errors obtained in the current lap.  Therefore, all errors 

in altitude calculations accumulate through the remainder of the map.  

By implementing the methods or reducing the amount of error previously discussed, 

the final terrain map should be much more concise and accurate. 

 

Implementation of the methods for reducing the error in the terrain map representation 

does in fact improve the quality of the map.  To improve the accuracy of the map, the 

size of the segments was reduced to 10mm, the calibrated zero value was changed 

from 620 to 623 and the segment sizes were recorded at the time of the computation 

of the altitude.  The results of these modifications produced a more accurate terrain 

map illustrated in Figure 5.5.3 below.  This figure also includes the path used to map 

the terrain, shown with the black line. 

 

 
Figure 5.5.3:  Final Terrain Map 
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This terrain representation has vastly increased accuracy and precision compared to 

the initial terrain map produced by the robot’s mapping of the test area.  Figure 5.5.3 

above, demonstrates the reduction of error accumulated along the horizontal sections 

of each lap.  These sections are considerably smoother, meaning that error 

accumulation throughout the remainder of the map is reduced.  For the first lap, there 

are no slopes and Figure 5.5.4 depicts the smoothness of this lap. 

 

 
Figure 5.5.4:  First Lap 

 

The overall effect of this increase in flatness is more noticeable when observing the 

difference in altitudes calculated between adjacent laps.  In the image of the terrain 

map, determining the difference in heights between adjacent laps is very difficult.  

In fact, the difference in height between the first lap and the final lap is only 1.8cm.  

This is extremely good when realising that the distance between the first lap and the 

final lap is approximately 2m.  The robot has actually travelled over 15m from the 

start point to the last lap, meaning that the error in the altitude is about 2cm over 15m. 

This is an excellent improvement on the first terrain map produced in Figure 5.5.1.  

The original terrain map had a difference of 14cm.  This improvement also produces a 

flatter platform at the top of the slope.  The difference between the edges of the 

platform, parallel with the laps, is 2.1cm.  This demonstrates how improved 

calibration techniques for the inclinometer and reduced segment sizes increase the 

accuracy of the terrain map; however these are not the only improvements. 

 

There is a noticeable enhancement of the sharpness of the transitions between 

horizontal surfaces and sloped surfaces.  Focusing on the base of the slope, it can be 

observed that the alignment between laps is clear and defined, improving the 
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representation of the slope.  This is also apparent at the top of the slope, however, 

there are more considerations to acknowledge. 

 

With the increase in the resolution of the terrain map representation, previously 

unidentified sources of error become apparent.  The most obvious of these errors can 

be observed when the robot begins to descend the slope.  A bump exists on the point 

of transition from the horizontal platform to the slope.  This bump is quite significant 

but is known and can be accounted for by means of post-processing.  The contour of 

this bump is more apparent when viewing the terrain map from a different angle, as 

shown in Figure 5.5.5. 

 

 
Figure 5.5.5:  Emphasised Bump 

 

This bump exists because, as the robot approaches the slope, the front of the robot 

will overhang the slope.  When the centre of gravity of the robot travels beyond the 

transition point of the platform to the slope, it will suddenly fall.  Since the 

inclinometer uses liquid to perform its measurement, there is a delay in the liquid 

becoming horizontal causing an error in its reading.  The reason that the error is an 

increase in height is because the actual pitch angle of the inclinometer is greater in 

declination than the level of the measurement device within the inclinometer, due to 

the delay.  This produces a positive result from the inclinometer and therefore 

produces a positive height.  Reducing the effects of this source of error is difficult to 

perform whilst the robot is in motion.  The robot could possibly detect a slope, using 

the downward angled front PSD or even a gyroscope, and then reduce the speed as the 
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robot manoeuvres over the slope.  This would reduce the amount of momentum 

produced in the levelling device within the inclinometer but at this point the amount 

of error is reasonable and post-processing would be more appropriate.  Comparing the 

performance of a wheeled robot with the tracked robot at this transition would be 

interesting as the wheeled robot, with four wheels, does not drop off the edge of the 

platform onto the slope.  This drop also causes errors as the robot descends the slope. 

 

The bump is not the only source of error on the descent down the slope.  As the robot 

traverses the edge, the robot will bounce slightly when it makes contact with the 

slope.  This will affect the flatness of the slope which can be seen in the final terrain 

map displayed previously (Figure 5.5.5).  Part of this error is due to the robot reducing 

its speed once it is on the slope.  This will cause another small bump in the slope but 

not as extensive as the one obtained at the top of the slope.  This phenomenon also 

exists at the bottom of the slope and when the robot climbs up the slope but, due to 

the decreased speeds at these points and smoother transitions, the effects are not as 

noticeable but are worth investigating further. 

 

 

5.6  Error Accumulation and Post-Processing 
 

As discussed in Section 4.3 for recording data, the robot requires the previous altitude 

calculation in order to compute the height for the current segment.  This means that all 

the calculations are based on the initial height and accumulate more and more error as 

the robot traverses the terrain.  Figure 5.6.1 shows the amount of error at the 

beginning of each lap, relative to the starting point.  This demonstrates that as the 

robot travels farther, the amount of error increases.  In the test arena, the beginning of 

each lap is known to be zero as it is horizontally aligned with the starting point.  This 

means that the altitude calculated at these points by the robot should be zero, so the 

amount of error can be determined. 
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Figure 5.6.1:  Error at the Beginning of Each Lap 

 

Removing this accretion of error is rather difficult given the limited sensors available 

on the robot.  However, elimination of this error may not necessarily be imperative in 

the context of the robot’s function.  Although it may not be a problem of high 

importance, it should still be acknowledged and reduced where possible. 

 

There are a couple of ways to combat this problem of error accumulation, without 

adding more sensors.  One of them is to run the robot’s laps in one direction and then 

to have it remap the terrain with a 90° shift in the laps.  For example, have the laps 

run from east to west and then rerun the mapping with laps that run from north to 

south.  This would obviously take at least twice the amount of time and may not be 

desirable in certain situations.  This would also require extra processing either during, 

but more likely after, the creation of the maps so that one map is imprinted on top of 

the other, hopefully giving a more accurate representation. 

 

Post-processing could also be used on the single representation generated by the 

robot.  The correlations between laps, especially in the test area, are extremely high 

meaning that on one lap, if the robot climbs a slope then on the next lap the robot 

would have to descend an equivalent slope.  This means that the beginning and ending 

of the slope can be averaged over the laps, giving sharper edges.  The altitudes on 

each lap could be adjusted according to the previous lap or both adjacent laps giving 

greater consistency over the features of area.  This method would reduce the detail of 

the mapping but would provide consistency and sharp detail of the features of the 
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area.  Again, the type of post processing or error filtering used greatly depends on the 

requirements of the robot depending mainly on where the robot is to be used. 

 

As shown, reduction of the error accumulation is not simple and requires more than 

just a method of how to reduce the error from accruing.  It also requires a decision to 

be made on which of the available methods is implemented, depending on the 

environment and the purpose of the robot.  In the test arena, a very simple filtering 

method of the inclinometer reading can be implemented, greatly increasing the 

accuracy of the map.  This would simply be to assume that the inclination is zero 

when the average reading over the segment is between 3 and -3 degrees.  This would 

mean that each time the robot drives on a horizontal surface, the error accumulation 

would be reset since the robot would record altitudes of zero in these segments. 

 

Filtering the inclinometer’s average readings, and assuming it to be zero when it is 

within a range, does work in the test area but defeats the overall objective of the robot.  

This can only be done in a known area that meets a certain criteria.  The area must be 

fairly simple, with the angles of the slopes exceeding the range of the horizontal 

surface filter.  The objective of this robot is to perform terrain mapping, not “test 

area” mapping so this filtering method is impractical.  The robot must be able to 

determine if it is climbing very long slopes that would exist in reality and also realise 

that the correlation between laps is much less than that in the test arena. 

 

With all these ideas in hand, it was found that post processing and running the 

mapping twice with one perpendicular to the other was not required.  The reason for 

this is that the representation created on a computer, after the robot has performed the 

mapping, shows all significant features on the terrain with an acceptable level of 

detail.  This means that if someone used this robot in an unknown area, they would be 

able to obtain a good understanding of the area without having seen it.  Another 

reason why this decision is made is because the robot has to be used in the way that it 

was designed and used within the limitations of the sensors.  This means that if 

another robot, or even this robot, were to use this mapping information to navigate 

through the terrain, there is ample information to be able to make a judgement on the 

path to take.  If the robot were following laps, it would be able to see that there is a 
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slope approaching, with good accuracy, and navigate accordingly.  With regards to 

driving across laps, the amount of error between laps is insignificant because each lap 

is spaced by the width of the robot, approximately 25cm.  Even if the error between 

the altitudes from the two adjacent laps were extremely erroneous, say 5cm, this 

translates into an incline of only 11° which does not affect the robot’s ability to 

traverse the terrain as all mobile robots should be able to climb at incline of this 

degree. 

 

5.7  Performance Comparison 
 

Comparing the tracked robot’s method of terrain mapping with other mobile robots 

introduces some interesting points.  As seen in the Terrain Mapping Performance 

section, the level of detail of the terrain map obtained by this robot is extremely good, 

with an acceptable level of accuracy.  The level of detail that other robots obtain can 

now be compared with that of the tracked robot.  The robots discussed in a paper 

titled “Terrain Aided INS Robot Navigation”, use two methods of obtaining the 

altitude [13].  The comparison produced some interesting outcomes. 

 

The degree of accuracy of the altimeter would greatly affect the terrain mapping 

precision level.  The altimeters used on these robots have an absolute accuracy range 

of ±4m over its operating range [13].  For large, wide open areas this level of 

accuracy would be acceptable but if it were to be used on a similar scale to that of the 

tracked robot, the terrain mapping abilities would be deficient.  These types of 

altimeters are commonly used on aeroplanes where a difference of 50 metres has no 

bearing on its ability to fly.  These sensors require calibration and use barometric 

pressure to measure the altitude.  They are also subject to many other factors that 

influence the accuracy.  This shows that on a small scale, the tracked robot’s method 

of terrain mapping is excellent but is only applicable to small areas. 

 

The other method these robots used to obtain the altitude was achieved using Global 

Positioning System (GPS).  For these all terrain mobile robots, they used differential 

corrections in conjunction with the GPS.  This greatly increases the accuracy of the 
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solution but is still inadequate for making precise altitude measurements.  The 

accuracy obtained by the GPS was ±1m which is of the same order of magnitude as 

the altimeters [13].  Similarly, this does not provide the accuracy required in order to 

perform terrain mapping in small areas. 

 

These points demonstrate how the tracked robot obtains an accurate terrain map in 

small areas compared to other mobile robots.  The tracked robot at this point is limited 

to small areas but could be tested over large areas compared to that which these 

robust, outdoor robots achieve in terms of terrain mapping.  The major point to 

understand from this comparison is that the robots should only be examined in the 

field for which they are designed.  That is, these large outdoor robots should not be 

used in a nine square metre area and similarly, the tracked robot should not be 

instructed to map a square kilometre.  However, it is interesting to see how the 

differing approaches compare with one another. 

 

5.8  Summary 
 

Overall, the terrain mapping performance of the tracked robot was highly accurate 

and precise.  The method of obtaining a terrain map proved to be exceptional with a 

minimal amount of error.  Performing the various tests to reduce the amount of error 

accumulation was essential in ensuring the precision of the representation of the test 

area. 

 

A key advantage of the tracked robot is its cost effective method of obtaining a 

detailed terrain map.  The robot requires a minimal amount of sensors which are 

relatively cheap.  Altimeters and GPS devices can get rather expensive and do not 

provide any benefit in performing terrain mapping in this case; in fact they would not 

be able to produce a terrain map.  Differential corrections for GPS solutions also 

require subscriptions from providers, in most countries, which can cost in the order of 

thousands of dollars a year.  Due to the simplicity of the tracked robot’s method of 

obtaining altitudes, there are only two sensors that are essential in adding similar 

functionality to other robots.  To implement terrain mapping on an existing robot 
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would only require an inclinometer and an optical encoder, or any other means of 

obtaining inclination and distance, assuming the robot already has the ability to 

traverse an area whilst avoiding objects.  Then simply programming the robot to 

perform height calculations and record position information would add the 

functionality to existing robots. 

 

The accuracy and cost effectiveness of the tracked robot makes for a practical solution 

for the production of terrain maps.  The method is easily transferable to existing 

robots and its simplicity holds great value as it reduces the chances of unexpected 

behaviour of the robot. 



  Terrain Mapping with a Tracked Robot 
 
 

 
 44 David Wells 
 

6. Conclusion 
 

6.1  Final Remarks 
 

The method of driving a tracked robot in a lawnmower pattern to map the terrain of a 

test area proved successful.  The calibration of the inclinometer, especially with the 

mound tests, was instrumental in reducing the amount of error accumulation 

throughout the mapping process.  This method of terrain mapping also proved to be 

cost effective and easily transferable to existing robots. 

 

The lawnmower pattern proved sufficient in traversing the entire test area.  This 

allowed calculations of the altitude to be made for each segment within the area, but 

unfortunately introduced error accumulation.  This occurred because each calculation 

was based on the previous altitude which meant that errors in all of the prior 

computations were evident in succeeding calculations.  This problem could not be 

avoided because each height calculation had to be based on the previous height in 

order to produce a terrain map.  The process for completing the turns at the end of 

each lap also had a strong bearing on the accuracy of the map.  The turns had to leave 

the robot perpendicular to the wall to ensure that extra distance was not covered by 

driving at angles.  The turns were completed successfully allowing for accurate 

distance calculations to be made. 

 

Testing of the inclinometer’s characteristics in various situations was pivotal in 

reducing the amount of error in the altitude calculations.  The static tests provided a 

strong method for obtaining the linear characteristics of the inclinometer, enabling an 

accurate conversion from the raw inclinometer value to an angle in degrees.  The 

dynamic tests illustrated the amount of variance in the inclinometer’s reading.  

It demonstrated how the inclinometer’s measurement spiked as the robot began 

acceleration, and showed how the reading varied as the robot traversed a flat terrain.  

This led to the robot being tested by driving over a mound and methodically adjusting 

the zero-value parameter.  This was done in order to obtain the most accurate 

altitudes, shape and alignment of the resulting graph.  Using the parameters obtained 
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in these tests greatly reduced the amount of error accumulated over the entire terrain, 

to a point where the error became insignificant in respect to the size of the test area. 

 

The resulting terrain map produced with the data obtained from the robot’s mapping 

was exceptionally precise and informative.  It reproduced all of the key features of the 

test area with a high degree of accuracy.  This information was represented in a way 

that could easily be ported to other mobile robots in order for them to navigate terrain 

with ease. 

 

Due to the simplicity of the terrain mapping technique, this functionality can be added 

with ease to existing robots.  The process is very cost effective when compared to 

other means of obtaining altitude measurements, such as altimeters and GPS 

receivers, making it desirable and practical. 

 

Overall, the tracked robot project was successful in proving a technique for terrain 

mapping which can now be used on other robots with minimal difficulty.  The project 

discovered interesting characteristics of robot locomotion and inclinometer 

performance. 

 

6.2  Future Work 
 

There are still improvements that can be made on the tracked robot to allow 

increasingly precise altitude measurements and manoeuvrability. 

 

The altitude calculated at the top of the platform on the mound tests could be more 

accurate.  At the moment, an error of 10% exists which should be reduced.  This 

would require more accurate measurements of the dimensions of the slopes, allowing 

the angle of the slope used in the calibration of the inclinometer to be more accurate. 

 

Obstacle avoidance should be implemented which would allow the robot to map the 

entire terrain by navigating around objects.  This would require the lawnmower 

pattern methodology to be reassessed.  The robot would then be able to calculate the 
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altitude at each reachable segment of the area.  This would make the tracked robot 

more practical in the real world as objects will often block a robot’s path. 

 

To increase the level of detail of the terrain map, the path taken by the robot to 

perform a turn could be modified.  The modified path would allow the robot to 

manoeuvre into a position to begin the next lap, remaining a desired distance from the 

last lap.  That is, reduce the distance between each lap allowing more detail of the 

terrain to be mapped. 

 

Using another inclinometer to measure the roll of the robot would also increase the 

amount of information obtained by the mapping.  This would mean that the robot 

could drive on left or right sloping surfaces and obtain the slope for that surface, 

consequently producing more detailed information about the terrain.. 

 

Implementation of a method to slowly accelerate would also be desirable.  This would 

reduce the size of the spike in the inclinometer’s reading and, in-turn, reduce the 

amount of error.  An optimal cruising speed could also be found that would diminish 

the intensity of the oscillations.  Using either the gyroscopes, that are currently 

unused, or the anterior down-angled PSD, used to detect a slope, would allow the 

robot to slow down before declining slopes.  This would reduce the significance of the 

bump that was evident in the tests. 

 

Finally, by investigating how the robot manoeuvres over certain features of the 

terrain, post-processing can be performed to remove abnormalities in the terrain map.  

Some of these abnormalities are already evident in the results from the various tests, 

but implementation of a post-processing program has not been undertaken.  This 

would increase the sharpness of the terrain map and greatly increase its credibility. 
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8. Appendices 

8.1  Appendix I:  CD Contents 
 

Documents Folder: 

Contains this dissertation paper, seminar slides, interim report and introductory research. 

 

Photos Folder: 

Contains various photos of the robot and related components. 

 

Source Code Folder: 

Contains the program code and associated programs for the project. 

 

Tech Specs Folder: 

Contains technical specifications of various components. 

 

Test Results Folder: 

Contains data resulting from the inclinometer tests and terrain mapping tests. 

 

Videos Folder: 

Contains videos of the robot performing terrain mapping as well as the mound test. 
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8.2  Appendix II:  Tracked Robot Photos 
 

 
Figure 8.2.1:  Robot - Top View 

 

 
Figure 8.2.2:  Robot - Front View 
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Figure 8.2.3:  Robot - Side View 


