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Sammanfattning 
Abstract 
Conventional airborne laser scanner systems output the three-dimensional coordinates of the 
surface location hit by the laser pulse. Data storage capacity and processing speeds available today 
has made it possible to digitally sample and store the entire reflected waveform, instead of only 
extracting the coordinates. Research has shown that return waveforms can give even more 
detailed insights into the vertical structure of surface objects, surface slope, roughness and 
reflectivity than the conventional systems. One of the most important advantages with registering 
the waveforms is that it gives the user the possibility to himself define the way range is calculated 
in post-processing. 
 
In this thesis different techniques have been tested to visualize a waveform data set in order to get 
a better understanding of the waveforms and how they can be used to improve methods for 
classification of ground objects. 
 
A pulse detection algorithm, using the EM algorithm, has been implemented and tested. The 
algorithm output position and width of the echo pulses. One of the results of this thesis is that 
echo pulses reflected by vegetation tend to be wider than those reflected by for example a road. 
Another result is that up till five echo pulses can be detected compared to two echo pulses that the 
conventional system detects.  
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Abstract 
Conventional airborne laser scanner systems output the three-dimensional 
coordinates of the surface location hit by the laser pulse. Data storage capacity and 
processing speeds available today has made it possible to digitally sample and store 
the entire reflected waveform, instead of only extracting the coordinates. Research 
has shown that return waveforms can give even more detailed insights into the 
vertical structure of surface objects, surface slope, roughness and reflectivity than 
the conventional systems. One of the most important advantages with registering 
the waveforms is that it gives the user the possibility to himself define the way range 
is calculated in post-processing.  

In this thesis different techniques have been tested to visualize a waveform data set 
in order to get a better understanding of the waveforms and how they can be used 
to improve methods for classification of ground objects. 

A pulse detection algorithm, using the EM algorithm, has been implemented and 
tested. The algorithm output position and width of the echo pulses. One of the 
results of this thesis is that echo pulses reflected by vegetation tend to be wider than 
those reflected by for example a road. Another result is that up till five echo pulses 
can be detected compared to two echo pulses that the conventional system detects.  
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Chapter 1 

Introduction 

1.1 Background 
This thesis work was performed at the Swedish Defence Research Agency (FOI) in 
Linköping. At the Department of Laser Systems, methods for automatic generation 
of high precision 3D environment models using an airborne laser scanners (ALS), 
has been developed. The ALS systems use laser radar, referred to as Light 
Detection and Ranging (LIDAR), which works similar to ordinary radar but uses 
laser instead of radio waves. 

Conventional ALS systems output the three-dimensional coordinates of the surface 
location hit by the laser pulse. Data storage capacity and processing speeds available 
today has made it possible to digitally sample and store the entire reflected 
waveform instead of only extracting the coordinates. Research has shown that 
return waveforms can give even more detailed insights into the vertical structure of 
surface objects, surface slope, roughness and reflectivity than the conventional 
systems [1]. 

1.1.1 Description of the task 
The main purpose of the work is to try different techniques to visualize the 
registered waveforms. It is also of interest to extract additional information from 
the registered waveforms that can be used to improve methods for ground object 
detection. The work will also include a study of the available literature on 
waveforms.  

No methods for ground object detection will be developed in this thesis. The 
development software used in this thesis is the Interactive Data Language (IDL) 
with the visualization extension ENVI. 
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1.2 Previous work at FOI 
In this section methods for ground estimation, extraction of individual trees and 
detection of small objects on the sea bottom will be described. All three methods 
use LIDAR data.  

1.2.1 Ground estimation 
At the Department of Laser Systems algorithms that obtain the ground surface 
from laser radar data have been developed. The ground segmentation is based on 
theories of active contours, where the contour acts like a sticky rubber cloth that is 
being pushed up from underneath the surface. The model is glued against the 
measured points from underneath, forming the envelope of the point cloud. The 
stiffness of the shape model stretches it out to a continuous surface in between the 
ground points [8].  

1.2.2 Individual trees 
When generating 3D-landscape models using laser radar data it is desirable to 
automatically extract objects such as buildings, trees, roads etc from the data set. At 
the Department of Laser Systems an algorithm that extracts individual trees using 
laser radar data has been developed. First a segmentation based on texture measures 
and multiple echoes was performed to separate man-made objects from natural 
objects. By applying an active contour from above the canopy of the trees was 
determined. The location of the trees was then estimated by identifying local height 
maxima [9]. 

1.2.3 Detection of small objects on the sea bottom 
Experiments have also been made to detect a 1-m3 cube placed on sand bottom by 
using airborne lidar data and registered waveforms. The object can be detected 
either by a double echo with a separate peak from the object or by width 
measurements of the extended echo pulse from sea bottom [7]. 

1.3 Outline of report 
Chapter 2 summarizes theories from a few research papers on digitized waveform. 
Chapter 3 describes the LIDAR data used in this thesis. In chapter 4 waveforms 
reflected by different objects have been documented. The visualization part of the 
thesis is presented in chapter 5. Chapter 6 describes the detection algorithm that has 
been implemented. In chapter 7 the additional information extracted by the 
detection algorithm is analyzed. Chapter 8 contains a conclusion of the work. 
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Chapter 2 

Registered waveform  

Not much is written about digitized waveform but a few articles are available. In 
this chapter theories from a few research papers on digitized waveform have been 
summarized. 

2.1 From conventional systems to digitized waveforms 
A laser altimeter records the time of flight of a pulse of light from a laser to a 
reflecting surface and back. This travel time, combined with ancillary information 
such as laser location and pointing at the time of each laser shot, enables the laser 
footprint to be geolocated in a global reference frame. To determine the exact 
position of the helicopter, it is equipped with a differential Global Positioning 
System (GPS). The pitch, yaw and roll angles are calculated by an Inertial 
Navigation System (INS). 

Digitally recording the return laser pulse shape of the waveform provides 
information on the elevations and distributions of distinct reflection surfaces within 
the laser footprint. A digitally recorded return laser pulse represents the time history 
of the laser pulse as it interacts with the reflecting surfaces [5]. 

Advances in digital electronics and hard disk size and performance have made it 
feasible in recent years to construct LIDAR systems that digitally sample and store 
the entire echo waveform of reflected laser pulses. These systems give the user the 
possibility to himself define the way range is calculated in post-processing [1].  

2.1.1 Multiple echoes 
The recording of only one echo is sufficient if there is only one target within the 
laser footprint. However there may be several objects within the travel path of the 
laser pulse that generate backscatter pulses. Multiple echoes can appear, for 
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example, when a part of the laser pulse hits branches of a tree and the rest of the 
pulse hits the ground below the tree, see Figure 2.1. Therefore more advanced laser 
scanners have been built which are capable of recording more than one pulse. One 
problem is that it is not always clear how to interpret these measurements for 
different targets, particularly since the detection methods for the determination of 
the trigger pulses are not known [2].  

The size of the beam divergence is related to the number of multiple returns per 
emitted pulse. When the divergence is decreased a smaller surface patch is 
illuminated which will give rise to less multiple returns than with a bigger 
divergence. When a small footprint is used classification is only possible in relation 
to neighbouring echoes [2]. 

 

 

 

 

 

 

 

 

Figure 2.1. Two branches of the tree and the ground below the tree is illuminated by the laser 
beam, giving rise to three echo pulses. 

2.1.2 Pulse widening 
When a flat surface at an angle, for example a tilted roof or a slope, is illuminated by 
a laser beam, the circular footprint is stretched into an ellipse yielding an extended 
echo pulse width [2]. The left laser beam in Figure 2.2 illuminates a flat surface at a 
normal incidence giving rise to a single echo pulse with a similar shape as of the 
outgoing laser pulse. The beam to the right illuminates a flat surface at 
approximately 45 degrees yielding an extended echo pulse width. Another reason 
for pulse widening is rough surfaces like ploughed fields [1]. 
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Figure 2.2. Pulse widening. Left: the laser beam gives rise to an echo pulse with a similar shape 
as of the outgoing pulse. Right: the echo pulse is stretched due to the tilted surface. 

2.1.3 Advantages with waveform digitization 
Full-waveform airborne laser scanners provide additional information about the 
structure of the illuminated surface. This offers the option to classify data based on 
the shape of the echo [2].  

One of the most important advantages with registering the waveforms is that it 
gives the user the possibility to himself define the way range is calculated in post-
processing. With access to the reflected waveform the user can also decide if a 
certain echo, for example a sub-peak on the leading edge of a stronger echo pulse, 
defines the canopy top or not. 

Waveforms can also be used to derive vegetation parameters as vertical canopy 
expanse and density, timber volume, biomass and other important vegetation 
descriptors [1]. 

It is described in [1] how waveforms can help to detect low ground vegetation. 
Objects that are situated close to each other, like low ground vegetation and 
ground, will give rise to either two distinct echo pulses, one widened ground echo 
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or a ground echo with a bump originating from low ground, see Figure 2.3. It is 
impossible for conventional systems to detect the overlaid pulse from low ground 
vegetation, due to the small separation between peaks. 

 
Figure 2.3. Waveform from ground and low ground vegetation. 

An important advantage with waveforms registration, which is mentioned in [1], is 
the ability to pinpoint break lines, for example the edge of a roof. By calculating 
how much of the laser beam that was reflected off the roof and how much that was 
reflected off the ground the lateral position of a break line can be determined to 
sub-beam-diameter accuracy. 

Surface slope leads to a widening of the return pulse in theory, but it is unlike that it 
can be observed with the currently implemented system parameters. A beam 
divergence of more than 1 mrad and a shorter pulse width of perhaps 2 ns could 
improve the sensitivity enough to allow slope detection [1]. 

2.2 Pulse detection 
The task of the detector is to derive time-stamped trigger pulses from the 
continuous waveform, allowing the distance between the scanner system and the 
illuminated objects to be computed. Pulse detection is applied on the backscattered 
waveform and a few different methods are described in [2]. The most basic 
technique for pulse detection is to trigger a pulse whenever the rising edge of the 
signal exceeds a given threshold. This method is simple to implement, but it suffers 
from the drawback that it is rather sensitive to the amplitude and the width of the 
signal. Methods that do not suffer from these drawbacks are the detection of 
maxima or the zero crossings of the second derivate, but these methods are known 
to be rather noise-sensitive. Experiments illustrate that there is no such thing as a 
single best detector, rather the relative performance of the detectors depends on 
factors such as the characteristics of the effective scattering cross section, object 
distance and noise level. 
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Chapter 3 

 LIDAR data 

3.1 The system 
The raw data used in this thesis was provided by an ALS system from TopEye AB1. 
TopEye AB is a company based in Göteborg, Sweden which provides 
topographical data and digital images. 

The scanning system used is the TopEye Mark II system which is mounted on a 
helicopter. The laser altimeter scans the ground in an elliptical pattern. The data set 
covers the Remningstorp forest estate in southern Sweden. Each scanned area is 
approximately 200 times 500 meters. Data was recorded from an altitude of 
approximately 200 meters, yielding a laser beam footprint of approximately 0.2 
meters. Table 3.1 summarizes the key features of the system. 

The system extracts the coordinates and the waveforms are registered. However it is 
not these registered waveforms that the system uses to extract the echoes. The 
system saves 128 samples of the reflected waveform, see Figure 3.1. During the data 
acquisition of this data set the system was setup so that the sample of the last echo 
and 127 samples earlier were registered. The sample length is 0.15 meters so the 
waveforms are approximately 20 meters long. This means that if a tree is taller than 
20 meters, echoes from both top branches and ground cannot be registered in one 
waveform. 

 

                                                           

 

1 http://www.topeye.com 
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Waveform sampling interval 0.5 ns 

Laser pulse repetition rate 50 000 Hz 

Pulse length 5 ns 

Wavelength 1064 nm 

Scan speed 35 rotations per second 

Laser beam divergence 1 mrad 

Range resolution Subcentimeter 

Range precision 1.4 cm sigma 

Table 3.1. Key features of the Top Eye Mark II System. 

 
Figure 3.1. The intensity in 128 samples of the reflected waveform. 

3.2 Data structure 
The LIDAR data from each scanned area is provided in the formats .tew and .las. 
The first file contains the reflected waveforms and the second one contains the 
extracted coordinates of the real time processing system. The three-dimensional 
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coordinates x (eastern), y (northern) and z (distance from sea level) are stated in 
meters. 

3.2.1 .tew file 
The waveform data from the TopEye Mark II system is stored in a binary file of the 
format .tew. Each file has a header containing information that is common for all 
waveforms in the file, such as waveform length and sample length. The header is 
followed by a data record for each waveform containing the fields in Table 3.2. The 
setup field states which one of the two modes “last echo and earlier” or “first echo 
and later” that has been used to register the waveform. In both modes 128 samples 
of the reflected and sampled waveforms is saved. The only difference is what part 
of the waveform that is registered. When the first mode is used the system will save 
the sample of the first echo detected by the system and 127 samples earlier. In the 
second mode the sample of the last echo and 127 samples later are saved.  

X origin 

Y origin 

Z origin 

Outgoing vector 

Waveform 

Receiver channel 

Setup 

GPS time 

Offset to scanner mirror 

Offset to first echo 

Offset to last echo 

Table 3.2. TopEye waveform data record format .tew. 
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The outgoing vector and the coordinate for the first sample in the waveform, 
(x,y,z)-origin, are used to calculate the coordinates of the rest of the samples in the 
waveform, see Figure 3.2. This is done by calculating the azimuth and elevation 
angles of the waveforms. When these angles are known the coordinates can easily 
be calculated. The intensity is defined as the amplitude of the echo pulses.  

 

 

 

 

 

 

 

 

Figure 3.2. Reflected waveform and outgoing vector. The provided waveform is approximately 20 
m long. 

The receiver has two channels, one sensitive and one less sensitive. The sensitive 
channel is used when possible. For strong echoes the signals registered on this 
channel are noise and the less sensitive channel is used instead. The system cannot 
save data from both channels so instead every other signal from the sensitive and 
the less sensitive channels are saved. This means that data will get lost when the 
noise signal is saved instead of the actual reflected waveform. In some areas up till 
30 % of the registered signals are nothing but noise. Before comparing waveform 
data to points extracted by the system, points corresponding to noise signals should 
be removed. The signals registered on the less sensitive channel have to be 
amplified by ten. 

In addition to the 128 samples of the waveforms, two offsets are also provided in 
the .tew file. This information is interesting because it shows the positions where 
the system has detected echo pulses. Offset to first and last echo is the distance, in 
meters, from the first sample in the waveform to the first and the last echo that is 
extracted by the system. The offsets have been computed from parameters in the 
raw data and these offsets are provided in the .tew file. In Figure 3.3 the offsets 
have been plotted as asterixes on the waveform. To convert the offset from meters 
to number of samples it is divided by the sample length before plotted. As seen in 
the figure the offsets are situated a few samples earlier than the samples for the 
maximum amplitude.  

(x,y,z)-origin 
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Figure 3.3. The asterixes symbolize the offsets to first and last echo in the waveform and the two 
dashed lines symbolize the intensity values for the waveform in the .las file. 

The intensity values for this waveform provided by the system are 61and 92. The 
lines in Figure 3.3 symbolize these two intensity values. Obviously the extracted 
intensities correspond to the top values of the echo pulses and not to the intensities 
of the samples for the offsets.  

3.2.2 .las file 
A binary file of the format .las with the coordinates extracted by the system is also 
provided, but the method used to extract the coordinates is unknown. For each 
point in the .las file x, y, z, reflection and time stamp is provided. It is data of this 
type that is currently used at FOI.  

3.3 Square extraction 
The waveforms are recorded in temporal order, so the files have to be divided into 
smaller areas after the position of the waveforms. This can be done by picking an 
area in the .las file and then extracting all waveforms from the .tew file which 
correspond to the extracted points. 
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Chapter 4 

Documentation of waveforms 

The LIDAR data used in this thesis was collected during the fall of 2004 and covers 
the Remningstorp forest estate in southern Sweden. One goal with this thesis was to 
document waveforms reflected from different ground objects and surfaces. Since 
data is collected in forested terrain waveforms from trees, low vegetation, grass and 
roads have been documented and analysed. The waveforms in this chapter illustrate 
examples of the different waveforms described in chapter 2. 

4.1 Forested terrain 
As described in chapter 2 multiple echo pulses appear in forested terrain. Not all 
waveforms in forested terrain reach all the way down to the ground due to stems or 
thick vegetation.  
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4.1.1 Last echo pulse on the ground 
In Figure 4.1 (a) the laser pulse hits the canopy first and creates three echo pulses. A 
fraction of the laser pulse also hits the ground giving rise to a fourth echo pulse. 
The vertical lines in the figure illustrate the positions of the echo pulses extracted by 
the system. Figure 4.1 (b) shows that the last echo pulse is actually a ground echo. 
The line symbolizes the laser beam and the dots the echo pulses extracted by the 
system. 

  
 (a)    (b)   

Figure 4.1. (a) Four echo pulses. The vertical lines symbolize the positions of the echo pulses 
extracted by the system. (b) Point cloud with extracted points, outgoing vector and the two points 
extracted by the system.  
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4.1.2 Last echo pulse in the canopy 
The outgoing laser beams sometimes do not reach all the way down to the ground, 
due to stems or thick vegetation. The last echo pulse of the waveform in Figure 4.2 
(a) appears in the canopy instead of on the ground. The waveform has three echo 
pulses, but only the last one has been detected by the system. Figure 4.2 (b) 
illustrates the outgoing vector of the registered waveform and the coordinate 
extracted by the system. 

    (a)     (b)
  

Figure 4.2. (a) Three echo pulses. The vertical line symbolizes the position of the echo pulse 
extracted by the system. (b) Point cloud with extracted points, outgoing vector and the point 
extracted by the system. 
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4.1.3 Flat ground 
The only flat area found in the data set is a road. In this situation the laser pulse 
gives rise to only one echo pulse since no objects other than the ground is 
illuminated, see Figure 4.3 (a). Figure 4.3 (b) illustrates the direction of the reflected 
waveform and the ground echo pulse. 

  
   (a)    (b)   

Figure 4.3. (a) A single echo pulse. The vertical line symbolizes the position of the echo pulse 
extracted by the system. (b) Point cloud with extracted points, outgoing vector and the points 
extracted by the system. 
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4.2 Low ground vegetation 
As described in section 2.1.3, low ground vegetation can give rise to a bump on the 
leading edge of the ground echo. Figure 4.4 (a) illustrates an example of this. Figure 
4.4 (b) shows that the echo is actually a ground echo from an area with low ground 
vegetation.  

 
   (a)     (b) 

Figure 4.4. (a)  A single echo pulse. The vertical line symbolizes the position of the echo pulse 
extracted by the system. (b) Point cloud with extracted points, outgoing vector and the point 
extracted by the system. 
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Chapter 5 

Visualization 

After the coordinates of the waveform have been calculated and an interesting area 
has been extracted, the irregularly positioned data points are sorted into a three-
dimensional array. The size of the array depends on the size of the extracted area 
and the size of the voxels in the array. A voxel is a volume element, representing a 
value in three-dimensional space. This is analogous to a pixel, which represents 2D 
image data. If several values end up in the same voxel or pixel one sample is chosen 
to represent the element.  

5.1 Intensity volume 
The waveforms are inserted into a volume. If more than one sample ends up in the 
same voxel the greatest one is chosen to represent the voxel. The images in this 
section have all been generated from the intensity volume. In Figure 5.2 and Figure 
5.3 colours have been mapped to the intensities of the waveforms in an area with 
trees, low ground vegetation and a road crossing. See Figure 5.1 for an intensity 
image from above covering the same area. Figure 5.2 illustrates the unprocessed 
waveforms. The noise of the waveforms gives rise to the blurred lines above the 
vegetation. To make the noise more transparent than the rest of the waveform the 
opacity property of samples below the noise threshold is adjusted. In Figure 5.3 the 
waveforms have been thresholded to remove noise. The voxel size in both figures is 
0.25 m.  

 

 

 

 



Swedish Defence Research Agency (FOI) 

 

 

 20 

 
Figure 5.1. Intensity image from above covering the same area as the intensity volumes. 

 
Figure 5.2. Intensity volume, voxel size 0.25 m. 

 
Figure 5.3. Thresholded intensity volume, voxel size 0.25 m. 

trees 

road crossing 

low vegetation 
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5.1.1 Slicing 
Slicing techniques display two dimensions of three-dimensional datasets. The 
reduction from 3D to 2D may lead to images that are easier to interpret. By moving 
the slice within the volume the user can find interesting parts of the dataset. This 
visualizing technique is applied to the LIDAR data set by loading the intensity 
volume into IDL’s slicing tool. Figure 5.4 illustrates a slice of a volume containing 
low ground vegetation and trees. The line in Figure 5.6 illustrates the location of the 
slice.  

 
Figure 5.4. A slice from an intensity volume, voxel size 0.25 m. 

5.1.2 Isosurface 
An isocontour is a contour representing a constant value of some variable in a 2D 
data set and an isosurface is a surface representing a constant value within a data 
volume. Isosurfaces and isocoutours divide the dataset into regions that when 
mapped to colours can reveal interesting relations in the dataset. Figure 5.5 
illustrates how isosurfaces divide the intensity volume into areas above and below 
the isovalue. In (a) the isovalue is 60 and in (b) the isovalue is 120. In (b) the road 
has not been included since the echo pulses reflected from the road have low 
intensities. 
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(a) 

 
(b) 

Figure 5.5.  Isosurfaces. (a) Isovalue 60. (b) Isovalue 120. 
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5.1.3 Zmax 
In Figure 5.6 the greatest z-value of each (x,y)-value, where the intensity exceeds the 
noise level, has been used to generate a zmax image. Figure 5.7 is the corresponding 
zmax image generated with all the points extracted by the system, i.e. points 
corresponding to noise signals have not been removed. 

 
Figure 5.6. Zmax for thresholded volume. White corresponds to high elevation and black to low 
elevation. 

 
Figure 5.7. Zmax for points extracted by the system. White corresponds to high elevation and 
black to low elevation. 

5.1.4 Energy 
In forested terrain voxels with the same (x,y)-value are often hit several times by the 
laser beam due to the penetration of trees. In Figure 5.8 the intensities of each (x,y)-
value have been added and the sum of the intensities has been used to generate the 
image. 

Location of slice 
in figure 5.4 
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Figure 5.8. Accumulated intensities. White corresponds to high intensity and black to low 
intensity. 

5.1.5 Hitmask 
In the hitmask, the number of samples in each cell is accumulated and stored. The 
hitmask shows the coverage of the scans. Multiple echoes appear in forested terrain 
which yields more samples than single echoes. In Figure 5.9 the number of hits per 
voxel have been added for each (x,y)-value. As expected the white parts of the 
image correspond to trees. 

 
Figure 5.9.  Hitmask. White corresponds to several hits and black to no hits. 
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5.1.6 Variance 
The variance of the z-values of non empty voxels in the volume can be used to 
separate trees from ground and low vegetation. In areas with trees the filled voxels 
are more spread out, while in areas with flat ground the non empty voxels are 
situated closer together. Figure 5.10 illustrates the variance of the z-values. 

 
 

Figure 5.10. The variance of the z-values of the filled voxels. Black corresponds to a low 
variance and white to a high variance 
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5.2 Point cloud 
Figure 5.11 (a) illustrates a point cloud with points extracted by the system. In 
Figure 5.11 (b) all samples in the waveform above the noise level have been plotted. 
This point cloud has about 7 times as many points as the original one. The reason 
for this is mainly that more than one sample for each echo pulse has been plotted. 

 
(a) 

 
(b) 

Figure 5.11. (a) Point cloud with points extracted by the system. (b) Point cloud made from 
waveform data.
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Chapter 6 

Pulse detection 

It is of interest to extract more than the first and the last echo from each waveform. 
Also, the width of the echoes is of interest. In this chapter a detection algorithm 
based on the expectation-maximization (EM) algorithm [4] is used to estimate the 
number of echo pulses of the waveforms. The algorithm also outputs the width of 
the echo pulses. Figure 6.1 summarizes the pulse detection algorithm. In the first 
step the waveforms are thresholded to remove noise. Then the EM algorithm is 
applied K=5 times on each waveform yielding five estimations where 1 till 5 
Gaussians have been fitted to the waveforms. The final step is to choose the most 
probable estimate. A similar algorithm is described in [5]. With access to the width 
of the echoes the theories presented in chapter 2, such as pulse widening, can be 
evaluated and tested on the current data set. 

 
Figure 6.1. First the waveforms are thresholded and then the EM algorithm is applied K times 
on each waveform. Last of all a criterion is used to select one of the estimates and µj, σj and the 
fitted components are returned. 

6.1 Unsupervised learning 
Unsupervised learning is a method of machine learning where a model is fitted to 
observations. An important part of the unsupervised learning problem is 

Unprocessed 
waveform 

Pre-
processing 

EM Find k̂  

Processed 
waveform 

Estimates for 
k=1-5 

The most 
probable 
estimate 
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determining the number of components or classes which best describe the data. 
There are several different criteria that can be used to solve the problem [4].  

Unsupervised learning will be used in this thesis to detect echo pulses. This is done 
by fitting Gaussians to the waveforms. It will be assumed that the waveforms were 
generated from a distribution which is the sum of simpler distributions. That is, the 
samples of the waveforms are assumed to arise from the following distribution 

∑
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jjj Nxf σµ∈  

where k is the number of Gaussians, fj(x) is the Gaussian probability density 
function, pj is the relative weight of fj(x), µj is the expected value and σj  is the 
standard deviation of the fitted Gaussians. 

6.2 EM algorithm 
The EM algorithm [4], which will be used to fit the Gaussians to the waveforms, is 
a widely used approach in learning the presence of unobserved variables.  

For each component j, the mean value µj and standard deviation σj are estimated. 
The mean value µj will be used as the position of the echo and the standard 
deviation σj as the width of the echo. The likelihood estimates for µj and σj are found 
by iterating through formula (1)-(4). The algorithm needs to be initialized with start 
values. The method used to find these start values is described in section 6.2.4. 

6.2.1 Estimation step 
In the estimation step of the EM algorithm, the expected value of each hidden 
variable is calculated assuming that the current hypothesis holds.  
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Qij  is the probability that sample i  belongs to component j and k is the number of 
components that are fitted to the waveforms.   

6.2.2 Maximization step 
In the maximization step (2)-(4), a new maximum likelihood hypothesis is calculated 
assuming that the value taken on by each hidden variable is its expected value 
calculated in the estimation step. The hypothesis is replaced by the new hypothesis 
and a new iteration is made [3]. 



Chapter 6 - Pulse detection 

 

 

 29 

∑
∑

=

== S

i i

S

i iji
j

N

QN
p

1

1       )2(  

∑
∑

=

== S

i ij

S

i iji
j

Np

iQN

1

1µ       )3(  

∑
∑

=

=
−

= S

i ij

S

i jiji
j

Np

iQN

1

1
2)( µ

σ      )4(  

S is the number of samples in the waveform and Ni is the intensity for sample i . 

6.2.3 Pre-processing 
The waveforms have to be thresholded to remove noise before the EM algorithm is 
applied. Two methods were tested, one where the threshold is calculated for each 
waveform and one where a preset threshold is applied on all waveforms. 

In the first method the standard deviation of the noise σnoise is calculated. This is 
done by computing the median absolute deviation (MAD) of the signal. The median 
absolute deviation is a measure of the dispersion of a distribution about the median. 

|)(|4826.1 mwaveformmediannoise −⋅=σ   

)(waveformmedianm =  

According to [10] the MAD is multiplied by a factor of 1.4826 to achieve 
consistency with the standard deviation for asymptotically normal distributions. The 
median m is subtracted from the signal and the result is divided by a multiple of the 
noise level σnoise. All samples of the waveform below the multiple of the noise 
deviation σnoise are then set to zero. 

In the more simple method two different thresholds are applied, one for waveforms 
from the sensitive channel and one from the less sensitive channel. The thresholds 
were set to 13 and 45 respectively. The threshold has to be chosen so that all the 
noise is removed, but without removing weak echo pulses. Since the noise level 
does not vary much both methods proved to perform well. 

6.2.4 Start values 
The correctness of the initial values of µj, pj and σj are important for the EM 
algorithm to generate a good estimate. The initial value for µj, is found by 
smoothing the pre-processed signal and finding the local maxima. The initial values 
for µj are placed in the positions of the local maxima. If there are more components 
to estimate than the number of local maxima, the extra start values are put in the 
position of the local maxima with the greatest number of consecutive nonzero 
samples. Figure 6.2 illustrates a waveform and its initial estimates. The start values 
for pj are set so that all components have an equal weight and σj is set to 2. 
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Figure 6.2. Pre-processed signal (solid) and initial estimates (dashed). 

6.3 Estimating the number of components 
When the EM algorithm has been applied on a waveform to calculate the maximum 
likelihood estimates for µj and σj for 1 till K Gauss components, a criterion is used to 
select the most probable estimate. Two criteria were implemented in this thesis. 
One of them is Akaike’s Information Criterion (AIC) [11] and the other one uses 
the distance between estimated echoes to decide the number of components that 
make up the waveforms. To get the AIC to predict the right number of Gauss 
components it had to be modified by substituting K for S in the denominator 
yielding the following criterion 

K
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When too many components are predicted by the EM algorithm the Gauss 
components end up close to each other. This information can be used to remove 
predictions with too many components. The µj predictions generated by the EM 
algorithm are saved and the distances between the predicted echoes are calculated. 
A minimum distance, mindist, is set before the algorithm is applied. 



Chapter 6 - Pulse detection 

 

 

 31 

6.4 Detection algorithm 
The following steps are repeated for each waveform: 

Step 1: The EM algorithm 

Repeat the following steps for k=1,2,…,K: 

1. Find start values for µj, pj and σj. 

2. Iterate through (1)-(4) 30 times. 

Step 2: Number of components 

Repeat the following steps for k=K, K-1,..,2: 

1. Find the smallest distance between echoes in prediction k. 

2. If the distance is greater than mindist return k. If not, repeat step 1 for prediction 
k-1. 

If no prediction is found the prediction with one component is assumed to be the 
correct one. 

The minimum allowed distance between two echoes, mindist was set to 5 samples 
which corresponds to 0.75 m. 

Figure 6.3 illustrates an example of an unprocessed waveform with four echo pulses 
and its four fitted Gaussians. The intensity values of the unprocessed waveform, at 
the positions estimated by the EM algorithm, are used to represent the intensities. 

 
Figure 6.3. Unprocessed waveform (solid) and the four fitted Gauss components (dotted). 
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6.5 Results 
In some cases where the echo pulse has a flat top, the EM algorithm fits a Gauss 
component to the pulse that is too high, yielding an amplitude that is too high. 
However this does not affect the intensity that the detection algorithm output, since 
the amplitude of the original waveforms is used to represent the intensity. 

Sometimes the noise threshold computed by the detection algorithm is too high. 
The result of this is that the estimated Gauss components of weak echoes become 
too narrow or that the echo pulse is not detected at all. 
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Chapter 7 

Extracted points 

Waveform data allows post-processing of data. In the delivered data set the first and 
the last echoes have been extracted, but waveform data allows for more than these 
two echo pulses to be detected. 

It is of interest to compare the performance of the EM algorithm with the 
performance of the real-time processing detection in the system. In this chapter the 
performance will be analyzed and compared in plots and statistics. When the echoes 
have been detected from the waveform data and the coordinates have been 
calculated, the new information can be visualized in different ways. Information 
that will be visualized in this chapter is the additional echoes and the width of echo 
pulses. 

7.1 EM vs system 
The pulse detection method used in the system is unknown, but by analyzing 
several different waveforms one can find information like the minimal separation 
between peaks and the minimal amplitude of echoes that the system is able to 
detect. 

7.1.1 Both echo pulses detected 
Two gauss components have been estimated from the waveform in Figure 7.1. The 
estimated positions are 111 and 121. Also the system has detected two echo pulses 
but at the positions 108 and 118. The peaks are 10 samples apart which correspond 
to 1.5 m. 
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Figure 7.1. Waveform (solid) and two fitted Gauss components (dashed), µ1=111 and 
µ2=121. Vertical lines show the positions of the echoes extracted by the system. 

7.1.2 Echo pulse is too weak 
Two gauss components have been estimated from the waveform in Figure 7.2, 
which is the neighboring signal of the waveform in Figure 7.1. The expected values 
for the positions are 111 and 122 i.e. the distance between the echo pulses is the 
same as in Figure 7.1. The system has detected only one peak at 119. The reason for 
this could be that the first echo pulse is too weak for the system to detect it.  

 
Figure 7.2. Waveform (solid) and two fitted Gauss components (dashed), µ1=111and µ2=122. 
Vertical line shows the position of the echo extracted by the system. 
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7.1.3 Echo pulses too close together 
Two gauss components have been estimated from the waveform in Figure 7.3. The 
expected values for the pulse echoes are 114 and 122. The system has detected one 
pulse at 119. The distance between the two peaks is 1.2 m. The small separation 
between the echo pulses could explain why the system has detected only the last 
echo pulse of the waveform. 

 
Figure 7.3. Waveform (solid) and two fitted Gauss components (dashed), µ1=114 and 
µ2=122. Vertical line shows the position of the echo extracted by the system. 

7.2 Width of echo pulses 
In Figure 7.4 the standard deviation σj, describing the width of each Gauss 
component has been illustrated. The color of the points corresponds to the width 
of the echoes. Light points correspond to wider echoes than dark points. The area 
that has been chosen to illustrate widening of pulse echoes is an area with a road, 
grass, and trees, see square in Figure 7.8. As one would expect the pulse echoes are 
wider in the canopies of the trees than on the grass and on the road.  
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Figure 7.4. The colour of the points corresponds to the width of the echo pulses. The light points 
correspond to wide echo pulses and the dark points correspond to narrow echo pulses. 

The 409 ground samples and the 288 samples in the trees have been separated and 
illustrated in Figure 7.5. The histogram of the standard deviation of the ground 
echo pulses and the tree echo pulses in Figure 7.6 proves that the echo pulses 
reflected by vegetation are in average wider than those reflected by ground. 
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Figure 7.5. Samples divided into ground (grey) and vegetation (black). 

 
Figure 7.6. Histogram for the standard deviation of the echo pulses reflected from ground 
(dashed) and from vegetation (solid). 

In Figure 7.7 the intensity has been plotted against the standard deviation, the width 
of the echo pulses. The plot reveals that weak echoes are wider than strong echoes. 
Echo pulses with intensities near the noise level are narrow due to the fact that the 
samples exceeding the noise threshold are too few to describe the shape of the 
pulse echo. This explains why the points below 50 in Figure 7.7 correspond to 
narrow echo pulses. 



Swedish Defence Research Agency (FOI) 

 

 

 38 

 
Figure 7.7. Standard deviation of echo pulses plotted against their intensity. 

7.3 Additional points 
Figure 7.8 shows an intensity image of echoes extracted by the system. Figure 7.9 
shows the point cloud of the area within the square. The area is 10 times 10 meters 
and consists of trees, grass and a road. The dark points on the ground correspond 
to the road and the lighter points correspond to grass. 

 
Figure 7.8. Vegetation and a road. White corresponds to a high intensity and black corresponds 
to a low intensity. 
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Figure 7.9. System data. Colours have been mapped to the intensities of the point cloud within 
the square in Figure 7.8. 

Figure 7.10 illustrates the same area as Figure 7.9 but now the points extracted by 
the EM algorithm have been visualized instead. The detection algorithm has 
detected 80 additional echoes. 
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Figure 7.10. Waveform data. Colours have been mapped to the intensities of the point cloud 
within the square in Figure 7.8. 

Figure 7.11.  illustrates the intensities of the additional points detected by the EM 
algorithm. As expected the additional points have low intensities and are located in 
the canopies where multiple echoes appear. 
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Figure 7.11. Additional points. Colours have been mapped to the intensities of the point cloud. 

The area in Figure 7.12 is 900 square meters and 9328 points were detected by the 
system. These points are illustrated in Figure 7.12 (a). Figure 7.12 (b) illustrates the 
additional 572 points extracted by the EM algorithm that were not detected by the 
system. As expected the extra points are located in trees and low vegetation, where 
multiple echo pulses occur. In Figure 7.12 (c) all points extracted by the EM 
algorithm are illustrated. The vegetation in this the area is between 1 and 10 meters 
tall.  
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(a)  

 
(b)         

 
(c) 

Figure 7.12. Zmax. (a) Points extracted by the system. (b) The additional points that have been 
detected by the EM algorithm but not by the system. (c) All points extracted by the EM 
algorithm. 
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7.4 Area under echo pulses 
The area under each extracted echo pulse can be used as an intensity measure. 
When the amplitude is used to measure the intensity a low and wide echo pulse will 
yield a lower intensity than a tall and narrow one, but when the area is used to 
define the intensity these two echoes will yield the same result. Figure 7.13 (a) 
illustrates the area under the echo pulses, (b) illustrates the intensities extracted by 
the system and (c) illustrates zmax for points extracted by the system. The area and 
the amplitude images are very similar, except for that there is a dark triangle in the 
middle of the road crossing in the amplitude image. 

   
(a)      (b) 

 
(c) 

Figure 7.13. (a) Area under echo pulses. (b) Amplitudes extracted by the TopEye Mark II 
System. (c) Zmax. 
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7.5 Low ground vegetation 
As described in section 2.1.3, waveform registration makes it possible to detect low 
ground vegetation. The leading edge of the ground echo in Figure 7.14 has been 
distorted by low ground vegetation. The system has missed the overlaid echo pulse 
and has only detected an echo pulse at 119, while the EM algorithm has estimated 
two Gauss components (dashed lines). However, the distortion of the leading edge 
does not seem to have affected the ability of the system to detect the ground echo, 
which could have been expected.  

 
Figure 7.14. Ground echo distorted by low ground vegetation (solid) and the two Gauss 
components fitted to data (dashed), µ1=117 and µ2=123. The vertical line illustrates the position 
extracted by the system. 
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7.6 Statistics 
To investigate how often multiple echoes appear a forested area was selected and 
the EM algorithm was applied to the waveforms within this area. Table 7.1 
summarizes the number of echoes per waveform for the selected area. Before the 
percentage of waveforms for each number of echoes is calculated the noise signals 
are removed. In the area selected 19 % of the waveforms are noise. The area is 100 
square meters and a total of 2982 waveforms correspond to this area. The 2414 
waveforms that are left when the noise signals have been removed yield 4028 points 
or 40 points per square meter. Only about 16 % of the waveforms have three or 
more echo pulses.  

Number 
of echoes 
per 
waveform 

Number of waveforms 

 

Number 
of echoes 

Noise 568 0 

1 1405 (58.2%) 1405 

2 611 (25.3%) 1222 

3 245 (10.1%) 735 

4 99 (4.1%) 396 

5 54 (2.2%) 270 

Total: 2982 

Noise removed: 2414 

4028 

Table 7.1. The number of echoes detected by the EM algorithm in forested terrain. 

If the performance of the system is to be compared to the performance of the EM 
algorithm only waveforms with one and two echoes can be considered. This is due 
to the fact that the system extracts only the first and the last echo of the waveforms. 
It should be noted that this comparison is not made to try to decide which method 
is the best one. This would be impossible since the system extracts the echoes in 
real-time and the method in this thesis uses post-processing. Table 7.2 summarizes 
the performance of the two detection methods. Column two and three describe the 
number of waveforms where the EM algorithm detected 1-5 echoes and the system 
detected 2 echoes respectively 1 echo. It is obvious that post-processing of 
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registered waveforms yield more information than the coordinates that the system 
outputs. 

Number of 
echoes per 
waveform 

Number 
of 
waveforms 
with 2 
echoes 

Number of 
waveforms 
with 1 echo 

Number 
of possible 
echoes, 
system 

Number of 
echoes, 
system 

Number of 
additional 
echoes, EM 

1 11 1394 1405 1416 -11 

2 293 318 1222 904 +318 

3 177 68 490 422 +313 

4 81 18 198 180 +216 

5 47 7 108 101 +169 

 609 1805 3423 3023 1005 

Table 7.2. Comparison of the system and the EM algorithm. Column two and three is the 
number of waveforms where the EM algorithm has detected 1-5 echoes and the system has detected 
2 echoes respectively 1 echo. 

Five of the 11 waveforms, where the EM algorithm has detected one echo pulse 
and the system has detected two, actually have only one echo pulse. In four 
waveforms the EM algorithm has missed the weakest echo due to a too high 
threshold when removing the noise. 

For the forested area in this example the detection algorithm detects 33% more 
echo pulses than the system, corresponding to ten additional points per square 
meter. 

7.7 Result 
Registering the waveforms has made it possible to extract more than two echo 
pulses for each waveform and also to compute the width of the echoes. Post-
processing also enables detection of echoes with a smaller separation than the 
system does. A greater beam divergence would probably yield more multiple echo 
pulses since more objects would be illuminated by the same laser beam.
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Chapter 8 

Discussion 

8.1 Conclusion 
By using post-processing, and in this case the EM algorithm, up till five echo pulses 
were detected for each waveform. The additional points detected by the EM 
algorithm but not by the system appear mainly in forested terrain, since vegetation 
give rise to multiple echoes. As Table 7.1 illustrates, only about 16 % of all 
waveforms in forested terrain have three of more echo pulses. Still the detection 
algorithm implemented in this thesis outputs 33% more points than the system. 

In low ground vegetation the EM algorithm is able to detect two echo pulses where 
the system detects only one. This is due to the fact that echoes as close as 0.75 m 
apart can be detected. With access to this extra information low ground vegetation 
can be detected. 

The assumption that the waveforms are made up by Gaussians has proven to be a 
fairly good approximation. In some cases where the echo pulse has a flat top, the 
EM algorithm fits a Gauss component to the pulse that is too high, yielding an 
amplitude that is too high. However this does not affect the intensity that the 
detection algorithm output, since the amplitude of the original waveforms is used to 
represent the intensity. 

To investigate if the width of the return pulses from vegetation differs from the 
width of echo pulses reflected by flat ground, an area with a road, low vegetation 
and trees was picked. A histogram of the width of echo pulses from ground and 
trees revealed that the echoes corresponding to canopies were indeed wider than 
those corresponding to the road and low ground vegetation. 

The EM algorithm performs well in decomposing overlapping echo pulses. 
However, in some cases it might be better to consider two overlapping echo pulses 
as one wide pulse. A detection method that uses the width of echo pulses will not 
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be able to detect pulse widening, due to overlapping echo pulses, if they have been 
decomposed into separate narrow echo pulses. In the algorithm implemented in this 
thesis the preset minimum distance between two echo pulses decides if two 
overlapping echo pulses should be treated as one or two return pulses. 

8.2 Future work 
Work was conducted to find an area in the data set with a slope. The goal was to 
investigate the effect slopes have on the shape of the reflected waveforms. It turned 
out to be difficult to find an area with a slope. With access to waveform data 
covering man made objects such as buildings, widening of the echo pulse due to 
slope could be investigated.  
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