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Abstract
 
Conventional airborne laser scanner systems extract only the first and last echo from the 
return laser pulse. With improved processor capacities and the ability to save more data it is 
now possible to save and analyse the entire waveform, in post-processing, in order to extract 
more characteristics of the reflecting surfaces, e.g., finding more echoes. This helps create a 
better understanding of the shape and characteristics of objects.   
 In vegetation more than one echo usually occurs, since the laser pulse can for example hit 
the canopy, some branches and leaves and finally the ground. But some of those echoes are so 
small that it can be difficult to distinguish them from the noise in the signal. By using 
deconvolution, small, yet obvious, echoes can be amplified and more information can thus be 
obtained about what has reflected the laser light. Deconvolution can also break down pulses 
from adjacent surface that can appear as one larger pulse.  
 In this thesis the Richardson-Lucy deconvolution algorithm is used. The EM-algorithm is 
used to fit the waveforms to a series of Gaussians functions.  
 After the deconvolution of the laser return from areas with vegetations more than 75 % 
more echoes could be extracted compared to the echoes found with the system, while for 
areas with buildings and roads, the deconvolution did not increase the extracted echoes 
significantly. More echoes was found on the ground, below the trees, which enable a more 
accurate model of the ground to be acquired. 
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1. Introduction 
 

1.1 Background 
Airborne laser scanners (ALS) can be used for determining the topography of an area. These 
airborne laser scanners are LIDARs (LIght Detection And Ranging). They send out short 
infrared pulses of light that interacts with and are changed by reflecting surfaces in the path of 
the laser pulse. Some of the light is reflected back to the instrument where it is analysed in 
order to detect significant pulses. The roundtrip time, the travelling time of the pulse from the 
laser scanner to the ground and back, is measured. Combining the roundtrip time with the 
angle and location of the laser, a model of the landscape can be constructed. The laser 
scanner’s location can be determined with a differential Global Positioning System (GPS) and 
the angle is found with an Inertial Navigation System (INS). From the laser scanner and to the 
ground, the laser pulse broadens, which means that depending on the height of the laser 
scanner, the cross-section of the beam, the footprint, can vary in size. More than one echo 
from the waveform usually occur in vegetation and around building edges. In vegetation, the 
first and the last echo extracted from the waveform is typically from the canopy and the 
ground, respectively.  
 Nowadays, it is possible to digitally sample and store the entire waveform to enable post-
processing, so for example more accurate range measurements can be obtained. The change in 
the characteristics of the light enables some properties of the target to be determined. Just by 
looking at a three dimensional representation of the points extracted from the waveform it can 
be difficult to see what the laser beam has hit. But by retrieving more information from the 
waveform it may be possible to get more information about the objects that have reflected the 
laser pulse. Not much research has been done on analyzing waveforms to find out what is 
possible to extract from them.  

1.1.1 Different target situations give rise to different echoes 
Depending on what the laser beam hits on its way the shape of the return signal can vary 
significantly. If the reflecting surface is smooth and perpendicular to the direction of the 
incoming pulse, the echo signal will approximately look like the transmitted pulse but with 
lower amplitude. If the surface is a slope the echo signal will be smeared out compared to the 
transmitted signal, Figure 1. For example, if the laser beam hits a branch and bush, like in 
Figure 2, it will give rise to a different echo signal than the case in Figure 1, but only by 
looking at the whole waveform. Just by looking at the first and the last echo, these two cases 
may appear very similar. Vegetation can give rise to a much more complex return signal, 
when the laser beam for example hits partly the canopy first, then low vegetation and then the
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ground surface. By recording the digitalized echo signal at a sufficiently high sampling 
frequency, information is preserved to be analysed in detail in post processing by full 
waveform analysis, hopefully revealing details about the different targets. 
 

 
Figure 1. The laser beam hits a slope.                Figure 2. The laser beam hits tree branches, the ground 
                                        and low vegetation.  

1.3 Goal 
The main purpose of this thesis is to examine the possibility to extract more information with 
full-waveform analysis. One of the problems that will be considered is whether it is possible 
to determine the number of trees in a group of trees that stand close together. Waveform 
analysis techniques will be described for investigating what information can be extracted from 
the waveform and whether that information can be used to determine characteristics of the 
target. For example, it is of interest to investigate if more echoes can be found from inside the 
canopy, from the stem and branches. If so, the number and characteristics of the trees are 
expected be easier to estimate, than by using the echoes extracted by the ALS system. This 
applies most to deciduous trees, since their characteristics are more difficult to estimate.  
 The work for this thesis was carried out at the Swedish Defence Research Agency (FOI) at 
the Department of Laser System, in Linköping. At FOI, research has been performed on how 
to use airborne laser scanners to make 3D environmental models of the earth. Methods to 
extract more echoes from the waveform, than just the first and the last echo of the waveform 
have also been developed.  

1.4 Software 
The software used is Interactive Data Language (IDL) with the visualisation extension 
Environment for Visualizing Images (ENVI) which is good for data analysis and 
visualisation. Mathworks MATLAB 7.1 has been used for some of the mathematical 
calculations and PolyWorks from InnovMetric for the visualisations.  
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1.5 Thesis overview 
In Chapter 2 the basics in waveform analysis and some previous works are shortly described. 
Chapter 3 starts with a presentation of the system and the data that have been used in the work 
for this thesis. Chapter 4 describes how the data have been processed and the algorithms used. 
The results will be reviewed in Chapter 5. Chapter 6 contains discussion about the results and 
some of the problems that have been encountered. Some thoughts about future work will also 
be discussed. The conclusions drawn from the work around this thesis will be covered in 
Chapter 7. 
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2. Previous work 
 
To gain a better understanding of the problem, to learn more about waveforms and to get an 
insight of what has been done in different aspect of waveform analysis a literature study was 
conducted.  

2.1 Conventional techniques 
Airborne laser scanners repeatedly send out short infrared pulses, which hit targets on the 
ground and some of the energy is scattered back and measured. The return pulse is detected 
by a sensor and the roundtrip time, the travelling time of the pulse from the laser scanner to 
the ground and back, is measured. Combining the roundtrip time with the laser’s location and 
the angle of the laser, a model of the landscape can be constructed. The laser scanners 
location can be determine with a differential Global Positioning System (GPS) and the angle 
of the laser scanner is found with an Inertial Navigation System (INS). From the laser scanner 
and to the ground the laser pulse broadens, which means that depending on the height of the 
laser scanner, the cross-section of the beam, the footprint, can vary in size.  
 The first airborne scanning LIDARs recorded the first echo of a backscattered pulse. The 
recording of only one echo is rarely sufficient since, even for small footprints, there may be 
several objects within the travel path of the laser pulse. The common method for airborne 
laser scanners has been to deliver two returns from multiple targets illuminated by a single 
laser pulse, which is primarily the first and last echo with respect to range [4]. More than one 
return usually arises around building edges and especially in vegetation. In vegetation the 
multiple echoes can occur when a part of the laser pulse hits the top of the tree and the rest of 
the pulse hits another part from within the tree or the ground [4]. Recording only the first and 
last pulse limits the number of three-dimensional points that can be derived from the data.  
 The ability to store large amount of data and development in digital electronics have made 
it is possible to record and digitally sample the entire waveform of the reflected laser pulses. 
This provides additional information about the target and gives the user the opportunity to 
obtain the range in post- processing [1].  

2.2 Additional information 
The data from the waveform provide the possibility for a more complete description of the 
structure of objects and more accurate range measurements. Different part of the vegetation 
can be separated, e.g. low vegetation from the ground and classification of trees are possible. 
From the waveform data it is also possible to extract more than two echoes. 
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 Initial studies have shown that additional features derived from the full-waveform data – 
the amplitude, standard deviation and the number of pulses – might be used to distinguish 
between vegetation and non-vegetation points, without using geometry information [4]. 

The amplitude of the return signal depends on several factors. First of all it depends on the 
amplitude of the transmitted pulse and how much of the laser pulse that is intercepted by a 
target. The reflectance of the surface and the part of the reflected illumination that travels in 
the direction of the sensor also affects the amplitude of the return signal. The standard 
deviation, or the pulse width, is also contingent on where the laser intercepts [5].  

2.2.1 Fitting Gaussian functions to the waveforms 
It is shown in [5] and [6] that waveforms with small footprints can be modelled as a sum of 
Gaussian pulses, described by the location of the pulse and the pulse width. That the 
waveform can be describes as a series of Gaussian distributions a common assumption in 
waveform analysis. To detect the peaks of the pulses of the waveforms and an estimate of the 
standard deviation, which describes the width of each Gaussian distribution can be found with 
the Expectation Maximation (EM) algorithm [5]. A wider pulse is observed for points that are 
extracted from vegetation. Another approach is based on a nonlinear least-squares method 
(LSM) [6].  

2.2.2 Deconvolution 
Convolution defines the relationship between the input and output of a linear time-invariant 
system and deconvolution is the inverse method to undo the effect of the convolution. 
Convolution is one of the key areas in signal and image processing. Not much has been found 
about applying deconvolution on data from laser systems. Most of the articles found covers 
deconvolution in astronomy. The objective of deconvolution is to reconstruct an unknown 
signal, which has been blurred by a linear systems impulse response and the output from the 
convolution is known. In image processing deconvolution is used for example to deblurr 
images and can also be used in astronomy to remove the atmospheric seeing degrading [14].  

2.3 Advantages with full waveform analysis  
Especially in forestry applications, full waveform analysis offers significant advantages as it 
improve the ability to resolve multiple targets for a single laser pulse. It enables a much more 
detailed analysis of distributed target with respect to ranging depth, which is of significant 
advantage for example in forest and vegetation areas [4]. The multiple returns can therefore 
be of importance in filtering and modelling algorithms related to vegetation and ground 
surface separation and for deriving forest parameters [2]. 
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3. LIDAR data 
 
This section contains information about the system used to collect the raw data. The structure 
of the data is also described as well as equations for calculating different parameters.  

The raw data used for this thesis is collected from the forest surrounding Skövde, a town 
in the southwest of Sweden and was acquired with an ALS system from TopEye (Section 
3.1). The data consist of a binary file where each byte represents a part of the waveform. Each 
file has a header with information like the number of waveforms in the file and the date it was 
collected. The header also contains data that is common for all waveforms in the same file, 
like sample length and the threshold for the data. A short description of each part of the data 
can be found in Table 2 and a more detailed description in Section 3.2. 

3.1 TopEye Mark II 
TopEye AB is a company located in Göteborg, Sweden and uses an ALS system to create 
topographical data and digital images. The scanning system used is TopEye Mark II and it is 
mounted on a helicopter and scans the ground in an elliptic manner, also called Palmer 
scanner, Figure 3. 
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Figure 3. The helicopter scans the ground in an elliptic manner. 

For acquiring the data used in this thesis, the helicopter was flying on an altitude of 
approximately 200 meters above the ground and the laser beam divergence is 1 mrad, which 
gives a laser footprint of around 20 centimetres on the ground. Some general information 
about the system can be found in Table 1.  
Table 1. Information about TopEye Mark II. 

Sampling interval 0.5 ns 

Repetition rate 50 000 Hz 

Pulse length 5 ns 

Wavelength 1064 nm 

Scan speed 35 rotations per second 

Laser beam divergence 1 mrad 

3.2 Waveform data description 
Here follows a description of the data that is delivered from the TopEye system, to get a better 
understanding of the data structure (Table 2).  
 The GPS time indicates the time the waveform was acquired. The Setup and Channel field 
defines the setup for the system e.g., which channel is used to extract the first and last echo. 
The waveform can be received from two different channels, a sensitive and a less sensitive 
channel. For the received data, the amplitude between the two channels differs with a factor 
ten. The analogue signal is quantised when it is converted to a digital signal. The sensitive 
channel can only represent 256 values. If the amplitude of the waveform exceeds 255 the 
sensitive channel is not enough, so the less sensitive channel has to be used. The field 
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Waveform length contains the number of bytes in the waveform data field for the different 
channels. The X, Y and Z-origin are the coordinates for the location of the sensor where the z 
coordinate is the elevation over sea level in meters. The Vector, Voutgoing, is a normalized 
vector, in micrometers, that represent the direction of the pulse. The offset to first and last 
echo are the distance in meter from the known GPS position to the first and last echo, 
respectively. The time from when the laser is triggered until the pulse is actually emitted is 
multiplied with the speed of light to get the Waveform Distance offset, doffset. The offset values 
are used to calculate the coordinates for the first and last echo by using the following 
equations 
  

outgoingtoffsetfirssensorfirstecho k Vxx ⋅+=  (1) 

 

outgoingoffsetlastsensorlastecho k Vxx ⋅+=  (2) 

 
where koffsetfirst and koffsetlast are the offsets to first and last echo in meters, respectively. xsensor is 
the coordinates to the sensor that is given in the data. The Waveform data field includes three 
different parts. The first part is the block-length, which is the number of waveform bytes in a 
block. A block is a number of non zero values of the waveform that is above the threshold of 
the system. This threshold is an ad hoc value set by TopEye. It is used so that not all samples 
have to be saved; the samples below this threshold are assumed to be noise and are discarded. 
If the whole waveform would be saved, with a flying altitude of approximate 200 meters and 
a sample length according to  
 

msmscnsd 1499.0/109979.2105.05.0 99 ≈⋅⋅⋅=⋅=Δ −  (3) 

 
which is the c, the speed of light, multiplied with the sampling interval, the number of 
samples would be  

sampels
d
m 1334200
≈

Δ
.  

 
This would require a lot of data storage space, but by just saving the samples above the 
threshold significantly less space is needed. Another option is to saving a certain number of 
consecutive samples but this would mean that the height of the illuminated objects would be 
limited. For example, saving 128 samples and with a sample length according to equation (3) 
the maximum height representation is 

md 183.19128 ≈Δ⋅   

while by saving only the relevant samples the this value can be much greater. The block-
position is the second part of the waveform data and it is the number of samples to the 
beginning of the block. The last part of the waveform data is the amplitude of the samples in 
the waveform. The distance to all the samples can be calculated by using  
 

( ) offsetsample ddibpD +Δ⋅+=  (4) 
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with bp being the block-position and i is the sample where the distance is of interest. doffset  is 
the waveform distance offset and is the sample length, both in meters. It usually starts 
with the amplitude of the first registered sample in the data, which is the first value in the first 
block. After calculating the distance to all the samples of relevance, the coordinates of the 
samples can be determined with  

dΔ

 

efirstsamplsampleoutgoingsample D xVx +⋅=  (5) 

 
where xfirstsample is the coordinates for the first sample in the block.  
Table 2. TopEye data format. 

Field Description 

GPS time GPS time stamp 

Setup and Channel System setup and receiver channel information 

Waveform length 1 The size of the waveform on channel 1 

Waveform length 2 The size of the waveform on channel 2 

X, Y, Z origin Position to the first sample 

Vector, Voutgoing Contains the direction of the laser pulse in micro meter 

Offset to first echo The offset to the first echo in meters 

Offset to last echo The offset to the last echo in meters 

Waveform distance offset 1 and 2 An internal offset to compensate for delay, in meters 

Waveform data 1 and 2 Structed array containing the waveform 
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4. Waveform analysis  
 
As discussed in Section 1.3, it is of interest to extract as much information possible from the 
waveform data and use that information to find characteristics of the object in a desired area, 
foremost in vegetation. In this section different methods will be described to find out as much 
as possible from the raw waveform data.  

4.1 Preparing the data for analysis 
After the file has been read according to the specifications in  
where xfirstsample is the coordinates for the first sample in the block.  
Table 2, the coordinates for all samples in the file are calculated and an area of interest is 
chosen. All the waveforms that have samples within that area are extracted. To be able to 
evaluate and process the data properly the waveforms are decompressed. This means that the 
different blocks are shifted to the sample where they are suppose to be according to the 
corresponding block-position parameter; not directly after each other as they are stored. This 
also makes it easier to get an overview how the echoes are related to each other. The 
decompression of the waveforms is done by using the block-length and block-position. In 
Figure 4 the difference between the original data and the expanded waveform is shown.  

The threshold for the noise was set to 25.5 by TopEye, so that value had to be subtracted 
from the amplitude to get the zero-level at zero.  
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Figure 4. The dotted line shows the raw data and the solid line shows the expanded waveform. 

4.1.1 Combining the channels 
As mentioned in Section 3.2, the data have been saved from two different channels, one 
sensitive and one less sensitive. By merely extracting echoes using the less sensitive channel 
smaller echoes that are only registered by the sensitive channel will be lost. Thus, the 
expectation is that weak laser returns, typically from the ground beneath the tree or from the 
stem, will require that both channels are used. The received data from the sensitive channel 
are represented by values between -128 to 127. This means that the sensitive channels 
amplitude has to be corrected so that it can represent values up to 255. A threshold is set for  
-80 and all amplitudes that are below this threshold have 256 added to them, which is shown 
in Figure 5, the first pulse. If the amplitude of the signal exceeds 256, the values from the 
sensitive channel saturate and the second pulse in Figure 5 demonstrate this. 
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Figure 5. The solid line is after the correction of the amplitude for the sensitive channel and the dotted line 
                 is before. The flat area on the second pulse indicates that the sensitive channel has saturated. 

If this happens, the data from the less sensitive channel are to be used during the time the 
sensitive channel is saturated and a certain number of samples after that, before the sensitive 
channel can be used again, Figure 6. The number of samples had to be set so that the effect of 
the saturation is avoided and the information that can follow the saturation is obtained. The 
circled area in Figure 6 shows an example illustrating that waveform data from the sensitive 
channel cannot be used directly after the saturation has occurred, i.e. not until the signal has 
decayed. 
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Figure 6. A plot of the sensitive channel (the dotted line), the less sensitive channel (the dash dotted line) 
    and the combined channel (the solid line). 

4.2 Deconvolution 
It can be difficult to differentiate between two surfaces if they are too close to each other, the 
pulses from the surfaces can overlap. Due to the small separation between the peaks it is 
difficult to detect the overlaid pulse. By using deconvolution [12], pulses that are overlapping 
may be dissolved and more echoes can be found. The received signal is the input signal which 
is changed by the target. The result from the deconvolution shows how the target has changed 
the input signal. This means that the shape of the input signal has less significance. The ideal 
deconvolved signal would represent what the received signal would look like if a true impulse 
pulse was emitted.  

4.2.1 Convolution 
When a input signal, x(t), passes through a linear time-invariant system [15] and results in the 
output y(t), the behaviour of the system can be described by convolution, equation (6), where 
h(t) is the impulse response, N(t) is the noise and the * denotes convolution. The 
corresponding expression for discrete convolution is shown in equation (7). In this case, the 
received waveform data is the output signal and the emitted signal is the input signal. The 
impulse response corresponds to the reflected surfaces. By the impulse response means that if 
the input to a system is just an impulse, the output from the system will be the impulse 
response 
 

( ) ( ) ( ) ( ) ( ) ( ) ( )tNthtxtNdthxty +∗=+−= ∫
+∞

∞−

τττ  (6) 
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[ ] [ ] [ ] [ ] [ ] [ ] [ ]nNnhnxnNknhkxny
k

+∗=+−= ∑
+∞

∞−=

. (7) 

 
This can also be described in the frequency domain as 
 

( )=ωY ( ) ( ) ( )ωωω NHX +⋅ . (8) 

 
To remove the effect of the convolution, deconvolving can be used. Deconvolving is to 
determine an estimate of x[n] if y[n] and p[n] is known.  
 If no noise is present the easiest way to find x[n] is by using the frequency domain; by 
dividing the output with the transfer function and doing the inverse Fourier transform, a 
solution can be found. This method is called the Fourier-quotient method and has a fast 
execution time. Since noise is present in the waveform data, this method cannot be used. As 
an approximation the assumption is made that the return signal is composed by a series of, 
possible overlapping, Gaussian. There are several techniques for retrieving the original signal 
and for this thesis the Richardson-Lucy algorithm [11] was chosen.   

4.2.2 Richardson-Lucy 
Richardson-Lucy is an iterative deconvolution procedure which uses a statistical model that is 
based on the Bayes’ theorem. In equation (6) the impulse response is defined, which can also 
be viewed as a probability distribution function. The noise in the data is assumed to be 
Poisson distributed [12] and this leads to the algorithm developed by Richardson (1972) and 
Lucy (1974). This equation forces the measured signal to be non-negative  
 

[ ] [ ] [ ]
[ ] [ ] [ ]⎥

⎦

⎤
⎢
⎣

⎡
∗

∗
=+ nh

nxnh
nynxnx

i
ii ˆ

ˆˆ 1  

 (9) 

[ ] [ ] [ ]
[ ] [ ] [ ]∑∑=

=

+ −
−

=
0

0

1 ˆ
ˆˆ

k
j

i
ii nkh

jnhjx
kynxnx  

 
where  denotes the object that is being reconstructed and [ ]nxiˆ [ ]ny  is the observed signal. 
Between each iteration step   

[ ] [ ] [ ] [ ]nrnhnxny ii +∗= ˆ  (10) 

must be satisfied, where ri[n] is the residual of the sum. 
Richardson-Lucy was chosen to be implemented because it works best on situations with 

low signal-to-noise ratio (SNR). Since it is not physically possible to have negative 
amplitudes, an advantage is that the iterations guarantees non-negative values. The more 
iterations used with Richardson-Lucy, the greater sharpening effect. However, a drawback is 
that it does not prevent noise amplifications during the iterations. Richardson-Lucy converges 
slowly and is much more computationally heavy than for example the Wiener filter [13]. The 
user also has to specify the impulse response, the so called point-spread function (PSF), and 
the number of iterations that the deconvolution algorithm should run.  

   13



Chapter 4 Waveform analysis 
 

4.2.3 Wiener filter 
As mentioned in 4.2, there are more deconvolution techniques than Richardson-Lucy, for 
example the Wiener filter. It assumes that the noise and the signal are statistically 
independent. The Wiener filter, w[n], minimizes the mean squared error (MSE) between the 
desired response,  and the output from the filter, [ ]nx̂ [ ]nx~ . The following equation shows the 
MSE, which is a real and positive scalar quantity 
  

[ ] [ ]( )[ ]2~ˆ nxnxE −=ε  (11) 

  
where                                         [ ] [ ] [ ]nynwnx ∗=~ .  

 
The Wiener filter, equation (12), is now to be designed so that ε is minimized. The 
minimizing of ε implicates that large error between the signals are more serious than smaller 
ones. In the Fourier domain the Wiener filter is 
 

[ ] ( )
( ) ( )

( )ω
ω

ω

ωω

x

N

P
P

H

HW
+

=
∗

2
  

(12) 

 
where PN(ω) is the power spectral density of the noise and Px(ω) the power spectral density of 
the input signal. The advantage of the Wiener filter is that it has fast execution time, but the 
drawbacks are that it can get ringing effects and requires knowledge of the power spectral 
density of the noise.  

4.3 EM algorithm 
To estimate the numbers and characteristics of the echoes in the waveforms, Gaussians 
distribution functions are fitted to the signal. The waveforms are modelled as a sum of 
Gaussian distributions 
 

( ) ( )∑
=

==
k

j
jj xfpxfy

1

ˆ  (13) 

 

where                                   ( ) ( )2,~ jjj Nxf σμ   

 
and k is the number of Gaussian and pj is the relative weight of the probability density 
functions, fj(x).  
 The expectation maximization (EM) algorithm [9] is used to estimate the probability 
density function and the maximum likelihood, for a given data set. The EM-algorithm 
estimate and maximize, for each waveform, the mean (µj), which is the location of the 
estimated peak measured in samples, the standard deviation (σj), the width of the pulse in 
samples and relative weight.  
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Figure 7. The dotted line is the original waveform and the solid line is after the noise was removed. 

4.3.1 Pre-processing.   
As mentioned in Section 3.2, there is an ad hoc system threshold that specifies which 
waveform samples to record, which means that there may still be noise in the non-zero values 
in the stored data. In order to remove the remaining noise before applying the EM-algorithm 
different approaches were tested. Satisfying result was obtained with a preset threshold for all 
waveforms. The threshold was set to a value that removes virtually all the noise, without 
removing significant but weak pulses. Figure 7 shows the result after the noise has been 
removed. The pulses that have values above the threshold, and all the samples that belong to 
that pulse, are saved.  

4.3.2 Start values 
To find the start values for the EM-algorithm, the waveform data were smoothed and all local 
maxima were found. The start value for the mean is set to the position of the local maxima. 
The first echo is the pulse with the largest number of non-zero consecutive samples, i.e. the 
widest return. The process is repeated for the rest of the echoes. The start value for the 
standard deviation is set to two, assuming that a pulse had at least two samples. The weight is 
equal for all pulses to begin with.  

4.3.2 Estimation of components  
The EM-algorithm performs two steps in each iteration, the expectation and the maximization 
step. In the expectation step the variables are estimated, given the observed signal and the 
current estimate. For the first iteration, the start values are used as the current estimate. In the 
maximization step the likelihood function is maximized, by using the variables estimated in 
the expectation step. Equations (14) - (17) shows the variables that are estimated iteratively 
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Qij is the probability that sample i belongs to the component j, S is the number of samples in 
the waveform and Ni is the intensity for sample i. The likelihood is calculated for each 
iteration and the non-negative difference between the current likelihood and the previous 
likelihood is calculated. If the difference is close to zero, the maximum likelihood is found.  

4.3.3 AIC 
To estimate the number of classes or components that a data set consists of, a model of 
observed data set is constructed. A trade-off between how good the model fits the data and the 
complexity of the model must be considered. An Information Criterion (AIC) [10] is a 
method to estimate the most probable number of components from a data set. The AIC with 
the lowest value is then the model that is most suitable model for the data set. AIC was 
originally defined [10] as  
 

( ) ( ) kLkAIC 22 +Θ−=  (18) 

 
where L(Θ) is the log-likelihood, which is a statistical model of the given data and k is the 
number of the parameter that is estimated. A penalty term, 2k, is added to the log-likelihood 
so that for each parameter that is estimated the less likely is it that another parameter is to be 
estimated.  

Depending on what type of data an information criterion should be applied to, there are 
different penalty terms that can be used. For example the Bayesian Information Criterion 
(BIC) uses the logarithm S to include of the number of samples in the equation  
 

( ) ( ) SkLkAIC log
2

+Θ−= . (19) 
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To be able to predict the right number of components, in this case the number of echoes 

that a waveform consists of, using AIC, the criterion was modified. The penalty term is 
divided by the number of samples in the waveform  
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This change enables the approximation of components to increase if the number of samples in 
the waveforms grows larger. Equation (20) also shows the likelihood function that is used, 
where y is the waveform, ŷ is the approximated signal which is the sum of the Gaussian 
distribution acquired from the EM-algorithm and S is the number of samples in the waveform.  

4.5 Clustering 
One of the problems considered was whether it is possible to determine the number of trees in 
a tree grove. Clustering is an approach to find a structure in a data set. It lets objects in the 
data belong to the same cluster if they are, in regard to some features, similar to each other 
and dissimilar from objects in other clusters. Here, the clustering is performed in the spatial 
domain, i.e. the features used are the coordinates of the samples in the waveforms. The 
Euclidean distance was used to decide which samples should belong to the same cluster.  
 The clustering algorithm used was K-means clustering. First, an initial set of cluster 
centers is randomly chosen among the samples. Then, the distances from the centers to the 
samples are computed and the samples are assigned to the cluster whose center is closest. 
New cluster centers are then found from the center of the samples belonging to the same 
cluster. In this way, new centers and new distances are calculated until clustering result 
converges. Each cluster is defined by its member objects and its center. A crucial step is to 
determine the “correct” number of clusters that the data should be partitioned into. This 
means that certain knowledge about the data is desirable. The clustering algorithm was 
applied to the combined waveform, which means that all non-zero samples were to be 
clustered. When computing the cluster centers, the samples were weighted so that samples 
with low amplitude should not contribute to the clustering result to the same degree that as the 
samples with high amplitude should.  

4.6 Volume statistics 
To find out more about the characteristics of the detected echoes, the waveform data were 
inserted into a volume of voxels, which is analogous to a pixel, but in 3D as seen in Figure 8. 
By looking at the amplitude and the standard deviation of the width of the echoes and the 
amplitude in each voxel, structures in the vegetation may appear and some more information 
about the target can be found. The idea is that if there are no obvious structures in a certain 
reflecting object, the widths of the echoes in a small region (e.g. voxel) inside the object 
should not vary too much. The characteristics of the echoes from the region should rather be 
relatively independent of the direction of the incoming laser beam or where the laser beam has 
hit inside the region. On the other hand, a greater echo width variation is expected around the 
canopy or in regions that contains parts of the stem and branches; the stem and branches 
would probably give a quite narrow pulse width, compared to a region of many leaves at 
different height and of varying sizes. If the stem can be found, the number of trees in an area 
should be easier to detect. Based on this idea, some initial volume statistics have been 
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computed and visualised, in order to investigate what conclusions could be drawn from this 
kind of information. 
 In line with the work done in [7], the amplitude of the samples is represented as voxels. If 
there are more then one sample in a voxel the mean amplitude is calculated or the max 
amplitude is used and put in the corresponding voxel. The standard deviation for the 
amplitude for all samples in a voxel was also inserted to voxles. Finally the standard deviation 
of the pulse width of the echoes obtained from the EM-algorithm was placed into voxels. The 
size of the voxels is varied between 0.25 meters and 1 meter. For the amplitude, a voxel size 
of 0.25 meters is sufficient, but for the standard deviation of the pulse width and the 
amplitude, a larger voxel size is required, because it has to be at least two values in the voxel 
to calculate a standard deviation and with larger voxels, more echoes will appear in each 
voxel. This means that the voxels with just one echo is discarded. By comparing the voxel 
statistics from the original data and the deconvolved data, the information may tell something 
about the area, e.g., help to differentiate between different kinds of trees or to help to estimate 
tree positions by finding their stems. 
 

 
Figure 8. A representation of the amplitude in voxels. The axis shows the number of voxels.  
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5. Results 

5.1 Combining the two channels 
As described in Section 4.1.1, the channels should be combined so that small echoes, that is 
only detected by the sensitive channel is extracted. It is also to avoid the saturation that can 
occur with the sensitive channel. More echoes were found and the result from combining the 
two channels compared with just using the less sensitive channel can be seen in Table 3.    

5.2 Deconvolution 
Deconvolution was applied to the combined waveform and to the less sensitive channel so 
that the effect of the system would be reduced. More echoes were detected, mostly in the 
canopy and on the ground. Figure 9 shows the extra echoes found after deconvolution of the 
signal compared with the signal before deconvolution, which can be seen in Figure 12.   
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Figure 9. The additional echoes found with deconvolution. 

One reason why it is desirable to find more pulses inside the canopy is that it might make 
it possible to locate the stem and from there see where the stem is under the tree. But not 
enough pulses were found to accomplish that. The number of iterations with the Richardson-
Lucy was chosen to 5, because this gave a satisfying result with the increasing number of 
echoes and no noise was amplified. Echoes close to each other was dissolved and instead of 
just finding one large echo, two smaller ones can be distinguished, an example can be seen in 
Figure 10 and Figure 11, which is a waveform and the echoes found with the EM-algorithm 
from the deconvolved combined channel and the combined channel, respectively.  
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Figure 10. The solid line shows the signal after deconvolution and the dotted line is the echoes found with 
                   the EM-algorithm. 

 

 
Figure 11. The solid line is the original signal and the dotted line is the echoes found after the 
                     deconvolution 

The number of echoes found increased with more than 75 % when combining the channels 
and deconvolving the signal compared to just using the LAS-points found by the system, 
Table 3. The numbers in brackets are, in percentage, the number of additional echoes found. 
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The results from Table 3 are the mean number of echoes found from five different forest 
areas.  
Table 3. The number of echoes found by the system and by combining and deconvolving the waveforms 
   for a forest area. 

 Forest 

Number of waveforms 5516 

Number of LAS-point found 10284 

 Number of echoes found  

The less sensitive channel 14910 (44.98 %)  

The combined channel 15466 (50.39 %)  

The less sensitive channel deconvolved 17056 (65.86 %)  

The combined channel deconvolved 18273 (77.68 %)  

 
Looking at 3-D visualisations of all the non-zero samples of the waveform the desire is to 

find the stems, the highest point of the canopy and possibly some clustering of points to be 
able to determine the number of trees. To get a clearer view of where the pulses were found, 
visualisation was also done after the EM-algorithm was applied. On most of the 3D plots no 
distinct gatherings of points were found around the area where the stem was expected to be. 
The local maxima of the trees, the top of the tree crown, could for some trees be detected but 
considerably more difficult for big, leafy deciduous trees, see Figure 12.  
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Figure 12. Echoes found with the EM-algorithm. 

After deconvolving the waveforms and extracting echoes with the EM-algorithm, 3-D 
plots were made of the echoes. This was done because possibly after deconvolving some of 
the weaker echoes, e.g. which could be expected around the stem, would appear. From a 
comparison between Figure 12 and Figure 13 it is shown that the number of echoes are 
higher, but most of the echoes appear in the canopy and the ground, not around the stem as 
desired. The circled areas in Figure 13 shows example of where more echoes have been 
found. Since more echoes are found on the ground under the trees, a more accurate model of 
the ground can probably be acquired and objects beneath the tree, e.g. low vegetation and 
bushes, are more likely to be found after deconvolution.  
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Figure 13. Echoes found with the EM-algorithm after the deconvolution with circles to show examples 
                    where additional echoes have been found. 

5.3 Vegetation and buildings  
In [5], the widths of the ground-echoes were compared with the widths of the vegetation-
echoes. It showed that the width of the vegetation-echoes tended to be wider. It is of interest 
to see if the same conclusion can be drawn with this data and if deconvolution of the 
waveforms from an area with buildings and roads give the same result as from a vegetation 
area. 

First a comparison between the width of the echoes from an area with forest terrain and an 
area with buildings and roads was made to see how the pulse width would differ between the 
two areas. The standard deviation was found to be considerably wider for echoes found in 
vegetation. Figure 14 shows the histograms of the pulse width for the area with vegetation and 
buildings, respectively, before the deconvolution.   
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Figure 14. Histogram of the pulse width for an area with building (black) and with vegetation (grey). 

The histogram for the area with vegetation is wider, which means that there are a wider range 
of different pulse widths with respect to the area with building and roads. The pulse width is 
also larger for vegetation areas compared to areas with buildings and roads.  

The number of echoes found before and after the deconvolution was examined and the 
result is presented in Table 4. Comparing Table 3 and Table 4 shows that the numbers of extra 
echoes found in the area with buildings are almost negligible.  
Table 4. Comparing echoes found in vegetation areas and building areas. 

 Buildings 

Number of waveforms 16062 

Number of LAS-points 16258 

 Number of echoes found 

The less sensitive channel 16382 (0.76%) 

The combined channel 16842 (3.6 %) 

The less sensitive channel deconvolved 17155 (5.5 %) 

The combined channel deconvolved 17606 (8.3 %) 
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Figure 15. A 3D cluster (left) and a 2D cluster (right) with the number of clusters set to three.  

5.4 Clustering 
It is of interest to find clusters of points from the data to estimate the number of trees in an 
area. The K-mean clustering algorithm was applied to the data after the channel had been 
combined. Some clusters that looked like trees could be estimated, but it was difficult do 
decide the distance so that the right echoes belonged to the same cluster. Some trees could 
appear as having more than one distinct cluster while other, smaller trees could be assigned to 
the same cluster. Figure 15 shows an area with vegetation where the clustering is both in 2-D 
and 3-D. The left figure is the clustering in 3-D, which means that the clustering is done by 
using the x,y,z-coordinates of the samples. The right figure is a 2-D cluster, using the x,y-
coordinates and for both figures the number of clusters is set to three clusters. The 2-D 
clusters were created to make sure that the trees are not divided along the y-axis.  

The number of clusters to start estimating from has to be set and it is difficult to know 
how many clusters it can be in a specific area.  

5.5 LAS points 
The first and last echoes extracted from the system seem to be found at a particular amplitude 
on the signal, depending on the maximum height. This means that the echoes do not occur at 
the same place on the pulse all the time. Figure 16 shows a waveform from the combined 
channel and the vertical lines shows where the system has found echoes. The first echo 
extracted by the system is in the middle of the first pulse, while the last echo is located at the 
beginning of the third pulse.  
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Figure 16. Waveform from the combined channel and the vertical lines is the LAS points found by the 
   system.  
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6. Discussion and future work 

6.1 Deconvolution  
The result from the deconvolution mainly depends on the number of chosen iterations. By 
choosing a large number of iterations the noise may appear as echoes and thereby introduce 
erroneous information about the object. However, if the iterations are not sufficient enough 
there will be no difference in finding echoes.  
For some of the 3-D visualisations a number of echoes were found below the ground, see 
Figure 17. When looking at plots of the individual waveforms a ringing effect after an echo 
could sometimes be spotted, Figure 18. The dotted line is the deconvolved signal, which 
shows that the ringing effect has increased and an echo is later found with the EM-algorithm. 
The effect is more distinct if it follows a strong echo. Strong echoes typically arise from the 
ground since it is where the remaining laser light is reflected; therefore those echoes have 
general higher amplitude. After deconvolution this effect can be amplified and an echo can be 
found. Another explanation can be the reflectance of the reflecting surface.   

 
Figure 17. Deconvolution of the waveforms with 20 iterations. 
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Figure 18. The solid line is original signal and the dotted line is the deconvolved signal. 

 
Figure 19. The solid line is the original channel and the dotted line is a model of the signal. 

To make sure that the noise is not amplified the number of iterations has to be carefully 
chosen and to avoid the ringing effect a model of the saturated pulse could be created, as 
illustrated in Figure 19. 

Deconvolution may still be necessary to break down pulses from adjacent surfaces, which 
are mostly found in vegetation. Given in the results most of the additional echoes that were 
found was on the ground and in the canopy and not around the stem, which was hope for. This 
could mean that there are always branches and leaves that reflects most of the laser beam and 
that the response from the stem is so weak that it is not possible to differentiate from the 
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noise. By filtering the signal before applying the deconvolution the noise may be removed 
and noise amplification can be avoided.  

6.1.2 Wiener filter 
The Wiener filter and the Richardson-Lucy deconvolution algorithm were applied on a 
waveform where it is known that the laser has illuminated a target with two surfaces, 0.6 
meters apart. Figure 20 shows the original signal, the result from the Richardson-Lucy and the 
result from the Wiener filter. The distance between the peaks for the Richardson-Lucy is, 
according to the figure 0.6 meters and the distance between the peaks for the Wiener filter is 
larger, more then 0.7. The ringing effect of the Wiener filter is also demonstrated in Figure 
20.  

6.2 Observations of tree variations 
To be able to see the different characteristics of different trees a small field study in the forest 
was conducted. The purpose was get a better understanding of real problems that could be 
expected when trying to interpret waveform analysis results, and to help establish what to 
look for when analyzing vegetation areas, e.g., when approximating the number of trees in an 
certain area. When counting the number of trees in an area, the stems are usually the thing to 
look for. The canopy can sometimes also be used, depending on the tree type. Figure 21 
shows a tree that 2 to 3 meters above the ground divides into three stems. If the laser pulse 
can penetrate the canopy and responses from these three stems could be found, it would still 
be difficult to know whether there is only one stem close to the ground and thus one tree, or 
whether there really are three trees.  
 

 
Figure 20. The solid line is the original waveform, the dotted line is deconvolution with Richardson-Lucy 
                   and the dash-dotted line is deconvolution with the Wiener filter. 
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Figure 21. Tree that 2-3 meters above ground divides into three stems. 

Figure 22 shows some big, leafy trees and by counting the stems the number of trees is found 
to be three. Just by looking at the canopy the number of trees can not be distinguish, since the 
number of local maxima far exceeds the number of trees. In a case like this it is desirable to 
be able to distinguish the stems so that the number of trees can be found.  
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Figure 22. Picture of three deciduous trees. 

6.3 Vegetation and buildings 
Result from deconvolution of the waveforms from an area with buildings and roads showed 
that the amount of additional echoes found was almost negligible. This is likely due to the fact 
that surfaces are flatter and there are fewer surfaces in an area with buildings compared to a 
vegetation area with trees, bushes and thickets that have branches and leafs. Table 5 contains 
the number and the percentage of waveforms where 1-8 echoes have been found, for an area 
with vegetation and buildings, respectively, for the combined channel before the 
deconvolution.  
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Table 5. The number of waveforms where 1-8 echoes have been found. 

Number of 
echoes 

Number of waveforms in an area 
with vegetation 

Number of waveforms in an area 
with buildings and roads 

1 3449 (39.82%) 14953 (93.10%) 

2 3190 (36.83%) 1088 (6.77%) 

3 1496 (17.27%) 21 (0.13%) 

4 448 (5.17%) 0 (0 %) 

5 73 (0.84%) 0 (0 %) 

6 4 (0.05%) 0 (0 %) 

7 1 (0.01%) 0 (0 %) 

8 0 (0%) 0 (0%) 
 
 
Vegetation areas have possible more surfaces that are close to each other than building areas, 
so that the deconvolution is more useful there to separate large pulses into smaller ones. By 
knowing that the area to be analysed is vegetation or buildings, deconvolution can be chosen 
to be used or not. Since deconvolution is an iterative process and it is computable heavy, if 
the area is mainly buildings, it may not be necessary to deconvolve the waveforms.  
 The pulse width was also compared between the different areas and was found to be wider 
for echoes found in vegetation, which agree with [5]. This is because the surfaces in areas 
with buildings are smoother and more solid compared with the irregularities in vegetation. 
This may be used to differentiate between buildings and vegetation objects.  

6.4 Clusters 
By finding clusters among the waveform data samples, the number of trees in an area could 
hopefully be estimated. The K-mean clustering algorithm was applied to the data after the 
deconvolution and the EM-algorithm. The same problem arises as with the EM-algorithm, the 
desire to estimate an unknown number of components from a data set. For the EM-algorithm, 
the AIC criterion was used, which calculated the likelihood and added a factor which grew 
larger for each component that was found. With clusters it is difficult to know what factor to 
add, so that the algorithm does not estimate too many clusters. Even if clusters can be 
estimated the edges of the clusters becomes very straight instead of more irregular like the 
edges of the trees.  It can be also be difficult to see what the clusters represent.  
 Another aspect to consider is that the laser beam is pointing in different directions and 
when flying over an area the waveform samples are not evenly distributed. One side of a tree 
can get more laser hits then another, which can make it look like the tree has a different shape 
then it really has and it gets more difficult to approximate a cluster. If a large, thick tree is 
standing in front of a smaller tree, the laser beam will probably not be able to pass through the 
larger tree so the representation of the smaller tree might not be complete. By having more 
data, covering the area of interest in more detail, more echoes will probably appear which 
makes it easier to estimate clusters and to interpret the cluster result.  
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Figure 23. 3-D cluster with four clusters. 

 By solely looking at the Euclidean distance between the echoes will give cluster a round 
shape, while trees have generally a more oval shape. Both in Figure 23 and the left part of 
Figure 15 it is shown that the clusters found have divided a tree into two clusters. In Figure 15 
there is a part of one tree that has been cluster with the lower part of another tree and the top 
of that tree is its own cluster. In Figure 23 the samples from the part of the tree is now one 
cluster and the tree behind is one. But the tree that in Figure 15 was approximated to one 
cluster has now been divided into two clusters.  
 A different problem that can emerge is that for some trees there are almost no echoes 
inside the tree, all the echoes are absorbed by the canopy. An example of this can be seen in 
Figure 25. Applying a cluster algorithm to an area with trees like that may create clusters at 
the outer parts of the canopy, since the distance to the echoes from the tree that they should 
belong to is too far. This might be used to find a centre of the three and from that finding a 
cluster that represent the tree.   
 By using a cluster algorithm that the number of cluster does not have to be set may make 
the approximation of trees easier. The algorithm also has to be implemented so that it takes in 
account the shape of trees, that the shape of trees are more oval than round. This is still a 
difficult task, since all trees look different and some have a more round shape, while some is 
very prolonged. Figure 24 shows some trees where the tree to the right has an oval shape, 
while the rest have a round shape. This picture also illustrates that it is not always easy to find 
where the stems are supposed to be and that the nature is quite irregular and can be difficult to 
model.  
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Figure 24. Picture of trees with different shapes.  

6.5 Volume statistics  
Different waveform data was inserted into voxels; the standard deviation of the pulse width 
found with the EM-algorithm, the maximum amplitude of the samples and the standard 
deviation of the amplitude. Different areas were examined to try to find structures in trees and 
features that can help decide the number of trees. There are none or just one echo from the 
stem which makes it difficult to find the standard deviation of the amplitude for the voxels 
around the stem. Even after deconvolution, the number of echoes around the stem did not 
increase considerable. By letting the voxels be represented by the maximum amplitude and 
looking at slices of the volume, a slight indication of a torus can be detected in the upper, 
middle part of the tree. Figure 25 shows a slice of a volume seen from above, 20 meter above 
the ground.  
 

   35



Chapter 6 Discussion and future work 
 

 
Figure 25. A slice of a volume with the waveforms amplitude divided in to voxels. 

The pulse width also becomes narrower and with higher amplitude after the deconvolution, 
which means that the standard deviation gives an even smaller change when comparing the 
canopy with the stem. Even with larger voxels, the number of echoes found around the stem 
was not enough to be able get any information from the standard deviation of the pulse width. 
The pulse width also depends on the angle of incidence of the laser beam on the surface. If the 
surface is perpendicular to the laser beam, the pulse width is smaller than if the surface has a 
slope. 

6.6 Problems 
In post-processing of the waveform data, there are many variables that are approximated and 
estimated. Different thresholds are set at ad hoc values which may cause interesting 
information to get lost. In this section different problems and approximations encountered 
when working on this thesis will be discussed.  

6.6.1 AIC 
The Akaike’s information criterion, AIC, was used in this thesis to select the most probable 
number of components. Even when looking at the entire waveform, it is not obvious what are 
the actual echoes and what are just noise. There are many different criterions that can be used 
and it is difficult to know which one that produces the best estimate, since the actual numbers 
of echoes are not known.  

6.6.2 Threshold 
In the ALS system a threshold is set for determine what samples to record the waveform so 
that a larger range of samples can be saved by using less memory storage comparing to saving 
the whole received waveform. But this threshold is experimentally determined by TopEye and 
may cause interesting information to get lost. Since everything above the threshold is saved, it 
is still noise in the data but there is no information about the noise, like standard deviation, so 
in the pre-processing of the data, another threshold had to be used. By having the whole 
waveform with noise, some properties of the noise could be estimated and a more accurate 
removal of the noise could be done.  
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Figure 26. An example of when the sensitive channel not should be used. 

6.6.3 Combining the channels 
For the data used, the waveforms were recorded with two different channels. The sensitive 
channel should be used as much as possible, since it contains more detailed information than 
the less sensitive channel. The drawback is that the sensitive channel can saturate. In the data 
the saturation can manifest in different ways, so different criterions had to be checked for. 
Figure 26 shows two different situations where the sensitive channel can not be used and the 
less sensitive channel have to be used. The amplitude of the sensitive channels also had to be 
corrected before it could be used. Areas where the amplitudes were below a threshold were 
located and 256 were added so that the signal can have amplitudes above 127.   

6.6.4 Impulse response 
When deconvolving it is essential to have an idea of what the impulse response looks like. In 
this thesis, when doing the deconvolution the impulse response is really the signal from the 
laser and the desire is to find how the laser pulse has been changed by objects. The laser pulse 
was not provided along with the waveform data, so it had to be estimated. This was done by 
using a pulse that had one echo from a smooth surface and the result was a Gaussian pulse. It 
is assumed to be the same for all waveforms. Knowing the exact output from the laser might 
help improve the deconvolution further and thus make a better approximation of how the 
signal has been changed by the object.  

6.6.5 LAS-points 
As shown in section 5.5, the first and last echoes extracted from the system are found at 
different places on the pulse. This shows that it is necessary to do post-processing on the 
waveforms get an accurate range measurement and not solely rely on the LAS-points.  
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7. Conclusion 
 
The information extracted from a LIDAR-system usually contains at most two echoes for 
each waveform. It is now possible to save and analyse the entire waveform, to find more 
detailed characteristics about the reflected surface.  
 By using deconvolution, overlapping surfaces from adjacent surfaces can be separated and 
more echoes can be found. This mainly occurs in vegetation, since the waveforms contains 
more echoes in respect to areas with buildings. More echoes are found with deconvolution 
from an area with vegetation, mostly in the canopy and on the ground. To decide the number 
of trees in a vegetation area, the stem was found to be the most accurate way to count the trees 
though the field study that was conducted. Even after the deconvolution not many echoes 
appeared around the area where the stem is expected to be. The reason for this can be that the 
laser beams do not reach all the way to the stem or that the information is there, but can not be 
found with deconvolution. The result did not help to determine the number of trees but since 
more echoes was found on the ground, below the trees, a more accurate model of the ground 
can be acquired.  
 Deconvolution of waveforms from an area with buildings did not show the same amount 
of additional echoes found compared to a vegetation area. This is probably because it do not 
occur as much echoes around flat surfaces as buildings as it does in vegetation. Since 
deconvolution is computationally heavy, a determination whether it is buildings or vegetation 
can be used to decide if deconvolution is necessary. This can be done by using the pulse width 
of the echoes; echoes from vegetation areas have in general a wider pulse width.  

To fit the waveforms to a series of Gaussian functions, the expectation maximization 
(EM) algorithm was used. This algorithm gave a satisfying result when combined with the 
Akaike’s information criterion, AIC. By comparing the echoes extracted from the system with 
the echoes found with the EM-algorithm, both before and after deconvolution, the result 
showed that more echoes was found. With the EM-algorithm the pulse width and the peak of 
the echoes could be determined more accurately then using the extracted point from the 
system. Using the pulse width, as mention above, some information about the area can be 
found, e.g., if the area is mostly vegetation or buildings.   
 Clusters of all samples in the waveforms were examined to decide the number of trees. 
However, it turned out to be difficult to adjudge what clustering algorithm to use and by using 
a distance-based algorithm the shape of the trees have to be considered. To be able to create 
correct clusters the reflected points should be evenly distributed. If there are more echoes on 
one part of the tree, the cluster will probably be constructed at the wrong place. If the 
reflecting points are not evenly distributed it can be difficult to determine what they represent. 
This combined with the fact that nature is quite random and irregular makes it difficult to use 
laser waveform echoes to make a correct model of the nature.   
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