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A summary of the proposed methods is presented below:
‒‒ Stilla et al. propose a method of analyzing the local neighbourhood relations 

by waveform stacking for searching a prominent geometric pattern in wave-
form data in order to detect weak and overlapping echoes. The algorithm 
was tested on a regular, simulated data set, which can be expressed as dis-
crete data cuboid I [x y t]. Results have shown that partially occluded objects 
and targets with poor surface response can be detected when using the pro-
posed method [20].

‒‒ The algorithm proposed by Lin is based on the Gaussian decomposition 
technique. It includes two processing steps. Firstly, Gaussian modelling for 
visible peaks is applied. Then, shapes of overlapping echoes are analyzed. 
The algorithm detects inflexion points for asymmetric pulses on both sides of 
the primary peaks. As a result, overlapping echoes, representing asymmetric 
behaviour or a non-Gaussian distribution, are successfully resolved. Weak 
Gaussian pulses are properly extracted by the algorithm [9].

‒‒ Wang introduced a detector based on the wavelet transform. The signal is 
decomposed and possible echoes are extracted from wavelet coefficients at 
a certain scale. The proposed algorithm identifies all the potential echoes in 
the registered signal. In the cited study, the influence of noise on the signal 
as expressed in the signal-to-noise-ratio (SNR) and the ability to detect weak 
pulses depending on the noise level were examined. For the study area, cov-
ering irregularly spaced shrubs and tall crops, more than 18% of additional 
returns were found using the proposed algorithm [24].

3.	 Radiometric Calibration

One of the advanced processing techniques related to the decomposition process 
is the radiometric calibration of the backscattered signal. Calibration of full-waveform 
data using the radar equation was proposed by Wagner et al. in 2006 [23]. It provides 
an estimate of the backscatter cross-section for each target and is necessary for a com-
parison of data acquired by different systems [23] or when analyzing data sets consist-
ing of different flight strips. The calibration equation is presented below:

σi i i iC R I W= ⋅ ⋅ ⋅cal
4 � (2)

where:
	σi	 –	 backscatter cross-section for i-th echo,
	Ccal	 –	 calibration constant,
	Ri	 –	 range (the distance from the sensor to the target),
	 Ii	 –	 echo amplitude,
	Wi	 –	 echo width.
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The calibration constant can be calculated by extracting the amplitude and echo 
width values for small asphalt areas at nadir view. Under the assumption that these 
pulses behave like ideal Lambertian scatterers with a reflectivity of ρ = 0.2, the esti-
mate of the calibration constant can be expressed as [23]:
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where:
	 βt	 –	 laser beam divergence,
	Iasphalt	 –	 echo amplitude for asphalt areas,
	Wasphalt	 –	 echo width for asphalt areas.

4.	 Full-waveform Data for Classification Purposes

The point cloud classification process based on data acquired by the discrete, multi-
echo laser system typically operates on geometrical properties (e.g. height difference, 
co-planarity), or on characteristics such as intensity or the number of returns. Along 
with the introduction of full-waveform scanner systems, researchers discovered the 
possibility of extracting additional parameters associated with the shape of the wave-
form for point cloud classification purposes. Since then, studies on the improvement 
of classification accuracy by adding parameters directly acquired from full-waveform 
data into geometrical attributes have been carried out. The main aspect is the existence 
of a specified set of full-waveform parameters, allowing us to completely replace geo-
metrical attributes in the classification process. 

Research in this area has been carried out, inter alia, by Duong et al. [2], Heinzel 
and Koch [3], Höfle et al. [4, 5], Mallet et al. [10, 11], Molnar et al. [14], Reitberger et al. 
[17, 18] and Wagner et al. [22]:

‒‒ In [2] the possibility of using ICESat data for land-cover classification is de-
scribed. A decision tree classifier is used to assign the footprints of the laser 
pulses based on full-waveform parameters into four categories: high vegeta-
tion, urban, water, and bare land / low vegetation. A classification accuracy 
of 73% was achieved. 

‒‒ The possibility of utilizing full-waveform characteristics for point cloud clas-
sification into vegetation and non-vegetation echoes is described in [4, 22]. 
In [22] the scattering characteristics (width of the backscattered pulse and 
backscatter cross-section) of vegetation and the underlying terrain are in-
vestigated. In [4] a classification based on different sets of segment features 
computed from the point cloud and derived from full-waveform attributes 
is proposed. Two machine learning techniques, decision trees and artificial 
neural networks, were tested in the classification process.












