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Airborne laser scanning (ALS) is an active remote sensing technique providing range data as 3D point
clouds. This paper aims at presenting a survey of the literature related to such techniques, with emphasis
on the new sensors called full-waveform lidar systems. Indeed, an emitted laser pulse interacts with
complex natural and man-made objects leading to a temporal distortion of the returned energy profile.
The new technology of full-waveform laser scanning systems permits one to digitize the complete
waveform of each backscattered pulse. Full-waveform lidar data give more control to an end user in
the interpretation process of the physical measurement and provide additional information about the
structure and the physical backscattering characteristics of the illuminated surfaces. In this paper, the
theoretical principles of full-waveform airborne laser scanning are first described. Afterwards, a review of
themain sensors aswell as signal processing techniques are presented.We then discuss the interpretation
of full-waveform measures with special interest on vegetated and urban areas.
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1. Introduction

Airborne laser scanning (ALS) is an active remote sensing
technique providing direct rangemeasurements between the laser
scanner and the Earth’s topography. Such distance measurements
are mapped into 3D point clouds. The altimetric accuracy of a
topographic lidar measurement is high (<0.1m). Depending on
the geometry of illuminated surfaces, several backscattered echoes
can be recorded for a single pulse emission. This is particularly
interesting in forested areas, since lidar systems can measure both
the canopy height and the terrain elevation underneath at once,
contrary to photogrammetric techniques. Moreover, lidar data are
known to be useful in many specific applications such as 3D city
modeling, bridge and power line detection or Digital TerrainModel
generation.
Airborne lidar data only give a basic geometric representation

of a scene. Consequently, many authors have developed new
automatic mapping algorithms for point classification (Filin, 2002;
Sithole, 2005), urban reconstruction (Haala and Brenner, 1999;
Rottensteiner and Briese, 2002) and forest assessment (Hyyppä
et al., 2004). Most of them are only based on the point cloud
geometry and sometimes on the intensity (Hug and Wehr, 1997).
Since 2004, newALS commercial systems called full-waveform

lidar have appeared with the ability to record the complete
waveform of the backscattered signal echo. Thus, in addition
to range measurements, further physical properties of objects
included in the diffraction cone1 may be derived with an analysis
of the backscattered waveforms.
This article presents a state-of-the-art on full-waveform lidar

systems aswell as related processing techniques. First, we describe
the physical principles of lidar systems as well as the theoretical
contribution of full-waveform lidar. The second part of the article
is a taxonomy of both bathymetric, experimental, and commercial
full-waveform systems. We especially focus on the first main
systems, developed by NASA and carried by satellite platforms.
Then, full-waveform data processing methods are presented.
Studies on the relationship between geometric and radiometric
surface parameters and pulse shapes are discussed. Eventually,
we conclude with a detailed description of full-waveform lidar
data applications both on forested areas – including parameter
estimation and modeling – and urban areas.

1 The term ‘‘diffraction cone’’ will be used in this article in preference to ‘‘laser
footprint’’. We would like to emphasis the fact that the laser beam reaches several
objects at different heights whereas the term ‘‘laser footprint’’ is when the beam
reaches the ground (2D consideration).
2. Topographic laser scanning systems

2.1. Presentation of airborne and spatial systems

2.1.1. Introduction
A topographic lidar device is a laser rangefinder delivering

a reliable, accurate but irregular representation of terrestrial
landscapes through georeferenced 3D point clouds (Baltsavias,
1999b). The first active sensors carried by airborne or satellite
platforms were designed at the beginning of the 1970s. They
provided 1D profiles along the sensor track (nadir view) by
sequences of single pulses. Modern sensors acquire many parallel
strips of 150–600 m swath width, which may overlap, due to
a specific scan pattern. Such technology provides denser point
clouds with a more regular distribution on the Earth’s surface: the
point density can reach more than 100 pts/m2 in some specific
applications, e.g., river dike monitoring.
Topographic lidar is now fully operational for many specific

applications such as metrology (Fidera et al., 2004), forest
parameters estimation (Andersen et al., 2005), target or power line
detection (Sithole and Vosselman, 2006), corridor, coastal (Irish
and Lillycrop, 1999) or opencast mapping.

2.1.2. Physical principles
Both pulsed and continuous wave lasers are being used. Pulsed

systems measure the round-trip time of a short light pulse from
the laser to the target and back to the receiver. Continuous wave
systems carry out ranging by measuring the phase difference
between the transmitted and received signal. This state-of-the-art
focuses on pulsed systems.
ALS physical principle consists in the emission of laser pulses

from an airborne platform at a high repetition frequency (PRF). The
two-way runtime of the backscattered signal from the sensor to
the Earth surface ismeasured: it enables range estimation from the
lidar system to the landscape (Baltsavias, 1999b).
Depending on the wavelength, the emitted electromagnetic

wave interacts with atmospheric particles (absorption or scatter-
ing, known to have negligible influence if rain is excluded), but
mainly with illuminated natural or man-made objects belonging
to the Earth surface.
The PRF depends on the acquisition mode (see part 2.2.3) and

on the flying altitude. A pulse release is done when the previous
pulse recording is effective (even if, in fact, the PRF is constant).
However, the latest systems have even the ability to fire a second
laser pulse before the recording of the previous pulse (Roth and
Thompson, 2008).
3D point cloud is obtained by direct georeferencing processes: a

system using both GPS (differential measurements with a ground
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station located near the survey area) and inertial measurements
(IMU) is used to optimally calculate supporting vector attitudes
and the absolute orientation of the laser sensor (Heipke et al.,
2002).
Basic airborne lidar systems consist of a laser transmitter and a

receiver (rangefinder unit which receives the reflected pulses and
measures the distance), amechanical scanner, a hybrid positioning
system, a storage media, and an operating system for signal
digitization and on-line data acquisition. This unit monitors and
synchronizes measurements, and processes data in real-time to
extract georeferenced points (Baltsavias, 1999a; Thiel and Wehr,
2004).

2.1.3. Lidar measurement formulas
The standard lidar equation is derived from the radar equation.

It describes the measurement process by taking the detector
and target characteristics into account. It also relates the power
of transmitted and return signals (Jelalian, 1992). More explicit
formulas have been proposed to model real world constraints (Der
et al., 1997; Carlsson et al., 2001). Nevertheless, they are only valid
for single sources or for flat surfaces. In case of targets that are
distributed in space, the reflected signal is the superposition of
echoes at different distances.
It can be expressed as an integral:

Pr(t) =
D2

4π λ2

∫ H

0

ηsys ηatm

R4
Pt

(
t −
2R
vg

)
σ(R)dR (1)

where t is the time, D the aperture diameter of the receiver optics,
Pr the received power, Pt the emitted power, λ the wavelength, H
the flying height, R the distance from the system to the target, ηatm
and ηsys respectively the atmospheric and system transmission
factors, vg the group velocity of the laser pulse, and σ(R)dR the
apparent effective differential cross-section (Wagner et al., 2006).
The cross-section is called ‘‘apparent’’ since an object reflecting the
signal at a given distance can occlude an object further away.
The power of the received signal can also be considered as the

sumof the contribution ofN targetswith their own characteristics:

Pr(t) =
N∑
i=1

Pr,i(t) ∗ ηsys(t) ∗ ηatm(t) (2)

where Pr,i(t) is the echo of the ith object expressed as:

Pr,i(t) =
D2

4π λ2

∫ Ri+1R

Ri−1R

1
R4
Pt

(
t −
2R
vg

)
σi(R)dR (3)

where Ri is themean distance, [Ri−1R, Ri+1R] the spatial spread
and σi(R) the effective differential backscattering cross-section.
The reflected signal can be seen as the convolution between the
transmitted pulse and the effective differential cross-section. As a
consequence, when1R� R, we have:

Pr,i(t) ≈
D2

4π λ2 R4i
Pt(t) ∗ σ ′i (t) (4)

where σ ′i (t) is the apparent cross-section of illuminated areas
within each range interval. The power of the received signal can
finally be expressed as:

Pr(t) =
N∑
i=1

D2

4π λ2 R4i
Pt(t) ∗ ηsys(t)︸ ︷︷ ︸
system contribution

∗ ηatm(t) ∗ σ ′i (t)︸ ︷︷ ︸
environment contribution

. (5)
2.2. Topographic lidar technology

2.2.1. Multiple pulse systems
The first commercially available airborne laser scanners pro-

vided only one backscattered echo per emitted pulse. The record-
ing of a single echo is sufficient if there is only one target within
the diffraction cone. However, even for small laser footprints
(0.2–2 m), there may be many objects within the travel path of
the laser pulse: individual scattering contributions are generated
for each encountered object. Multi-echo or multiple pulse laser
scanning systems are designed to recordmore than one echo. They
typically collect first and last pulses. Some are able to discriminate
up to six individual returns from a single pulse (Thiel and Wehr,
2004). The two first echoes contain about 90% of the total reflected
signal power. Real-time detection ofmore than five pulses requires
thus the detection of low intensity signal within noise.
Fig. 1 shows a comparison between first pulse and last pulse in

a urban area. Two Digital Elevation Models have been generated
from first pulse and last pulse point clouds. Thus, the height
difference has been computed. Multiple reflections occur on
vegetated areas. When the vegetation is not very dense, it is often
assumed that the first echo belongs to the canopy top and the
last pulse to the ground. In reality this is not always the case. It
can only be checked with 3D display tools. In a particular viewing
angle, when the laser beam hits a building edge, two echoes can be
generated. The first pulse corresponds to the roof while the second
one to the ground.

2.2.2. Geometric quality of laser scanning
Laser altimetry is a technique known to provide elevation data

with reliability and high altimetric accuracy (<0.1m) as well
as a good planimetric accuracy (<0.4 cm) even under forested
areas (Ahokas et al., 2003). Compared with multi-stereo high-
resolution photogrammetric products, lidar points are certainly
more accurate but less dense. Irregular spatial sampling is one
of the main problem, as the density of points rarely exceeds
25 pts/m2 for particular applications. The lack of information
from commercial firms on real-time 3D point calculation methods
makes it difficult to know the local measurement errors within the
point clouds. Nevertheless, many errors alter the range measure-
ment. Among the general error budget, systematic errors can be
calibrated (bias inmeasuring themirror angle, hardware problems
in synchronizing and integrating measurements, incorrect point
detection during real-time analysis, GPS/IMU co-ordinations etc)
whereas randomones cannot (IMU temporal drift, variations in the
signal to noise ratio of the return signal, electronics accuracy and
surface reflectivity variations within the diffraction spot).
The errors on lidar measurements have been studied in detail

by many authors (Schenk, 2001). A more detailed description of
determining the position of the aircraft can be found in Bretar
(2006) whereas Huising and Pereira (1998) list the main sources
of errors in the laser measurement for various detectors.

2.2.3. Pulse detection methods
For multi-echo systems, pulse detection is performed in real-

time on the backscattered signal. The hardware system detector
turns a continuous waveform to several time-stamped pulses,
giving the position of individual targets. Many peak detection
methods exist, but lidar manufacturers do not provide any
information about the method implemented in their hardware
systems. The number and the timing of the recorded pulses are
critically dependent on the detectionmethod (Wagner et al., 2004;
Jutzi and Stilla, 2005a). Fig. 2 presents an example of wrong pulse
detection with the thresholdmethod. An erroneous detection (e.g.,
weak echoes missed) could lead to a misinterpretation of the
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Fig. 1. First pulse and last pulse height comparison. Vegetated areas and building edges are clearly visible. (a) Orthophotography on the city of Amiens, France (0.25 m
resolution©IGN). (b) Difference between first and last pulse Digital Elevation Models.
Fig. 2. Simplified pulse emission (above) and the corresponding received signal
(middle). Two significant peaks are detectedwith the thresholdmethod (middle and
bottom). Two echoes will be generated for this pulse instead of four.

survey area, whereas a shift between the real-time detected pulse
position and the real location leads to an inaccurate position of
the object (more than 0.3 m in some cases). Moreover, in presence
of low ground vegetation in woodlands or street items in urban
areas, the detection method would not be able to find two echoes
if the range between two targets is less than 1.5m. Lidarwaveform
processing permits to cope with most of these issues.

2.2.4. The advent of full-waveform lidar systems
Waveform analysis allows one to set up advanced processing

methods which increase pulse detection reliability, accuracy and
resolution. Furthermore, the new technology of full-waveform
lidar systems gives more control to the end user in the
interpretation process of the physical measurement. It provides
additional information about the structure and the physical
backscattering properties of the illuminated surface (reflectance
and geometry).
The first truly operational topographic system, LVIS (see

Section 3.2 for more details) appeared in 1999 and demonstrated
the value of recording the entire waveform for vegetation
analysis (Blair et al., 1999). The first commercial full-waveform
lidar system appeared in 2004 (Hug et al., 2004). Section 3
gives a comprehensive list of the names, manufacturers and
characteristics of such laser scanning systems.
Full-waveform systems sample the backscattered waveform at

a frequency of around 1 GHz. They allow one to determine the
vertical distribution of targets hit by a laser pulse.
Theunderstanding of suchwaveforms requires a pre-processing

step. On the one hand, waveforms can be decomposed into a sum
of echoes to generate a 3D point cloud (Section 4). Resulting data
can then be used in classical lidar algorithms (classification, build-
ing reconstruction, etc.). On the other hand, new approaches are
also conceivable. They are based on the captured waveforms using
a ‘‘1D signal topology’’ instead of a 3D point cloud (cf. part 6.2).

2.2.5. Recording full-waveform data
To record the waveform, i.e. the laser backscattered energy as

a function of time, lidar manufacturers have added digitization
terminals to their systems and hard disks with high storage
capacity. Thewaveforms are usually digitized on 8 bits. The volume
of data is bound to be five times superior to the 3D point cloud
over the same area. The main limitation of surveying areas with a
full-waveform lidar system is subsequently the storage capacity.
For example, the Optech ALTM 3100 device is able to collect data
during 3 h and 20 min with a 300 GB hard drive, with a PRF equal
to 50 kHz.
The twomain techniques for recording the signals are described

in Jutzi and Stilla (2003).
Whatever the lidar system method, the constant digitization

sampling period varies between 1 and 10 ns. The waveform is not
integrally recorded but only for a predefined maximum number of
samples. Indeed, it is necessary to avoidmassive storage problems.
For example, Optech ALTM systems can store up to 440 samples for
each pulse. This is equivalent to a discrete vertical section of 66 m
(440 × 0.15m per sample). The TopEye MarkII system saves 128
samples according to a predefinedmodewhich is either ‘‘first pulse
and later ’’ (127 samples after the first) or ‘‘last pulse and earlier ’’. It
means that full-waveform systems will not record, within a given
waveform, both echoes from the canopy and from the ground, if
the trees are taller than the maximum ‘‘recording length’’ of the
system.
The present issue with full-waveform data deals with data

handling andmanagement sincemuch larger data volume are now
recorded.

3. Typology of full-waveform lidar systems

The first full-waveform systems were designed in the 1980s for
bathymetric purposes (Guenther and Mesick, 1988). Topographic
devices appeared in themid-1990swith experimental systems and
have been commercially available for a few years. Full-waveform
topographic lidar systems mainly differ in footprint size, pulse
energy and PRF. Small-footprint and large-footprint systems donot
collect the same information over the same area. The applications
therefore differ from a system to another.
Most commercial systems are small-footprint (0.2–3 m di-

ameter, depending on flying height and beam divergence) with
higher PRF. They provide a high point density and an accurate al-
timetric description within the diffraction cone (Fig. 3(a)). Nev-
ertheless, mapping large areas requires extensive surveys. Be-
sides, small-footprint systems often miss tree tops. It is difficult to
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Fig. 3. Transmitted and received signals in a wooded area with (a) a small-footprint lidar and (b) a large-footprint lidar. With a small-sized footprint, all targets strongly
contribute to thewaveform shape but the laser beam has a high probability ofmissing the ground.When considering large footprints, the last pulse is bound to be the ground
but each echo is the integration of several targets at different locations and with different properties.
determine whether the ground has been reached under dense
vegetation. Consequently, ground and tree heights cannot be well
estimated (Dubayah and Blair, 2000).
Large-footprint systems (10–70 m diameter) increase the

probability to both hit the ground and the canopy top. They
avoid the biases of small-footprint systems. Thus, the return
waveform gives a record of the vertical distribution of intercepted
surface within a wider area (Fig. 3(b)). The first experimental full-
waveform topographic systems were large-footprint and mostly
carried by satellite platforms. With a higher flying height, pulses
must be fired at a lower frequency and with a higher energy.

3.1. Bathymetric lidar systems

Designed for accurate sea-depth determination, they are
composed of two beams, one green (532 nm) and one infrared
(1064 nm). The green beam traverses the air-water interface and
propagates in the water until the sea bottom with the least
attenuation. The infrared beam is reflected by the water and
gives the range from the plane to the sea surface. Bathymetric
waveforms are therefore composed of two peaks. Processing
these waveforms consists of finding the two main signal maxima
and deriving the range values. We will not go into further
detail regarding bathymetric lidar systems in this article. More
information is available in Guenther et al. (2000).
There are currently several bathymetric lidar systems: LARSEN-

500, the very first bathymetric system, LADS (Laser AirborneDepth
Sounder), the SHOALS series (Scanning Hydrographic Operational
Airborne Lidar Survey), fully operational since 1994, Hawk Eye,
developed in Sweden on a model similar to SHOALS and EAARL
(Experimental Advanced Airborne Research Lidar), developed
by NASA in 2002. Their main characteristics are described in
Section 3.4.

3.2. Experimental lidar systems

The following prototypes developed by NASA have been
designed to assess the characteristics of woodlands or land cover.
They aim at mapping large areas to provide data at a resolution of
several meters and a swath width up to 1–2 km.

– Scanning Lidar Imager of Canopies by Echo Recovery (SLICER):
the precursor of the topographic systems described below was
designed to characterize the vertical structure of the canopy.
This medium-sized footprint airborne device demonstrated
that full-waveform systems could be used to assess the
characteristics of woodlands, distinguish tree ages and species,
and characterize the structure of extensive areas (Lefsky et al.,
1999b). SLICER data can be downloaded on line (SLICER, 2008).

– Shuttle Laser Altimeter (SLA): this satellite sensor was designed
to cover seas, clouds, and land (glaciology, tectonics, hydrology,
geomorphology, etc.). Two versionswere produced, SLA-01 and
02 (1996–1997), for a feasibility study for the future MBLA and
GLAS systems. SLA-02was used to verify the accuracy of a global
1 km resolution DTM and thus characterize some systematic
biases (Harding et al., 1999).

– Laser Vegetation Imaging Sensor (LVIS): this improved version
of SLICER was used to test and provide data for developing al-
gorithms, calibrating instruments and evaluating the perfor-
mance ofmeasurements to assess the future Vegetation Canopy
Lidar (VCL) mission (cf. MBLA system). It also demonstrated
the potential of full-waveform data to characterize woodland
areas and measure the Earth’s topography, even below the
canopy (Blair et al., 1999). It was mainly used to develop a
real-time algorithm for classifying ground points by analyzing
the return waveform. Sample data from this system are public
(LVIS, 2008).

– Multi-Beam Laser Altimeter (MBLA): the MBLA system was part
of the VCL mission (Vegetation Canopy Lidar). VCL is an active
space-based lidar remote sensing system consisting of a five
beam instrument with 25 m contiguous along track resolution.
VCL aimed at providing data sets for understanding major
environmental issues (climatic change, sustainable land use),
and improving global biomass and carbon stocks estimation.
VCL’s core measurement objectives were canopy top heights,
vertical distribution of intercepted surfaces and ground surface
topographic elevations (VCL, 2008). This programme was due
to be launched in 2003 but was abandoned.

– Geoscience Laser Altimeter System (GLAS): the five year ICESat
satellitemission, carryingGLAS sensor,was launched in January
2003 to study the evolution of land and sea glacial masses in
the Antarctic and Greenland, the roughness and thickness of
sea ice, the topography (using a 1064 nm laser) and the vertical
structure of clouds and aerosols (532 nm laser) (Geophysical
Research Letters, 2005; GLAS, 2008). ICESat classifies the
return waveform in real-time into land/ice and icesheet/sea
by analyzing the return waveform and recognizing Gaussian
distributions fromwhich the main characteristics are extracted
(Brenner et al., 2003). Data sets are available on the mission
Web site (ICESat, 2008).
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3.3. Commercial lidar systems

Operational versions of commercial full-waveform systems
have been available since 2004. These small footprint systems
have considerable potential but do not have any dedicated
application (Hug et al., 2004). The manufacturing companies are
Riegl (Austria), Toposys (Germany), TopEye/Blom (Sweden) and
Optech (Canada). Leica (Switzerland-Germany) ALS-series do not
currently have a full-waveform digitizer but are working on it.

3.4. Technical specifications of the main existing systems

Tables 1 and 2 summarize the main characteristics of the full-
waveform lidar systems mentioned above.

Notes:

I Final year: blank if the system is still in use.
I Wavelength: when two wavelengths are given (typically 1064
and 532 nm), this means that the system includes two lidar
systems, each with its own wavelength. These are either
bathymetric applications or satellites with dual coverage (land
and sea).

I From Flying height to Range accuracy: the characteristics are
given as ranges of values. These are manufacturer’s data and
are limited by the system’s flying height. The formulas for
determining the exact values for a given height can be found
in Baltsavias (1999b).

I Range accuracy: this is the accuracy given by the manufacturers
after on-line peak detection in the return waveform (telemeter
accuracy). It is distinct from the along-track minimum distance
between two consecutive peaks and from the altimetric
accuracy of lidar data.

I In a cell, ‘‘-’’ means that the information is unknown or not
available.

4. Processing the backscattered waveform

4.1. Existing approaches

Two approaches are conceivable for processing the vertical
profiles recorded by the new generation of airborne lidar sensors.
On one hand, it consists of decomposing the waveform into a
sum of components or echoes, so as to characterize the different
targets along the path of the laser beam. The aim of this approach
is to maximize the detection rate of relevant peaks, to generate a
denser 3D point cloud and, finally, to extend waveform processing
capabilities by fostering information extraction from the raw
signal. Increasing the number of 3D points is of interest for forestry
applications (cf. Section 6.1.1). Extracting more information can
be useful for segmentation and classification purposes, in both
forested and urban areas (see Section 5).
On the other hand, the whole 1D signal is preserved. A

spatio-temporal analysis is applied to find features within a 3D
waveform space. This approach is suitable for urban areas where
the geometry is regular (cf. Section 6.2).
The latter approach has been barely investigated.Most research

on full-waveform analysis has been focused on the enhanced
3D point cloud. This section therefore deals with waveform
decomposition. If advanced techniques are efficient to extract
strong and weak echoes and for range determination (Section 4.2),
other approaches model the waveforms using analytical functions
(Section 4.3).
4.2. Range determination and echo extraction

4.2.1. A deconvolution approach for range determination and target
discrimination
Based on a physical understanding of the pulse propagation and

its interaction with the illuminated surface, Jutzi and Stilla (2006)
propose a relevant algorithm to discriminate different surface
responses which are very closely located in range (<0.15m).
First, the received waveform of the backscattered pulse is

computed using the lidar equation (formula (5)). It depends on the
transmitted waveform (modeled by a Gaussian function randomly
modulated by a Gaussian noise), on the spatial energy distribution
of the emitted pulse (alsomodeled, depending on the laser device),
on the surface response (with given reflectance and geometric
properties, here with two differently elevated specular plan
plates), on the atmospheric transmission, and receiver efficiency.
Then, the waveform is processed in four main steps:

• pulse detection with a noise dependent threshold;
• deconvolution in the Fourier domain of the transmitted
waveform with the received waveform;
• estimation of the surface function using the Wiener Filter; the
Wiener Filter is a real function estimated from the modulated
transmitted waveform and the background noise;
• waveform fitting with the Levenberg–Marquardt technique
using the surface function asmodeling function (see part 4.3.2).

Finally, experiments on different kinds of surfaces show that
surfaces with a distance corresponding to less than 0.15m can be
resolved.

4.2.2. Advanced echo extraction methods
The main reason for decomposing the waveform is to extract

more points in a more reliable way. Several methods have been
carried out so far. They are described in this section. Waveform
fitting algorithms, described in Section 4.3.2, also permit to
find peak location and echoes undetected by traditional pulse
detection methods. However, they require to model the echoes
with an analytical function. But an inappropriate model can lead
to erroneous results.

I Detection of weak pulses. Stilla et al. (2007) show it is possible
to detect weak pulses corresponding to partially occluded
targets or objects with poor surface backscatter properties.
A waveform stacking technique is performed by establishing
neighborhood relationships between consecutive waveforms.
Mutual information is therefore accumulated to produce a
‘‘global’’ scattering for such targets. This technique predicts new
pulses not detected by standard algorithms.

I Improved range determination. For urban landscapes, Kirchhof
et al. (2008) propose amethod to improve the point density, the
range accuracy as well as the segmentation between partially
penetrable objects and impenetrable surfaces. The goal of this
approach is to fill gaps that can appear in partly occluded
surface regions. Assuming that the laser beam hits a planar
surface with a given slope, the surface response is modeled
(transmitted and received waveforms are known) using a
matched filter. It produces range values and generates a 3D
point cloud. Points are segmented according to a given feature
and those expected to belong to impenetrable surfaces are used
to estimate surface primitives. A new surface response is finally
computed and used as prior knowledge at the beginning of the
algorithm.
This method (as well as the deconvolution approach) allows

one to determine the range of each echo without any pulse
shape assumption and to detect weak echoes corresponding to
partially occluded and partly illuminated regions.
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Table 1
Main technical specifications for full-waveform lidar systems.

System Company manufacturer Platform Beam deflection Beginning–final year Wavelength (nm) Flying height (km) Pulse rate
(kHz)

Bathymetric

LARSEN 500 Terra Surveys Optech Airborne Rotating mirror 1983– 1064/532 0.5 0.02
MarkII LADS TopEye Airborne Fibers 1989– 1064/532 0.37–0.5 0.9
Hawk Eye Saab Optech Airborne Oscillating mirror 1990– 1064/532 0.05–0.8 0.2
SHOALS
1000T

US army Optech Airborne Oscillating mirror 1994– 1064/532 0.2–0.4 0.4

EAARL NASA Airborne Oscillating mirror 2002– 1064/532 0.3 3

Experimental

SLICER NASA Airborne Oscillating mirror 1994–1997 1064 <8 0.075
SLA-02 NASA Satellite None 1996–1997 1064 285 0.01
LVIS NASA Airborne Oscillating mirror 1997– 1064 <10 0.1–0.5
GLAS NASA Satellite None 2003– 1064/532 600 0.04
MBLA NASA/University of

Maryland
Satellite Oscillating mirror None 1064 400 0.01/0.242

Commercial

LMS Q560 Riegl Airborne Polygon 2004– 1550 <1.5 ≤100
Falcon III TopoSys Airborne Fibers 2005 – 1560 <2.5 50–125
MarkII TopEye Airborne Palmer 2004– 1064 <1 ≤50
ALTM 3100 Optech Airborne Oscillating mirror 2004– 1064 ≤3.5 ≤70
ALS60 Leica Airborne Oscillating mirror 2006– 1064 0.2–6 ≤50
Table 2
Main technical specifications for full-waveform lidar systems (second part).

System Pulse energy
(mJ)

Pulse width
(ns)

Scan rate
(Hz)

Scan angle
(◦)

Beam divergence
(mrad)

Footprint size
(m)

Range accuracy
(cm)

Digitizer
(ns)

LARSEN 500 – 12 20 30 4 2@500 m 30 1
LADS MarkII 7 – 18 27 – – 15 2
Hawk Eye 2/15 7 0.3–7 0/40 2–15 1–7.5@500 m 30 1
SHOALS
1000T

2/15 6 0.3–7 0/40 2–15 0.8–6@400 m 15 1

EAARL 0.07 1.3 25 22 0.03 0.15@300 m 3 1

SLICER – 4 80 – 2 10@5 km 11 1.35
SLA-02 40 8 – – 0.3 85@285 km 150 4
LVIS 5 10 500 14 8 40@5 km 30 2
GLAS 75/35 6 – 0 0.11–0.17 66@600 km 5–20 1
MBLA 10 5 – – 0.06 24@400 km 100 4

LMS Q560 0.008 4 5–160 45 0.5 0.5@1 km 2 1
Falcon III – 5 165–415 28 0.7 0.7@1 km – –
MarkII – 4 <50 14/20 1 1@1 km 2–3 1
ALTM 3100 <0.2 8 <70 50 0.3/0.8 0.3/0.8@1 km 1 1
ALS60 <0.2 5 <90 75 usually 0.22 0.22@1 km 2 1
4.3. Modeling and fitting the waveforms

When modeling the echoes within a waveform, a parametric
approach is always chosen. Parameters of a mathematical model
are estimated for each detected peak in the signal. These
parameters provide additional information about the target
characteristics (shape and reflectance) and extend waveform
processing capabilities. Statistical elements extracted by signal
processing techniques are the number of significant peaks, their
range to the sensor and the parameters of the modeling function.
A single function is always used to model all echoes of the
waveforms.
One wishes to decompose a waveform y = f (xi) into a sum of

n components:

yi =
n∑
k=1

φk(xi)+ bi (6)

where f is the waveform model, φ the echo model with a set of
parameters θ (f =

∑
k φk), {xi }i=1,...,N is a sequence of uniformly-

spaced points, y ={yi}i=1,...,N the sampled waveform, and b the
noise.
A relevant echo model is particularly suitable so that related
parameters should be used for segmenting the 3D point cloud. A
large body of literature addresses the issue of fitting waveforms
with a given parametric model.

4.3.1. Modeling the waveforms
A waveform is a convolution between a laser transmitted pulse

(assumed to be of Gaussian shape with a calibrated width) and
a ‘‘surface’’ scattering function, often considered as a Gaussian
function (Wagner et al., 2006). The received signal is then assumed
to be a mixture of Gaussian distributions. Such modeling is the
most frequently used to process full-waveform data. The analytical
expression of the Gaussian function is:

φk(x) = Ak exp
(
−
(x− µk)2

2σ 2k

)
(7)

where Ak is the pulse amplitude, σk the pulse width, µk the pulse
range. Thus, θk = {Ak, σk, µk}.
The Gaussian model is sufficient for most applications, espe-

cially for large-footprint lidar data (Zwally et al., 2002; Wagner
et al., 2006). However, for small-sized and medium-sized foot-
prints, this model is not always justified. In urban areas, many
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peaks are distorted: indeed, most of the returnwaveforms are sub-
ject to the mixed effects of geometric (e.g., roof slopes) and ra-
diometric object properties (e.g., different kinds of street and roof
materials). Hence, the characteristics of return peaks may differ
significantly. Consequently, other modeling functions have been
proposed in Chauve et al. (2007). For instance, it has been shown
that the generalized Gaussian function, which is an extension of
theGaussian function, improves signal fitting andmodels distorted
peaks.

4.3.2. Fitting the waveforms
Severalmethods have been carried out to fit thewaveformwith

a single modeling function:

• Non-linear least-squares approachusing Levenberg–Marquardt
optimization algorithm,
• Maximum likelihood estimate with Expectation–Maximization
algorithm,
• Stochastic approach using Reversible JumpMonte CarloMarkov
Chain method.

I Non-linear least-squares approach. Hofton et al. (2000) give a
description of a non-linear least-squares method which is used
in bathymetric (Wong and Antoniou, 1991), satellite (Brenner
et al., 2003), terrestrial (Jutzi and Stilla, 2006) and airborne laser
scanning systems (Duong et al., 2008; Reitberger et al., 2008a).
This problem is a system of N observations with m × n

unknown parameters.m = card θ is the number of parameters
of the modeling function and n the number of echoes. The
quality of the results is evaluated by a variable ξ . One aim at
fitting the data with a prescribed accuracy ε.

ξ =

√√√√C N∑
i=1

(f (xi)− yi)2 < ε (8)

where C is a weight: C = 1/N in Hofton et al. (2000) or C =
1/(N − card θ) in Chauve et al. (2007).
The system is solved using a non-linear least-squares

method, the Levenberg–Marquardt (LM) technique (Marquardt,
1969). An iterative algorithm is used. There is no algorithm
for solving the problem directly since the {φk}k are not linear
functions. The LM algorithm is known to be robust but requires
a good initialization step.
Initial values are mainly provided by traditional pulse de-

tection methods (Wagner et al., 2006). Besides, raw waveforms
are noisy and are sometimes smoothed. The intensities above
a threshold are considered to be potential echoes. Moreover,
to overcome the problem of a wrong initialization step, Hofton
et al. (2000) add progressively peaks in the least-squares fitting
algorithm according to their amplitude until ξ is greater than
a given threshold. Chauve et al. (2007) propose an iterative ap-
proach: after coarse peak detection, missing peaks are found in
the difference between the modeled and the initial signals. If
new peaks are detected, the fit is performed again. This process
is repeated until no further improvement is possible.

I Maximum likelihood approach: the EM algorithm. Persson et al.
(2005) have developed a pulse detection method based on
the Expectation–Maximization algorithm (EM) (Dempster et al.,
1977). The EM algorithm is a two-stage iterative optimization
technique for finding maximum likelihood solutions. EM
alternates between performing an expectation (E) step, which
computes an expectation of the likelihood, and a maximization
(M) step,which computes themaximum likelihood estimates of
the parameters by maximizing the expected likelihood found
on the E step. It consists in computing, for each sample, the
probability of belonging to one of the kth distributions which
decomposes the signal. Parameters found during theM step are
then used to begin another E step, and the process is repeated.
Thismethod is a general technique. They assume that the return
waveform is a sum of Gaussians. Nevertheless, it is possible
to choose other probability density functions to fit the return
waveforms.

I Reversible Jump Monte Carlo Markov Chain method. Leven-
berg–Marquardt and Expectation–Maximization algorithms re-
quire the explicit gradient expression of the modeling function.
This is a drawback for complex analytical functions: the first
derivative for all parameters is not always computable. More-
over, it has already been shown that the more parameters to be
estimated, the more inconsistent fitting results appear (Chauve
et al., 2007). Hernández-Marín et al. (2007) have proposed a
method to fit terrestrial lidar waveforms with a specific mod-
eling function (a set of four piecewise exponential functions),
that can be adapted to geospatial topographic waveforms. For
that purpose, the Reversible Jump Monte Carlo Markov Chain
(RJMCMC) method is used. A grammar of functions can be de-
fined and this optimization algorithm will find the best model.
It can even find the best mixture of functions with the opti-
mal parameters (Green, 1995). The fitting algorithm is based on
the formulation of an energy, allowing the introduction of prior
knowledge related to the object layout (e.g., surface reflectance)
and to the waveform decomposition (the number of echoes can
be limited). Consequently, a signal fitting algorithm using the
RJMCMC technique is relevant: it is robust (the globalminimum
of the energy is found), no initialization and no gradient are re-
quired, and the grammar of models is extensible.

4.4. Conclusions

The literature shows that the main process applied to lidar
profiles is signal decomposition and modeling. The advantages of
waveform processing is threefold. First, the different algorithms
presented in the previous sections no longer limit the number
of peaks that can be detected. Additional points are therefore
extracted. As expected, it concerns those with low intensity,
located where multiple echoes appear, or overlapping echoes (cf.
Fig. 4 and all papers cited in this section). Such points are not
recorded by a conventional multiple pulse system due to internal
thresholds for peak detection. Consequently, on forested areas,
waveform processing can for instance provide up to 60% more
pulses than real-time system (Reitberger et al., 2008a; Chauve
et al., in press). This result depends on the tree species, the leaf-
on/leaf-off conditions and the survey specifications. Figs. 5 and 6
show on a profile and on different tree species additional points
that can be extracted. In urban areas, new peaks are found in the
tree canopy as well as on building edges. When the laser beam hits
an edge, a low amplitude pulse corresponding to the ground can
appear after the roof echo.
Second, waveform processing improves object range determi-

nation, even over complex surfaces (Zwally et al., 2002). For in-
stance, in forested areas, both canopy and ground height estimates
can be improved (Duong et al., 2008) but this result depends on the
survey specifications and the landscape (Chauve et al., in press).
In urban areas, range accuracy of solid opaque targets can also be
bettered (Kirchhof et al., 2008). Consequently, the modeling of the
landscape is improved: the processing of Digital Terrain and Digi-
tal Surfaces Model from point clouds take advantage of the better
height determination.
Third, modeling the echoes provide additional parameters that

can be useful for classification purposes (see Section 5).
The Gaussian approximation is shown to be satisfactory

and sufficient for most of mapping applications in urban and
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Fig. 4. Improvement of lidar waveform peak detection. (a) Waveform with two overlapping pulses: three pulses are detected with two overlapping ones. (b) Waveform
with low intensity pulse: three pulses are detected with two of low amplitudes. In both signals, only one echo is found by hardware processing (vertical line). The crosses
indicate the pulse location with post-processing.
Fig. 5. Comparison over a vegetated area between full-waveform lidar points and multiple pulse lidar points.
Fig. 6. Extracted points on different tree species from full-waveform data post-processing. (a) Deciduous (leaf-on). (b) Deciduous (leaf-off). (c) Coniferous. Red, green and
blue points correspond respectively to the first, last and intermediate extracted pulses (Reitberger et al., 2008a).
vegetated areas, both for large-footprint and small-footprint lidar
data (Hofton et al., 2000; Wagner et al., 2006). Wagner et al.
(2006) show that fitting Gaussians to the echoes is however less
satisfactory for high amplitudes. Furthermore, for low amplitude
pulses, the estimation of the echo parameters is less accurate.
Other models, such as the generalized Gaussian function, may be
of interest.

5. Quantitative analysis of return waveforms

The signal processing step fits echoes with appropriate model-
ing functions: their parameters contain significant information on
the roughness, slope and reflectivity of the hit surfaces. For seg-
mentation and classification purposes, many studies have already
been carried out to evaluate the effect of the transmission and re-
flection parameters of the signal on the shape of the waveforms.
They are described below. Studies of the laser system calibration
and intensity correction are also presented.
5.1. Behavior of a reflected waveform

Many elements which could modify the shape of the waveform
have been studied so far by many authors:

Distance to the sensor and emission angle: Vandapel et al. (2004)
test different distance and angle configurations with a
terrestrial sensor. At short distances from the target,
the peak is asymmetrical, with a long rise and a short
trail. It becomes symmetrical as the distance increases.
Variations in the shape are also noticed with changes
in the angle of incidence. The smaller the angle, the
narrower and more symmetrical the peak.

Roughness: different responses are noticed between smooth sur-
faces (one or two echoes if there are discontinuities)
and porous surfaces (multiple echoes at different depths,
equivalent to the behavior of trees and vegetation) (Van-
dapel et al., 2004).
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Geometry: The FOI (Swedish Ministry of Defence Research In-
stitute) proposes a comprehensive laser data simulation
model. It includes the detector characteristics, the tar-
get geometry and reflectivity, the atmospheric attenua-
tion, etc. Steinvall (2000) and Carlsson et al. (2001) have
carried out experiments on targets with simple shapes
to study the combined effect of the geometry and tar-
get reflectance (mixture of diffuse and specular) on the
return waveform. A significant spread in the pulse and
a decrease in its amplitude are observed over flat sur-
faces when the incident angle increases (Fig. 7(a)). It can
lead to an erroneous estimation of the distance, espe-
cially with abnormal angle of incidence. Besides, simi-
lar waveforms are observed between plane surface and
corners. Consequently, two plane surfaces can be assimi-
lated to a single one. Eventually, simulationswere carried
out on steps to investigate whether it was possible to re-
solve two close planar surfaces (Fig. 7(b)), and on differ-
ent canopy shapes.
A comparison of the return waveforms reflected

by various shapes shows the potential advantage of
classifying objects by analyzing the full waveform from a
single pulse. However, it must be pointed out that these
conclusions are based on the major assumption that the
target exhibits Lambertian reflectance.

Geometry+ radiometry: Jutzi and Stilla (2003) set up experi-
ments to assess the effect of various urban materials on
the return waveform. Images of range, amplitude and
pulse width are calculated for pebbles, corrugated iron,
slanted slate plate and flat roof tiles (Fig. 8). The four
types of roof material tested behave in different ways.
This confirms that it is not possible to classify wave-
forms simply as vegetation/buildings/roads. Similar re-
sponses are recordedbetweenobjects of different classes.
Besides, there is significant deviation within the same
class. This study is similar to that described for example
in Lachérade et al. (2005) on the study of the variation
in reflectance of various urban materials (asphalt, tar,
concrete, granite, etc) using high resolution aerial pho-
tographs.

Other factors: Carlsson et al. (2001) have noticed that atmo-
spheric and specular effects on the target are negligible
on the range measurement compared with the other ef-
fects.

5.2. Echo classification

Displaying a 3D point cloud generated from full-waveform
data with model parameters does not allow one to interpret the
results simply (see Fig. 9) (Hug et al., 2004; Ducic et al., 2006).
Nevertheless, it is possible to define some particular behavior for
several objects. The echo is wider on the canopy or ploughed fields
comparewith roads ormeadow areas. High amplitudes are noticed
on grass and bare earth and variable amplitudes on the roofs of
buildings, depending on the roof materials (Fig. 10). Moreover,
weak echoes are wider and the intensity of additional extracted
points is, predictably, lower than for the first echoes.
However, a point cloud obtained by one of the methods

described in Section 4 cannot be classified categorically, even
with additional features and hints about the knowledge of the
influence of each object. A wide echo with low amplitude does
not necessarily come from vegetation. Fig. 10 shows that over
vegetated areas the pulse widths are included in a large range
of values. Roads and building roofs are made from different
types of material and, therefore, have different characteristics.
The features currently extracted from a modeling step often
have values similar to natural objects (Gross et al., 2007; Mallet
et al., 2008). Consequently, simple classification algorithms, e.g.
classification tree with empirical thresholds, lead to a high rate of
incorrect classification (Duong et al., 2006; Ducic et al., 2006). A
reliable approach to detect vegetated areas is proposed in Gross
et al. (2007), based on the eigenvalues of the covariance matrix
computed for each point with the intensity values in a cylindric
environment. However, geometric features are used in addition
to waveform features for the discrimination. Other features have
to be found to classify full-waveform point clouds. Attributes,
such as the cross-section or the backscattering coefficient,
which describe the scattering properties of the targets, seem
valuable to retrieve these physical characteristics and improve
segmentation/classification results (Wagner et al., 2008b).
Moreover, in order to exploit pulse shape parameters, we have

to bear in mind that the shape of the nth pulse of a waveform
depends on the scattering characteristics of the n− 1 first echoes.
It is known that the cross-section of the nth target is expected to
decrease depending on its ‘‘rank’’ in the waveform, but it is not
straightforward to predict how (Wagner et al., 2008a).
Eventually, it is still difficult to quantify specifically both

geometric and radiometric influences of a target on the return
waveform. Since in reality this information is correlated, it is all
the more a challenging task.
Large-footprint lidar data can nevertheless provide coarse

classification results since small surface variations are discarded.
Indeed, ICESAT system provides real-time classification from
statistical analysis of the backscattered waveforms (Brenner et al.,
2003). The return signals are fitted by a sum of Gaussian
distributions. The extracted parameters are compared with
theoretical waveforms for different surfaces, likely to be statically
representative of these surfaces. Return waveforms can therefore
be classified as land, ice sheet, sea ice or ocean. The backscattered
signal is a mean of individual responses of encountered surfaces
since the GLAS sensor footprint is 70m wide.

5.3. Calibration and correction of laser intensity data

Intensity is not yet a clearly defined term (Wagner et al., 2008b).
The echo amplitude is most commonly referred to as intensity.
However, the intensity should be associated with the total energy
of the echo (i.e., I =

√
2π A σ for a pulse of Gaussian shape,

where A is the amplitude and σ is the width). The echo amplitude
depends on many factors: target characteristics, lidar system,
scan geometry, etc. Fluctuations can be noticed on large data
sets between surveys, for instance due to different atmospheric
conditions, and evenbetween flight strips. The intensity/amplitude
values provided by commercial lidar systems as well as those
extracted from waveforms processing are neither calibrated nor
corrected. Few studies have been carried out so far on intensity
calibration and correction. They aim at converting intensity to
a relative but comparable measurement for different epochs
with different conditions, e.g., for multi-temporal analysis or
classification.

5.3.1. Calibration
The Finnish Geodetic Institute (FGI) has first proposedmethods

using calibrated targets with given reflectance to study the effect
of the albedo on the shape of the return waveform and their
directional properties (Kaasalainen et al., 2005a). Results show that
reflectance plays a predominant role on the amplitude and width
of the peak. The influence of the albedo cannot be separated from
other target properties. However, the calibration protocol makes
it possible to use intensity as data in its own right. Besides, a
laboratory study was carried out on various targets (Kaasalainen
et al., 2005b). The materials tested are sand with various grain



C. Mallet, F. Bretar / ISPRS Journal of Photogrammetry and Remote Sensing 64 (2009) 1–16 11
Fig. 7. Examples of the effect of specific targets on the return waveforms. (a) Return waveforms for eight different target with decreasing slopes (Carlsson et al., 2001).
(b) Waveform behavior for different targets with a given emitted pulse (Jutzi and Stilla, 2006).
Fig. 8. Urban material influence on the shape of the return waveforms (Jutzi and Stilla, 2003). (a) Urban materials tested. a: corrugated iron — b: pebbles — c: slanted slate
plate — d: flat roof tiles. (b) Intensity image (black/low intensity→white/high intensity). (c) Pulse width image (black→white).
(a) Amplitude. (b) Width (ns).

Fig. 9. 3D point cloud display on an urban area with vegetation.
sizes, asphalt, trees, lichen and moss with small angle variations.
Calibration is possible, but it proves difficult to define a reliable
method to classify into various components based only on the
intensity characteristics. The authors recommend studying much
larger samples in the hope of drawing up an initial classification
methodology.
Calibration can also be performed using the lidar equation

(see Section 2.1.3 and Wagner et al. (2006, 2008b)) and external
reference targets of known cross-section. For that purpose, the
echo amplitude and width are needed. Therefore, only full-
waveform sensors allow an accurate calibration for all target
classes. No hypothesis is required.
5.3.2. Correction
Ahokas et al. (2006) show a strong correlation between the

reflectance of surfaces and intensity for any flight height. Thus,
the intensity value has to be corrected according to the scanning
distance, the angle of incidence, the atmospheric transmission, the
attenuation and power transmitted by the system. Certain flying
heights are preferred (from 200 to 1000m) for a suitable ground
spot, as were scan angles less than 10◦.
Furthermore, two methods for intensity correction are pro-

posed in Höfle and Pfeifer (2007). The authors also review the pa-
pers considering lidar intensity for their research. A data-driven
correction allows to globally correct data sets with different flying
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Fig. 10. Histogram of pulse amplitude and width for various urban classes.
heights thank to an empirical mathematical model. The function
parameters are estimated using extended targets. Another correc-
tion is possible point by point, based on the lidar equation, knowing
the same information as in Ahokas et al. (2006).
A number of hypothesis are made in these papers. Using full-

waveform lidar data can overcome several issues of intensity
correction. First, the angle of incidence is accurately known
and the surface slope can be better estimated than with a
conventional 3D point cloud (Kirchhof et al., 2008). Since the
emitted pulse is recorded, it permits one to take emitted pulse
intensity fluctuations into account. It is no longer needed to
assume it constant (cf. Fig. 11). Finally, the target cross-section
can be determined and the assumption of Lambertian reflectors
removed (Höfle and Pfeifer, 2007).

6. Applications of full-waveform lidar data

6.1. Applications in woodlands

Full-waveform lidar data have been widely used for forest
analysis. The waveforms are decomposed to produce dense 3D
point clouds in the canopy which are then used to estimate
forest parameters at the scale of the stand. Most of the literature
on full-waveform systems deals with this topic. On one hand,
one tries to benefit from a denser point cloud to improve forest
parameter estimation. On the other hand, modeling is performed
to understand the influence of forest parameters on the waveform
shape.
Otherworks consider full-waveformdata at the scale of the tree.

For instance, tree stems can be detected (Reitberger et al., 2007),
but a high point density is required to have enough points reaching
the stems (see Fig. 6). Besides, tree crowns can be segmented
in 3D, especially in the upper layer of the canopy (Reitberger
et al., 2008b). Eventually, features provided by the waveform
decomposition can be used in combination with geometrical
attributes to classify deciduous and coniferous trees (Reitberger
et al., 2008a). The results depend on the point density and the leaf-
off/leaf-on conditions.

6.1.1. Estimating forest parameters
Many studies have already been carried out to estimate forest

parameters using multi-echo lidar data: high point density can
be used to extract trees in small areas, their height and crown
diameter (Persson et al., 2002), their volume, to classify them
according to species (Holmgren and Persson, 2004), to estimate
their particular characteristics (Andersen et al., 2005) and even to
measure the growth of the forest and detect trees that have been
felled (Yu et al., 2004). Woodland parameters can be estimated at
large scale: density of population, coverage, biomass, etc (Means
et al., 1999).
Dubayah and Blair (2000), Lefsky et al. (2002) and Reutebuch

et al. (2005) present the main studies with multi-echo and full-
waveform airborne lidar for forestry applications.
Full-waveform lidar metrics are used to estimate the following

woodland parameters:
– Canopy height: modeled from the measurement of the differ-
ence between the height of the first and last echoes, for differ-
ent types of forest (temperate, boreal and tropical), at the tree
or the stand levels (Lefsky et al., 1999a; Kimes et al., 2006). It is
generally underestimated by at least one meter.

– Vertical distribution of canopy material: essential to determine
other canopy features such as the above-ground biomass,
predicting the state of the forest and determining the age of a
plantation (Lefsky et al., 1999a).

– Canopy height profile: directly derived from the vertical canopy
distribution for any deciduous forest. It defines the occlusion
rate of a plantation (Harding et al., 2001).

– Canopy cover: obtained directly. This is the fraction of the
signal reflected by the target corrected by the estimated ground
reflectance (Means et al., 1999).

– Canopy volume profile: obtained by modeling. It can show the
qualitative and quantitative differences between different ages
of a given species (Lefsky et al., 1999a). It can also provide
information on vertical leaf profiles (Harding et al., 2001).

– Above-ground biomass: modeled from the tree height mea-
surements. This correlation was shown in mixed conifer-
ous/deciduous areas, in mountains and in dense boreal and
tropical forests (Drake et al., 2002; Hyde et al., 2005).

– Basal area: cross sectional area of the trunk, at DBH (Diameter
Breast Height i.e., 1.37 m) (Lefsky et al., 1999b; Means et al.,
1999).

– Mean stem diameter: tree height is strongly correlated to the
stem diameter (Drake et al., 2002). Allometric equations allow
one to derive the stem diameter according to the canopy height
and the tree species.

– Crown and stem volume: these features are inferred. The crown
volume (tree parameter) is computed knowing the canopy
volume (stand parameter), the tree density and species. The
stem volume is inferred according to the mean stem diameter
and the three height.
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Fig. 11. Correction of the amplitude value using full-waveform data in a mountainous area: both effects of the angle of incidence and the transmitted pulse amplitude
variations are taken into account. (a) DTM of the area. (b) Before correction. (c) After correction.
– Other parameters: the density of large trees can be inferred.
Other additional data (thermic, optical, radar) is required for
a satisfactory determination of the Leaf Area Index (LAI) and
to have a knowledge of the tree species. It appears possible to
classify species (Reitberger et al., 2008a) but a reliable algorithm
has yet to be implemented.

Certain variables are obtained using allometric equations and
vary according to the type of forest and their main characteristics
(Hyde et al., 2005). Some parameters cannot be obtained or with
low accuracy. It is therefore difficult to obtain a comprehensive
estimation of forest parameters (even for main parameters such
as tree height and crown diameter), and consequently parameters
inferred as well as general relationships between structural
forest variables for a given type of biome (and a fortiori for all
types). Metrics derived from full-waveform data are not always
significantly correlated with forest structural characteristics at the
tree level, even if it works well for some forest types (Anderson
et al., 2006).
First works dealing with forest change parameters have been

carried out with large-footprint lidar data (Duong et al., 2008).
Differences, in maximum canopy height for instance (0.5m), have
been noticed between summer and winter data.
Finally, forest parameter retrieval on steeped areas has to be

mentioned. The height of the upper layer of the tree canopy,
located in thalwegs for instance, can be the same as the higher
ground parts of the terrain. In case of erroneous DTM, several
forest parameters, such as the canopy height, crucial for modeling
and inferring other features, will be incorrect. It would be
consequently of interest to introduce waveform features, such
as pulse amplitude and width, to improve ground/off-ground
segmentation algorithms and derive more reliable DTMs.

6.1.2. Modeling forested areas
Modeling forested areas is particularly difficult due to the

strong geometric complexity of the internal structure of the trees.
Several studies have been carried out on this topic, mainly with
large-footprint lidar data. Waveforms are generated over large
areas (footprint superior to 10m) in order not to take small tree
elements into account. A tree model with a high level of details
(leaves) is therefore not necessary.
Blair and Hofton (1999) give one of the first methodological

developments for modeling forest scenes by simulating full-
waveform lidar data. They simulate waveforms by breaking down
the surface hit into small surfaces with their own backscattering
characteristics but with the same reflectivity (typical of dense
forest). A strong correlation between this data and that from the
LVIS sensor is obtained. They show that the unmodeled effects such
as multiple retrodiffusions do not make a significant contribution
to the shape of the return waveform.
Sun and Ranson (2000) propose a more comprehensive model

linking full-waveform data to the spatial structure and to optical
properties of the vegetation. They simulate a forestwhere each tree
can be parameterized by its height, its species and its maximum
diameter. The return waveforms are simulated by dividing the 3D
scene into small cells, with specific characteristics. Full-waveform
data are then simulated with different tree species and ages and
then compared to terrain data and SLICER samples. The simulations
show that the model can be used to find main lidar signatures.
It also shows that a lidar signal provides an indication of forest
populations for both horizontal and vertical structures. It has also
been noticed that the age and species of tree have a considerable
effect on the waveform shape.
A different study of the relationship between thewaveform and

the canopy structure parameters is proposed in Ni-Meister et al.
(2001). The arrangement of the structure on this relationship is
taken into account to determine the 3D vegetation parameters.
This is an adaptation of a hybrid geometric optical radiative
transfer model (called GORT), to describe the effects of these
parameters on the radiation environment (Ni-Meister et al.,
1997). GORT describes the waveform as a function of the canopy
parameters, which was checked against SLICER data. The lidar
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Fig. 12. Vertical sections in the (y− t) plane of a lidar data cube with vegetation, ground and buildings. Numbers 1 to 4 indicate the echoes found in the second slice on the
left (vegetation: center and building: right) (Stilla and Jutzi, 2008).
equation is used to determine the probability that a gap above a
given height in the canopy appears. Besides, the authors propose a
Directional Gap Probability Function to represent the probability
that a laser beam reaches a certain point of height without
being reflected. Finally, the results of the model are confirmed by
comparing SLICER and LVIS data (Peterson et al., 2001).
Koetz et al. (2006) use the 3D model proposed in (Sun

and Ranson, 2000). The radiative transfer model is inverted to
determine the forest biophysical parameters. Some parameters are
set using in situ spectrometric measurements or approximations.
Simulated data are used to establish the feasibility of the inversion
and show that theparameters can, potentially, be deduced: the tree
height is accurately estimated, unlike the other parameters such as
the LAI and the vegetation coverage.
These methods do not take into account multiple scattering

that can also affect the return waveform. The method described in
Kotchenova (2005) considers possible model errors, in particular
for a dense canopy. To solve this, a 3D radiative transfer model
is applied to simulate the propagation of photons across the
vegetation. The predictions obtained on various mixed forest sites
are compared with SLICER data. The simulated signal does not
always match the real backscattered signal, regardless of the
tree species. The main limitation of the model comes from the
formulation of the probability functions that quantify canopy
structure.

6.2. Applications in urban areas

The contribution of full-waveform data is less obvious in
urban areas than in woodlands since multiple pulses only appear
when the laser beam hits building edges. Jutzi and Stilla (2003)
show that it is possible to visually distinguish between different
urban materials hit by a laser beam and concludes that in-
depth processing is required to recognize objects (cf. Section 5.1).
They use the concept of neighborhood between waveforms
and extracted points to interpret their data. Henceforth, the
interpretation of a 3D point cloud can be improved by spatial and
temporal cross-correlation of the peaks in successive waveforms.
The well-known problem of detecting the building edges is

covered in Jutzi et al. (2005). A scene is segmented in ‘‘boundary
zones’’ and ‘‘internal zones’’ by a region growing technique using
the number of pulses, amplitude and distance to the target. Precise
results are obtained accurate to 1/10 to 1/12 of the point spacing.
However, these results are obtained assuming uniform reflectance
and flat ‘‘internal’’ areas.
Eventually, by analyzing the parameters of each echo and taking

the relationships between adjacent waveforms into account, they
distinguish vegetation and man-made structures and then extract
characteristic lines for the objects found in the scene (Jutzi
and Stilla, 2005b). A spatio-temporal measurement cube (x, y, t)
(distancematrix detector) is first generated to show neighborhood
relationships. The cube is then sliced in vertical sections in the (y−
t) plane to give 2.5D information and the required relationships
(Fig. 12).
The aim is to detect 3D segments within this cube, assuming a

scene with a flat surface perpendicular to the incident signal (i.e.,
a facade). Aligning the neighborhoods along y gives (y− t) planes
of intensity distributions with, along the y axis, a parallel line of
maximum value. Intensity images are obtained and are processed
by line detectors (in this case, Hough transform).

7. Conclusion

Full-waveform lidar systems can provide a more in-depth
description of ground topography. Commercial systems are
now available. Many studies use this type of data and have
demonstrated considerable potential.
Several parameters have a significant influence on full-

waveform lidar performance. In forested areas, the laser footprint
diameter is drawn by the survey strategy. A large coverage gives
global parameters (canopy height) whereas a small footprint
provides an accurate description of the altimetric distribution of
the vegetation. Besides, the sampling rate varies from one system
to another. One will not be able to discriminate two objects too
closely overlapped if not enough samples are recorded. Finally,
the algorithm for processing the waveforms has to be taken into
account as a significant parameter since results are different from
one method to another. The way the data are exploited interferes
also in this decision.
Full-waveform systems canmake two important contributions:

signal decomposition and advanced pulse detection methods can
accurately recover a larger number of echoes than embedded real-
time systems. This leads to slightly denser point clouds and to a
better range determination. Furthermore, by modeling the return
waveform, other information can be extracted such as intensity
and pulse width. These two values provide information on the
geometry and the radiometry of the target.
Full-waveform data are mainly used for forestry since the first

experimental full-waveform lidar systems were developed at first
for this particular purpose. Their data have beenused formore than
ten years. They produce a more detailed description of vegetated
structures. It is then possible to estimate, model, and infer forest
parameters more reliably. Full-waveform data are also used for 3D
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modeling of vegetated scenes in order to study the effect of various
parameters on the returnwaveform and to checkmodels that have
been developed.
In urban areas, the potentialities of full-waveform lidar are

less obvious, perhaps because little research has been carried
out to exploit them. Full-waveform systems cannot penetrate
rigid, opaque structures such as buildings. Future research will be
more likely about analyzing additional features extracted from the
waveform and establishing neighborhood relationships between
successive echoes to classify urban scenes (fine detection of edges
of roofs, exact separation between vegetation and buildings).
In conclusion, studies carried out on full-waveform lidar data

use only part of the extracted information from the return signal.
The intensity/amplitude is rarely used as it must be calibrated and
corrected first. Moreover, to characterize scenes with the main
items of extracted information from each peak, it is essential to
know the effect of the geometry and radiometry of the objects on
the signal. Many studies have already been carried out in urban
and woodland areas but no general conclusion has been drawn.
At the moment, it is not possible to know the material or species
of tree without ambiguity using the full-waveform parameters.
The geometric and radiometric effects need to be decorrelated
to achieve this. There is no doubt this is the most promising
line of research. Newmodeling functions and extensive waveform
simulations are also likely to be required for that purpose.
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