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ABSTRACT:

In this paper we explore the potential of LiDARdistinguish between principal forest typology gfiak latitudes surveyed in leaf-
on conditions. To this aim, a complete processtmgjrcwas developed, starting with the point cloadngput data and ending with
derived curvature value of single trees useful dpecies classification. First, the dominant trees detected by means of a
mathematical morphology approach and the lasentpaire clustered as belonging to the single crowasenhance the quality of
the calculated clusters, a statistical analysithefheight frequency distribution for each trepasformed which allows the filtering
process of the low vegetation under-canopy. Aftedewaa Taylor's expansion nonparametric model idieappgo study the local
differential properties of the surface that appmdes single crowns. Classification of single spe@ebased on the study of the
surface Gaussian and mean curvatures, computedafdr tree from estimated differential parametershef Taylor's formula
extended to second order terms. The extracted ataterified using very high resolution aerial gigraphy as well as forestry
typology maps and existing assessment plans. Mereavfield survey campaign in 5 geo-referencedspkperformed in order to
assess the species of single trees in the follothrep investigated species composition: spruaegtband mixed forest. The results
highlights that, even in leaf-on condition, the AR technology can be used to determine the pringpaties composition and
distribution of a forest at single tree level, whits very important for biodiversity maintenancégns volume and biomass
estimation, habitat mapping and conservation.

1. INTRODUCTION dimensional structure of the forest due to the lsgimple point

number per surface. The ISPRS & EuroSDR Tree extracti

Laser scanning is one of the most recently intreduactive
remote sensing technology that shows high potéytiai a
wide number of different application fields: fromhet
environmental mapping and protection to the ciuijieeering,
regional and urban planning, archaeology and mals the
forestry sector seems to have important benefitsn fithis
technique. As far as the management of forestryasars
concerned, indeed, a large number of forestry petens, useful
to characterize the vegetation from an ecologitatesand
biomass content point of view, are required andssitally,
they are assessed performing field works. As aenat fact,
traditional and most precise forestry inventory aased on the
survey of the single tree population, with resgegbarameters
like tree density, vertical structure, height, woky age, species
distribution, presence/absence of renewal storeyadays, the
assessment of such parameters is critical in tesmdield
operations and time needed, particularly in Alpila¢itude
because of their complex and irregular ground molqiy. So
that traditionally, ground surveys are supportedths use of
aerial photography in the way that ground surveshmonent
provides a sample of quantitative measurementpetiss and

test (Kaartinen and Hyyppa, 2008) recently confanthe
potential of some methods of laser scanning dategssing for
the assessment of forestry inventory parameterg. (eee
density and position, tree height estimation, crdoa&se height).
Concerning the composition of a forest, the species
classification is particularly important for a nuenb of
applicative management fields, for instance, biediity
maintenance, stem volume and biomass estimatiohitabha
mapping and conservation. There are many case estudi
involved in this topic, in which the researchers intya
developed methods based on the analysis of adribgraphy
or satellite remote sensing. In Brandtberg (2002)ifistance,
an application of fuzzy set theory for classifioatiof individual
tree crowns into species groups using high spatisblution
colour infrared aerial photographs was presentedhis case,
the accuracies obtained in distinguishing between
coniferous/deciduous, Scots pine/Norway spruce, and
Birch/Aspen were 87%, 76%, and 79%, respectivelyheOt
studies pointed out the difficulty to identify thdominant
species in mixed forests from aerial photo integiiren alone,
because of the very small spectral difference betwsome

volume whereas aerial photography is used for canopspecies like pine and spruce trees in closed canopglitions

stratification (Edwards & Christie, 1981) and spaté&tion of
other field data in a Geographical Information 8yst(GIS)
environment. In this context, aerial laser scanffliBAR) is a
promising survey technique for forestry inventoriesause of,
basically, its intrinsic capacity to directly assethe three
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(Donoghue et al. 2007). The airborne laser scandatg has
also been analyzed by implementing different meshfod the
classification of the principal tree species, almivs forests
belonging to boreal latitudes. Liang et al. (20@&ed the
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difference between first and last pulse in leafaffditions to
distinguish coniferous from broad-leaves. The arghfound
89% of accuracy but also reported some reasons
misclassification (e.g. similar penetration of lasignal in some
ecological conditions). Holmgren and Persson (2G@&parated
Scots pine and Norway spruce by segmenting crowns
individual tree level on the basis of LIDAR rastedz data.
Afterward, they studied some statistic variablekudated on
the intensity of the returned pulses. The treesigroicorrectly
classified on all plots was 95%. Diedershagen et(2004)
classified broad-leaved and coniferous trees by rdt® of
“light crown height” versus “light crown area”. Doghue et al.

forestry compositions. Moreover, the cartography fofest
typology were at our disposal and used to idertifydominant
afpecies and the homogeneous species distributibis. Map
was photo-interpreted at small scale (1:25.000) aiftelward
verified in field. The cartographic layers and tmeundary of
dhe study site is reported in Figure 2. In the séimae a high
resolution digital orthophoto (pixel size of 0.2Q i® included
and used in this work to assist the validation aE$t species
composition together with the cartographic mapsredeer, a
field campaign was performed in order to acquirgaitkdl
information on the number of trees and species igeb-
referenced plots. All the plots were circular, wéthiadius of 25

(2007) used a mixed approach based on LIDAR heigt a meters (about 0,2 ha).

previously calibrated intensity data to performssification in
mixed conifer plantations. Finally, mixed approactDAR-
Near Infrared Images for species classification also
investigated in Persson et al. (2007). Resuming,ntkéhods
studied for tree species classification are bdgite@sed on two
different main LiDAR characteristics: penetration tera
differences and intensity return in leaf-off coimtis.
Reliability of former methods seems to be affectg@dological
condition of the dataset as well as the LiDAR instent used
(first & last vs multipulse vs fullwaveform) whilkatter need
efficient models of intensity data calibration. Then of this
research is to develop a reliable and robust meltiased on the
single tree top morphology for assessing the ouécovh
coniferous, broad-leaved and mixed standing spegiédpine
latitudes. The method is performed on previouslyraeted
single tree clusters using the approach present&aiilotti et
al. (2007a). A Taylor's expansion local nonparaioetr
algorithm (Crosilla et al., 2007) is applied afterdvén order to
estimate locally the surface function value and fingt and
second order partial derivatives for each tree aravinimum,
maximum, mean and Gaussian curvatures are calduleim
the second order partial derivatives of the Tagloidrmula
(Crosilla et al., 2008). The curvature values aedus perform
classification of the single trees. The paper shoes first
results obtained with this method in terms of certis, broad-
leaves, mixed forests discrimination on the badislaser
scanning data surveyed in different composed foremsteas
surveyed in leaf-on condition.

2. STUDY SITE AND DATA

The study area is located in a mountain sectoriofifVenezia
Giulia Region (N-E ltaly) essentially characterizeloy

coniferous forests (spruce, spruce-fir, larch), adrteaved
forests (beech) and mixed forests (spruce, beéchpverview
of the study site is given in Figure 1.

Figure 1 — Winter overview of the study area wheae of it is
located in the centre of the image. From the right

Figure 2 — The study area. The boundary of lassnréog data
is reported in red, while the black polygons repnts
the managed forestry parcels with their respedfive
number. The coloured polygons correspond
respectively to the: broad-leaved forest (beech) in
yellow; mixed forest (spruce, fir, beech) in ciano;
spruce forest in light green, larch forest in agera
green and spruce-fir forest in dark green. The brow
polygons represent respectively new regeneration of
mixed plantation on the left and larch forest oe th
right.

In the area, the coniferous parcels are composedaby
adult/mature trees with population densities ragdietween
300 and 500 trees/hectar, while mixed and broagekatands
have more juvenile populations with tree densitiaaging
between 600 and 1100 trees/hectar. The altitudéhefsite
ranges between 800 and 1.700 m asl. The total wenvarea
covered about 600 hectares, 60% of which is covesethe
forest.

As far as the LIDAR data is concerned, the datagetse
acquired in summer using a multiple pulse Opteci®9031
instrument. The system operated at a flight alétud about
1000 m above ground and was configured to acquita @ith
an average point density of 4 return$/fhe footprint size of
the laser beam was set at 0.2 mrad (about 0.20the atensor
operating height). The resulting average point ifgmgs about
4.2 pts/ m but substantial differences were noted in the same
survey. Particularly poor was the point densitys (fits/nf) in
the lower part of the area composed principally jloyenile
broad-leaved forests. Significant variation in fhant density
was also noted in the whole dataset.

the left respectively, coniferous, mixed and broad-

leaved forests.

The area is almost totally managed and relativesassent
plans were used as reference to distinguish betwldrent

3. METHOD

A complete processing chain has been developetingtavith
raw laser points as input data and ending with vedri
tree parameters for each single tree. The procedwa@mposed
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of a series of elaborations and transformationg ten be

schematically related to the following methodolagiaspects:

- Pre-processing of the raw laser data;

- Application of mathematical morphology algorithm®
extract the canopy apexes (Barilotti et al. 2007b);

- ldentification of the laser points belonging toetsingle
crowns by means of a cluster analysis algorithm;

- Low vegetation sub-clustering using a local fitg
method;

- Curvature analysis of clustered points belongimgingle
crowns for species discrimination.

The experiments have been carried out using otigiofware

in which the algorithms were developed and the ewmnts

were performed.

3.1 Pre-processing of LIiDAR points

The implemented step relating to the laser datgppreessing
consists of an algorithm that eliminates
corresponding to the laser beam reflections underogy from
the dataset. The algorithm executes a first trifaigun

(Delaunay) of all points, then analyzes the he{ghdifference
between the vertices of each triangle. The vertidesse height
difference is greater than a threshold value (atingrto the
minimal height of the forest) are eliminated. Thikows the
creation of a Digital Surface Model (DSM) withounya
triangulation inside canopy and therefore introdueehigher
degree of DSM adhesion to the external forest sarfa

3.2 Treeextraction

The method proposed for the tree extraction is dase the
morphologic analysis of the laser point distriboti@o this aim
the Top Hat algorithm, whose formulation is relatito the
image elaboration theory (Serra, 1982), was impigete
Extending the Top Hat concept directly to the pitered point
cloud, the method allows the detection of the depaints
belonging to the top of the crown, avoiding thesipblation on
raster images. The direct space position (x, yoardinates) of
the laser data apexes is obtained. It is assuredtie x, y
coordinates of such apexes correspond to the capbig
position of the single trees.

3.3 Singletreecrown delineation

In order to identify the single crowns a region wirg
algorithm was implemented. Starting from the apexe
previously extracted, the algorithm classifies thegetation
points according to the criteria defined below:

- If the points located in the proximity of the rittag apex are
lower (height difference) than a fixed thresholdede are
marked as belonging to the same cluster;

When the same laser point is marked as belonging
different apexes (this is particularly true whee forest is
characterized by close vegetation), the algoritissoeiates
the point to the nearest apex.

3.4 Crown filtering

An example of clustered data is given in FigurelBe image
highlights the auto-adaptive nature of the method drown
delineation. Basically, the shape of the tree crotensls to be
regular and circular but, because of the preserfcdow
vegetation in the dominated layer of the foreshoa optimal
restitution of the crown geometry (area, insertitepth) can be
observed. As a matter of fact, if points reflected low

131

the pointsy

vegetation are recorded by the instrument, theychrstered
within the dominant tree layer. To refine the cifisation of
points belonging to a single crown, a method fawer point
filtering was applied (Barilotti et al., 2007b).

Figure 3 — Example of clustered laser data in aifemus
transect (MBD). The red coloured clusters emphasize
the differences in terms of shape of the same speci
(spruce) in dependence of the ecological state.

The algorithm first calculates the histograms @f ploint height
frequency distribution, cluster by cluster. Afterds, a
polynomial regression function is used to interpoiaiequency
histograms, obtaining a curve of frequency distidrufor each
one. Finally, the curves are explored by means citualy
function in order to individuate bi-modal distrilbwts. If the
function is bi-modal, the height value of the imt&r minimum
of the interpolated function is used as a thresholderform a
local filtering of the cluster. This procedure makiepossible to
eliminate those points belonging to the low vegetafrom the
dominant tree crown (e.g. in Figure 4).

Figure 4 — Case of cluster constituted by a domirteee
(spruce) together with dominated low vegetation. On
the right the relative point cluster height freqeyen
distribution is reported (blue line). For each fregcy
diagram, the polynomial distribution is calculateed
line) and then used to re-filter the sub-clusteys).

3.5 Estimation of local surface parameters by a non
parametric regression model

Our proposal to compute the local Gaussian curgdtur each
tree is based on the application of a non paramétial
polynomial regression extended to the second atifierential
terms. Dealing with parameters estimation by resjoes
models, the main advantage of a non parametric oapgpr
consists in its full generality. In our case, todlly estimate the
surface passing through the clustered laser pomggher a
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priori knowledge of the point geometry nor theifiigt analytical  In the general model (Crosilla et al. 2007), theigafb, rather
function is required. Let us consider the followipglynomial  than the kernel function, is critical for the qilin estimating

model of second order terms (Cazals and Pouget))2003 B. In fact, the greater the value &f the smoother the
regression function results, while the smallervhkie ofb, the
Z =ao+alu+a2v+agu2+a4uv+a5v2 +E; 1) larger is the variance of the estimated value. djy@ication of

the described model in the context of this worksdoet require
) . a priori definition of any bandwidth (parameter bgcause it is
In the equation (1), the coefficients and the patens are gynamically calculated for each clustered crown.
locally related to a measured valighy a Taylor's expansion
of the functionZ = +¢ in a neighbour poirjtof i. 3.6 Singletree computation of local curvaturesvalues

The coefficients are defined as follows: ) ) )
For the local analysis of a surface obtained froasar point

cloud, some fundamental quantities, defined in edéftial
I A a, = ), 1 ﬂ . geometry, are considered. In particular, local Gmus mean
=20 4= % 2709y v S7olax2] and principal curvaturesalues are taken into account. All these
' X can be obtained from the so-calla¥/éingarten map'matrix A

9%z 1( 8%z of the surface (e.g. Do Carmo, 197t is given by:
R P R P Y )
% K e fJE F
ATt olF o ©
while the parameter definition is: 9
u=(X;-X;); v=(Y;-Y;) where E, F, and G = coefficients of the so-calldist’

fundamental forrh

. - . . e, f, and g = coefficients of theécond fundamental
In this specific experimentX;,Y; represent the coordinates of form’

pointi which is the apex of each previously extractedlsitree
and X;,Y; are the coordinates of poiptorresponding to the These coefficients are computed fray (s+# 0) parameters as:

relative clustered crown.

The ag parameters (g 0) are the first and second order partial E=1+a°;F=aa,; G=1+a5’ @
derivatives along X,Y directions at theh point of the best
approximating local surface, collected in the [B]wector p : and:
- T

Bl a 2 a5 a a @ e= Zag/\/alz +1+a,” f :a4/\/a12 +1+ay”
where  a, = estimated function value at point g= 235/1’312 +1+a,°2 @©
The weighted least squares gsﬂmate OT the unI.<mmzmrB The Gaussiarncurvature K corresponds to the determinarf of
from a selected number pfneighbour points (for j =1, ..., p)
results as: 2

_eg9-f
A - 2
B=xTwx)IxTwz 3) EG-F )

Themeancurvature H can be instead obtained from:

where X = coefficient matrix
W = weight diagonal matrix defined by a symmetric _
kernel function centred at thth point H _eG-aF+gE (10)
2EG-F?)

Thep rows in the coefficient matrix X are defined as:

X, :|.1 U v U uv sz ) The principal curvatures k., and k,, corresponding to the
eigenvalues ofA, are given instead from the solution of the
and the elements of the weight diagonal matrix @& ar system k? —2Hk +K =0, i.e. from Kminmax =H +yH2-K .
Substituting theag terms into the formulas (9) and (10) (see
w; :[1‘(dij/b)3]3 for d /b<l e.g. Quek et al., 2003), the following expressidos the
GaussiarK and themeanH curvatures can be obtained:
Wij =0 for du/b21 (5)
2
aza, —a
where d; = distance between the poinfs K=—32 5 (11)

. . . (8 +1+a,%)?
b = window encompassing thefurthest points from
i
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a3(1+a22)+a4(1+a12)—2a1a2a5 especially in coniferous trees. Moreover, some amidant
= trees can be present also in cases in which K Anjway,
almost curves in which K < 0 are generated by adewsity of

2yay® +1+a,?)°
raw laser points (less than 2 ptén{see figure 7f). This

Summarizing, for eachth point, four local curvature values K, N€gative values of the Gaussian curvature can leel s
H, Knax and Ky, can be automatically obtained as functions ofindividuate those cases where the morphologicaysaisas not
J ) _able to ensure a high percentage of extractiocoedominant
the vectorp terms. Furthermore, such curvatures are invariant.qq layer, because of the poor point density.

to the reference frame, providing a very importardperty in
analyzing the surface shape. The analysis of the @nd of the &
null values ofK and H makes it possible to discriminate the [ =
approximated geometric surface of single crown inbe
following basic types (Table 5): ellipti&e0), hyperbolic K <
0), parabolicK = 0,H # 0), and planar{ = H = 0).

H (12)

K> 0 : elliptic

K < 0 : hyperbolic | K =0 : parabolic/planar

Table 5: Classification of surfaces according te talues of
gaussian K and mean H curvature (Image from Haala
et al. 2004).

4 ANALYSISAND DISCUSSION

For this study 24 millions of laser points were aged and
analyzed. From the tree extraction process, a tita14.000

trees were detected and the respective crown poiie

clustered. Previous works highlighted the perforcesnof the
extraction process in similar forestry compositi@arilotti et

al. 2007a). Resuming, a number comprised betweedb30 of

correctly extracted trees was calculated in théfemus areas,
while 80-85% of trees elsewhere. For each tree,trbe top

curvature was calculated. Considering the schentehite 5, it

is assumed a tree has to be approximated by gtieturve (H

< 0, K > 0). The experimental results show thatjlevi is

always < 0, K is in some cases < or equal to @ fgércentage
of trees corresponding to different K values areegiin Table
6.

Figure 7: Examples of clustered crowns points agpective
parabolic surfaces approximating the distribution f
a) mature spruce; b) mature larch; c) mature begch;
juvenile beech; e) bad cluster (two spruce in traes
cluster); f) sparse clustered point (false tree).

For all trees in which the Gaussian curvature wa$,>a

statistical analysis was carried out within homaamrs forestry
areas (as reported into the cartographic maps qushi

described) to calculate the optimal threshold valoe the

subsequent classification. The density of extratitees, the real
composition in species and the % of correctly diesk trees
are reported in Table 8.

K<=0
9,32 %

K>0
91,68 %

% of trees

Table 6 — Percentage of trees in the K classes.

It is well known that the percentage of tree extoacplays a

main role in determining the morphologic valuesioigle trees ~ Area  Point ~ Trees/  Forestry % of correctly
(e.g. tree height, crown base height). Concerriiegcrown top ID  density ha  composition calculated species
curvature, the value basically depends on the adiser of 4 45ptnt 345 Spruce, Fir 88
clustered points to the real crown shape. Some besnof 5 36ptnf 384 Spruce 91
clustered crowns and respective parabolic surface 8 52pt/m2 386 Spruce, Larch 85
approximating the point distributions are giverFigure 7, that 32 1,7ptnt 824 Beech 69

shows different tree species within different fones 33 24ptnf 710 Beech 75

composition. The figure shows that the curves atiye
approximate the crowns in the cases where treesempective
clusters are extracted correctly (cases a, b, i, te figure).
Otherwise, when co-dominant trees are not detecthd,
surrounding dominant tree crown tends to include ploints

Table 8 — Summary of the laser data characterjstizestry
composition and % of correctly calculated speaies f
each analyzed forestry area.

belonging to lower vegetation strata (e.g. figure). 7This
implies that, dominant trees can have a wider cramd a
flatter top morphology (K tending to 0) than thealr®ne,

At this level of the analysis, the classificatioasaperformed in
terms of distinguishing between coniferous and teaved
forests; it follows that Spruce, Fir and Larch aomsidered as
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being the same group of species. The table showb hi
performances in the classification of coniferousaar while
slightly lower accuracy in the cases of broad-leasreas
(particularly in the area 32). This is probably dte the
following aspects:

the higher the tree density, the lower the numiigroints
per crown available for the curve approximation;
consequently, the higher is the number of curveth wi
negative K;

non-homogeneous distribution of points in the datas
which have a poor density in the lower part ofdhea.
Concerning the geo-referenced plots, the resultsooklation
between extracted and classified trees and fieldsomements
are reported in Table 9.

Plot Point Forestry % of correctly
. Trees L .
ID density composition calculated species
PR1 4,6 pt/m2 75 Spruce, Fir 93
PR2 53ptinf 83 Spruce 96
PR3 38ptinf 67 Larch 75
PR4 1,4ptnf 139 Beech 65
PR5 6,5ptinf 115 Beech 87

Table 9 — Summary of the laser data characterjstirestry
composition and % of correctly calculated speoies f
each analyzed forestry plot.

The results seem to substantially confirm thosaiobt in the
area-level analysis. In fact, the correlation setmize high also
in the case of beech forest when it is sampled kuficient

number of laser points (e.g. cfr. PR5 and PR5 plots)Holmgren, J

Concerning larch, this species tends to have theatune
values comprise between spruce (high K values) lasech
(very low K values). This similarity seems to be tteason for
the reduced correlation in the PR3 plot and arealfle the
other coniferous parts have higher performances.

5 CONCLUSIONS

In this study, a method of laser scanning data gesiag to
automatically determine the curvature values oflsirtree is
reported. These values are used to perform a fitasgin of
coniferous/deciduous tree species surveyed indeafendition.
The results, validated using ancillary data fogéaareas and
439 trees geo-referenced in 5 forestry plots, ighittd a high
accuracy (85-95%) in classifying species when #eed point
density is more than 4 ptsini_ower laser point density tends to
reduce this level of accuracy.
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