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This  paper  presents  an  application  of Airborne  Laser  Scanning  (ALS)  data  in  conjunction  with  an  IRS
LISS-III  image  for mapping  forest  fuel  types.  For  two study  areas  of  165  km2 and  487  km2 in Sicily (Italy),
16,761  plots  of  size  30-m  ×  30-m  were  distributed  using  a tessellation-based  stratified  sampling  scheme.
ALS  metrics  and  spectral  signatures  from  IRS  extracted  for  each  plot  were  used  as  predictors  to  classify
forest  fuel  types  observed  and  identified  by photointerpretation  and  fieldwork.  Following  use  of  tra-
ditional  parametric  methods  that  produced  unsatisfactory  results,  three  non-parametric  classification
approaches  were  tested:  (i) classification  and regression  tree (CART),  (ii) the  CART  bagging  method  called
Random  Forests,  and  (iii)  the  CART  bagging/boosting  stochastic  gradient  boosting  (SGB)  approach.  This
contribution  summarizes  previous  experiences  using  ALS  data  for  estimating  forest  variables  useful  for
lassification and regression trees fire management  in general  and  for fuel  type  mapping,  in  particular.  It summarizes  characteristics  of
classification  and  regression  trees,  presents  the pre-processing  operation,  the  classification  algorithms,
and the achieved  results.  The  results demonstrated  superiority  of  the  SGB  method  with  overall  accuracy
of  84%.  The  most  relevant  ALS  metric  was  canopy  cover,  defined  as  the  percent  of  non-ground  returns.
Other  relevant  metrics  included  the  spectral  information  from  IRS  and  several  other  ALS  metrics  such as
percentiles  of  the  height  distribution,  the  mean  height  of  all returns,  and  the number  of returns.
. Introduction

.1. Forest fuel type mapping

Fire is one of the most important factors affecting the dynamics
f Mediterranean forests, and its intensity and recurrence may  sub-
tantially affect successional pathways, even preventing post-fire
uto-successional trends (Moreira et al., 2011; Brivio et al., 2009).
n the period 2006–2009, fires affected approximately 1,366,000 ha
f European forests (Forest Europe, 2011). The European Forest
ire Information System of the European Commission (EC, 2011)
ndicates that the most affected areas, excluding the Russian Feder-

tion, are the five southern member states: Portugal, Spain, France,
taly and Greece. In these five countries, fires burnt a total area of

∗ Corresponding author. Tel.: +39 0874404138.
E-mail address: gherardo.chirici@unimol.it (G. Chirici).

303-2434/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
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©  2013  Elsevier  B.V.  All  rights  reserved.

14,620,968 ha during the period 1980–2010. Annual totals varied
from 158,621 ha in 2008 to almost one million ha in 1985.

Fires reduce flows of forest ecosystem services (Mavsar et al.,
2012) such as wood and non-wood products, game for hunting,
soil protection, recreational and social value, carbon sequestration,
biodiversity protection.

The amount of fuel loading, as well as forest composition and
forest structure, affect the characteristics and frequency of forest
fires (Schmidt et al., 2002). Thus, an accurate description of the
forest in terms of fuel conditions is essential to support fire man-
agement and to predict fire risk (Chuvieco et al., 2004).

Describing fuel conditions is an extremely complex task because
multiple variables must be considered. The total amount of biomass
in different forest components (herbs, shrubs, trees), as well as
fuel structural characteristics (surface-area-to volume ratio, fuel

density, fuel loading, height and stratification of fuel strata), fuel
chemical composition and moisture content all affect fire behavior.
To simplify the description of a forest area in terms of these charac-
teristics, vegetation types with similar fuel conditions are grouped

dx.doi.org/10.1016/j.jag.2013.04.006
http://www.sciencedirect.com/science/journal/03032434
http://www.elsevier.com/locate/jag
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ogether to form “fuel types”. Forest areas classified as the same
uel type have similar fire hazard and/or fire propagation behavior
Hardy, 2005; Pyne et al., 1996). Thus, mapping fuel types is criti-
al for fire prevention planning, from broad area estimation of fire
azard to local-scale simulation of fire propagation behavior.

Several fuel type classification systems are used worldwide
Arroyo et al., 2008). One of the most widely used is the system
f 13 standard fuel types developed by the Northern Forest Fire
aboratory (NFFL), Rocky Mountain Research Station, U.S. Forest
ervice (Burgan and Rothermel, 1984). This system is used for input
o the most common fire simulation models (Behave, Farsite). The
rometheus system (Chuvieco et al., 2003) is an adaptation of the
FFL classification to Mediterranean conditions and includes seven

uel types based on the type and height of the propagation element
hich are further divided into three major groups: grasses, shrubs

nd ground litter.
Fuel type mapping is critical for spatial modeling of forest fire

ehavior, particularly for characterizing surface and crown fuels
Arroyo et al., 2008; Chuvieco et al., 2003; Keane et al., 2001) and
re hazards for different forest types (Xanthopoulus et al., 2012).
ccordingly, the impact of alternative fuel treatments such as silvi-
ultural interventions and prescribed fire on fuel properties and the
ffects of the treatments on fire propagation can be better under-
tood.

Traditionally, fuel types have been mapped by field survey,
 costly and time-consuming activity. In searches for less costly
lternatives, researchers have spent the last decades investigating
he potential role of remote sensing for fuel type mapping.

Optical images are not sensitive to below-canopy forest
ttributes (Keane et al., 2001), and therefore have a limited abil-
ty to detect vertical fuel distribution, understory characteristics,
nd the surface height of crown fuels (Arroyo et al., 2008). Airborne
aser Scanning (ALS), on the other hand, is a promising technology
or generating reliable representations of horizontal and vertical
orest structure. Its capacity for scanning wide areas and produc-
ng precise vertical and horizontal estimates of forest attributes
Lefsky et al., 1999; Naesset and Økland, 2002; Ahokas et al., 2003)
s highly valued.

A large number of studies, conducted mostly in temperate and
oreal forests of Europe and North America, indicate the poten-
ial of discrete return ALS, in combination with optical remotely
ensed images, for estimating tree or forest variables as compo-
ents of fuel models (e.g. Riaño et al., 2003; Andersen et al., 2005;
utlu et al., 2008; Erdody and Moskal, 2010). For example, tree

eight can be readily estimated from the ALS point cloud (e.g.
agnussen et al., 1999; Naesset and Økland, 2002; Popescu et al.,

002). Also, crown base height, a critical fuel property used to
stimate surface and crown fires, can be estimated using auto-
ated, individual tree recognition methods that extract single

ree locations and delineate full crowns (e.g.: Hyyppä et al., 2001;
ersson et al., 2002; Morsdorf et al., 2004). Crown variables such as
ize (diameter, area, or volume), biomass or bulk density (foliage
iomass divided by the crown volume) can be empirically esti-
ated from ALS data with parametric methods such as allometric
odels (Riaño et al., 2004; Popescu, 2007) or non-parametric data
ining methods such as Support Vector Machines (SVM) (Zhao

t al., 2011) or classification and regression trees (CART) (Yu et al.,
010).

For predicting the characteristics of ground fuels (grass, shrubs,
mall trees), especially for low vegetation canopy heights (Riaño
t al., 2007) ALS may  be of limited value. The extraction of informa-
ion on understory vegetation such as percentage cover and height

f the shrub layer has been investigated in only a few of studies
e.g. Harding et al., 2001; Riaño et al., 2003; Maltamo et al., 2006).
romising approaches based on the decomposition of full wave-
orm raw ALS data have also been proposed, but these applications
bservation and Geoinformation 25 (2013) 87–97

require more in-depth investigation as soon as data became more
available (Hug et al., 2004; Persson et al., 2005; Chauve et al., 2007).

In exploratory work, Seielstad and Queen (2003) empirically
demonstrated that the profiles of laser returns, as a function of
height above the estimated median ground surface, could be used
to characterize fuel types 8 (closed timber litter) and 10 (timber)
in the Anderson (1982) nomenclature system. Mutlu et al. (2008),
Koetz et al. (2008) and García et al. (2011) investigated the use of a
combination of ALS and multispectral optical imagery for mapping
fuel types. Mutlu et al. (2008) generated a ALS multiband and com-
bined it with multispectral Quick Bird bands to achieve a per-pixel
discrimination of Anderson’s fuel types using traditional super-
vised parametric classifiers. A similar approach was  used by Koetz
et al. (2008) to classify general land cover classes with SVM using
a combined dataset with images from an AISA/Eagle imaging spec-
trometer and six gridded ALS variables. García et al. (2011) used
SVM to classify a multi-dimensional dataset constructed from four
raw multispectral bands, nine additional indexes from an Airborne
Thematic Mapper (ATM), and eight indexes from ALS data for 10
land and forest cover types. Forest types were then further classi-
fied via the Prometheus fuel models system (Chuvieco et al., 2003)
with a decision tree using ALS metrics.

Our study was  conducted in two  large study areas in Sicily (Italy)
for two reasons: (i) to cover southern Mediterranean biogeograph-
ical areas where environmental conditions are characterized by
extreme drought and sparse forest vegetation but have yet to be
covered in previous studies, and (ii) because in these areas raw ALS
data are available together with an official fuel type map  recently
released by the local forest administration of Regione Sicilia.

Because our first tentative tests to predict fuel types on the basis
of ALS and IRS data based on traditional parametric (maximum like-
lihood) and non-parametric (k-Nearest Neighbors) methods were
unsuccessful, we decided to test CART methods that were recently
applied for similar purposes by García et al. (2011).

1.2. Classification and regression trees

Traditional parametric classification approaches are based on
distributional assumptions that are often not satisfied for remotely
sensed variables (Muñoz and Felicísimo, 2004; Lawrence et al.,
2004). Alternative approaches including machine learning tech-
niques such as neural networks (Benediktsson et al., 1990) and
decision trees (Friedl and Brodley, 1997) that do not rely on
assumed distributions merit consideration.

Binary recursive partitioning (BRP) (Merkle and Shaffer, 2011)
or Classification Tree Analysis, implemented in the well-known
CART data mining tool (www.salford-systems.com), is a supervised
approach that recursively splits the training data into progressively
more pure subsets by defining thresholds within the multidi-
mensional predictors ranges. For remote sensing applications,
predictors are usually multispectral data from optical imagery or
other statistics acquired from active sensors such as radar or ALS,
while target classes are based on land use/land cover nomenclature
systems.

Procedures based on CART are potentially useful for classifica-
tion problems because they incorporate nonlinear effects without
requiring additional variables or variable transformations (Breiman
et al., 1984). In addition, outliers have limited impacts on results,
and there is no theoretical constraint concerning the number and
type of variables to be considered as potential predictors; in par-
ticular, predictor collinearity does not adversely affect numerical
calculations (Strobl et al., 2008).
BRP output is usually presented as an inverted tree structure
called a “decision tree”. Starting from the top (the root of the
tree), and depending on the values of the predictor variables, a sin-
gle observation progresses down through the different branches

http://www.salford-systems.com/
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error free. The map  depicts a classification of fuel complexes with
respect to the NFFL fuel types (Burgan and Rothermel, 1984) for
forest stands, open shrublands and grasslands of Sicily. Fuel types
associated with the different forest cover types fall into grassland,
G. Chirici et al. / International Journal of Applied E

splits) that originate from each node, until it reaches the terminal
ode where it is assigned to a class. BRP splits or threshold val-
es are selected using empirical risk minimization criteria which
inimize classification errors evaluated against the training data.

RP methods commonly assume independent and identically dis-
ributed observations, but they make no assumptions about error
istributions (Breiman et al., 1984). Once the final decision tree is
onstructed, it can be applied to all the elements of the population
hich, in traditional remote sensing applications, are the pixels of

he input images.
Optimization with traditional CART approach is difficult because

he selected decision tree may  not lead to the absolute best classi-
cation. Because all partitioning strategies used for constructing
ecision trees are based on randomization, the same result is
nlikely to be achieved with two independent runs. Nonetheless,
rees are unbiased estimators (Dietterich, 2000) and hence, on aver-
ge, produce correct predictions. Because decisions taken at one
ode of the tree cannot change the decisions taken at previous
odes, the combined results of the optimal decisions at each node
ay  not result in the best classification (Lawrence et al., 2004).

his problem may  be addressed by boosting or bagging, both of
hich generate a group or ensemble of different decision trees.

he classification results generated by the different trees are aggre-
ated by majority or weighted majority to produce the final optimal
esult. Several methods for generating the tree ensembles may be
onsidered (Lawrence et al., 2004).

Boosting is based on a first classification tree with subsequent
rees generated by assigning greater weights to incorrectly clas-
ified training data (Bauer and Kohavi, 1999). Friedman (1999)
resented a variant called gradient boosting.

Bagging is based on a bootstrapping approach for which mul-
iple classification trees are developed by repeatedly selecting
andom subsets of the training data. Breiman (2001) called this
lassifier “Random Forests”TM (http://www.stat.berkeley.edu/∼
reiman/RandomForests/cc home.htm).

Friedman (2002) proposed a hybrid between the boosting and
agging procedures called stochastic gradient boosting (SGB). Only

 limited number of forestry applications of the SGB method have
een reported, the most important of which relate to the use of pre-
ictors based on remotely sensed data. Good performance of SGB
elative to traditional parametric methods were found for general
and use/land cover remote sensing classification problems using

ultispectral or hyperspectral images for several study areas in
he USA (Lawrence et al., 2004). In addition, Moisen et al. (2006)
redicted presence/absence and basal area of 13 forest species in
tah (USA) using Landsat 7 ETM+ and ancillary information and

ound that SGB provided the most stable results when compared
o generalized additive models. More recently, SGB was  used to
stimate aboveground forest biomass in Guinea-Bissau using radar
ata. Interesting results were obtained, but the mean error of the
stimations was quite large (Carreiras et al., 2012).

.3. Aim of the study

The current state of the art demonstrated that a few studies
ddressed the possibility to use ALS-derived metrics, associated or
ot with multispectral imagery, to map  fuel types (Seielstad and
ueen, 2003; Mutlu et al., 2008; García et al., 2011).

CART approaches using ALS for forestry applications are not
nown to have been reported, and only a few papers have reported
pplications of SGB to remote sensing problems (Lawrence et al.,

004; Moisen et al., 2006; Carreiras et al., 2012).

Clearly, more attempts are needed to investigate the potential
f ALS data for use with forest fuel models and for mapping fuel
ypes, particularly if based on the SGB method.
bservation and Geoinformation 25 (2013) 87–97 89

These considerations have at least partially motivated the
present study whose aim is to evaluate SGB for a semi-automated
classification of ALS raw, multi-echo data for classifying fuel types
for two  Mediterranean study sites in Sicily (Italy). Results obtained
using SGB are compared to results obtained using a traditional CART
and Random Forests methods.

The expected outcome should facilitate future implementations
of ALS technology in forest fire prevention decision support sys-
tems, particularly with respect to selection of the optimal metrics
and classification method for fuel types mapping.

2. Materials and methods

2.1. Study area

Two  study areas of 487 km2 and 165 km2 were selected, one
each in the Sicilian provinces of Palermo and Agrigento (Fig. 1).

Both study areas are characterized by typical Mediterranean cli-
mate with a bi-seasonal regime of hot/dry summers and cold/wet
winters. Elevation ranges from 2 m to 1879 m above sea level (asl)
in the largest area and from 198 to 1434 m asl in the smaller
area. A mosaic of land cover types is found in both study areas,
including agricultural lands, grasslands, shrublands and forest
land.

A digital fuel map  of Sicily was  recently developed within
the framework of the Forest Information System of Sicilian
Region (https://sif.regione.sicilia.it). The main forest types were
first mapped by manual on-screen delineation of high resolution
(1 m × 1 m)  digital orthophotos with a nominal scale of 1:10,000
and a minimum mapping unit of 0.1 ha Fuel types were assessed
in the field during the forest inventory for 935 plots distributed
over the entire Sicilian region and were then used to classify the
polygons of the forest types map. On the basis of an independent
accuracy assessment based on a field verification carried out for
producing metadata information by Regional authority, the over-
all accuracy of the resulting fuel types map was 0.9 (Hofmann
et al., 2011). For this study, the fuel types map  was  assumed to be
Fig. 1. Location of the study sites on the basis of the fuel types map  (the system of
nomenclature is in Table 1). Area 1 is smaller on south west, Area 2 is larger on north
east. On the bottom left part the study areas over the IRS LISS-III imagery.

http://www.stat.berkeley.edu/~breiman/RandomForests/cc_home.htm
http://www.stat.berkeley.edu/~breiman/RandomForests/cc_home.htm
https://sif.regione.sicilia.it/
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Table  1
Fuel characteristics of the fuel types mapped in Sicily.

NFFL fuel
type no.

Main propagation
element

Fuelbed structure Associated forest types Fuel load
(t ha−1)

1 Grassland
Dry short grass (<1 m)  1–2
Sparsely wooded grassland (tree cover < 50%) Quercus ilex

Fagus sylvatica

2 Grassland
Scrubby land with mainly herbaceous vegetation 5–10
Low cover woodland/shrubland (<50%) with grass
understory
Forest plantations with grass understory Eucalyptus plantations

3  Grassland Dry tall grassland (1 m)  4–6
4  Shrubland Continuous tall shrubland (2 m)  25–35

5 Shrubland
Continuous low open shrubland (<1 m) 5–8
Forest with low shrubland understory (<1 m)

6 Shrubland Open shrubland (0.6–1.2 m)  with cover > 50% 10–15
Low (<2 m)  deciduous woodland with shrubland
understory

7 Shrubland
Open high flammable shrubland (0.5–2 m)  10–15
Forest with high flammable shrubland understory Quercus suber

Quercus pubescens
Pinus halepensis, Pinus pinea, Pinus
pinaster

8 Ground litter
Broadleaved dominated forest with compact litter Fagus Robinia 10–12
Short-needle (<5 cm)  coniferous plantations with
undecomposed litter

Abies Cedrus Cupressus

9 Ground litter
Deciduous broadleaved dominated forest with not
compact litter

Quercus ilex, Quercus suber, Quercus
petraeae and Quercus pubescens Quercus
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hrubland or ground litter types depending on the vertical struc-
ure of fuelbeds and, accordingly, the fuelbed stratum identified as
he main vector for surface fire propagation (grass/shrub under-
tory, ground litter). A description of the nomenclature system is
eported in Table 1.

.2. ALS data

ALS data for both study areas were acquired during July and
ugust 2010 by an Optech Pegasus system on board of a Piper
avajo I-BGFE with a scan angle of 20◦ at 100 kHz resulting in an
verage density of 1.5 points per square meter.

A Progressive Triangular Network (TIN) densification method,
eveloped by Axelsson (1999, 2000) and implemented in Terrascan
oftware (Soininen, 2010), was used to classify the point cloud into
round and non-ground returns. These filtered ground returns
ere used to generate a 1 m × 1 m pixel resolution Digital Terrain
odel (DTM) using an Inverse Distance Weight (IDW) interpola-

ion method (Andersen et al., 2005; Vepakomma et al., 2008). For
his study, the parameters setting used to interpolate the ground
oints with IDW are those most commonly used for interpolation
omparisons (Chaplot et al., 2006; Guo et al., 2010). Subsequently,
e subtracted the DTM value from the height of each non-ground
ulse to obtain normalized heights of the laser echoes.

.3. Optical data

One IRS LISS-III multispectral image for June 3, 2010, was
cquired for the study areas. The imagery consists of four spectral
ands at 0.52–0.59, 0.62–0.68, 0.77–0.86, 1.55–1.70 �m covering

reen, red, near Infra Red (IR) and medium IR channels respectively.
he image was geometrically corrected using ground control points
cquired on the basis of high resolution orthophotos to achieve a
ositional accuracy less than the nominal pixel size (23.5 m).
cerris, Castanea sativa
Pinus halepensis, Pinus pinea, Pinus
pinaster

2.4. Data preparation

The study areas were sampled using a tessellation-based strat-
ified sampling scheme (Barabesi and Franceschi, 2011). The areas
were divided into 100-m × 100-m squares, a point was randomly
selected in each square, and a 30-m × 30-m plot with random orien-
tation was centered at each point. This procedure produced 12,772
plots in Area 1 and 3989 plots in Area 2.

The plots were intersected with the fuel types map, and only
those entirely contained in a single polygon of the fuel types map
were retained for further investigation; the result was  a total of
16,761 plots (Fig. 2).

The most dominant fuel types in the study areas were Fuel Type
2 (21%), Type 1 (12%) and Type 9 (12%) (Fig. 3).

Based on previously reported research (e.g. Naesset, 2002;
Andersen et al., 2005; Evans et al., 2009; Falkowski et al., 2009;
Tesfamichael et al., 2010; Estornell et al., 2011), 31 ALS-based
metrics were calculated from the normalized height returns for
each 30-m × 30-m plot. The differences among fuel types are
mainly due to differences in vegetation structure. Because no prior
studies were available on the use of ALS data in such condition,
we uses a large number of ALS-based metrics. Descriptions of the
selected ALS-based metrics are reported in Table 2.

The majority are statistics characterizing the distributions of
the “heights” of the ALS echoes within the plots. Because vertically
stratified structures characterize Mediterranean vegetation, some
metrics were derived by splitting the echoes into three, equally
spaced, vertical levels and computing statistics for each level. The
“Crown coverage” metric is calculated as the percentage of returns
with heights greater than 1 m.  The “Texture” metric character-
izes ground level structure through the standard deviation of the

heights between 0 m and 1 m.  Mean values of the ALS-based metrics
for the nine target fuel types are reported in Fig. 4.

For each plot the digital numbers from the four bands of the IRS
imagery were also extracted.
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Fig. 2. Example of the sampling design adopted on the basis of the fuel type map
(colors refer to the legend in Fig. 1 and labels to Table 1) and the digital orthophoto
originally used for its delineation. Sampling points (in yellow) inside systematic
squares of 100 m × 100 m (in gray). Around each sampling point one squared plot
3
t
o

p
d
t

T
D
(

N

0 m × 30 m (in white) is generated with random orientation. (For interpretation of
he references to color in this figure legend, the reader is referred to the web version
f  this article.)
Observations for a stratified random 30%-sample of the 16,761
lots were extracted for each fuel type and used as a training
ataset for developing CART models. The remaining observa-
ions were used as a validation dataset to calculate classification

able 2
efinition and main statistical parameters for the ALS-based metrics calculated in the st

the  first quintile, are the statistical parameteters in the study sites.

Metric Mean Min  1st Qu Median 3rd Qu Max 

1 Returns – 10 157 492 1066 13,509
2  Hmax 6.5 0.1 1.9 5.1 9.5 50
3  Hmean 2.2 0.0 0.4 1.2 3.2 17
4  Hmin 0.0 0.0 0.0 0.0 0.0 0
5  CV 80.0 19.6 60.7 76.0 95.1 303
6  Texture 0.2 0.0 0.2 0.2 0.3 0
7  Skewness 0.9 −2.4 0.2 0.8 1.4 8
8  Kurtosis 1.2 −1.9 −0.7 0.1 1.8 82
9  relHmean 0.3 0.0 0.2 0.3 0.4 0

10  CanopyC 34.3 0.5 10.3 30.5 56.4 91
11  Pct10 0.5 0.0 0.1 0.1 0.3 13
12  Pct20 0.9 0.0 0.1 0.3 0.6 15
13  Pct30 1.3 0.0 0.2 0.4 1.3 17
14  Pct40 1.7 0.0 0.2 0.5 2.3 18
15  Pct50 2.1 0.0 0.3 0.7 3.0 18
16  Pct60 2.5 0.0 0.4 1.0 3.7 19
17  Pct70 2.9 0.0 0.5 1.4 4.5 25
18  Pct80 3.5 0.0 0.6 2.1 5.2 31
19  Pct90 4.2 0.1 0.9 2.9 6.3 37
20  Pct99 5.7 0.1 1.6 4.4 8.4 46
21  Density1 0.4 0.0 0.2 0.4 0.6 1
22  Density2 0.1 0.0 0.0 0.1 0.2 0
23  Rets1pct 58.9 1.6 41.7 62.1 77.6 99
24  Hmean1 0.9 0.0 0.2 0.5 1.1 5
25  CV1 69.2 0.2 55.7 66.1 79.8 333
26  Rets2pct 28.8 0.2 15.8 27.5 40.8 81
27  Hmean2 3.2 0.1 0.9 2.5 4.6 31
28  CV2 18.6 0.1 17.7 18.8 20.0 45
29  Rets3pct 11.7 0.2 4.2 8.6 16.1 84
30  Hmean3 5.1 0.1 1.5 4.0 7.4 41
31  CV3 10.2 0.0 9.0 10.1 11.4 28
32  IRS1 116.3 68 100 115 130 233
33  IRS2 82.5 32 63 82 100 183
34  IRS3 112 36 101 111 121 192
35  IRS4 119.5 44 100 120 139 200

ote: p.n. = pure number.
Fig. 3. Frequency distributions of fuel types in the study areas. Nomenclature of fuel
types is reported in Table 1.

accuracies (Congalton and Green, 2008; Pontius and Millones,
2011).

2.5. Analyses

The analyses focused on testing three non-parametric classifi-
cation algorithms based on the CART approach. The first algorithm
is a simple CART (Breiman et al., 1984); the second is based on a

trees ensemble constructed using the Random Forests procedure
(Breiman, 2001); and the third is a stochastic gradient boosting
(SGB) model (Friedman, 2002). All three algorithms are imple-
mented in the Salford Systems Predictive Modeling Suite (SPM) and

udy areas. Metric in the short name of the metric. 1st QU, Median, 3rd QU and Max

M.unit Definition

 Count Number of returns from the plot
.1 m Above ground elevation of highest return
.9 m Mean height of all returns
.3 m Lowest height among all returns
.5 p.n. CV of returns height
.4 m Standard deviation of non-ground returns [0 m < h < = 1 m];
.1 p.n. Skewness of returns height
.3 p.n. Kurtosis of returns height
.8 p.n. Relative mean height [(mean − min) (max − min)]
.8 p.n. Non-ground percent of total returns
.6 m Percentile 10 of heights distribution
.8 m Percentile 20 of heights distribution
.1 m Percentile 30 of heights distribution
.0 m Percentile 40 of heights distribution
.6 m Percentile 50 of heights distribution
.3 m Percentile 60 of heights distribution
.8 m Percentile 70 of heights distribution
.2 m Percentile 80 of heights distribution
.0 m Percentile 90 of heights distribution
.5 m Percentile 99 of heights distribution
.0 p.n Cumulative density of returns above Hmax/3
.9 p.n. Cum. dens. returns between 1 and 2 times Hmax/3
.3 p.n. Percent of returns above Hmax*2/3
.3 m Mean height of returns above Hmax*2/3
.4 p.n. CV of heights above Hmax*2/3
.5 p.n. Percent of returns between 1 and 2 times Hmax/3
.4 m Mean height of returns between 1 and 2 times Hmax/3
.4 p.n. CV of heights between 1 and 2 times Hmax/3
.5 p.n. Percent of returns below Hmax/3
.7 m Mean height of returns below Hmax/3
.2 p.n. CV of heights below Hmax/3

 p.n. Digital number from band 1 IRS LISS-III
 p.n. Digital number from band 2 IRS LISS-III
 p.n. Digital number from band 3 IRS LISS-III
 p.n. Digital number from band 4 IRS LISS-III
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Fig. 4. Average values with standard deviations of the 31 ALS-based and 4 IRS predictors for the nine fuel types.



arth O

a
r

v
t
t
a
t
a
p
R

t
d
t
a
d
(
p
d
t
t
c
t
a
s
e
q
t

2

p
b
3
a
i
a
1
0
w
r
o
i
e
t
t
p
fi
w

t
v
(
a
o
w
t

2

“
R
c
t

G. Chirici et al. / International Journal of Applied E

re commercially known as CART®, RandomForest® and TreeNetTM,
espectively (http://www.salford-systems.com/spminfo.html).

For each classification method, the importance of each predictor
ariable was assessed on the basis of the improvement in classifica-
ion accuracy that could be attributed to the variable by comparing
he results obtained with or without the inclusion of the vari-
ble. For each method, improvement values were scaled relative
o the best performing predictor variable. The scores in percent-
ges reflect the contribution each variable makes in classifying or
redicting the response variable (Tolliver, 2009). In the cases of
andom Forest and SGB, the values were averaged across all trees.

The models were constructed using the training datasets and
hen applied to predict the response variable for the validation
ata set. The resulting classifications were evaluated by cross-
abulating predictions and observations using a confusion matrix
nd calculating traditional accuracy indexes: overall accuracy, pro-
ucer’s and user’s accuracies, and commission and omission errors
Congalton and Green, 2008). Additionally, following the procedure
roposed by Pontius and Millones (2011), quantity and allocation
isagreement were also calculated. The quantity disagreement is
he amount of difference between predictions and observations
hat is due to the less than perfect match in the proportions of the
lassification categories (the nine fuel types, in our test). The alloca-
ion disagreement is the amount of difference between predictions
nd observations that is due to the less than optimal match in the
patial allocation of categories, given the proportions of the differ-
nt categories in the predictions and observations set. The sum of
uantity disagreement and allocation disagreement is defined as
he total disagreement, that is the opposite of the overall accuracy.

.5.1. CART
CART, as implemented in SPM, is a binary recursive partitioning

rocedure; it outputs a single decision tree for each run. On the
asis of the nine classes of the response variable (Table 1) and the
5 predictors from the ALS and IRS training dataset (Table 2), the
lgorithm considers all possible ways to split the training dataset
nto two sub-sets (or nodes). CART ranks the splits on the basis of

 popular impurity function called the “Gini criterion” (Breiman,
996). For a given set (or node) the Gini impurity index is equal to

 (no impurity) when all elements fall into the same target class,
hile maximum impurity is attained when all classes are equally

epresented (Merkle and Shaffer, 2011). The Gini criterion is based
n impurity decrease, where the best split is identified by maximiz-
ng impurity decrease. CART recursively repeats this procedure for
ach child node until further splitting is impossible, either because
he node is pure or it has attained the minimum number of observa-
ions. The “maximum tree” generated following this procedure was
runed by sequentially deleting non-influential splits to avoid over-
tting. Pruning produces a set of smaller trees that are all nested
ithin the original tree.

For each pruned tree, CART internally estimates the classifica-
ion accuracy in terms of standard errors with the k-fold cross-
alidation technique using a data splitting of the validation dataset
Breiman et al., 1984). Detailed information on this procedure is
vailable in Merkle and Shaffer (2011). Following the suggestion
f Breiman et al. (1984), the smallest tree whose validation error
as within one standard error of the smallest validation error in

he pruned trees was selected as the final optimal tree.

.5.2. Random Forests
A tree ensemble was generated for the training dataset using
Random Forests” as originally proposed by Breiman (2001). With
andom Forests, a predetermined number of unpruned classifi-
ation trees is constructed by a random, bootstrap selection from
he original training data. Each node of each tree is split using a
bservation and Geoinformation 25 (2013) 87–97 93

random sample of the predictors and the best split among them is
selected. Random Forests predictions are obtained by aggregating
by majority the outputs produced by each tree of the ensemble.

The number of predictors to be used at each tree node and the
number of trees retained in the final ensemble were the default
values recommended by Breiman (in Liaw and Wiener, 2002), i.e.
an ensemble of 500 trees each constructed by selecting the best of
three randomly chosen predictors at each node.

2.5.3. Stochastic gradient boosting
With the boosting/bagging SGB procedure proposed by

Friedman (2002), a series of small trees with six nodes each was
constructed by sequentially fitting the prediction model devel-
oped using a randomly selected subsample of the training data. The
sequential trees were constructed by introducing a set of probabil-
ities of class membership for the response variable. Probabilities
were calculated using the steepest gradient algorithm (Friedman,
1999) from the gradient of the loss function of the previous tree,
with the gradient defined by deviance (twice the binomial negative
log-likelihood) as a surrogate for misclassification rates (Lawrence
et al., 2004).

For each iteration, a tree is constructed from a different ran-
dom sub-sample of the dataset (selected without replacement)
producing an incremental improvement in the model. The iteration
process was stopped at 152 trees because a larger number of trees
did not produce further improvement in the estimated accuracy of
the model against the validation set.

3. Results

The distributions of fuel types were quite different for the two
study areas (Fig. 3). Three fuel types were prominent: type 2, occu-
pies approximately 40% of the plots in Area 1; type 9 dominates
in Area 2; and type 1 has similar incidence, approximately 20%, in
both areas; all other types have much smaller incidences.

The relevance of ALS-based metrics as fuel type predictors for
the three CART variants are reported in Table 3.

The most relevant ALS metric in the SGB method was  canopy
cover, but four of the six most relevant predictors are from the IRS
imagery (Table 3). Other relevant ALS metrics included percentiles
of the height distribution, the mean height of all returns, and the
number of returns (Table 3).

CART and Random Forests, with overall accuracies of only 47%
and 45%, did not produce sufficiently accurate classifications. SGB
instead, with overall accuracy of 84% produced substantially more
accurate classifications for the two study areas (Table 4).

In terms of omission errors, the three models differed substan-
tially (CART 34%, Random Forests 44%, SGB 27%), but it is in terms
of commission errors that SGB achieved much better results (11%)
than CART and Random Forests (both approximately 60%).

The most evident advantage of SGB was acceptable classifica-
tion accuracy, particularly from the producer’s perspective, for fuel
types with relatively small numbers of observations (from type 3
to type 8) (Fig. 5).

On the other hand, all the classifiers produced comparable
results for the most widespread fuel types (types 1, 2, and 9) which,
in the validation datasets, represent 82% of total number of obser-
vations.

The accuracy assessment analysis conducted using the method-
ology proposed by Pontius and Millones (2011) produced a
difference between the CART and Random Forests results that was

mainly influenced by a quantity disagreement (almost 70% of the
total disagreement), and between CART and SGB that was  mainly
influenced by the allocation disagreement (almost 60% of the total
disagreement).

http://www.salford-systems.com/spminfo.html
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Table  3
Relevance of the ALS-based metrics in the different models tested. Metrics are
ranked top to down on the basis of the SGB relevance. The description of the metrics
is  in Table 2.

Metric CART Random Forest SGB

CanopyC 93.5 52.6 100.0
IRS3  37.3 67.3 94.5
IRS1  20.3 24.5 89.2
Pct70 23.1 94.2 72.1
IRS4  52.7 16.3 66.5
IRS2  45.2 71.3 66.1
Returns 21.1 38.5 62.1
Pct80 4.5 61.2 50.1
Hmean1 3.8 58.9 47.1
Hmean 4.9 78.1 44.7
Pct50 3.8 100.0 39.3
Pct60 5.6 87.5 38.2
Pct20 6.9 78.9 35.3
CV  22.8 45.3 35.2
Hmin 12.7 3.6 35.1
Hmean3 21.7 15.9 33.1
Pct90 3.7 39.7 32.1
Density2 31.1
Kurtosis 12.8 23.8 29.9
relHmean 29.4
CV1  35.5 11.4 28.9
Rets2pct 11.4 11.3 28.7
Texture 28.9 28.4 28.4
Pct10 17.2 78.9 28.3
Pct99 13.1 21.8 28.2
CV3  28.2
Hmean2 28.1
Hmax 27.3
Pct30 100.0 87.5 26.7
Skewness 25.4
CV2  21.5 11.2 22.9
Pct40 22.7
Rets3pct 22.6
Density1 18.4

t
d
t
p

s
o
C
I
R

Fuel t ypes

1 2 3 4 5 6 7 8 9

C
om

m
is

si
on

 e
rr

or

0.0

0.2

0.4

0.6

0.8

1.0

CART
Rando m Forest
SGB

(B)

Fuel t ype s

1 2 3 4 5 6 7 8 9

O
m

is
si

on
 e

rr
or

0.0

0.2

0.4

0.6

0.8

1.0
(A)

T
C

Rets1pct 15.1

Analysis of the two types of disagreements for the nine fuel
ypes (Fig. 6) indicates that the main problem for CART and Ran-
om Forests is related to the strong quantity disagreement in fuel
ype 2 which is confused with almost all the other fuel types and
roduces omission errors greater than 80%.

A combination of ALS and IRS predictions was better than either
ource alone. In fact the same classification approaches using
nly the 31 ALS predictors produced overall accuracies as follows:

ART 38%, Random Forest 37%, and SGB 73%. When using only the

RS LISS-III predictors the following overall accuracies: CART 35%,
andom Forests 35%, and SGB 57%.

able 4
onfusion matrix based on the classification by SGB.

Validation 

Fuel type 1 2 3 4 5 6 

Classification
1 1666 159 22 1 2 3 

2  346 3966 289 33 51 8 

3  14 5 80 0 0 0 

4  0 0 0 80 0 0 

5  2 26 0 0 377 3 

6  0 0 0 0 0 68 

7  2 56 4 2 18 1 

8  1 6 0 0 0 0 

9  37 213 5 5 32 2 

Total  2069 4432 400 120 479 83 

Producer accuracy 80.5% 89.5% 20.0% 66.7% 78.5% 81.2
Omission error 19.5% 10.5% 80.0% 33.3% 21.5% 18.8
Fig. 5. Omission (A, above) and commission errors (B, below) for the three tested
classification algorithms for the nine fuel types.

4. Discussion
Regularly updated fuel types maps for large areas are essential to
support fire prevention actions and as input layers for fire propaga-
tion modeling, fire management, prevention, and firefighting. This

Total User
accuracy

Commission
error

7 8 9

5 0 13 1871 89.1% 10.9%
103 33 214 5043 78.6% 21.4%

2 0 0 101 79.0% 21.0%
0 0 0 80 100.0% 0.0%

10 0 17 434 86.7% 13.3%
1 0 0 69 98.7% 1.3%

534 0 14 631 84.7% 15.3%
0 274 9 290 94.6% 5.4%

51 66 2804 3215 87.2% 12.8%

705 373 3071
% 75.8% 73.3% 91.3%
% 24.2% 26.7% 8.7%
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ig. 6. Quantity disagreement and allocation disagreement for the three classifica-
ion methods (from left to right: CART, Random Forests and SGB) for the nine fuel
ypes.

s particularly true for Mediterranean areas where fire regimes are
xtremely severe with hundreds of thousands of hectares of forests
estroyed each year. Climate change scenarios for these areas indi-
ate increases in summer temperatures, decreases in small rainfall
vents, and increases in intense rainfall events leading to a potential
ecrease of the time between two successive fire events (Mouillot
t al., 2002).

Fuels types are difficult to describe and map  due to their com-
lexity and variability (Mutlu et al., 2008). The results of this study
uggest that remotely sensed data may  be an essential information
ource for this purpose because automated and semi-automated
lassification systems limit time-consuming and expensive manual
ctivities such as visual photointerpretation and fieldwork.

The utility of ALS data for characterizing forest ecosystems, both
or mapping forest classes or forest types and for estimating quan-
itative variables such as forest biomass, has been confirmed for

 large number of studies (Zhao et al., 2011; Corona et al., 2012).
any of these studies focused on estimating variables useful for

re management (Arroyo et al., 2008), but very few specifically
ddressed fuel types mapping. Most of the studies relied on the
ombined use of ALS with optical data (Mutlu et al., 2008; Koetz
t al., 2008; García et al., 2011). Of importance, ALS data alone
ere frequently regarded as insufficient for achieving satisfactory

lassification accuracies (Koetz et al., 2008).
For this study, we demonstrated the utility of ALS-based metrics

or predicting fuel types, although the inclusion of multispectral
ptical data from IRS LISS-III consistently increased the classifica-
ion accuracy. A primary result is that a combination of ALS metrics
nd spectral information provided sufficient information for reli-
ble assessment of fuel types.

The SGB method greatly improved the classification perfor-
ance over simple and bagged CART models, confirming the

otential findings reported by Lawrence et al. (2004) for application
f this method for land use/land cover classifications using optical
ata, especially when some classes are relatively rare.

Friedman (2002) acknowledged that the reason for the positive
ffect obtained with bagging/boosting in the predictive accuracy of

ART must be determined on a case-by-case basis. The SGB boot-
trapping random procedure has the capability of reducing the
ariance of the response variable in the training sample; this posi-
ive effect is particularly important for more accurate classifications
bservation and Geoinformation 25 (2013) 87–97 95

of relatively rare classes. Our results confirm this hypothesis. In
fact, SGB was  much more effective than CART and Random Forests
for classifying less abundant fuel types such as types 3–8 in our
dataset which represented only 15% of the overall number of the
observations.

As stressed by Lawrence et al. (2004), the ability of SGB to
achieve better results cannot be generalized and is closely related
to the input data, an observation that also applies to other machine
learning approaches such as neural networks and SVM. For the
three approaches evaluated in this study, CART produces the most
transparent output, resulting in a decision tree that can be easily
interpreted.

The combined use of multispectral data and ALS metrics could
further improve this approach, but identification of the optimal
classification method should always be based on empirical tests.
Data mining approaches are, in fact, all guided by input data; hence
generalization of the results is possible only in weak, mainly qual-
itative terms.

We further speculate that the wider availability of ALS data
might foster slight changes in the approach for classifying fuel types
that could both simplify their (semi) automated recognition on the
basis of laser echoes and their effectiveness for characterizing the
spatial distribution of vegetation structure as it pertains to fuel
properties.

5. Conclusions

Three primary conclusions may  be drawn from the study. First,
ALS metrics in combination with optical multispectral data can be
used to support supervised discrimination among different fuel
types. Second, the combination of ALS metrics and multi-spectral
data produced greater accuracies that either data source used sepa-
rately. Third, among the non-parametric procedures we  evaluated,
satisfactory accuracy (84%) was obtained for only the stochastic
gradient boosting method, whereas traditional CART and Random
Forests produced much smaller accuracies. This result may  be
attributed to the capability of SGB to better classify rarer fuel types
that in the dataset.

Based on these conclusions, we offer four recommendations.
First, because these methods are all data driven, we  recommend
considerable caution when generalizing the results to different con-
ditions.

Second, for mapping fuel types, we recommend use of a combi-
nation of ALS and optical data rather than data from either source
alone. Third, we expect that the use of remotely sensed data,
together with advanced (semi) automated classification methods,
will contribute to greater availability of forest information useful
for preventing and fighting wild fires and reducing their social,
economic, and environmental effects. Therefore, we recommend
further development of this approach to fuel types as a means
of enhancing the effectiveness of operational use of fire-behavior
models for large areas. Fourth, ALS data can be used to estimate
canopy and ground fuel characteristics using height measurements
(Andersen et al., 2005) which, in turn, can be used to construct wall-
to-wall maps of fuel properties. Therefore, for future applications,
we recommend production of thematic layers related to fuel char-
acteristics rather than construction of more traditional fuel types
maps based on aggregated system of nomenclatures.
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