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Abstract
Charcoal produced from reforested wood can be distinguished from the charcoal derived from the 
wood of native species. This identification is very important for the trade, control and monitoring 
of charcoal production in Brazil. This study investigated the potential of texture analysis for 
classifying the charcoal based on origin (eucalyptus or native) and species. A total of 17 wood 
species were studied, five of which belonged to genus Eucalyptus and 12 were native to the Zona 
da Mata Mineira. Texture features based on the gray level co-occurrence matrix were extracted 
from digital images. The linear discriminant analysis was used to classify the images with these 
features. Employing 10 features, 96.2% accuracy was achieved for the classification by origin 
and 90.4% for the categorization by species. Texture analysis was shown to be a favorable and 
effective method that could facilitate the establishment of semiautomated techniques to classify 
the charcoal based on origin or species.
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1. INTRODUCTION

Wood species are distinctively identified by the 
physical aspects of the tree, such as the trunk shape, 
leaves and flowers (Ibrahim et al., 2017). When wood 
alone is available, the analysis assumes greater complexity, 
requiring time and knowledgeable specialists and needs 
to be performed based on the macro- and microscopic 
characteristics (Oliveira et al., 2015). Hence, species 
identification from wood alone is heavily dependent 
upon the specialists. However, there is some limitation 
as these specialists are not always available and their 
efficiency is highly dependent on their experience and 
ability to pay attention to detail (Wang et al., 2013). 
Thus, with the escalating demand for timber and 
rigorous international trade regulations, more efficient 
tools for identification need to be developed and used 
so that fraud can be arrested and illegalities identified 
(Zamri et al., 2016).

In light of these facts, researchers from different 
fields recently explored a wide spectrum of studies and 
offered a variety of alternatives to tackle the issue of 
species recognition from wood (Martins et al., 2015). 
According to Paula et al. (2014) these alternatives can be 
distinguished into spectroscopy-dependent techniques 
and image analysis-dependent techniques. Among 
the first group, the works of Piuri & Scotti (2010), 
Oliveira et al. (2015), and Nisgoski et al. (2017a, b) 
rank high. Among the image-analysis studies, those of 
Khalid et al. (2008), Wang et al. (2013), Yusof et al. (2013), 
Paula et al. (2014), Martins et al. (2015), Zamri et al. 
(2016), and Ibrahim et al. (2017) are eminent. Both 
techniques revealed acceptable results. In general, the 
analysis of images appears to offer more promise, with 
satisfactory results when large databases are used, as 
evident from the research by Yusof et al. (2013) who, 
in their classification of 52 woody species, achieved 
98.67% accuracy.

Nevertheless, in Brazil, besides the need for 
identifying species from wood, species recognition 
from carbonized wood has also become a necessity. 
Brazil, according to the FAO (2017), is the largest global 
charcoal producer. A large part of this output is used by 
the domestic market, particularly for pig iron and steel 
(AMS, 2013). However, because the country is unable 
to meet its total demand by producing charcoal from 
reforestation wood, the illegal use of the native forests 

has escalated to become an economically attractive 
activity. The IBÁ (2017) declared that 16% of all the 
charcoal produced in Brazil in 2016 originated from 
native forest wood.

Species recognition from charcoal is accomplished 
by studying the anatomy of the wood preserved in the 
charcoal (Scheel-Ybert & Gonçalves, 2017). Such analysis 
involves greater complexity than the recognition of 
species from wood. Therefore there is a need that the 
specialist possesses vast experience and high ability to 
pay attention to detail (Nisgoski et al., 2015). Although 
charcoal identification is a very complicated process, 
investigations of control and inspection can be carried 
out in a more simplified way by distinguishing between 
the charcoals derived from the native species and 
reforestation species (specifically those belonging to 
genus Eucalyptus sp.).

In an attempt to tackle this issue, much research has 
been conducted aiming at characterizing the charcoals 
from different species and dispensing a subsidy for 
recognition from the anatomy (Muñiz et al., 2012a, 
b; Nisgoski et al., 2012; Gonçalves et al., 2012, 2014, 
2016; Gonçalves & Scheel-Ybert, 2016; Muñiz et al., 
2016; and Scheel-Ybert & Gonçalves, 2017). However, 
only a few research works have sought innovations that 
will facilitate recognition of species through charcoal 
compared with the number of innovations being 
proposed for the recognition through wood.

Some earlier studies have explored the use of 
spectroscopy techniques in this cause (Muñiz et al., 2013; 
Nisgoski et al., 2015; Ramalho et al., 2017). All these 
endeavors were promising, although Ramalho et al. 
(2017) reported efficiency loss in the spectroscopic 
technique when the charcoal was produced at high 
carbonization temperatures. However, until the present, 
there are no studies available that have explored image 
analyses for species recognition from charcoal.

From the findings discovered earlier in the 
literature, texture analysis is expected to facilitate the 
classification of the charcoal images based on origin 
and species, with a greater degree of accuracy than by 
random classification. This work aimed at verifying the 
potential of using texture analysis in macroscopic images 
to be able to distinguish between the wood‑produced 
charcoals of the eucalyptus species and those produced 
from the native species (classification by origin), as 
well as to recognize the species.
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2. MATERIALS AND METHODS

2.1. Preparation of samples and images 
acquisition

The procedures were performed at the Wood Panels 
and Energy Laboratory (LAPEM) of the Federal University 
of Viçosa. The material under study was supplied by 
LAPEM charcoal collection. It included carbonized 
wood samples from 17 species and hybrids of the genus 
Eucalyptus and native forest species characteristic of 
the Zona da Mata Mineira and the Atlantic Forest 
(Table 1). The species were selected depending on their 
occurrence in the region, the tendency to utilize wood 
for charcoal production, as well as the availability of 
material to conduct the research. The samples of each 
species/hybrid were collected from a single tree, but 
without differentiating among the samples in terms 
of the positions on the trunk height.

Following the procedure adopted by Muñiz et al. 
(2012a, b; 2016), a muffle furnace was used to perform 
the carbonization. The carbonization step kept the 
initial temperature at 150 °C with an increment of 
50 °C/h until a final temperature of 450 °C was achieved, 
totalizing 7 h of carbonization.

The charcoal pieces were subjected to transverse 
sectioning using a metal saw blade and then sanded, 

in sequence, with sandpapers of 600 and 1500 grain 
size. This was done to minimize the marks and other 
patterns that did not match the anatomy of the charcoal, 
like the marks from the metal saw.

The images were acquired using a Pixelink camera, 
model PL-A662 coupled to a ZEISS Stemi 2000-C 
stereoscopic magnifying glass with a magnification of 
25 times. The images were produced with dimensions 
of 1280 (H) × 1024 (V) pixels, spatial resolution of 
3.8 μm/pixel and 8-bit pixel depth.

Two 20-Watt incandescent light sources, enclosed 
by parchment paper to reduce the direct light, were 
placed roughly 4 cm from the charcoal sample. The light 
projections were directed in opposite directions, at a 
45° angle to the surface. Photographs of each charcoal 
sample were taken in cross-section, at the heartwood 
and sapwood regions, in such a manner that the rays 
revealed verticality in the center of the image and 
origin in the lower portion of the image. Those areas 
of the charcoal possessing de-characterization of the 
anatomical structure from the carbonization were 
disregarded.

A total of 50 images were taken for each species/hybrid, 
and 100 images (50 of each clone) were produced for 
Eucalyptus urophylla. Finally, a total of 900 images 
were collected and utilized without preprocessing.

Table 1. Species and hybrids studied (common and scientific names).

Common name Scientific name
Angico vermelho Anadenanthera peregrina Speg.

Brauninha Dictyoloma vandellianum A. Juss.
Camaldulensis Eucalyptus camaldulensis Dehnh.

Cedrinho Trattinnickia ferruginea Kuhlm.
Grandis × Camaldulensis Eucalyptus grandis × Eucalyptus camaldulensis

Mama de porca Zanthoxylum rhoifolium Lam.
Pimenteira Xylopia sericea A. St.-Hil.

Ruão Vismia martiana H. G. Reich
Urocam Eucalyptus urophyla × Eucalyptus camaldulensis

Urograndis Eucalyptus. urophyla × Eucalyptus grandis
Urophylla (clone A) Eucalyptus urophylla S. T. Blake
Urophylla (clone B) Eucalyptus urophylla S. T. Blake

Casca doce Alchornea glandulosa Poepp. & Endl.
Goiabeira Psidium guajava L.
Pau fumo Piptocarpha macropoda Baker

Quaresminha Miconia candolleana Triana
Cedro Cedrella fissilis Vellozo

Casuarina Casuarina equisetifolia L.
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The qualitative anatomical characteristics were 
briefly evaluated and compared to offer a subsidy 
for the discussion of the findings drawn from the 
classifications. Descriptions were made based on the 
list of macroscopic anatomical characteristics proposed 
by IAWA Committee (1989).

2.2. Extraction of texture features

After this stage, the whole methodology was 
done using the MATLAB software environment 
(MathWorks, 2017). For each image, 20 gray level 
co-occurrence matrices (GLCM) were created by 
combining 5 distance values ​​d (1, 2, 3, 4 and 5 pixels) 
and 4 angles θ (0°, 45°, 90° and 135°), adopting the 
methodology of Haralick et al. (1973).

Using the method proposed by Haralick  et  al. 
(1973), six basic texture features were calculated for each 
GLCM, as listed: Second Moment, Variance, Entropy, 
Contrast, Correlation and Homogeneity. Thus, a total 
of 120 texture features were collected in the database, 
which included 900 observations.

2.3. Selecting the texture characteristics

The features were selected employing the “sequentialfs” 
function and the complete database was used as the 
input data. The “sequentialfs” function performs a 
sequential selection of features, commencing with 
an empty feature set and sequentially including new 
features. According to MathWorks (2017), this function 
accomplishes 10 cross-validations for each feature, using 
different automatically selected training and validation 
subsets, and in each sequence a “criterion” function 
enables the classification error to be calculated. Thus, 
features are added to the subset in order to reduce the 
classification error.

The features were chosen to select those subsets 
that would most clearly classify the samples in terms of 
origin (eucalyptus or native) and in terms of species. 
Subsets with 15, 10 and 5 features were selected. As a 
criterion function, we used the “classify” function 
to calculate the classification error. According to 
MathWorks (2017), the “classify” function utilizes 
the linear discriminant analysis, otherwise termed 
“Fisher Discriminant”, after its inventor R. A. Fisher 
(Fisher, 1936).

2.4. Training, validation and comparison of 
classifiers

The subsets of the features identified in the earlier 
step were assessed using the cross-validation model 
called leave one out. This meant that while all the 
observations are evaluated, one by one, when one 
observation is selected, the classification model is 
trained to utilize all the data barring the observation 
data being evaluated. The classification was done 
employing the linear discriminant analysis using the 
classify function. Two classification types were evaluated, 
by origin (Eucalyptus or native) and by species, and 
three databases were used, referring to the subsets of 
the 15, 10 and 5 features.

For the classification by origin, an adapted form 
of cross-validation leave one out was also calculated. 
In this adaptation, when one observation was chosen 
for validation, all the observations of that species were 
eliminated as well from the training set. In practice, this 
procedure means that at every leave one out stage, the 
sample tested by the model originated from a species 
that the model had not been trained to classify.

From the findings of the cross-validations, error 
matrices were set up, according to Congalton (1991). 
Using these matrices, the Kappa coefficients were 
estimated and their variances were evaluated adopting 
the method cited by Hudson & Ramm (1987).

Finally, adopting the Z Test at the 5% confidence 
level, the performances of the classifications were 
verified to observe whether it was better than a random 
distinction (K = 0). Subsequently, at the 5% confidence 
level, the Kappa coefficients of the classifications were 
compared, two to two, via the same test.

3. RESULTS AND DISCUSSION

The preparation of the sample surfaces ensured 
satisfactory visualization of the macroscopic anatomical 
structure retained post carbonization. Although the 
charcoal itself is dark and opaque, the lighting system 
utilized permitted the generation of images with 
strong contrast due to the differences in reflectance 
among the anatomical elements. Thus usually, in 
terms of the reflected light intensity, the anatomical 
elements can be organized from the opaquest to the 
brightest, in the vessels, axial parenchyma and rays. 
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This is very significant because it emphasizes the fact 
that the texture pattern of the charcoal arises from its 
anatomical pattern.

The charcoal derived from the native species 
showed a predominantly diffuse-porous pattern, 
although semi-ring-porous and ring-porous were also 
observed (Figure 1). In general, there was a higher 
occurrence of solitary pores. While twinned pores were 
observed in Miconia candolleana and Xylopia sericea, 
multiple pores were observed in Alchornea glandulosa 

and Cedrela fissilis. The radial pore arrangement was 
predominant, and clearly evident when noted in the 
grouped pores. Diagonal and dendritic arrangements 
were also present in Vismia martiana.

Compared with the Eucalyptus species, seven 
among the 12 native species exhibited broader and more 
brilliant rays, C. fissilis and Piptocarpha macropoda, in 
particular. The other native species revealed opaque 
and thin rays. The A. glandulosa rays were hard to 
identify. Generally, the axial parenchyma were rather 

Figure 1. Cross-sectional images of the charcoal samples magnified 25 times: 1) Anadenanthera peregrina; 
2) Dyctioloma vandellianum; 3) Trattinnickia ferruginea; 4) Zanthoxylum rhoifolium; 5) Xylopia sericea; 6) Vismia 
martiana; 7) Alchornea glandulosa; 8) Psidium guajava; 9) Piptocarpha macropoda; 10) Miconia candolleana; 
11) Cedrella fissilis; 12) Casuarina equisetifolia.
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indistinct due to the carbonization process, but the 
confluent and vasicentric types were easier to observe 
in Anadenanthera peregrina, as the regular bands in 
C. fissilis and the reticulated ones in V. martiana and X. 
sericea. The charcoals from eucalyptus predominantly 
revealed a diffuse-porous pattern, diagonal arrangement 
of the pores, and largely solitary pores, besides opaque 
and fine rays and poorly defined axial parenchyma 
(Figure 2).

In Table 2 the selected features are listed. The texture 
feature selected most often was Homogeneity, after 
which was Correction. For classification by species, 

Homogeneity was also fundamental, with nine features 
among the 10 selected ones.

Pedrini & Schwartz (2008) stated that Homogeneity 
provides high values ​​when small variations occur 
between the gray levels of the GLCM pixel pairs. 
Considering only the 10 best texture features chosen 
for classification by origin (Table 2), Homogeneity, on 
average, registered higher values ​​for the Eucalyptus 
samples. In part, this is probably due to the presence 
of comparatively broader and brighter rays in the 
native species samples. This implies that because of 
the high light reflectance, the rays tend to show high 

Figure 2. Cross-sectional images of the charcoal samples magnified 25 times: 1) Eucalyptus camaldulensis; 
2) Eucalyptus grandis × Eucalyptus camaldulensis; 3) Eucalyptus urophyla × Eucalyptus camaldulensis; 4) Eucalyptus. 
urophyla × Eucalyptus grandis; 5) Eucalyptus urophylla (clone A); and 6) Eucalyptus urophylla (clone B).

Table 2. Subsets of 10 and 5 features chosen in the selection step.

Classification
Origin (eucalyptus or native) Species/hybrids

Texture feature θ° d Texture feature θ° d

Subset of 5 features

Homogeneity 0 4 Homogeneity 0 5
Homogeneity 135 3 Homogeneity 135 5
Correlation 0 5 Correlation 90 3

Homogeneity 45 2 Correlation 90 4
Homogeneity 90 5 Correlation 90 5

Subset of 10 features

Homogeneity 135 2 Homogeneity 90 5
Homogeneity 45 1 Homogeneity 135 4
Homogeneity 45 4 Correlation 0 3

Second Moment 90 3 Correlation 0 4
Homogeneity 90 2 Homogeneity 90 1
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gray values, which in turn produce a sharp contrast 
with the vessels, fibers and parenchyma, which mostly 
have low gray values.

Table  3 lists the findings of the evaluations of 
all the types of classification tested. For the same 
number of features, classification by origin revealed a 
statistically equal performance to the classification by 
species/hybrids, at 5% probability level. In all instances 
employing cross-validation, the use of a greater number 
of features presented statistically superior performances. 
It is thus noteworthy that the Kappa index estimates 
the performance of the classification considering also 
the random chance of success.. In the classification 
by origin a probability of one-half of a chance exists, 
whereas in the classification by species/hybrid, this 
chance is 1/17. Therefore, for an equal global accuracy, 
the classification by origin will have a lesser Kappa 
index than that of the classification by species/hybrid.

The adapted cross-validation resulted in loss of 
the classification capacity by origin when compared 
to the use of common cross-validation. Despite this, 
the results are promising because in this type of 
validation one can make a direct inference regarding 
the classification robustness for an unknown species. 
Thus, the classification by origin utilizing 15 features 
resulted in 97.9% accuracy when known species/hybrids 
samples were tested (meaning these species had samples 
present in the classifier training stage), and 95% when 
testing unknown species/hybrids (meaning these species 
had no samples present in the classifier training stage).

The adapted cross-validation is unsuitable for 
species/hybrid classification. Nevertheless, the error 
matrix produced in such classification reveals intriguing 
results for the classification by origin. In the classification 

by species/hybrid, employing 10 features and the 
adapted cross-validation, 87.2% of the observations of 
the native species were classified as some native species, 
whereas 53% of the observations of the eucalyptus 
species were classified as some species of eucalyptus. 
Thus, this classification exhibited 75.8% accuracy in 
terms of origin, which implies that texture analysis is 
sensitive to the repeated patterns between species and 
enables one to distinguish between the native species 
and eucalyptus.

Through the classification based on species/hybrid 
and utilizing 10 features and cross-validation, 90.4% 
accuracy was achieved. In addition, this classification 
identified the correct origin of the samples with 98% 
accuracy. For the successful distinction between 
the origins, it is irrelevant whether the species is 
erroneously classified as another species, as long 
as it is classified as a species belonging to the same 
origin (Eucalyptus or native). This thus minimizes 
the error.

Adopting the same reasoning, the classification based 
on species/hybrid, with 15 features and cross‑validation, 
produced 95% accuracy. However, this classification 
identified the correct origin of the samples with 99.4% 
accuracy. From the results in Table 2, it is evident that 
the classification by species/hybrids tends to have 
higher accuracy than the classification by origin when 
the goal is solely the distinction between the native 
and eucalyptus species. This is likely because in the 
classification by species/hybrid each class is inclined 
to exhibit less variability as it is represented by only 
a single species/hybrid, which would promote the 
segregation of the patterns of each class within the 
feature space.

Table 3. Evaluation parameters of the classifications tested.

Classification No. of features Validation Accuracy (%) Kappa

By origin

15
Cross-validation

97.9 0.953 a
10 96.2 0.916 b c
5 83.9 0.725 f

15
Adapted Cross-validation

95.0 0.889 c d e
10 93.0 0.845 e
5 73.0 0.426 -

By species
15

Cross-validation
95.0 0.947 a b

10 90.4 0.898 c d
5 71.6 0.697 f

All the Kappa indexes statistically differed from zero by the Z-test at 5% probability level. Kappa indexes followed by the same letter 
in the column do not differ statistically from each other by Test Z at 5% probability level.
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Table  4 lists the percentage of errors for each 
species and hybrid with respect to the two classification 
types studied. D. vandellianum exhibited the highest 
percentage of error in the classification by origin. 
As evident from Figures 1 and 2, this native species is 
probably visually the closest to the genus Eucalyptus 
with respect to the anatomical patterns and texture. 
This similarity occurs principally due to the presence 
of opaque rays, mostly isolated pores and poorly 
defined axial parenchyma. Besides, these characteristics 
produce regions with less contrast between the gray 
levels of the adjacent pixels, which may be the cause 
for the high homogeneity values, as is apparent in the 
images of the eucalyptus species.

The D. vandellianum species also displayed the 
highest percentage error when evaluation was done 

for the classification by species/hybrid, followed by 
Z. rhoifolium and A. peregrina. In general, the native 
species were observed to show a higher percentage 
of error than the eucalyptus species. For a more 
comprehensive investigation into the causes that lead 
to the misclassification of species, further research is 
required with the aim of analyzing the relationship 
between the texture features drawn with GLCM and 
the intrinsic anatomical characteristics of each species.

Care should be taken when comparing these 
results with those recorded in the literature. Several 
factors must be considered, like the number of features 
employed in the classification, the presence and type 
of selection of the features, types of features, types of 
classifiers and number of classes. Utilizing the Kappa 
index is significant because it enables the comparison 
between the classifiers with different numbers of classes. 
However, in the literature relating to this subject, only 
the Global Accuracy of classification is used. As this 
work is a pioneering effort focused on the application 
of image analysis for the recognition of the carbonized 
species, comparisons have been performed with the 
existing studies that have utilized texture analysis to 
differentiate between the woody species, as shown 
in Table 5.

This study achieved 90.4% accuracy for the 
classification by species/hybrid utilizing only 
10 features. Therefore it was numerically inferior to 
the findings reported in other research works available 
in the literature. Nevertheless, it is significant that, 
despite having the lowest accuracy, this classification 
also reveals the lowest ratio between the number of 
features and number of classes. When 15 features were 
included, the accuracy rose to 95%, exactly identical to 
the accuracy reported by Khalid et al. (2008). Further, 
such classification was numerically inferior only to 
the researches that employed a higher ratio between 

Table 4. Classification error of each species/hybrid 
in the classifications by origin and by species using 
10 features and cross-validation.

Species/hybrid
Classification error (%)

Origin Species/
hybrid

Anadenanthera peregrina 6 20
Dyctioloma vandellianum 34 40
Eucalyptus camaldulensis 4 18
Trattinnickia ferruginea 0 2
E. grandis × E. camaldulensis 0 4
Zanthoxylum rhoifolium 2 22
Xylopia sericea 0 6
Vismia martiana 0 6
E. urophylla × E. camaldulensis 8 2
E. urophylla × E. grandis 8 10
Eucalyptus urophylla 2 8
Alchornea glandulosa 0 0
Psidium guajava 0 0
Piptocarpha macropoda 0 14
Miconia candolleana 2 18
Cedrella fissilis 2 2
Casuarina equisetifolia 0 0

Table 5. Summary of work with regard to identification of the woody species from the analysis of images.

Authors No. of features No. of classes Accuracy (%)
No. of  features
No. of  classes

 (%)

Khalid et al. (2008) 20 20 95.0 100
Yusof et al. (2013) 51 23 98.7 222
Paula et al. (2014) 2284 41 97.8 5570
Zamri et al. (2016) 38 52 91.7 73
This work 10 17 90.4 59
This work 15 17 95.0 88
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the number of features and number of classes, as 
shown by Yusof et al. (2013) and Paula et al. (2014).

The carbonization process disregards or distorts 
some of the visual and anatomical data originally 
present in the wood, posing a greater degree of 
difficulty in recognizing the species when compared 
with the identification based on the in natura wood. 
Therefore, when compared with the works done on 
species identification from wood (Table 5) it is evident 
that the potential of texture analysis is quite good.

4. CONCLUSIONS

All the classifications tested were observed to be 
statistically superior to a randomized classification 
(Kappa > 0), giving 97.9% accuracy for the classification 
by origin and 95% accuracy for the classification by 
species, utilizing 15 characteristics of texture.

Texture analysis was proven to be an effective tool, 
showing good potential both for the classification of 
charcoal by origin, as well as for the classification by 
species. The classification by origin was efficacious 
even for the evaluation of species not included during 
the classifier training stage. Hence texture analysis is 
a robust method.

Although the technique offers promise, further 
investigations continue to be required to estimate the 
effect of the various sources of anatomical variability 
within the same tree, particularly the variations present 
in the medulla-bark direction. For convenience, research 
in the future must focus on simpler means of image 
acquisition to facilitate the classification in loco.
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