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ABSTRACT: This paper seeks to estimate tree volumes of different species from the 
Brazilian savanna by using artificial neural networks and by making comparisons of results 
with estimates obtained from traditional volumetric equations. Data was obtained from 15 
squared samples of 400 m² in an area of 29.6 ha. In each plot, breast height diameter (D) 
(diameter at 1.30 m from soil), total height (Ht) and commercial height (Hc) of all individuals 
with D equals or higher than 3.0 cm were measured. Afterwards, each tree was felled 
for volume measurement. Huber method was used considering measurement of stem 
diameters with more than 3.0 cm. Obtained data was used to train artificial neural networks 
(ANN) and to adjust volumetric equations to estimate total and commercial volume of trees. 
This study has shown that ANN and regression models are efficient for obtaining estimated 
volumes of trees in the Brazilian savanna. This suggests that artificial neural networks, 
that take into consideration species as a categorical input variable and were data trained, 
presented better results than those that are trained without categorical input.

REDES NEURAIS ARTIFICIAIS PARA ESTIMAR O VOLUME DE ÁRVORES NO 
CERRADO

RESUMO: Neste artigo buscou-se estimar os volumes de árvores de diferentes espécies 
do Cerrado usando redes neurais artificiais e fazer comparações dos resultados com 
estimativas obtidas a partir de equações volumétricas tradicionais. Os dados foram 
coletados em 15 parcelas de 400 m² em uma área de 29,6 ha. Em cada parcela, o 
diâmetro da altura do peito (D) (diâmetro a 1,30 m do solo), a altura total (Ht) e a altura 
comercial (Hc) de todos os indivíduos com D igual ou superior a 3,0 cm foram medidos. 
Depois, cada árvore foi derrubada para obtenção do volume. O método de Huber foi 
usado considerando a medida dos diâmetros do fuste até 3,0 cm. Os dados obtidos foram 
utilizados para treinar redes neurais artificiais (RNA) e ajustar equações volumétricas 
para estimar o volume total e comercial das árvores. Este estudo mostrou que as RNA 
e as equações volumétricas são eficientes para a obtenção de volumes estimados de 
árvores no Cerrado. As redes neurais artificiais, que consideram a espécie como uma 
variável categórica de entrada, apresentaram melhores resultados do que aquelas que são 
treinadas sem essa variável.
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INTRODUCTION

The Brazilian biome known as Cerrado (the Brazilian 
savanna) has a great diversity of habitats and species with 
predominance of trees and shrubs (KLINK; MACHADO, 
2005). Tree species usually have irregular shaped stems 
with a thick bark, medium height and it is the biggest 
biome in the state of Minas Gerais (RUFINI et al., 2010). 
Unfortunately, this type of vegetation has been degraded 
by human activity such as livestock and urbanization.

Some studies describing the fl oristic richness 
and horizontal structure in the Brazilian savanna were 
performed for knowledge and preservation, however, 
few of them were focused in volume and biomass 
variables (REZENDE et al., 2006). A possible explanation 
for data scarcity might be attributed to the high diversity 
of species, high variability among individuals from the 
same species and the irregular shape of stems and canopy. 

Tree volume is obtained by measuring diameters in 
different sections of a stem. Then, volume is used to adjust 
regression equations that explain tree volume in function of 
height and diameter at breast height. Parameters of these 
equations can be infl uenced by stem shape (HUSCH et 
al., 2002), which can be problematic for Brazilian savanna 
trees. Problems on modelling relationships between 
dendrometric variables are not exclusive of natural forests. 
The existence of complex and nonlinear relationships may 
occur in several cases when it comes to studies involving 
natural resources, and the adjustment of equations that 
aim to fi nd data tendency may be diffi cult (SOARES, 2012). 
The use of artifi cial neural networks (ANN) have been 
proposed to solve these nonlinear and complex problems 
(VAHED, 2016; NUNES; GORGENS, 2016; MIGUEL et 
al., 2016; CAMPOS et al., 2016; SOARES et al., 2011; 
SILVA et al., 2009; LIMA et al. 2017).

ANN is a system composed by simple units that 
are determined by mathematical functions massively 
processed in a parallel way (BRAGA et al., 2000; HAYKIN, 
2009). These systems can learn from examples and can 
generalize knowledge of unknown data (JAIN et al., 1996; 
BRAGA et al., 2000; GORGENS et al., 2009). ANN is 
inspired by the human brain and its units (artifi cial neurons) 
are arranged in one or more layers, with connections 
(weights) between each other (BRAGA et al., 2000).

This computational tool has several uses in 
forestry, as techniques for biometry and forest inventory 
that improve accuracy in production estimation (SILVA 
et al., 2009). ANN presented best performances running 
classic regression models that are used to estimate tree 
volumes. These results seem to suggest that due to their 
massive structure and parallel distribution (layers) neural 

networks have the ability to learn and generalize, which 
make them capable of solving complex problems. They 
are noise tolerant, can model several variables and their 
non-linear relationships, they are capable of modeling with 
categorical (qualitative) variables in addition to numerical 
(quantitative) variables and can make neurobiological 
analogies (BINOTI, 2013; HAYKIN, 2001). However, 
these applications are mostly performed with even-
aged forest data, approaches with uneven-aged data 
are infrequent, especially in the Brazilian savanna. Tree 
counting performed by non-destructive methods is 
impractical due to the specifi c shape of the trees. Volume 
estimates are often performed with equations that 
generate estimates of volume with low precision.

The hypothesis to be tested in this study is that 
the application of ANN will increase accuracy of tree 
volume estimates, and reduce costs with forest inventory 
and cubage. The main aims of this research project have 
therefore been to demonstrate that the use artifi cial 
neural networks can be a tool to estimate the volume of 
trees from different species of the Brazilian savanna and 
to make a comparison of these estimates with volumetric 
equations generated by other methods.

MATERIAL AND METHODS

Study area and data

Data was obtained from 15 squared samples with 
400 m² in a Brazilian savanna area with 29.6 ha. In each 
plot, breast height diameter (D) (diameter at 1,30 m from 
soil) and height (H), both total (Ht) and commercial (Hc) 
height, of all individuals with D equals or higher than 3,0 cm 
were measured, with them being identifi ed and labeled. 
Then each tree was felled for volume measurement. 
Huber method was used considering measurement along 
stems with diameters up to 3.0 cm. The volume of each 
section of stem was calculated by applying equation 1 
and the total volume (Vt) of the tree was obtained by the 
sum of volumes in each section. For commercial volume 
(Vc), only the sections with diameters greater than 3,0 
cm were considered and for the last section, total volume 
(with diameters lower than 3,0 cm) were considered the 
as cones, with volumes being calculated by the equation 
2, where Vi is the volume of the i-th section, Vcone is the 
volume of cone (last section), gi is the i-th sectional area and 
L is the stem section length.

[1]

[2]
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Data processing

The data obtained from the measurement of all 
individuals was used to train artifi cial neural networks 
and to adjust volumetric equations to estimate total 
and commercial volume of trees. Three situations 
were considered: (a) ANN training and one equation 
adjustment for all data; (b) ANN training and one 
equation adjustment for each of the species that had 
more occurrences; (c) ANN training considering data 
set from the fi ve most abundant species and species as a 
categorical input.

Artifi cial neural networks

The artifi cial neural networks were training under 
a multilayer perceptron (MLP) structure. The used 
algorithm was backpropagation taking into consideration 
a learning rate equals to 0.001 and stopping criteria based 
on the average of square error minimization (BINOTI 
et al., 2014). The neurons from the hidden layer had 
as transfer function a hyperbolic tangent function and 
the one from the output layer had a sigmoidal function. 
 Training and validation were made with NeuroForest 
software (BINOTI et al, 2013).

Situations (a) and (b) considered D and Ht as input 
variables when estimating the total volume and D and Hc 
when estimating commercial volume. In these cases, 2 
neurons were considered in the input layer and 1 neuron 
in the output layer. Situation (c) considered D, Ht and 
specie as input variables when estimating total volume 
and D, Hc and species when estimating commercial 
volume. In this case, 7 neurons were considered in the 
input layer and 1 neuron in the output layer. The number 
of neurons in the intermediary layer was defi ned by trial 
and error as overfi tting was avoided by the search for a 
defi nite quantity of neurons. 

In all situations, different proportions of training 
and validation data were evaluated. The fi rst of them 
took into consideration 70% of data for training and 30% 
for validation and the second one took 80% of data for 
training and 20% for validation ( DIAMANTOPOULOU; 
MILIOS, 2010, BINOTI, 2015).

Regression models

Four volumetric models were considered for this 
study according the literature (REZENDE et al, 2006) and 
previous tests that were made with the database. The 
equation models of Schumacher and Hall [3], Naslund 
[4], Meyer [5] and Spurr [6] were adjusted by usage of 
the ordinary least square method, where V is the volume 
(total or commercial), in m³; D is the diameter at breast 

height in cm; H is total or commercial heights, in m; 
and βi, with i = 1,...,5, the parameters; and Ln( )  is the 
Napierian logarithm.

[3]

[4]

[5]

[6]

For results and evaluation of the trained artifi cial 
neural networks and adjusted volumetric equations, 
graphics of observed values versus estimated values, 
statistics of percentage root mean square error (RMSE) 
[7] and correlation coeffi cient between observed and 
estimated volume (r) [8] were used. Values of residual 
standard errors (Syx) [9] and adjusted coeffi cients of 
determination (R²adj) [10] were considered only for 
regression model analyses. The “t” test was used for 
comparing the results obtained by the trained ANN and 
by the adjusted regression models at 5% signifi cance, 
Where: cov is the covariance; s² is the variance; yi is the 
i-th observed value; y’i is the o i-th estimated value; SSres 
is the sum of squares of residuals; SStotal is the total sum 
of squares; n is the number of observations; and k is the 
number of parameters in the model.

[7]

[8]

[9]

[10]

RESULTS AND DISCUSSION

The sampling considered the measurement of 
567 individuals distributed in 45 species and presented 
a small variation in D and total height (Table 1). The 
most abundant species were Heteropterys byrsonimifolia, 
Machaerium opacum, Terminalia fagifolia, Copaifera 
langsdorffi i and Curatella americana. These species are 
commonly observed in studies about forest inventories 
in the Brazilian savanna, for instance, in Torres et al. 
(2017) and Massi et al. (2017). A value of 8.74 cm for 
diameter average and 4.5 m of height was obtained by 
Araújo et al. (2007). These area values are close to the 
ones from this study.
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Schumacher and Hall and Naslund equations 
presented the best estimates for total volume and 
commercial volume, respectively, considering the situation 
(a) (Table 2). When analyzing situation (b), Schumacher 
and Hall equation stands out for total volume, presenting 
positive results in 6 out of 10 evaluations. The second 
one is Meyer’s equation, that showed good results for the 
total volume of Terminalia fogifolia and commercial volume 
of Copaifera langsdorffii and Heteropterys byrsonimifolia. 
Spurr’s equation presented the best results only for total 
volume estimates of Curatella americana.

These results demonstrate that evaluation of 
different models for each species in a forest inventory 
to obtain acceptable estimates is imperative. However, 
it can be exhaustive and time consuming, mainly if there 
are too many species or if species have few individuals 
sampled. For instance, Rezende et al. (2006) tested six 
models for volume estimates and Rufini et al. (2010) 
evaluated twelve volumetric models. 

Considering the results obtained with trained 
artificial neural networks, it is possible to state that for 

all data sets the use of 5 neurons in the hidden layer was 
sufficient for good estimates, with no overfitting, except 
for the total volume estimates of Curatella americana 
and commercial volume of Heteropterys byrsonimifolia, 
(Table 3). For these, 6 neurons were necessary in the 
intermediate layer. This low quantity of neurons match 
the results obtained by Miguel et al. (2015) and can be 
explained by the input-variable amount in the neural 
network. There isn’t a rule for the number of neurons 
in the intermediary layer, but it is important to consider 
that a great number of neurons may cause overfitting 
(HAYKIN, 2009) and a small number of neurons in the 
structure cannot help ANN learn the relationship pattern 
between input and output values. 

Evaluating the proportion of data for training, in 
all cases the use of 70% of data for training and 30% 
for validation presented the best results, except with 
Heteropterys byrsonimifolia e Macherium opacum for 
which needed 80% of data for training. This proportion is 
associated with two different ideas: the first one is related to 
the amount of data for each modelling and if there is a small 
database. It is interesting to use a large proportion of the data 
for the training step. The second one is related to the fact 
that validation data is important for analyzing the behavior of 
neural network knowledge in order to avoid overfitting. In 
this case, validation statistics are poor, then it can be an signal 
that the network loses the ability to generalize equivalent 
input–output patterns (HAYKIN, 2009).

The estimates of total volume presented lower 
values of RMSE% and larger values for coefficient 
correlation when considered the situation (a) for the 
trained ANN. This result is equivalent to the one obtained 
by Miguel et al (2015). The author took values that are 
higher than 96% with ANN presenting better results 
than with regression. However, Naslund’s equation 

TABLE 1 Descriptive analysis of the collected data.

Species Variables N Average Max. Min.
Standard 
deviation

General
D (cm) 567 5.86 26.26 3.01 2.76

Ht (m) 567 4.69 12.41 1.94 1.39

Copaifera 
langsdorffii

D (cm) 30 8.33 17.83 3.66 3.47
Ht (m) 30 6.36 9.90 3.23 1.75

Curatella 
americana

D (cm) 30 7.20 13.81 3.85 2.61

Ht (m) 30 4.03 6.25 1.96 1.18

Heteropterys 
byrsonimifolia

D (cm) 151 4.78 12.89 3.02 1.49

Ht (m) 151 4.33 7.45 2.64 0.93

Machaerium 
opacum

D (cm) 87 7.25 16.23 3.34 2.83
Ht (m) 87 4.27 9.70 1.94 1.28

Terminalia 
fagifolia

D (cm) 31 5.23 9.33 3.34 1.64
Ht (m) 31 4.70 6.79 3.30 0.90

TABLE 2 Results of the adjusted equations for total volume and commercial volume considering all individuals, situation (a), and 
individuals from each specie, situation (b).

Situation Data Volume Eq. β0 β1 β2 β3 β4 β5 Syx R²adj

(a) General
Total (3) -9.394131  2.312010 0.379157 - - - 42.6 91.98

Commercial (4) 0.000172 -0.000002 0.000035 -0.000107 - - 23.8 98.35

(b)

Copaifera
Langsdorffii

Total (3) -9.745133 2.155520 0.739042 - - - 10.9 98.40
Commercial (5) 0.012227 -0.003328 0.000174 0.000972 0.000020 -0.00334 16.3 96.96

Curatella
Americana

Total (6) -8.780257 0.865155 - - - - 43.9 89.76
Commercial (3) -8.918112 2.736352 -0.503441 - - - 31.7 92.30

Heteropterys
Byrsonimifolia

Total (3) 0.000072 2.057850 0.715326 - - - 24.2 94.49
Commercial (5) 0.010275 -0.004245 0.000536 0.000975 -0.000074 -0.002329 15.8 95.97

Machaerium
Opacum

Total (3) -9.344885 2.196087 0.471641 - - - 17.6 97.46
Commercial (3) 0.000105 1.808934 0.812183 - - - 12.7 98.64

Terminalia
Fagifolia

Total (5) 0.016418 -0.009845 0.001389 0.000685 -0.000098 -0.000191 11.9 98.20
Commercial (3) -9.858161 2.2973567 0.626322 - - - 19.0 97.20

Eq. is the considered equation: (3) for Schumacher e Hall, (4) for Naslund, (5) for Meyer and (6) for Spurr.
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provided a RMSE% value about 2% lower than ANN 
for commercial volume estimates in this particular study.

Correlations between observed and estimated 
values (ryŷ) were high for both ANN and equations of 
regression, independently of the output variable (total 
or commercial volume) (Table 3). This fact is reinforced 
by the graphics of observed versus estimated values 
(Figure 1) and indicates that the variations in total and 
commercial volumes have been described by the D and 
H (total or commercial) variables. Soares et al. (2013) 
also states similarities between residual graphics of 
observed versus estimated volumes considering ANN 
and volume equation.

The t test results evaluating identity methods show 
that both of them are statistically different. These differences 
can be explained by the fact that linear regression models 
stablish fi xed relations between variables, while ANN is 
more fl exible for this objective.  This result is different 

from Gorgens et al. (2009). These authors concluded that 
the estimates from ANN were statistically equivalent to 
the estimates from the Schumacher and Hall equation, 
when the t test was applied. However, in that study, the 
species Eucalyptus spp. e Tectona grandis were analyzed in 
homogeneous plantations, conditions which correlations 
between diameter at breast height and height are greater 
than in natural forests.

Volumetric equations for Copaifera langsdorffi i 
presented more precise estimates than ANN (Table 3), 
for situations (b) and (c). For Curatella americana, ANN 
presented greater errors for total volume estimates and 
the volumetric equation presented equivalent errors for 
commercial volume. It is still possible to positively rate 
the trained ANN considering species as categorical input 
in situation (c). Bearing in mind volume estimates for 
Heteropterys byrsonimifolia and Machaerium opacum, both 
ANN and equation presented low values of RMSE% for 
total and commercial volume, respectively. The volumes 
estimated for Terminalia fagifolia had the best values 
when using ANN in the situation (b).

Ӧzçelik et al. (2010) found values of RMSE% 
varying between 4.67% and 14.88%, lower than those 
obtained in this study (Table 3). This difference can be 
associated to the irregularity of stem shapes from the 
Brazilian savanna species. This characteristic imposes a 
high variation on the patterns of relation among diameter, 
height and volume variables.

The estimates of volume (total and commercial) 
for the Copaifera langsdorffi i, presented a small dispersion 
around the 45º line in the graphics comparing estimated 
values and observed values for all situations and methods, 
except in the case which ANN was applied for commercial 
volume in the situation (c) (Figure 2). Analyzing the results 
for Curatella americana, ANN in situation (b) presented a 
larger dispersion for total volume (Figure 3) what generated 
a greater value of RMSE%.

FIGURE 1 Graphics of observed versus estimated volume 
considering one ANN training and one equation 
adjustment for all data (situation “a”) parted by volume 
type (Vt is total volume and Vc is commercial volume).

TABLE 3 Values of the statistics for analysis of quality of estimates from regression models and artifi cial neural networks.

Data Volume
Regression ANN Situation (b) ANN Situation (c)

Eq.
RMSE

%
ryy’ Arc. Train

RMSE
%

ryy’ Arc. Train
RMSE

%
ryy’

General Total (3) 22.88 98.11 2-5-1 70 21.64 98.21

3-5-1 70

- -
Commercial (4) 23.02 97.39 2-5-1 70 25.56 97.09 - -

Copaifera
langsdorffi i

Total (3) 26.02 86.79 2-5-1 70 28.47 85.95 26.98 86.51
Commercial (5) 10.54 84.63 2-5-1 70 23.38 83.61 29.23 79.41

Curatella
americana

Total (6) 23.41 88.94 2-6-1 70 67.12 78.27 21.75 88.19
Commercial (3) 52.92 86.20 2-5-1 70 18.47 87.14 15.67 87.36

Heteropterys
byrsonimifolia

Total (3) 54.70 91.45 2-5-1 80 53.98 92.38 54.23 93.01
Commercial (5) 20.97 93.21 2-6-1 80 21.12 92.71 21.94 92.30

Machaerium
opacum

Total (3) 19.39 93.95 2-5-1 80 16.08 94.03 18.99 93.59
Commercial (3) 17.95 94.13 2-5-1 80 18.56 93.20 24.18 91.93

Terminalia
fagifolia

Total (5) 35.05 86.72 2-5-1 70 21.94 89.14 42.23 85.49
Commercial (3) 29.70 88.56 2-5-1 70 20.55 89.99 31.42 86.42

Eq. is the considered equation, Arc. is ANN’s architecture and Train is the proportion of the data used for ANN’s training process, RMSE% is root mean square error, 
r is correlation coeffi cient.
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FIGURE 2 Graphics of observed volume versus estimated volume considering the three situations evaluated for Copaifera langsdorffii.

FIGURE 3 Graphics of observed volume versus estimated volume considering the three situations evaluated for Curatella americana.

There was an underestimation of total volume 
and commercial volume estimates for the biggest trees 
of Heteropterys byrsonimifolia in both methods (Figure 
4). Considering the species Machaerium opacum (Figure 
5) and Terminalia fagifolia (Figure 6), there was similarity 
between ANN and equations.

The “t” test evidenced statistical equivalence 
between equations’ estimates and ANN for situation (c), 
for all volume data, except for total volume of Curatella 
americana, Heteropterys byrsonimifolia and Terminalia 

fagifolia. Equations and ANN for the situation (b) were 
statistically equivalent for total volume of Heteropterys 
byrsonimifolia and Machaerium opacum.

Results showed that artificial neural networks 
can generate estimated values that are close or better 
than the ones provided by volumetric equations. ANN 
in situation (c) was efficient in estimating the volumes 
and their use is preferable in a practical way as a unique 
trained ANN can calculate total volumes or commercial 
volumes for all species.
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CONCLUSION

This study has found that artifi cial neural networks 
can be effi cient to estimate total and commercial tree 
volumes from the Brazilian savanna. Artifi cial neural 
networks that consider species as a categorical input 
variable and that are data trained present better results 
than the ones trained for each species in separate, 
without categorical input. Both ANN and regression 
models are effi cient in obtaining estimated volumes of 
trees in the Brazilian savanna.
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