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A B S T R A C T

In recent years, spectroscopy techniques such as Near infrared (NIR) and Fourier Transform Infrared (FTIR) have
been widely adopted as analytical tools in different fields and with several purposes. NIR and FTIR data are
typically comprised of hundreds or even thousands of highly correlated wavenumbers, fact that can jeopardize the
accuracy of several statistical techniques. In light of that, wavenumber selection emerges as an important step in
prediction and classification tasks based on spectroscopy data. This paper proposes a novel framework for
wavenumber selection aimed at classifying samples into proper categories, which is applied to two data sets from
the petroleum sector. The method relies on two main stages: determination of intervals based on the distance
between the average spectra of the classes and selection of the most suitable intervals through cross-validation. An
improvement in the misclassification rate was achieved for a NIR spectra data set of diesel, decreasing that metric
from 13.90% to 11.63% after the application of the proposed method while retaining 23.19% of the original
wavenumbers. As for the biodiesel FTIR data set, the method yielded a misclassification rate of 1.21% while
retaining 4.95% of the original variables; misclassification rate was 4.71% when all wavenumbers were used. The
proposed method also outperformed traditional approaches for wavenumber selection.

1. Introduction

The Brazilian National Agency for Petroleum, Natural Gas, and Bio-
fuels (ANP) is the government body that regulates the production and
commercialization of fuel in Brazil. ANP standards for biodiesel blends
include sulfur concentration, which varies depending on the location of
commercialization, namely metropolitan and countryside biodiesel.
Since sulfur dioxide can lead to several respiratory issues [1] it is
important to assure that countryside biodiesel is not available in
metropolitan areas due to its higher concentration of sulfur. Another
issue of concern refers to the assertive classification of fuel samples into
proper categories, which may be related to quality aspects (e.g., premium
or standard) or authenticity (pure samples from samples that suffered
adulteration).

Spectroscopic techniques have recently gained a great importance in
several fields such as food, pharmaceutical and petroleum [2–4] due to
their ability to assess solids and liquids regarding chemical information
of substances. In addition, such techniques require little or no sample
pretreatment [5]. Spectroscopy combined with multivariate techniques
has been a recurring topic in literature, leading to remarkable results in

analytical calibrations, prediction of specific features and sample classi-
fication. Pimentel et al. [6] presented a calibration model to determine
the content of biodiesel in diesel fuel blends based on middle (MIR) and
NIR spectroscopy; in that study, partial least squares (PLS) regressions
were built to predict biodiesel contents aimed at monitoring the quality
of that fuel. Similarly, Ferr~ao et al. [7] and Anzanello et al. [8] applied
PLS models to predict quality parameters of biodiesel/diesel blends such
as flash point, specific gravity and sulfur content.

Although ANP recommends the ASTM D5453 method for total sulfur
content determination [9], it does not provide a direct response whether
the sample belongs to themetropolitan biodiesel class or not. As stated by
Pontes et al. [10], conventional laboratory methods that provide detailed
information on samples are being increasingly replaced by analytical
tools that offer a binary yes/no response given a pre-set concentration
threshold. These methods are typically more cost-effective, simpler and
can be carried out through field measurements, providing an immediate
decision-making response [11]. The literature reports several approaches
relying on spectroscopy and multivariate techniques to insert petroleum
products into categories, such as gasoline and diesel/biodiesel blends
[10,12–14]. Kim et al. [14] constructed a real-time classifier (RTC) based
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on PCA and a Bayesian classifier to categorize NIR spectra associated to
six different petroleum products. Li and Dai [12] and Balabin et al. [13]
applied classification tools to Raman and NIR spectroscopy data to
classify gasoline by brand and source, while Pontes et al. [10] used
partial least squares discriminant analysis (PLS-DA) and LDA to construct
classifiers based on NIR spectra to identify diesel/biodiesel adulteration.
With similar purposes, Silva et al. [3] proposed an analytical method to
detect adulteration in hydrated ethyl alcohol employing MIR and NIR
spectral data coupled with LDA; the models were based on a reduced
subset of wavenumbers selected by three different techniques.

Although a large number of wavenumbers (variables derived from
spectroscopic techniques) can be rapidly acquired by modern equipment,
such volume of data typically tends to reduce exploratory and predictive
performance of several multivariate techniques [5,15]. In that sense, it
becomes fundamental to obtain reduced subsets of relevant wave-
numbers that unveil the most important and informative dimensions
from the original data [16,17]. Approaches tailored to wavenumber se-
lection are also justified in the pre-processing phase of high-dimensional
data (e.g., spectral chemometrics) where dimension reduction is an
important phase of the pre-processing, and can improve the quality and
speed of subsequent analyses [5,18].

Several methods for the identification of the most relevant wave-
number regions have been proposed in the field of supervised learning,
especially in chemical analysis [5,15,19]. Xiaobo et al. [5] bring a
detailed review on the most applied methods in NIR wavenumber se-
lection, such as successive projection algorithms (SPA) and interval se-
lection methods. More aligned with the propositions of this paper, an
interval PLS (iPLS) wavenumber selection procedure originally proposed
by Norgaard et al. [20] was adapted by Dyrby et al. [21] to optimize
model prediction and interpretation. The iPLS is a graphically oriented
approach that splits the spectrum in several equidistant intervals that are
then modeled by local regressions. In Ferr~ao et al. [7], synergy interval
PLS (siPLS) and iPLS are compared to the full spectra PLS in the pre-
diction of quality parameters of biodiesel/diesel blends. The siPLS, a
method similar to iPLS, evaluates all the combinations of two, three or
four intervals; the one with the smallest error measure is chosen.
Although several frameworks for wavenumber selection have been pro-
posed, there is still room for more efficient and straightforward
approaches.

In this paper, we propose a novel method for selecting the most
relevant wavenumber regions aimed at categorizing fuel samples into
two classes, which might be related to metropolitan or countryside bio-
diesel. For that matter, we first apply a technique for splitting the data set
into spectral intervals, and calculate the distance between the average
spectra describing each class; spectral regions presenting high distances
are deemedmore capable of highlighting differences between the classes.
Our proposition differs from previous approaches since spectral intervals
are not equidistant (as typically performed in interval selection), what
enables one to focus on regions of different sizes responsible for most of
the discrimination between classes. The selected intervals are then
inserted into different categorization tools aimed at inserting fuel sam-
ples into proper classes (e.g., metropolitan or countryside biodiesel); the
misclassification rate yielded by each classification technique is then
calculated. When applied to two datasets of diesel and diesel/biodiesel
blend, the proposed method substantially decreased the percent of
wavenumbers required for classification and reduced the misclassifica-
tion rate. Finally, the performance of our propositions is compared with
traditional frameworks for wavenumber selection from the literature,
and an additional simulation-based study is carried out to evaluate the
robustness of the proposed method when applied to data affected by
different levels of noise.

2. Materials and method

We now present the fundamentals of the multivariate techniques our
method relies on, the two data sets assessed and the operational steps of

the proposed framework.

2.1. Probabilistic neural networks

Neural networks have their origins as an attempt to replicate math-
ematically the processing of information in biological systems by
mimicking the brain activity. A neural network usually consists of input,
hidden and output layers. Samples are presented to the units in the input
layer, which are linearly combined in the hidden layers. Next, each
combination is transformed according to a nonlinear activation function,
(e.g., logistic or hyperbolic tangent functions), giving the output of the
hidden layer [22]. The hidden outputs are linearly combined and
transformed again in the output layer units. The choice of the activation
function depends on the nature of the output [22,23]. Training samples
are presented to the network to determine the weights of the linear
combinations.

An adaptation of neural networks for classification, the probabilistic
neural network (PNN) was developed by Specht [24]. In PNN, the acti-
vation function is replaced by a statistically derived one, asymptotically
approaching the Bayes optimal decision surface. The PNN has the
advantage of being easy to re-train; however, PNN can be computation-
ally demanding [25]. Details on PNN are available in Refs. [25–28].

2.2. Biodiesel/Diesel blends data set

A total of 85 samples of Brazilian Biodiesel/Diesel blends were pro-
vided by Ferr~ao et al. [7]. The samples were prepared with biodiesel
constituted of soybean methyl esters and two types of diesel: metropol-
itan and countryside. The concentrations of biodiesel ranged from 0.2%
(v/v) to 30.0% (v/v).

Fourier transform infrared spectroscopy (FTIR) spectra of the samples
were obtained by Ferr~ao et al. [7] at room temperature, with spectra from
650 to 4000 cm�1 and spectral resolution of 4 cm�1. The resulting dataset
consists of 1738 wavenumbers and 85 samples which refer to two types
of diesel: metropolitan (56 samples) and countryside (29 samples). Sulfur
content was determined according to ASTM D 5453 using the equipment
ANTEK model 9000. Brazilian legislation at the time of the experiment
allowed a maximum sulfur content of 0.05% (w/w) for metropolitan
diesel and 0.20% (w/w) for countryside diesel [7].

2.3. Diesel fuel data set

The Southwest Research Institute sponsored by the U.S. Army,
collected NIR spectra of diesel samples regarding five properties. One of
the properties is the cetane number (analogous to the octane number in
gasoline), which indicates the ignition quality of the fuel. The full data set
is available at Eigenvector Research Inc. website (http://www.
eigenvector.com/).

In Brazil, the leading fuel company (Petrobras) uses the cetane
number as a metric to classify the diesel in standard or premium classes
[29]. A standard diesel fuel must present a minimum cetane number of
42, while the premium diesel has a minimum of 51. Based on that in-
formation, samples were classified in standard and premium classes ac-
cording the cetane number. The resulting data set contains 401
wavenumbers and 222 samples divided in two classes; standard class is
comprised of 172 samples and premium of 50 samples.

2.4. Proposed method

The proposed method resembles the iPLS proposed by Norgaard et al.
[20], however our propositions are focused on sample classification (not
prediction) and find the intervals based on a different course of action.
While iPLS splits the spectra in several equidistant intervals, the proposed
method relies on finding peaks in the spectrum accounting for the largest
differences between the classes. Relevant neighborhood regions around
such peaks are deemed of interest for the classification purpose and are
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