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Abstract. Firefly algorithm (FA) combined with partial least squares (PLS) are
developed for near infrared (NIR) spectral interval selection and quantitative anal-
ysis of complex samples. The method firstly segments the near-infrared spectra
into a number of intervals. Vectors with 1 and 0, which represent the interval
selected or not, are used as the inputs of the FA. The RMSEP value predicted
by PLS model is used as the fitness function of the FA. The number of spectral
intervals, the population number, environmental absorbance and the constant of
FA are optimized. With the optimal parameters, FA-PLS model is established and
applied to predict protein, hemoglobin and cetane number in wheat, blood and
diesel fuel samples, respectively. The results show that FA-PLS can significantly
improve the prediction accuracy compared with full-spectrum PLS model.
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1 Introduction

Analysis of complex samples is a challenging task in analytical chemistry and industries
[1, 2]. In addition, traditional separation methods are difficult and time-consuming.
Therefore, it is necessary to find an appropriate method to analyze complex samples.
Spectral analysis provides a simple method for the analysis of complex samples due to
its advantages of simplicity, rapidity and non-destructiveness [3-5]. It is widely used in
agricultural commodities [6], medical [7, 8], food [9] and tobacco [10], etc. Nevertheless,
the spectral peaks are overlapping severely in complex samples, which can reduce the
prediction performance. Thus, multivariate calibration is required in the quantitative
analysis of complex samples.
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The commonly used multivariate calibration methods include multiple linear regres-
sion (MLR) [11], principal component regression (PCR) [12], partial least squares (PLS)
[13, 14], artificial neural network (ANN) [15] and extreme learning machine (ELM)
[16], etc. Among these multivariate calibration methods, PLS is the most popular tech-
nique in multivariate calibration. However, with the development of modern analytical
instruments, spectra data contain an enormous number of wavelength. In some cases,
some wavelength consist of irrelevant information. These irrelevant wavelength usu-
ally degrade the prediction performance of model. Therefore, wavelength selection is
required before multivariate calibration.

At present, many wavelength selection methods have been developed. They mainly
includes individual wavelengths and spectral interval selection based on single index
[17], statistics [18, 19] and swarm intelligence optimization algorithms [20, 21]. Among
these methods, the swarm intelligence optimization algorithm has attracted increasing
attention, especially the genetic algorithm (GA) [22, 23]. GA is inspired by natural
evolution, which simulates the phenomena of crossover and mutation that occur in nat-
ural selection. This process is repeated continuously and finally obtains the optimal
individual in population. However, this method has some disadvantages such as slow
convergence speed and easily trapping into local optimum. Therefore, a series of new
swarm intelligence optimization algorithms have been proposed.

Inspired by the flashing behavior of fireflies, Yang [24] proposed the firefly algorithm
(FA). In FA, the less bright fireflies can follow the brightest firefly by attraction. The
group of fireflies can gradually close to the area where the brightest firefly is located.
Furthermore, the brightest individual firefly is considered as the optimal solution. The
position iteration is realized by this process. Although FA has been widely used in other
fields, relative few research about FA are carried out in spectral analysis fields [25, 26].

In this study, the feasibility of near infrared (NIR) spectral interval selection by FA
is discussed for multivariate calibration of complex samples. The number of spectral
intervals is determined firstly. Then the population number, environmental absorbance
and constant of FA are optimized, respectively. With the optimal parameters, FA is
used for interval selection and then PLS model is established. Compared with the full-
spectrum PLS model, FA-PLS has lower root mean square error of prediction (RMSEP)
and higher correlation coefficient (R) for predicting samples in prediction set.

2 Theory and Algorithm

As a swarm intelligence algorithm, FA has advantages of fast convergence speed and
strong global optimization ability. The realization of this algorithm is based on the
following three assumptions (i) all fireflies are unisex (ii) the brighter fireflies are more
attractive than the other fireflies, i.e., attractiveness is proportional to the brightness. The
attractiveness and brightness can decrease with the increasing of distance, the brightest
firefly can move randomly (iii) the brightness of fireflies depends on objective function.
I; is the brightness of firefly i, X; is the current location of firefly i. The equation of firefly
brightness /; at current location is as follows.

L =1(X) (1)
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where the brightness of firefly is equal to the value of objective function. Fireflies are
attracted to fireflies that are brighter than themselves. The equation of relative brightness
between two fireflies is as follows.

2
Lij(ry) = Lie" ™" )

where /;; is the light intensity. y is the environmental absorbance. r;; is the distance
between firefly i and firefly j. The distance formula of the standard FA is as follows.

=[S Gk )

where d is the dimension of the solution. x; ¢ and x; are the kth dimension components
of spatial coordinates x; and x;, respectively. The attractiveness is proportional to the
brightness, the attractiveness § can be defined as

Bii(ri) = Poe” ™" @)

where Bo is the maximum attraction. The distance is zero between firefly i and firefly j.
The position update formula can be written as

@+ D) =0+ Bpx 0 — % (O] + )

where ¢ is the number of iterations, o is a constant and €; is the random number in
Gaussian distribution. The schematic diagram of FA is shown in Fig. 1. The process
FA is as follows. First of all, the parameters of algorithm need to be set, such as the
population number, environmental absorbance and constant. The next step is to initialize

Start

Set parameters of algorithm

Initialize firefly population

Evaluate fitness function

Calculate the distance between fireflies

Update light intensity of fireflies

Defined stop No
condition reached?

Yes

Return the best solution

Fig. 1. The flowchart of FA algorithm.
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firefly population. The third step is to evaluate fitness function. The better the fitness,
the greater brightness of firefly is. The fourth step is to calculate the distance r;; between
fireflies. The fifth step is to update light intensity of fireflies. The last step is to output
the best solution when the maximum number of iterations is reached. Otherwise, skip
to the third step to continue iteration.

In the above process of FA, the population number 7, environmental absorbancey and
constant « need to be optimized. Moreover, the number of wavelength interval is also
an important parameter, which needs to be determined for the input of FA.

3 Experimental

Three NIR spectral datasets were used to evaluate the predictive performance of FA-PLS.
Wheat dataset was contributed by P.C. Williams, which consists of visible-NIR spectra
and six properties of 884 wheat samples. [27] The Vis-NIR spectra and the protein
contents are used in this study. The spectra were scanned on a Foss Model 6500 over
1050 channels recorded in the wavelength range of 400-2498 nm with the digitization
interval of 2 nm. The reference values of protein contents were determined at the Grain
Research Laboratory, Winnipeg. The samples Nos. 680 and 681 are two outliers and
have been deleted. Figure 2(a) displays the NIR spectra of the 882 samples.

Blood dataset was provided by Norris et al. [28], which includes the NIR transmission
and reflection spectra and four properties of 231 blood samples. The NIR reflection spec-
tra and hemoglobin concentrations were used for this study. The spectra were scanned
by model 6500 spectrometer (NIR systems, Inc., Silver Springs, USA). Each spectrum
is composed of 700 variables recorded in the wavelength range 1100-2498 nm with a
2 nm interval. Figure 2(b) displays the NIR reflection spectra of the 231 samples.

Diesel fuel dataset was provided by SWRI, San Antonio, TX through Eigenvector
Research, Inc. (Manson, Washington) [29]. It consists of NIR spectra and six properties
of 256 fuel samples. The NIR spectra and cetane number values were investigated for this
study. The spectra were measured at Southwest Research Institute (SWRI) on a project
sponsored by the U.S. Army. Each spectrum is composed of 401 variables recorded in the
wavelength range of 750-1550 nm. The cetane numbers were independently measured
by the American Society of Testing and Materials (ASTM) standard method. Figure 2(c)
displays the NIR spectra of the 256 samples.

Before calculation, the three datasets were divided into the training and prediction
sets as described on the website for model building and performance validation, respec-
tively. For wheat dataset, 775 and 107 samples were used as the training set and prediction
sets. For blood dataset, 173 and 58 samples were used as the training and prediction sets.
For the diesel fuel dataset, 138 and 118 samples were taken as the training and prediction
sets. For PLS modeling, the optimal latent variable (LV) number is determined as 10, 11
and 9 by Monte Carlo cross-validation combined with F-test for wheat, blood and diesel
fuel datasets, respectively.
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Fig. 2. NIR spectra for wheat (a), blood (b) and diesel fuel (c) datasets, respectively.

4 Results and Discussion

4.1 Determination the Interval Number

Interval number is a key parameter for FA-PLS. In order to get the optimal interval num-
ber, FA parameter takes default values, i.e., the population number is 20, environmental
absorbance is 1 and the constant is 0.5. The interval numbers are investigated in the
range of 5-30 with an interval of 5. For each interval number, FA-PLS is performed and
a RMSEP can be obtained. The variation of RMSEP with the number of intervals for
wheat dataset is shown in Fig. 3.

Asdemonstrated in Fig. 3, with the increase of interval number, the RMSEP decreases
before 10. After that, the RMSEP increases significantly. RMSEP represents predictive
ability of the model, a model with a better parameter should have a lower RMSEP.
Thus, the optimal interval number for wheat dataset is 10. Similarly, the optimal interval
number is determined as 20 for both blood and diesel fuel datasets.
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Fig. 3. Variation of RMSEP with interval number for wheat dataset.
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4.2 Parameter Optimization of FA

The population number n, environmental absorbance yand constant « are three impor-
tant parameters for FA. The three parameters are optimized successively for each dataset.
For determining the optimal population number n, the interval number is used the opti-
mal value determined above. Other parameters take default values, i.e., environmental
absorbance is 1 and the constant is 0.5. Population number changes from 10 to 60 with an
interval of 10. For each population number, FA-PLS is performed and a RMSEP can be
obtained. Figure 4(a) shows the variation of RMSEP values with the population number
for wheat dataset. Clearly, the RMSEP decreases with the increase of population number
before 30. Above 30, the RMSEP value has an increasing trend. The lowest RMSEP is
located at 30. Thus, the optimal population number is 30 for wheat dataset. Because FA
is swarm intelligence, it is easy to understand that too few and too many fireflies are
not good for population performance. Similar analysis can be performed for blood and
diesel fuel datasets and the optimal population number is set as 30 and 40, respectively.

Environmental absorbance y is determined subsequently. To determine the optimal
environmental absorbance, interval number and population number are used the optimal
values determined above, the constant is used the default value 0.5. Environmental
absorbance is investigated in the range of 0.1-1.2 with interval of 0.1. Figure 4(b)
depicts the variation of RMSEP with environmental absorbance for wheat dataset. It can
be seen that the RMSEP is comparatively large at the beginning. With the increasing of
environmental absorbance, although it has some fluctuation, the overall trend of RMSEP
is decreasing. When the environmental absorbance is 0.5, RMSEP reaches the lowest
value. Accordingly, 0.5 is used as the optimal environmental absorbance for wheat
dataset. For blood and diesel fuel datasets, the optimal environmental absorbance is 0.8
and 0.9, respectively.

The optimal constant « is the last parameter need to be optimized. The interval num-
ber, population number, environmental absorbance are set to 10, 30 and 0.5 determined
above for wheat dataset, respectively. The constant is investigated in the range of 0.1-1
with an interval 0.1. From Fig. 4(c), it is obvious that the RMSEP tends to decrease with
the increase of constant before 0.3. When it is above 0.3, the overall trend in RMSEP is
increasing. Thus, the optimal constant is set as 0.3 for wheat dataset. Similarly, 0.1 and
0.5 are the optimal « for blood and diesel fuel dataset, respectively.
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Fig. 4. Variation of RMSEPs with population number (a), environmental absorbance y (b) and
constant o (¢) for wheat dataset.
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4.3 Prediction Results

The optimal interval number, population number n, environmental absorbance y and
constant « for the three datasets are summarized in Table 1. With the optimal parameters,
FA is used to select the spectral intervals of the samples in training set and then built
PLS model. To validate the efficiency of FA method, the same spectral intervals of the
samples in prediction set are selected and input into the model. The predicted values are
obtained and used to calculate RMSEP and R for the three datasets, which are shown
in Table 2. For comparison, the full-spectrum PLS results for the three datasets are also
listed in Table 2. Obviously, a better model should have a lower RMSEP and a larger R.
As shown in Table 2, with FA, the RMSEP of PLS decrease from 0.7763,0.4310, 0.0023
to 0.3498, 0.3308, 0.0014 for wheat, blood and diesel fuel datasets, respectively. The
R values of the three datasets all increase after FA interval selection. The results show
that FA spectral interval selection can improve the prediction accuary of PLS obviously.
To sum up, FA-PLS is an efficient method for NIR spectral interval selection and NIR
spectral quantitative analysis.

Table 1. The parameter optimization results for different datasets

Datasets Interval number n y o

Wheat 10 30 0.5 0.3
Blood 20 30 0.8 0.1
Diesel oil 20 40 0.9 0.5

Table 2. Prediction results of PLS before and after interval selection by FA

Datasets Methods RMSEP R
Wheat PLS 0.7763 0.9365
FA-PLS 0.3498 0.9762
Blood PLS 0.4310 0.9613
FA-PLS 0.3308 0.9777
Diesel oil PLS 0.0023 0.9744
FA-PLS 0.0014 0.9901

5 Conclusion

FA interval selection coupled with PLS is used for NIR spectroscopic quantification
of complex samples. In this approach, the parameters are firstly optimized and then
wavelength intervals are selected by FA. With the optimal parameters, FA-PLS model
is established and applied to predict unknown samples. In order to verify the validity of
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the method, the contents of protein in wheat, hemoglobin in blood and cetane number
in diesel fuel samples are predicted, respectively. The RMSEP and R of FA-PLS are
compared with those of PLS on the three datasets. Result shows that FA can effectively
improve the prediction performance of PLS.
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