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Laser-induced breakdown spectroscopy (LIBS) has attracted much attention in terms of both scientific
research and industrial application. An important branch of LIBS research in Asia, the development of
data processing methods for LIBS, is reviewed. First, the basic principle of LIBS and the characteristics
of spectral data are briefly introduced. Next, two aspects of research on and problems with data
processing methods are described: i) the basic principles of data preprocessing methods are elaborated
in detail on the basis of the characteristics of spectral data; ii) the performance of data analysis
methods in qualitative and quantitative analysis of LIBS is described. Finally, a direction for future
development of data processing methods for LIBS is also proposed.
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1 Introduction

Laser-induced breakdown spectroscopy (LIBS) is an ana-
lytical type of atomic emission spectroscopy. Since LIBS
was first proposed by Breech and Cross [1] in 1962, it has
attracted increasing attention from researchers. Because
of its unique features such as little or no sample prepara-
tion, remote detection, and rapid online analysis, LIBS
has been applied in many fields such as industrial produc-
tion [2], environmental monitoring [3], medical science
[4], food security [5], the military [6], and space explo-
ration [7]. Furthermore, it has shown great potential for
application in many other fields [8, 9].

However, compared with conventional chemical analy-
sis methods, LIBS has two main drawbacks: i) detection
sensitivity: the limit of detection (LOD) of LIBS is at
the parts per million level [10]; ii) quantitative accuracy:
it is currently difficult to limit the analytical relative er-
ror (RE) to less than 2% [11]. To improve the sensitivity
and accuracy of LIBS analysis, approaches such as ex-
perimental parameter optimization [12], control of the
physical properties of laser-induced plasma [13], varying
the mode and environment of the interaction between the
laser and the material [14-18], and improving instrument
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performance [19] are adopted by researchers. However,
hardware upgrades are costly and limit the further de-
velopment of LIBS. In contrast, the intrinsic signal can
be obtained by noise reduction and correction processes.
In fact, the data processing approach can not only im-
prove the signal-to-noise ratio (SNR), but also reduce the
signal fluctuations, contributing to the improvement of
the detection sensitivity, stability, and reproducibility of
LIBS [20]. Because of its unique features such as intel-
ligence, speed, automatic operation, and cost-efficiency,
data processing has become an important branch of LIBS
research.

Currently, LIBS is being developed rapidly in Asia [21].
In 2014, the eighth international conference on LIBS was
held at Tsinghua University. In 2015, the Asian Sympo-
sium on LIBS (ASLIBS) was held at Huazhong Univer-
sity of Science & Technology. ASLIBS (2015) focused on
new principles and methods of LIBS and novel industrial
applications. All of these events show that LIBS re-
search in Asia has become important worldwide. Research
on data processing methods in Asia has made tremen-
dous progress in the past ten years. Here the research
progress in Asia and problems with LIBS data processing
methods are reviewed and described, and future prospects
for LIBS data processing methods are discussed.

2 Basic theories

2.1 Fundamentals

A typical LIBS system is shown in Fig. 1. The laser
beam from a Q-switched Nd:YAG laser was focused
onto the sample surface by a lens. When the sample
surface was ablated by the high-energy-density pulsed
laser, the materials in the ablation area were vaporized
and ionized, and plasmas were produced immediately.
The plasmas contained a large number of atoms, ions,
and free electrons. Early in the process, the electron
bremsstrahlung and ion—electron recombination radia-
tion, which are radiated in a continuous spectrum and
produce a continuous background, were strong [22]. To
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Fig. 1 Schematic diagram of a typical LIBS system.
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reduce the effect of the continuous background, a digital
delay generator was adopted to trigger the laser pulses
and control the gate delays and widths of the charge-
coupled device. As the laser continued heating the sam-
ple, the high-temperature, high-particle-density plasma
expanded outward. In this process, the particles in the
plasmas absorbed the laser energy and underwent pho-
toionization and thermal ionization. Collisions among
particles induced further ionization. Then the plasma
plume reached local thermal equilibrium. In the plasma
cooling process, atoms and ions in the excited state tran-
sitioned down to lower energy levels and radiated pho-
tons; then spectral emission was observed. The plasma
emission was collected by a light collector, coupled into
an optical fiber, and then transmitted to a spectrome-
ter. Finally, the spectral data were analyzed by a com-
puter. From the wavelengths and intensities of the spec-
tral lines, the elements and their concentrations in sam-
ples can be deduced.

2.2 Characteristics of spectral data

e Matrix effect

It has been found that the forms of chemical com-
pounds and the bulk sample composition strongly af-
fect the emission signals, which is called the “matrix ef-
fect” [23]. The matrix effect leads to sample stoichiome-
try problems in the laser ablation process and variation
of the ablation rate. The matrix effect always affects the
characteristics of the laser-induced plasma, including the
plasma temperature, total number density, and electron
density.

e Self-absorption effect

Because the atoms at the plasma periphery are usu-
ally at a low energy level, the emission light from the
plasma center could be reabsorbed by the same type of
atoms at the periphery of the plasma, which is called
the “self-absorption effect” [24]. The self-absorption ef-
fect weakens the peak of a spectral line, so the line’s
intensity is usually lower than its expected value.

e Spectral noise

Noise is unavoidable during spectrum acquisition.
Many factors contribute to noise in the spectrum, such
as photon shot noise, the dark current of the detector,
thermal noise caused by carrier motion, and natural light
[25]. Noise in the spectrum is characterized by a wide dis-
tribution and stochastic volatility. It leads to a low SNR,
which affects the analytical sensitivity and stability.

e Spectral broadening

Ideally, the characteristic spectral line should be an
infinitely narrow spectral line without broadening. In
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the process of actual measurement, however, the spec-
tral lines from plasma are broadened (by Stark broaden-
ing, Doppler broadening, and natural broadening) and
observed by a spectrometer. Because of spectral broad-
ening, the observed spectral lines undergo interference
with lines close to them [26]. This interference eventu-
ally affects the accuracy of the analytical results.

In summary, interference is caused by four factors in
LIBS measurement: i) laser instability: the fluctuation
of the laser energy will affect the stability of the interac-
tion between the laser and the sample; ii) the interaction
between the laser and the sample: this process is affected
by the composition and structure of the sample, which is
also related to the matrix effect, continuous background
radiation, and self-absorption effect; iii) the ambient con-
ditions of plasma generation: the plasma generation and
evolution processes will vary with the ambient conditions
such as the gas, pressure, and temperature; iv) spectrum
acquisition: other noise will be introduced by natural
light, the plasma, and the detector during spectrum ac-
quisition. Thus, spectral signal distortion always exists
as a result of the factors described above. LIBS spectral
signal distortion results in a poor linear relationship be-
tween the concentration of an element and the spectral
line intensity, which reduces the accuracy, precision, and
stability of LIBS analysis.

3 Data processing methods

The effect of the interference signals on the results of
LIBS analysis can be effectively reduced by spectral
data preprocessing and analysis. Asian researchers have
made great progress in research on LIBS data process-
ing methods. China has contributed significantly to
the development of LIBS data processing methods in
Asia [11]. Sun’s group at Shenyang Institute of Au-
tomation, Chinese Academy of Sciences, conducted thor-
ough research on LIBS spectrum denoising, continu-
ous background subtraction, overlapping peak resolu-
tion, and self-absorption correction [25, 27-30]. Wang’s
group at Tsinghua University focused on improving the
quantitative performance of LIBS and proposed a set
of methods to reduce the measurement uncertainty us-
ing a so-called “spectrum standardization” process and
to improve measurement accuracy by combining the ad-
vantages of a statistics-based multivariate model and a
conventional physical-principle-based univariate model
[31-42]. Duan’s group at Sichuan University focused on
the material classification model and studied the per-
formance of the random forest (RF), support vector ma-
chine (SVM), and partial least squares discriminant anal-
ysis (PLS-DA) in LIBS qualitative analysis [43—46]. Lu’s
group at South China University of Technology studied
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the principal component regression, partial least squares
regression model, and multivariate analysis methods in
coal analysis [47-50]. Research on LIBS data process-
ing methods also draws much attention in other Asian
countries. Jeong’s group at Gwangju Institute of Sci-
ence and Technology (Korea) focused on self-absorption
correction, spectrum standardization methods, and ma-
terial classification models [51-53]. Bahreini’s group at
the Laser and Plasma Research Institute of Shahid Be-
heshti University (Iran) studied the material classifica-
tion model and the possibility of its application to thy-
roidism diagnosis [54, 55].

There are two types of data processing methods: data
preprocessing methods and data analysis methods. Data
preprocessing methods are aimed at eliminating the ef-
fect of the interference information in the original spectra
and providing high-quality spectra for subsequent quali-
tative and quantitative analysis. There is a relationship
between the spectral line intensity and the concentra-
tion, which ideally are proportional. Data analysis meth-
ods are aimed at obtaining the relationship between the
spectral line intensity and the concentration; then the
elemental composition of the sample can be determined
qualitatively and quantitatively.

3.1 Data preprocessing methods

Data preprocessing can provide high-quality spectra,
which are effective for improving the analytical accu-
racy and precision of LIBS. Data preprocessing methods
are aimed at eliminating the effect of noise, continuous
background radiation, interference between overlapping
peaks, self-absorption, and spectral line intensity fluctu-
ation.

3.1.1 Denoising

Noise contributes to poor SNR of spectra and limits the
LOD in LIBS analysis. The effect of noise can be re-
duced by upgrading the hardware facilities, but hard-
ware upgrades are prohibitively expensive. Thus, denois-
ing based on data processing methods is an economic
and effective solution. With the development of more
sophisticated Fourier analysis, local characterization in
both the time and frequency domains has been improved
greatly by wavelet analysis, which is an effective noise
suppression approach for nonstationary signals such as
LIBS spectra. An increasing number of researchers are
introducing wavelet analysis to LIBS spectrum prepro-
cessing. Zhang et al. [27] proposed the double thresh-
old optimization model on the basis of wavelet semisoft
threshold denoising. The results showed that the LOD
values were reduced by more than 50%, and the SNR
values were improved by a factor of 2. Yuan et al. [40]
studied the performance of wavelet hard threshold de-
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noising, and the SNR values of the 247.86 nm C line
under air, argon, and helium ambient gases improved by
2, 2, and 3 times, respectively. Zhang et al. [25] used
entropy analysis to determine the optimal decomposition
level of wavelet threshold denoising, and the LOD val-
ues were reduced by more than 50% when the proposed
method was used.

3.1.2  Continuous background removal

The continuous background is distributed throughout
the spectral range. Although the continuous back-
ground decays quickly, and spectra with a high signal-to-
background ratio (SBR) can be obtained by controlling
the delay time and gate width of the detector, the ef-
fect of the continuous background cannot be eliminated
completely. By using data preprocessing methods, the
continuous background can be removed effectively, and
a higher SBR can be obtained. Sun and Yu [28] set
a proper threshold to find the reasonable minima and
then used polynomial functions to approximate the con-
tinuous background, realizing automatic estimation of
varying continuum background emission. By using the
proposed method, the correlation coefficient of the lin-
ear calibration curve of Si in Al alloy samples was im-
proved from 0.7837 to 0.8227. Yuan et al. [40] real-
ized continuous background removal by deducting the
low-frequency components of the spectrum after wavelet
transform, and the root mean square error of prediction
(RMSEP) was considered as the optimization goal. Zou
et al. [56] proposed a modified algorithm of background
removal in wavelet transform. The scaling factor v was
introduced to modify the conventional algorithm. The
results showed that overfitting phenomena can be effec-
tively avoided and the accuracy of the regression model
can be improved by using the proposed method. Hu et al.
[57] studied the sliding window integral slope algorithm
for removing the continuous background. By using the
proposed method, the SBR values for lead and copper
were increased by 5.7 and 1.95 times, respectively. The
relative standard deviations (RSDs) were reduced by 2%
and 2.5%, respectively.

3.1.8 Spectral peak recognition and overlapping peak
resolution

Peak overlap leads to severe distortion of the intensi-
ties of spectral lines and results in low analytical accu-
racy and precision in LIBS. Thus, spectral peak recogni-
tion and overlapping peak resolution play an important
role in LIBS spectral data preprocessing research. Li
et al. [58] proposed a symmetrical zero-area transfor-
mation method for peak seeking. The experimental re-
sults showed that the proposed method possesses strong
adaptability to volatility. Its ability to recognize weak
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peaks was close to, or even better than, that of artificial
recognition. Chen et al. [59] proposed an automatic peak
detection method based on continuous wavelet transform
to eliminate the effect of the background and noise. The
proposed method realized highly accurate peak detec-
tion and exhibited a strong ability to recognize overlap-
ping peaks. Zhang et al. [29] studied a method for re-
solving overlapping peaks using curve fitting. The pro-
posed method determined appropriate initial values for
curve fitting according to fractional differential theory,
and then the Levenberg—Marquardt method was used
to optimize the curve fitting. High efficiency and accu-
racy were obtained in both simulated and experimental
results. The ultimate aim of overlapping peak resolu-
tion and peak recognition is to provide spectral lines
with high quality for qualitative and quantitative anal-
ysis. Analytical line selection methods have also been
studied. Yang et al. [60] proposed a method that can
select analytical lines automatically according to the in-
trinsic characteristics of spectral lines such as the inten-
sity, wavelength, and width at half-height.

3.1.4  Self-absorption correction

Because of the self-absorption effect, the intensity of
spectral lines is lower than its expected value, which
contributes to the poor accuracy of quantitative anal-
ysis. The analytical accuracy can be improved to a cer-
tain extent by using data preprocessing method to cor-
rect the spectral line for self-absorption. The conven-
tional curve-of-growth method requires a large amount of
calculation and computational complexity, so its perfor-
mance is unsatisfactory [61]. Sun and Yu [30] proposed
an internal reference for self-correction (IRSAC) method,
which used a regressive algorithm to estimate and correct
the self-absorption. In et al. [51] introduced the spec-
tral line intensity ratio into the self-absorption correction
model. Ni et al. studied the very fast simulated anneal-
ing algorithm and proposed a self-absorption correction
algorithm based on multiparticle spectra [62]. The ac-
curacy of quantitative analysis in calibration-free LIBS
(CF-LIBS) can be improved effectively by self-absorption
correction. High-precision CF-LIBS analysis is generally
needed for commercialization of LIBS instruments. Data
preprocessing methods have been demonstrated to be a
good choice to correct the self-absorption owing to their
high efficiency and low cost.

3.1.5 Spectrum standardization

Spectrum standardization can be used to reduce the ef-
fect of spectral signal intensity fluctuations, and it has
become a routine tool in data preprocessing. The ba-
sic procedure in conventional spectrum standardization
methods is to select an internal reference line and nor-
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malize it, or standardize it, using spectral line intensity
ratios. The principle of this method is the use of the ratio
of two or more spectral lines’ intensities to compensate
for spectral line intensity fluctuations. Hou et al. [33]
proposed a combined atomic and ionic line algorithm
to improve data stability. Because the intensities of an
atomic line and an ionic line change in opposite direc-
tions in response to changes in the plasma temperature,
the signal fluctuation caused by the plasma temperature
variation can be compensated. In et al. [52] introduced
spectral line intensity ratios into the calibration model,
which can effectively eliminate the effect of the spectral
line intensity fluctuation on the analysis results.

To reduce the effect of signal fluctuation further, Wang
et al. [31] proposed a new spectrum standardization
method. The basic principle of the method is as fol-
lows. Assuming there exists a “standard state” charac-
terized by a standard plasma temperature, electron num-
ber density, and total number density, the standardiza-
tion model can be obtained by converting the spectral
line intensity to the intensity in the standard state. To
avoid the complicated calculation of the plasma temper-
ature and electron number density, Li et al. [32] pro-
posed a simplified spectrum standardization method in
which Taylor expansion is applied to compensate for the
fluctuations caused by variations in the plasma temper-
ature, electron number density, and total number den-
sity. On the basis of the simplified spectrum standard-
ization method, Li et al. [37] studied the performance of
a combination PLS and spectrum normalization model
that used the information of multiple lines in quantita-
tive analysis. Compared with the simplified standard-
ization model, the PLS-based spectrum normalization
model can improve the RSD, the standard error, RZ,
the RMSEP, and the maximum relative error (MRE) by
about 38%, 38%, 0.6%, 11%, and 38%, respectively. In
contrast to conventional spectrum standardization meth-
ods, complicated calculation is avoided, the effect of sig-
nal fluctuations is effectively reduced, and the stability of
LIBS analysis is improved by using the “standard state”
method.

Because the formation mechanisms of interference in-
formation in LIBS spectra are complex, it is difficult to
completely eliminate the effect of the interference infor-
mation. Thus, to further improve the quality of spectra
using data preprocessing methods, the formation mech-
anism of plasma should be considered.

3.2 Data analysis methods

Data analysis is demonstrated to be of crucial impor-
tance in LIBS analysis. It is well known that there is
much elemental information in LIBS spectra. The aim of
data analysis methods is to obtain the key information on
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the elemental composition of samples with higher accu-
racy and precision. There are two types of data analysis
methods: qualitative analysis and quantitative analysis.
Many types of analytical models are established in data
analysis methods to realize qualitative and quantitative
analyses.

3.2.1 Qualitative analysis

The aim of qualitative analysis is to identify and clas-
sify samples without providing accurate concentrations
of the constituent elements. The most common qual-
itative analysis is classification, including unsupervised
pattern recognition and supervised pattern recognition.
The most commonly used unsupervised pattern recogni-
tion method is principal component analysis (PCA) [63].
Commonly used supervised pattern recognition methods
include PLS-DA [64], SVM [65], RF [43], and artificial
neural network (ANN) [66].

e Principal component analysis

PCA is a multivariate statistical analysis method that
can be used to extract the important variables by linear
transformation. The spectral lines in LIBS spectra rep-
resent many variables. PCA can be used in LIBS data
analysis to extract the most important variables that can
describe the spectral characteristics. Liu et al. [67] clas-
sified four plastic materials (high-density polyethylene,
low-density polyethylene, polyethylene terephthalate,
and nylon) using PCA combined with cross-validation.

e Partial least squares discriminant analysis

PLS-DA is a discriminant analysis method based on
PLS. Discriminant analysis determines how to classify
the samples on the basis of several measured variables.
PLS-DA is similar to PCA, but PLS-DA is a supervised
pattern recognition method, which means that a learning
process is necessary before unknown samples can be iden-
tified. Gazmeh et al. [54] discriminated healthy and car-
ious tooth tissues using PLS-DA. The proposed method
yielded 100% accuracy for prediction of unknown sam-
ples of dentin and enamel. The classification of unknown
samples requires only a few seconds after the model is
constructed.

e Support vector machine

SVM is a trainable learning machine based on statis-
tical learning theory and the structural risk minimum
principle. It has many advantages for resolving small
sample sizes and nonlinear and high-dimensional pat-
tern recognition, so it is widely applied in LIBS data
analysis. Yu et al. [68] identified 11 types of plastics
with SVM and obtained an average correct identifica-
tion rate of 98.73%. Liang et al. [45] classified nine
types of round steel using a multiclassification method
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based on SVM. The basic principle of the classification
model is as follows. The samples are first classified by a
one-against-all model, and if all the samples are classified
successfully, the classification process is complete; if the
one-against-all model fails to classify all the samples, the
one-against-one model is used to classify the unclassified
samples further.

PLS-DA and SVM are linear and nonlinear analytical
methods, respectively. Some researchers have compared
the performance of the two methods in LIBS data anal-
ysis. Tian et al. [69] investigated the identification of
geological cuttings using PLS-DA and SVM. The exper-
imental results showed that SVM performs significantly
better than PLS-DA, with a correct classification rate of
91.67% as compared to 68.34% and an unclassified rate of
3.33% as compared to 28.33%. Zhu et al. [46] compared
the performance of PLS-DA and SVM in sedimentary
rock classification. The experimental results suggested
that SVM outperforms PLS-DA, with a correct classifi-
cation rate of 93.1% as compared to 91.9%. Because of
the nonlinear relationships in LIBS spectra, the nonlin-
ear SVM method is more suitable for LIBS spectral data
analysis than PLS-DA.

¢ Random forest

RF is a classifier with multiple decision trees. The
output is determined by the mode of the outputs of the
decision trees. It has specific features such as the ability
to handle a large number of input variables, a fast learn-
ing process, and high classification accuracy. RF has
also been applied in LIBS spectral data analysis. Sheng
et al. [43] studied the identification and discrimination
of ten iron ore grades using RF. The experimental results
showed that the average predicted accuracy rate of RF
is 100%, whereas that of SVM is 96%.

Under some circumstances, better results will be
achieved by combining two or more algorithms. Wang
et al. [70] classified seven types of plastics using a model
combining PCA and an ANN, and obtained a classifi-
cation accuracy of 97.5%. Tian et al. [69] used a com-
bined PLS-DA and SVM model to classify geological cut-
ting samples. Compared with the results obtained using
SVM alone, the correct classification rate improved to
95% from 91.67%. Selecting the analytical lines by an-
alyzing the correlation between elements in a sample is
an effective auxiliary method. Lee et al. [53] determined
the input variables of the classification model by inten-
sity correlation analysis of the emission lines. The re-
sults were consistent with those of PCA and PLS-DA,
which showed that correlation analysis was helpful for
constructing a simple and efficient classification model.

Table 1 summarizes the features of algorithms ex-
ploited for qualitative analysis in LIBS.

A large number of variables are represented in LIBS
spectral data, and the relationship among them is gen-
erally nonlinear. There are two key tasks for achieving
high classification accuracy: construction of the identi-
fication model and determination of the input variables.
Pattern recognition methods have become relatively ma-
ture. The model should be constructed on the basis of
pattern recognition and take into account the character-
istics of LIBS spectra. The efficiency and accuracy of the
model are affected by the input variables. Determining
the input variables on the basis of the physical character-
istics of the laser-induced plasma is the key to improving
the performance of the model.

3.2.2  Quantitative analysis

To determine the elemental concentrations by analyzing
the intensity of spectral lines is the core of LIBS quan-

Table 1 Algorithms exploited for qualitative analysis in LIBS.

Algorithm Features Performance Reference
PCA Unsupervised; intuitive; 4 kinds of plastics: more than 75% average accuracy [67]
data dimension reduction
PLS-DA Supervised; linear; dentin and enamel: 100% average predicted accuracy [54]
reduce the multicollinearity effect
SVM Supervised; nonlinear; Round steel: 92.78% average accuracy [45]
small sample and high dimensional Sedimentary rocks: 93.1% average accuracy [46]
pattern recognition 11 kinds of plastics: 98.73% average accuracy [68]
Geological cuttings: 91.67% average accuracy [69]
RF Supervised; a large number of input Iron ore: 100% average predicted accuracy [43]
variables processing capacity;
fast learning process
PCA+ANN Supervised; self-learning; 7 kinds of plastics: 97.5% average accuracy [70]
calculation reduction;
nonlinear problem processing
PLS-DA+SVM Supervised; simple combination of geological cuttings: 95% average accuracy [69]

PLS-DA and SVM
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titative analysis. Quantitative analysis methods include
calibration-free [71] and calibration-curve methods.

CF-LIBS is based on plasma spectroscopy theory,
which makes it possible to deduce the elemental com-
position quantitatively without a standard sample. It is
the ideal method in practical applications. Because of
the assumption of optical thinness and the uncertainty
of concentration normalization and parameter calcula-
tion, the precision of CF-LIBS is unsatisfactory. Self-
absorption correction is one of main bottlenecks in CF-
LIBS. Sun and Yu [30] proposed the IRSAC method.
Compared with conventional CF-LIBS, the accuracy of
quantitative analysis with IRSAC was better and the cal-
culation was simpler, but the proposed method can be
utilized only as a semiquantitative method owing to the
limited analysis precision. To further improve the accu-
racy of CF-LIBS, it is necessary to study the physical
mechanism of self-absorption, on the basis of which the
uncertainty of theoretical calculations can be reduced.

Calibration-curve methods can be used to construct
the mapping relationships between the elemental concen-
trations and spectral line intensities for standard sam-
ples. This method includes univariate analysis and mul-
tivariate analysis. Univariate analysis is a conventional
analysis method including standard calibration [72] and
internal calibration [73]. Because the influence of the
matrix effect cannot be eliminated by univariate analy-
sis, the analytical accuracy is limited. The effect of the
nonlinear relationships among the variables of the spec-
tral data can be reduced by multivariate analysis, in-
cluding multiple linear regression (MLR) [74], PLS [75],
dominant-factor-based PLS [34], support vector regres-
sion (SVR) [76], ANN [77], RF [44], and relevance vector
machine (RVM) [78].

e Multiple linear regression

MLR is a conventional multivariate analysis method.
Because of the limited number of independent variables,
MLR is suitable only when the mapping relationships be-
tween independent variables and dependent variables are
linear and there is no multicollinearity between the in-
dependent variables. Yao et al. [49] analyzed unburned
carbon in fly ash using internal calibration and MLR.
Using the MLR can reduce the influence of the matrix
effect to a certain extent and improve the performance
of the quantitative analysis model compared to that ob-
tained using univariate analysis.

e Partial least squares (PLS)

PLS is a multiple-statistic data analysis method that
was developed on the basis of PCA. When the princi-
pal components are extracted using PLS, the correla-
tions among the dependent and independent variables
are taken into account, realizing data structure simpli-
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fication, correlation analysis among the variables, and
regression modeling. When conventional PLS methods
were introduced to the analysis of coal [40, 50], metal
[79], plants [80], and fertilizer [48], quantitative analysis
results with high accuracy were obtained. Zou et al. [81]
used a genetic algorithm (GA) to select the variables and
constructed a GA-PLS model. For most of the elements
in soil, the prediction ability of the GA-PLS model was
better than that of PLS methods.

e Dominant-factor-based PLS

Basically, PLS is only a linear correlation statistical
regression method that ignores the physical background.
Further, a univariate model provide more robust results
over a wider range owing to its grounding in physical
principles, but its quantitative performance is not as
good as that of a multivariate model because only a few
spectral lines are used for analysis. To combine the ad-
vantages of these two methods, Wang et al. [35, 36]
proposed the dominant-factor-based PLS model. A mul-
tivariate model was established on the basis of the domi-
nant factor model and the physical background, possibly
considering nonlinearity [36], and PLS was used to com-
pensate for the residual errors of the dominant factor
model and further improve its performance. The results
showed that both the measurement reproducibility and
accuracy were greatly improved when this model was ap-
plied to coal analysis [34, 38, 42].

e Support vector regression

SVR is an SVM method that can realize linear re-
gression by constructing a linear decision function in a
higher-dimensional feature space according to structural
risk minimization. The fit and complexity of the train-
ing samples are considered in SVR. Wang et al. [82]
studied the quantitative analysis models of MLR, neural
network regression, and SVR on the basis of an analysis
of the heavy metal Ni in water. The experimental results
showed that the SVR model exhibited the best perfor-
mance. The average RSD and average relative error were
both less than 3%. The performance of SVM and PLS
has also been compared. Shi et al. [83] and Zhang et al.
[84] both studied the performance of SVR and PLS in
quantitative analysis. The experimental results showed
that the effect of self-absorption can be effectively elim-
inated by using SVR; thus, more accurate quantitative
analysis can be obtained.

e Artificial neural networks

The model constructed by an ANN is based on a simu-
lation of the human neural network, which is suitable for
establishing the nonlinear relationships among the inde-
pendent and dependent variables. Nonlinear effects such
as the self-absorption and matrix effects can be corrected
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to a certain extent by using an ANN. Sun et al. [85] stud-
ied the effect of different inputs on the performance of
the ANN model and compared it with the internal stan-
dard method. The experimental results showed that the
RSD values for Mn and Si decreased to less than 8%
from more than 10% when the ANN model was used.
Li et al. [86] proposed a multi-spectral-line calibration
method based on ANN, which used the intensity ratios
of multiple spectral lines of interest and matrix elements
to train an ANN. Shen et al. [87] used a GA to opti-
mize the weights and thresholds of an ANN. Compared
with the results obtained using a back-propagation ANN
model, the MRE values for Ba and Ni in soil decreased
to 4.15% and 6.06% from 7.91% and 10.5%, respectively,
when the neural-genetic method was used. A large num-
ber of training samples and long training time are needed
in ANN modeling, which is also sensitive to the incom-
pleteness and error of the samples, so the application of
ANN in on-line analysis is limited.

¢ Random forest

RF regression is based on the multivariate regression
tree. It has a high noise tolerance, which can be useful
for reducing overfitting phenomena. Zhang et al. [44]
studied the performance of the RF regression model in
quantitative analysis of multiple elements in steel. The
RF regression model outperformed PLS and SVM mod-

els, with an RMSE of 0.69 as compared to 1.76 or 0.726,
respectively. High precision and a faster learning process
can be obtained by using an RF regression model. There-
fore, RF has great potential for use in LIBS quantitative
analysis.

e Relevance vector machine

RVM is a sparse probabilistic model that is similar to
SVM. The calculation of the kernel function is much sim-
pler when RVM is used than when SVM is used. Yang
et al. [78] studied an RVM quantitative analysis model.
The experimental results showed that the RVM model
had strong generalization ability. The RMSE was 0.71%
when RVM was used, whereas it was 0.92%, 1.31%,
and 1.39% when PLS, ANN, and SVM, respectively,
were used. RVM can yield higher accuracy and bet-
ter robustness than PLS, ANN, and the standard SVM
model.

Table 2 summarizes the features of algorithms ex-
ploited for quantitative analysis in LIBS.

Because of the effect of factors such as the self-
absorption and matrix effects, poor accuracy is a prob-
lem for both CF-LIBS and standard calibration methods.
During the development of LIBS data analysis methods,
researchers selected or constructed models suitable for
LIBS analysis, for instance: i) the dominant-factor-based
PLS model, which combines the advantages of the uni-

Table 2 Algorithms exploited for quantitative analysis in LIBS.

Algorithm Features Performance Reference
MLR Multivariate analysis; C (one kind of coal): R? = 0.994, AE = 0.04 ~ 0.78%; [49]
simple and convenient; C (different kinds of coal): R? = 0.981, AE = 0.23 ~ 0.85%
linear problem
PLS Data structure simplification; Fertilizer sample: [48]
correlation analysis; P205: RSD =2.55%, AE=0.31%; K2O: RSD=0.92%, AE=0.63% [50]
reduce the multicollinearity effect ~ Ash in coal: RSD = 8.5%, LOD = 1.73%
Dominant factor Nonlinear transformation; Brass sample: [35]
based on PLS residual errors compensation; Cu: R? =0.999, RMSEP = 2.33%, RMSE = 1.27% [36]
physical mechanism consideration; Cu: R? = 0.999, RMSEP = 1.97%, RMSE = 1.05%
SVR High dimensional feature space; Sedimentary rock sample: [83]
structural risk minimization; Si: RMSEP = 1.0352%; Ca: RMSEP = 1.4541%; [84]
fit and complexity consideration Mg: RMSEP = 0.3237%; Fe: RMSEP = 0.4157%;
Slag sample:
F203: RMSE =2.43%; TiO2: RMSE =7.83%; CaO: RMSE =6.22%;
ANN Simulating human neural network; Steel sample: (86]

self-learning;
correcting nonlinear effects

RF Multivariate regression tree;
high noise-tolerance;
fast learning process;

RVM Sparse probabilistic;
calculation simplified;
strong robustness;

Cr: RMSECV = 0.01%, ARSD = 6.4%, MRSD = 7.4%;
Ni: RMSECV = 0.023%, ARSD = 12.9%, MRSD = 20.1%;

Steel sample: [44]
Si: RMSEP = 1.8657%; Mn: RMSEP = 0.8324%;
Cr: RMSEP = 0.7395%; Ni: RMSEP = 0.6892%;

High-alloy steel sample: [78]
Cr: RMSE = 0.71%, MRE = 4.01%;
Ni: RMSE = 0.92%, MRE = 4.98%;

Mn: RMSE = 1.54%, MRE = 6.21%;
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variate and multivariate models, can be used to obtain
better results than PLS; ii) analysis models such as SVR
and ANN, which consider the self-absorption and matrix
effects, can be used to improve the analytical accuracy
notably; iii) RF and RVM, which were recently intro-
duced to LIBS analysis, have more potential for LIBS
data analysis. Two key factors determine the perfor-
mance of the quantitative analysis model: the input of
the model and the model parameters. If the full spec-
trum is selected as the input, too much interference infor-
mation will be introduced, which will increase the com-
putational complexity and affect the analytical accuracy.
Thus, the input of the model should be selected reason-
ably. Because the complexity, computation time and the
performance of analysis model are mainly determined by
the model parameters, when selecting the model param-
eters, nonlinear effects such as the self-absorption and
matrix effects in LIBS should be considered.

4 Conclusions

Data processing, which is an indispensable part of LIBS
analysis, is an effective method for improving the accu-
racy and precision. This paper reviews research progress
on two aspects of LIBS data processing: data prepro-
cessing methods and data analysis methods. In research
on both of these aspects, researchers in Asia have made
great progress.

Although the performance of LIBS can be improved
to a certain extent by using data processing methods,
a performance gap still exists between LIBS and con-
ventional analysis methods. The potential for improv-
ing the accuracy and precision of LIBS can be revealed
by using data processing methods. Data preprocessing
methods should take into account the formation mech-
anism of laser-induced plasma and the characteristics
of spectral data, as well as the processing of spectral
data using appropriate mathematical methods. Data
analysis methods should construct a simple and efficient
model that considers nonlinear factors such as the self-
absorption and matrix effects. The market for applica-
tions of LIBS techniques has recently broadened both
in Asia and worldwide. To realize commercialization of
LIBS, its accuracy, precision, and repeatability must be
further improved.

Acknowledgements The authors are grateful for the finan-
cial support from the National Special Fund for the Develop-
ment of Major Research Equipment and Instruments (Grant
No. 2011YQ160017), the National Natural Science Foundation
of China (Grant Nos. 61575073, 51429501, and 61378031), the
National Nature Science Foundation of Hubei Province (Grant
No. 2015CFB298), and the Fundamental Research Funds for the
Central Universities (HUST: 2014QNRC024 and 2015MS002).

Yang-Min Guo, et al., Front. Phys. 11(5), 114212 (2016)

References

1. F. Brech and L. Cross, Optical microemission stimu-
lated by a ruby laser, Appl. Spectrosc. 16(2), 59 (1962)

2. R. Noll, H. Bette, A. Brysch, M. Kraushaar, I. Monch,
L. Peter, and V. Sturm, Laser-induced breakdown
spectrometry—Applications for production control and
quality assurance in the steel industry, Spectrochim.
Acta B 56(6), 637 (2001)

3. D. Diaz, D. W. Hahn, and A. Molina, Laser-induced
breakdown spectroscopy (LIBS) for detection of ammo-
nium nitrate in soils, in: SPIE Defense, Security, and
Sensing, 2009, International Society for Optics and Pho-
tonics

4. R. A. Multari, D. A. Cremers, J. M. Dupre, and J. E.
Gustafson, The use of laser-induced breakdown spec-
troscopy for distinguishing between bacterial pathogen
species and strains, Appl. Spectrosc. 64(7), 750 (2010)

5. V. Juvé, R. Portelli, M. Boueri, M. Baudelet, and J. Yu,
Space-resolved analysis of trace elements in fresh vegeta-
bles using ultraviolet nanosecond laser-induced break-
down spectroscopy, Spectrochim. Acta B 63(10), 1047
(2008)

6. S. Sreedhar, M. K. Gundawar, and S. Venugopal Rao,
Laser induced breakdown spectroscopy for classification
of high energy materials using elemental intensity ratios,
Def. Sci. J. 64(4), 332 (2014)

7. A. K. Knight, N. L. Scherbarth, D. A. Cremers, and
M. J. Ferris, Characterization of laser-induced break-
down spectroscopy (LIBS) for application to space ex-
ploration, Appl. Spectrosc. 54(3), 331 (2000)

8. D. W. Hahn and N. Omenetto, Laser-induced break-
down spectroscopy (LIBS), part II: review of instrumen-
tal and methodological approaches to material analy-
sis and applications to different fields, Appl. Spectrosc.
66(4), 347 (2012)

9. R. Gaudiuso, M. Dell’Aglio, O. D. Pascale, G. S. Sen-
esi, and A. D. Giacomo, Laser induced breakdown spec-
troscopy for elemental analysis in environmental, cul-
tural heritage and space applications: A review of meth-
ods and results, Sensors. 10(8), 7434 (2010)

10. G. Y. Hou, P. Wang and C. Z. Tong, Progress in laser-
induced breakdown spectroscopy and its applications,
Chinese Opt. 4, 009 (2013)

11. Z. Wang, T. B. Yuan, Z. Y. Hou, W. D. Zhou, J. D. Lu,
H. B. Ding, and X. Y. Zeng, Laser-induced breakdown
spectroscopy in China, Front. Phys. 9(4), 419 (2014)

12. P. K. Diwakar, S. S. Harilal, J. R. Freeman, and
A. Hassanein, Role of laser pre-pulse wavelength and
inter-pulse delay on signal enhancement in collinear
double-pulse laser-induced breakdown spectroscopy,
Spectrochim. Acta B 87, 65 (2013)

114212-9

»
&
*
7
>
-
[~
i
(=)
w
o
*]
05
=
=)
St
=



http://dx.doi.org/10.1016/S0584-8547(01)00214-2
http://dx.doi.org/10.1016/S0584-8547(01)00214-2
http://dx.doi.org/10.1016/S0584-8547(01)00214-2
http://dx.doi.org/10.1016/S0584-8547(01)00214-2
http://dx.doi.org/10.1016/S0584-8547(01)00214-2
http://dx.doi.org/10.1117/12.818391
http://dx.doi.org/10.1117/12.818391
http://dx.doi.org/10.1117/12.818391
http://dx.doi.org/10.1117/12.818391
http://dx.doi.org/10.1117/12.818391
http://dx.doi.org/10.1366/000370210791666183
http://dx.doi.org/10.1366/000370210791666183
http://dx.doi.org/10.1366/000370210791666183
http://dx.doi.org/10.1366/000370210791666183
http://dx.doi.org/10.1016/j.sab.2008.08.009
http://dx.doi.org/10.1016/j.sab.2008.08.009
http://dx.doi.org/10.1016/j.sab.2008.08.009
http://dx.doi.org/10.1016/j.sab.2008.08.009
http://dx.doi.org/10.1016/j.sab.2008.08.009
http://dx.doi.org/10.14429/dsj.64.4741
http://dx.doi.org/10.14429/dsj.64.4741
http://dx.doi.org/10.14429/dsj.64.4741
http://dx.doi.org/10.14429/dsj.64.4741
http://dx.doi.org/10.1366/0003702001949591
http://dx.doi.org/10.1366/0003702001949591
http://dx.doi.org/10.1366/0003702001949591
http://dx.doi.org/10.1366/0003702001949591
http://dx.doi.org/10.1366/11-06574
http://dx.doi.org/10.1366/11-06574
http://dx.doi.org/10.1366/11-06574
http://dx.doi.org/10.1366/11-06574
http://dx.doi.org/10.1366/11-06574
http://dx.doi.org/10.3390/s100807434
http://dx.doi.org/10.3390/s100807434
http://dx.doi.org/10.3390/s100807434
http://dx.doi.org/10.3390/s100807434
http://dx.doi.org/10.3390/s100807434
http://dx.doi.org/10.3788/CO.20130604.0490
http://dx.doi.org/10.3788/CO.20130604.0490
http://dx.doi.org/10.3788/CO.20130604.0490
http://dx.doi.org/10.1007/s11467-013-0410-0
http://dx.doi.org/10.1007/s11467-013-0410-0
http://dx.doi.org/10.1007/s11467-013-0410-0
http://dx.doi.org/10.1016/j.sab.2013.05.015
http://dx.doi.org/10.1016/j.sab.2013.05.015
http://dx.doi.org/10.1016/j.sab.2013.05.015
http://dx.doi.org/10.1016/j.sab.2013.05.015
http://dx.doi.org/10.1016/j.sab.2013.05.015

»
9
o
7
>
=
="
[
=]
»
e
2
.;
=
=)
Pt
=

REVIEW ARTICLE

13

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

. G. Cristoforetti, E. Tognoni, and L. A. Gizzi, Ther-
modynamic equilibrium states in laser-induced plasmas:
From the general case to laser-induced breakdown spec-
troscopy plasmas, Spectrochim. Acta B 90, 1 (2013)

D. Prochazka, J. Kaiser, K. Novotny, and M. Galiova,
Recent development of double pulse laser induced break-
down spectroscopy (DP-LIBS) setup, J. Biochem. Tech.
2(5), S116 (2014)

L. B. Guo, B. Y. Zhang, X. N. He, C. M. Li, Y. S.
Zhou, T. Wu, J. B. Park, X. Y. Zeng, and Y. F. Lu,
Optimally enhanced optical emission in laser-induced
breakdown spectroscopy by combining spatial confine-
ment and dual-pulse irradiation, Opt. Ezpress 20(2),
1436 (2012)

L. B. Guo, Z. Q. Hao, M. Shen, W. Xiong, X. N. He, Z.
Q. Xie, M. Gao, X. Y. Li, X. Y. Zeng, and Y. F. Lu, Ac-
curacy improvement of quantitative analysis by spatial

confinement in laser-induced breakdown spectroscopy,
Opt. Ezpress 21(15), 18188 (2013)

L. B. Guo, C. M. Li, W. Hu, Y. S. Zhou, B. Y. Zhang,
Z. X. Cai, X. Y. Zeng, and Y. F. Lu, Plasma confine-
ment by hemispherical cavity in laser-induced break-
down spectroscopy, Appl. Phys. Lett. 98(13), 131501
(2011)

L. B. Guo, W. Hu, B. Y. Zhang, X. N. He, C. M. Li, Y.
S. Zhou, Z. X. Cai, X. Y. Zeng, and Y. F. Lu, Enhance-
ment of optical emission from laser-induced plasmas by
combined spatial and magnetic confinement, Opt. Ez-
press 19(15), 14067 (2011)

Y. Lu, V. Zorba, X. Mao, R. Zheng, and R. E. Russo,
Uv fs—ns double-pulse laser induced breakdown spec-
troscopy for high spatial resolution chemical analysis,
J. Anal. At. Spectrom 28(5), 743 (2013)

J. El Haddad, L. Canioni, and B. Bousquet, Good prac-
tices in LIBS analysis: Review and advices, Spectrochim.
Acta B 101, 171 (2014)

Z. Wang, F. Z. Dong, and W. D. Zhou, A rising force
for the world-wide development of laser-induced break-
down spectroscopy, Plasma Sci. and Technol. 17(8), 617
(2015)

T. Fujimoto, Plasma Spectroscopy, Vol. 123, Oxford
University Press on Demand, 2004

A. S. Eppler, D. A. Cremers, D. D. Hickmott, M. J.
Ferris, and A. C. Koskelo, Matrix effects in the detection
of Pb and Ba in soils using laser-induced breakdown
spectroscopy, Appl. Spectrosc. 50(9), 1175 (1996)

F. Bredice, F. O. Borges, H. Sobral, M. Villagran-
Muniz, H. O. Di Rocco, G. Cristoforetti, S. Legnaioli, V.
Palleschi, L. Pardini, A. Salvetti, and E. Tognoni, Eval-
uation of self-absorption of manganese emission lines in

Laser Induced Breakdown Spectroscopy measurements,
Spectrochim. Acta B 61(12), 1294 (2006)

B. Zhang, L. X. Sun, H. B. Yu, Y. Xin, and Z. B. Cong,
A method for improving wavelet threshold denoising

in laser-induced breakdown spectroscopy, Spectrochim.
Acta B 107, 32 (2015)

114212-10

26

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

. M. Sabsabi and P. Cielo, Quantitative analysis of alu-
minum alloys by laser-induced breakdown spectroscopy
and plasma characterization, Appl. Spectrosc. 49(4), 499
(1995)

B. Zhang, L. X. Sun, H. B. Yu, Y. Xin, and Z. B. Cong,
Wavelet denoising method for laser-induced breakdown
spectroscopy, J. Anal. At. Spectrom. 28(12), 1884 (2013)

L. X. Sun and H. B. Yu, Automatic estimation of vary-
ing continuum background emission in laser-induced
breakdown spectroscopy, Spectrochim. Acta B 64(3),
278 (2009)

B. Zhang, H. B. Yu, L. X. Sun, Y. Xin, and Z. B.
Cong, A method for resolving overlapped peaks in laser-
induced breakdown spectroscopy (LIBS), Appl. Spec-
trosc. 67(9), 1087 (2013)

L. X. Sun, and H. B. Yu, Correction of self-absorption
effect in calibration-free laser-induced breakdown spec-
troscopy by an internal reference method, Talanta 79(2),
388 (2009)

Z. Wang, L. Z. Li, L. West, Z. Li, and W. D. Ni, A spec-
trum standardization approach for laser-induced break-
down spectroscopy measurements, Spectrochim. Acta B
68, 58 (2012)

L. Z. Li, Z. Wang, T. B. Yuan, Z. Y. Hou, Z. Li,
and W. D. Ni, A simplified spectrum standardization
method for laser-induced breakdown spectroscopy mea-
surements, J. Anal. At. Spectrom. 26(11), 2274 (2011)

Z.Y. Hou, Z. Wang, S. L. Lui, T. B. Yuan, L. Z. Li, Z.
Li, and W. D. Ni, Improving data stability and predic-
tion accuracy in laser-induced breakdown spectroscopy
by utilizing a combined atomic and ionic line algorithm,
J. Anal. At. Spectrom. 28(1), 107 (2013)

J. Feng, Z. Wang, L.. West, Z. Li, and W. D. Ni, A PLS
model based on dominant factor for coal analysis using
laser-induced breakdown spectroscopy, Anal. Bioanal.
Chem. 400(10), 3261 (2011)

Z. Wang, J. Feng, L. Z. Li, W. D. Ni, and Z. Li,
A multivariate model based on dominant factor for
laser-induced breakdown spectroscopy measurements,
J. Anal. At. Spectrom. 26(11), 2289 (2011)

Z. Wang, J. Feng, L. Z. Li, W. D. Ni, and Z. Li, A non-
linearized PLS model based on multivariate dominant
factor for laser-induced breakdown spectroscopy mea-
surements, J. Anal. At. Spectrom. 26(11), 2175 (2011)

X. Li, Z. Wang, S.L. Lui, Y. Fu, Z. Li, J. Liu, and
W. Ni, A partial least squares based spectrum nor-
malization method for uncertainty reduction for laser-
induced breakdown spectroscopy measurements, Spec-
trochim. Acta B 88, 180 (2013)

X. W. Li, Z. Wang, Y. T. Fu, Z. Li, and W. D. Ni, A
model combining spectrum standardization and domi-
nant factor based partial least square method for car-
bon analysis in coal using laser-induced breakdown spec-
troscopy, Spectrochim. Acta B 99, 82 (2014)

Yang-Min Guo, et al., Front. Phys. 11(5), 114212 (2016)


http://dx.doi.org/10.1016/j.sab.2013.09.004
http://dx.doi.org/10.1016/j.sab.2013.09.004
http://dx.doi.org/10.1016/j.sab.2013.09.004
http://dx.doi.org/10.1016/j.sab.2013.09.004
http://www.jbiochemtech.com/index.php/jbt/article/viewArticle/JBT2556
http://www.jbiochemtech.com/index.php/jbt/article/viewArticle/JBT2556
http://www.jbiochemtech.com/index.php/jbt/article/viewArticle/JBT2556
http://www.jbiochemtech.com/index.php/jbt/article/viewArticle/JBT2556
http://dx.doi.org/10.1364/OE.20.001436
http://dx.doi.org/10.1364/OE.20.001436
http://dx.doi.org/10.1364/OE.20.001436
http://dx.doi.org/10.1364/OE.20.001436
http://dx.doi.org/10.1364/OE.20.001436
http://dx.doi.org/10.1364/OE.20.001436
http://dx.doi.org/10.1364/OE.21.018188
http://dx.doi.org/10.1364/OE.21.018188
http://dx.doi.org/10.1364/OE.21.018188
http://dx.doi.org/10.1364/OE.21.018188
http://dx.doi.org/10.1364/OE.21.018188
http://dx.doi.org/10.1063/1.3573807
http://dx.doi.org/10.1063/1.3573807
http://dx.doi.org/10.1063/1.3573807
http://dx.doi.org/10.1063/1.3573807
http://dx.doi.org/10.1063/1.3573807
http://dx.doi.org/10.1364/OE.19.014067
http://dx.doi.org/10.1364/OE.19.014067
http://dx.doi.org/10.1364/OE.19.014067
http://dx.doi.org/10.1364/OE.19.014067
http://dx.doi.org/10.1364/OE.19.014067
http://dx.doi.org/10.1039/C3JA30315B
http://dx.doi.org/10.1039/C3JA30315B
http://dx.doi.org/10.1039/C3JA30315B
http://dx.doi.org/10.1039/C3JA30315B
http://dx.doi.org/10.1016/j.sab.2014.08.039
http://dx.doi.org/10.1016/j.sab.2014.08.039
http://dx.doi.org/10.1016/j.sab.2014.08.039
http://dx.doi.org/10.1088/1009-0630/17/8/01
http://dx.doi.org/10.1088/1009-0630/17/8/01
http://dx.doi.org/10.1088/1009-0630/17/8/01
http://dx.doi.org/10.1088/1009-0630/17/8/01
http://dx.doi.org/10.1366/0003702963905123
http://dx.doi.org/10.1366/0003702963905123
http://dx.doi.org/10.1366/0003702963905123
http://dx.doi.org/10.1366/0003702963905123
http://dx.doi.org/10.1016/j.sab.2006.10.015
http://dx.doi.org/10.1016/j.sab.2006.10.015
http://dx.doi.org/10.1016/j.sab.2006.10.015
http://dx.doi.org/10.1016/j.sab.2006.10.015
http://dx.doi.org/10.1016/j.sab.2006.10.015
http://dx.doi.org/10.1016/j.sab.2006.10.015
http://dx.doi.org/10.1016/j.sab.2015.02.015
http://dx.doi.org/10.1016/j.sab.2015.02.015
http://dx.doi.org/10.1016/j.sab.2015.02.015
http://dx.doi.org/10.1016/j.sab.2015.02.015
http://dx.doi.org/10.1366/0003702953964408
http://dx.doi.org/10.1366/0003702953964408
http://dx.doi.org/10.1366/0003702953964408
http://dx.doi.org/10.1366/0003702953964408
http://dx.doi.org/10.1039/c3ja50239b
http://dx.doi.org/10.1039/c3ja50239b
http://dx.doi.org/10.1039/c3ja50239b
http://dx.doi.org/10.1016/j.sab.2009.02.010
http://dx.doi.org/10.1016/j.sab.2009.02.010
http://dx.doi.org/10.1016/j.sab.2009.02.010
http://dx.doi.org/10.1016/j.sab.2009.02.010
http://dx.doi.org/10.1366/12-06822
http://dx.doi.org/10.1366/12-06822
http://dx.doi.org/10.1366/12-06822
http://dx.doi.org/10.1366/12-06822
http://dx.doi.org/10.1016/j.talanta.2009.03.066
http://dx.doi.org/10.1016/j.talanta.2009.03.066
http://dx.doi.org/10.1016/j.talanta.2009.03.066
http://dx.doi.org/10.1016/j.talanta.2009.03.066
http://dx.doi.org/10.1016/j.sab.2012.01.005
http://dx.doi.org/10.1016/j.sab.2012.01.005
http://dx.doi.org/10.1016/j.sab.2012.01.005
http://dx.doi.org/10.1016/j.sab.2012.01.005
http://dx.doi.org/10.1039/c1ja10194c
http://dx.doi.org/10.1039/c1ja10194c
http://dx.doi.org/10.1039/c1ja10194c
http://dx.doi.org/10.1039/c1ja10194c
http://dx.doi.org/10.1039/C2JA30104K
http://dx.doi.org/10.1039/C2JA30104K
http://dx.doi.org/10.1039/C2JA30104K
http://dx.doi.org/10.1039/C2JA30104K
http://dx.doi.org/10.1039/C2JA30104K
http://dx.doi.org/10.1007/s00216-011-4865-y
http://dx.doi.org/10.1007/s00216-011-4865-y
http://dx.doi.org/10.1007/s00216-011-4865-y
http://dx.doi.org/10.1007/s00216-011-4865-y
http://dx.doi.org/10.1039/c1ja10041f
http://dx.doi.org/10.1039/c1ja10041f
http://dx.doi.org/10.1039/c1ja10041f
http://dx.doi.org/10.1039/c1ja10041f
http://dx.doi.org/10.1039/c1ja10113g
http://dx.doi.org/10.1039/c1ja10113g
http://dx.doi.org/10.1039/c1ja10113g
http://dx.doi.org/10.1039/c1ja10113g
http://dx.doi.org/10.1016/j.sab.2013.07.005
http://dx.doi.org/10.1016/j.sab.2013.07.005
http://dx.doi.org/10.1016/j.sab.2013.07.005
http://dx.doi.org/10.1016/j.sab.2013.07.005
http://dx.doi.org/10.1016/j.sab.2013.07.005
http://dx.doi.org/10.1016/j.sab.2014.06.017
http://dx.doi.org/10.1016/j.sab.2014.06.017
http://dx.doi.org/10.1016/j.sab.2014.06.017
http://dx.doi.org/10.1016/j.sab.2014.06.017
http://dx.doi.org/10.1016/j.sab.2014.06.017

REVIEW ARTICLE

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Z. Wang, T. B. Yuan, S. L. Lui, Z. Y. Hou, X. W.
Li, Z. Li, and W. D. Ni, Major elements analysis in
bituminous coals under different ambient gases by laser-
induced breakdown spectroscopy with PLS modeling,
Front. Phys. 7(6), 708 (2012)

T. B. Yuan, Z. Wang, Z. Li, W.D. Ni, and J.M. Liu,
A partial least squares and wavelet-transform hybrid
model to analyze carbon content in coal using laser-
induced breakdown spectroscopy, Anal. Chim. Acta 807,
29 (2014)

T. B. Yuan, Z. Wang, S. L. Lui, Y. T. Fu, Z. Li, J. M.
Liu, and W. D. Ni, Coal property analysis using laser-
induced breakdown spectroscopy, J. Anal. At. Spectrom.
28(7), 1045 (2013)

J. Feng, Z. Wang, L. Z. Li, Z. Li, and W. D. Ni, A Non-
linearized Multivariate Dominant Factor-Based Partial
Least Squares (PLS) Model for Coal Analysis by Us-
ing Laser-Induced Breakdown Spectroscopy, Appl. Spec-
trosc. 67(3), 291 (2013)

L. W. Sheng, T. L. Zhang, G. H. Niu, K. Wang, H. S.
Tang, Y. X. Duan, and H. Li, Classification of iron ores
by laser-induced breakdown spectroscopy (LIBS) com-
bined with random forest (RF), J. Anal. At. Spectrom.
30(2), 453 (2015)

T. L. Zhang, L. Liang, K. Wang, H. S. Tang, X. F.
Yang, Y. X. Duan, and H. Li, A novel approach for the
quantitative analysis of multiple elements in steel based
on laser-induced breakdown spectroscopy (LIBS) and
random forest regression (RFR), J. Anal. At. Spectrom.
29(12), 2323 (2014)

L. Liang, T. L. Zhang, K. Wang, H. S. Tang, X. F. Yang,
X. Q. Zhu, Y. X. Duan, and H. Li, Classification of
steel materials by laser-induced breakdown spectroscopy
coupled with support vector machines, Appl. Opt. 53(4),
544 (2014)

X. Q. Zhu, T. Xu, Q. Y. Lin, L. Liang, G. H. Niu, H.
J. Lai, M. J. Xu, X. Wang, H. Li, and Y. X. Duan,
Advanced statistical analysis of laser-induced break-
down spectroscopy data to discriminate sedimentary
rocks based on Czerny—Turner and Echelle spectrom-
eters, Spectrochim. Acta B 93, 8 (2014)

M. R. Dong, J. D. Lu, S. C. Yao, J. Li, J. Y. Li, Z. M.
Zhong, and W. Y. Lu, Application of LIBS for direct
determination of volatile matter content in coal, J. Anal.
At. Spectrom. 26(11), 2183 (2011)

S. C. Yao, J. D. Lu, J. Y. Li, K. Chen, J. Li, and M. R.
Dong, Multi-elemental analysis of fertilizer using laser-
induced breakdown spectroscopy coupled with partial
least squares regression, J. Anal. At. Spectrom. 25(11),
1733 (2010)

S. C. Yao, J. D. Lu, J. P. Zheng, and M. R. Dong, An-
alyzing unburned carbon in fly ash using laser-induced
breakdown spectroscopy with multivariate calibration
method, J. Anal. At. Spectrom. 27(3), 473 (2012)

Yang-Min Guo, et al., Front. Phys. 11(5), 114212 (2016)

50

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

. S. C. Yao, J. D. Lu, M. R. Dong, K. Chen, J. Y. Li, and
J. Li, Extracting coal ash content from laser-induced
breakdown spectroscopy (LIBS) spectra by multivariate
analysis, Appl. Spectrosc. 65(10), 1197 (2011)

J. H. In, C. K. Kim, S. H. Lee, H. J. Lee, and
S. Jeong, Improvement of selenium analysis during
laser-induced breakdown spectroscopy measurement of
Culn;_,Ga,Ses solar cell films by self-absorption cor-
rected normalization, J. Anal. At. Spectrom. 28(8), 1327
(2013)

J. H. In, C. K. Kim, S. H. Lee, J. H. Choi, and S.
Jeong, Rapid quantitative analysis of elemental compo-
sition and depth profile of Cu(In, Ga)Ses thin solar cell
film using laser-induced breakdown spectroscopy, Thin
Solid Films 579, 89 (2015)

Y. Lee, K. S. Ham, S. H. Han, J. Yoo, and S. Jeong,
Revealing discriminating power of the elements in edible
sea salts: Line-intensity correlation analysis from laser-
induced plasma emission spectra, Spectrochim. Acta B
101, 57 (2014)

M. Gazmeh, M. Bahreini, and S. H. Tavassoli, Discrim-
ination of healthy and carious teeth using laser-induced
breakdown spectroscopy and partial least square dis-
criminant analysis, Appl. Opt. 54(1), 123 (2015)

M. Bahreini and S. H. Tavassoli, Possibility of thy-
roidism diagnosis by laser induced breakdown spec-
troscopy of human fingernail, J. Lasers Med. Sci. 3(3),
127 (2012)

X. H. Zou, L. B. Guo, M. Shen, X. Y. Li, Z. Q. Hao,
Q. D. Zeng, Y. F. Lu, Z. M. Wang, and X. Y. Zeng,
Accuracy improvement of quantitative analysis in laser-
induced breakdown spectroscopy using modified wavelet
transform, Opt. Ezpress 22(9), 10233 (2014)

L. Hu, N. J. Zhao, W. Q. Liu, L. Fang, D. H. Zhang, Y.
Wang, D. S. Meng, Y. Yu, M. J. Ma, X. Xiao, Y. Wang,
and J. G. Liu, Study on removing method of continu-
ous background spectrum in libs of multi-element heavy
metals in water, Chinese J. Lasers 41(7), 0715003 (2014)

Y. Li and R. E. Zheng, The symmetric zero-area
conversion adaptive peak-seeking method research for
LIBS/Raman spectra, Spectroscopy and Spectral Analy-
sis 33(2), 438 (2013)

P. F. Chen, D. Tian, S. J. Qiao, and G. Yang, An auto-
matic peak detection method for libs spectrum based on
continuous wavelet transform, Spectroscopy and Spectral
Analysis 34(7), 1969 (2014)

J. H. Yang, C. C. Yi, J. W. Xu, and X. H. Ma, Laser-
induced Breakdown spectroscopy quantitative analysis
method via adaptive analytical line selection and rel-

evance vector machine regression model, Spectrochim.
Acta B 107, 45 (2015)

D. Bulajic, M. Corsi, G. Cristoforetti, S. Legnaioli, V.
Palleschi, A. Salvetti, and E. Tognoni, A procedure
for correcting self-absorption in calibration free-laser

induced breakdown spectroscopy, Spectrochim. Acta B
57(2), 339 (2002)

114212-11

»
&
*
7
>
-
[~
i
(=)
w
o
*]
05
=
=)
St
=



http://dx.doi.org/10.1007/s11467-012-0262-z
http://dx.doi.org/10.1007/s11467-012-0262-z
http://dx.doi.org/10.1007/s11467-012-0262-z
http://dx.doi.org/10.1007/s11467-012-0262-z
http://dx.doi.org/10.1007/s11467-012-0262-z
http://dx.doi.org/10.1016/j.aca.2013.11.027
http://dx.doi.org/10.1016/j.aca.2013.11.027
http://dx.doi.org/10.1016/j.aca.2013.11.027
http://dx.doi.org/10.1016/j.aca.2013.11.027
http://dx.doi.org/10.1016/j.aca.2013.11.027
http://dx.doi.org/10.1039/c3ja50097g
http://dx.doi.org/10.1039/c3ja50097g
http://dx.doi.org/10.1039/c3ja50097g
http://dx.doi.org/10.1039/c3ja50097g
http://dx.doi.org/10.1366/11-06393
http://dx.doi.org/10.1366/11-06393
http://dx.doi.org/10.1366/11-06393
http://dx.doi.org/10.1366/11-06393
http://dx.doi.org/10.1366/11-06393
http://dx.doi.org/10.1039/C4JA00352G
http://dx.doi.org/10.1039/C4JA00352G
http://dx.doi.org/10.1039/C4JA00352G
http://dx.doi.org/10.1039/C4JA00352G
http://dx.doi.org/10.1039/C4JA00352G
http://dx.doi.org/10.1039/C4JA00217B
http://dx.doi.org/10.1039/C4JA00217B
http://dx.doi.org/10.1039/C4JA00217B
http://dx.doi.org/10.1039/C4JA00217B
http://dx.doi.org/10.1039/C4JA00217B
http://dx.doi.org/10.1039/C4JA00217B
http://dx.doi.org/10.1364/AO.53.000544
http://dx.doi.org/10.1364/AO.53.000544
http://dx.doi.org/10.1364/AO.53.000544
http://dx.doi.org/10.1364/AO.53.000544
http://dx.doi.org/10.1364/AO.53.000544
http://dx.doi.org/10.1016/j.sab.2014.01.001
http://dx.doi.org/10.1016/j.sab.2014.01.001
http://dx.doi.org/10.1016/j.sab.2014.01.001
http://dx.doi.org/10.1016/j.sab.2014.01.001
http://dx.doi.org/10.1016/j.sab.2014.01.001
http://dx.doi.org/10.1016/j.sab.2014.01.001
http://dx.doi.org/10.1039/c1ja10109a
http://dx.doi.org/10.1039/c1ja10109a
http://dx.doi.org/10.1039/c1ja10109a
http://dx.doi.org/10.1039/c1ja10109a
http://dx.doi.org/10.1039/c0ja00027b
http://dx.doi.org/10.1039/c0ja00027b
http://dx.doi.org/10.1039/c0ja00027b
http://dx.doi.org/10.1039/c0ja00027b
http://dx.doi.org/10.1039/c0ja00027b
http://dx.doi.org/10.1039/c2ja10229c
http://dx.doi.org/10.1039/c2ja10229c
http://dx.doi.org/10.1039/c2ja10229c
http://dx.doi.org/10.1039/c2ja10229c
http://dx.doi.org/10.1366/10-06190
http://dx.doi.org/10.1366/10-06190
http://dx.doi.org/10.1366/10-06190
http://dx.doi.org/10.1366/10-06190
http://dx.doi.org/10.1039/c3ja50079a
http://dx.doi.org/10.1039/c3ja50079a
http://dx.doi.org/10.1039/c3ja50079a
http://dx.doi.org/10.1039/c3ja50079a
http://dx.doi.org/10.1039/c3ja50079a
http://dx.doi.org/10.1039/c3ja50079a
http://dx.doi.org/10.1016/j.tsf.2015.02.061
http://dx.doi.org/10.1016/j.tsf.2015.02.061
http://dx.doi.org/10.1016/j.tsf.2015.02.061
http://dx.doi.org/10.1016/j.tsf.2015.02.061
http://dx.doi.org/10.1016/j.tsf.2015.02.061
http://dx.doi.org/10.1016/j.sab.2014.07.012
http://dx.doi.org/10.1016/j.sab.2014.07.012
http://dx.doi.org/10.1016/j.sab.2014.07.012
http://dx.doi.org/10.1016/j.sab.2014.07.012
http://dx.doi.org/10.1016/j.sab.2014.07.012
http://dx.doi.org/10.1364/AO.54.000123
http://dx.doi.org/10.1364/AO.54.000123
http://dx.doi.org/10.1364/AO.54.000123
http://dx.doi.org/10.1364/AO.54.000123
http://www.journals.sbmu.ac.ir/jlms/article/view/3201
http://www.journals.sbmu.ac.ir/jlms/article/view/3201
http://www.journals.sbmu.ac.ir/jlms/article/view/3201
http://www.journals.sbmu.ac.ir/jlms/article/view/3201
http://dx.doi.org/10.1364/OE.22.010233
http://dx.doi.org/10.1364/OE.22.010233
http://dx.doi.org/10.1364/OE.22.010233
http://dx.doi.org/10.1364/OE.22.010233
http://dx.doi.org/10.1364/OE.22.010233
http://dx.doi.org/10.3788/CJL201441.0715003
http://dx.doi.org/10.3788/CJL201441.0715003
http://dx.doi.org/10.3788/CJL201441.0715003
http://dx.doi.org/10.3788/CJL201441.0715003
http://dx.doi.org/10.3788/CJL201441.0715003
http://dx.doi.org/10.3964/j.issn.1000-0593(2013)02-0438-06
http://dx.doi.org/10.3964/j.issn.1000-0593(2013)02-0438-06
http://dx.doi.org/10.3964/j.issn.1000-0593(2013)02-0438-06
http://dx.doi.org/10.3964/j.issn.1000-0593(2013)02-0438-06
http://dx.doi.org/10.3964/j.issn.1000-0593(2014)07-1969-04
http://dx.doi.org/10.3964/j.issn.1000-0593(2014)07-1969-04
http://dx.doi.org/10.3964/j.issn.1000-0593(2014)07-1969-04
http://dx.doi.org/10.3964/j.issn.1000-0593(2014)07-1969-04
http://dx.doi.org/10.1016/j.sab.2015.02.014
http://dx.doi.org/10.1016/j.sab.2015.02.014
http://dx.doi.org/10.1016/j.sab.2015.02.014
http://dx.doi.org/10.1016/j.sab.2015.02.014
http://dx.doi.org/10.1016/j.sab.2015.02.014
http://dx.doi.org/10.1016/S0584-8547(01)00398-6
http://dx.doi.org/10.1016/S0584-8547(01)00398-6
http://dx.doi.org/10.1016/S0584-8547(01)00398-6
http://dx.doi.org/10.1016/S0584-8547(01)00398-6
http://dx.doi.org/10.1016/S0584-8547(01)00398-6

»
9
o
7
>
=
="
[
=]
»
e
2
.;
=
=)
Pt
=

REVIEW ARTICLE

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Z.B.Ni, F. Z. Dong, X. L. Chen, J. G. Wang, W. G. He,
and H. B. Fu, Research on algorithm for self-absorption
correction based on multi-particles libs spectra, Spec-
troscopy and Spectral Analysis 34(9), 2523 (2014)

J. R. Cordeiro, M. I. V. Martinez, R. W. C. Li, A. P.
Cardoso, L. C. Nunes, F. J. Krug, T. R. L. C. Paixao, C.
S. Nomura, and J. Gruber, Identification of four wood
species by an electronic nose and by LIBS, Int. J. Elec-
trochem. 2012, 1 (2012)

F. C. Jr De Lucia and J. L. Gottfried, Influence of
variable selection on partial least squares discriminant
analysis models for explosive residue classification, Spec-
trochim. Acta B 66(2), 122 (2011)

N. C. Dingari, I. Barman, A. K. Myakalwar, S. P.
Tewari, and M. Kumar Gundawar, Incorporation of sup-
port vector machines in the LIBS toolbox for sensitive
and robust classification amidst unexpected sample and
system variability, Anal. Chem. 84(6), 2686 (2012)

G. Vitkova, K. Novotny, L. Prokes, A. Hrdlicka, J.
Kaiser, J. Novotny, R. Malina, and D. Prochazka,
Fast identification of biominerals by means of stand-off
laser-induced breakdown spectroscopy using linear dis-
criminant analysis and artificial neural networks, Spec-
trochim. Acta B 73,1 (2012)

K. Liu, Q. Q. Wang and H. Zhao, Differentiation of plas-
tic with laser induced breakdown spectroscopy, Spec-
troscopy and Spectral Analysis 31(5), 1171 (2011)

Y. Yu, Z. Q. Hao, C. M. Li, L. B. Guo, K. H. Li,
Q. D. Zeng, X. Y. Li, Z. Ren, and X. Y. Zeng, Iden-
tification of plastics by laser-induced breakdown spec-

troscopy combined with support vector machine algo-
rithm, Acta Phys. Sinica 62(21), 215201-215201 (2013)

Y. Tian, Z. N. Wang, X. S. Han, H. M. Hou, and R.
E. Zheng, Comparative investigation of partial least
squares discriminant analysis and support vector ma-
chines for geological cuttings identification using laser-
induced breakdown spectroscopy, Spectrochim. Acta B
At. Spectrosc. 102, 52 (2014)

Q. Q. Wang, Z. W. Huang, K. Liu, W. J. Li, and J. X.
Yan, Classification of plastics with laser-induced break-
down spectroscopy based on principal component anal-
ysis and artificial neural network model, Spectroscopy
and Spectral Analysis 32(12), 3179 (2012)

A. Ciucci, M. Corsi, V. Palleschi, S. Rastelli, A. Salvetti,
and E. Tognoni, New procedure for quantitative elemen-
tal analysis by laser-induced plasma spectroscopy, Appl.
Spectrosc. 53(8), 960 (1999)

V. K. Unnikrishnan, R. Nayak, K. Aithal, V. B. Kartha,
C. Santhosh, G. P. Gupta, and B. M. Suri, Analysis of
trace elements in complex matrices (soil) by Laser In-
duced Breakdown Spectroscopy (LIBS), Anal. Methods
5(5), 1294 (2013)

V. Sturm, L. Peter, and R. Noll, Steel analysis with
laser-induced breakdown spectrometry in the vacuum
ultraviolet, Appl. Spectrosc. 54(9), 1275 (2000)

114212-12

74

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

. K. K. Ayyalasomayajula, V. Dikshit, F. Y. Yueh, J. P.
Singh, and L. T. Smith, Quantitative analysis of slurry
sample by laser-induced breakdown spectroscopy, Anal.
Bioanal. Chem. 400(10), 3315 (2011)

J. Amador-Herndndez, L. E. Garcia-Ayuso, J. M.
Ferndndez-Romero, and M. D. Luque de Castro, Partial
least squares regression for problem solving in precious
metal analysis by laser induced breakdown spectrome-
try, J. Anal. At. Spectrom. 15(6), 587 (2000)

C. L. Wang. J. G. Liu, N. J. Zhao, M. J. Ma, Y. Wang,
L. Hu, D. H. Zhang, Y. Yu, D. S. Meng, W. Zhang, J.
Liu, Y. J. Zhang, and W. Q. Liu, Quantitative analysis
of laser-induced breakdown spectroscopy of heavy met-
als in water based on support-vector-machine regression,
Acta Opt. Sinica 3, 045 (2013)

E. C. Ferreira, D. M. Milori, E. J. Ferreira, R. M.
Da Silva, and L. Martin-Neto, Artificial neural net-
work for Cu quantitative determination in soil using a
portable laser induced breakdown spectroscopy system,
Spectrochim. Acta B At. Spectrosc. 63(10), 1216 (2008)

J. H. Yang, C. C. Yi, J. W. Xu, and X. Ma, Laser-
induced Breakdown spectroscopy quantitative analysis
method via adaptive analytical line selection and rel-
evance vector machine regression model, Spectrochim.
Acta B 107, 45 (2015)

J. Amador-Herndndez, L. E. Garcia-Ayuso, J. M.
Fernandez-Romero, and M. D. Luque de Castro, Partial
least squares regression for problem solving in precious
metal analysis by laser induced breakdown spectrome-
try, J. Anal. At. Spectrom. 15(6), 587 (2000)

H. Lin, Y. Mingyin, L. Jinlong, L. Muhua, and H.
Xiuwen, Determination of Cadmium in Gannan Navel
Orange using Laser-Induced Breakdown Spectroscopy
Coupled with Partial Least Squares Calibration Model,
J. Appl. Spectrosc. 80(6), 957 (2014)

X. H. Zou, Z. Q. Hao, R. X. Yi, L. B. Guo, M. Shen, X.
Y. Li, Z. M. Wang, X. Y. Zeng, and Y. F. Lu, Quanti-
tative analysis of soil by laser-induced breakdown spec-
troscopy using genetic algorithm-partial least squares,
Chinese J. Anal. Chem. 43(2), 181 (2015)

C. L. Wang. J. G. Liu, N. J. Zhao, M. J. Ma, Y. Wang, L.
Hu, D. H. Zhang, Y. Yu, D. S. Meng, W. Zhang, J. Liu,
Y. J. Zhang, and W. Q. Liu, Comparative analysis of
quantitative method on heavy metal detection in water
with laser-induced breakdown spectroscopy, Acta Phys.
Sinica 12, 050 (2013)

Q. Shi, G. H. Niu, Q. Y. Lin, T. Xu, F. J. Li, and Y. X.
Duan, Quantitative analysis of sedimentary rocks using
laser-induced breakdown spectroscopy: comparison of
support vector regression and partial least squares re-

gression chemometric methods, J. Anal. At. Spectrom.
30(12), 2384 (2015)

T. L. Zhang, S. Wu, J. Dong, J. Wei, K. Wang, H. S.
Tang, X. F. Yang, and H. Li, Quantitative and classifi-
cation analysis of slag samples by laser induced break-
down spectroscopy (LIBS) coupled with support vector

Yang-Min Guo, et al., Front. Phys. 11(5), 114212 (2016)


http://dx.doi.org/10.3964/j.issn.1000-0593(2014)09-2523-06
http://dx.doi.org/10.3964/j.issn.1000-0593(2014)09-2523-06
http://dx.doi.org/10.3964/j.issn.1000-0593(2014)09-2523-06
http://dx.doi.org/10.3964/j.issn.1000-0593(2014)09-2523-06
http://dx.doi.org/10.1155/2012/563939
http://dx.doi.org/10.1155/2012/563939
http://dx.doi.org/10.1155/2012/563939
http://dx.doi.org/10.1155/2012/563939
http://dx.doi.org/10.1155/2012/563939
http://dx.doi.org/10.1016/j.sab.2010.12.007
http://dx.doi.org/10.1016/j.sab.2010.12.007
http://dx.doi.org/10.1016/j.sab.2010.12.007
http://dx.doi.org/10.1016/j.sab.2010.12.007
http://dx.doi.org/10.1021/ac202755e
http://dx.doi.org/10.1021/ac202755e
http://dx.doi.org/10.1021/ac202755e
http://dx.doi.org/10.1021/ac202755e
http://dx.doi.org/10.1021/ac202755e
http://dx.doi.org/10.1016/j.sab.2012.05.010
http://dx.doi.org/10.1016/j.sab.2012.05.010
http://dx.doi.org/10.1016/j.sab.2012.05.010
http://dx.doi.org/10.1016/j.sab.2012.05.010
http://dx.doi.org/10.1016/j.sab.2012.05.010
http://dx.doi.org/10.1016/j.sab.2012.05.010
http://dx.doi.org/10.3964/j.issn.1000-0593(2011)05-1171-04
http://dx.doi.org/10.3964/j.issn.1000-0593(2011)05-1171-04
http://dx.doi.org/10.3964/j.issn.1000-0593(2011)05-1171-04
http://dx.doi.org/10.7498/aps.62.215201
http://dx.doi.org/10.7498/aps.62.215201
http://dx.doi.org/10.7498/aps.62.215201
http://dx.doi.org/10.7498/aps.62.215201
http://dx.doi.org/10.7498/aps.62.215201
http://dx.doi.org/10.1016/j.sab.2014.10.014
http://dx.doi.org/10.1016/j.sab.2014.10.014
http://dx.doi.org/10.1016/j.sab.2014.10.014
http://dx.doi.org/10.1016/j.sab.2014.10.014
http://dx.doi.org/10.1016/j.sab.2014.10.014
http://dx.doi.org/10.1016/j.sab.2014.10.014
http://dx.doi.org/10.3964/j.issn.1000-0593(2012)12-3179-04
http://dx.doi.org/10.3964/j.issn.1000-0593(2012)12-3179-04
http://dx.doi.org/10.3964/j.issn.1000-0593(2012)12-3179-04
http://dx.doi.org/10.3964/j.issn.1000-0593(2012)12-3179-04
http://dx.doi.org/10.3964/j.issn.1000-0593(2012)12-3179-04
http://dx.doi.org/10.1366/0003702991947612
http://dx.doi.org/10.1366/0003702991947612
http://dx.doi.org/10.1366/0003702991947612
http://dx.doi.org/10.1366/0003702991947612
http://dx.doi.org/10.1039/c2ay26006a
http://dx.doi.org/10.1039/c2ay26006a
http://dx.doi.org/10.1039/c2ay26006a
http://dx.doi.org/10.1039/c2ay26006a
http://dx.doi.org/10.1039/c2ay26006a
http://dx.doi.org/10.1366/0003702001951183
http://dx.doi.org/10.1366/0003702001951183
http://dx.doi.org/10.1366/0003702001951183
http://dx.doi.org/10.1007/s00216-011-4852-3
http://dx.doi.org/10.1007/s00216-011-4852-3
http://dx.doi.org/10.1007/s00216-011-4852-3
http://dx.doi.org/10.1007/s00216-011-4852-3
http://dx.doi.org/10.1039/B000813N
http://dx.doi.org/10.1039/B000813N
http://dx.doi.org/10.1039/B000813N
http://dx.doi.org/10.1039/B000813N
http://dx.doi.org/10.1039/B000813N
http://dx.doi.org/10.3788/AOS201333.0330002
http://dx.doi.org/10.3788/AOS201333.0330002
http://dx.doi.org/10.3788/AOS201333.0330002
http://dx.doi.org/10.3788/AOS201333.0330002
http://dx.doi.org/10.3788/AOS201333.0330002
http://dx.doi.org/10.3788/AOS201333.0330002
http://dx.doi.org/10.1016/j.sab.2008.08.016
http://dx.doi.org/10.1016/j.sab.2008.08.016
http://dx.doi.org/10.1016/j.sab.2008.08.016
http://dx.doi.org/10.1016/j.sab.2008.08.016
http://dx.doi.org/10.1016/j.sab.2008.08.016
http://dx.doi.org/10.1016/j.sab.2015.02.014
http://dx.doi.org/10.1016/j.sab.2015.02.014
http://dx.doi.org/10.1016/j.sab.2015.02.014
http://dx.doi.org/10.1016/j.sab.2015.02.014
http://dx.doi.org/10.1016/j.sab.2015.02.014
http://dx.doi.org/10.1039/B000813N
http://dx.doi.org/10.1039/B000813N
http://dx.doi.org/10.1039/B000813N
http://dx.doi.org/10.1039/B000813N
http://dx.doi.org/10.1039/B000813N
http://dx.doi.org/10.1007/s10812-014-9873-1
http://dx.doi.org/10.1007/s10812-014-9873-1
http://dx.doi.org/10.1007/s10812-014-9873-1
http://dx.doi.org/10.1007/s10812-014-9873-1
http://dx.doi.org/10.1007/s10812-014-9873-1
http://210.14.121.5:8080/fxhx/CN/abstract/abstract13787.htm
http://210.14.121.5:8080/fxhx/CN/abstract/abstract13787.htm
http://210.14.121.5:8080/fxhx/CN/abstract/abstract13787.htm
http://210.14.121.5:8080/fxhx/CN/abstract/abstract13787.htm
http://210.14.121.5:8080/fxhx/CN/abstract/abstract13787.htm
http://dx.doi.org/10.7498/aps.62.125201
http://dx.doi.org/10.7498/aps.62.125201
http://dx.doi.org/10.7498/aps.62.125201
http://dx.doi.org/10.7498/aps.62.125201
http://dx.doi.org/10.7498/aps.62.125201
http://dx.doi.org/10.7498/aps.62.125201
http://dx.doi.org/10.1039/C5JA00255A
http://dx.doi.org/10.1039/C5JA00255A
http://dx.doi.org/10.1039/C5JA00255A
http://dx.doi.org/10.1039/C5JA00255A
http://dx.doi.org/10.1039/C5JA00255A
http://dx.doi.org/10.1039/C5JA00255A
http://dx.doi.org/10.1039/C4JA00421C
http://dx.doi.org/10.1039/C4JA00421C
http://dx.doi.org/10.1039/C4JA00421C
http://dx.doi.org/10.1039/C4JA00421C
http://dx.doi.org/10.1039/C4JA00421C

REVIEW ARTICLE

85.

86.

machine (SVM) and partial least square (PLS) methods,
J. Anal. At. Spectrom. 30(2), 368 (2015)

Sun Lanxiang, Yu Haibin, Cong Zhibo, and Xin Yong,
Quantitative analysis of Mn and Si of steels by laser-
induced breakdown spectroscopy combined with neural
networks, Acta Opt. Sin. 30(9), 2757 (2010)

K. H. Li, L. B. Guo, C. M. Li, X. Y. Li, M. Shen,
Z. Zheng, Y. Yu, R. F. Hao, Z. Q. Hao, Q. D. Zeng,
Y. F. Lu, and X. Y. Zeng, Analytical-performance

Yang-Min Guo, et al., Front. Phys. 11(5), 114212 (2016)

87.

improvement of laser-induced breakdown spectroscopy
for steel using multi-spectral-line calibration with an ar-
tificial neural network, J. Anal. At. Spectrom. 30(7),
1623 (2015)

Q. M. Shen, W. D. Zhou, and K. X. Li, Quantative
elemental analysis using laser induced breakdown spec-

troscopy and neuro-genetic approach, Chinese J. Lasers
38(3), 247 (2011)

114212-13

»
&
o
7
>
<
[~ W
[y
(=)
w
o
*]
.;
=
=)
S
o



http://dx.doi.org/10.1039/C4JA00421C
http://dx.doi.org/10.1039/C4JA00421C
http://dx.doi.org/10.1039/C4JA00421C
http://dx.doi.org/10.3788/AOS20103009.2757
http://dx.doi.org/10.3788/AOS20103009.2757
http://dx.doi.org/10.3788/AOS20103009.2757
http://dx.doi.org/10.3788/AOS20103009.2757
http://dx.doi.org/10.1039/C5JA00089K
http://dx.doi.org/10.1039/C5JA00089K
http://dx.doi.org/10.1039/C5JA00089K
http://dx.doi.org/10.1039/C5JA00089K
http://dx.doi.org/10.1039/C5JA00089K
http://dx.doi.org/10.1039/C5JA00089K
http://dx.doi.org/10.1039/C5JA00089K
http://dx.doi.org/10.3788/CJL201138.0315001
http://dx.doi.org/10.3788/CJL201138.0315001
http://dx.doi.org/10.3788/CJL201138.0315001
http://dx.doi.org/10.3788/CJL201138.0315001

	Introduction
	Basic theories
	Fundamentals
	Characteristics of spectral data

	Data processing methods
	Data preprocessing methods
	Denoising
	Continuous background removal
	Spectral peak recognition and overlapping peakresolution
	Self-absorption correction
	Spectrum standardization

	Data analysis methods
	Qualitative analysis
	Quantitative analysis


	Conclusions
	References

