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The ChemCam instrument on the Mars Curiosity rover is generating thousands of LIBS spectra and bringing inter-
est in this technique to public attention. The key to interpreting Mars or any other types of LIBS data are calibra-
tions that relate laboratory standards to unknowns examined in other settings and enable predictions of chemical
composition. Here, LIBS spectral data are analyzed using linear regression methods including partial least squares
(PLS-1 and PLS-2), principal component regression (PCR), least absolute shrinkage and selection operator (lasso),
elastic net, and linear support vector regression (SVR-Lin). These were compared against results from nonlinear
regression methods including kernel principal component regression (K-PCR), polynomial kernel support vector
regression (SVR-Py) and k-nearest neighbor (kNN) regression to discern the most effective models for
interpreting chemical abundances from LIBS spectra of geological samples. The results were evaluated for 100
samples analyzed with 50 laser pulses at each of five locations averaged together. Wilcoxon signed-rank tests
were employed to evaluate the statistical significance of differences among the nine models using their predicted
residual sum of squares (PRESS) to make comparisons. For MgO, SiO,, Fe,03, CaO, and MnO, the sparse models
outperform all the others except for linear SVR, while for Na,0, K,0, TiO,, and P,0s, the sparse methods produce
inferior results, likely because their emission lines in this energy range have lower transition probabilities. The
strong performance of the sparse methods in this study suggests that use of dimensionality-reduction techniques
as a preprocessing step may improve the performance of the linear models. Nonlinear methods tend to overfit the
data and predict less accurately, while the linear methods proved to be more generalizable with better predictive
performance. These results are attributed to the high dimensionality of the data (6144 channels) relative to the
small number of samples studied. The best-performing models were SVR-Lin for SiO,, MgO, Fe,03, and Na,0,
lasso for Al,0s, elastic net for MnO, and PLS-1 for Ca0, TiO,, and K,0. Although these differences in model perfor-
mance between methods were identified, most of the models produce comparable results when p < 0.05 and all
techniques except KNN produced statistically-indistinguishable results. It is likely that a combination of models
could be used together to yield a lower total error of prediction, depending on the requirements of the user.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

To aid in such quantitative analyses, a broad training set of LIBS spectra
of geological standards with known compositions is being developed for

A laser-induced breakdown spectrometer (LIBS), along with a
remote microscopic imager, comprises ChemCam [1,2], a payload
instrument on the Mars Science Laboratory (MSL) rover Curiosity. This
LIBS instrument records emission spectra in the ultraviolet (UV), violet
(VIO), and visible to near-infrared (VNIR) ranges. The laser can be
focused on a small location size of roughly <0.5 mm from a standoff
distance of up to 7 m. ChemCam is being used to determine chemical
compositions of dust, rocks, and minerals on the Martian surface.
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calibration [3]. The goal of ChemCam is to produce robust, accurate
chemical analyses of minerals, rocks, and soils on the Martian surface.

However, producing quantitative chemical analyses from LIBS data
is a challenging task due to the wide variety of chemical compositions
found on Mars. lonization states from the many different elements
found in geological materials may interact in the LIBS plasma, causing
variations in line intensities that defeat univariate analysis techniques
using single-peak calibrations of intensity vs. concentration. Multivari-
ate analysis techniques are thus needed to account for the covariate
interactions that occur within the LIBS plasma. They are designed to
provide stable models when the data suffer from multicollinearity,
and are better suited to LIBS data analysis.
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http://dx.doi.org/10.1016/j.sab.2015.02.003
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Thus, this paper explores a variety of current machine learning
algorithms for regression problems and compares their performance
on a suite of 100 spectra from igneous and meta-igneous rocks. LIBS
spectral data are analyzed here using linear methods including partial
least squares (PLS-1 and PLS-2), principal component regression
(PCR), least absolute shrinkage and selection operator (lasso), elastic
net, and linear support vector regression (SVR-Lin). These were
compared against results from nonlinear methods including kernel
principal component regression (K-PCR), polynomial kernel support
vector regression (SVR-Py) and k-nearest neighbor (kNN) regression
to discern the most effective models for interpreting elemental
concentration from LIBS spectra of geological samples. Ten-fold
cross-validation was used to train the parameters and tune the
hyperparameters of each model using 70 samples while 30 samples
were held out for use as a test set. Wilcoxon signed-rank tests were
employed to evaluate the statistical significance of differences
among the nine models using their predicted residual sum of squares
(PRESS) to make comparisons. Results show the advantages of linear
models for this application, and lend insights into best practices for
interpretation of data from ChemCam and other LIBS studies of geo-
logical samples elsewhere in the solar system.

2. Background

LIBS relies on quantized valence-electron transitions that occur
when the electrons move to an excited state in the presence of an
excitation source and subsequently decay back down to their ground
states, emitting photons. When these transitions are detected by a
spectrometer, emission lines are observed at wavelengths that are
specific to the elemental or ionic electron source.

LIBS is challenging to use for geological sample analysis because
peak intensities and areas are influenced by interactions in the plasma
that are partially a function of the sample's chemical composition.
These interactions are collectively referred to as matrix effects; they

are chemical properties of a material that influence the extent to which
a given wavelength emission is detected compared to the true abun-
dance of the parent element. The matrix effects are related to the relative
abundances of neutral and ionized species within the plasma, collisional
interactions within the plasma, laser-to-sample coupling efficiency, and
self-absorption [4]. Fortunately, advanced statistical analysis techniques
can tease out relationships that may be obscured by matrix effects.

Multivariate analyses have been used increasingly for LIBS over the
last decade, starting with the applications of principal components [5]
and partial least squares [4-10]. A few other methods have been inves-
tigated, such as artificial neural networks (ANN) [11]; however, results
showed that PLS was equivalent or superior to ANN. A few forays have
been made into the sparser models (lasso) [12] and intelligent selection
or rejection of training set spectra based on clustering methods [11].
Both of these show promise in improving results, particularly with clus-
tering, and in more closely connecting the models with physical details,
i.e., with lasso predominantly using the emission lines of the element of
interest. Here we follow up on these works by comparing and contrast-
ing additional methods for providing sparseness to the data.

An ideal regression model for LIBS should be sparse, interpretable,
and well predicting. The property of sparsity, in which a small subset
of predictor variables drives the prediction results, can be critical to
instrument design because it may enable improved count rates and
higher-resolution spectra by guiding sampling to fewer channels more
frequently. It may not, however, enable model interpretation, because
the chosen features are dependent upon a complicated convolution of
end-member oxide spectra, experimental conditions, and measurement
errors [13-15]. In this paper, several multivariate analysis techniques
that meet these criteria to varying degrees are utilized and compared
to assess the effectiveness of each model and the effects of training set
size on the resultant predictions.

Table 1 provides a summary of the methods considered in this study.
The following discussion provides some background on the techniques
to be compared.

Table 1
Summary of models used.
Method Summary Tuning Advantage(s) Disadvantage(s) Other
parameters
PLS Projects explanatory matrix, X, into a k, # of Used when X has many collinear features Provides a complex model in which all Linear, uses

subspace of latent components that
maximize the covariance of X and the
response matrix, Y.

components and when p> > N. Provides a stable
multivariate model that can account for
all oxides (PLS-2).

coefficients are linear combinations of all channels
the original channels. Involves a complex (not sparse)
optimization problem with no simple,

closed-form representation.

Lasso Shrinks some coefficients and sets others «, sparsity ~ Provides an interpretable model, selects Arbitrarily chooses one covariate from Linear,
equal to zero in accordance with shrinkage  weight subset of predictors with the strongest a group of highly collinear covariates to  sparse,
parameter. Provides a sparse model that effects on the response variable. Can be used use in the model and discards the rest eliminates
can be used for both feature selection and for feature selection when less data are [18]. noisy
composition predictions. available. channels

Elastic  Extends the lasso. Shrinks some coefficients ~«and l; Performs well in the p >> N case. Provides an Cannot be used for feature selection in Linear,

net and sets others equal to zero; averages ratio interpretable model that is more stable than situations when less data are available sparse,
highly correlated features and shrinks the lasso. Useful for feature selection. because it overwhelms the data with too eliminates
averages. Provides a sparse model that has many model variables. noisy
more terms than the lasso and can be used channels
for feature selection and composition
predictions.

PCR Projects data to a low-dimensional k, # of De-correlates the data and reduces its Higher order polynomial kernels tend to May be
uncorrelated subspace, then uses ordinary components dimensionality, combating the “curse of over-fit the training set and poorly linear or

least squares to regress in the latent space.

SVR Uses only a subset of the training data
(support vectors) to construct a model that

is most generalizable. Can be linear or non- the kernel.

dimensionality”

¢, sensitivity Performs well with a linear kernel. Can be
either linear or nonlinear depending on

predict the testing set in this application. nonlinear;

both use all

channels
As above, polynomial kernels tend to May be
over-fit the training set and poorly linear or

predict the testing set in this application. nonlinear;

linear depending on the kernel function either uses

used. all channels
kNN A nonlinear regression model that predicts  k, # of Requires no model training other than Tends to over-fit the training data and is  Nonlinear,

samples using a weighted interpolation of neighbors choosing the number of neighbors, reducing only as effective as the distance metric uses all

the k nearest training samples. run time and making it scale well to large used to compare samples. channels

data sets.
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2.1. Partial least squares

Partial least squares (PLS), also known as projection to latent
structures, was developed for use in situations where explanatory
variables (p) significantly outnumber observations (N), such that
p >> N. It has been used to analyze data from a variety of types of
spectroscopy, including, but not limited to, near infrared reflectance
(NIR) spectroscopy, Fourier transform infrared (FTIR) spectroscopy,
and Fourier transform-Raman (FT-Raman) spectroscopy. PLS calculates
components that maximize the covariance between the feature and
response matrices [16], and is especially well suited for problems with
many, highly correlated features and multiple responses [17,18].

PLS sequentially chooses directions, or components, of maximal
covariance from the feature matrix, X, and the response matrix, Y, to
determine the model coefficients using a two-step process. The first
step is the shrinkage step, in which the shrinkage penalty determines
the number of factors to be included in the regression. This shrinks
the feature matrix by projecting it down from p-dimensional space
into a smaller g-dimensional vector space. In the context of this project,
p = 6144, the number of channels (wavelength values) at which
elemental intensity is measured, and g =~ 10, the number of components
typically used. The second step follows ordinary least squares by
regressing the response on the components generated in the first step
to minimize the residual sum of squared error. For this project, a single
response model, PLS-1, and a multiple response model, PLS-2, are
trained for comparison. Each has only one hyperparameter, which is
the number of components to include in the projection.

2.2. PCR and kernel PCR

Principal component regression (PCR) is a linear regression model
that uses principal component analysis (PCA). PCA is a statistical
technique that linearly transforms a data matrix with possibly correlat-
ed features into an orthogonal data matrix of uncorrelated features
called the principal components [19]. The first principal component is
the direction that explains the most variance of the data, and the succes-
sive components each explain the most variance under the condition
that they are orthogonal to the previous components. PCA can also be
used for dimensionality reduction by limiting the number of principal
components used. Discarding the later principal components may
eliminate noise present in the original feature matrix. The principal
components are calculated using either an eigenvector decomposition
of the feature covariance matrix or, equivalently, a singular-value
decomposition of the feature matrix directly, and so it is recommended
to mean center the original feature matrix before decomposition. PCR is
an ordinary least squares method; however, instead of regressing
directly on the feature matrix, PCR regresses on the principal compo-
nents of the feature matrix. PCR has a single hyperparameter, which is
the number of components to include in the model.

Kernel PCR (K-PCR) is a variation of PCR that uses kernel PCA instead
of standard PCA to create a nonlinear kernel-based model [20]. K-PCA is
useful when the variance of the feature matrix cannot be well explained
with a linear hyperplane (e.g., concentric spheres of data). Instead of
directly calculating nonlinear principal components, the feature matrix
is implicitly mapped into a higher dimensional kernel space where a
higher dimensional hyperplane can better fit the direction of highest
variance. The kernel principal components are calculated as the eigen-
vectors of the kernel matrix K, where K;; = (P(x;) - $(x;)) and & is
the map to high dimensional space. Because d(x;) is only used in the
dot product, the kernel trick can be used, whereby the dot products
between projected samples are replaced by a kernel function that
maps samples to an inner product space without having to explicitly
calculate &, so K;; = k(x;, x;) [21]. It can be shown using functional
analysis that the kernel function k computes the inner product in
some high dimensional space. In this project, K-PCR was trained with
a second order polynomial kernel, K(x, y) = (3_xyy:)> Higher-ordered

polynomial kernels and RBF kernels were not included in our experi-
ments because preliminary trials showed that both tended to over-fit
the training set and poorly predict the test set in this application. Similar
to PCR, K-PCR is an ordinary least squares method that regresses on the
K-PCA transformed feature matrix.

2.3. Lasso and elastic net

Least absolute shrinkage and selection operator (lasso) regression is
an ordinary least squares regression model with an 1; penalty on the
model coefficients to induce sparsity. The lasso provides a sparse
model by shrinking some coefficients and setting most other coeffi-
cients to zero. Under this principle, it is assumed that a smaller subset
of the predictor variables is driving the prediction results. Thus, other
coefficients can be excluded from the model (i.e., set to zero) with no
significant performance loss. This reduces a sizable, largely uninterpret-
able model to a sparse, more interpretable model.

To calculate its model coefficients, the lasso solves the following
optimization problem:

. (1 2
ang[Tln{illy—XB—Bollz + o|Blly } 1)

Adding a regularizer to ordinary least squares smooths the model
coefficients and prevents the model from overfitting the training data.
Unlike l,-regularized models, i.e., ridge regression models, the ;-
regularizer is able to perform automatic feature selection by constricting
feature coefficients to zero. For problems with many superfluous
features, like broadband LIBS data, the lasso can eliminate these noisy
features that may otherwise hinder the model. Parsimonious models
have been shown to be effective for modeling in chemometrics [22,
23]. The lasso has one hyperparameter o that controls the constriction
level of the coefficient vector 3.

Elastic net regression is a hybrid of lasso and ridge regression that
retains the sparse properties of lasso regression and the stability of
ridge regression in the p >> N case. It can also select groups of correlated
variables. To calculate its model coefficients, the elastic net solves the
following optimization problem:

. (1 1—A
ar%g?m{illy—xﬁ—ﬁolli +a(Nph + 15N BIE ) f whereo<h<1.

(2)

In the equation above, o controls the strength of the combined
regularizer penalty and N controls the mixture of the two regularizers.
At the extremes, if N\ = 0 then the model is ridge regression [24], and
if \ = 1 then the model is lasso. The elastic net aims to provide the
best of both regularizers, the feature selection of 1; and the predictive
improvement of l,. Unlike the lasso, which indiscriminately selects a
feature from a group of highly correlated features to represent in the
model, the elastic net tends to smooth the coefficient weights and better
preserves information in groups of similar features by averaging them
in the model.

2.4. Support vector regression

Support vector regression (SVR) is a kernel-based regression model
from machine learning that uses only a subset of the training samples,
called the support vectors, to define a model [25]. The coefficients of
an SVR model are equal to a linear combination of the training samples,
and to improve the model's generalizability, the model ignores training
samples with a residual error smaller than e. This is accomplished using
an e-insensitive loss function. Unlike the squared loss of ordinary least



4 T.F. Boucher et al. / Spectrochimica Acta Part B 107 (2015) 1-10

squares, e-insensitive loss is a piecewise function defined as
error(y,y) = max(‘y—y'—e, O). 3)

Using this loss, SVR creates an e-tube around the regression function
where samples with small residuals that fall within the e-tube are
ignored in the final model.

SVR uses only a linear combination of dot products with the support
vectors to predict a sample, so like K-PCR it is able to use the kernel trick,
whereby the dot products are replaced by a kernel function. SVR can be
either a linear or nonlinear regression method based upon the kernel
used. Although SVR was developed in the machine learning community,
it is now becoming a popular tool in chemometrics [22,26,17]. For our
experiments we trained SVR models with a linear kernel and a second
order polynomial kernel. ¢ is the only hyperparameter that is relevant
to our problem.

2.5. k-Nearest neighbors

Weighted k-nearest neighbor regression (kNN) is a nonlinear
regression model that predicts samples using local interpolation of the
k nearest training samples [27,28]. The response of an unknown sample
x is predicted as the mean of its surrounding neighbors weighted by
their distance from x,

_ Yn 1\
f(X) - (Z(x,,.y,,) e neighbors Hx_an> (Z(xny") € neighbors HX_XnH> : (4)

The inverse of the neighbor distance is used in Eq. (4) so that sam-
ples close by are weighted more than samples far apart. Unlike all the
other models tested, kNN has no model coefficients and requires only
that k be tuned. Moreover, kNN requires no model training because all
computation is done at the time of prediction. The only hyperparameter
that requires tuning is the number of neighbors.

3. Model evaluation and comparisons
3.1. Model selection criteria

To compare the effectiveness of different multivariate analysis
techniques, model selection criteria that compare the accuracies of the
models are needed to minimize prediction error and assist in choice of
models for optimal results. Mean squared error (MSE) is often used as
a measure of the overall size of the measurement error [29]. MSE for a
model coefficient has the following form:

MSE = E{(XB—XB)Z} - Var<xf5) + bias® (x[ ) (5)

where bias (XB) =E <Xf5) —Xp. In these formulae, 3 is the calculated

model coefficient and J is the true parameter.

Bias is the extent to which the model is overfit using the training set,
with two components. Model bias is the difference (error) between the
best-fitting linear approximation and the true function. Estimation bias
is the difference (error) between the average estimates of the model

components x 3 and the best-fitting linear approximation. Variance de-
scribes how much the model can deviate from the training set when it
calculates the model coefficients.

When the MSE is minimized, so are the bias and the variance of the
model. Thus, a reasonable bias-variance tradeoff can be achieved for
each of the various regression methods. Prediction error results for
regression methods are often reported as root mean squared errors of
prediction (RMSEP) because these have the same units as the original

measurements of sample compositions, which in this project are
expressed as wt.% oxides.

3.2. Cross-validation

To compare and quantify the usefulness of various statistical
methods to LIBS, we used K-fold cross-validation, which splits the data
set into K approximately equal-sized parts, to train the model and
tune its hyperparameters (e.g., the number of components used in
partial least squares) before it is tested on a held-out dataset. When
models are being fit for a sample in K;, the other K-1 folds (all K; folds,
i # j) are used to train the model and the K; fold is used to test the
model. In the training set of 70 averaged spectra used here, 10-fold
cross-validation has ten folds each containing seven samples. The
models are trained using 63 samples and are then tested on the other
seven samples.

3.3. Model comparison

The Wilcoxon signed-rank test can be used to compare the RMSEP
values that result from two models tested on held-out data to determine
whether a difference in their expected values exists. It is appropriate for
this application because it does not assume an underlying distribution
of the data. The hypotheses are Hy: A = 0 versus Hy: A #= 0, where A
denotes the location difference in the expected value for the popula-
tions. The two-sided alternative hypothesis is appropriate in this case
because the question of interest is whether any difference between
models exists. This comparison is performed for each element.

Three conditions must be met [29] for use of the Wilcoxon signed-
ranked test, t. First, observations from each of the populations must be
a random sample. Because models can be generated using randomly
selected cross-validation folds, this assumption is valid for this applica-
tion. Second, the observations from the two populations must be mutu-
ally independent. Because the models are generated using different
algorithms, this is reasonable in this context. Finally, the two popula-
tions must be continuous. The RMSEP values can take on any value on
the positive real line, so this last assumption is valid.

4. Methods
4.1. Samples and experimental methods

A suite of 100 igneous and meta-igneous rocks was selected for this
study; the same samples were used in the work of Tucker et al. [4] and
Dyar et al. [8]. These data were acquired at 9 m distance at Los Alamos
National Laboratory (LANL) using conditions configured to mimic
those on Mars so the results would be applicable to the ChemCam
instrument [6]. The entire data set can be requested from the authors.
However, we note that an even larger suite of data representing the
actual calibration data used on Mars is available on the mission web
site of the Planetary Data System at http://pds-geosciences.wustl.edu/
missions/msl/chemcam.htm.

Approximately 150 g of each sample was crushed to particle sizes of
<45 um, roughly 10 x smaller than the LIBS beam diameter, to minimize
sample inhomogeneity and equalize grain size. Splits of these powders
were used for X-ray Fluorescence (XRF) analyses of major, minor, and
trace element analyses at the University of Massachusetts, Amherst in
the laboratory of Michael Rhodes [30]. Samples were prepared as
fused La-bearing lithium borate glass disks using a modification of the
methods of Norrish and Hutton [31], though each sample was first
ignited at 1000 °C for several hours in order to oxidize the iron to
Fe*™ and remove volatiles. All elements (including Na,0) were
measured simultaneously using a Siemens MRS-400 spectrometer.
Intensities were corrected for nonlinear background, inter-element
interferences, and variations in mass absorption coefficient, using
methods modified from those of Norrish and Chappell [32].
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Fig. 1. Compositional ranges of samples used in this study, with elemental abundances
expressed as oxide weight percents (wt.%) using the geological convention.

Mass absorption coefficients for elements with shorter characteristic
wavelength than the Fe-absorption edge were estimated from the
intensity of the Compton radiation of the appropriate X-ray tube [33].

5000

Mass absorption coefficients of elements with longer characteristic
radiation than the Fe absorption edge were calculated from the
Compton-derived mass absorption coefficients, after allowance was
made for Fe and Ti intensities [34]. Reference absolute errors on
the XRF methods, expressed as the weight percent of each oxide,
are 0.16 for SiO,, 0.06 for Al,05, 0.005 for TiO,, 0.03 for Fe,05, 0.04
for MgO, 0.005 for MnO, 0.03 for Ca0, 0.09 for Na,0, 0.003 for P,0s,
and 0.006 for K,0 [30]. Compositional ranges of the 100 samples
are shown in Fig. 1. For LIBS sample preparation, another split of
3 g from each sample was pressed into a pellet in an aluminum cup
using 35 tons of pressure.

Because atmospheric pressure exerts known effects on LIBS spectra,
samples were placed in a chamber filled with 7 Torr CO, to simulate the
Mars surface pressure. They were observed from a standoff distance of
9 m using a 1064-nm Nd:YAG laser operating at 17 mJ/pulse; 50 laser
pulses were taken at each of five locations per sample. The optical
emission from resultant sample plasma was collected using three
Ocean Optics HR2000 spectrometers with UV (223-326 nm), VIO
(328-471 nm), and VNIR (495-927 nm) wavelength regions analogous
to those in the ChemCam instrument (Fig. 2). Spectra of samples from
this suite are exactly the same data used in [4] and [12].

4.2. Data pre-processing

Fifty plasmas per location on five locations per sample were
averaged before smoothing. The baseline (A-D offset and ambient
light background) was measured and subtracted. The bremsstrahlung
continuum was modeled and removed by iteratively suppressing
peaks by taking the average of each channel with its adjacent channels
above and below it and then using the minimum value of those two
quantities as the new value of the channel. This is repeated for every
channel in every spectrum multiple times until changes become
diminishingly small. Spectra were averaged to reduce noise. Channels
with near-zero variance were removed prior to analysis [35].

4.3. Hyperparameter tuning

All hyperparameters were tuned using a grid search over the
parameter space, and all settings were evaluated using 10-fold cross
validation over the training set. A global minimum heuristic, based on
the point at which the model MSE is at its smallest value, was used to
choose the number of components for the model. A complete listing of
the final hyperparameter values can be found in Table 2.
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Fig. 2. Selected LIBS spectra of some of the 100 igneous and meta-igneous rocks used in this study.
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Table 2
Hyperparameter settings.
Si0, Al,O3 TiO, Fe,03 MgO MnO Ca0 K,0 Na,O P,0s5
PLS-2 Components 15 15 15 15 15 15 15 15 15 15
PLS-1 Components 3 7 12 11 14 3 7 6 6 9
PCR Components 13 49 20 7 37 6 31 45 38 49
K-PCR Components 22 46 40 8 39 26 48 48 38 50
Elastic net [0 291 1.31 1.01 0.11 0.91 2.51 041 0.41 291 291
1; ratio 0.8 0 0.1 0.5 0 0 0.7 0.1 0.9 0

Lasso 01 2.395 0.73 0.114 0.057 0.12 0.069 0.297 0.038 2.99 0.33
SVR-Lin € 0 0.83 0.4 0.13 045 0.71 0.98 0.24 0.25 0.03
SVR-Py € 0 0 0 0 0 0.02 0.24 0.38 0.5 0.16
kNN Neighbors 16 2 4 1 2 1 1 11 1 1

4.4. Code second row. The five oxides in the first row are also the oxides with

The CRAN R [36] packages Peaks and hyperSpec were used for all
data preprocessing. The open-source machine learning Python library
Scikit-learn [37] was used to train and test all models except S-LLE.
Scikit-learn uses the open-source applications LIBLINEAR [38] and
LIBSVM [39] for its linear and polynomial SVR models, respectively.

5. Model comparison results

After tuning all hyperparameters, the models were fit using a 70-
sample training set and evaluated using a 30 sample held-out testing
set to provide accurate estimates of prediction error. The only require-
ment for this method is that all samples are from the same population.
The models were compared based solely on their predictive perfor-
mance, as indicated by the predicted residual sum of squares (PRESS),
the mean squared error of prediction (MSEP), and the root mean
squared error of prediction (RMSEP). Evaluation methods that make
parametric assumptions about the data were strictly not used.

Fig. 3 compares the models' element-wise performance using the
RMSEP of the nine models over the ten most abundant oxides. The
oxides are sorted in descending order according to the average model
error, where the scale of the first row is three times the scale of the

the highest abundances in the testing set.

No single model outperformed all others on every oxide. However,
linear SVR had the lowest element-wise error, producing significantly
better results for total Fe,03 and Na,O0. In contrast, the nonlinear models
SVR-Py and kNN had the markedly largest prediction errors on all oxides
except Al,03; and MnO. A complete listing of summed element-wise
prediction errors is given in Table 3.

Fig. 4 uses PRESS to compare the sample-wise performance of the 10
models (~horizontal axis) over the 30 testing samples (receding axis).
The vertical axis represents the magnitude of the total error associated
with predicting each element in each sample. To better visualize the
error, the samples are sorted in descending order according to the
average model error. Samples with high PRESS are those for which
there is a high mismatch between the predicted and the true composi-
tions. Again, it is clear that the linear support vector results are the most
accurate. However, all of the models suffer from some inconsistent
performance on the test set with prediction errors much larger for
some samples than others, but this was expected because of the non-
homogeneity of the testing samples. The worst sample-wise performing
models were kernel (polynomial) SVR and kNN regression; these
models likely over-fitted the training samples. Kernel SVR and kNN
had the lowest error on more samples than any other two models
tested, a total of eight and five, respectively, but both had a cumulative
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3.0 =3 PLS-1 BB SVR-Line
' ‘ ‘ mmm PCR == SVR-Poly
2.5} = K-PCR mmm kNN Reg
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a 2.0 I Elastic ne
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n 15
=
X 1.0
0.5
0.0
MgO Si0, Al, O, Fe, 05 T CaO
1.0 :
0.8}
o
& 06
=
=04
0.2
0.0

Na, O

K, O

TiO,
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Fig. 3. RMSEP in units of wt.% oxide for the ten major elements of all models evaluated over the held-out testing set. The mean and standard deviations for concentrations of these elements
in the 100-sample suite studied are 8.91 4 7.37 wt.% MgO, 52.53 + 9.64 wt.% SiO,, 12.92 4 3.42 wt.% Al,03, 10.79 4 4.21 wt.% total Fe,05, 8.12 & 3.64 wt.% Ca0, 2.56 + 1.14 wt.% Na,0,
135 4+ 1.59 wt.% K0, 2.04 + 1.40 wt.% TiO,, 0.43 + 0.56 wt.% P,05 and 0.17 + 0.06 wt.% MnO.
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Table 3
Model results.

PLS-2 PLS-1 PCR  K-PCR Elastic Lasso SVR-Lin SVR-Py kNN

net

MSEP 1255 13.07 1422 1479 1214 1151 10.63 19.79 2340
RMSEP 897 9.07 947 968 899 8.81 8.46 11.28 1227

error almost double the third worst performing model. This strongly
suggests that these models are fitting a small portion of the training
samples too tightly, namely the samples that are very similar in compo-
sition to these low error test samples. This overfitting prevents the
models from predicting the majority of the test samples well.

The Wilcoxon signed-rank test [40] was used to determine whether
the evaluated models produced significantly different results. Like all of
our evaluation methods, this hypothesis test makes no parametric
assumptions about the data. PRESS over the testing samples was used
to compare each pair of models, and the results of the full pairwise
model comparison are given in Table 4. Given a p value of <0.05, there
are very few significant differences among models. However, the
value of 0.033 for PCR vs. PLS-2 indicates that these models are not
indistinguishable; their predicted compositions per sample are very
different. The most distinctive model was kNN, which was expected
because this model differs from the others by having no feature coeffi-
cients (nonparametric) and using solely a weighted interpolation of
the k nearest samples for training. In fact, the construction of this algo-
rithm is unique among those studied here because it is parameter-free.
Apparently for this reason, kNN distinguished itself as the overall worst
performing model.

6. Discussion
6.1. Sparse vs. non-sparse models

Results from sparse models (lasso and elastic net) versus models
that use all channels of the data (Fig. 3) vary by oxide. For MgO, SiO5,
Fe,03, Ca0, and MnO, the sparse models outperform all the others
except for linear SVR, requiring only between 20 and 50 channels
(lines) per oxide. For Na,0, K50, TiO,, and P,0s, the sparse methods
produce inferior results. This result may be explained by factors relating
to the nature of the LIBS lines themselves.

The ability to make accurate predictions from sparse techniques that
use only a few lines for any given oxide is dependent on the presence of
strong lines associated with the oxide(s) being predicted. To show this
effect, lines with intensities >300 that fell in the studied wavelength
range for each of the ten oxides of interest were compiled from the
NIST Atomic Spectra Database! using. Note that NIST database intensi-
ties are not standardized, so this is a relatively imperfect tool, but the
results are quite informative (Fig. 5). The strongest emission lines for
Na, K, Ti, P are all roughly an order of magnitude lower than those
from the other six oxides in the energy range covered by the spectrom-
eter used in these experiments. The lower transition probabilities result
in weaker emission lines that are harder for the sparse techniques to
separate from noise, whereas strong emission lines allow sparse models
to eliminate much of the noise that would otherwise impede dense
models.

The number of observable emission lines and the degree to which
they are overlapped by lines from other oxides within the studied UV-
VNIR wavelength range may also influence the functionality of the
sparse methods. To pursue this hypothesis, the possibility of interfer-
ence from nearby peaks for Na, K, Ti, P, Mg, Si, Al, Fe, and Ca was
investigated using the same strong lines with intensities >300 as for
the transition probabilities. Emissions within about 0.5 nm of those

1 http://www.nist.gov/pml/data/asd.cfm.
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Fig. 4. The predicted residual sum of squares (PRESS) of all models (vertical axis)
evaluated for each of the 30 held-out testing samples (receding axis) and all ten 10 models
(horizontal axis). Color scheme is the same as in Fig. 3. The vertical axis represents the
magnitude of the total error associated with predicting each oxide in each sample, so
high bars indicate high errors. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

emission peaks were scrutinized, including any oxides that had a
relatively high intensity (at least 20-30% of the intensity of the strong
emission peak). Although there were some minor trace metals that
might be abundant enough to cause interference, etc., there was no
clear difference between the two sets of elements (Na, K, Ti, P vs. Mg,
Si, Al Fe, Ca).

6.2. Linear vs. nonlinear models

In terms of predictive performance indicated by the predicted
residual sum of squares (PRESS), the three worst-performing models
are kernel PCR, polynomial SVR, and kNN regression (Fig. 4). This result
suggests that such nonlinear methods tend to overfit the data and
predict less accurately in this application. In contrast, the linear methods
proved to be more generalizable with better predictive performance on
a test set. This outcome is attributed to the high dimensionality of the
data (6144 channels) relative to the small number of samples studied.

Theory from statistics shows that mean squared error can be
decomposed into two terms that trade off: error due to the bias of the
model (i.e., the distance of each prediction from the average of all
predictions) and the variance error (the maximum distance between
all possible models). As model complexity grows, variance error grows
relative to bias error. So the high variance of the nonlinear models
evaluated proved to be larger than the inherent high bias of the linear
models.

6.3. Importance of training set selection for geological applications

Data in Fig. 3 can further be considered in terms of the abundances
of each oxide, given in the figure caption and represented in Fig. 1.
The average RMSEP represents a high percentage of the actual observed
concentration for many oxides: 51% of the total concentration of P,0s,
41% of K,0, 26% of Na,0, and 24% of the average MgO. Ranking the
oxides in terms of the percentage of relative error gives SiO,
(lowest relative error at 4%) < Fe,03 < Ca0 =~ MnO = Al,03 <
TiO, < MgO < Na,0 < K30 < P,0s5 (highest relative error).

Some of this observed variation from oxide to oxide may be due to
the distribution and abundance (magnitude) of oxides in the data set
overall. Inspection of Fig. 1 shows that the oxides are not uniformly
distributed over the wt.% ranges in geological samples. Thus, any
random procedure that draws a subset of samples may have very
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Table 4
Wilcoxon test results.
PLS-2 PLS-1 PCR K-PCR Elastic net Lasso SVR-Linear SVR-Poly kNN Reg

PLS-2 0.136 0.033 0.141 0.975 0.943 0.280 0.329 0.022
PLS-1 0.136 0.428 0.673 0.586 0.614 0.159 0.544 0.063
PCR 0.033 0.428 0.734 0.393 0.393 0.094 0.719 0.090
K-PCR 0.141 0.673 0.734 0.658 0.558 0.171 0.781 0.030
Elastic net 0.975 0.586 0.393 0.658 0.673 0.254 0.465 0.021
Lasso 0.943 0.614 0.393 0.558 0.673 0.704 0.465 0.013
SVR-Lin 0.280 0.159 0.094 0.171 0.254 0.704 0.393 0.010
SVR-Py 0.329 0.544 0.719 0.781 0.465 0.465 0.393 0.185
kNN 0.022 0.063 0.090 0.030 0.021 0.013 0.010 0.185

The bold values are those with a p < =0.05, indicating a statistically significant value.

different summary statistics than the entire population. As an
extreme example, consider that a majority of the samples contain
P,05 < 0.5 wt.%. So if a training set happens to draw only from that
limited range of concentrations, then predicting samples in the test set
with P,0s > 2.5 wt.% is an extreme extrapolation. In such a situation,
the test RMSEP values for P,0s will be large. Conversely, the distribution
of SiO; in our 100 samples is slightly more uniform, as shown in Fig. 1.
Thus, it would be unlikely to randomly draw a test set that does not
represent the full range of SiO, concentrations. If a training set does
not contain a uniform distribution of each oxide in its geological compo-
sition space, then our results show that test set results will be greatly
influenced. This result demonstrates the importance of careful construc-
tion of training sets for optimal accuracy.

6.4. Model selection for optimal performance in geological samples

PLS has become the conventional form of analysis for LIBS geological
data in recent years. As such, researchers in the field are more familiar
with the implementation and output of PLS. From an interpretation
perspective, it does have two drawbacks. First, the dimensionality
reduction algorithm does not have a closed form expression, so it is
difficult to discern exactly what is happening during this process. This
has been a subject of debate [41,42]. Second, because the model coeffi-
cients are made by taking linear combinations of channels from the
original data set, these coefficients can only have implicit physical
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Fig. 5. Transition probabilities of emission lines with intensities >300 (ambiguous units
using an arbitrary cut-off, as compiled from the NIST Atomic Spectra Database) that fell
in the studied wavelength range for the nine most abundant oxides studied here for
geological samples. Colors indicate the wavelength of the lines in order from lowest to
highest. Emission lines for Mg, Si, Al, Fe, and Ca have probabilities significantly higher
than those for Na, K, Ti, and P. Higher transition probabilities result in greater line
strengths that likely make it easier for sparse models to outperform those that use the
entire spectrum. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

meaning, though they can be mapped onto emission lines using loading
plots [43]. This matchup is not as convenient as the direct mapping from
model coefficients to emission lines inherent in sparse methods like the
lasso and elastic net, though that practice in itself may also be suspect,
especially when there are many collinear features present in the data
[13-15].

Model parsimony and explicit physical meaning of model coeffi-
cients may eventually enhance interpretability of sparser models,
making them advantageous for future LIBS studies so that geochemistry
can be better understood. Future studies may choose to employ sparse
methods in situations where the data are noisy (i.e., when collected
under difficult environmental conditions) or where interpretability is
important. This suggests that alternative techniques that remove noisy
features might be useful. Dimensionality reduction is a field in machine
learning that focuses on simplified data representation by eliminating
dimensions that do not inform the model. Such models show promise
and are the subject of ongoing work [44].

However, among the methods used in the current study, there are
also better (more accurate) alternatives to PLS that still employ the
entire spectrum. For example, linear SVR can produce superior results
because only a subset of the training set is used to construct the most
generalizable model possible. This suggests that statistical
bootstrapping methods, like bagging, or generating multiple training
sets by uniformly sampling with replacement from the original training
set [45], could be used as meta-algorithms to improve predictive
performance. Future studies may choose to employ sparse methods in
situations where the element being predicted has a small number of
lines with large transition probabilities or where interpretability is im-
portant. The strong performance of the sparse methods in this study
at predicting major elements suggests that the use of dimensionality-
reduction techniques as a preprocessing step may improve the perfor-
mance of the linear models.

Finally, the differences in model performance on an oxide basis
might be taken to suggest that the model choice could be customized
depending on the oxide of interest. The best-performing models as
seen in Table 3 were SVR-Lin for SiO,, MgO, Fe,Ostotal, and Na,O,
lasso for Al,0s, elastic net for MnO, and PLS-1 for CaO, TiO,, and K0.
However, none of these differences is statistically significant (Table 4)
in our small test set of only 30 samples, except for the case of kNN
(which is clearly worse). With a bigger test set, a greater difference in
predictive performance might be expected, in which case using an
ensemble of regression models might yield superior results. This suppo-
sition clearly merits additional work.

7. Conclusions

Our results show that the linear models evaluated better predicted
the major elements of the out of sample rocks than the nonlinear
models evaluated. Models that used a subset of the features or a subset
of the training data proved to be the most accurate models for
predicting the five major oxides. However, no superior algorithm has
emerged in general, the methods should be used in tandem to
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exploit their individual qualities, which include familiarity, sparsity, in-
terpretability, and computational speed. This suggests that a combina-
tion of models could be used together to yield a lower total error of
prediction, depending on the requirements of the user.

The extent to which these conclusions can be generalized surely
depends on the size and composition of the data set, though this conclu-
sion remains to be tested due to lack of availability of appropriate data.
This data set is one of the largest, best-characterized calibration suites
currently available for geological samples. The fact that it is deliberately
restricted to igneous and meta-igneous rocks means that matrix effects
caused by wide compositional variations are mitigated, allowing our
work to be focused on model comparisons under ideal conditions. This
study thus provides a useful benchmark against which other models
that include more diverse samples can be compared. To date there are
no larger data sets available for this analysis that were collected using
similar rock types and identical instrumental conditions. With smaller
data sets, certain test and training sets will not produce reasonable
RMSEP values, but other randomly-generated combinations will.
Results are expected to change as other data sets with even greater
compositional variation are used. Thus, this work lays a foundation for
future work as larger data sets are developed. It is likely that the future
studies will further clarify the relative utility of the methods studied
here.

In particular, as noted by Brown and Green [15], future experimental
design may allow quantitative assessments of sensitivity and selectivity
as figures of merit for LIBS analyses. However, acquiring such data may
be difficult given the complexity of elemental interactions in LIBS
plasmas caused by chemical matrix effects and the limitless combina-
tions of elements in geological samples. As larger data sets become
available, it is likely that an array of methods may be needed to extract
optimal chemical analyses from LIBS data.
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