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We derived a new modified Gaussian model 

(MGM) algorithm that can objectively find the opti-
mum number of Gaussians and has little dependence 
on initial parameter selection. This algorithm is 
suitable for automated analyses of planetary reflec-
tance spectra, particularly for Moon, which has a tre-
mendous amount of high-resolution spectral datasets.  

Planetary Spectral Analysis: Visible and near in-
frared (VNIR)  reflectance spectroscopy is a very pow-
erful tool to observe planetary surfaces remotely and 
has revealed a wide variety of information on planetary 
surfaces [e.g., 1]. Because silicates often exhibit over-
lapped absorption bands in the VNIR range, they are 
often deconvolved into multiple simple (e.g., Gaus-
sian) bands for quantitative analyses. One simple ap-
proach would be to search for the optimum combina-
tion of simple bands that minimize the difference E 
between observed Robs and synthetic Rsynth spectra by 
trying every possible parameter set µ={µk}. For exam-
ple, E is given by 
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where λ is wavelength. However, a direct search is 
usually impractical because it requires an astronomical 
number of trials.  

MGM with the Steepest Descent Method: Thus, 
a more efficient mathematical method is necessary. In 
previous studies, the steepest descent method has been 
used frequently to resolve this problem, in which opti-
mal parameter µk is sought with the following iteration:  
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where m and ε are iteration number and a constant, 
respectively. Sunshine et al. [2] propose an analytical 
approach using the steepest descent method to decon-
volve reflectance spectra of silicates with a number of 
Gaussians and a continuum as a function of wave-
length. Their approach, MGM, has been shown capa-
ble of deconvolving the spectra of olivine [e.g., 3] and 
Mg-Fe pyroxenes [e.g., 4,5] very successfully and ob-
tains clear correlations between the central wave-
lengths of deconvolved Gaussian bands and chemical 
composition of minerals.  

Although the steepest descent method is a very 
powerful mathematical method to find a minimum of a 
simple function but is not necessarily good at finding 
the global minimum of a complex function with many 
local minima. Depending on the initial choice of pa-

rameters, an obtained result may be just a local mini-
mum of E. Furthermore, this mathematical procedure 
needs to know how many model parameters (e.g., the 
number of Gaussians for MGM) should be used before 
the analysis. Generally, a fitting with more Gaussians 
will lead to a smaller E, but the complexity of the syn-
thetics may become too large (e.g., over fitting). Our 
recent analysis indicates that the use of different num-
bers of Gaussians for MGM analysis would dramati-
cally change the result [6], underscoring the impor-
tance of the choice of the number of Gaussians. 

Because of these problems, one must examine one 
by one if an MGM code properly fits an observed 
spectrum, ensuring the solution is not trapped in a local 
minimum or over fitting the data with excessive num-
ber of Gaussians. Thus, automatic spectral fitting with 
MGM algorithms has been very challenging.  

New MGM Algorithm: In order to resolve these 
problems, we derived a new MGM algorithm using a 
Bayesian estimation approach, the exchange Monte 
Carlo (EMC) method, and the annealing method in this 
study. Because the mathematical details and numerical 
validation of the algorithm used in this study are given 
by [7,8], we discuss very briefly the concept of the 
Bayesian and Monte Carlo methods here.  

Bayesian estimation. When the true spectrum is a 
combination of K of Gaussians, the most likely K value 
maximizes the posterior probability 
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where n and σ are the number and the standard devia-
tion of data, respectively [e.g., 9]. P(K) and P(µk) are 
the prior distributions of K and µk, respectively, and are 
constant or very weak functions within their possible 
parameter ranges. Although the expression may appear 
complicated, the integral in eq. (3) is numerically 
straightforward. The K value giving the highest value 
of the integral is the optimum number K of Gaussians. 

Monte Carlo method: In order to resolve the prob-
lem of local minima, a probabilistic algorithm is used; 
the deterministic eq. (1) is replaced by eq. (4) involv-
ing random number rand(m) in the Monte Carlo 
method: 
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This probabilistic iteration allows a solution trapped in 
a local minimum to escape there and reach the global 
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minimum. Combining with the annealing method, this 
probabilistic approach dramatically reduces the de-
pendence of the initial parameter values, such as band 
central wavelengths, in MGM analyses.  

Validation Analyses: In order to examine the 
validity and applicability of the new MGM algorithm 
proposed in this study, we conducted actual spectral 
deconvolution analyses using a series of reflectance 
spectra, olivine powder samples with different 
Mg/(Mg+Fe) ratios (mg#) and olivine-pyroxene mix-
tures with different mixing ratios. The reflectance 
spectra were obtained from NASA’s RELAB website.  
Here, note that the olivine reflectance spectra used in 
this study are different from those used by [4].  

Olivine Results: The results of our Bayesian 
MGM analysis indicate that the optimum number of 
Gaussian bands to reproduce the complex absorption 
band around 1 µm predicted is three for the reflectance 
spectra of all the olivine samples (Fig. 1). This opti-
mum number is the same as the number estimated em-
pirically by [4]. This coincidence is important because 
the number of Gaussians has been very difficult to 
determine objectively but highly influential to the 
model parameters to characterize individual Gaussian 
bands. This agreement between this study and previous 
fitting results by [4] strongly supports the validity of 
our new MGM algorithm 

Furthermore, the central wavelengths of individual 
bands of the 1-µm olivine band increases gradually as 
mg# decreases; more iron leads to longer wavelengths 
(Fig. 2). The band widths and the relative intensities of 
the three individual bands are relatively constant re-
gardless of mg#. All these parameters of individual 
Gaussian bands obtained in this study are practically 
the same as those obtained by a conventional MGM [4]. 
This supports that the results of these MGM analyses 
are not specific to particular datasets or analytical 
methods but reflect the intrinsic optical properties of 
olivine. 

Pyroxene-Olivine Mixture Results: Though not 
all Gaussians are detected, most of the deconvolved 
Gaussians are close to one of the Gaussians of the end-
member samples (Fig. 3). This will allow us to identify 
the mineral components within such mixtures. In par-
ticular, the bands around 1.2 µm and 1.03 µm in the 
mixtures of olivine can be detected when its mixing 
ratio is as low as 25%.  

Conclusion: The above results along with the in-
trinsic properties of the new algorithm (e.g., little de-
pendence on initial parameter value selection and the 
capability of finding the optimum number of Gaus-
sians) suggest that method would be appropriate for 
automated analyses and greatly expand the applicabili-

ty of MGM greatly, particularly for large volume of 
spectral datasets obtained for Moon.  
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Fig. 1. The deconvolution result of an olivine spectrum using 
the new MGM algorithm.  

 
Fig. 2. The trend of central wavelength of deconvolved ab-
sorption bands of olivine with a variety of mg#.  

Fig. 3. The central wavelengths of Gaussians of olivine-
pyroxene mixtures deconvolved with the new MGM algo-
rithm. The solid and dashed vertical lines indicate both oli-
vine and pyroxene band centers, respectively. As shown with 
blue circles, olivine absorption bands are correctly detected 
down to 25wt% of mixing ratio. 
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