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Abstract 
 This twelfth quarterly technical report discusses work on classification algorithms 
and an improved lighting system. Measurements on core in the Stillwater Mine core room 
showed that false positive sulfide classifications occurred at breaks in the core and there 
were also problems with camera saturation due to glints from crystal facets within the 
core. To reduce false positives due to noisy data, a wavelet transform smoothing program 
was explored. Results indicate classifications improve only marginally with smoothed 
data for spectral angle mapping techniques. A new lighting technique was developed to 
decrease saturation due to glints from facets within the core samples. This appears to 
have decreased the glints and it has the added benefit of greatly decreasing false positives 
near the breaks in the core.   
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1. Introduction. 
 During this second reporting period of Year-3, work was devoted primarily to 
improving the sulfide classification accuracy. This was done by smoothing the data, 
which provided only marginal improvement, and by developing a line-light system. The 
line-lighting approach has provided substantial benefits, but additional improvements are 
still possible.   
 The technical portion of the report below is organized into subsections as dictated 
by the DoE contract for this effort. These sections are: Experimental Apparatus, 
Experimental and Operating Data, Data Reduction, and Hypothesis and Conclusions. 
Partners for Year-3 of this effort are: Resonon, Inc., Montana Tech of the University of 
Montana, Stillwater Mining Co., and the Montana Board of Research and 
Commercialization. Additional contributions during years 1 and 2 have come from 
TIMET, Inc., Barrett’s Minerals Inc., Western Energy Company A Westmoreland 
Mining Company, and MSU TechLink. The Naval Research Laboratory has also 
provided assistance via a Cooperative Research and Development Agreement (CRADA).  
 
EXPERIMENTAL 
 
2. Experimental Apparatus. 
 The primary hardware improvement implemented during this quarter was in the 
lighting. For the original system, lighting was provided by four halogen bulbs placed at 
the top of the system enclosure. Because the geometry of these bulbs does not match the 
geometry of the scanned region (i.e. a line), significant spatial variations in lighting were 
inevitable. Even though these effects were minimized via software source removal 
techniques, it was clear that there was substantial spatial variation in the data. 
Additionally, if a facet within the core sample was oriented such that it would act as a 
mirror to reflect light directly into the camera, very bright glints saturated the camera. 
This either ruined the data for the saturated pixels or, if the camera gain was sufficiently 
reduced such that the glints did not saturate the system, made all the other pixels quite 
dark, resulting in a poor signal-to-noise ratio. 
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 To reduce this problem, a fiber line light was purchased and a rod lens was 
fabricated from acrylic rod to focus a line of light on the sample. Because this line of 
light has the same symmetry as the scanned image, the data were notably improved. A 
photo of the new illumination system is shown in Figure 1. 

 
Figure 1. Photo of the line light on a core sample. This illumination system provided 
much better results than the original lighting system. 
 
 The acrylic rod lens focused light onto long, thin region of the core, as shown in 
Figure 1. The focused light is incident on the core sample from a range of angles, and 
consequently facets within the core sample produce glints across a range of angles. 
Because the camera collects light from a much smaller range of angles than the range of 
angle of the incident light, only a small fraction of the glint affects the camera. As a 
result, the glints were reduced but not eliminated. A much wider range of input angles for 
the light would be needed to further reduce the effects of glints. 
 A second advantage of the line-lighting system is that the illumination light 
quickly defocuses, which means sections of rock in a break in the core were only dimly 
illuminated and could easily be removed from the data set. Consequently, breaks in the 
core were effectively removed and the problem of false positives with the previous 
lighting system was overcome. 
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3. Experimental and Operating Data. 
 As noted in the first-quarter report, Resonon developed a high-speed classification 
algorithm using a technique known as Spectral Angle Mapping (SAM). In brief, a multi-
dimensional vector is defined with a dimension for each spectral channel. The digital 
numbers from each spectral channel represents the coordinate values for the vector 
associated with each pixel. A vector dot product is then taken between each pixel and the 
spectrum from an ensemble of sulfide minerals. Those pixels with vectors whose angles 
are close to the sulfide mineral vector are classified as sulfides, and those vectors whose 
angles are far from the sulfide mineral vector are not classified as sulfides.  
 This straightforward approach works quite well unless there are non-sulfide 
minerals with spectral angles that do not differentiate themselves well from sulfides, or if 
there is too much noise on the spectra. Unfortunately, the spectra tend to be noisy in the 
infrared and blue regions of the spectra because the lighting source does not emit much 
infrared or blue light. To remove the deleterious effects of the noise, a wavelet transform 
approach was used to smooth the data. As shown in Figure 2, the wavelet transform 
preserves the overall shape of the spectrum while removing much of the noise.  

 
Figure 2. The spectrum from an imaged pixel of a core sample (black) and a wavelet 
filtered spectrum (red) of the same pixel. The vertical axis corresponds to the strength of 
the signal in arbitrary units and the horizontal axis indicates the wavelength of the signal. 
The red, green, and blue vertical lines indicate the spectral channels used to reconstruct a 
standard color image. Note that the wavelet transform preserves the overall shape of the 
spectrum quite well and eliminates most of the noise. 
 
 To determine the effect of wavelet data smoothing, SAM classifications were 
performed on unfiltered and filtered data. As expected, the wavelet filtered pixels of 
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sulfides typically exhibited spectral angles closer to the sulfide library. Surprisingly, 
however, the improvement was not large. One possible reason for this is that the random 
nature of the noise tends to average itself out in the SAM classification. Consequently, 
data filtering approaches may be used, but their effect will likely be incremental. 
Fortunately, one advantage of wavelet transforms is that they can be performed quickly, 
so this approach is consistent with real-time data classification. 
 
RESULTS AND DISCUSSION 
 
4. Data Reduction. 

To differentiate between the sulfide minerals of interest and background rock, a 
Spectral Angle Mapping (SAM) program was written, as described above. The plot in 
Figure 3 shows SAM values in radians along a line of pixels that overlaps a sulfide bleb. 

Figure 3. A SAM profile of a line of pixels that intersects a sulfide bleb. Low spectral 
angles indicate colors similar to the average sulfide color and large spectral angles 
indicate colors much different than the average sulfide color. 

 
Note that the spectral angle values corresponding to sulfides are lower than the 

spectral angles for background rock, thereby enabling this approach to distinguish 
between the rock types. However, the threshold for sulfides is not exceptionally far below 
typical rock values, and consequently one might expect some false positives (errors of 
commission). These errors are important because sulfide coverage of a fraction of a 
percent may distinguish ore from waste rock. Consequently, the error tolerance is low.  
Additionally, it is clear that natural color variations within a sulfide bleb may be large 
enough for the spectral angles of sulfides to occasionally lie above the threshold, thereby 
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producing errors of omission. The spike in the middle of the sulfide bleb that rises above 
the threshold line was due to camera saturation, thus identifying another problem. 

These results show how the approach works while providing an indication of the 
technique’s limitations. Consequently, ongoing efforts will use SAM, but we will also 
explore alternative classification algorithms.   
 
CONCLUSION 
 
5. Hypothesis and Conclusions. 
 The improved system will be returned to the Stillwater mine during the next 
quarter and tested. If the system accurately classifies pathfinder sulfides with minimal 
errors of commission or omission, results from the measurements will be correlated with 
fire assays on the scanned core. Additionally, the data will be used to develop more 
robust classification procedures.  
 The current system provides significantly improved classification as compared to 
before the improvements made during this quarter. Perhaps more importantly, a 
benchmark has been established from which new algorithms can be compared.  


