The classification of Raman patterns of inkjet printer inks: comparing visual
inspection and different variants of linear discriminant analysis methods
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M AT E R I A L S & M E T H O D S

ABSTRACT
In the context of investigating counterfeited currency, various
information is gathered from seized specimens to develop
investigative leads about printer source candidates. Micro Raman
spectroscopy is proposed as a rapid and non-destructive screening
tool to identify unknown inkjet printers utilized to produce
counterfeited banknotes. Inkjet printers generate microscopic dots
that can be detected individually using a microscope coupled to the
Raman spectrometer. In the present phase of this project, 231 Raman
spectra were collected from the three cyan, magenta and yellow dot
components of 11 inkjet printer ink samples using a near-infrared
(NIR) laser wavelength at 785nm. Spectra were first compared
visually and groupings were formed for each individual color and for
the three colors considered jointly. Visual inspections of spectra are
impractical and tedious for the intended investigative purpose and
therefore a sensible statistical classifier is sought. Three variants of
linear discriminant analysis (LDA) were applied: 1) Principal
component analysis (PCA) followed by LDA, 2) Partial least square
discriminant analysis (PLSDA) and 3) “Sparse” LDA. Although
spectral comparisons by means of visual inspections are still superior
to differentiate Raman spectra on the basis of minor peaks, “Sparse”
LDA provided the highest classification potential (i.e., highest
accuracy).
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• Cyan, magenta, and
yellow components
measured from 11
OEM samples of
common brands;
• Provided by
Counterfeit Forensic
Section of the USSS;
• Squares of ~5mm x
5mm glued on a
microscopy slide for
each color.

CHEMOMETRIC APPROACH
Spectral
pre-treatment
• Baseline vs. non-baseline
correction;
• 4 normalization methods
tested:
•
•
•
•

• Analyses carried out with a XploRA Raman microscope
(Horiba Scientific, Edison, NJ) using a NIR 785 nm laser line.
• Colored dots targeted using a 50x objective lens.
• 231 spectra collected: 7 replicates for each of the 3 dot colors
for 11 samples.

Application of
classifiers

Evaluation of
classifiers

• Variants of linear discriminant • Overall model accuracy;
analysis (LDA):
• Number of false predictions
1. PCA + LDA;
(confusion matrix);
2. PLSDA;
• Compare to visual
3. “Sparse” LDA
inspection groupings

To the same frequency (SF);
To sum unit (SU);
• 3-fold Cross Validation:
To unit length (UL);
• 2/3 data for training the model;
Standard normal variate (SNV) • 1/3 data for testing the model;
• Due to random selection of
samples the process is repeated
10 times

R E S U LT S
PERFORMANCE OF
N O R M A L I Z AT I O N
M E T H O D S F O R C YA N
SAMPLES

MAIN RESEARCH QUESTION
Do the Raman data obtained from three colored spots of inkjet
printed documents constitute a chemical signature sufficiently
discriminating to provide reliable investigative leads in a timeeffective and non-destructive manner?

MODELS OVERALL
PERFORMANCE FOR C,M,Y
AND ALL COLOR COMPONENTS
COMBINED

E X A M P L E O F C O N F U S I O N M AT R I X
A N A LY S I S
Justified
misclassifications

True
misclassifications

(i.e., in agreement with
groupings from visual
comparisons)

(i.e., in disagreement
with groupings from
visual comparisons)

Raman intensity

P07 HP Officejet 6500
P08 HP Officejet 6500
P01 Brother MFC-665CW

• Which statistical or chemometric approach offers the highest
discrimination of printed cyan, magenta, and yellow dot
components of inkjet printer inks?
• Are the selected classifiers sufficiently sensitive to differentiate
specimens of different origins based on minor peak differences, as
is the case for visual comparisons?
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Measure of performance based on the similarity in the heights of the normalized
spectra:
1) Spectra converted to a set of z-scores;
2) Z-scores summed over all wavenumber values to yield a score for each spectrum;
3) If the intensities of spectra within a sample are close to the mean, low scores are
obtained;
4) The max score of a spectrum within a sample is used.

Raman intensity

QUESTIONS OF INTEREST FOR THIS
PHASE OF THE STUDY

• Normalization of spectra needed:
• UL method selected

Poorly informative spectra (i.e., due to fluorescence)
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DISCUSSION & CONCLUSION
•
•
•
•

The “sparse” LDA classifier provided the highest classification potential for individual color components when compared to PCA-LDA and PLSDA;
The 3 methods provided equivalent accuracy when the 3 color components were combined;
The 3 methods have insufficient sensitivity to discriminate different sources that differ on the basis of only a small number of minor peaks;
Most of the observed misclassifications were “justified misclassifications” and were expected in the sense that they were in agreement with the groupings made by
visual comparisons;
• When combining all spectra the proposed classifier fails to differentiate a pair of samples (P07-P08) that could be differentiated by visual comparisons of their yellow
components.

