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ABSTRACT

Mueller Matrix imaging polarimetric technique was used to
understand the polarization property of coffee sample, a complete
Mueller polarimeter of coffee sample is obtained using the
in optical
characterization and discrimination of coffee sample with a

technique. The potential application of this

reference to the elemental composition of sample is described.

A highly collimated monochromatic and polarized beam with
predefined states of polarization from a source was incident on
surface of coffee powder sample, from the reflected beam using
appropriate optics and states of polarization, the variation of
polarization in the sample was recorded as image and translated
Image processing algorithms are
established for obtaining 16 elemental Mueller Matrix images that
are verified theoretically to meet the conditions of a complete
polarimeter. The obtained images were processed using polar
decomposition technique to determine the normalized elemental
Mueller Matrix which was further used to understand the
Depolarization, Diattenuation and Retardance coefficients in the

into a signature matrix.

sample.
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INTRODUCTION

Mueller Matrix imaging polarimetry is a widely used
technique for polarization measurement, in these linear
variations between polarization states of incident and

excited beams from a sample are obtained [1-7].

The optical polarization effects

coffee sample

The basic constraint for a Mueller matrix to be
physically realizable is that the incident Stokes vector is
physically realizable from the resultant Stokes vector

through the Mueller matrix.

THEORY

The polarization state of light is characterized by stokes

parameters represented as

signature,

simultaneously
occurring in the sample are studied with respect to the 49
captured images with predefined polarization states and then
reduced to 16 element Mueller matrix images as described
in the works of some researchers [8-14]. These images are
processed pixel by pixel and are then normalized to first
element to get a signature matrix. The polarization change
in the sample is understood in terms of the values and
images obtained from the signature matrix, that are further
processed to understand the characteristic change in the
image and are attributed to the variation in properties of
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A light beam represented by this Stokes vector when
undergoes a transformation
represented by a 4 X 4 matrix called the Mueller Matrix and

incident on the sample,

the transformed Stokes vector is written as

S'=MxS (2)
Sl; mll m12 m13 m14 S0
Sly — m21 m22 m23 m24 Sl (3)
SZ' m31 m32 m33 m34 SZ
83' m, my, m43 my, 53
So
Where | s/
S;
S;

is the stoke vector of transmitted/reflected/ scattered light.

m11 m12 m13 m14

m, m, m, m, |istheMueller matrix and
m31 m32 m33 m34

m, my, mg; m,

SO

S1 | is the stoke vector of incident light.

SZ

S

This S' matrix gives measurable polarization information of

the output light beam.

The Mueller matrix M can be also written as

ST
M:mn[i DJ @

P m
— 1

Where D:_(mlz my, ml4)T&
1
= 1

Pz—(le my, m41)

1

are called as Diattenuation and Polarizance vector

respectively and ‘m’ is a 3 X 3 matrix [4].
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Diattenuation characterizes the intensity transmittances
of the incident polarization states.

All Mueller matrices may not be physically realizable.
The basic constraint for a Mueller matrix™ to be physically
realizable is that,

3
T\ 2 2
(MMT) =3 m;? <4m, 5)
i,j=0
This imposes a condition that the Degree of Polarization
is less than or equal to one, i.e.,

(s1°+52°+53)
SO
In our earlier works [13-14] we have proved that we get
a recognizable Mueller matrix for these coffee samples.
Retardance is a property that indicates the phase change

and has constant intensity transmittance for any incident
polarization state.

P= <1 (6)

Il. EXPERIMENTAL PROCEDURE

Coffee samples were illuminated with a beam of light
through a Polarization state Generator and with predefined
polarization state. The collection optics is kept at 45° from
the input beam direction throughout the experiment. As
shown in Figure 1.

Generator

Figure 1: Experimetnal setup.

The coffee samples considered here are collected from
different regions of Ethiopia as shown in Figure2.

Grown on the rolling hills of southwestern Ethiopia, the
Arabica type Yirgacheffe gourmet coffee is hand-sorted and
harvested. Each batch is wet processed to improve the
acidity and enhance its clean floral notes. Full bodied with
mild earthly flavor, the coffee is roasted medium-light, it
produces a unique fragrance and a lingering intensified
finish. It boasts a sweet, rich and smooth flavor.

Figure 2: Coffee Sample Collected

The samples is powdered and sewed to obtain a uniform
granular size and is ready for experimentation as shown in
Figure 3.

Figure 3: Roasted and powdered coffee

49 intensity images with various orientations of
Polarizer and Analyzer are necessary to obtain the 16
elements of Mueller matrix images. The 49 intensity images
obtained are named as follows

loo IOH Iov IOP IOM IOR IOL

IHO IHH IHV IHP IHM IHR IHL

IVO IVH IVV IVP IVM IVR IVL

IPO IPH IPV IPP IPM IPR IPL

IMO IMH IMV IMP IMM IMR IML

IRO IRH IRV IRP IRM IRR IRL

ILO ILn v Ip Iim IR I

IOO IOH IOV IOP IOM IOR IOL
where, the first subscript indicates input state, and the
second subscript the output state.

After acquiring 49 intensity images the 16 elemental
Mueller Matrix is obtained from the following relations

M= loo; M1o= lho-lvo
M13= lpo-Imo; M1a= lo-lro
Ma1=lon-lov; M=l +hw) — (vl vi)
Mys=(lpr +Iwv) ) — (v +l ),
Ma4= (Iry +1m) — (Irut1 Lv)
Ma1=lop - lom
Mao=(lre +lum) - (Iam +1ve); Maz=(lpp +lvm)- (lpm
+lwp)
Mza=(lrm +lip) - (Irp +1im); Mar= lor- lor
M=l +1vgr) - (hr Hv); Mag=(lp +1ur) - (Ier
+lwy)
Mys=(lrr +I1) - (Ire +1R)

The 16 element Mueller Matrix image obtained for one
coffee sample are as shown here in Figure 4. For the other
coffee sample the images obtained similarly.

The acquired intensity images are processed using polar
decomposition technique using scripts in MATLAB
platform to acquire intensity component [13]. This Mueller
Matrix obtained is normalized to the first element of the
matrix to isolate the intensity dependent effects in the image
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Figure 4: Mueller Matrix images of Yirgacheffe region
coffee

and also simplifies the analysis. The measured Mueller
Matrix is shown in Table 1 and Table 2 for sample 1 and
sample 2 respectively.

Table 1: Mueller matrix values of coffee samplel

(Myy) (My2) (My3) (Mys)
1 0.0697 -0.0697 0.0235
(Mzy) (M2) (Mgz3) (Mgs)
0.4186 0.0976 -0.2558 0.0325
(May) (M3p) (M33) (M3y)
0.7209 0.5116 -0.0932 | -0.3729
(Mgy) (My2) (My3) (Mus)
0.0279 0.2760 0.0932 -0.2093

TABLE 1.

Table 2: Mueller matrix values of coffee sample2

(Myy) (My2) (My3) (My4)
1 0.0967 -0.4418 0.0162
(M21) (M) (M) (Mas)
0.1162 0.0697 0.2558 0.4651
(M3y) (M3p) (M33) (M3s)
0.3488 0.4486 -0.0930 | -0.3534
(Myy) (My2) (My3) (Myg)
0.0674 0.2930 0.1395 0.2465

I11. RESULTS

From the measured Mueller Matrix the Diattenuation,
Retardance and Depolarization images are acquired and the
mean values of Diattenuation and Depolarization for the
samples are obtained and indicated in Table3 and Table4 for
samplel and sample2 respectively.

Table I11. Mean polarization values obtained for sample 1

Coffee sample Mean values

Diattenuation 0.3580

Depolarization 0.4470
Retardance 2.1175

Table V. Mean polarization values obtained for sample 2

Coffee sample Mean values

Diattenuation 0.3821

Depolarization 0.3940
Retardance 2.0935

The 49 intensity images with various orientations of
polarizer, Analyzer and waveplates are obtained and from
them the 16 element Mueller Matrix image are obtained as
shown in Figure 4

1V. DISCUSSION

The polarization response of samples were observed
and compiled with equation5 to fulfill the constraints. The
diattenuation, depolarization, Retardance values are
obtained. The depolarization value is attributed to the
different scatterings of incident light by coffee sample, the
diattenuation variation is because of different surface texture
though same granular size is used for investigation. The
difference in Retardance value is due to discontinuity
present, this value also reflects the variation of composition
and moisture present in the sample.

V. CONCLUSION

Optical signatures of the Coffee samples, collected from
Yirgacheffe region and Dara region of Ethiopia, in the form
of a Mueller matrix were obtained and as expected they
exhibited polarization anisotropic character which is evident
from the results tabulated. The experiment results identified
various optical polarization changes and scattered intensity
distributions for both samples were helpful in distinguishing
the samples considered.
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