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Introduction
Near infrared (NIR) images of curved surfaces contain undesirable artifacts that are a consequence of the
morphology of the sample. Figure 1 shows the 800 nm image of a spherical Teflon sample generated on a
linescan hyperspectral imaging system. The left and right images are the same, except that selected pixel
intensities are set to 0 in the right image to illustrate the pattern of pixel intensities. The dark band at the
equator is a strip of black tape, added so that there would be some detail in the image. The graph on the right
shows the pixel intensity along a cross-section of the image. A variety of approaches are reported to address
the morphological-based deficiencies, including chemometric pre-treatments combined with principal
component analysis,** normalisation and averaging along vertical and horizontal intensity curves,’
ellipsoidal surface fitting and morphological shrinking.®

The objective here is to develop a software correction to remove the variation in pixel intensity based
directly on well-known physical effects involving light reflection and intensity. The ideal result would be a
uniform image (as is appropriate for a uniform sample). The three predominant principles investigated are
described below.

Theory

Diffuse internal reflection and Lambert's law

Reflections of light from surfaces generally exhibit either Lambertian reflection (diffuse internal reflection)
or specular reflection. The later describes reflection from smooth surfaces such as mirrors, glass, or water.
Most objects in nature behave primarily as Lambertian surfaces and reflect light through diffuse internal
reflection. Thus, the light reflected from Lambertian surfaces has travelled inside the sample and contains
information about the interior of the sample. In specular reflection, on the other hand, light reflects directly
off the surface of the sample, with the angle of reflection being equal to the angle of incidence. Here we
assume the sample is a Lambertian surface and derive the equations to remove the consequences of this from
the images.

1/R? pixel intensity dependence

When imaging flat samples, the difference in pathlength that the light must travel from the sample to the
detector is very small between different parts of the sample. When considerable depth is introduced, as in the
case of a spherical sample, this is no longer the case. The increased distance travelled by the light from the
edge of the sphere versus that at the centre in fact introduces a significant variation in pixel intensity. A
correction for this variation was derived and applied to the images.

Variation in arc length along the sample surface as seen by the detector
Figure 2 shows the cross-section of a slice of the sample as imaged by the linescan camera at a particular
instance. From the point of view of the camera, the surface is divided equally and each detector measures
light intensity over an equal area. Because of the curvature of the sample, however, there are different
surface areas contributing at different points along the scan line. A correction for this variation was also
derived and applied to the images.

The three corrections described above were combined and applied to the images to test the efficacy of
correcting the morphological based deficiencies.
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Figure 1. NIR image (800 nm) of spherical Teflon sample (left and centre) and plot of pixel intensity across the sample.
Selected pixel intensities are set to 0 in the center image to illustrate the pattern of pixel intensities.

;

Figure 2. As the sample travels below the camera (top), it is imaged one line at a time (bottom). The curvature of the
sample causes larger arc lengths to contribute to pixel intensities towards the edge of the sample.

Materials and Methods

Hyperspectral images from 700 to 1000 nm of a spherical Teflon sample (10 cm diameter) were generated
using a linescan hyperspectral imaging system described in previous work.” A C program was developed to
strip the bitmap headers from the images and load the intensity data into arrays for application of correction
algorithms. The camera/sample system was represented in spherical coordinates (Figure 3) with the origin at
the centre of the sample and the z axis along the direction of travel of the sample. Arrays were generated
containing the values of the angles ©, and ©, at each pixel location in the image, thus allowing derived
correction algorithms to be applied to the images. The corrections for the three effects were derived and
applied as follows.

Lambertian reflection

Lambertian surfaces reflect light with equal intensity in all directions. The value of this intensity depends on
the cosine of the angle between the unit normal vector at the point of reflection and a unit vector along the
direction from the origin to the light source. For unit vectors, the cosine of the angle equals the dot product
of the two unit vectors. Thus, the maximum intensity occurs at the point on the surface of the sample where
the normal vector is pointing directly at the light source. Figure 3 shows the vectors used to derive Equation
1 for the dot product of the two vectors over the surface of the sample. The correction, which will be a value
between zero and one for each pixel location, is divided into each intensity value to remove the effect:

Bed = ~R+P,sin@sin¢+(z'+P,)cos 0
JR?+P? —2Rp, sinOsin ¢+ (z'+P, )’ —2R(z'+P, )cosd

(1)
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Figure 3. Calculation for the intensity of Lambertian reflection over the surface of a sphere.

1/R? pixel intensity dependence
The drop in light intensity was derived as the squared distance to each point on the surface of the sample
from the imaging camera divided by the squared distance for the point at the centre of the sample (shortest
distance). Referring to Figure 3, the formula for the correction is given by

Il2 _ RZ(PS_]')Z (2)

12 P?R?-2P,RR;sing+R?"’
where R is the radius of the sphere and R; is the radius of the slice of the sphere that is being imaged. Each
pixel intensity value was divided by this value to remove the effect in the images.

Variation in arc length along the sample surface as seen by the detector
The variation in arc length was derived as a function of pixel location along the scan line (x) and the radius
of the slice of the sample below the detectors (R;). From the general equation for arc length along a curve,

= j).w/l + [, (3) the

required quantity is derived as

b
dx ., b ., a
S, =R|—==R [sm ——sin —j (@)
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The correction is not reliable for the outermost pixel because it requires the assumption that the edge of

the sample is in direct alignment with the edge of the field of view of the outermost detector, which would
rarely be the case. For this reason the behaviour at the edge of the sample is unreliable.

Results and Discussion

Figure 4 shows the corrected image of the Teflon sphere at 800 nm. Results were comparable at all
wavelengths. Also shown is the pixel intensity distribution along a horizontal slice of the image for
comparison with the original image in Figure 1. Neglecting effects at the outer edge, pixel intensity variation
was reduced from 110/255 to 18/255, or from 43% to 7%.

Certain assumptions were made in deriving the correction formulae which in reality were only
approximations and contributed to the error in the corrected images. Although the surface was primarily
Lambertian, there was some element of specular reflection as seen in the bright spot in Figure 1. The effects
of specular reflection could be removed in the software correction, through curve fitting for example, but in
some situations this could result in removing signals of defects or contaminants that may be the target of
study. However, because specular reflections occur within a plane defined by the light source, the point on
the sample, and the detector it is possible to predict where they are likely to occur. For this study no attempt
was made to remove the peak associated with the specular reflection, which remains visible in the corrected
image, although it was significantly reduced. It should be possible, in most situations, to prevent specular
reflection from occurring in the images through the use of polarising filters at the detector, which could
block the light from the specular reflection while allowing light from diffuse internal reflection to pass. Once
the specular reflection is part of the image, removing it is problematic for the reasons described above.
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Figure 4. Image of Teflon sphere (800 nm) after correction. Neglecting effects at the outer edge, pixel intensity variation
was reduced from 110/255 to 18/255.

A second assumption in the derivations was that of a single light source. While the experimental setup for
imaging did employ a single lamp, unintended ambient light and reflections from surfaces also contributed to
the intensity distribution as seen at the detector and become a source of error in the calculations. Attempting
to calculate the effect of unwanted reflections would be impractical at best and care should be taken to
eliminate ambient light and reflections in the imaging setup. Finally, calculations assume full vision of the
semi-circle as seen from detector which of course was not the case due to line of sight issues. This leads to
small errors in the corrections that result in undesirable effects which become large at pixels along the edge
of image. This effect, combined with the problem of unknown arc length at the outermost pixel along the
edge, makes the results of applying corrections along the outer edge of the image unpredictable. It would
therefore be advisable to mask the edge (set the outermost pixels to zero intensity) to avoid these issues. For
real world inspection scenarios this would not be a problem as full surface imaging of a sphere requires three
cameras and the outer pixels overlap.

The corrections derived here apply to samples of spherical morphology which apply (approximately) to
many agricultural commodities. Many other commodities, such as bananas and cucumbers, have
approximately circular cross-sections along a particular axis and the adaptation of the corrections is
straightforward.

Conclusion

NIR imaging has potential for quality based inspection of many agricultural products. However, in imaging
fruits and vegetables, the sample morphology, i.e. the sample curvature, generates undesirable characteristics
in the images that can interfere with the ability to perform the desired inspections. A software correction was
developed for images of a Teflon sphere that attempts to remove the effects of sample morphology based on
physical principles that describe the reflection and intensity of light under the conditions in question. Pixel
intensity variation along a horizontal slice of the image was reduced from 43% to 7%. The same principle
can be applied to samples with circular cross-sections along a particular axis, including many agricultural
commodities.
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