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Abstract. Since the 1800’s, Fusarium Head Blight has deleteriously affected the yield and quality of
small grain cereal crops such as wheat. This fungal disease is also a health concern due to the
frequent production of the secondary metabolite, deoxynivalenol (DON), which is moderately toxic to
humans and non-ruminant animals. Our study is a progress report on the effort to develop more
efficient methods for separating Fusarium-damaged kernels from sound wheat kernels. Through the
development of a high-powered pulsed LED system, we have demonstrated that Fusarium-damaged
and sound individual wheat kernels can be correctly categorized at up to 91% average accuracy. The
system is bichromatic in the sense that green and red LEDs are pulsed in sequence, which is similar
to our recent work in the past year. In this study, however, the system illumination, signal acquisition,
and analysis modules were integrated and improved. Two parameters (slope and r®) from a
regression analysis of the green response onto the red response were used as input parameters in a
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linear discriminant analysis (LDA). In agreement with our previous work, slope was the predominant
classifier; so much so that it was used exclusively after preliminary analyses. The factors that affect
the level of accuracy are the orientation of the optical probe with respect to the LED illumination
source that strikes the free-falling kernel, and the color contrast of the two categories, which is
observed to vary from sample to sample. Our previous research has shown that commercial high-
speed optical sorters are, on average, 50 percent efficient at removing mold-damaged kernels;
however, under more carefully controlled, kernel-at-rest, conditions in the laboratory, this efficiency
can rise to 95 percent or better. Our present research on free-falling kernels is producing accuracies
that are beginning to approach those of the controlled conditions. Knowledge gained from this
research will provide design criteria for improvement of high-speed optical sorters for reduction of
DON in raw cereal commodities, as well as in finished food products.
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Introduction

Fusarium Head Blight (FHB) has been observed in temperate cereal-producing regions
worldwide for more than one hundred years (Stack, 2003), with its prevalence on the rise in
recent years. Outbreaks in North America have included those in the early 1980’s, the early and
mid 1990’s, such as in the Midwest in 1996 (Hart, 1998), and lately, the 2003 and 2004 seasons
in the soft red winter wheat growing regions of the eastern United States. The mycotoxin,
deoxynivalenol (DON), also called vomitoxin, is often produced by this mold, and causes health
problems not only to the livestock but also to humans. The regulation of DON in the United
States is codified by the Food and Drug Administration’s advisory levels (U.S. FDA, 1993),
ranging from 1 mg/kg (human consumption), through 5mg/kg (non-ruminant animals), up to 10
mg/kg (ruminating beef and chicken) for different product types. Outside the United States,
many countries have their similar or more stringent regulations (FAO, 2004), with the European
Union setting the human food limit at 0.5 mg/kg for finished products and 0.75 mg/kg for flour
(Codex, 2003). Aspects of food safety related to DON and tricothecenes in general are reviewed
in Dexter and Nowicki (2003). At present, reduction of DON is reliant on methods for removal of
kernels afflicted with the fungal disease, and relying upon the positive, albeit imperfect,
correlation between the physical damage caused by the disease and the mycotoxin level (Paul
et al., 2005).

In recent years, research has been conducted on Fusarium-damaged kernel (FDK) detection
based on optical techniques. Two broad categories of optical methods have been explored:
digital image analysis and near-infrared spectroscopy. In image studies, the kernel morphology
and color characteristics were the primary features used to distinguish damaged from normal
kernels (Luo et al., 1999; Ruan et al., 1998). Symptoms of a white or pinkish color and shriveled
kernels were caused by the Fusarium damage (Atanasoff, 1920). NIR spectroscopic
measurement of DON was initially addressed by Dowell et al. (1999) In NIR spectroscopy
studies, Delwiche and colleagues (2003,2004,2005a) have demonstrated identification of FDK
in hard red winter wheat with 95 percent accuracy using two wavelengths, one in the visible
region (410-865 nm) and the other in the near-IR region (1032-1674 nm). The overall accuracy
is nearly as high when two wavelengths are selected from just the visible region.

However, the spectrometer studies were conducted under well-controlled laboratory conditions
involving diode array spectrometers and with each kernel at rest. Some recent studies have
looked at the potential of high-speed sorting of wheat for intrinsic properties (Paskitan et al.,
2003, 2004) or disease (Dowell et al., 2002). An attempt to utilize an equivalent pair of
wavelengths in high-speed commercial sorting resulted in an effective reduction of Fusarium-
damaged kernel removal efficiency to approximately 50% of the infected kernels (Delwiche et al.
2005b). As a result of this diminished performance, our recent studies have concentrated on
alternative methods for lighting and data collection of free-falling kernels as a possible precursor
to an eventual redesign of the optics for high-speed sorting. Based on a design that uses two
high-power pulsed LEDs (red and green) as illumination sources, classification accuracy for
free-falling Fusarium-damaged kernels has risen to approximately 72 percent, which is better
than what was observed for commercial sorting, but shy of the accuracy experienced under
controlled laboratory conditions. This has led to redesign considerations for hardware,
particularly probe placement, and data analysis.

The objective of the present research is to examine the improvement to Fusarium-damaged
kernel recognition under free-falling conditions that arise a) from changes to the orientation of
the fiber probe that receives reflected light from the kernel and b) from a modification in the
analytical procedure for relating the paired LED responses to one another, which are inherently



one-half cycle out of phase. Addressing the first change, probe angle is varied from 0° (the
original setting) to 45°; addressing the second, LED pairing during the analysis is changed from
a green-after-red (staggered) pairing to an adjusted time equivalent basis through interpolation
of the green LED response to the same time interval as the red LED response.

Materials and Methods

Wheat Kernel Preparation

Wheat samples originated from a soft red winter wheat breeder’s trial set that consisted of
Fusarium-inoculated commercial releases or advanced breeders lines, as described in Delwiche
(2008). From a pool of 20 retained samples held over from an author’s (srd) previous study, 5
samples were selected for the current study. The selection process was based on visual
examination of the Fusarium-damaged kernels in comparison to the healthy, normal kernels
within the same sample, and making a judgment as to whether the color contrast was high,
moderate, or low. From the original pool, two high-contrast, two moderate-contrast, and one
low-contrast samples were selected (Fig. 1) for optical tests. For each selection, kernels were
drawn at random until equal numbers of 24 normal and 24 Fusarium-damaged kernels were
obtained. These ‘test’ kernels were stored in the wells of immunoassay trays until the time of
optical examination. Shown in Figure 1 are representative kernels for each condition (normal,
Fusarium-damaged) from each sample, with each kernel displayed in crease down and crease
up positions. It is important to realize that a significant challenge for a free-falling optical system
is the need to accommodate for the randomness in orientation of the kernel about its long axis,
with respect to a viewing probe.
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Figure 1 Example of wheat kernel samples for the contrast sets.

Experimental Apparatus and Design

The sketch of the apparatus for real-time inspection of free-falling wheat kernel inspection
system (FFWKIS) is shown in Figure 2. This device consists of a stainless steel tube (914 mm
length x 6.3 mm inside diameter (ID)) inclined at a 70 degree angle with respect to the
horizontal. The inclination angle of the tube is slightly greater than that of commercial sorters
with an open channel, in order to provide a greater gravitation force on the kernel to overcome
the friction of the kernel with the tube’s interior wall. The lower end of the tube terminates within
a plastic slotted open-faced electronics assembly box (76 mm x 67 mm x 35 mm) leading to an
open-environment inspection region (Fig. 3 left column photos). The box, which is cut away on
one end, serves two purposes: as a housing for control electronics and LEDs, and as a guide
for receiving the terminal end of the feed tube. Two high-power LEDs [Luxeon | Emitters LXHL-
PMOL1 (green) and LXHL-PDOL1 (red), Phillips Lumileds Lighting Company, San Jose, Calif.] are
epoxy-mounted, red-above-green with a center-to-center distance of 16 mm, on a machined
Bakelite card that is inserted into one of the box’s slots. A small stub of 1/2 inch (OD, outside
diameter) stainless steel tubing receives the kernel after it falls past the inspection position. A
distance of approximately 30 mm, as measured along a straight line path between the feed and
receiver tubes, forms the region for kernel illumination and reflectance capture by an optical
fiber bundle.
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Figure 2 Schematic of the Free-Falling Wheat Kernel Inspection System (FFWKIS) apparatus.

The terminal end of the multi-fiber bundle has an internal diameter of 5 mm and is oriented in
one of four angular positions (0°, 15°, 30°, and 45°) with respect to the mounting surface of the
two illumination LEDs. The fixture holding the end of the bundle can be adjusted for different



angles. The opposite end of the multi-fiber bundle is connected by SMA connector to a silicon
detector/amplifier assembly (Hamamatsu, Model C6386-01). The analog signal from this
amplifier is digitized and stored by the inspection system with the use of a data grabber (NI-
DAQmx PCI-6251, National Instruments), connector (NI SCC-68, National Instruments), and
cable (SHC 68-68-EPM) (Fig.2).

The inspection system originally employed LED illumination of the kernel perpendicular to the
angle of reflectance measurement by the optical fiber bundle (i.e., the 0° position). For the
purpose of enhancing the accuracy of the system, kernel inspection was conducted using the
three additional angles of the optical fiber bundle (Figure 3), beyond the original 0° position.
From the top view in Figure 4, it can be seen that changing the angle of the optical fiber can
theoretically provide stronger surface reflectance signal intensity.

The side view in Figure 5 shows that the direction of the free-falling kernel primarily along the
common centerlines of the feed and receiving tubes, such that the light from the red and green
LEDs overlapped mostly on one side of the kernel.
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Figure 3 Top view of wheat kernel illumination and spectral measurement in the FFWKIS.
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Figure 4 Comparison of equidistant spectral measurements acquired at the four angles.
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Figure 5 Side view of the wheat kernel illumination in the FFWKIS.



Operation

A 25-ms data collection period with 2 KHz LED alternating frequency is used for the inspection
of each kernel. Each of two high power LEDs is turned on for one half cycle, with the red and
green LEDs alternating in sequence. The illumination time for an LED, which is also its rest
time in the next half cycle, is 0.25 ms. In comparison with the previous studies, the 8 KHz
sampling frequency decreased the scans per half cycle to 2 (Fig.6), from the 10 scans per half
cycle used in the previous studies. A free-falling wheat kernel inspection system software
program (Fig.7) was written using LabVIEW 8.2 (National Instruments, Austin, TX). This single
program is used to control the pulsing of the LEDs, as well as to capture the detector signal in
synchronization with the LEDs. Signal acquisition is triggered by a 20 mV window trigger with
40 pre-trigger data points. An algorithm was developed to determine the full width at half
maximum (FWHM) of the time domain response of reflected light from each of the two LEDs, as
the kernel traverses the path of the probe’s field of view. The purpose of this algorithm is to
establish the baseline signal of the response detector. With baselines established, the green
LED’s time domain response is approximated by a cubic spline interpolation function,
whereupon a pair of reading values is estimated for the green LED at the same time instances
as the two red LED response in the preceding half-cycle. This procedure is a departure from our
previous study (Delwiche, 2008), in which the green half cycle was directly paired with the
preceding red half cycle, without interpolation to a common time instant.
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Figure 6 The half cycles of the green and red LEDs are presented. The yellow dots represent
the sampling performed by the data acquisition card.

Green LED

Free-Falling Mold-Damaged Wheat Kernels Inspection System (Version S-Fin-IC-2.1) |

Yoltage Plot| Wheat Kernels Reflectance Signal Valtage: Voltage Plot| ‘heat Kernels Reflectance Signal Yoltage (Raw Data)
Channel Parameters
taskichannels in Kernel Mumbers RedGreenThreshold
% woltage_8KHz_IC =l .) 1 ) 1
Samples per Channel  Pre-Trigger Samples
Jzo0 Red50Max
45.1236
=
Digital nes Counter = Green50Mazx
%oevijport =] EBoevijern | g 10,737
Counter Internal Ouput ﬁ
1 =
G o=vijrrnz [v| | LEDSTER = RedFWHMLeftSidevalue
i
Duty Cycle (%) Frequency (Hz) g 16,9391
#.’ = — RedFWHMRightSideValue
1 2550 75 99 100.0 1000.0 2000.0 217716
5o Jz000
GreenFWHMLeftSidevalue
Wheat Kernel Grabbing Mode Switch 340819
d
iz ) () 0 199 GreenFWHMRightSideValue
Samples Number in 10 ms (1ms/40) Samples Number in 10 ms (1ms/40) 501901
Escape/Save [~ ®1Kernel ion | Kernel Counting Red50BaselineAverage
e Red and Green valles regression RsQ
£ (PressDelete) 30+, I Cycle Count Currentiemd count -2.98655
[ ] ) | = 4 8 GreenS0BaselineAverage
g Deletion RS
Ssavesample [ & 4
s (PressEnter) Ploase Releass N@Xt korme! Vokags Fre: 8kHz Raw Data FRWge |
Pairtlumbers
" - li
C) IT Red Ball Red LED (8KHz After shifting)
Green LED (8KHz After Shifting) [Egge)




Figure 7 The software interface of the Free-Falling Wheat Kernel Inspection System.

Data Analysis

The speed of the falling kernel was greatly influenced by the interaction of the kernel with the
tube wall, such that some kernel traces demonstrated that the kernel was in the probe’s field of
view for a small portion of the 25-ms data collection window, while other kernels used nearly the
entire window. The collection of off-baseline (> 1.5 mv) response pairs of red vs. green
reflectance signals for each kernel was the basis for development of classifying the kernel into
the normal or scab-damaged category. From this set of paired responses for each kernel, the
green light responses were linearly regressed onto the red light responses. The data reduction
procedure was performed within LabVIEW immediately after data collection. The results of the
regression, particularly the slope and coefficient of determination as well as the paired response
readings, were stored to an external file for cluster analysis at a later time.

Only non-baseline values for red- and interpolated green-LED responses were used in
regression analysis, according to the following procedure. The peak distance (peak — baseline)
was separately determined for the left and right sides of the waveform. Left and right vertical
distances, rather than just one distance calculation, were determined for the purpose of
accounting for the occasional incidence of a slanted baseline. For each vertical distance, a
horizontal distance (i.e., along the time axis) was determined that corresponded to the half-
maximum point (HWHM_ and HWHMg). Based on trial and error, a horizontal cutoff distance of
2.2 x HWHM was established for left and right sides. Readings lying outside of the left and right
cutoffs were excluded from regression analysis, as were points lying within the central
acceptance region but less than 1.5 mV in magnitude. This procedure was implemented to
enhance the reliability of the regression analysis of the waveform readings.

From our earlier study (Delwiche, 2008), two results from the regression analysis — the slope of
the line of best fit and the coefficient of determination (r?) — were examined as input parameters
in a linear discriminant analysis (LDA) model (Fig.8) for correlating the relationship between the
two visible wavelength (red and green) reflectances to the color variation between the normal
and Fusarium-damaged kernel. The coefficient of determination, in contrast, was postulated to
be sensitive to surface textural differences between kernel classes. Given these hypotheses,
one would expect that the coefficient of determination would have a greater role in classification
of normal vs. Fusarium-damaged wheat, compared to red vs. white wheat. Classification
accuracy was reported as the percentages of kernels in each category correctly classified,
based on a leave-one-out cross validation. Data reduction and classification analyses were
performed in the SAS (Version 9.1) environment, using the procedure, ‘Discrim’, for the LDA
(SAS, 2004). Based on the results of the earlier study, it was found that slope was the
predominant classifier, with the coefficient of determination adding only a marginal improvement.
Therefore, in the present study, only slope was used in the cluster analysis.

Two clustering procedures were used. The first procedure involved the systematic trial of a
value for a slope threshold, choosing a value between 0 and 1 in increments of 0.001, then
determining the number of normal and Fusarium-damaged kernels lying on opposite sides of
the threshold. From this stepwise search, the optimal threshold was determined for each
sample of 24 normal and 24 Fusarium-damaged kernels. The second procedure was similar to
our earlier study involving linear discriminant analysis, this time with resubstitution only (i.e., no
cross-validation because of similarity of findings — see Results section). The slope threshold
procedure serves as an upper bound to the accuracies that can be obtained from the LDA
procedure. Programming of the first procedure was performed in MATLAB 6.5 (The Mathworks,



Inc., Natick, MA); the second procedure was performed in SAS. The results from the regression
analysis were also analyzed using MATLAB 6.5 to calculate the optimal threshold of the slope
without the coefficient of determination (r?). Analyses of variance were performed on both
procedures, in which the total percent correct was tested with probe angle as the main factor
and contrast group as a blocking factor. Comparisons of means were performed using
Duncan’s multiple range test.
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Figure 8 The concept of linear discriminant analysis for separating normal and Fusarium-
damaged kernels.

Results and Discussion

Signal Acquisition

Figure 9 shows an example of all the kernel responses for one of the trays in the high-contrast
set, inspected at the 45° measurement angle, and subsequently displayed in the MATLAB 6.5
environment. The odd-numbered samples are the normal kernels, and the even-numbered
samples are the Fusarium-damaged kernels. Generally, the traces of the normal kernels tend
to demonstrate a narrower and higher Gaussian-shaped time response compared to the
Fusarium-damaged kernels, which produced the lower and wider responses. The narrower
waveform is indicative of a higher speed during freefall caused by the greater mass of normal
kernels which results in a smaller influence of air resistance. Because the kernel is inspected in
free-fall, having first tumbled through the feed tube, it is not possible to precisely align the kernel
about its long axis. Therefore, it is advantageous for robust classification algorithms to be
uninfluenced by the rotational position of the kernel.
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Figure 9 The reflectance response curves of 48 kernels in one tray. The curves of the kernels in
high contrast set 1, inspected with a 45-degree optic fiber angle, are shown as an
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Figure 10 Close-up plot of the red reflectance measurements and the spline interpolation of the
green reflectance measurements for kernel number 33 in high contrast set 1.
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The reflectance curves of a typical kernel after green response interpolation is shown in Figure
10. Recall that there were two readings for each half cycle. Prior to the interpolation, the full-
width at half maximum (FWHM) definition was applied to both LED responses, for the purpose
of establishing a baseline. Having defined the FWHM of each LED’s waveform, readings at
more than 2.2 times the half width from the center line (typically < 1.5 mV), as well as central
region readings < 1.5 mV, were discarded from the regression analysis. The algorithm of
FWHM was developed to avoid the effect of a sloping baseline.

Angle and Analysis Methods

The schematic of Figure 4 shows the areas of the kernel covered by the four different probe
angles. The intensity of the reflected energy from the kernel was greatly affected by the probe
angle. Whereas the peak response of the red LED was typically 50 to 100 mV when the probe
angle was 0°, this value rose to approximately 250 mV at the 45° angle. The green LED
response, always smaller than the red LED response, also increased as the angle moved from
0° to 45°.

According to the aerodynamic property of the free-falling kernel and the random interaction of
the kernel and feed tube wall, the kernel can easily be affected by the frictional forces within the
tube. The kernel falls in varying direction, albeit confined within the narrow tube, such that its
exit speed and rotational position are also variable. Therefore, the r? value is variable in both
Fusarium-damaged and normal situations. Preliminary LDA trials (not shown) that utilized both
slope and r? as classification parameters failed to demonstrate the added benefit of the latter
parameter. Thus, we surmise that the effect of the randomness of kernel orientation on
reflected energy was sufficiently large to overshadow any effect that might have been attributed
to surface texture differences between normal and Fusarium-damaged kernels. For this reason,
only the slope was used in the cluster analysis.

Using the slope parameter in LDA, the classification results, as defined by resubstitution of each
sample’s reading into the LDA model, are shown in Table 1. The best total result was 91.67%,
for the 2H set under the 45° condition, with 21 of 24 and 23 of 24 Fusarium-damaged and
normal kernels correctly classified, respectively. The corresponding cross-validation (based on a
one-kernel-out per rotation cycle design) accuracies for this set were the same as the
resubstitution accuracies, which was also true for 17 of the 19 other set x angle conditions.
Because of the similarity in resubstitution and cross-validation accuracies, the latter values are
hereafter not reported. Using another set (1H x 45°) as an example, a plot of slope vs. r? for the
24 Fusarium-damaged and 24 normal kernels of this sample is shown in Figure 11, in which 24
and 20 correct classifications were respectively realized, yielding a total accuracy of 91.67%.
The corresponding total accuracy for the LDA was 87.50%. The results of the optimal slope
threshold calculation for all sets are shown in Table 2, which is arranged in the same manner as
the LDA results of Table 1.

Both Table 1 (LDA results) and Table 2 (thresholding) show the effect of probe angle on the
classification accuracy. For either procedure, the 45° probe angle was significantly different (P
= 0.05) than the 0° angle, with 15° and 30° angle accuracies lying between the two extremes.
This finding is indicative of the benefit of positioning the probe at an oblique angle with respect
to the illumination path, as opposed to the 0° angle used in our previous free-falling studies.
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Table 1 Results of Linear Discriminant Analysis (LDA) for all measurement angles and contrast
sets. Nonsignificant differences among the average values for the total percent correct at the
four angles are indicated by common letter (P = 0.05) in the rightmost column.

Correctly Identified ~ Correctly Identified

Contrast Total Correct

Angle Level Scab Normal
Out of 24 (%) Out of 24 (%) Out of 48 (%)
1H 19 7917 18 7500 37  77.08
1L 16 6667 16 6667 32  66.67
0 ™ 15 6250 16 6667 31  64.58 a
2H 17 7083 19 7917 36  75.00
2M 18 7500 19 7917 37  77.08
1H 20 8333 20 8333 40 8333
1L 15 6250 18 7500 33  68.75 ab
15 M 19 7917 24 10000 43 8958
2H 18 7500 20 8333 38  79.17
2M 18 7500 21 8750 39 8125
1H 20 8333 21 8750 41 8542
1L 17 7083 20 8333 37  77.08
30 M 16 6667 18 7500 34  70.83 ab
2H 19 7917 22 9167 41 8542
2M 17 7083 17 7083 34  70.83
1H 20 8333 22 9167 42  87.50
1L 18 7500 22 9167 40  83.33
45 M 19 7917 19 7917 38 7917 b
2H 21 8750 23 9583 44 9167
2M 21 8750 20 8383 41 8542
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Figure 11 The optimal threshold for separating the normal and Fusarium-damaged kernels for
one tray (high contrast set 1) at a 45° fiber probe angle.

Table 2 Results of the optimal threshold method for all measurement angles and contrast sets.
Nonsignificant differences among the average values for the total percent correct at the four
angles are indicated by common letter (P = 0.05) in the rightmost column.

Correctly Identified Correctly Identified

Slope Scab Normal
Threshold

Total Correct
Angle Contrast Level

Out of 24 (%) Out of 24 (%) Out of 48 (%)

1H 0249 20 8333 18 7500 38  79.17
1L 0305 13 5417 21 8750 34  70.83
0 M 0262 16 6667 15 6250 31 6458
2H 0260 17 7083 20 8333 37 7708 2
2M 0260 18 7500 19 7917 37  77.08
1H 0271 21 8750 20 8333 41 8542
1L 0303 14 5833 21 8750 35  72.92
15 M 0267 19 7917 24 10000 43 8958 @b
2H 0264 21 8750 20 8333 41 8542
2M 0257 23 958 19 7917 42 8750
1H 0250 20 8333 21 8750 41 8542
1L 0233 22 9167 18 7500 40 8333
30 M 0250 17 7083 18 7500 35 7292  bc
2H 0246 19 7917 23 9583 42  87.50
2M 0263 17 7083 18 7500 35 7292
1H 0220 24 10000 20 8333 44 9167
1L 0240 20 8333 22 9167 42 8750
45 M 0242 21 8750 18 7500 39 8125
2H 0223 23 9583 22 9167 45  93.75
2M 0246 20 8333 22 9167 42 8750

Contrast of Kernels

The contrast levels of the different kernel sets were selected by visual observation, with the
visible subjective criteria and without specialized scientific experience. Basically, the
determination of the contrast sets depended on the contrast of kernel color as recognizable by
the human eye. The middle contrast sets had fewer highly noticeable damaged kernels and the
lower contrast set had only subtle visual differences between normal and Fusarium-damaged
kernels. There were no apparent differences in overall kernel size (i.e., length and width) among
the five samples. When averaged across angular position, the two high contrast sets produced
higher accuracies than the other sets. The accuracies of both high contrast sets were able to
reach over 90% in different analysis methods. For the effect of angle and the contrast, the
results of 15 and 30 degree are variable with middle contrast sets (Fig.12).
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Figure 12 Kernels correctly classified using the optimal threshold determined for each angle and
contrast sets.
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Figure 13 Comparison of the method of LED response pairing in linear discriminant analysis
using the green-onto-red slope as the classification parameter, at the 45° probe
position. The two methods refer to the manner in which the green response is paired
with the red response (stagger = green half-cycle response paired to preceding red
half-cycle, spline interpolation of green = green responses adjusted by spline
interpolation to time instances of red responses).

14



Method of Pairing LED Responses

The two methods (staggered and interpolated) of pairing the LED response readings, used to
determine the slope of the relationship between the two LEDs, are compared for the probe
angle position of 45° in Figure 13. The total percent correctly classified kernels from the
resubstitution of the LDA function for each method are plotted for each contrast set. In four of
the five sets, the spline interpolated method was superior to the staggered method. In the fifth
set (moderate contrast), the classification rate was equal between the two methods. For the
three other probe angle positions (not shown), the spline interpolation method was superior in
all contrast sets.

90.00

85.00

80.00

75.00

Kernel Correctly Identified (%)

70.00

65.00

Angle Sets

Figure 14 Percentage of kernels correctly identified at each measurement angle (analyzed by
the optimal slope threshold method).

Discussion

Previous studies reported that color, rather than texture, as sensed by the free-falling kernel
apparatus, was the dominant classifier. This finding was reaffirmed in the present analysis, as
the coefficient of determination offered no significant contribution as a classifier. The two new
findings of this study are both encouraging from the standpoint of improving the accuracy of
recognition of Fusarium-damaged kernels in free-fall. The first finding is that placement of the
probe at an obliqgue angle, such as 45°, enhances the reflected energy signal of both red and
green LEDs, but more importantly, it also improves the overall accuracy, from 77% to 91% (Fig.
14). When the system was initially designed, the placement of the probe at the 0° position was
made for the purpose of reducing the relative contribution of surface reflectance compared to
diffuse reflectance. Contrary to this original thought that the diffuse component would be more
useful in separating normal and damaged kernels, it appears that the opposite idea is true — that

surface color, rather than any underlying property, is the best parameter for identifying
Fusarium-damaged kernels.

The second finding is that it is advantageous to adjust one of the LED responses (green was
selected for this study) to the same time window as the other LED. A two-LED-one-detector
system requires that the raw signal responses to be one-half cycle out of phase. The earlier
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assumption that a 0.25-ms phase imbalance would be inconsequential to the classification
models has been shown to be untrue. Instead, the interpolation scheme, either by cubic spline
function (reported herein) or a simple linear interpolation (also tested but not reported), is
beneficial to improving classification. This is because the regression analysis that relates the
two LED responses is more accurately representing the responses to a common time basis,
which was found to be critical in the use of slope as a classification parameter.

Lastly, while the bulk of this study concentrated on the clustering of kernel responses one
sample at a time, we also explored the effect of angle when the kernels from all five samples
are pooled together (Fig. 15). Again, the benefit of the oblique probe angle is apparent, with the
45° angle demonstrating an optimal slope threshold level that correctly categorizes 85.4% of the
kernels (Table 3), as compared with a low of 72.1% accuracy for the 0°setting.
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04 T T T T T 0.4 T T T T T
Normal Kemels 2 5 . Normal Kemels
% Soabby Kemels Hx x x  Soabby Kemels * [ % .
b
035 N Es N Lo 0ss| . S . = «
M * = ® oy B o w0 % o % *
& Ko O G omT 7 L . ;
& *
0.3 . ”; % 03 ot K e
M x * s *x e x
* N * = i
2 025 x 2 025 5
] [ o
[} % ® [ ¢
% w H
& b
0.2 02 =
Optimal Sope Thresholdalue Red)=0:27 1" Optimal Slope Threshold valueRed)=0 266
e
015 Best Corect Percentage=r2.0833 015 Best Gorrect Percentage=82 0333
0.1 L s s L L 01
04 0.6 0.6 07 os 0.9 1 04 0.5 06 o7 0.8 08 1
RS0 RSQ
Data with Gireen Spline Interpolation onto Red (30Degree) 24 Data with Green Spline Interpolation onto Red (48Degree)
o4 T T T T T T T T T T
Mormal Kermels Morrmal Kernels
= Scabby Kemels w = Scabby Kemels
0351 - 03561
®
x % x % x
o g?”i{ . )
03 * = 03 X
5 a&;‘ A ¥
3 g # ot
o 3 SR o k& X
9025 5028 x % féxX J
@ 2 o [l T
e Sy ® * Pt
3 i
0.2 0.2 s
Optimal Slope Threshold valueRed)=0.251 Optimal Slope Threshold valueRed)=0.238
015 Best Correct Perentage=783333 a0 Bast Correct Percentage=86.4167
01 . n n . . 01
0.4 0.8 06 0.7 og 0.8 1 0.4 0.5 0.6 0.7 og 0.e 1
F\EG RS0

Figure 15 The RSQ and slope distribution for kernel samples of all contrast sets combined, and
the optimal threshold for the combined set, for measurement angle of (A) O degree,
(B) 15 degree, (C) 30 degree, (D) 45 degree.

Table 3 Results of optimal slope threshold method for the four measurement angles.

Correctly Identified Correctly Identified Total Correct

Angle Contrast Level Th?olszzild Scab Normal
Outof120 (%) Outof120 (%)  Outof240 (%)
0 0.271 82 68.33 91 75.83 173 72.08
15 Optimal 0.266 103 85.83 94 78.33 197  82.08
30 Threshold 251 92 76.67 96 80.00 188  78.33
45 0.236 104 8667 101  84.17 205  85.42
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Conclusion

The accuracy of the free-falling wheat kernel inspection system was enhanced by modifying the
optical structure and the data analysis method. The angular position of the optical fiber with
respect to the free-falling kernel and LED light source was madified to allow for acquisition of
more reflected energy from the kernel. Of the three new angles examined (15°, 30°, and 45°),
the best result was obtained at 45 degrees. The spline interpolation was also used to calculate
the simultaneous time axis data of red and green reflectance instead of a staggered calculation.
The slope of the red and green regression function continued to be of greater utility as a
classification parameter than the coefficient of determination. The best discrimination result of
any single tray was 93.75%, and the best discriminant result of all trays combined was 85.42%.
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