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Abstract. Fusarium head blight is a worldwide fungal disease of small
cereal grains such as wheat that affects the yield, quality, and safety of
food and feed products. The current study was implemented to develop
more efficient methods for optically detecting Fusarium-damaged
�scabby� kernels from normal �sound� wheat kernels. Through develop-
ment of a high-power pulsed LED �green and red� inspection system, it
was found that Fusarium-damaged and normal wheat kernels have dif-
ferent reflected energy responses. Two parameters �slope and r2� from a
regression analysis of the green and red responses were used as input
parameters in linear discriminant analysis models. The examined factors
affecting accuracy were the orientation of the optical probe, the color
contrast between normal and Fusarium-damaged kernels, and the man-
ner in which one LED’s response is time-matched to the other LED.
Whereas commercial high-speed optical sorters are, on average, 50%
efficient at removing mold-damaged kernels, this efficiency can rise to
95% or better under more carefully controlled, kernel-at-rest conditions
in the laboratory. The current research on free-falling kernels has dem-
onstrated accuracies ��90% for wheat samples of high visual contrast�
that approach those of controlled conditions, which will lead to improve-
ments in high-speed optical sorters. © 2009 Society of Photo-Optical Instrumenta-
tion Engineers. �DOI: 10.1117/1.3081092�

Subject terms: Fusarium head blight; deoxynivalenol; wheat kernel; optical
sorting; mold damage.
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Introduction

usarium head blight �FHB� has occurred in temperate
ereal-producing regions worldwide for more than one hun-
red years, with its prevalence on the rise in recent years.1

utbreaks in North America have included those in the
arly 1980s, the early and mid 1990s, such as in the Mid-
est in 1996, and recently, the 2003 and 2004 seasons in

he soft-red-winter-wheat-growing regions of the eastern
nited States.2 The mycotoxin deoxynivalenol �DON�, also

alled vomitoxin, is often produced by this mold, and
auses health problems not only in livestock but also in
umans. The regulation of DON in the United States is
odified by the Food and Drug Administration’s advisory
evels for different product types and intended recipients,
anging from 1 mg /kg �human consumption�, through

mg /kg �nonruminant animals�, and up to 10 mg /kg �ru-
inating beef and chicken�.3 Outside the United States,
any countries have similar or more stringent regulations,4

ith the European Union setting the human food limit at
.5 mg /kg for finished products and 0.75 mg /kg for flour.5

091-3286/2009/$25.00 © 2009 SPIE
ptical Engineering 023602-
Aspects of food safety related to DON and tricothecenes in
general are the subject of a recent review.6

In traditional practice, reduction of DON in grain lots is
currently performed by blending with clean grain, removal
of mold-damaged kernels by mechanical separation �spe-
cific gravity table�, or aspiration. Advancements in the de-
tector design and throughput rate of optical sorting devices,
often used on higher-valued commodities such as pista-
chios, almonds, and peanuts, have led to explorations of
their application to cereals such as wheat and barley, and
specifically whether these devices can reduce contamina-
tion levels to within national or trade guidelines. For DON,
the reduction is based on the positive, albeit imperfect, re-
lationship between the disease’s physical damage �sensitive
to optical devices� and the mycotoxin level �below the mea-
surable limit of such devices�.7

In recent years, research has been conducted on the use
of optical techniques for detection of Fusarium-damaged
kernels �FDK, also known as scab-damaged kernels�. Two
broad categories of optical methods have been explored:
near-infrared �NIR� spectroscopy8 and digital image analy-
sis. In imaging studies, kernel morphology and color char-
acteristics are the primary features used to distinguish dam-
aged from normal kernels.9,10 Recognition by color is based
February 2009/Vol. 48�2�1
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n the appearance of a white or pinkish color in damaged
ernels. Recognition by kernel morphology is reliant on the
hriveling of FDK. In recent NIR spectroscopy studies, one
f the current authors �S.R.D.� has demonstrated identifica-
ion of FDK in hard red winter wheat, with 95% accuracy,
sing two wavelengths: one in the visible region
410 to 865 nm� and the other in the NIR region
1032 to 1674 nm�.11–13 Restricting the two wavelengths to
ust the visible region, a less expensive option from the
tandpoint of sources and detectors, results in nearly 95%
ccuracy.

The spectrometer studies were conducted under well-
ontrolled laboratory conditions involving diode array
pectrometers and with each kernel at rest. More recent
tudies have looked at the potential of high-speed sorting of
heat for intrinsic properties14,15 or disease.16,17 An attempt

o utilize an equivalent pair of wavelengths in high-speed
ommercial sorting resulted in an effective reduction of
DK removal efficiency to approximately 50%.18 As a re-
ult of this diminished performance, the authors’ recent
tudies have concentrated on alternative methods for light-
ng and data collection of free-falling kernels as a possible
recursor to an eventual redesign of the optics for high-
peed sorting. Based on a design that uses two high-power
ulsed LEDs �red and green� as illumination sources, the
lassification accuracy for free-falling FDK has risen to ap-
roximately 72%, which is better than what was observed
or commercial sorting, but shy of the accuracy experi-
nced under controlled laboratory conditions. This has led
o redesign considerations for hardware and data analysis,
articularly in probe placement and signal processing. Be-
ause of the visual differences between normal and
usarium-damaged kernels, it is reasoned that an increase

n capture of surface-reflected light, as opposed to inter-
ally scattered light at weaker intensity, may lead to im-
roved efficiencies in machine-based sorting systems.

The objective of the present research is to examine the
mprovement to FDK recognition under free-falling condi-
ions that arise �1� from changes in the orientation of the
ber probe that receives reflected light from the kernel and
2� from a modification in the analytical procedure for re-
ating the paired LED responses to one another, which are
nherently one-half cycle out of phase. Addressing the first
hange, the probe angle is varied from 0 �the original set-
ing� to 45 deg; addressing the second, LED pairing during
he analysis is changed from a green-after-red �staggered�
airing to an adjusted time-equivalent basis through spline
nterpolation of the green LED response to the same time
nterval as the red LED response.

Experimental

.1 Wheat Kernel Preparation
heat samples originated from a soft red winter wheat

reeder’s trial set that consisted of Fusarium-inoculated
ommercial releases or advanced breeders’ lines. From a
ool of twenty retained samples held over from an author’s
S.R.D.� previous study,19 five samples were selected for
he current study. The selection process was based on visual
xamination of the FDK in comparison with the healthy,
ormal �sound� kernels within the same sample, and mak-
ng a judgment as to whether the color contrast was high,
ptical Engineering 023602-
moderate, or low. From the original pool, two high-
contrast, two moderate-contrast, and one low-contrast
samples were selected for optical tests. From each selec-
tion, kernels were drawn at random until equal numbers of
24 normal and 24 Fusarium-damaged kernels were ob-
tained. These test kernels were stored in the wells of im-
munoassay trays until the time of optical examination. It is
important to realize that a significant challenge for a free-
falling optical system is the need to accommodate the ran-
domness in orientation of the kernel about its long axis with
respect to a viewing probe, because the only realistic de-
gree of orientation that can be imposed on kernels exiting
the chute of a commercial system would be that of the
kernels’ long axes.

2.2 Experimental Apparatus and Design
A sketch of the free-falling wheat kernel inspection system
�FFWKIS� for real-time inspection is shown in Fig. 1. This
device consists of a stainless steel tube �914-mm length
�6.3-mm i.d.� inclined at a 70-deg angle to the horizontal.
The inclination angle of the tube is slightly greater than that
of open-channel commercial sorters, in order to provide a
greater gravitational force on the kernel to overcome the
friction of the tube’s interior wall, while still allowing the
kernel’s long axis to be coincident with the path of travel
on exit from the tube. The lower end of the tube terminates
within a slotted open-faced plastic electronics assembly
box �76�67�35 mm� leading to an open-environment in-
spection region. 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 I Emitters
LXHL-PM01 �green, specified as �peak=530 nm, FWHM
=35 nm� and LXHL-PD01 �red, �peak=627 nm, FWHM
=20 nm�, 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. Previous research
under controlled, kernel-at-rest conditions identified these
two wavelength regions as acceptable for distinguishing
FDK from sound kernels with an approximate accuracy of
95%.13 A small stub of 12.7-mm-o.d. stainless steel tubing
receives the kernel after it falls past the inspection position.

PC with DAQmx card (PCI-6251)

Feed tube

LED light box
Red (upper)
Green (lower)

DAQmx cable
(SHC 68-68-EPM)

NI SCC-68 (National Instruments)

Receiver
tube

Optical
fiber

Silicon detector, C6386-01
(Hamamatsu)

Fig. 1 Sketch of the free-falling wheat kernel inspection system
�FFWKIS� apparatus.
February 2009/Vol. 48�2�2
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distance of approximately 30 mm, as measured along a
traight path between the feed and receiver tubes, forms the
egion for kernel illumination and reflectance capture by an
ptical fiber bundle.

The terminal end of the multifiber bundle has an internal
iameter of 5 mm and is oriented in one of four angular
ositions �0, 15, 30, and 45 deg.� with respect to the plane
f the mounting surface of the two illumination LEDs. The
xture holding the end of the bundle can be adjusted to the
ifferent angles. The opposite end of the multifiber bundle
s connected by SMA connector to a silicon-detector–
mplifier assembly �Hamamatsu, model C6386-01�. The
nalog signal from this amplifier is digitized and stored by
he inspection system with the use of a data grabber �NI-
AQmx PCI-6251, National Instruments�, connector �NI
CC-68, National Instruments�, and cable �SHC 68-68-
PM�.

The inspection system originally employed LED illumi-
ation with the kernel normal to the angle of reflectance
easurement by the optical fiber bundle �i.e., the 0-deg

osition�. For the purpose of enhancing the accuracy of the
ystem, kernel inspection was conducted using the three
dditional angles �15, 30, and 45 deg� of the optical fiber
undle beyond the original 0-deg position. From a top view
ketch of the system �Fig. 2�a��, it can be seen that increas-
ng the angle of the optical fiber will lead to stronger sur-
ace reflectance signal intensity. Angles greater than 45 deg
ere not possible because of the physical constraints of the
ousing. A side view sketch �Fig. 2�b�� shows that the di-
ection of the free-falling kernel is primarily along the com-
on centerlines of the feed and receiving tubes, so that the

ight from the red and green LEDs overlaps mostly on one
ide of the kernel.

(a)

Red,
Green LEDs

Wheat Kernel

Optical Fiber

Fig. 2 Comparison of equidistant spectral meas
the wheat kernel illumination and reflectance in
nation in the FFWKIS.
ptical Engineering 023602-
2.3 Operation
A 25-ms data collection period of a 2-kHz pulse-width-
modulated frequency is used for the inspection of each ker-
nel. 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 contrast with the
detector sample rate of 10 per half cycle in a previous study
using different hardware,19 an 8-kHz sampling frequency
was employed, which decreased the sampling rate to two
per half cycle �Fig. 3�. A computer program for the free-
falling wheat kernel inspection system was developed in
the LabVIEW environment �Version 8.2, National Instru-
ments, 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 pretrigger
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,

(b)

Red LED
(Peak=627 nm)

Green LED
(Peak=530 nm)

Wheat Kernel

Falling
Direction

nts acquired at the four angles: �a� Top view of
WKIS; �b� side view of the wheat kernel illumi-

Red LEDRed LED

Green LEDGreen LED
1/40001/4000
(sec)(sec)

8KHz8KHz

Red LEDRed LED

Green LEDGreen LED
1/40001/4000
(sec)(sec)

8KHz8KHz

Fig. 3 The half cycles of the green and red LEDs. The gray dots
represent the sampling performed by the data acquisition card.
ureme
the FF
February 2009/Vol. 48�2�3
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he green LED’s time-domain response is approximated by
cubic spline interpolation function, whereupon a pair of

eading values is estimated for the green LED at the same
nstants as the two red LED responses in the preceding half
ycle. This procedure is a departure from a previous
tudy,19 in which the green half cycle was directly paired
ith the preceding red half cycle, without interpolation to a

ommon instant.

.4 Data Analysis
he speed of the falling kernel was greatly influenced by

he interaction of the kernel with the tube wall, such that
ome kernel traces demonstrated that the kernel was in the
robe’s field of view for a small portion of the 25-ms data
ollection window, while other kernels used nearly the en-
ire window. The collection of off-baseline ��1.5 mV� re-
ponse pairs of red versus green reflectance signals for each
ernel was the basis for development of classifying the ker-
el into the normal or Fusarium-damaged category. From
his set of paired responses for each kernel, the green light
esponses were linearly regressed onto the red light re-
ponses. The data reduction procedure was performed
ithin LabVIEW immediately after data collection. The re-

ults of the regression, particularly the slope and coefficient
f determination as well as the paired response readings,
ere stored to an external file as parameters for classifica-

ion trials at a later time.
Only nonbaseline values for red- and interpolated green-

ED responses were used in the regression analysis, ac-
ording to the following procedure. The peak height �peak
inus baseline� was separately determined for the left and

ight sides of the waveform. Left and right vertical heights,
ather than just one height calculation, were determined for
he purpose of allowing for the occasional incidence of a
lanted baseline. For each height, a corresponding left or
ight horizontal distance �half width at half maximum,
eparately evaluated for each side, i.e., HWHML or
WHMR� was calculated. Based on trial and error, a hori-

ontal cutoff distance of 2.2�HWHML or R was estab-
ished for the left and right sides, and the combined central
istance is referred to as FWHM. Readings lying outside of
he left and right cutoffs were excluded from the regression
nalysis, as were points lying within the central acceptance
egion but less than 1.5 mV in magnitude. This procedure
as implemented to enhance the reliability of the regres-

ion analysis of the waveform readings.
Based on earlier research on distinguishing normal and

usarium-damaged kernels,19 two results from the regres-
ion analysis, the slope of the line of best fit and the coef-
cient of determination �r2�, were examined as input pa-
ameters in a linear discriminant analysis �LDA� model. Of
hese two parameters, the slope was postulated to be sensi-
ive to color differences between normal and Fusarium-
amaged kernels. The coefficient of determination, in con-
rast, was postulated to be sensitive to surface textural
ifferences between kernel classes. The classification accu-
acy was reported as the percentages of kernels in each
ategory correctly classified, based on a leave-one-out cross
alidation. Data reduction and LDA were performed using
AS �Version 9.1, SAS Institute, Inc., Cary, NC� and its
rocedure DISCRIM.20 Based on the results of these early
ptical Engineering 023602-
experiments with red versus white wheat or normal versus
Fusarium-damaged wheat, it was found that slope was the
predominant classifier, with the coefficient of determination
adding only a marginal improvement. However, with
changes to both hardware and the data reduction procedure
in the current study, it was considered important to retain
r2, in addition to the slope, in the initial classification trials.
After the slope was again determined to be the predominant
classifier �see Secs. 3 and 4�, the analysis focused on this
parameter alone.

For the slope parameter, two clustering procedures were
used. The first procedure involved the systematic trial of
values for a slope threshold, choosing a value between 0
and 1 in increments of 0.001, and 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 pro-
cedure was similar to an earlier study involving LDA,19 this
time with resubstitution only �i.e., no cross validation be-
cause of similarity of findings—see Secs. 3 and 4�. 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 MAT-
LAB 6.5 �The Mathworks, Inc., Natick, MA�; the second
procedure was performed in the SAS procedure DISCRIM.
The results from the regression analysis were also analyzed
using MATLAB 6.5 to calculate the optimal threshold of
the slope without r2. Analyses of variance were performed
on both procedures, in which the total percentage of cor-
rectly classified kernels was tested with probe angle as the
main factor and contrast group as a blocking factor. Com-
parisons of means were performed using Duncan’s multiple
range test.

3 Results

3.1 Signal Acquisition
Figure 4 shows an example of all the kernel responses for
one of the trays in the high-contrast set, inspected at one
measurement angle �45 deg� and subsequently displayed in
the MATLAB 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 display a narrower and higher
Gaussian-shaped time response than those of the FDK,
which produce lower and wider responses. The narrower
waveform is indicative of a higher speed during free fall
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. Visual inspection of these traces reveals
that inherent differences between normal and Fusarium-
damaged kernels are overshadowed by variability associ-
ated with the randomness of orientation of a kernel during
free fall. Therefore, it is advantageous for classification al-
gorithms to be uninfluenced by the rotational position of
the kernel.

As a means to demonstrate the parameterization proce-
dure, the reflectance curves for a typical normal kernel and
FDK are shown in Fig. 5�a�. Images of these two kernels
February 2009/Vol. 48�2�4
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re contained inside the graph. On implementing the
WHM procedure outlined earlier for each side of each
eflectance curve, plots of the qualifying �i.e., �1.5 mV�
etector responses, processed by a green-onto-red spline
nterpolation scheme, are shown in Fig. 5�b�. For each ker-
el, the best fit line is shown, recalling that it is the slope
� green LED /� red LED� and corresponding r2 that are
sed in the classification analysis.

.2 Angle and Analysis Methods
he schematic of Fig. 2�a� shows the illuminated areas of

he kernel covered by the four different probe angles. The
ntensity of the reflected energy from the kernel was greatly
ffected by the probe angle. Whereas the peak response of
he red LED was typically 50 to 100 mV when the probe
ngle was 0 deg, this value rose to approximately 250 mV

Fig. 4 The reflectance response curves of 48 k
contrast set 1, inspected with a 45-deg optic fib
ptical Engineering 023602-
at the 45-deg angle. The green LED response, always
smaller than the red LED response, also increased as the
angle increased from 0 to 45 deg.

Because of the random interaction of the kernel and feed
tube wall, the kernel was readily affected by the frictional
forces within the tube, so that its exit speed and rotational
position were also variable. Therefore, the r2 value varied
highly in both Fusarium-damaged and normal situations.
LDA trials �not shown� that utilized both slope and r2 as
classification parameters failed to reveal any added benefit
of the latter parameter. Thus, it was surmised 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. This can be seen
by the graphical example of one high-contrast sample �2H�
measured three times �Fig. 6�. The trend of higher slope

in one tray. The curves of the kernels in high-
le, are shown as an example.
ernels
er ang
February 2009/Vol. 48�2�5
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alues for FDK is apparent, but there is still a large amount
f variation attributable to random orientation, as seen by
he nonoverlapping of the triplicate readings for slope and
2. Again, separation of normal and Fusarium-damaged
ernels along the horizontal �r2� axis is not apparent. For
his reason, only the slope was used in the subsequent clus-
er analyses.

Using the slope parameter in LDA, the classification re-
ults, defined as the percentage of correctly identified ker-
els after resubstitution of each kernel’s reading into the
DA model, are shown in Table 1. The best total result, at
1.67%, was for the 2H set under the 45-deg condition,
ith 21 of 24 and 23 of 24 Fusarium-damaged and normal
ernels correctly classified, respectively. The corresponding
ross-validation �based on a one-kernel-out per rotation
ycle design� accuracies for this set were the same as the
esubstitution accuracies, which was also true for 17 of the
9 other contrast-set�angle conditions. Because of the
imilarity in resubstitution and cross-validation accuracies,
he latter values are hereafter not reported. Using the 1H

45-deg set as an example, a plot of slope versus r2 for the
4 Fusarium-damaged and 24 normal kernels of this
ample is shown in Fig. 7, in which 24 and 20 correct
lassifications were respectively on the correct side of the
hreshold, yielding a total accuracy of 91.67%. The corre-
ponding total accuracy for the LDA was 87.50%. The re-

ig. 5 The instrument response and data processing of a represen-
ative normal kernel and a Fusarium-damaged kernel �FDK� se-
ected from high-contrast set 1, 45-deg probe angle: �a� the spline-
nterpolated reflected energy readings during red- and green-LED
llumination; �b� the results of the green-onto-red linear regression
nalyses for these two kernels, inclusive of the slopes and coeffi-
ient of determinations that are subsequently used in classification.
ptical Engineering 023602-
sults 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 accu-
racy. For either procedure, the 45-deg probe angle was sig-
nificantly different �P�0.05� than the 0-deg angle, with
the 15- and 30-deg-angle accuracies lying between the two
extremes. This finding is indicative of the benefit of posi-
tioning the probe at an oblique angle to the illumination
path, as opposed to the 0-deg angle used in previous free-
falling studies.

3.3 Contrast of Kernels
The contrast levels of the different kernel sets were selected
by visual observation, with subjective criteria and without
prior instrumental analysis. Compared to the two sets of

Fig. 6 Repeated measurements on one sample �high-contrast set
2, 45-deg probe angle�, consisting of 24 normal kernels and 24
Fusarium-damaged kernels. Each kernel was measured three times
and is identified by a unique alphabetical character, with normal
kernels in UPPERCASE and Fusarium-damaged kernels in
lowercase.

Fig. 7 The optimal threshold for separating normal and Fusarium-
damaged kernels of one tray �high-contrast set 1� at a 45-deg fiber
probe angle. The two enlarged symbols correspond to the kernels
depicted in Fig. 5.
February 2009/Vol. 48�2�6
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igh contrast, the intermediate-contrast sets had fewer
ighly noticeable damaged kernels, and the low-contrast set
ad only subtle visual differences between normal and
usarium-damaged kernels. There were no apparent differ-
nces in overall kernel size �length or width� among the
ve samples. When averaged across angular position, the

wo high-contrast sets produced higher accuracies than the
ther sets. The accuracies of both high-contrast sets could
xceed 90% in different analysis methods. For the effect of
ngle and contrast, the results at 15 and 30 deg are variable
ith intermediate-contrast sets �Fig. 8�.

.4 Method of Pairing LED Responses
he two methods �staggered and spline interpolation� of
airing the LED response readings that were used to deter-
ine the slope of the relationship between the two LEDs

re compared for the probe angle of 45 deg in Fig. 9. The

Table 1 Results of linear discriminant analysis f
nificant differences among the average values
indicated by a common letter �P=0.05� in the ri
ptical Engineering 023602-
total percentages of 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 interpolation method was superior to the staggered
method. In the fifth set �moderate contrast�, the classifica-
tion rate was equal between the two methods. For the three
other probe angle positions �not shown�, the spline interpo-
lation method was superior in all contrast sets.

4 Discussion
Previous studies reported that color, rather than texture, as
sensed by the free-falling kernel apparatus, was the domi-
nant classifier. This finding was reaffirmed in the current
study, in that the coefficient of determination offered no
significant contribution as a classifier. The two new find-
ings of this study are both encouraging from the standpoint
of improving the accuracy of recognition of FDK in free

easurement angles and contrast sets. Nonsig-
total percentage correct at the four angles are
t column.
or all m
for the
ghtmos
February 2009/Vol. 48�2�7
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all. The first finding is that placement of the probe at an
blique angle, such as 45 deg, enhances the reflected en-
rgy signal of both red and green LEDs, but more impor-
ant, it also improves the ability to distinguish normal and
usarium-damaged kernels, as demonstrated by an increase

n average accuracy from 72.1% �0 deg� to 85.4% �45 deg�
or LDA �Table 1� and from 73.8% �0 deg� to 88.3%
45 deg� for threshold analysis �Table 2�. When the system
as initially designed, the placement of the probe at the
-deg position was made for the purpose of reducing the
ontribution of surface reflectance relative to diffuse reflec-
ance. Contrary to this original thought that the diffuse
omponent would be more useful in separating normal and
amaged kernels, it appears that the opposite idea is true—
hat surface color, rather than any underlying property, is
he best parameter for identifying FDK. Although probe

able 2 Results of the optimal threshold method for all measuremen
alues for the total percent correct at the four angles are indicated
t angles and contrast sets. Nonsignificant differences among the average
by a common letter �P=0.05� in the rightmost column.
ptical Engineering 023602-
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Fig. 8 Kernels correctly classified using the optimal slope threshold
determined for each angle at each contrast set.
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angles greater than 45 deg were not examined because of
physical constraints of the system, it is possible that addi-
tional improvements in accuracy may be gained at greater
angles. This will be a topic of future research.

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 the raw signal responses
to be one-half cycle out of phase. The earlier assumption
that a 0.25-ms phase imbalance would be inconsequential
to the classification models does not appear to be true. In-
stead, interpolation, either by a cubic spline function �re-
ported 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 re-
sponses 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, the
effect of angle when all five samples are pooled together
was also explored �Fig. 10�. Again, the benefit of the ob-
lique probe angle is apparent, with the 45-deg angle dem-
onstrating an optimal slope threshold level that correctly

s of all contrast sets combined, and the optimal
� 0, �b� 15, �c� 30, and �d� 45 deg.
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staggered, green after red
spline interpolation of green

ig. 9 Comparison of the method of LED response pairing in linear
iscriminant analysis using the green-onto-red slope as the classifi-
ation parameter, at the 45-deg probe position. The two methods
efer to the manner in which the green response is paired with the
ed response �staggered=green half cycle response paired to pre-
eding red half cycle; spline interpolation of green=green responses
djusted by spline interpolation to time instances of red responses�.
Fig. 10 The r2 and slope distribution for kernel sample
threshold for the combined set, for probe angles of �a
February 2009/Vol. 48�2�9
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ategorizes 85.4% of the kernels �Table 3�, as compared
ith a low of 72.1% accuracy for the 0-deg setting.

Summary and Conclusions
he accuracy of the free-falling wheat kernel inspection
ystem was enhanced by modifying the optical structure
nd the data analysis method. The angular position of the
ptical fiber with respect to the free-falling kernel and LED
ight source was modified to allow for acquisition of more
eflected energy from the kernel. Of the three new angles
xamined �15, 30, and 45 deg�, the best result was obtained
t 45 deg. A spline interpolation was also used to simulate
he simultaneous response of red and green reflectances in-
tead of the raw staggered configuration. The slope of the
ed and green regression function continued to be of greater
tility as a classification parameter than the coefficient of
etermination. The best discrimination result of any single
ray was 93.75%, and the best discriminant result of all
rays combined was 85.42%.
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