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a b s t r a c t

A high-speed, low-cost, image-based sorting device was developed to detect and separate grains
having slight color differences or small defects. The device directly combines a complementary
metal–oxide–semiconductor (CMOS) color image sensor with a field-programmable gate array (FPGA)
which was programmed to execute image processing in real-time, without the need of an external com-
puter. Spatial resolution of the imaging system is approximately 16 pixels/mm. The system includes three
image sensor/FPGA combinations placed around the perimeter of a single-file stream of kernels, so that
most of the surface of each kernel is be inspected. A vibratory feeder feeds kernels onto an inclined chute
that kernels slide down in a single-file manner. Kernels are imaged immediately after dropping off the end
of the chute and are diverted by activating an air valve. The system has a throughput rate of approximately
75 kernels/s per channel which is much higher than previously developed image inspection systems. This
throughput rate corresponds to an inspection rate of approximately 8 kg/h of wheat and 40 kg/h of pop-
corn. The system was initially developed to separate white wheat from red wheat, and to remove popcorn
having blue-eye damage, which is indicated by a small blue discoloration in the germ of a popcorn kernel.
Testing of the system resulted in accuracies of 88% for red wheat and 91% for white wheat. For popcorn,
the system achieved 74% accuracy when removing popcorn with blue-eye damage and 91% accuracy at
recognizing good popcorn. The sorter should find uses for removing other defects found in grain, such
as insect-damaged grain, scab-damaged wheat, and bunted wheat. Parts for the system cost less than
$2000, suggesting that it may be economical to run several systems in parallel to keep up with processing
plant rates.

Published by Elsevier B.V.

1. Introduction

Field-programmable gate arrays (FPGAs) are semiconductor
devices that are comprised of interconnected logic elements, mem-
ory, and digital signal processing hardware on a single chip. The
configuration of the interconnections, and therefore the function
of the device, is determined by compiled programs loaded onto the
chip. These devices do not need any operating systems to function
and can handle data throughputs over 200 MB/s, which is at least
an order of magnitude higher than what can be achieved by micro-
controllers. FPGAs are currently used in a large variety of hardware
where low cost and high data throughput rates are required, such
as digital cameras, cell phones, speech recognition, and image pro-
cessing (Maxfield, 2004). Many traditional image frame-grabber
boards use FPGAs to pre-process incoming images and direct the
data to other hardware for further processing and storage. Advan-
tages of FPGAs over micro-controllers and personal computers for
image processing functions are that they can perform many compu-
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tations in parallel, and that they execute all commands in hardware
so they are ideal for real-time systems. Additionally, FPGAs are able
to perform computation on images as they are transferred to the
device, before the complete image has been loaded. In contrast,
processing of images on a PC usually requires the images to be
completely loaded into memory, then read out from memory and
processed. This causes a delay in processing the image which can be
significant for high-speed sorting operations (Pearson et al., 2008)

Charge-coupled devices (CCD) have traditionally been the most
commonly used image sensors. While these devices produce
high-quality images, they require significant support electronics
(Yamada, 2006). However, this need for elaborate support electron-
ics has recently been alleviated by the now-widespread production
of complementary metal–oxide–semiconductor (CMOS) image
sensors (Takayanagi, 2006). CMOS sensors are less expensive than
equivalent CCD sensors, and the required support electronics are
integrated onto the sensor chip. The integration of amplifiers,
analog-to-digital converters, and signal processing capabilities onto
the CMOS image sensors drastically simplifies camera design and
further lowers cost. This makes interfacing CMOS chips with
user-programmable processing hardware, such as FPGAs, relatively
simple.
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A direct CMOS-FPGA link is now widely used in many cellular
phones and digital cameras (Maxfield, 2004). The FPGAs in these
systems are used as “glue logic” between the image sensor, micro-
processor, and memory. While FPGAs may perform some digital
image processing such as white balancing or exposure compensa-
tion, they do not perform image feature extraction or classification.
“Smart Camera” is an industry term for a camera that has an image
sensor and processor that are directly linked, and that has capa-
bility for an end user to do some programming of the processor.
These devices are gaining acceptance for automated inspection of
machine parts and self-guided robots. However, currently these
cameras are still very expensive, use digital signal processors rather
than FPGA’s, and an end user usually has limited ability to mod-
ify the imaging software. Thus, these devices have not yet found
uses for the inspection of agricultural products since agricultural
applications typically deal with irregular product sizes, and specific
separation requirements. FPGA’s have gained computational power
by integrating more logic elements, fast on-chip memory, and dig-
ital signal processing capabilities such as hardware to compute
convolutions. These enhancements make FPGA’s more cost effec-
tive than DSP’s for some signal processing applications (Maxfield,
2004). With the price of CMOS imaging chips and FPGAs already
being very low, and with the simplicity of linking these two tech-
nologies together, it is possible to assemble a CMOS image sensor
and FPGA together to make a “smart camera” for less than $100,
with a user having full access to program the camera, extract image
features, and make classifications for sorting operations.

Most commercial high-speed sorting machines used for agri-
cultural products either have no spatial resolution or do not fully
utilize the spatial resolution produced by their sensors. For those
sorters with some spatial resolution, the only image processing per-
formed is thresholding and pixel counting. These sorters are useful
for detecting larger, high contrast, spots on products. Sorters hav-
ing no spatial resolution may have multiple sensors coupled by
beam splitters to measure light at two or three specific spectral
bands. These types of sorters are effective at distinguishing prod-
ucts with large color or chemical constituent differences by using
near infrared bands. Some newer sorters might have two or more
sensor arrays coupled with beam splitters to get very low spatial
resolution images at two or three spectral bands. However, for many
products, certain defects are difficult to detect and remove using the
most advanced, currently available, commercial sorters. Products
with slight color differences or small, low contrast spots or blem-
ishes are difficult or impossible to sort with commercial sorters.
Shriveled and Fusarium Head Blight (scab) damaged wheat kernels
are a case in point. The efficacy of using a limited spatial resolu-
tion (∼0.5 mm) commercial dual-band (one near infrared (NIR), one
visible) sorter for removal of scab-damaged kernels has been stud-
ied (Delwiche et al., 2005). Only 50% of the scab-damaged kernels
were removed, while about 5% of the undamaged kernels were also
rejected. Preliminary studies have shown that the use of simple
histograms of low resolution color images enables scab-damaged
kernels to be distinguished from sound kernels with over 90% accu-
racy (Pearson, 2006). This is an application that an FPGA linked to
an image sensor could perform very economically.

There have been many developments relevant to the inspection
of agricultural products using imaging, such as the inspection of
apples (Bennedsen and Peterson, 2004), rice Kumar and Bal, 2007),
and wheat (Wang et al., 2004). However, few of these developments
are able to be implemented as high-speed sorting applications at
an economically feasible cost.

Popcorn infected with blue-eye damage and separation of red
and white wheat classes are two sorting applications that com-
mercial sorters are not able to adequately separate and current
imaging technology is too slow and expensive for viable implemen-
tation. Blue-eye damage in popcorn is a re-occurring problem due

to delayed drying of the kernels after harvest. Since popcorn quality
is very sensitive to moisture, the corn cannot be dried as quickly as
field corn. However, this can cause infection by fungi that lead to
blue-eye damage, which appears as a small, dark blue spot on the
germ. The problem is important to the popcorn industry as these
kernels can have a poor flavor when popped. The visual damage to
the kernels is small and therefore not detectable by any commer-
cially available sorting equipment. Automated separation of red and
white wheat is needed by wheat breeders developing white wheat
varieties that have the baking properties of red wheat. Upon harvest
of field ploat with both red and white wheat, the white wheat needs
to be separated from red kernels so that it can be propagated again.
Commercial color sorters can distinguish red and white wheat with
approximately 80% accuracy after several passes through the sorter
(Pasikatan and Dowell, 2003), which may not always be accurate
enough for some breeding lines with small amounts of white wheat.
Additionally, the cost of these sorters is high and they are designed
to handle large volumes rather than the smaller samples of 1 kg or
less that breeders generally work with.

The purpose of this research was to directly link a low-cost CMOS
image sensor with a low-cost FPGA, and to program the FPGA to
extract simple features and classify objects in the image. The test
objects were popcorn with and without blue-eye damage and red
and white wheat classes.

2. Materials and methods

2.1. Image sensor—FPGA design

A CMOS image sensor (KAC-9628, Eastman Kodak Company,
Rochester, NY) was mounted onto a custom-designed printed
circuit board with all support electronics recommended by the
manufacturer. Fig. 1 displays a schematic of the image sensor,
support electronics, and interface to the FPGA. The FPGA, with
its necessary support electronics, was purchased pre-mounted
onto a circuit board of its own (Pluto-II, KNJN-LLC-fpga4fun.com,
Freemont, CA). The FPGA board has an electronically erasable pro-
grammable read only memory (EEPROM), or otherwise known as
non-volatile memory, that stores and loads the program the FPGA
is to run upon powering up. In addition, the board also has a serial
communications port for loading new programs and transferring
data, a 25 MHz clock, an LED, a 3.3 V voltage regulator for powering
the FPGA and connected electronics, and a power socket to sup-
ply external power. The FPGA used on the Pluto-II board is made
by Altera Corporation (Model #Cyclone EP1C3) and the free Altera
Quartus II web edition version 7.2 was used to develop and compile
programs for the FPGA. The FPGA board was connected directly to
the image sensor board via header pins. Fig. 2 displays images of
the image board and attached FPGA board.

The circuit board built for the image sensor and interface for the
FPGA board was a four-layer board to simplify grounding and power
distribution and to help shield electrical noise. A 470 �F electrolytic
capacitor was used on the image board to stabilize the power from
low-frequency variation while several 0.1 �F capacitors were used
on the image board near the image sensor to dampen higher fre-
quency power fluctuations.

The FPGA board was also connected to a rotary hex DIP switch
(94HAB16RAT, Grayhill, Inc., LaGrange, IL) which sends a number
between 0 and 15 to the FPGA that adjusts a sensitivity thresh-
old for classification (discussed later). For diverting grain, the FPGA
outputs a digital signal which triggers a solid state relay (D0061B,
Crydom, San Diego, CA) and fires an electronic solenoid-activated
air valve (36A–AAA–JDBA–1BA, Mac Valves, Inc., Wixom, MI). The
air valve sends a burst of air for 5 ms to a wide air nozzle (31875K41,
McMaster-Carr Co., Elmhurst, IL) to ensure proper rejection.
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