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Abstract: Foreign material (FM) found on a poultry product lowers the quality and safety of the
product. We developed a fusion method combining two hyperspectral imaging (HSI) modalities in
the visible-near infrared (VNIR) range of 400-1000 nm and the short-wave infrared (SWIR) range
of 1000-2500 nm for the detection of FMs on the surface of fresh raw broiler breast fillets. Thirty
different types of FMs that could be commonly found in poultry processing plants were used as
samples and prepared in two different sizes (5 x 5 mm? and 2 x 2 mm?). The accuracies of the
developed Fusion model for detecting 2 x 2 mm? pieces of polymer, wood, and metal were 95%, 95%,
and 81%, respectively, while the detection accuracies of the Fusion model for detecting 5 x 5 mm?
pieces of polymer, wood, and metal were all 100%. The performance of the Fusion model was higher
than the VNIR- and SWIR-based detection models by 18% and 5%, respectively, when F1 scores were
compared, and by 38% and 5%, when average detection rates were compared. The study results
suggested that the fusion of two HSI modalities could detect FMs more effectively than a single
HSI modality.

Keywords: foreign material; data fusion; hyperspectral imaging; visible-near infrared; short-wave
infrared; chicken fillet; food safety and quality

1. Introduction

Foreign material (FM) found in poultry products may pose serious health risks to
consumers and trigger massive product recalls and consumer complaints that often result
in reputational damage to individual companies and the entire poultry industry [1-4].
Foreign materials (FMs) such as pieces of plastic, rubber, and fabric from processing
equipment and personal protective equipment can be unintentionally added to products
during processing and packaging. Therefore, detecting any visible FMs found on the
surface of meat prior to the grinding process is highly desirable. With the advancement
in sensing and automation technology, the detection of FMs in poultry products has been
automated mainly with X-ray machines and metal detectors. Broken bone fragments are
often found inside poultry meat products because bones can be naturally broken and
thus embedded during automated processing [5]. Sharp metal pieces can be detected
inside the meat as well because of their shape and high material density compared to the
density of poultry meat [6]. X-ray machines and metal detectors have been popular in the
industry because they can effectively detect metal and embedded bone fragments whose
densities are much higher than the density of poultry meat. However, their detectability
for low-density materials such as plastic and rubber is limited [7].

Many other non-destructive image-based sensing techniques have also been studied
to detect FMs in food, including thermal imaging, terahertz spectroscopy, near-infrared
spectroscopy, hyperspectral imaging, and machine vision [8]. Thermal imaging is a rapid
imaging modality that does not rely on ionizing radiation such as X-rays. However,
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thermal imaging can be affected by the temperature of the surrounding environment [9].
Terahertz spectroscopy using non-ionizing radiation and low photon energies can detect
various materials because the terahertz radiation penetrates the materials but cannot
penetrate water whose concentration is high in poultry meat [10]. Hyperspectral imaging
(HSI) is a non-destructive spectral imaging technique that combines spectroscopy with
imaging. HSI has shown outstanding performance in the quality and safety evaluation of
agricultural and food products [11]. HSI produces a vast amount of spatial and spectral
information which is carried over across image pixels and wavelengths. HSI is known to be
effective for differentiating different types of materials and analyzing spatial distributions
of physical and bio-chemical components in materials qualitatively and qualitatively. In
the meat industry, many studies used HSI for evaluating quality attributes in various
meat types, including beef [12], pork [13], lamb [14], and poultry [15-17]. Recently, HSI
techniques have been used to detect FMs in various agricultural products. Sugiyama
et al. [18] used near-infrared (NIR) spectral imaging and discriminant analysis to detect
leaves and stems from frozen blueberries. Zhang et al. [19] used short-wave infrared
(SWIR) hyperspectral transmittance imaging to detect stem, bark, leaf, paper, and plastic
in cotton. Mo et al. [20] used fluorescence HSI to detect worms on fresh lettuce. Zhang
et al. [21] detected microplastics in the intestine tract of fish. Al-Sarayreh et al. [22] used
deep learning techniques based on region-proposal networks and 3D convolutional neural
networks for FM detection in red meat with HSI. Song et al. [23] detected fishbone in fillets
by Raman HSI. Li et al. [24] used visible-near infrared (VNIR) hyperspectral images to
detect bark, stone, plastic, clods, and bamboo stalks in dried pickles. Kwak et al. [25] used
a multispectral approach to detect foreign objects in dried seaweed.

Data fusion is a process of merging informative data from different sources to provide
more accurate and complete explanations about target materials of interest [26]. This is
because various data sources typically provide more detailed and potentially complemen-
tary information than using individual analytical sources [27]. Low-level (data-level) and
mid-level (feature-level) data fusions combine data from different sources. These types
of data fusion will provide more complete data and increase the number of variables.
Another data fusion approach is high-level (decision-level) data fusion, and it handles
each data source separately and fuses the results of corresponding models to provide final
decisions to improve the results [28]. Although data fusion has been widely used in remote
sensing for quite some time [26], the application of data fusion to research for food safety
and quality assessment is relatively recent. Data fusion in the food analysis applications
has been applied to measure and evaluate many different quality and safety parameters,
including the freshness of pork meat [29,30], the water-holding capacity of chicken breast
fillets [31], hazelnut adulteration [32], green tea quality [33], bruising of blueberries [34],
and the freshness of tilapia fillets [35]. However, research that uses data fusion of two
different hyperspectral imaging systems measuring in the VNIR range of 400-1000 nm and
the SWIR range of 1000-2500 nm for the detection of foreign materials (FMs) has not yet
been conducted.

Therefore, the purpose of this paper is to demonstrate the potential of using two
different HSI systems (VNIR and SWIR) using data fusion for detecting the various types
of small sized FMs on the surface of chicken meat and to visualize the detection of FM. The
specific objectives of this study were, first, to build and study a spectral library of chicken
meat (muscle and fat) and FMs; second, to develop an FM-blob detection method using
hyperspectral images; third, to spatially register the VNIR and SWIR images from fillet
segmentation masks for blob matching; finally, to apply data fusion for decision making
about the presence of FM.

2. Materials and Methods
2.1. Chicken and Foreign Material Samples

A total of 12 boneless skinless broiler breast fillets (halved) were purchased from a
commercial grocery store in Athens, GA, USA. The fillet samples were never frozen fresh
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meat and were selected randomly regardless of their macroscopical features. The fillet
samples were transported to a laboratory within 20 min and stored in a refrigerator until
used on the same day of data collection. A total of 30 different FMs were prepared for
the study. The FMs were pieces of polyvinyl chloride (PVC), polyester (PL), polyurethane
(PUR), polyethylene (PE), polypropylene (PP), synthetic rubber, natural rubber, dried wood,
metal, and glass. The sources of the FMs included conveyor belts, gloves, hairnets, facial
masks, regular glass, lab coats, plastics, woods, and metal machine parts. In the case of the
conveyor belt, the materials and colors commonly used in the food processing were selected.
The other FMs were the materials that could be separated from the safety equipment worn
by the workers, and the materials that could be separated from the processing machines.
The list and information of the FM samples are described in Table 1. The conveyor belts
were purchased from Grainger (W.W. Grainger, Inc. Lake Forest, IL, USA) and the other
products were purchased from many different vendors. The details of the vendors are
in Table 1.

Table 1. List of the FM samples.

Set (n =30) Sample Type Group Color Transparency Source Surface
Latex glove Natural rubber Polymer Pink Opaque HOMSSEM Smooth
Set 1 Latex glove Natural rubber Polymer Black Opaque ThxToms Smooth
(n=5) Metal piece Aluminum Metal silver Opaque ! OMS 5 Smooth 13
Latex glove Natural rubber Polymer White ST 2 MIH © Smooth
Conveyor belt Synthetic rubber Polymer White Opaque Grainger Smooth
Latex glove Natural rubber Polymer Red Opaque SYROVIA Smooth
Set 2 PVC glove pPVC Polymer Blue Opaque WLG? Rough
(n=5) PVC glove PvC Polymer Green Opaque WLG” Rough
Metal piece Aluminum 3 Metal Black Opaque OMS Smooth
Conveyor belt pPVC Polymer White Opaque Grainger Smooth
PVC glove pPVC Polymer Pink Opaque LANON 8 Smooth
Set 3 Nitrile glove Synthetic rubber Polymer Purple ST 2 MED PRIDE Smooth
(n=5) Nitrile glove Synthetic rubber Polymer Black Opaque AMMEX Smooth
Metal piece Stainless 316 Metal Silver Opaque ! Rose Metal ° Smooth 14
Conveyor belt PL Polymer White Opaque Grainger Rough
Wood piece Oak Wood Brown Opaque WW Wood Inc. Bumpy
Set 4 Plastic box PE Polymer White ST 2 RCP 10 Smooth
(n=5) Conveyor belt Synthetic rubber Polymer Green Opaque Grainger Rough
Conveyor belt PUR Polymer Blue Opaque Grainger Smooth
Conveyor belt PL Polymer White Opaque Grainger Smooth
Hairnet PP Polymer White ST? Fisher Scientific Smooth 15
Set5 Metal piece Stainless 304 Metal Silver Opaque ! Rose Metal ° Smooth 14
(n=5) Conveyor belt Synthetic rubber Polymer White Opaque Grainger Smooth
Glass Borosilicate Glass Clear Transparent Wisamic Smooth
Disposable mask PP Polymer Blue Opaque ZssT 1 Smooth 1
Plastic film pPVC Polymer Clear Transparent Boardwalk Smooth
Set 6 Wood piece Maple Wood Brown Opaque WW Wood Inc. Rough
(n=5) Disposable mask PP Polymer White Opaque ZssT 1 Smooth 1
Plastic lab coat PP Polymer Blue Opaque Kimberly-Clark Smooth 16
Plastic lab coat PE Polymer White ST 2 Ansell 12 Smooth

1 Opaque (reflective), 2 Semi-transparent,  Black color painted aluminum, 4 Butyl (synthetic rubber), > Online Metal Supply, ® Medline
Industries Healthcare, 7 Wells Lamont Gloves, 8 LANON Protection Technology Co., Ltd., 9 Rose Metal Products, 1° Rubbermaid Commercial
Products, ' Zhejiang Shunfa Safety Technology Co., LTD, '? Ansell Edmont Industrial, '3 Brushed, '* Unpolished, '° Fiber, and ' Fiber

with hole.

All FM samples were cut into one of about 50 x 50 mm? (only for a spectrometer
measurement), five of about 5 x 5 mm? (size of one side: 5.3 + 0.5 mm), and ten of about
2 x 2 mm? (size of one side: 2.2 + 0.4 mm) pieces per sample. The sizes of FM were
determined according to FDA size criteria of 7-25 mm in length for a hard or sharp foreign
object and USDA size criteria of 2 mm or less in length for a foreign object generally
requiring microscopic analysis [36,37]. The cut FM samples were sorted into the six sets
shown in Table 1, where each set consisted of 5 different FM samples. All FM samples used
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in the study are shown in Figure 1. The left-to-right order of the FM samples in each row in
Figure 1 was the top-to-bottom order of the FM samples listed in Table 1.
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Figure 1. Pictures of all FM samples used in this study: (a) 5 x 5 mm? size and (b) 2 x 2 mm? size of FMs. The information

about the samples in the pictures is in Table 1, while the samples within a set (Set 1-6) were placed from left to right along a

row in the pictures, they were listed from top to bottom in the table.

2.2. Data Acquisition Systems and Calibration

The VNIR hyperspectral images were acquired by a push broom line-scan VNIR HSI
system in the spectral range of 400-1000 nm with a diffuse reflectance mode. The VNIR HSI
system consisted of a spectrograph (ImSpector V10E, Specim, Oulu, Finland), a 12-bit CCD
detector (SensiCam QE SVGA, Cooke Corp., Auburn Hills, MI, USA), an objective C-mount
lens (Schneider, XENOPLAN, Bad Kreuznach, Germany), a pair of 50-W tungsten-halogen
lamps (Photoflex, Watsonville, CA, USA), and a computer to control the camera and acquire
images using HyperVisual application software (PhiLumina, Gulfport, MS, USA). The
average spectral resolution was 1.27 nm, and the pixel resolution was about 0.37 mm/pixel.
The lamps were positioned at about 45° angles at both sides, and the focus was set for
the working distance of 350 mm. The camera exposure time was 45 ms. The on-camera
binning was set to 2 (spatial) x 2 (spectral). The resulting uncalibrated raw hyperspectral
images acquired by the VNIR system had the dimensions of 688 (width) x 500 (lines) x 520
(calibrated wavelengths between 354 nm and 1018 nm).

The SWIR system included a spectrograph (Hyperspec ® SWIR, Headwall Photonics,
Fitchburg, MA, USA), a digital camera with a Peltier-cooled 320 x 256 mercury-cadmium-
telluride (MCT) detector (MCT-851 XC403, XenICs, Leuven, Belgium), an objective lens
with a focal length of 30.7 mm (OLES30, Specim, Oulu, Finland), a motorized linear stage
(TLSR300B, Zaber Technologies, Inc., Vancouver, BC, Canada), two MR-16 50-W tungsten
halogen lamps with gold-coated reflectors with a 12V DC power supply, a computer,
and custom application software. For acquiring SWIR hyperspectral images, the custom
software developed in-house was used to control the line scan movement of translation
stage and the MCT camera synchronously. The average spectral resolution was 7.4 nm.
The pixel resolution was about 0.37 mm/pixel. The resulting uncalibrated raw SWIR
hyperspectral image had the dimensions of 320 (width) x 800 (lines) x 256 (calibrated
wavelengths from 848 nm to 2802 nm).

Before the experiment, the instrument was commissioned to allow for spectral cali-
bration and the correction of non-uniform, hot and dark pixels of MCT detectors. Light
adjustment was made to the height and angle of the two halogen tungsten lamps to provide
illumination evenly and minimize the shadow on the side of the samples. Each fillet was
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placed on the translation stage, conveyed to the field of view of cameras with the adjusted
speed, and scanned line by line.

The raw intensity values (uncalibrated digital numbers) of the acquired hyperspectral
images were calibrated using an intensity calibration technique. The intensity calibration
based on white and dark references was done to all pixels of each raw hyperspectral
image to minimize the uneven effects of light energy in different wavelengths and spatial
locations. A white reference image was acquired with a diffuse reflectance panel with
99% reflectivity (Spectralon, Labsphere, North Sutton, NH, USA). A dark current image
was obtained while blocking the camera lens with a lens cap. In the case of SWIR imaging,
an in-field calibration was performed with horizontal stripes of dark (n = ~70 lines) and
white (n = ~65 lines) reference images (2D spectral images) on top of each measured image.
In other words, the reference images for the calibration of SWIR images were embedded
in the images. In the case of VNIR imaging, we collected the separated dark and white
reference images (3D data cubes) at the beginning of the experiment each day and the
experiment was performed for 5 days. Therefore, we had 5 pairs of reference images for the
VNIR images. Calibrated hyperspectral images were calculated by applying the following
equation to each pixel (Equation (1)).

Rc = (Rm — D)/(W — D) x 100 1)

where Rc was the calibrated reflectance value (%), Rm was the uncalibrated measured
value, D was the dark current value, and W was the white reference value. Due to system
noise, only 400-1000 nm (467 bands, resolution of 1.27 nm) was used from the VNIR HSI
system and 1005-2503 nm (198 bands, resolution of 7.40 nm) was used from the SWIR
HSI system.

A spectrometer system was also used in this study for spectroscopic data analysis
and for comparing the spectrometer data with the spectral responses of the hyperspectral
images at the VNIR and SWIR ranges. The spectrometer system consisted of a spectrometer
(ASD LabSpec 4 Hi-Res Analytical Instrument, Malvern Panalytical, Ltd., Malvern, UK), a
contact probe with a 10 mm spot size, and a computer to control and acquire reflectance
spectra using Indico® Pro software (Malvern Panalytical, Ltd., Malvern, UK). Before
collecting the spectra of the samples, a white reference spectrum and a dark current
were collected for the calibration of the measurement. A diffuse reflectance panel with
99% reflectivity (Spectralon, Labsphere, North Sutton, NH, USA) was used to collect the
white reference spectrum. The white panel was also used as a background throughout
the spectrometer measurements with samples. The surface of the FMs was cleaned before
collecting their spectra and the probe was thoroughly cleaned between samples. Each
spectrum was an average of 50 scans with 1 nm intervals over the wavelength range of
350-2500 nm.

2.3. Data Acquisition and Data Set for Model Development

The 12 broiler breast fillet samples were split randomly into two fillet sets with six
fillets in each set. Each fillet was placed on a sample plate covered with a food-grade
conveyor belt piece (blue color). The fillets were used as clean/normal samples first and
then contaminated /abnormal samples. The difference between two fillet sets was on the
size of FMs when contaminating the fillets: large (5 x 5 mm?) versus small (2 x 2 mm?).
Both sides (bone-side and skin-side) of a fillet were imaged without and with FMs using
VNIR and SWIR imaging systems, sequentially one by one.

First, both sides of each clean fillet were scanned without FMs. Then, all 12 fillets
were contaminated with FMs and scanned again. If a fillet belonged to the fillet set for the
large FMs, the fillet was contaminated with 5 x 5 mm? FM samples, as shown in Figure 1a.
Otherwise, the fillet was contaminated with 2 x 2 mm? FM samples, as shown in Figure 1b.
The large FM samples in Figure 1a were placed set by set (Set 1-6) on both sides (one at
a time) of a fillet in five different locations, as shown in Figure 2a such that different FM
samples were spatially grouped in each location (far left, far right, top, bottom, and middle)
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without touching each other. The small FM samples in Figure 1b were placed set by set
(Set 1-6) on both sides (one at a time) of a fillet randomly without touching each other.
Each fillet within the fillet set for the large FMs had 25 FM samples on its surface, whereas
each fillet within the fillet set for the small FMs had 50 FM samples on its surface. Note
that the FM pieces were firmly pressed down on the fillet surface so that the FMs did not
fall off. This sample preparation protocol was designed for a worst-case scenario of the
surface FMs because the spectral signals of the meat right beneath the surface FMs could be
easily mixed with the reflectance spectra of the pure FMs. The above experimental design
resulted in a total of 96 hyperspectral images from two fillet sets x six fillets per fillet set
X (clean and contaminated surfaces) x two sides per fillet x (VNIR and SWIR imaging
modalities). The 48 hyperspectral images (24 VNIR and 24 SWIR images) obtained from the
fillet set for the large FMs were used as a training set for model development and validation
to create pure spectral data reliably from the large FM areas. The other 48 hyperspectral
images (24 VNIR and 24 SWIR images) obtained from the fillet set for the small FMs were
set aside as a separate test set for evaluation of model performance and determination of
detection limit. The chicken samples for training and test sets were selected by random
sampling whereas the FM samples were selected by stratified sampling. The total number
of FMs in each of FM Groups (see Table 1 for the Groups) was 40 (metal), 20 (wood), and
170 (polymer) for the training set, and 80 (metal), 40 (wood), and 340 (polymer) for the test
set, respectively.

(b)

Figure 2. Chicken breast fillets contaminated (a) with 5 x 5 mm? pieces of FMs and (b) with 2 x 2 mm? pieces of FMs.

Spectral data of the fillet and large FM samples for the training set were measured
with the spectrometer. Each sample was measured in three different locations within the
sample. Muscle tissue surfaces at bone and skin sides and fatty areas were probed with
each fillet sample. Thus, we obtained 54 spectra from the six breast fillets (six fillets x (two
sides for muscle + skin-side for fat) x three repeats) and 90 spectra from the 30 FM samples
(30 large FMs x three repeats).

2.4. Hyperspectral Image Processing

Regions of interest (ROIs) for the model development (ROIs-model) were selected
from the bone side contaminated images from the training set. Additional ROIs for the
model evaluation were further selected from the skin side contaminated images of training
set and both sides of the contaminated images from the test set. For the ROIs-model, both
meat groups and FMs were selected, while additional ROIs consisted only of FMs. All
ROIs were manually defined and created separately one by one by using the ROI tool in
ENVI 4.8 (Exelis Visual Information Solutions, Boulder, CO, USA). The ROIs were created
with geometric shapes, such as polygons and rectangles, that varied in size.

All spectral data on each ROI-model were extracted with a custom MATLAB program
and averaged into mean spectra. A total of 150 ROIs were selected for the FM group. A
total of 40 ROIs were selected for the meat group. The ROIs for the meat group were
taken from various locations to cover the variations in spectral responses. Ten ROIs
among the 40 meat ROIs were selected from the fatty areas. After these 190 ROIs for
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each modality were created, the mean spectra from each ROI were obtained. Finally, a
spectral matrix of 190 samples x 467 bands was constructed from the VNIR images, and
190 samples x 198 bands were constructed from the SWIR images. The mean spectral data
obtained from the ROI analysis were further processed spectrally. We applied several
spectral pretreatment techniques to the data. The pretreatment methods were Savitzky—
Golay (SG) smoothing (with 4th order polynomial within a moving window of 25 for
VNIR and a window of 7 for SWIR), Gap Segment 2nd derivative (Gap and Segment
of 7 for VNIR and 3 for SWIR), and standard normal variate (SNV), sequentially. The
different moving window size, Gap, and Segment were applied for VNIR and SWIR due
to the difference of spectral resolutions (VNIR: 1.27 nm and SWIR: 7.40 nm). This process
was performed to remove noise, emphasize the sharp peaks, and correct the scattering
effect in spectral data without compromising the integrity and accuracy of the spectral
information. The pretreatment methods were applied to both the VNIR and SWIR spectral
data, respectively. In the end, the endpoints of the data were excluded (18 data points
at both ends of VNIR data, and 7 data points at both ends of SWIR data). All spectral
data pretreatment operations were implemented with MATLAB R2020b software (The
MathWorks, Inc., Natick, MA, USA).

2.5. Developed Algorithm for Foreign Material Detection

The core idea of the developed algorithm, called Fusion model, was based on spectral
data fusion and multi-model decision fusion. The Fusion model included two binary clas-
sification models, called the VNIR model and the SWIR model, using the VNIR and SWIR
spectral data, respectively. Once the VNIR and SWIR models independently predicted pre-
sumptive FM pixels and thereafter blobs, we performed spatial matching of the FM blobs
between the VNIR and SWIR modalities using a non-rigid image registration algorithm.
The spectral data of the geometrically matched blobs were fused into one 400-2500 nm
spectrum data, called Fusion data (VNIR + SWIR data fusion). All the matched blobs were
classified with a machine learning model for the Fusion model, and the blobs detected only
by a single modality were classified with the VNIR and SWIR data-based machine learning
models, respectively. Then, the final classification result of the developed Fusion model
was obtained through decision fusion at the image level. The overall flow chart is shown
in Figure 3.

Fullspectral data /e — Full spectral data

P
(VNIR & SWIR)

T
Multispectral dataj  Multispectral data

Image registration
(non-rigid morphing)

Figure 3. Flow chart of the overall classification model.
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2.5.1. Pixel-Level Classification

In this study, the pixel-level classification was performed independently with the
VNIR and SWIR spectral data as a first step of the data fusion. The pixel-level classification
model consisted of four sub-models.

The first sub-model was a principal component analysis (PCA)-based Mahalanobis
distance (MD) metric model, called PCA-MD. The dimensionally reduced data using PCA,
a powerful tool for informative variable selection [38], was used to calculate the MDs
between the meat group and the FMs, where the meat group was the reference. The
pretreated spectral matrices in the training set were linearly transformed into a set of
linearly uncorrelated variables called principal components (PCs). The score values (latent
features) of PC 1-5 from the PCA result of meat ROIs (30 mean spectra of muscle ROI and
10 mean spectra of fat ROI) were used as a reference in each data matrix of the VNIR and
SWIR, respectively. Since the PC score values originated from the ROISs of chicken fillets
and were used as a reference mean vector, the smaller MD value of each pixel indicated that
they were similar to the chicken fillet. Each pixel was classified into meat or FM according
to the threshold criterion of the measured MD value in the PCA domain.

The other three sub-models were developed to detect blood spots (blood clots), glare,
and black material with multispectral models, respectively. The PLSR analysis and the
literature were used to find the key wavebands necessary for each sub-model and each
modality. The PLSR was performed to select the most informative wavebands with large
regression coefficient values [39]. The wavebands associated with color pigments and
hydrogen-bonded compounds (i.e., C-H, O-H, and N-H) were found from previous
studies [17,39,40]. The selected key wavebands were highly related to the components
related to the color (400-800 nm) and chemical composition (800-2500 nm) of the chicken
breast meat. The blood spot may occur due to hemorrhage caused by the rupture of blood
vessels or from the leakage of red blood cells from the vessels. Glares were observed due
to the excessive reflectance intensity toward the lens that might be generated from the
specular reflection of water on the surface of the fillet.

The second sub-model was a blood spot detection model. For this model, we de-
fined several band ratios at 700 nm/415 nm, 650 nm /600 nm, 760 nm /700 nm, and
700 nm /450 nm in the VNIR modality. Thresholding at 450 nm and 560 nm was part of the
developed blood spot detection model.

The third sub-model was a glare detection model. For this model, we defined the
threshold values higher or close to 100% at 480 nm (100%), 750 nm (97%), 850 nm (105%),
1080 nm (150%), 1414 nm (120%), and 2300 nm (90%) in the VNIR and SWIR ranges
to differentiate between glare and some white FMs that generated the high reflection.
Additional band ratios and thresholding were applied to develop the glare detection model.

The fourth sub-model was a black material detection model. For this model, we
defined the threshold values at 700 nm and 850 nm since the spectra of some dark areas
of the chicken fillets were similar to the spectrum of black material except in a few single
wavelengths including those two wavebands.

These four sub-models with binary outputs were combined into a pixel-level classifica-
tion algorithm, as shown in Figure 3. The algorithm is summarized in the following steps:

1. A multi spectrum goes to the black material detector based on multispectral
thresholding. If the pixel belongs to a black material, the algorithm stops with the FM
output. Otherwise, go to step 2.

2. If the pixel is not a black material, a pre-treated spectrum goes to the PCA-MD
model. If the output is meat, the algorithm stops. Otherwise, go to step 3.

3. If the pixel is neither black nor meat, it may belong to FM presumptively. This
presumptive classification must be checked with blood spot and glare detection models,
independently. If either sub-model classifies meat, the output is meat. Only when both
sub-models declare FM, the output becomes FM.
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2.5.2. Blob-Level Classification and Data Fusion

Spatially connected FM pixels obtained from the pixel-level classification with the
VNIR and SWIR spectral data were treated as FM blobs. For the data fusion, we used a
spatial image registration technique in order to find the spatially matched blobs between
the VNIR and SWIR images. The image registration was based on a non-rigid image
alignment algorithm called diffeomorphic demons such that the region-boundaries of
the VNIR and SWIR’s fillet segmentation images were spatially matched. This algorithm
estimated the displacement field of the fillet segmentation images and registered a VNIR
image and a SWIR image. A fillet segmentation image was obtained by thresholding such
that a fillet region became the foreground. The fillet segmentation for the VNIR was based
on two band ratios (700 nm/450 nm and 450 nm/560 nm) and thresholding. The SWIR
image segmentation was undertaken with thresholding at the 1200 nm waveband. The
rotation, scale, and translation were estimated and performed prior to image registration
to match the aspect ratios and the centroids of the fillet segmentation images from each
system. The registration technique compensated for minor deformations in shape during
the transformation process to another system, which increased the registration accuracy.
Following this, the estimated displacement field was applied to all the band images in the
VNIR range and reconstructed a new VNIR hyperspectral spectral image. Through this
image registration, it was easier to find matched blobs between two modalities, although
the pixel-level registration suffered from errors due to the non-flat and pliable properties of
chicken meat. Once the matched blobs were found, spectra of both modalities were fused.
These fused spectral data are called Fusion data (VNIR + SWIR data) and this procedure
corresponds to the data-level fusion, which combines the entire data.

All matched blobs were used to classify whether each pair of matched blobs belonged
to the chicken fillet or the FM group through the spectral angle mapper (SAM). The
reference spectra for the SAM were the muscle and fat spectra in the meat group (Fusion-
data SAM model). In developing the SAM model, the reference spectra of muscle and fat
were obtained from the average values of 30 muscle spectra and 10 fat spectra obtained
from ROIs of the VNIR and SWIR data. The spectral pretreatment was performed to the
averaged spectra. The pretreated data were combined into single spectra of muscle and
fat representing Fusion data. The SAM model determined a spectral similarity between
the blob spectrum in question and the reference spectra (muscle and fat) by calculating a
spectral angle between the spectra by treating them as vectors. The blobs detected only by
VNIR or SWIR were also classified by the SAM. Finally, when matched blobs were found,
the Fusion-data SAM model was used for the classification. When the unmatched blobs
were found, the VNIR-data SAM (SAM only in the VNIR range) or SWIR-data SAM model
(SAM only in the SWIR range) were used to classify these unmatched blobs. Then, the
final Fusion classification result was acquired by fusing the results from all three models
(Fusion-data SAM, VNIR-data SAM, and SWIR-data SAM model) by logical operation.
If either model classifies FM, the output was FM, and this procedure corresponds to the
decision-level fusion, which combines the results of separated models. The classification
model development procedure was carried out using MATLAB R2020b software (The
MathWorks, Inc., Natick, MA, USA).

2.6. Statistical Analysis

Spearman rank correlation, which provides a measure for the monotonic correlation
between the two vectors [41], was applied to identify the reliability of the HSI spectral data
compared to the spectrometer reference, and to compare the spectral similarity between
the semi-transparent material and chicken fillet. Multiple comparison tests among meat
features (muscle and fat) and FMs were performed using one-way analysis of variance
(ANOVA) with post-hoc Tukey’s test to determine the statistical significance of differences
among the distances of muscle (a normal meat feature), fat (a normal meat feature), and
FM spectra with a significance level of 0.05. The statistical distance metric for the Tukey’s
test was Mahalanobis distance (MD).
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2.7. Performance Evaluation and Comparison

The performance of pixel-level classification of the VNIR and SWIR models was
evaluated with an FM-pixel detection rate that was calculated by the ratio of the number
of correctly identified ROI pixels versus the number of ground-truth ROI pixels. The
FM-pixel detection rate was obtained separately for each FM group (polymer, wood, and
metal) because the number of samples in each group was different (17, 2, and 4 samples
for polymer, wood, and metal, respectively). The performance of blob-level classification
was evaluated with the precision (TP /TP + FP), recall (TP /TP + FN; sensitivity), F1 score
(2 x (precision x recall)/(precision + recall)), and Jaccard index (JAC, (TP/TP + EN + FP),
also called critical success index or threat score), and an FM-blob detection rate that was
(# of correctly classified FM blobs/# of ground-truth blobs in ROIs), where TP (true positive)
was the number of blobs that were correctly classified as FM, FP (false positive) was the
number of blobs that were mistakenly classified as FM, and FN (false negative) was the
number of FMs that were missed from the detection. The FM-blob detection rate was
also calculated separately for each FM sample group because the number of samples in
each group was different. The performance of the developed algorithm (Fusion model) in
detecting FMs was compared with the performance of the VNIR and SWIR models.

3. Results and Discussion
3.1. Spectral Data Analysis: Correlation and Distance

The mean spectra of the muscle and fat observed from the chicken fillet samples were
obtained from the spectrometer and HSI measurements. The ROI-based mean spectra
of the HSI measurements were compared with the spectrometer measurements in the
wavelengths from 400 nm to 2500 nm (Figure 4). The hyperspectral data were obtained
separately for both the VNIR and SWIR systems, and the SWIR data were scaled to match
the reflectance values of the VNIR data at the meeting point of 1000 nm waveband. Then,
the mean spectral data from both HSI modalities were fused into a single spectrum with
the 400-2500 nm spectral range. The Spearman’s rank correlation coefficients of the muscle
and fat between HSI and the spectrometer were 0.7685 and 0.9443, respectively. Since the
correlation coefficients were higher than 0.7 and the overall trend of HSI spectral responses
was similar to that of the spectrometer data, we concluded that the HSI data was reliable.

1
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Figure 4. Spectral data of muscle and fat. (a) Spectrometer and (b) Hyperspectral image ROI mean spectrum. The scaling

caused reflectance values to appear outside of the 0-1 range, which only occurs in this figure and not in the data used in

the analysis.

We performed the Tukey’s test to compare the difference between group mean MD
values of chicken fillets (muscle and fat) and each FM sample. Tukey’s test results indi-
cated that opaque FMs were significantly different from the meat. However, transparent
materials, such as glass and clear plastic film, and semi-transparent materials were not
significantly different from the meat. This post-hoc test result with transparent and semi-
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transparent materials was due to a mixed pixel effect where different materials contribute
to a spectral response at a pixel [42]. As mentioned earlier in Section 2.3, we pressed down
the FM samples to stick them well on the meat surface. As shown in Figure 5, when the
water seeped into a semi-transparent sample, the spectra between the semi-transparent
sample and the chicken meat were indistinguishable. Therefore, we concluded that the
semi-transparent FM samples pressed down firmly on the fillet could reduce the detection
chance of the FMs. However, the best-case scenario of detecting transparent and semi-
transparent materials in practice could be when these types of FMs would float on the meat
surface with enough air gaps between the background meat and the bottom surface of the
FMs. To test this hypothesis, we compared the Spearman’s rank correlation coefficients
between means measured on an area of 5 x 5 pixels where a semi-transparent sample was
placed firmly on the chicken fillet and on another area of 5 x 5 pixels where the same
semi-transparent sample floated slightly with air gaps (Figure 5). The correlation coefficient
between the firmly pressed area on the semi-transparent FM and the chicken meat was
0.7242, which was quite high. This meant that their spectra were very similar. On the other
hand, the correlation coefficient between the floated area on the same FM and the chicken
fillet was 0.5277, which was quite low. Therefore, the experimental conditions we designed
were difficult to detect all the semi-transparent FMs spectrally. In addition, researchers [43]
have shown in a study on detecting micro-plastics in tea bags that properties of the tea
present in a tea bag are dominant in measuring reflected spectra because tea bags are
optically semi-transparent in the NIR spectral range. However, because we cannot expect
that the FM samples will be presented under an ideal condition (with some air gap) on
the chicken fillet, we excluded the transparent (glass and PVC film) and semi-transparent
materials (PP hairnet, PE lab coat, white color latex glove, purple color nitrile glove, and
PE plastic) when evaluating our models. However, future research is necessary to improve
the accuracy of detecting semi-transparent materials. In addition to the transparent and
semi-transparent FMs, the black FMs showed very low reflectance in the entire spectral
range from 400 nm to 2500 nm, and also their spectral responses were similar to the spectral
responses of the dark features and/or areas on the meat surface. This result was also
consistent with the finding of a previous study [44] where black plastics were excluded
from the study because the black samples were difficult to differentiate from other plastics
in the NIR range.

(b) Floated Area

0.6 | Chicken fillet

----- Latex Floated

......... Latex Stuck

Reflectance
o
w

1000 1500 2000 2500
Wavelength (nm)

(e

Figure 5. (a) A SWIR band image of a chicken breast fillet contaminated with a semi-transparent
foreign material in a red box and other foreign materials; Enlarged images of a semi-transparent
foreign material pointing the floated area (b) and the stuck area (c); Enlarged image of an area
pointing to a pixel for the chicken fillet (d); (e) The plot shows the spectral responses of the floated
and stuck semi-transparent foreign material and the chicken fillet.
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3.2. Key Wavebands Selection

The reflectance in the VNIR provided information about color of chicken meat. In
our data, the bands at 450 nm (deoxymyoglobin), 560 nm (oxymyoglobin), and 700 nm
(myoglobin, hemoglobin) corresponded to the substances that are responsible for the color
of the meat. In addition, C-H, O-H, and N-H stretching observed in the NIR spectra
were characteristically attributed to fresh chicken meat’s chemical components such as
water, protein, and fat. In the VNIR and SWIR range, the bands at 850 nm, 1080 nm,
and 1414 nm were likely related to water present in the meat samples [45]. The 1200 nm,
1280 nm, 1414 nm, 1650 nm, and 1721 nm bands possibly corresponded to the overtones of
the C-H stretching modes from the lipid molecules within the meat samples. Furthermore,
the band at 2180 nm was likely related to the protein of the meat (N-H second overtone).
Therefore, we were able to handle the color and pigments, physical structure, and chemical
composition of chicken breast because we obtained both VNIR and SWIR image data [46].
These wavebands were selected as key wavelengths to distinguish between meat and
FMs (including background). Furthermore, regression coefficients (RC) for the established
PLSR models at the full wavelength of the VNIR and SWIR range were used to identify
key wavelengths related to muscle and fat of chicken fillets (Figure 6). The final selected
wavebands are 415, 450, 480, 560, 600, 650, 700, 715, 750, 760, 850, and 980 nm in the VNIR
range and 1000, 1080, 1101, 1200, 1280, 1414, 1650, 1721, 2180, 2300, and 2383 nm in the
SWIR range.
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Figure 6. Selection of key wavelengths for discriminating chicken fillet from other materials. (a) VNIR range muscle and fat

and (b) SWIR range muscle and fat related key wave bands.

3.3. Performance of Pixel-Level FM Classification

Table 2 shows the pixel-level FM detection rates on training and testing with the
VNIR and SWIR models. The pixel-level detection rates on the training set varied between
62-71% (VNIR) and 72-81% (SWIR), while the performance on the test set was significantly
decreased down to 10-33% (VNIR) and 38-59% (SWIR), respectively. The decrease was
partially due to the mixed pixel effect at the border of the large FMs. The average size of
ROIs in the training set was around 180 pixels with a rectangular shape close to square.
Therefore, the dimension of one side was around 13-14 pixels. A strip of about two pixels
along the boundaries of FM objects had mixed spectra from meat and FM. The average
area size of ROlIs in the test set was about 40 pixels with a rectangular shape close to square
as well. In addition, the dimension of one side was around 67 pixels. Our calculation
indicated that only around 75% of the pixels from the center could have pure FM spectra
in the training set, whereas the expected pure FM pixels in the test set was around 50%.
The results implied that the detection limit of a pixel-level spectral detection model was
about 1 mm (3—4 pixels in length) and a higher resolution HSI system would be required to
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detect smaller than 1 mm length samples. In the case of metal, the pixels were sometimes
classified as glare in both the VNIR and SWIR models due to the specular reflection from
smooth metal surfaces. In the case of wood, small samples with light color similar to meat
color were difficult to detect with the VNIR model. Overall, the SWIR model performed
better than the VNIR model.

Table 2. Foreign material detection rates (%) based on pixel-level classification.

Data Model Metal Wood Polymer
Training VNIR 62.3% (3725/5979) * 63.9% (2296/3592) 71.3% (22104 /30994)
(5 x 5mm?) SWIR 71.5% (3361/4702) 80.5% (2624 /3259) 79.5% (20118 /25295)
Test VNIR 10% (371/3718) 10.2% (159/1552) 33.1% (5186/15671)
(2 x 2 mm?) SWIR 37.7% (1119/2966) 58.9% (874/1485) 50% (6241/12492)

* Numbers in (/) represent (correctly identified pixels/ROI pixels).

3.4. Performance of Blob-Level Classification
3.4.1. Image Registration

The registration performance using the diffeomorphic demons algorithm showed over
98.6 £ 0.2% of Intersection over Union (IoU), which was the ratio of the area of overlap
to the area of union between registered (VNIR) and reference images (SWIR). Note that a
pixel-level registration of two chicken fillet images would be very challenging due to the
lack of prominent features on the surfaces of meat to match between two HSI modalities.
A further study is necessary to investigate an image registration technique for pixel-level
alignment of relatively featureless images of chicken breast meat.

3.4.2. Results on Training Set with Large FMs

Overall, the FM-blob detection performance of the developed Fusion model on the
training set with large 5 x 5 mm? FMs was higher than both the VNIR and SWIR models
(Table 3). The detection rates for all three FM groups using the developed Fusion model
were 100%, whereas the detection rates of the VNIR and SWIR models were 95-98%,
95-100%, 92% for metal, wood, and opaque polymer, respectively. The higher detection
rate of the Fusion model was because the VNIR and SWIR models were complementary
to each other in detecting FMs. For example, in the case of the polymer, the VNIR model
missed most of the dark green nitrile rubber conveyor belt samples, whereas the SWIR
model detected all of these samples. In the opposite case, the SWIR model missed most
pieces of white nitrile rubber conveyor belt and black nitrile rubber glove, whereas the
VNIR model more accurately detected these samples missed by the SWIR model. The F1
score (96%) and JAC (93%) of the Fusion model were higher than those of the VNIR and
SWIR models. The F1 score result suggested that the precision and recall of the Fusion
model was better balanced than the VNIR and SWIR models.

Table 3. Performance of three foreign material blob detection models on the training set. DR refers to detection rate.

Model Metal DR Wood DR Polymer DR Mean DR FP Precision Recall F1 Score JAC
VNIR 391(97.5%)2 19 (95%) 157 (92.4%) 95.0% 5 97.7% 93.5% 95.6% 91.5%
SWIR 38 (95%) 20 (100%) 157 (92.4%) 95.8% 12 94.3% 93.5% 94.1% 88.8%
Fusion 40 (100%) 20 (100%) 170 (100%) 100% 17 92.7% 100% 96.4% 93.1%

! Integers in Metal, Wood, and Polymer are the numbers of correctly detected FM blobs. 2 Percentage number in each () represents a
detection rate.

The recall (sensitivity) of the Fusion model was 100% which was about 7% higher
than the VNIR and SWIR models. The precisions were 98% (VNIR), 94% (SWIR), and
93% (Fusion). Most of the FPs observed from the SWIR model were linked to a connective
tissue that showed a spectral pattern similar to white plastic samples. The FPs observed
from the Fusion model were carryovers from FPs found by the VNIR and SWIR models.
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An example of the classification images obtained from the three FM-blob detection models
(Fusion, VNIR, and SWIR) on the training set is shown in Figure 7.

(a) (b) (c)
W _Meat I-FMs

Figure 7. Classification images with (a) VNIR model only, (b) SWIR model only (c) developed fusion algorithm on the
training set: Fusion + VNIR + SWIR. Green color represents chicken meat and red color represents FMs.

3.4.3. Results on Test Set with Small FMs

The overall performance of the Fusion model on the test set with small 2 x 2 mm?
FMs was better than the performance of the VNIR and SWIR models. The F1-score (94%)
and JAC (88%) of the developed Fusion model on the test set was higher compared with
both the VNIR (F1 score: 76% and JAC: 62%) and SWIR (F1 score: 89% and JAC: 79%)
models (Table 4). The detection rates of the fusion algorithm for each group on the test set
were 81% (metal), 95% (wood), and 95% (polymer), respectively, which were better than
the VNIR and SWIR models. The average detection rate (90.4%) of the Fusion model for
all polymer, wood, and metal samples was higher than the VNIR and SWIR models by
38% and 5%, respectively. In summary, the Fusion model outperformed the VNIR and
SWIR models in detecting small FMs in the test set. An example of the classification images
obtained from the three FM blob detection models on the test set is shown in Figure 8.

(@) (b) (0
N -Meat E-FMs

Figure 8. Classification images with (a) VNIR model only, (b) SWIR model only (c) developed fusion algorithm on the test
set: Fusion + VNIR + SWIR. Green color represents chicken meat and red color represents FMs.
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Table 4. Performance of three foreign material blob detection models on the test set. DR refers to detection rate.

Model Metal DR

Wood DR Polymer DR Mean DR FP Precision Recall F1 Score JAC

VNIR 351 (43.8%) 2
SWIR 63 (78.8%)
Fusion 65 (81.3%)

18 (45%) 234 (68.8%) 52.5% 6 98% 62.4% 76.2% 61.6%
38(95%) 277 (81.5%) 85.1% 16 95.9% 82.2% 88.5% 79.4%
38 (95%) 323 (95%) 90.4% 22 95.1% 92.6% 93.8% 88.4%

! Integers in Metal, Wood, and Polymer are the numbers of correctly detected FM blobs. 2 Percentage number in each () represents a

detection rate.

3.4.4. Discussion

In the case of the small size polymers, the Fusion model clearly outperformed the VNIR
and SWIR models when the detection rates were compared by 26% and 13%, respectively.
The VNIR model performed well when the color of the samples was distinguishable
from the chicken fillet but missed white materials which had a similar color to the fat
or specular reflection. The SWIR model performed well to detect the samples that had
different chemical compositions from the chicken fillet but missed red latex glove and
blue facial mask pieces that were spectrally similar to the muscle tissue. However, the
Fusion model successfully detected these small FM pieces missed by the VNIR and SWIR
models. Hence, these results implied that the fusion of VNIR and SWIR HSI modalities
was effective in the detection and classification of polymers.

In the case of the small metal and wood pieces, the detection rates (metal: 81%, wood:
95%) of the Fusion model were much higher than the VNIR model by 37% for metal
and 50% for wood, while they were similar in detecting wood (95%) or slightly higher in
detecting metal (79%) compared with the SWIR model. The specular reflection on the metal
surfaces and the light color of the wood samples were the main cause of the low detection
rate of the VNIR and SWIR models. The results suggested that although the detection of an
FM object was affected by its semi-transparency or specular reflection at the pixel-level, a
portion of the object could be still detected as FM by the Fusion model as long as some part
of the object was detected as a blob. In summary, the Fusion model improved the FM-blob
detection rate by about 13% for polymer and 2% for metal detection compared with the
SWIR model.

Notice that the precisions on the test set were increased compared with the precisions
on the training set mainly because the number of TP was increased for the test set, while
the number of FP for the test set remained similar to the training set. This result suggested
that more test data would increase the precision of the models. Although the precision
(95%) of the fusion algorithm was slightly lower than the precisions of the VNIR (98%) and
SWIR (96%) models, the recall (93%, sensitivity) of the Fusion model was much higher
compared with the VNIR (62%) and SWIR (82%) models. Therefore, the F1 score of the
Fusion model was higher than the VNIR (76%) and SWIR (89%) models, which indicated
the Fusion model we developed worked efficiently in detecting small size FM samples. In
addition, although more FPs were detected in the Fusion model, the JAC (88%) was much
higher than the VNIR (62%) and SWIR (79%) models. Therefore, we concluded that the
Fusion model outperformed the single modality models.

4. Conclusions

A Fusion model based on data fusion and decision fusion from visible near-infrared
(VNIR) and short-wave infrared (SWIR) hyperspectral images was developed for the
detection of foreign materials on the surfaces of broiler breast fillets. The study found
that the accuracies of detecting 2 x 2 mm? pieces of polymer, wood, and metal foreign
materials with the Fusion model were 95%, 95%, and 81%, respectively. The F1 score and
Jaccard index of the Fusion model were increased by more than 5% and 8% in comparison
to the VNIR- and SWIR-based foreign material detection models. Transparent and semi-
transparent materials were excluded in the model evaluation because of the optical fact
that transparent and semi-transparent materials were optically clear or semi-clear without
characteristic absorptions in the wavelengths from 400 nm to 2500 nm. In conclusion, the
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fusion of two hyperspectral imaging modalities provided an effective method to detect a
variety of small sized foreign materials on the chicken meat. The developed model will be
the baseline for online high-speed hyperspectral imaging applications. Further research
through systems engineering and algorithm optimization is needed for commercial poultry
processing application.
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