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As the traditional indicators of freshness measurement of meat products, TVB-N and TBA have the disadvantage
of time-consuming, labor-intensive and destructive to the sample. The objective of this study was to investigate
the possibility of computer vision techniques to visualize the variation of TVB-N and TBA during the storage of

E;e;{lgess smoked chicken thighs. In this study, freshness indicators (TVB-N and TBA) and images of smoked chicken thighs
TBA were obtained simultaneously every 3 days during storage at 4 °C. Then, the RGB color space was converted to

HSI and L*a*b* color spaces by color conversion algorithm, and the color parameters (RGB, HSI and L*a*b*)
were correlated with TVB-N and TBA, respectively, for establishing multiple regression models. Finally, visu-
alization maps of the spoilage were established by applying the multiple regression model to each pixel in the
image. The results showed that the multiple linear regression models of TBA and TVB-N based on the color
parameters L*, a*, I, S and R were well correlated (R 2 = 0.993 for TBA and R 2 = 0.970 for TVB-N). Distribution
maps of TBA and TVB-N changed color gradually from blue to red during storage, respectively. In conclusion, this
study demonstrated that distribution maps can be employed as a rapid, objective, and non-destructive method to
predict the TBA and TVB-N values of smoked chicken thighs during storage.

1. Introduction

Smoked chicken thighs, as one of the traditional foods of smoking
meat, have the characteristics of unique smoky aroma (Zhang et al.,
2021a) and appealing smoky color (Wang et al., 2021a,b; Zhang et al.,
2021b), which are popular among numerous customers. However,
protein dehydration, denaturation, degradation, and lipid oxidation
may occur during storage or industrial processing due to the rich
nutritional properties of smoked chicken thighs, which will affect its
freshness (Lan et al., 2016). Therefore, freshness, as one of the most
important factors in evaluating the quality and safety of meat, is highly
correlated with the sales and consumption of smoked chicken thighs.

In general, there are two main methods to assess the freshness of food
products: subjective measurement and objective measurement. Sensory
analysis, as a subjective measurement method, is conducted by the

assessors and involves the use of eyesight, touch, and olfaction (Kar-
pinska-Tymoszczyk, 2014). Objective measurement methods include
physical methods such as texture (Dang et al., 2021), color (Lan et al.,
2016) and electronic nose (Bekhit et al., 2021); chemical methods such
TBA content (Karpinska-Tymoszczyk, 2014) and TVB-N content (Liu
et al., 2020; Lan et al., 2016); biochemical methods such as trimethyl-
amine (TMA), biogenic amine formation (Bekhit et al., 2021) and
microbiological methods such as flat colony counting method (Wang
etal., 2020; Shange et al., 2019). These objective analytical methods are
more accurate than sensory analysis and play a critical part in the cur-
rent methods of freshness evaluation. However, a considerable amount
of time and energy is required to carry out these traditional determi-
nation methods, and it can also be destructive to the sample (Shi et al.,
2018). Meanwhile, the analytical reagents used in the experiments are
potentially harmful to the laboratory staff and the environment
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(Dallinger et al., 2020). Therefore, developing an objective, rapid and
non-destructive method to evaluate the freshness of smoked chicken
thighs would be significant to the smoked chicken industry due to its
potential economic effect.

Computer vision has been applied as a fast and non-destructive
method to evaluate food quality by analyzing color changes (Saldana
et al., 2014). It is also a critical technique for evaluating food freshness
(Shi et al., 2018). It has the advantages of efficiency, objectivity, con-
sistency and reliability. Recently, there are more and more researches
using computer vision evaluates the quality of chicken (Taheri-Gara-
vand et al., 2019), fish (Dowlati et al., 2013) and pork (Saldana et al.,
2014) by color features. However, meat spoilage is a complicated and
dynamic process due to the tissue enzymes and microorganisms. It is
common for meat degradation that accompanies simultaneous changes
in internal properties (chemical composition) and external properties
(color, texture and odor) (Shi et al., 2018; Lan et al., 2016). According to
You et al. (2020), lipid oxidation and protein decomposition during
storage will accelerate myoglobin oxidation and eventually led to the
color change of meat. By establishing the multiple linear regression
model. Zhang et al. (2019) determined that color was highly correlated
with the freshness index of chilled lamb. The freshness of red mullet was
evaluated using the image processing tool associated with chemical and
sensory analysis by Tappi et al. (2017).

However, traditional methods for predicting the content of compo-
nents can only obtain the average value of the measured parameters and
cannot provide their space distribution. Meanwhile, due to the fact that
the location distribution of each pixel in the sample image was spatial, it
provided the possibility to map the spatial distribution of different
physicochemical components. For example, Cheng et al. (2016) per-
formed pseudo-color visualization of the established partial least
squares regression (PLSR) model with the biogenic amine index corre-
sponding to each pixel in the hyperspectral image to achieve the map-
ping of pork biogenic amine index on the spatial image. Shi et al. (2018)
proposed that the freshness of tilapia could be represented visually as a
distribution map based on images acquired by computer vision. Torres
et al. (2021) established a distribution map of almond fatty acids
through the established partial least squares (PLS) regression model and
hyperspectral images. Meanwhile, Wang et al. (2021a,b) achieved not
only the prediction of tea polyphenol content in each pixel of the tea
spectral image by transferring the filtered optimal prediction model to
each pixel of the hyperspectral image, but also visualized the spatial
distribution of tea polyphenols in tea samples by the established distri-
bution map. However, there were no studies reported to obtain the
spatial distribution of TBA and TVB-N during the storage of smoked
chicken thighs directly by distribution maps.

The objective of this study was to investigate the feasibility of dis-
tribution maps as a rapid and non-destructive method for predicting the
freshness of smoked chicken thighs based on computer vision technol-
ogy. It provides a reference for future research on the use of computer
vision to predict other freshness parameters and may also provide a way
for the meat industry to achieve real-time monitoring of changes in the
quality of smoked chicken products.

1.1. Materials and chemicals

In order to benchmark the actual production of the company and
reduce the effect of freezing on the quality of raw meat (Qi et al., 2021),
390 (160 + 10 g) chicken thighs were provided by Liaoning Goubanzi
Food Co., Ltd (Liaoning, China) with a freezing time of less than two
weeks. The unpeeled chicken thighs were about 5.5 cm in diameter. All
the chicken thighs were transferred to the Lab at Bohai University in a
cooling box at 2-4 °C. Sucrose was purchased from Nanjing Ganjuyuan
Sugar Industry Co., Ltd. (Nanjing, China). All spices were purchased
from a supermarket located in Jinzhou, Liaoning Province, China.
Neutral filter paper, packaging bag (18 x 25 x 0.016 cm), anhydrous
alcohol, methyl red and all other chemical reagents of analytical grade
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Fig. 1. Structure diagram of smoked chicken thighs image acquisition device.

were supplied by Jinzhou National Pharmaceutical Co., Ltd. (Jinzhou,
China).

1.2. Preparation of smoked chicken thighs

The preparation of sugar-smoked chicken thighs was referred to the
method described by Wang et al. (2021a,b). The technology of sugar
smoking was as follows: Chicken thighs were thawed under running
water at room temperature (25 + 5 °C) and were blanched. Boiled
chicken thighs in brine for 10 min, and then simmered for 90 min. The
recipe for the spices of the brine was prepared according to the method
of Wang et al. (2021a,b). Then, remove the chicken thighs from the brine
and chill it to room temperature (25 £ 5 °C).

Sucrose (350 g) was added and began to produce smoke when the
temperature of the sugar heating plate in the sugar fumigation furnace
(YXDT1/1, Hebei Xiaojin Machinery Manufacturing Co., Ltd., Hebei,
China) with a length, width and height of 152 x 130 x 260 cm,
respectively, increased to 330 °C. When the furnace temperature
reached 100 °C, the chicken thighs were hung in the sugar fumigation
furnace and sugar smoking for 8 mins. The sucrose amount used in each
batch was equal. When the temperature cooled to 15 + 5 °C, the oil
stains were removed from the surface of the chicken thighs. Afterwards,
each sugar-smoked chicken thigh was packed in vacuum (DZ-600, Jinda,
China) tagged with the date and sequence number with storage in a
refrigerator at 4 °C for 36 days. Finally, collect chicken thighs images
and determine the TVB-N value and TBA value every three days for 36
days. A total of 13 groups of sample images and corresponding TVB-N
value and TBA value were obtained.

1.3. Image acquisition system

The image acquisition system is shown in Fig. 1. The image collection
system was composed of an imaging chamber (Pangniu Technology Co.,
Ltd., Shenzhen, China), a bracket (ES400300, LOTS, Dongguan, China),
a digital camera (EOS 600D, Canon, Tokyo, Japan), a computer
(Y7000P, Lenovo, Beijing, China), a ring LED shadowless light (HPR200,
LOTS, Dongguan, China) for image processing. The imaging chamber
was 50 cm in length, width and height. A ring shadowless LED lamp
(power of 15.2 W and color temperature of 6500 Kelvin) with an
external diameter of 21.5 cm and an internal diameter of 17 cm was
fixed in the middle of the top of the imaging chamber. This ring shad-
owless LED lamp is a planar light source, which can maximally reduce
the reflection problem in the process of taking images. The bracket was
placed inside the imaging chamber. The sample support plate was fixed
to the bracket and can be moved vertically to adjust the distance be-
tween the sample and the camera, which minimizes the reflection and
color deviation caused by the unsuitable light distance. The camera lens
was placed in a round hole of 6 cm, which was created in the center of
the top of the imaging chamber.
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1.4. Image analysis

The Python program was applied to obtain and analyze the color
information of the sugar-smoked chicken thighs in three steps. First,
images were acquired by a digital camera for the smoked chicken thighs.
Secondly, the R, G and B information of the image was obtained by
computer vision. Finally, the RGB values were transformed into HSI and
L*a*b* values by image analysis algorithms.

1.4.1. Image acquisition and preprocessing

As the purpose of this study was to achieve nondestructive detection
of spoilage degree of smoked chicken thighs, thus images were collected
from vacuum-packed smoked chicken thighs. The digital camera was
positioned vertically above the sample plate with the lens at a distance
of 40 cm from the sample surface. This distance not only obtains a
satisfactory image, but also minimizes the reflection problem caused by
vacuum packaging. A total of 30 smoked chicken thighs were selected
randomly from the refrigerator every 3 days to obtain pictures. The
sample was flipped 90° after acquiring one image, and four images were
acquired in total for one sample. The external humidity of the sample
was wiped before image acquisition. It was RGB color images that were
collected in the experiment. The resolution of these images was 5184 x
3456 pixels and the format was PNG. To better display the effect of
image preprocessing and obtain the local image from the whole smoked
chicken thighs, the resolution of the image was reduced to 384 x 384
pixels. After the image was rotated, flipped and stretched randomly, the
three new images were generated. It changed the position and orienta-
tion of the original image without changed the image properties. The
number of sample images was increased and the accuracy of the test
results was enhanced by preprocessing the images.

1.4.2. Convert RGB to L*a*b* and HSI

It was common that the color spaces RGB (red, green, blue), HSI
(hue, saturation and intensity) and L*a*b* (lightness, redness and yel-
lowness) were applied in food classification (Hashim et al., 2011). As a
linear color space, RGB color spaces can be acquired rapidly through
computer vision systems. Color differences on a uniform scale cannot be
represented by RGB space only (Cheng et al., 2001). Thus, it does not
easily distinguish the similarity of two colors using the RGB values. The
HSI color space can help overcome the speed limitations related to color-
based computer vision compared to the RGB color space (Gunasekaran,
1996). In contrast to the RGB and HSI color spaces, the L*a*b* color
space contains a broader color gamut, which indicates that L*a*b* can
exhibit a broader range of colors (Yam and Papadakis, 2004). The RGB
color space was converted to HSI and L*a*b* color spaces to better
describe the color information of smoked chicken thighs (f.uszczkie-
wicz-Piatek, 2014).

1.4.2.1. Convert RGB into L*a*b*. As described by Leon et al. (2006),
the RGB color space was converted to L*a*b* color space in two steps.
Firstly, RGB values were converted to XYZ values.

X =0.412453R + 0.3578G + 0.180423B (€D)]
Y =0.212671R + 0.71516G + 0.072169B 2)
Z = 0.019334R + 0.119193G + 0.950227B 3

Second step, convert XYZ values to L*a*b* values.

L* = 116f(Y/Y,)-16 (C))
a* = 500[f(X/X,)-f(Y/Yy,)] 5)
b* = 200[f(Y/Y.)-f(Z/Z,)] (6)

Computers and Electronics in Agriculture 199 (2022) 107170

6 3
Vi if t> (2—9)
f(t) = )

1292t+4 'ft<63
36 29 =29
where X, = 95.047, Y, = 100.0, Z, = 108.883, t refers to f(X/Xy), f(Y/
Yn), £ (Z2/Zy).
The L* a* b* values of each storage period were compared with day

0 to determine the change in color difference (AE) of smoked chicken
thighs in the whole storage period.

AE = \/(LO*-Li*)2 + (ag™-a")” + (by"-b;*)’ ®)

where AE represents the absolute color difference; Lo*, ap*, bp* repre-
sents the color parameters on day 0; L;*, a;*, bi* represents the color
parameters on day i.

1.4.2.2. Convert RGB into HSI. The RGB values were transformed into
HSI values according to the method of Rotaru et al. (2008).

_R+G+B

I= 3 )]
S=1 “RTGIB > min(R, G, B) 10)
H = cos™! 0.5 x [(R-G) + (R-B) ] an

(R-G)* 4+ (R-B)(G-B)

1.5. Total volatile basic nitrogen (TVB-N)

TVB-N was assessed by the semi-micro Kjeldahl method used by Hu
et al. (2013). The analytical conditions were as follows: The method was
as follows: distilled water (100 mL) was added into the minced sample
(10 g) and then stirred with an electronic stirrer (30 min) (Allegra 64R,
Thunder Magnetic Instrument Co., Ltd., Shanghai, China). Then, after
centrifugation at 5500 r for 15 min (USA.JB-2A, Thunder Magnetic In-
strument Co., Ltd., Shanghai, China), the mixture was filtered through
ordinary filter paper, and the filtration was repeated twice to collect the
permeate. Afterwards, 5 mL of the resulting filtrate and 5 mL of MgO
suspension (10 g/L) were added into the tube, with 10 mL of boric acid
(20 g/L) as the acceptor and then distilled using a Kjeldahl Apparatus
(K9840, Haineng Scientific Instrument Co., Ltd, Shandong, China). The
boric acid absorbent solution was titrated by 0.01 mol/L hydrochloric
acid (HCI).

1.6. Thiobarbituric acid value (TBA)

The TBA values were measured by the approach proposed by Lan
et al. (2016). The minced sample (10 g) was mixed with 20% tri-
chloroacetic acid (TCA) (w/v) solution (25 mL) and homogenized at
10,000 rpm for 30 s (FW-200, Zhongxingweiye Instruments Co., Ltd.,
Beijing, China). The supernatant was filtered twice after centrifugation
at 5500 rpm for 15 min at 4 °C (Allegra 64R, Thunder Magnetic In-
strument Co., Ltd., Shanghai, China). The filtrate (2 mL) and 0.02 mol/L
TBA (2 mL) were mixed in a test tube and heated in a water bath at 80 °C
for 20 min. Then, the solution was cooled 10 min in an ice bath. The
absorbance of the sample was determined at 532 nm by using water as a
blank (UV2550, Spectrum General Technology Co., Ltd., Beijing, China).
A control sample was prepared and treated with the same procedure.

1.7. Establishment of the multiple linear regression model

Multiple linear regression modeling was a statistical technique that



B. Wang et al.

(b) (©) (d)

Fig. 2. Image pre-processing results of smoked chicken thighs. (a) Original
image, (b) random rotation image, (c) random flip image, (d) stretch trans-
formation image.

was used to model the linear relationship between the independent
variables (explanatory variables) and the dependent variables (response
variables). Therefore, the L*, a*, S, I, and R were used as independent
variables while the TBA and TVB-N were used as dependent variables,
respectively, while in order to compare the influence of changes in the
independent variables on the model coefficients of determination, three
corresponding multiple linear regression models were established
separately. The first group took the color parameters R, a*, [ and S as the
independent variable. The color parameters R, L*, a*,SandR, S, I, L*, a*
were used as independent variables for the second and third groups,
respectively. Variance inflation factor (VIF) was utilized as a measure-
ment to evaluate the multi-collinearity among the independent variables
in the multiple regression model (Liu et al., 2008). When the VIF values
of the respective variables showed less than 10, it indicated that there
was no significant multi-collinearity and the regression model was well
fitted (Yoon and Lee, 2021).

1.8. Distribution maps for TVB-N and TBA values

The deterioration degree of smoked chicken thighs cannot be
determined directly by color change during storage at 4 °C. Therefore,
developing a fast and intuitive method to evaluate the freshness and
quality of smoked chicken thighs was necessary. The effective approach
to obtaining the freshness of smoked chicken thighs during storage was
visualizing TVB-N and TBA values. There were corresponding color data
for each pixel of the image. Hence, the freshness metrics of each pixel
can be predicted through multiplying each pixel of the image by the
regression coefficient of the model and visualized it according to a linear
color scale (Cheng et al., 2016). In this research, the best models will be
applied to convert each pixel of the image into the corresponding color
separately and finally to generate the distribution maps of TBA and TVB-
N. The variation of the color in the distribution map from blue to red
indicated the TVB-N and TBA values increased from low to high.
Changes in TBA and TVB-N in smoked chicken thigh samples can be
easily estimated by observing the colors in the distribution map.

1.9. Statistical analysis

The python programming language in the OpenCV platform (Open-
Source Computer Vision Library) was utilized to carry out the image
processing algorithms, multiple regression algorithms, and visualization
procedures, and then uploaded to the device. Experimental data on
color, TBA, TVB-N were statistically analyzed using IBM SPSS Statistics
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Fig. 3. Variation of TVB-N and TBA in smoked chicken thighs stored at 4 °C.
Different letters indicated that there was significant difference (p < 0.05). Error
bars indicated standard deviations.

26 (SPSS Inc., Chicago, IL, USA) software to analyze variance (ANOVA).
All the results were expressed as mean + standard deviation (M + SD).
Multiple comparisons of means were established by Duncan’s multiple
range test. Differences were significantly at p < 0.05. Figures were
plotted by applying Origin 2021 software (OriginLab Corp, North-
ampton, USA). The R? was employed to estimate the fit degree of the
model.

2. Results and discussion
2.1. Image acquisition results

120 images were collected for each storage time, and 1560 images
were collected for 13 storage times. Image preprocessing results showed
in Fig. 2. There were 480 pictures in each storage time (including 120
original images, 120 random rotation images, 120 random flip images
and 120 stretch transformation images) and 6240 pictures in the whole
storage time.

2.2. Chemical indicators analysis

2.2.1. Total volatile basic nitrogen content (TVB-N)

The variation of TVB-N content in smoked chicken thighs from day
0 to day 36 was shown in Fig. 3. There was a significant increase of TVB-
N values from 3.2 mg/100 g to 17.25 mg/100 g with the extension of
storage time (p < 0.05). TVB-N value was the ammonia and amine basic
nitrogen-containing substances produced by meat or meat products via
the action of enzymes and spoilage microorganisms (Bekhit et al., 2021;
Lan et al., 2016). Therefore, the increase in TVB-N values of smoked
chicken thighs during storage was predictable. As shown by Khulal et al.
(2016), microbial spoilage and deterioration of meat and meat products
reached unacceptable when the TVB-N values reached 15 mg N/100 g.
Smoked chicken thighs exceeded 15 mg N/100 g at day 30, longer than
the reported cooked chicken. Balamatsia et al. (2007) found that the
growth of aerobic spoilage bacteria (Pseudomonas and Yeast) could be
inhibited in poultry products during the refrigeration process, which
reduced the rate of protein decomposition and significantly extended the
shelf life. Meanwhile, study by Cyprian et al. (2015) showed that the
dehydration effect of the smoking process, the antimicrobial action of
the smoke components and the high temperature function of the hot
smoke also resulted in a significant reduction of the microbial content at
the beginning of storage, which increased the storage period of smoked
chicken thighs. Besides, the antimicrobial components in the smoke will
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Fig. 4. Typical images of color changes at days 0, 9, 18, 27, and 36 of smoked chicken thighs stored at 4 °C.
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Fig. 5. Variation of color parameters (R, G, B) of smoked chicken thighs during
storage at 4 °C. Different letters indicated significant differences (p < 0.05).
Error bars indicated standard deviations. R = indicates red; G = indicates green;
B = indicates blue.

continuously inhibition the growth of microorganisms during the stor-
age. However, in this study, smoked chicken thighs (Fig. 3) had a lower
initial TVB-N value (3.2 mg N/100 g) than the cooked chicken meat
(5.74 mg N/100 g) (Khulal et al.et al., 2016). It was probably related to
the dehydration, antibacterial and antioxidant activity that resulted
from smoking (Leroi and Joffraud, 2000).

2.2.2. Thiobarbituric acid content (TBA)

The variation of TBA values for the smoked chicken thighs was
shown in Fig. 3. The TBA values of the smoked chicken thighs increased
significantly (p < 0.05) from 0.21 mg/kg (day 0) to 0.87 mg/kg (day 36)
during storage. Similar findings were achieved by Al-Hijazeen et al.
(2018). TBA values were widely reported to determine the content of
malondialdehyde (MDA), a fat oxidation product (Liu et al., 2020). As
demonstrated by Karpinska-Tymoszczyk (2014), and Georgantelis et al.
(2007), the rancid flavor was detected in meat products with MDA
content higher than 0.6 mg/kg. The present results showed that smoked
chicken thighs were up to the rancid level after 29 days of storage. It was
possibly due to the antioxidant properties of the phenolics produced by
the smoking process, which prevented the polyunsaturated fatty acids
from the oxidation and even enhanced the oxidative stability (Yu et al.,
2018). The research in Dang et al. (2021) indicated that vacuum with-
draws the air from the package and will reduce some of the ongoing
oxidation processes. The initial TBA value of smoked chicken thighs in
this study were lower than smoked chicken breast (1.21 mg/100 g) by
Gettinger et al. (2017). This result agrees with Al-Hijazeen et al. (2018),

1.005 - - 51
{48
1.000 | b b b b b b ab b b ab b b a
145
0.995 | 1o
0.990 139
17,] iR 136
= 0.985 |
g d33 ™
= 0.980 | 130
0.975 | 127
424
0.970 |
{21
0.965 | {18
1 1 1 1 1 1 1 1 1 1 1 1 1

12 15 18 21 24 27 30 33 36
Storage time (days)

Fig. 6. Variation of color parameters (H, S, I) of smoked chicken thighs during
storage at 4 °C. Different letters indicated significant differences (p < 0.05).
Error bars indicated standard deviations. H = indicates hue; S = indicates
saturation; I = indicates intensity.

who found that the TBA value of chicken breast was higher than those of
the chicken thigh meat.

2.3. Computer vision imaging of smoked chicken thighs

The typical images for smoked chicken thighs at days 0, 9, 18, 27 and
36 were displayed in Fig. 4. The color of the smoked chicken thighs
gradually becomes yellowish from the initial bright yellow—brown color
with the increase of storage time. Lipid hydroperoxides were produced
by lipid oxidation during the storage of smoked chicken thighs (Valous
et al., 2009). Subsequently, low molecular weight carbonyl and alcohol
compounds were generated through the decomposition of hydroperox-
ides, which led to the quality changes of smoked chicken thighs by
influencing color, flavor, odor and texture (Shange et al., 2019; Liu et al.,
2019). Overall, the dynamics of organic compounds, proteolysis and
lipid oxidation were associated with changes in the freshness of smoked
chicken thighs.

2.4. Change of RGB, L*a*b* and HSI

Fig. 5 showed the change in the RGB color space of smoked chicken
thighs stored **under 4 °C for 36 days. The values of R, G and B
decreased with the increase of storage days. According to Fig. 5, the R
value decreased significantly from 71.40 to 40.01 (p < 0.05), the G value
decreased significantly from 30.45 to 18.72 (p < 0.05), as well as the B
value also decreased significantly from 16.19 to 6.88 (p < 0.05) during
storage. It can be seen from Fig. 5 that the R value and G value were
higher than the B value. It was attributed to the dominant color (yellow)
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Fig. 7. Variation of color parameters (L* a* b*) of smoked chicken thighs during storage at 4 °C for (a) L*, (b) a*, (c) b* and (d) AE. Different letters indicated

significant differences (p < 0.05). Error bars indicated standard deviations. L* = indicates lightness; a* = indicates redness; b*

of smoked chicken thighs was consisted of high red and green, with low
or minimal content of blue (Hashim et al., 2011). R value decreased with
the increase of storage time, which demonstrated that red decreased.
According to Shi et al. (2018), the decrease of red color was affected by
meat texture, water content, pigments, and activators enzyme that play
a role in the formation and degradation of meat color. It can be seen
from Fig. 5 that the G and B values decreased, but the variations were
smaller compared to the R values. Therefore, the G and B values were
not effective indexes to evaluate the freshness, while the R value can be
used as an effective indicator to evaluate the freshness of smoked
chicken thighs.

The result of HSI of all samples is shown in Fig. 6. It can be noticed
that the S value decreased significantly with the extension of storage
days. The initial S value of smoked chicken thighs was 0.9950 and
decreased to 0.9782 at the end of storage days. The S component rep-
resented that the saturation changed at varying illumination levels (Shi
et al., 2018), which meant that the color saturation of smoked chicken
thighs decreased gradually as the storage time increase. As shown in
Fig. 6, the I value decreased significantly from 30.35 to 21.87 (p < 0.05).
The decrease of I value was consistent with the decrease of color
brightness during storage because I value also represents the brightness
of the image (Dhandra et al., 2006). The H value was about 1° (red)
throughout the storage time (p > 0.05). Vieira et al. (2009) found that
the use of vacuum packaging during the storage of chicken meat may
increase the stability of metmyoglobin and consequently the stable Hue
(H value) during the storage period. Hence, the H value was not an
available color parameter to evaluate changes in freshness during
storage.

Fig. 7 showed the result of the L*a*b* color of smoked chicken thighs
stored under 4 °C for 36 days. Generally, all results showed a decrease in
L* values and a* value, whereas the b* value fluctuated by storage time.
This agreed with the results of Yang and Chen (1993), and Lan et al.
(2016) stated that a* value and L* values of chicken meat decreased
significantly and b* value did not change significantly after storage.

indicates yellownes.

According to Fig. 7(a), Fig. 7(b) and Fig. 7(c), the L* value decreased
significantly from 40.56 to 30.52 (p < 0.05), the a* value decreased
significantly from 16.13 to 10.47 (p < 0.05), whereas the b* value
showed a fluctuation trend during storage (17.940-24.184). Shi et al.
(2018) indicated that the reduction of the brightness was probably due
to the reduction of the moisture content during storage. Adrah et al.
(2021) indicated that the b* values of chicken meat treated with quer-
cetin for antioxidant coating were fluctuating during storage compared
to the control group without antioxidant coating treatment, similar to
the results of this study. It suggested that the fluctuation of b* values in
this study was most probably caused by the formation of antioxidant
coating on the surface of chicken thighs by the phenolic antioxidants
produced during the smoking process. The decrease in a* was probably
due to the release of iron from the hemoglobin molecule by the oxidation
of denatured globulin and the oxidative cleavage of hemoglobin pig-
ments (Dang et al., 2021). The AE values increased from 0 on day 0 to
17.99 on day 36 (p < 0.05) (Fig. 7(d)) due to the rapid change of color in
the smoked chicken thighs during storage. A similar phenomenon was
reported for tilapia by Shi et al. (2018). Therefore, the b* value was not
an effective index for evaluating the freshness of smoked chicken thighs,
while the L* value and a* value have a changing trend, which can be
used as an effective index to evaluate the freshness of smoked chicken
thighs.

Overall, L*, a* S, I, R have a high correlation with the color of
smoked chicken thighs during storage, which is suitable for describing
the color change.

2.5. Multiple regression model results

As a parameter that evaluated the linear correlation between the
independent variables, when the VIF was higher than 10, it indicated
that there was significant multi-collinearity between the independent
variables (Liu et al., 2008). The results of multiple linearity detection for
the independent variables in the multiple regression model were shown
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Table 1

Multi-collinearity results of the independent variables.
Statistics/Parameters Tolerance analysis (1 - R?) VIF
a* 0.599 1.670
I 0.113 8.841
L 0.149 6.693
S 0.325 3.073
R 0.111 9.011

Table 2
Regression models for freshness prediction between indicators and color pa-
rameters of smoked chicken thighs during storage at 4 °C.

Index Model R? p-
Value

YrBa Y1 =79.388 4 0.172a* + 0.231I — 81.405S — 0.14R  0.947  0.009

Y2= — 150.109-0.307a* — 0.884L* + 178.289S + 0.976  0.002
0.255R
Y3= — 78.209-0.167a* + 100.299S + 0.156I + 0.993 0.002
0.138R — 0.759L*
Dryg- D1 = 683.082 + 2.228a* + 1.781I — 684.647S — 0.956  0.000
N 1.464R
D2= — 1417.07-2.119a* — 8.369L* + 1697.18S + 0.968  0.000
2.063R
D3= — 921.468-1.195a* + 1164.772S + 1.165I + 0.970  0.000

1.292R — 7.728L*

Y (dependent variable): TVB-N value, D (dependent variable): TBA value.

in Table 1, and the VIF values of the independent variables L, a*, S, I, and
R ranged from 1.670 to 9.011, indicating that there was no significant
correlation between the independent variables (Yoon and Lee, 2021).
From the Table 2, it can be found that the p-values corresponding to the
F-values in the multiple linear regression model were all lower than
0.05, which indicated that the color parameters of the model had a
significant effect on the TBA and TVB-N values. Y represented the
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multiple linear regression equation of TBA and D represented the mul-
tiple linear regression equation of TVB-N. The R 2 of the Y1, Y2 and Y3
models were 0.947, 0.976 and 0.993, respectively. The Y3 model
showed the best performance (R? = 0.993) by further comparing the
results of the three models. Meanwhile, the R? of the D1, D2 and D3
models were 0.956, 0.968 and 0.970, respectively. Compared with D1
and D2 models, the D3 model showed better performance (R% = 0.970).
It can be found from the results that the differences in the independent
variables I and L caused the coefficients of determination of the models
Y1 and D1 were lower than those of Y2 and D2, which indicated that the
color parameters I and L had a greater influence on the coefficients of
determination of the models. Meanwhile, compared with models of Y1,
Y2, D1, and D2, the coefficients of determination of models Y3 and D3
were also increased due to the addition of both independent variables I
and L, reaching 0.993 and 0.970, respectively. Therefore, each pixel of
TBA and TVB-N value were predicted by the best models of Y3 and D3,
respectively.

2.6. Distribution map results

The distribution maps for TBA and TVB-N at days 0, 9, 18, 27 and 36
were shown in Fig. 8 and Fig. 9, respectively. It indicated that the
different TBA and TVB-N values were displayed by the different colors of
the distribution maps. The pixels with different color parameters rep-
resented the corresponding TVB-N and TBA values in the distribution
map, respectively (Cheng et al., 2016). Fig. 8 displayed the distribution
maps of the TVB-N values of smoked chicken thighs at different storage
periods with color scales at the bottom. It is noticeable that there was a
tendency for the color change from blue to red with the increase of TVB-
N values, reflecting the accumulation of TVB-N and the decrease of
freshness. For example, Fig. 8(A) showed a uniform distribution of blue
and green with a low TVB-N value of 3.2 mg/100 g, implying that the
smoked chicken thighs were fresh. Fig. 8(E) showed mostly the red color
distribution of TVB-N values with a high TVB-N value of 17.25 mg/100

12.0 14.0 16.0 18.0 20.0

Fig. 8. Examples of distribution maps of smoked chicken thighs at different TVB-N values (Linear color scale, from blue to red, was used to visualize the TVB-N
values of each pixel, in which the TVB-N with low values were displayed in blue and those with high values in red). (A) TVB-N = 3.2 mg/kg, storage for 0 days;
(B) TVB-N = 6.16 mg/kg, storage for 9 days; (C) TVB-N = 9.12 mg/kg, storage for 18 days; (D) TVB-N = 12.07 mg/kg, storage for 27 days; (D) TVB-N = 17.25 mg/kg,
storage for 36 days. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

(A)

0.0 0.1 0.2

Fig. 9. Examples of distribution maps of smoked chicken thighs at different TBA values (Linear color scale, from blue to red, was used to visualize the TBA values of
each pixel, in which the TBA with low values were displayed in blue and those with high values in red). (A) TBA = 0.21 mg/kg, storage for 0 days; (B) TBA = 0.28
mg/kg, storage for 9 days; (C) TBA = 0.35 mg/kg, storage for 18 days; (D) TBA = 0.56 mg/kg, storage for 27 days; (D) TBA = 0.87 mg/kg, storage for 36 days. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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g, indicated that a significant level of spoilage occurred. Fig. 9 showed
the distribution maps of TBA for samples at different storage periods (0,
9, 18, 27, and 36 days, respectively). The color in the distribution map of
sample storage at 0 days exhibited mostly blue (TBA was 0.21 mg /kg),
which indicated that there was almost no malondialdehyde in the
smoked chicken thighs samples (Fig. 9 (E)). According to Fig. 9(E), the
distribution map of TBA values was almost yellow, and TBA values were
up to 0.87 mg/kg, indicated that a significant level of spoilage
happened. As the storage time increasing, the density of blue color
became less, and the yellow color appeared more, demonstrated the
increase of TBA content during storage. It was worth noting that the
color densities in the distribution maps of TVB-N and TBA on day 18
showed a non-uniform, non-symmetric distribution (Fig. 8(C) and Fig. 9
(C)), which was similar to the findings of Zhenjie et al. (2015) and Cheng
et al. (2016). It is probably attributed to the differences in the distri-
bution of dominant microorganisms in the mid-storage period by dif-
ferences in the oxygen content of different parts after vacuum packing
(Balamatsia et al., 2006), which led to the different degradation rates of
compounds. Therefore, the spoilage rates of different parts of smoked
chicken thighs in the mid-storage period were different.

3. Conclusion

This study investigated the feasibility of a distribution map based on
a computer vision system to predict the freshness of smoked chicken
thighs during storage at 4 °C. Results displayed that the values of TVB-N
and TBA increased with the increase of storage time. The R, G, B, S, I, L*,
a* and AE values increased with the storage time, while there was no
change in the H and b* values. Multiple regression models of TVB-N and
TBA based on color parameters (L*, a*, R, S, I) have the best perfor-
mance with R 2 of 0.970 and 0.993, respectively. The color of the dis-
tribution maps for the TBA and TVB-N values changed from green to red,
respectively, during the storage period. The research findings that the
freshness of smoked chicken thighs can be predicted rapidly and non-
destructively by distribution maps in an online manner. However, due
to the differences in the process of sugar smoking and the selection of
raw materials for different sugar-smoked products, the color of the
sugar-smoked products after sugar smoking and the color change during
the storage process will be different, which will have an impact on the
final generated distribution map. Therefore, more research must be
conducted to predict the freshness of other sugar-smoked products
during storage in a stable and flexible way with distribution maps.
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