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. This study was carried out to use hyperspectral imaging technique for determining color (L*, a* and b*)

. and eggshell strength and identifying cracked chicken eggs. Partial least squares (PLS) models based

. onfull and selected wavelengths suggested by regression coefficient (RC) method were established to

. predict the four parameters, respectively. Partial least squares-discriminant analysis (PLS-DA) and RC-
partial least squares-discriminant analysis (RC-PLS-DA) models were applied to identify cracked eggs.

: PLS models performed well with the correlation coefficient (r,) of 0.788 for L*, 0.810 for a*, 0.766 for b*

. and 0.835 for eggshell strength. RC-PLS models also obtained the r, of 0.771 for L*, 0.806 for a*, 0.767

. for b* and 0.841 for eggshell strength. The classification results were 97.06% in PLS-DA model and

© 88.24% in RC-PLS-DA model. It demonstrated that hyperspectral imaging technique has the potential

. tobe used to detect color and eggshell strength values and identify cracked chicken eggs.

. Egg is one of the most important foods because of its healthy function to people. It is rich in protein, lipid and
: carbohydrates, and it also contains mineral elements and vitamins'. In food industry, eggs can be used for making
© cakes, breads, ice creams, etc. Also, eggs have therapeutic and diagnostic functions®. However, eggs can often be
. damaged due to their fragile eggshells. According to a previous study, cracked eggs made up from 6% to 8% of
. the total eggs production’. The eggshell is a natural protection for egg, and thus it is significant to get a high value
. of eggshell strength*. The eggshell strength, reflecting the resistance ability to damage, can protect eggs when
. theyare in collecting, packaging, storage and transportation. It can be found the higher the eggshell strength, the
. stronger resist to damage. Cracked eggs can finally cause economic loss in two ways, one is that they cannot be
© sold at a high price, another is cracked eggs may raise the risk of bacterial contamination to intact eggs, which
© can even produce food quality and safety problems®~”. Therefore, cracked eggs should be identified and taken
. out before they are sent to the market. Egg color is also an important factor in egg industry. It can affect people’s
. choice due to the regional or national cultural preferences for different colors, directly affecting eggs’ produc-
¢ tion®”. Thus, the determination of egg color and eggshell strength is of importance.

: Hyperspectral imaging technique can produce spectral information as well as spatial information for objec-
© tives at the same time. A spatial hyperspectral cube can be generated when one sample was scanned by the hyper-
. spectral imaging camera. The hyperspectral cube (hyperspectral image) contains a series of images covering the
: whole wavelengths, and each pixel for one image has both spectral and spatial information'®. Because of this
© feature, it can be used to detect external characteristics, such as fruit defect!'2, color!® and sugar beet disease'?,
. and internal information, such as moisture content!® and other chemical indexes'>'6. By studying spectral fea-
. tures at different wavelengths, it may be possible for color and eggshell strength determination and cracked eggs
: identification, which can be seen in many previous studies. Wu et al. predicted beef color (L*, a* and b*) using
- hyperspectral imaging technique'”. Wu ef al. investigated color distribution in salmon fillet by using hyperspec-
© tral imaging'®. Igbal et al. detected the color in turkey hams by hyperspectral imaging method"®. Huang et al.
. studied color feature in vegetable soybean during drying based on hyperspectral imaging®. All of these studies
. showed the feasibility of hyperspectral imaging technique for color determination.

: This study investigated the determination of egg color and eggshell strength values and detection of cracked
© eggs using hyperspectral imaging technique. The specific objectives of this study were: (1) to detect egg color and
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Figure 1. Spectral reflectance curves of samples.

eggshell strength values by using spectral information; (2) to select significant wavelengths for predicting color
and eggshell strength values and (3) to develop a technique to classify intact and cracked eggs based on full and
selected wavelengths, respectively.

Results and Discussion

Spectral feature. Spectral reflectance curves of all chicken eggs were shown in Fig. 1. It is obviously there
was some noise at the beginning of the wavelengths. The general trend of the spectral reflectance curves for dif-
ferent eggs were very similar. In order to classify intact and cracked eggs quantitatively, the classification model
should be considered using the information from spectral curves. In a previous study, wavelengths between 570
and 750 nm were used to detect egg freshness?'. In order to reduce the noise influence, wavelengths from 450 to
950 nm were used in this study.

Color and eggshell strength values. The minimum, maximum, mean and standard deviation of L*, a*
and b* values for cracked and intact eggs can be found in Fig. 2(a—c). In this figure, the L*, a* and b* values for
both intact and cracked eggs were very similar. This is because the eggs which were used to create crack were
randomly selected from the total eggs. However, for each sample, it has a different and specific color feature.
The eggshell strength values of intact eggs were higher than those of cracked ones as shown in Fig. 2(d). This is
because cracked eggs have more fragile eggshells, directly resulting in lower values of eggshell strength. In order
to avoid bias in subset partition, all samples were arranged in an ascending order according to the Y variables
(L*, a*, b* and eggshell strength, respectively) for each model?2. Then one egg was selected from every three ones
consecutively, resulting in the calibration set and prediction set at a ratio of 2:1. No single sample was used in both
calibration and prediction sets at the same time. Thus, there were 68 samples in the calibration set and 34 ones in
the prediction set. The statistical values of L*, a*, b* and eggshell strength for both sets can be seen in Table 1. For
each parameter, a broad range values can be found in the two sets. Therefore, the samples in both sets can repre-
sent the range of all possible values, which contributed to develop an accurate and robust model®.

PLS models based on full wavelengths. Four different partial least squares (PLS) models based on the
full spectral wavelengths were developed for predicting L*, a*, b* and eggshell strength, respectively. Performance
of each prediction model was evaluated according to the values of correlation coefficient of calibration (r.), cor-
relation coefficient of prediction (r,), root mean square error of calibration (RMSEC) and root mean square error
of prediction (RMSEP). The results were shown in Table 2. Each model obtained a good result with high values
of r.and 7 and low values of RMSEC and RMSEP. The values of r, were 0.788 for L*, 0.810 for a*, 0.766 for b* and
0.835 for eggshell strength, respectively. The results proved that spectral information could be used to determine
color and eggshell strength values for chicken eggs.

Significant wavelengths. In this study, regression coefficient (RC) method was used to select the effective
wavelengths. The size of the coefficients gives an indication of which wavelengths were important for predicting
Y values. It can be seen in Fig. 3(a-d) that some peaks and valleys with high absolute values were identified as the
optimal wavelengths. The horizontal lines showed the upper and lower cutoff threshold values. As a result, five
wavelengths were selected for L* (544, 568, 596, 649 and 672 nm), three ones for a* (543, 664 and 950 nm), four
ones for b* (458, 615, 649 and 936 nm) and eight ones for eggshell strength (450, 456, 624, 649, 687, 741, 754 and
816 nm). The numbers of these selected wavelengths only took up 1.26%, 0.76%, 1.01% and 2.02% of that of the
full spectral wavebands, respectively. They were then used to replace the full wavelengths for predicting L*, a*, b*
and eggshell strength values.

Prediction results based on selected wavelengths. Based on the selected wavelengths, four different
RC-PLS models were established for L*, a*, b* and eggshell strength, respectively. Each model obtained a good
result with high values of r. and r, and low values of RMSEC and RMSEP as can be seen in Table 3. Though the
results based on selected wavelengths did not change too much compared with the corresponding values based
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Figure 2. Distribution of color (L*, a* and b*) and eggshell strength values. (a) L*, (b) a*, (c) b* and (d)
eggshell strength.
Minimum 53.56 | 9.61 | 25.43 5.84 56.02 | 12.94 | 24.68 8.08
Maximum 69.60 | 21.25 | 32.51 50.5 67.12 | 1991 | 3239 51.13
Mean 61.89 | 16.10 | 29.60 24.02 61.16 | 16.15 | 29.58 24.88
S.D? 353 | 219 | 163 12.91 311 | 202 | 174 13.23

Table 1. Color (L*, a* and b*) and eggshell strength values in calibration and prediction sets. a: Standard
Deviation.

L* 0.817 2.019 0.667 | 20.608 0.788 1.899 0.617 23.637
a* 0.834 1.199 0.695 4912 0.810 1.224 0.519 7.903
b* 0.816 0.936 0.665 9.911 0.766 1.115 0.519 14.311
eggshell strength 0.869 6.347 0.755 5.899 | 0.835 7.356 0.800 5.452

Table 2. Prediction results of PLS models for color (L*, a* and b*) and eggshell strength values.

on full spectral wavelengths, the number of input variables was fewer. The fewer input variables will be helpful to
develop a multispectral imaging detection system. Also, it can be found the r, values for b* and eggshell strength
in RC-PLS models were even a little higher than those in PLS models. Thus, it proved the selected wavelengths
can be equal to or even more efficient than full spectral wavelengths*%. This may because the whole wavelengths
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Figure 3. Effective wavelengths selected by RC method. The horizontal lines show the upper and lower cutoff
threshold values. (a) L*, (b) a*, (c) b* and (d) eggshell strength.

5

a* 3 0.817 1.251 0.668 | 5347 | 0.806 1223 | 0.545 | 7.538

b* 4 0.773 1.026 | 0.598 | 11.911 | 0.767 1.102 | 0.558 | 13.068
8 0.859 6.564 | 0.738 | 0.309 | 0.841 7.069 | 0.732 | 6.350

eggshell strength

Table 3. Prediction results of RC-PLS models for color (L*, a* and b*) and eggshell strength values.

contained too much redundant information that directly affected the prediction performance. It demonstrated
that RC method could be used to identify the useful wavelengths and abandon the uninformative ones.

Classification based on spectral information. This study was then carried out to classify intact and
cracked chicken eggs based on spectral information. Partial least squares-discriminant analysis (PLS-DA) model
was firstly established to identify cracked samples. The threshold was set as £0.3. RC method was also carried
out to select the useful wavelengths for the classification model, and eighteen wavelengths (451, 457, 469, 475,
497,573, 633,701, 800, 804, 816, 821, 848, 884, 915, 925, 938 and 942 nm) were identified (shown in Fig. 4). They
were then used to substitute the whole spectral wavelengths for building RC-PLS-DA model. The results of both
PLS-DA and RC-PLS-DA models were shown in Table 4. The PLS-DA model performed excellently with the
total classification accuracy (CA) of 100% in the calibration set and 97.06% in the prediction set. It also obtained
a good result with the total CA of 95.59% in the calibration set and 88.24% in the prediction set for RC-PLS-DA
model. Though RC-PLS-DA model performed a little worse compared with PLS-DA model, the result was accept-
able. Also, the number of the input variables decreased largely, which only accounted for 4.55% of the whole
wavebands. The results demonstrated that spectral reflectance information extracted from the hyperspectral
images could be used to detect cracked chicken eggs effectively. Based on hyperspectral imaging technique, intact
and cracked eggs can be classified effectively and non-destructively. A multispectral imaging detection system can
be developed for identifying cracked eggs, which makes the detection on-line. It not only saves the cost but also
speeds up the detection efficiency. When the cracked eggs are identified and taken out, there is no contamination
for intact eggs, which can extend the eggs’ shelf lives and also increase the profit.
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Figure 4. Effective wavelengths selected by RC method for classification. The horizontal lines show the
upper and lower cutoff threshold values.

Number of Calibration Prediction

Models Type variables | No.* | Correct | CA/%" | No.® | Correct | CA/%"
Intact 396 34 34 100 17 16 94.12
PLS-DA Cracked 396 34 34 100 17 17 100
All 396 68 68 100 34 33 97.06
Intact 18 34 31 91.18 17 17 100
RC-PLS-DA Cracked 18 34 34 100 17 13 76.47
All 18 68 65 95.59 34 30 88.24

Table 4. Classification results of PLS-DA and RC-PLS-DA models. a: Number of samples; b: Classification
accuracy.

Conclusions

The results showed that hyperspectral imaging technique could be used as an accurate and non-invasive method
to predict color and eggshell strength values and detect cracked eggs. PLS models were effective for the predic-
tion of color and eggshell strength parameters, and PLS-DA models performed excellently for the identification
of cracked eggs. The numbers of the selected wavelengths for L*, a*, b*, eggshell strength features and cracked
samples classification only accounted for 1.26%, 0.76%, 1.01% , 2.02% and 4.55% of that of the whole wavebands.
In full wavelengths-based models (PLS), the r, values for each feature were 0.788, 0.810, 0.766 and 0.835, respec-
tively. The overall classification result was 97.06% in PLS-DA model. While the prediction results were 0.771,
0.806, 0.767 and 0.841 for the four features using RC-PLS models, and the CA was 88.24% in RC-PLS-DA model.
The results based on the selected wavelengths were quite similar with those acquired by the full spectral wave-
lengths, which was consisted with two previous studies'**. The wavelengths obtained in this study were useful for
developing a multispectral imaging system in egg industry. In further studies, more samples need to be used for
building more accurate and robust models. Also, other wavelength selection methods should be studied.

Materials and Methods

Samples. The eggs (fresh local eggs,) were purchased from the supermarket in China. The contamination on
the surface were cleaned and then kept in the refrigerator at 4°C. In our daily lives, most of the cracked eggs are
generated in collecting, storage, transportation, as they are easily broken when contacting with other hard objec-
tives. Thus, in order to imitate the cracked eggs generated in the real daily life, egg cracks were created by slightly
hitting the experiment desk in this study. The structure diagram of the hitting device can be seen in Fig. 5. Finally,
fifty-one intact and fifty-one cracked eggs were obtained for study.

Hyperspectral imaging system and operation platform. A laboratory hyperspectral imaging sys-
tem, which covers the spectral region from 380 to 1023 nm, was used in this study. The schematic diagram of
the hyperspectral imaging system can be seen in Fig. 6. It consists of an imaging spectrograph (V10E, Specim,
Finland), a charge coupled device (CCD) camera (C8484-05, Hamamatsu City, Japan), a lens (OLE-23), two light
sources (Oriel Instruments, Irvine, USA) provided by two 150W quartz tungsten halogen lamps, a conveyer and
a computer. The spectral resolution is 2.8 nm, and the area CCD array detector of the camera has 672 x 512 (spa-
tial x spectral) pixels. All samples were scanned by the camera line by line. The ENVI 4.7 (Research System Inc.,
Boulder, Co., USA), MATLAB R2009a (The Math Works Inc., Natick, MA, USA) and Unscrambler V9.7 (CAMO
Process AS, Oslo, Norway) software were used in this study.
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Figure 5. Structure diagram of the hitting device.

Computer

Image acquisition and correction. Before images acquisition, the exposure time, moving speed and ver-
tical distance between the lens and samples should be adjusted in order to obtain the hyperspectral image with-
out distortion and overexposure®. Finally, the exposure time was set as 0.13 s, the moving speed was 2.1 mm/s,
and the vertical distance between the lens and sample was 40.2 cm. Then a white Teflon board (CAL-tile 200,
200mm x 25mm X 10 mm) with the reflectance of about 99% was scanned firstly, and a dark image with the
reflectance of about 0% was acquired by covering the camera lens with its cap and turning off the light. Each egg
was placed on the moving conveyor to be scanned line by line. For cracked samples, the cracks were oriented to
the hyperspectral imaging camera. Finally, the hyperspectral images with the spectral wavelengths from 380 to
1023 nm were acquired. Each hyperspectral image had 672 pixels in the spatial dimension and 512 bands in the
spectral dimension. Once the raw hyperspectral image was generated, it should be corrected based on the dark
and white images according to equation (1).

I — I raw 1 dark
corrected — T 5

Iwhite - Idark (1)
where I,y,.eq is the corrected hyperspectral image, I,,,, is the raw hyperspectral image, I, is the dark image, and
I it is the white image.

Color and eggshell strength measurement. The three color values (L*, a* and b*) were measured by the
colorimeter (Konica Minolta, CR-400, Japan) with a standard C illuminant. Before color acquisition, the colorim-
eter should be calibrated by a standard white calibration plate. The colorimeter should totally cover the detection
area of the sample, otherwise, color features of other objectives around the sample might be acquired, which made
the result incorrect. The CIELAB color scale, which is a three dimensional cube color space, can represent the
three color parameters (L*, a* and b*) precisely?’. Eggshell strength was determined by the egg shell force gauge
(ESFG-1, Nanjing Wanma Uitrasonic Motors Co., Ltd, China). When the egg was put on the plate, a probe would
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move down. It didn’t stop until the egg was broken. Then, the value shown on the screen was the eggshell strength.
The unit of eggshell strength is N.

Models and evaluation index. PLS models were built to predict the color and eggshell strength values in
this study. This method is very effective in predicting collinear variables, and has been used in many previous
studies?®-. The prediction result is acquired by extracting a set of orthogonal factors, which contain most of
the useful information®!. PLS method can also be used for discrimination analysis in the form of PLS-DA. This
method can explain differences between overall class properties, thus, the interpretation becomes more compli-
cated with the class number increasing®. PLS-DA models were established for identifying the cracked eggs in
this study. Both PLS and PLS-DA models were calculated using Unscrambler V9.7 software. Performance of pre-
diction models were evaluated according to the values of ,, Tp RMSEC and RMSEP. Excellent prediction models
should have high values of . and r,, low values of RMSEC and RMSEP*. The performance of classification model
was determined by CA value, which should be between 0% and 100%. The higher the CA value, the better the
classification model. The equations for  and RMSE could be defined as follows:

_ Z?:l(xi - x) ()’i - 7)
VS G — 27 S0, — 7 2)

RMSE = /%Zj:(yi —x) )

where x; is the measurement value of the sample i X is the average value of x;; y is the predicted value of the sam-
ple i; 7 is the average value of y ; 7 is the number of samples.

r

Regression coefficient. In order to improve the prediction performance and simplify the model, effective
wavelengths were then selected. These selected wavelengths aimed at identifying a small subset of spectral fea-
tures to replace the full spectral wavelengths. Selected wavelengths can produce results that a better or identic to
results obtained using the whole wavelengths?*. RC method was applied to select the useful wavelengths in this
study. This method is very efficient for selecting key wavelengths and has been used in many previous studies®**.
In RC algorithm, the high positive and negative peaks represent the wavelengths at these points contain the most
effective information®. The RC algorithm was operated in Unscrambler 9.7 software.

Experiment design.  All samples were scanned by the hyperspectral imaging system firstly. Then the three
color values (L*, a* and b*) were measured by the colorimeter, and the eggshell strength was determined by the
egg shell force gauge. Spectral reflectance information was extracted from the corrected hyperspectral image and
treated as the independent variable (X variable). PLS models were established to predict the three color parame-
ters and eggshell strength value. The significant wavelengths were selected by RC method. Based on these selected
wavelengths, RC-PLS models were built for the prediction of color and eggshell strength values. In this study,
PLS-DA and RC-PLS-DA models were then applied to detect cracked chicken eggs.

References
1. Sun, D. W. Infrared spectroscopy for food quality analysis and control. New York (2009).
2. Hardy, C. T, Young, S. A., Webster, R. G., Naeve, C. W. & Owens, R. J. Egg fluids and cells of the chorioallantoic membrane of
embryonated chicken eggs can select different variants of influenza A (H3N2) viruses. Virology 211, 302-305 (1995).
3. Hamilton, R. M. G., Hollanda, K. G., Voisey, P. W. & Grunder, A. A. Relationship between egg shell quality and shell breakage in the
field-A review. World Poultry Sci ] 35, 177-190 (1979).
4. Bain, M. M. Eggshell strength: A mechanical/ultrastructural evaluation. PhD. Thesis. University of Glasgow, Scotland, UK (1990).
5. Mertens, K. et al. Monitoring of eggshell breakage and eggshell strength in different production chains of consumption eggs. Poultry
Sci 85, 1670-1677 (2006).
6. Bain, M. M. Recent advances in the assessment of eggshell quality and their future application. World Poultry Sci ] 61, 268-277
(2005).
7. Li, Y. Y., Dhakal, S. & Peng, Y. K. A machine vision system for identification of micro-crack in egg shell. ] Food Eng 109, 127-134
(2012a).
8. Wei, R. & Bitgood, J. J. A new objective measurement of eggshell color. 1. A test for potential usefulness of two color measuring
devices. Poultry Sci 69, 1775-1780 (1990).
9. Joseph, N. S., Robinson, N. A., Renema, R. A. & Robinson, E. E. Shell quality and color variation in broiler breeder eggs. ] App
Poultry Res 8, 70-74 (1999).
10. Xie, C. Q, Li, X. L,, Nie, P. C. & He, Y. Application of time series hyperspectral imaging (TS-HSI) for determining water content
within tea leaves during drying. T ASABE 56, 1431-1440 (2013).
11. Li, J. B,, Rao, X. Q. & Ying, Y. B. Detection of common defects on oranges using hyperspectral reflectance imaging. Comput Electron
Agr78, 38-48 (2011).
12. Xie, C. Q, Li, X. L., Shao, Y. N. & He, Y. Color measurement of tea leaves at different drying periods using hyperspectral imaging
technique. Plos One 9 (2014).
13. Barbin, D. E, EIMasry, G., Sun, D. W. & Allen, P. Predicting quality and sensory attributes of pork using near-infrared hyperspectral
imaging. Anal Chim Acta 719, 30-42 (2012).
14. Mahlein, A. K., Steinner, U., Hillnhiitter, C., Dehne, H. W. & Oerke, E. C. Hyperspectral imaging for small-scale analysis of
symptoms caused by different sugar beet diseases. Plant Methods 8, 1-13 (2012).
15. Leiva-Valenzuela, G. A., Lu, R. F. & Aguilera, J. M. Prediction of firmness and soluble solids content of blueberries using
hyperspectral reflectance imaging. ] Food Eng 115, 91-98 (2013).
16. ElMasry, G., Sun, D. W. & Allen, P. Chemical-free assessment and mapping of major constituents in beef using hyperspectral
imaging. ] Food Eng 117, 235-246 (2013).

SCIENTIFICREPORTS | 6:21130 | DOI: 10.1038/srep21130 7



www.nature.com/scientificreports/

17. Wu, J. H, Peng, Y. K., Li, Y. Y., Chen, J. ]. & Dhakal, S. Prediction of beef quality attributes using VIS/NIR hyperspectral scattering
imaging technique. J Food Eng 109, 267-273 (2012).

18. Wu, D,, Sun, D. W. & He, Y. Application of long-wave near infrared hyperspectral imaging for measurement of color distribution in
salmon fillet. Innov Food Sci Emerg 16, 361-372 (2012).

19. Igbal, A., Sun, D. W. & Allen, P. Predicting of moisture, color and pH in cooked, pre-sliced turkey hams by NIR hyperspectral
imaging system. ] Food Eng 117, 42-51 (2013).

20. Huang, M., Wang, Q. G., Zhang, M. & Zhu, Q. B. Prediction of color and moisture content for vegetable soybean during drying using
hyperspectral imaging technology. ] Food Eng 128, 24-30 (2014).

21. Kemps, B.]. et al. Visible transmission spectroscopy for the assessment of egg freshness. J Sci Food Agr 86, 1399-1406 (2006).

22. 1, X. L., Xie, C. Q, He, Y., Qiu, Z. J. & Zhang, Y. C. Characterizing the moisture content of tea with diffuse reflectance spectroscopy
using wavelet transform and multivariate analysis. Sensors 12, 9847-9861 (2012).

23. Wu, D. et al. Application of near infrared spectroscopy for the rapid determination of antioxidant activity of bamboo leaf extract.
Food Chem 135, 2147-2156 (2012).

24. Kamruzzaman, M., Elmasry, G., Sun, D. W. & Allen, P. Application of NIR hyperspectral imaging for discrimination of lamb
muscles. ] Food Eng 104, 332-340 (2011).

25. Zhang, X. L, Liu, E, He, Y. & Gong, X. Y. Detecting macronutrients content and distribution in oilseed rape leaves based on
hyperspectral imaging. Biosyst Eng 115, 56-65 (2013).

26. He, H. ]., Wu, D. & Sun, D. W. Non-destructive and rapid analysis of moisture distribution in farmed Atlantic salmon (Salmo salar)
fillets using visible and near-infrared hyperspectral imaging. Innov Food Sci Emerg 18, 237-245 (2013).

27. Liu, S. B, Fu, Y. Q. & Nian, S. Buffering colour fluctuation of purple sweet potato anthocyanins to acidity variation by surfactants.
Food Chem 162, 16-21 (2014).

28. Cen, H. Y. Bao, Y. D. He, Y. & Sun, D. W. Visible and nearinfraredspectroscopy for rapiddetection of citric and tartaricacids in orange
juice. J Food Eng 82, 253-260 (2007).

29. He, Y., Huang, M., Garcia, A., Hernandez, A. & Song, H. Y. Prediction of soil macronutrients content using near-infrared
spectroscopy. Comput Electron Agr 58, 144-153 (2007).

30. Zou, X. B. et al. In vivo noninvasive detection of chlorophyll distribution in cucumber (Cucumis sativus) leaves by indices based on
hyperspectral imaging. Anal Chim Acta 706, 105-112 (2011).

31. Kamruzzaman, M., EIMasry, G., Sun, D. W. & Allen, P. Prediction of some quality attributes of lamb meat using near-infrared
hyperspectral imaging and multivariate analysis. Anal Chim Acta 714, 57-67 (2011).

32. Bylesjo, M. et al. OPLS discriminant analysis: combining the strengths of PLS-DA and SIMCA classification. ] Chemometr 20,
341-351 (2006).

33. Wu. D,, Chen, X. J., Zhu, X. G., Guan, X. C. & Wu, G. C. Uninformative variable elimination for improvement of successive
projections algorithm on spectral multivariable selection with different calibration algorithms for the rapid and non-destructive
determination of protein content in dried laver. Anal Methods 3, 1790-1796 (2011).

34. ElMasry, G., Wang, N, ElSayed, A. & Ngadi, M. Hyperspectral imaging for nondestructive determination of some quality attributes
for strawberry. ] Food Eng 81, 98-107 (2007).

35. Liu, E & He, Y. Application of successive projections algorithm for variable selection to determine organic acids of plum vinegar.
Food Chem 115, 1430-1436 (2009).

36. EIMasry, G., Sun, D. W. & Allen, P. Near-infrared hyperspectral imaging for predicting colour, pH and tenderness of fresh beef. J
Food Eng 110, 127-140 (2012).

Acknowledgements

This work was supported by 863 National High-Tech Research and Development Plan (2013AA102301), the
scientific research foundation for returned overseas students and the Fundamental Research Funds for the
Central Universities of China (2012FZA6005).

Author Contributions
C.X. carried out the experiment, processed the data and wrote this manuscript. Y.H. designed the experiment and
gave some suggestions for this work. All authors reviewed the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Xie, C. and He, Y. External characteristic determination of eggs and cracked eggs
identification using spectral signature. Sci. Rep. 6, 21130; doi: 10.1038/srep21130 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

BN o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:21130 | DOI: 10.1038/srep21130 8


http://creativecommons.org/licenses/by/4.0/

	External characteristic determination of eggs and cracked eggs identification using spectral signature

	Results and Discussion

	Spectral feature. 
	Color and eggshell strength values. 
	PLS models based on full wavelengths. 
	Significant wavelengths. 
	Prediction results based on selected wavelengths. 
	Classification based on spectral information. 

	Conclusions

	Materials and Methods

	Samples. 
	Hyperspectral imaging system and operation platform. 
	Image acquisition and correction. 
	Color and eggshell strength measurement. 
	Models and evaluation index. 
	Regression coefficient. 
	Experiment design. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Spectral reflectance curves of samples.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Distribution of color (L*, a* and b*) and eggshell strength values.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Effective wavelengths selected by RC method.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Effective wavelengths selected by RC method for classification.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Structure diagram of the hitting device.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Schematic diagram of the hyperspectral imaging system.
	﻿Table 1﻿﻿. ﻿  Color (L*, a* and b*) and eggshell strength values in calibration and prediction sets.
	﻿Table 2﻿﻿. ﻿  Prediction results of PLS models for color (L*, a* and b*) and eggshell strength values.
	﻿Table 3﻿﻿. ﻿ Prediction results of RC-PLS models for color (L*, a* and b*) and eggshell strength values.
	﻿Table 4﻿﻿. ﻿ Classification results of PLS-DA and RC-PLS-DA models.



 
    
       
          application/pdf
          
             
                External characteristic determination of eggs and cracked eggs identification using spectral signature
            
         
          
             
                srep ,  (2016). doi:10.1038/srep21130
            
         
          
             
                Chuanqi Xie
                Yong He
            
         
          doi:10.1038/srep21130
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep21130
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep21130
            
         
      
       
          
          
          
             
                doi:10.1038/srep21130
            
         
          
             
                srep ,  (2016). doi:10.1038/srep21130
            
         
          
          
      
       
       
          True
      
   




