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Abstract: N ear infrared (N IR) hypersectral magingmeasurenent of sugar content in peach w as introduced N IR
gectral mages (650 1 000 nm, rewolution: 2 nm) of peach samplesw ere captured w ith developed hypergectral
imaging setup. Partial least square (PL S) regression prediction model w as developed to estimate the sugar content
in peach; step-w ise backw ard method w as utilized to determ ine optimal w avelength subsets Expermental results
show that the calibration model w ith optimal w avelength subsets has a correlation coefficient of prediction of Q 97
and a standard error of prediction of Q 19, theprediction accuracy is higher than the calibration model gpplied over
thew holew avelength, w hich proves that variable selection plays an mportant role in mproving the prediction ac-

curacy of PL S regression model
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Introduction

To satisfy consumers healthy and safe re-
qguirement of agricultural product, internal at-
tributes of fruit: sugar content, acidity, etc , are
taken into acocount in quality judgment process
Traditional chemical internal quality ingection
method is slow and complex, and cannot meet the
non-destructive requiranent for modern fruit in-
gection A s a non-destructive technique, near in-
frared (N IR) spectral ingection systen causes no
damage to tested samples and can analyze multiple
internal attributes of fruit simultaneously™?.

A ccording to ingection mode, N IR sectral
ingection can be divided into reflectance, trans
mittance and interactance modes'®. Reflectance
mode gets w ide application because of its simple
setup. A coording to the number of utilized w ave-
lengths, the ingection systan can be divided into
multi-pectral device and hypergectral device
The nunber of wavelength selected in multi-gec-

tral systam is limited, and the N IR gpectrum can
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be acquired by installing secific filters on the
lens, which is cheap and easy for realization
Hpergectral device captures ectrun of hundreds
of wavelengths and can achieve high prediction ac-
curacy, while the device cost is relatively high
W ith the decrease of hardware cost and mprove-
ment of N R senor performance, N IR reflectance
hypergectral imaging systen represents the direc-
tion of fruit internal quality ingection study in the
future Compared w ith the ot detection mode of
gectrosoopy ingection, gectral maging system
can ingect the most part of fruit surface and wiill
provide more complete internal attribute informa-
tion

The study of N IR hypergectral maging mea-
suranent of fruit’s internal quality attributes start-
ed in 1990s, L u' detected bruiseson apples in the
gectral region betw een 900 and 1 700 nm. Polder
et al' analyzed gectral images of five ripeness
stages of tomatoes and showed that the gectral
mages offer more discriminating pow er than stan-
dard RGB images for measuring ripeness Kim et
al'® developed a laboratory-based hypersectral
maging system ( the ectral range is from 430 to
930 nm w ith gpectral resolution of 10 nm), w hich
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was used to conduct food safety and quality re-
search M ehl et al'” analyzed hypersectral spec-
trum to determine three gectral bands capable of
separating nomal from ocontaminated apples
These pectral bandsw ere mplenented in amulti-
gectral maging systam w ith specific band pass fil-
ters to detect gpple contaninations In China, sim-
ilar study started in 2002, L iu and Ying®" had
developed some N IR sectral systens for predict-
ing sugar content and valid acidity of apples and
peaches Ying et al'*! had al® evaluated the po-
tential of a Fourier transform near-infrared (FT-
N IR) sectrometer with a reflectance fiber optic
probe for detem ination of wluble lids content
(SSC) and available acid (VA ) in intact peaches
Experimental result proved that FT-N IR could be
an easy to facilitate, reliable, accurate, and fast
method for non-invasive measuranent of peach
SSC and VA '

The goal of thispaper isto present aN IR hy-
pergectral maging measurenent for sugar content
ingection in peach N IR reflectance gectral m-
ages of samplewere captured firstly; then partial
least square (PLS) regression calibration model
was developed, step-wise backw ard method was
utilized to decide the optimal w avelength subsets
A fter deleting some uncorrelated independent vari-
able subsets, the PL S regression prediction model
could achieve high accuracy.

1 M aterial and M ethods

1 1 Peach Sample Preparation

29 peachesw ere bought from supemarket in
M iyazaki Jgpan, and were stored at 18 20 C
The average mass of samplewas 265 2 g Both
check s of every peach were divided into four sam-
ple grids, 0 the number of sample gridswas 4x 2
X 29= 232 144 gridsw ere designated as calibra-
tion set for model development and the remaining
48 gridsw ere designated as prediction set for pre-
diction validation The gridwasmarkedw ith black
ink on the surface of fruit and its sizew as 15mm X
15mm. The gectral mage acquiranent and sugar
content analysisw ere finished in one day.
1 2 Hypersectral Imaging Setup

Fruit reflectance images were obtained w ith

hypergectral imaging setup (in Fig 1), whichwas
developed by Prof. Nagata (Faculty of A gricul-

[12]

ture, M iyazaki U niversity, Japan)
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Fig 1 Diagran of N IR hypersectral maging setup

The hypergpectral maging setup consisted of
a CCD camera, liquid crystal tunable filter
(LCTF), tungsten-halogen quartz light source and
cooler. The canera was a 14-bit Apogee A P2E
(Apogee Instruments, Inc, Auburn, Cal)
monochrome camera that had aN ikon f /1 2 opti-
cal lens A CR1 (Canbridge Research and Instru-
mentation, M assachusetts, USA ) LCTF (VIS
N IR Model (650 1 000 nm, 10 nm bandpass))
w as attached on the lens and controlled through
gecific controller box. The Dolan-Jenner Fiber-
L ite PL950 DC (Dolan-Jenner Industries, St
L av rence, M ass) regulated illuminator had a 150
W 21V EKE tungsten-halogen quartz light bulb
w ith the IR cut-off filter removed T he fiber optic
light guide was placed vertically above the plat-
form. The cooler was used to maintain a relatively
uniform temperaturew ithin the setup.

U sing an in-houseV isual Basic for application
oftware to control the M axim/OL and N ational
InstrumentsL abV iewv Cris3prograns, ectral im-
ages of a set of fruitswere automatically acquired
from 650 to 1 000 nm at 2 nm interval (176
images). U sing the same settings, reference m-
ages of a 125 mm x 125 mm Spectralon reference
panel (99% diffuse reflectance) and dark current
imagesw ere al acquired w ith the camera shutter
closed
1 3 Soluble Sugar Content Inspection

A fter gpectral maging, the sanplesw ere tak-
en for oluble wlids content (SSC) measurament
8 sanple gridsw ere cut out from every fruit, a5
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8 mm thickness layer under grid surfacew as sliced
and hand-squeezed to produce juice The SSC of
fruit juicew asmeasured using a digital refractome-
ter Brixmeter RA -410 (Kyoto Electronics M anu-
facturing Co L td , Japan) and was expressed by
B rix%.

P Data Processing

The hypergectral fruit imagesw ere processed
with image processing toolbox, M atlab 6 5 1
Threshold method was used to segnent fruit from
the 650 nm image, w hich was designated as mask
mage for subsequent process Flat field correction
(in Fig 2) was applied using

lsmple (X, V) = laanc (X, y)

lret (X,¥) - laak (X,y) m (1)
w here lrom (x,y) isthe nomalized mage pixel val-
ue at pixel location (x, y), Ismpe(x,y) the sample
image pixel value, Ir« (x,y) the reference image
pixel value, lax (x,y) the dark frame image pixel
value, m the factor assumed equal to 1 O forw hite
gectral panel

-r 1-
. -

|norm(X,y) =

Fig 2 Flat field correction process of peach mage
(a) M ask image (650 nm); (b) reference mage (700 nm);
(c) dark frane mage (700 nm); (d) original sample image
(700 nm); (e) nomalized sample image (700 nm)

During the image acquirement process, the
LCTF changed the bandpass of wavelength from
650 to 1 000 nm with 2 nm reslution for every
check of peach U nder every gecific wavelength,
related original sample mage, reference mage and
dark frame mage were captured, then ocorrected
mage was built with Eq (1), themean value of
nomalized reflectance w as computed in every grid
on the peach surface To every check of peach,

four N IR gectraprofilesw hich expressed the rela-
tion betw een wavelength and nomalized relative
reflectancew ere generated T he gectra had strong
absrptions at around 670 and 980 nm, w hichw ere
caused by the chlorophyll pignent and w ater, the
value of these wo ingredients had high correlation
w ith the ripenessof fruit (in Fig 3).
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Fig 3 N IR sectral profile of peach

TheN IR gectral dataw ere used for the sugar
content prediction model development To theN X
K matrix of N IR gectral data and N x 1 vector of
SSC data (N is the number of samplesand K is the
number of wavelengths), PL S regression method,
w hich could maxim ize the covariance betw een score
vector in X -gace and a soore vector in Y-gace,
was thought to be effective A PL S regression
analysis was carried out to develop calibration
models usingM atlab 6 5 1

3 Subset Selection M ethod
Regr ession

in PL 9

In the development of regression model, vari-
able selection method had direct influence on pre-
diction accuracy, Hoskuldson™' had pointed out
the mportance of variable and subset selection in
PL S regression In thispaper, step-w ise backw ard
method was selected to obtain best wavelengths
subsets Calibration models w ere compared using
the statistics standard error of prediction (SEP)
corrected for bias based on

SEP= Ji Yi- Yi- bia9’/N,- 1) (2

N

bias= [zplvi- ZYJ N (3)
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~

w here Yi is themeasured value of sample i, Yi the
predicted value of sanplei, N » the number of sam-
ples used in the prediction set

In order to mprove the analysis effectiveness
and reduce the influence of systen error, 176
w avelength variablesw ere divided into 44 variable
subsets, each subset contained four wave length
variables {[650 nm, 652 nm, 654 nm, 658 nm ],
[660 nm, 662 nm, 664 nm, 666 nm], , [994 nm,
996 nm, 998 nm, 1 000 nm ]}.

The procedure of this method was listed be-
low.

(1) PL S regression was applied over current
N IR gectrun. Define SEPo the original SEP cal-
culated from the current N IR gectrum before any
subset w as deleted from it, the SEPo of the current
prediction model w as calculated w ith Eq (2).

(2) sSingle subset was deleted sequentially
from current ectrun with exhaustive searching
method, PL S regression was applied over the left
N IR gectrum, related SEPiw as calculated, i= 1,
2, ,n- 1, nisthe number of variable subsets in
current pectrum.

(3) Found the minmum SEP:, compared the
SEPminw ith SEPa

(4) If SEPnin> SEP., current gpectrum was
decided as best gpectrum; else, the subset corre-
gonding with the SEPnin would be deleted from
current pectrum, SEP.w as replaced w ith SEPmin,
went to step (1) and began another newv loop.

1 Resultsand D iscussion

PL S regression was gpplied over the whole
N IR spectrum and bestN IR spectrum separately to
compare the prediction accuracy of sugar content

PL S regression was applied over the whole
N IR gectrum, themain factor of PL S regression
model is 12 The whole wavelength calibration
model had a ocorrelation coefficient of prediction
(Rp) and SEP. The calibration plot for thewhole
w avelength model was shown in Fig 4

Stepw ise backw ard m ethod w as utilized to de-
cide the best w avelength subsets, subsets selection
resultwas shown in Tah 1
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Fig 4 Calibration plot for the PL S regression
model ( holew avelength variables)

Tab 1 Optimal wavelength subsets selection process

and result
Step Deleted subsets/nm SEP Rp
1 746 752 Q 3307 Q9124
2 682 688 Q3181 Q9212
3 762 768 Q 304 7 Q 926 2
4 994 1 000 Q 2930 Q 9307
5 874 880 Q 286 8 Q9342
6 690 696 Q 2439 Q 9447
7 810 816 Q 2285 Q 9559
8 826 832 Q 224 4 Q 958 7
9 778 784 Q1941 Q 966 2
10 818 824 Q 188 2 Q9701
11 658 664 Q 196 2 Q 968 5

Asshownin Tabh 1, thevalueof SEP reached
minmum after 10 steps, PL S regression model
achieved the highest accuracy in correponding
gectra Any deletion of subset from the best
w avelength variableswould decrease the prediction
accuracy.

PL S regression was applied over the optimal
N IR ectrun. Theoptimalw avelength calibration
model had aRpof Q 97 and a SEP of Q 19, and the
calibration plot for the optimal w avelength model
was shown in Fig 5 Figures4 and 5 hadshow n the
high prediction ability for PL S regression method,
and the Rp was Q@ 9 above During the optimal
w avelength detemination process, 2 subsets on
650 700 nm [682 688 nm, 690 696 nm], 3
subsetson 700 800 nm [746 752 nm, 762 768
nm, 778 784 nfm], 4 subsetson 800 900 nm
[810 816 nm, 818 824 nm, 826 832 nm, 874

880 ntm ], and 1 subseton 900 1 000 nm [994
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1 000 nm ] were deleted from the original w ave-
length subsets The subsets included 670 and 980
nm, which had high correlation with sugar con-
tent, were kept during optimization process The
prediction value shown in Fig 5 show ed better col-
inearity w ith measuranent value than that in Fig

4, which meant that the prediction value generated
on the optimal w avelength subsets had higher cali-
bration correlation than that generated on theorig-
inal wavelength subsets The calibration model
built from the optimal wavelength subsets had
higher prediction accuracy than the calibration
model applied over whole wavelength, which
proved that variable selection played an important
role in mproving the prediction accuracy of PL S
regression model
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Fig 5 Calibration plot for the PL S regression model
(optimal w avelength variables)

5 Conclusion

N IR gectral technique for non-destructive
fruit internal quality ingection had large market
potential W ith the developed hypergectral imag-
ing setup, sugar content in peach w as analyzed and
PL S regression calibration model was developed
T he influence of w avelength selection on model ac-
curacy was analyzed The PL S regression calibra-
tion model over optimal wavelength subsets had
high accuracy in sugar content prediction
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