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Abstract: N ear infrared (N IR ) hyperspectra l im aging m easurem ent of sugar con ten t in peach w as in troduced. N IR

spectra l im ages (650～ 1 000 nm , reso lu tion: 2 nm ) of peach samp les w ere cap tu red w ith developed hyperspectra l

im aging setup. Part ia l least square (PL S) regression p redict ion model w as developed to est im ate the sugar con ten t

in peach; step2w ise backw ard m ethod w as u tilized to determ ine op tim al w avelength subsets. Experim ental resu lts

show that the calib rat ion model w ith op tim al w avelength subsets has a co rrela t ion coefficien t of p redict ion of 0. 97

and a standard erro r of p redict ion of 0. 19, the p redict ion accuracy is h igher than the calib rat ion model app lied over

the w ho le w avelength, w h ich p roves that variab le select ion p lays an impo rtan t ro le in imp roving the p redict ion ac2
curacy of PL S regression model.
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In troduction

To sat isfy con sum ers’ healthy and safe re2
qu irem en t of agricu ltu ra l p roduct, in ternal a t2
t ribu tes of fru it: sugar con ten t, acid ity, etc. , a re
taken in to accoun t in quality judgm en t p rocess.

T radit ional chem ical in ternal quality in spect ion

m ethod is slow and comp lex, and canno t m eet the

non2destruct ive requ irem en t fo r modern fru it in2
spect ion. A s a non2destruct ive techn ique, near in2
frared (N IR ) spectra l in spect ion system cau ses no

dam age to tested samp les and can analyze m u lt ip le

in ternal a t t ribu tes of fru it sim u ltaneou sly [1, 2 ].

A cco rd ing to in spect ion mode, N IR spectra l

in spect ion can be divided in to reflectance, t ran s2
m ittance and in teractance modes[3 ]. R eflectance

mode gets w ide app lica t ion becau se of its simp le

setup. A cco rd ing to the num ber of u t ilized w ave2
length s, the in spect ion system can be divided in to

m u lt i2spectra l device and hyperspectra l device.

T he num ber of w avelength selected in m u lt i2spec2
t ra l system is lim ited, and the N IR spectrum can

be acqu ired by in sta lling specif ic f ilters on the

len s, w h ich is cheap and easy fo r rea liza t ion.

Hperspectra l device cap tu res spectrum of hundreds

of w avelength s and can ach ieve h igh p redict ion ac2
cu racy, w h ile the device co st is rela t ively h igh.

W ith the decrease of hardw are co st and imp rove2
m en t of N IR sen so r perfo rm ance, N IR reflectance

hyperspectra l im aging system rep resen ts the direc2
t ion of fru it in ternal quality in spect ion study in the

fu tu re. Compared w ith the spo t detect ion mode of

spectro scopy in spect ion, spectra l im aging system

can in spect the mo st part of fru it su rface and w ill

p rovide mo re comp lete in ternal a t t ribu te info rm a2
t ion.

T he study of N IR hyperspectra l im aging m ea2
su rem en t of fru it’s in ternal quality a t t ribu tes start2
ed in 1990s, L u [4 ] detected b ru ises on app les in the

spectra l reg ion betw een 900 and 1 700 nm. Po lder

et a l
[5 ] analyzed spectra l im ages of f ive ripeness

stages of tom atoes and show ed that the spectra l

im ages offer mo re discrim inat ing pow er than stan2
dard R GB im ages fo r m easu ring ripeness. K im et

a l
[6 ] developed a labo ra to ry2based hyperspectra l

im aging system ( the spectra l range is from 430 to
930 nm w ith spectra l reso lu t ion of 10 nm ) , w h ich
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w as u sed to conduct food safety and quality re2
search. M eh l et a l

[7 ] analyzed hyperspectra l spec2
t rum to determ ine th ree spectra l bands capab le of

separa t ing no rm al from con tam inated app les.

T hese spectra l bands w ere imp lem en ted in a m u lt i2
spectra l im aging system w ith specif ic band pass fil2
ters to detect app le con tam inat ion s. In Ch ina, sim 2
ila r study started in 2002, L iu and Y ing [8210 ] had

developed som e N IR spectra l system s fo r p redict2
ing sugar con ten t and valid acid ity of app les and

peaches. Y ing et a l
[11 ] had also evaluated the po2

ten t ia l of a Fou rier t ran sfo rm near2infrared (FT 2
N IR ) spectrom eter w ith a reflectance fiber op t ic
p robe fo r determ inat ion of so lub le so lids con ten t
(SSC ) and availab le acid (VA ) in in tact peaches.

Experim en ta l resu lt p roved that FT 2N IR cou ld be

an easy to facilita te, reliab le, accu ra te, and fast

m ethod fo r non2invasive m easu rem en t of peach

SSC and VA [11 ].

T he goal of th is paper is to p resen t a N IR hy2
perspectra l im aging m easu rem en t fo r sugar con ten t

in spect ion in peach. N IR reflectance spectra l im 2
ages of samp le w ere cap tu red first ly; then part ia l

least square ( PL S ) regression calib ra t ion model

w as developed, step 2w ise backw ard m ethod w as

u t ilized to decide the op t im al w avelength sub sets.

A fter delet ing som e unco rrela ted independen t vari2
ab le sub sets, the PL S regression p redict ion model

cou ld ach ieve h igh accu racy.

1　M ater ia l and M ethods

1. 1　Peach Sam ple Prepara tion
29 peaches w ere bough t from superm arket in

M iyazak i Japan, and w ere sto red at 18～ 20 °C.

T he average m ass of samp le w as 265. 2 g. Bo th

check s of every peach w ere divided in to fou r sam 2
p le grids, so the num ber of samp le grids w as 4×2

×29= 232. 144 grids w ere designated as calib ra2
t ion set fo r model developm en t and the rem ain ing
48 grids w ere designated as p redict ion set fo r p re2
dict ion valida t ion. T he grid w as m arked w ith b lack

ink on the su rface of fru it and its size w as 15 mm×
15 mm. T he spectra l im age acqu irem en t and sugar

con ten t analysis w ere fin ished in one day.

1. 2　Hyperspectra l Imag ing Setup
F ru it ref lectance im ages w ere ob ta ined w ith

hyperspectra l im aging setup ( in F ig. 1) , w h ich w as
developed by P rof. N agata ( Facu lty of A gricu l2
tu re, M iyazak i U n iversity, Japan) [12 ].

F ig. 1　D iagram of N IR hyperspectra l im aging setup

　　T he hyperspectra l im aging setup con sisted of

a CCD cam era, liqu id crysta l tunab le filter
(L CT F) , tungsten2halogen quartz ligh t sou rce and

coo ler. T he cam era w as a 142b it A pogee A P2E
( A pogee In strum en ts, Inc. , A ubu rn, Cal. )

monoch rom e cam era that had a N ikon f ö1. 2 op t i2
cal len s. A CR I (Cam b ridge R esearch and In stru2
m en tat ion, M assachu set ts, U SA ) L CT F (V IS2
N IR M odel (650～ 1 000 nm , 10 nm bandpass) )

w as at tached on the len s and con tro lled th rough

specif ic con tro ller box. T he Do lan2Jenner F iber2
L ite PL 950 DC (Do lan2Jenner Indu stries, St.

L aw rence, M ass) regu la ted illum inato r had a 150

W 21 V EKE tungsten2halogen quartz ligh t bu lb

w ith the IR cu t2off f ilter removed. T he fiber op t ic
ligh t gu ide w as p laced vert ica lly above the p la t2
fo rm. T he coo ler w as u sed to m ain ta in a rela t ively

un ifo rm temperatu re w ith in the setup.

U sing an in2hou se V isual Basic fo r app lica t ion

softw are to con tro l the M ax im öDL and N ational

In st rum en ts L abV iew C ris3 p rogram s, spectra l im 2
ages of a set of fru its w ere au tom at ica lly acqu ired

from 650 to 1 000 nm at 2 nm in terval ( 176

im ages). U sing the sam e set t ings, reference im 2
ages of a 125 mm ×125 mm Spectra lon reference
panel (99% diffu se reflectance) and dark cu rren t

im ages w ere also acqu ired w ith the cam era shu t ter

clo sed.

1. 3　Soluble Sugar Con ten t In spection
A fter spectra l im aging, the samp les w ere tak2

en fo r so lub le so lids con ten t (SSC) m easu rem en t.

8 samp le grids w ere cu t ou t from every fru it, a 5～
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8 mm th ickness layer under grid su rface w as sliced
and hand2squeezed to p roduce ju ice. T he SSC of
fru it ju ice w as m easu red u sing a dig ita l refractom e2
ter B rixm eter RA 2410 (Kyo to E lectron ics M anu2
factu ring Co. L td. , Japan) and w as exp ressed by
B rix%.

2　Data Process ing

T he hyperspectra l fru it im ages w ere p rocessed
w ith im age p rocessing too lbox, M atlab 6. 5. 1.

T h resho ld m ethod w as u sed to segm en t fru it from

the 650 nm im age, w h ich w as designated as m ask
im age fo r sub sequen t p rocess. F la t f ield co rrect ion
(in F ig. 2) w as app lied u sing

I no rm (x , y ) =
I samp le (x , y ) - I dark (x , y )
IRef (x , y ) - I dark (x , y ) m (1)

w here I no rm (x , y ) is the no rm alized im age p ixel val2
ue at p ixel locat ion (x , y ) , I samp le (x , y ) the samp le

im age p ixel value, IRef (x , y ) the reference im age

p ixel value, I dark (x , y ) the dark fram e im age p ixel

value, m the facto r assum ed equal to 1. 0 fo r w h ite
spectra l panel.

F ig. 2　F lat field co rrection p rocess of peach im age
(a) M ask im age (650 nm ) ; (b ) reference im age (700 nm ) ;
(c) dark fram e im age ( 700 nm ) ; (d) o rig inal samp le im age
(700 nm ) ; (e) no rm alized samp le im age (700 nm )

　　D u ring the im age acqu irem en t p rocess, the
L CT F changed the bandpass of w avelength from
650 to 1 000 nm w ith 2 nm reso lu t ion fo r every
check of peach. U nder every specif ic w avelength,

rela ted o rig inal samp le im age, reference im age and

dark fram e im age w ere cap tu red, then co rrected
im age w as bu ilt w ith Eq. (1) , the m ean value of
no rm alized reflectance w as compu ted in every grid

on the peach su rface. To every check of peach,

fou r N IR spectra p rofiles w h ich exp ressed the rela2
t ion betw een w avelength and no rm alized rela t ive

reflectance w ere genera ted. T he spectra had strong

ab so rp t ion s at around 670 and 980 nm , w h ich w ere

cau sed by the ch lo rophyll p igm en t and w ater, the
value of these tw o ingredien ts had h igh co rrela t ion

w ith the ripeness of fru it ( in F ig. 3).

F ig. 3　N IR spectra l p rofile of peach

　　T he N IR spectra l data w ere u sed fo r the sugar

con ten t p redict ion model developm en t. To the N ×
K m atrix of N IR spectra l data and N ×1 vecto r of

SSC data (N is the num ber of samp les and K is the

num ber of w avelength s) , PL S regression m ethod,

w h ich cou ld m ax im ize the covariance betw een sco re

vecto r in X 2space and a sco re vecto r in Y 2space,

w as though t to be effect ive. A PL S regression

analysis w as carried ou t to develop calib ra t ion
models u sing M atlab 6. 5. 1.

3　Subset Selection M ethod in PL S
Regress ion

In the developm en t of regression model, vari2
ab le select ion m ethod had direct influence on p re2
dict ion accu racy, Ho sku ldsson [13 ] had po in ted ou t

the impo rtance of variab le and sub set select ion in

PL S regression. In th is paper, step 2w ise backw ard

m ethod w as selected to ob ta in best w avelength s
sub sets. Calib ra t ion models w ere compared u sing

the sta t ist ics standard erro r of p redict ion (SEP )

co rrected fo r b ias based on

SEP= ∑
N p

i= 1

(Y i - Y
δ

i - b ias) 2ö(N p - 1) (2)

b ias= ∑
N p

i= 1
Y i - ∑

N p

i= 1
Y
δ

i N p (3)
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w here Y i is the m easu red value of samp le i, Y
δ

i the

p redicted value of samp le i, N p the num ber of sam 2
p les u sed in the p redict ion set.

In o rder to imp rove the analysis effect iveness

and reduce the influence of system erro r, 176

w avelength variab les w ere divided in to 44 variab le
sub sets, each sub set con ta ined fou r w ave length

variab les: {[ 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 ]}.

T he p rocedu re of th is m ethod w as listed be2
low.

( 1) PL S regression w as app lied over cu rren t

N IR spectrum. D efine SEPO the o rig inal SEP cal2
cu la ted from the cu rren t N IR spectrum befo re any

sub set w as deleted from it, the SEPO of the cu rren t

p redict ion model w as calcu la ted w ith Eq. (2).

( 2 ) Single sub set w as deleted sequen t ia lly

from cu rren t spectrum w ith exhau st ive search ing
m ethod, PL S regression w as app lied over the lef t

N IR spectrum , rela ted SEP i w as calcu la ted, i= 1,

2,⋯, n - 1, n is the num ber of variab le sub sets in
cu rren t spectrum.

(3) Found the m in im um SEP i, compared the

SEPm in w ith SEPo.

( 4) If SEPm in > SEPo , cu rren t spectrum w as

decided as best spectrum ; else, the sub set co rre2
sponding w ith the SEPm in w ou ld be deleted from

cu rren t spectrum , SEPo w as rep laced w ith SEPm in ,

w en t to step (1) and began ano ther new loop.

4　Results and D iscuss ion

PL S regression w as app lied over the w ho le

N IR spectrum and best N IR spectrum separa tely to

compare the p redict ion accu racy of sugar con ten t.

PL S regression w as app lied over the w ho le

N IR spectrum , the m ain facto r of PL S regression

model is 12. T he w ho le w avelength calib ra t ion
model had a co rrela t ion coeff icien t of p redict ion
(R p ) and SEP. T he calib ra t ion p lo t fo r the w ho le

w avelength model w as show n in F ig. 4.

　　Stepw ise backw ard m ethod w as u t ilized to de2
cide the best w avelength sub sets, sub sets select ion

resu lt w as show n in T ab. 1.

F ig. 4　Calib rat ion p lo t fo r the PL S regression

model (w ho le w avelength variab les)

Tab. 1　Optimal wavelength subsets selection process

and result

Step D eleted subsetsönm SEP R p

1 　　746～ 752 0. 330 7 0. 912 4

2 682～ 688 0. 318 1 0. 921 2

3 762～ 768 0. 304 7 0. 926 2

4 994～ 1 000 0. 293 0 0. 930 7

5 874～ 880 0. 286 8 0. 934 2

6 690～ 696 0. 243 9 0. 944 7

7 810～ 816 0. 228 5 0. 955 9

8 826～ 832 0. 224 4 0. 958 7

9 778～ 784 0. 194 1 0. 966 2

10 818～ 824 0. 188 2 0. 970 1

11 658～ 664 0. 196 2 0. 968 5

　　A s show n in T ab. 1, the value of SEP reached

m in im um after 10 step s, PL S regression model

ach ieved the h ighest accu racy in co rresponding

spectra. A ny delet ion of sub set from the best

w avelength variab les w ou ld decrease the p redict ion

accu racy.

PL S regression w as app lied over the op t im al

N IR spectrum. T he op t im al w avelength calib ra t ion

model had a R p of 0. 97 and a SEP of 0. 19, and the

calib ra t ion p lo t fo r the op t im al w avelength model

w as show n in F ig. 5. F igu res 4 and 5 hadshow n the
h igh p redict ion ab ility fo r PL S regression m ethod,

and the R p w as 0. 9 above. D u ring the op t im al

w avelength determ inat ion p rocess, 2 sub sets on
650～ 700 nm [ 682～ 688 nm , 690～ 696 nm ], 3

sub sets on 700～ 800 nm [ 746～ 752 nm , 762～ 768

nm , 778～ 784 nm ], 4 sub sets on 800～ 900 nm
[ 810～ 816 nm , 818～ 824 nm , 826～ 832 nm , 874
～ 880 nm ], and 1 sub set on 900～ 1 000 nm [ 994～
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1 000 nm ] w ere deleted from the o rig inal w ave2
length sub sets. T he sub sets included 670 and 980

nm , w h ich had h igh co rrela t ion w ith sugar con2
ten t, w ere kep t du ring op t im izat ion p rocess. T he

p redict ion value show n in F ig. 5 show ed bet ter co l2
inearity w ith m easu rem en t value than that in F ig.

4, w h ich m ean t that the p redict ion value genera ted

on the op t im al w avelength sub sets had h igher cali2
b rat ion co rrela t ion than that genera ted on the o rig2
ina l w avelength sub sets. T he calib ra t ion model

bu ilt from the op t im al w avelength sub sets had

h igher p redict ion accu racy than the calib ra t ion
model app lied over w ho le w avelength, w h ich

p roved that variab le select ion p layed an impo rtan t

ro le in imp roving the p redict ion accu racy of PL S

regression model.

F ig. 5　Calib rat ion p lo t fo r the PL S regression model
(op tim al w avelength variab les)

5　Conclus ion

N IR spectra l techn ique fo r non2destruct ive
fru it in ternal quality in spect ion had large m arket

po ten t ia l. W ith the developed hyperspectra l im ag2
ing setup , sugar con ten t in peach w as analyzed and
PL S regression calib ra t ion model w as developed.

T he influence of w avelength select ion on model ac2
cu racy w as analyzed. T he PL S regression calib ra2
t ion model over op t im al w avelength sub sets had
h igh accu racy in sugar con ten t p redict ion.
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