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Detection of apple freshness during storage based on
Zigbee network and PLS-DA

Huang Haiyang' Qu Ligiu' Ma Yunlong’
(1. Anshan Normal University, Anshan, Liaoning 114007, China; 2. Tongji University, Shanghai 200092, China)

Abstract: [Objective] To address the long detection cycles, complex operation, and destructive sampling in apple freshness detection, a
rapid and non-destructive detection method based on Zigbee wireless sensor network and partial least squares-discriminant analysis (PLS-
DA) is proposed. [ Methods] With Red Fuji apples as the research object, a gas sensor array acquisition system based on the Zigbee
protocol is designed to monitor the concentration changes of four characteristic gases (ethanol, ethylene, oxygen, and carbon dioxide) during
apple storage in real time. Least squares filtering is employed to preprocess the raw data, and the stable value, mean value, and maximum
value are extracted as freshness feature parameters. A PLS-DA model is constructed to achieve rapid discrimination of apple freshness levels
(fresh, sub-fresh, and rotten). [ Results] Under indoor storage conditions of 20 °C and 50% relative humidity, the four gas sensors exhibit
obvious response characteristics to apple volatile gases, with significant differences in gas concentrations among different freshness levels.
The first three latent variables of the PLS-DA model cumulatively explains 92.47% of variance, with samples from the training set and
prediction set forming clear clusters by category. The overall recognition accuracy of the model for 36 samples in the prediction set reaches
94.44%, with recognition accuracy of 100.00%, 91.67%, and 91.67% for fresh, sub-fresh, and rotten samples, respectively. [Conclusion]
This method enables rapid and non-destructive detection of apple freshness.
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Figure 1  Structural block diagram of acquisition system

SR S S A HE SR AL AR PR 5 \MSP430F449 45 il
% Nl Zigbee W & BB (CC2530-F256) . 14 J& 48 I 51 4% 3
WA WA AE BB, 4 A/D 65 i i
Zigbee W 2% Jz 7% 2 Wh A 25 5 o B A 25 Y 50 g R ke
ol A5 2= B AL, L LS BOBUE RO A7 i R Ry
Mrab B
122 SARGRERIREEI BT FE 3R 5 A BRI B
W, SR R AR | AR 2 R RRAE AR R iR
RN BE SR, I RR A B AE 5 5
MR O AT o PRI, S B B BT v e o R A AR R A AL
I 5 DL R G g A% 0 SR AL IR AR A B o
A JE U < B 5t e R R AR AR R B e R R
W B B4 (0 A8 I o 0 [R) e e B i 45 0B AT 1 R
S B R BR B A AS ] AR I 19 38 ST 4t 5 38 SRR
P R 3RE 2% A R I 45 S . A5 A SE PR AR I 3 S T
SR 5 45 TV iR 2 B R i 2058 B R AL A A L 45
LA BB AR SRS B R 1R



F&M | Vol.42, No.8

F1 BARERSERSH
Table 1 Technical indicators and performance parameters
s TAEHL Wi R A
fRIREE RS P <Ak W1
JiAY 8] /s
MQ-3 . 25~500 ng/kg 5.0 <10
ME3-C,H, &M 0~100 ng/kg 5.0 <30
ME2-0, AR 0~25% 33 <15
MGS811 “4HAERR 0~10 000 ng/kg 6.0 <60
K AR5 RS AL LR B | e % T 3 R AR A% IR A 22 T

14 22 SABCRE S A, DT 5 A S L SR TR Y i .
i, ME3-C,H, b Jit H vl o, 3 B A% R 2%, fic Ky H AL 3 Y
140 pA 5 B H R e PR 2 ) A 0~3.3 V3

o &0 0t 43 05 e R 2 DY e 4 6 R n =X (1)
JiRE
(*”:83><< Vou 70.608), (1)
1000
K
Cy—— &M it 53 41, mg/kg ;
i R, mV

123 REWRE HENFERMEAETEBNILNS
P 398 5 75 4% oy, % B R 30 min, i TH 2R SR A B B A 0F
o R L R A AR AR A IR B B 3 R A AR
W BERE R AN 1 Hz, B IR R AR 47 4L 60 s, HL60 4>
OGS 1 i BRI . SR SERUS TR
30 30 s DhHER B8 B UM, BRI AT T — AN REAS I R 4E
BEAFEACEE A — K, K22 40 d.
1.2.4 Zigbee W% S HBLE  Zigbee M 4% 5K F & 4 41 41
S5k — AR A M RET QA AT RE
32U . M4 S B E T /E M Bt 2.4 GHz(IEEE
802.15.4 bRifl) , {F il 45 15, PAN ID 0X 1234, R4
B30 s ) P 1A 2% & 3% — OB A, BOHE fu Ak =X < R
ID [ A i) 8 ][ 2w 7 ) [ 2 v i J [ S0 g 1L — 44k
Wi B JLCRC A6 1o Wb #5847 o B U B 504 ) |, 3 2o A
H CBRR2R 115 200 bit/s) FAE T BAIHL, AR RS 1% i
A SR A A AR LR e R A B 3 ”ﬁ 5
[¥) 388 5 1 85 A JF B R 35 136 100 m, 396 2 ¥4 45 37 5 1
TR o AR IR — M i TR m%ﬁ;ﬁlﬂﬂﬁe
i (TIFEZY 50 mA) , 25 R B E ARIRCIR S (T4 5 pA)
HRIE KT b A
13 ERBEZERXS
Shy 8 ST T AR X SRR AR 1) £ JBE S 4 b

AT W0 0 43, SR P A e R ARG 0 Sk 32 S i AT AR A
SRR F AR L VR 2 A0 H A, A H R O A
UM . I TH2822A A F#53X LCR HL#f , 7F 10 kHz
DA 25, D e B 45 008 200 S R A S I AL A E C

HiGEE BT Zigbee M4 5 PLS-DA B3 R I 12 o & A0 M 75 3%

SHAENE D, 5T T 20, 2k — 45 A R L R
+F, %ﬁ%ﬁ$%?ﬂmfﬁﬁ“ﬁﬁ$Tﬂ’ﬁﬁﬂ LW e T
S YR 20 °C M N 45%~65% , B MR ] E 70 mm,

A HE S FRR A M R (2)~ (4) R,

e:;,, (2)
X(1+ tan’s)

D=¢ X tano, (3)

S

CO:e()XZ, (4)

A

e XA HLH B

C— RSO AL F;

Co—— UMM 45, F;

o—— A,

HFE KK

S R T A, m?;
d— AR, m;
HA5 B 4, 8.85X 10 " F/em.,
*ETF FLRE PR S A0S S A R R X G R (L3R 2)
Xof S SRR A HEAT S B S R A

*2 BETERHESNMEFUEZIENXER
Table 2 Relationships between freshness of Fuji apples

and dielectric properties
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Figure 2 Gas concentration change curves of apples with different freshness levels
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Figure 3 Gas concentration changes of apples during 40 days of storage
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Figure 5 Filtered gas concentration variation curves of apples of different freshness levels
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Table 3 Prediction results of PLS-DA model

. T 2 51 :
SEPRZER] REARK - - —~ HE R /%
B g YO e R
i 12 12 0 0 100.00
YT ik 12 1 11 0 91.67
Ji R 12 0 0 12 100.00
it 36 13 11 12 97.22

PLS-DA 5 7 X 35t fif 5 65 422 A 2% 372 S 1 0L 53] o A 2R
735 F 100.00% , X YT i 3 5L 0 3 HE B R R 91.67%,
SVARER R A 97.22% . AT — 4~ UHT BERE AR K0 R B
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fief | A3 BT IR, IZRE AR AT BE 1 Ab T 35 66 ) YR &F i U A I
S B, B AR AR 5 60 30 5w AR AL, DA R A
I 2 o AR BRIV A0 46 bn UL 40 T A U A
BB F 43 5035 4 100.00% , UOHT B 25 51 8 96.18% , 2545
F WL AR L4500 5 00 4 S B8 5 1 R e

#Fz4 PLS-DAEIEMIERR
Table 4 Evaluation metrics of PLS-DA model %

25 iR FEIEES e 5 F 5r 8L
i G 100.00 100.00 100.00 100.00
U i 91.67 92.22 96.23 96.18
JEg 92 100.00 100.00 100.00 100.00

3.4 HEEIIFLE SR

g B3I PLS-DA B (1) f B M K FL 5 BP #2246 |
SVM I KNN 52 47 X0 [ o 2% 58 vk 76 A48 8] 11 25 4 F0 U
WAEFKM N BIT, 8RR WK SR,

R5 FREEETLEMERETLE

Table 5 Classification  performance comparison  of

different algorithms

Rk WEB R /% YIRAFIal/s B fE)/ms S50
PLS-DA 97.22 0.35 2.1 8
BP #1255 2% 93.06 45.20 3.5 157
SVM 91.67 12.80 5.2 342
KNN 88.89 0.02 8.6 1 440

17 57 A1, PLS-DA #E RV 7E 2 A P4 2 1 1 2 R
P o AE43 2R 2R )7 1, PLS-DA 15 % 97.22%, /3 Bl %%
BP #1 £ M 4% . SVM Al KNN & i1 4.16, 5.55, 8.33 1~ H 4
Mo X — L 245 25 T PLS-DA fig 5 4 2% b B A5 7 i)
B e £ M IR A, O 4R B 43 S5 AT 55 AR G B RRAE o 7E DI
i3 % b, PLS-DA U5 0.35 s, i i T BP # 4 W 4%
(45.20 s) A SVM(12.80 s) , W18 T KNN(0.02 s) o 5 [
7E T PLS-DA & i o &k MM AY |, T & 4 ik AR ALk
TR 76 T 58 75 1A, PLS-DA B YR T I #E i 2.1 ms, BE
0 T L S B A I T R M 2 R L SVML IR S 1) IR 4K
%, WO B ) R4 (5.2 ms) o FEBEARY AT 4 I, PLS-DA Y
WA A# 8 A S B O I 4 AW A8 B 1 48 A 543 43 ) | Tii BP
2 N 2% 5 AR AE 157 D BUE S50, KNN I T 4R B 1 440 4
YIiREA . 3k fli45 PLS-DA B T 7 A X RS AR5,
F8JE/RT 4R ROC 4k X H AUC{H . PLS-DA
Xf = 2R R Y S ¥ AUC S 0.991, = T BP #2894
(0.965) .SVM(0.951) HI KNN(0.934) , #— L 55 40F 7 HAE
F 9 BE A P A
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Figure 8 ROC curve comparison of different algorithms

3.5 ZXWIESZHeE AT

SR AT 28 LB IEIT AR B (77 kR ) L g5 R gk 6
FiaR o BTSSR UE A F SR R 96.67% , AR ifE 2R
1.67% , & BIBL I B R 4f i e MEFZ AL g ) L R 81
WSl Ed. IAESRIEELNEREXEME LN
1.80% , fie K25 1{H J9 4.87% (46 331 ) , 35 WA B 78 SR A 5 s
LRBRE . A 3738 UG UE AR B R AR K (94.44%) ,
F2 DR S A AT T ORI B R A Y LB A T IR T R
A 3 MR K -

Fo6 AFRXNWIELER

Table 6 Five-fold cross-validation results %

WUEREC IR RUEEUENR R
519 98.61 97.22 1.39
%29 97.92 97.22 0.70
5§39 99.31 94.44 4.87
ETR i 98.61 97.22 1.39
EERE 97.92 97.22 0.70
FEIH 98.47 96.67 1.80

3.6 HAEEZEESWT

3 3oF 53 T 4% AR E BEAE PLS-DA RS o i A8 i % 5
B (VIP) 1G53, Tl 4 Ff R AE S0H08 32 5 6 22 40 31 14
TURRER o VIP R > 1 /9728 i YA b 3 73 264 1 3 Dok .
FHRE VIP R AN 9 B o v, 20 A S AR 1Y
VIP A > 1, 230 4L e B 10 10 QB B R, 3 15 30 8 m i
Tt P 05 TR T IR I A4 7 A AR A s 9 2 BEAIL A
AT
4 iR

GROEEEE  oRll SRR CRIUR oRUDEIE: B SIS (B3
e R OB A6 )L, 42 1 T — Fh 2k T Zigbee T 4 1L R
P 2% 5 i fr /0 — 3R A 531) 23 ) S S B JRE pR s T 45 4G T D7
%o 5 BP M M4 SR I dHUAT KT S8 AR LE i fR /)

R 298 | 2026 FE 8 A | RMSHM
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Figure 9  VIP score of each characteristic gas
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