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Introduction

The development of portable devices for real-time quality assessment of sugarcane is an essential necessity in
the agricultural and industrial technology of sugarcane production and processing. Attributes of sugarcane such
as sugar concentration and water content can be utilized for this purpose. Near infrared (NIR) spectroscopy has
been one of the most widely applied techniques for quality evaluation of sugarcane. However, NIR
spectrophotometers in the full NIR wavelength range (up to 2500 nm) are expensive devices that are not readily
available for portable applications. Short-wave NIR devices in the range of 1100 nm are available at lower costs
but need to be evaluated for specific applications. On the other hand, dielectric spectroscopy has attracted the
attention of researchers for quality evaluation of agricultural and food products. In a previous study, a parallel-
plate capacitance sensor was developed and evaluated for non-destructive measurement of sugarcane Brix (total
soluble solids) and Pol (sucrose concentration) as well as water content, in the frequency range of 0-10 MHz.
The results showed excellent prediction models with root mean square errors smaller than 0.3 for Brix and Pol.
This study aimed to develop and evaluate a dielectric sensor that can be extended for portable measurements on
standing sugarcane stalk in comparison with short-wave NIR (SWNIR) spectroscopy to address how the fusion
of the two methods may improve the accuracy of models for predicting sugarcane Brix.

Materials and Methods

A dielectric sensor in the form of a gadget was developed with metallic electrodes to encompass the
sugarcane stalk samples. The dielectric sensor was excited with a sinusoidal voltage within 0-150 MHz
frequency range by a function generator, and the conductive power through the electrodes was measured using a
spectrum analyzer. 105 sugarcane stalk samples were prepared from seven sugarcane varieties and scanned with
the dielectric sensor. The samples were also subjected to Vis-SWNIR radiation in the wavelength range of 400-
1100 nm, and the reflectance spectra were captured. Reference Brix and water content of the samples were
determined using a portable refractometer and oven-drying method, respectively. Regression analyses and
artificial neural networks were performed on independent and combined data from dielectric and Vis-SWNIR
spectroscopy to develop prediction models for Brix and water content.

Results and Discussion
Partial least squares regression on independent data sets of each instrument resulted in RMSEp = 1.14 and
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RMSE; = 1.88 for Brix using Vis-SWNIR and dielectric spectroscopy, respectively. Moreover, data fusion of
dielectric and Vis-SWNIR spectroscopy at a low level for the prediction of Brix significantly improved the
prediction accuracy to R% = 0.94 and RMSEp= 0.74. The medium-level data fusion resulted in R% = 0.89 and
RMSE; = 0.93 for prediction of water content.

Conclusion

In this study, the accuracy of using Vis-SWNIR and dielectric spectroscopy data for predicting Brix and
water content in sugarcane stalk samples was evaluated. To develop the prediction models, partial least squares
(PLS) regression and artificial neural network (ANN) were compared. First, the prediction models were
developed based on Vis-SWNIR and dielectric spectroscopy independently. Then, the two techniques were fused
and the improvement in the prediction accuracy was investigated. Fusing the two methods at an intermediate
level lowered the RMSE of Brix to 0.74, showing noticeable improvement compared to previous studies. Based
on the achieved results, developing a fusion probe for SWNIR and dielectric spectroscopy and designing the
measuring system could be the aim of future studies for in-situ evaluation of sugarcane quality parameters. Due
to the importance of sugarcane quality evaluation, during growth and maturity, the results of this study can have
a significant role in the development of a portable device that combines NIR and dielectric spectroscopy
methods for fast and non-destructive evaluation of sugarcane quality parameters.
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11- Artificial Neural Network

12- Cascade forward back propagation
13- Data Fusion

14- Low-Level fusion

15- Intermediate-Level Fusion

16- High-Level Fusion
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1- Smoothing

2- Normalizing

3- Spectral Resolution

4- Moving Average

5- Savitzky-Golay

6- Baseline Correction

7- Multiplicative Scatter Correction
8- Standard Normal Variate

9- Partial Least Squares

10- Latent variable
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Fig.3. Block diagram of the low level data fusion model (LLF)

cowlio 3,8l & angi b gy cpl (P JSKS) 294 o oltw] Jdo
315 3L g o Sy glil sl b B )5l
.(Borras et al., 2015)

Y 231> g sawd gyl b S5
Data source 1 Extracted features
[100*8] [100*21

o 03> 52l Jlgicdy &S (ILF) lawgio plaw odly 5.al5 4
dxwgd ) 0d bl Sl Gla Shy S e g 290 pl]

Yodld g0 oawd gl Sl s S5ag
Data source 2 Extracted features
[100*36] [100*5]

A 4

831> (385

v

=W
Results

Data fusion +— 3

[100*7]

(ILF) buogio gl o35 (5205 g, S5k ols b~ JSu

Fig.4. Block diagram of the intermediate fusion model (ILF)

5 i 39 e oS Jao e niges ol
el (i lael gl (Laodls JS 51 7Y0) o i 031> dtsd
ool wl a5 48,35 Jao 5ige] )3 M3 a8 sladiges b Ji
Ol pdlS (slas Slayye (3:Sike iy (6)lol (sl yial)ly 510
OIS, ablize s litel slos Slagye 5:Sikio 4y, (RMSE)
3 (RMSER) (S i sl Clapo (:5ike 422, (RMSEcy)
i lie) sy ARS) msl S o i p (izpen
5 dmalio (sl (R%) (255 i coedd o 5 (R) 4185 ol
L oo o=l spbel sy Jalos b oolisl by Juo (oeius el
s MATLAB 8.3 (R2014a) SPSS V13 claljile 5 5l ooz

5 plsl Unscrambler x10.4

suidicadils p slaciabs g Lads gad cslaiihs

9 uy_w‘).ujlf L;l_boa]b u.o.._.oy )Lni )| d‘uh ) Js.\_‘>
9 oS gasld plie md o LS 1) Sl sladiged (190l

94055 aio y glaodly (HLF) YU mdaw o0ly 5.0l 1

4_>1§|J.> )9104.3 o> Zo b dl).: JM t_i.: u] )‘ %9 o J.J?u

Bgd oo pledl Lo Jio don 5l Jols gults Ly 25 0 diblu
J(Biancolillo, Bucci, & Marini, 2014)

Roin sladas (b))
o badiged bl (moie sladde (0985 Sl gk cnl 5
Laodly ZY0 ¢ V0 Jold ol sy i 9 (gl pelS dod 93
golie et s 3] gl sl Jn G290l g NS o
ey ol b o3lisl L Jacs (g3 Lyl sl Sl
o rcwlie sl lawgio b oS diged dlasy o5’ Sloj o uwliel
Jamshidi, Minaei, Mohajerani, ) cul Jio s jliel i,
S 2S5 B 5 e Uy ol 5o (& Ghassemian, 2012
i slp g omd iigel asile Bb aiges N-1 (gly Jdo diges
w2095 (2l )5 L 9o (Priun il oA 541 LS diges

1- Leave One-out Cross Validation



1PY 5L ¥ oylods IF al ((5559liS o iilo 4 pii YYY

9 sy lyme (S slaodgize (S0 Grizmen Al
039 ezl B psal 5 sl yllS slaaos )3 lnaigos jLad
e o i 1y Jdoo gl osls dolay (gandils

FO-A N/ g NYIO=YVIV 0350 0 1> iy usboy (glgime
LS ges 53 03 S Ol atald § g5 ks 45" asb o 90j]

S sladiged oy Lol ) Jgaa
Table 1- Descriptive statistics of sugarcane stalk samples
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Fig.5. a) The reflection Vis-SWNIR spectra, and b) The dielectric spectra of the sugarcane samples
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Table 2- The calibration and validation accuracy of PLS regression models for predicting Brix and moisture content in
sugarcane using Vis-SWNIR spectral data
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Pre- Calibration Leave-one-out cross validation Calibration L
. validation
Processing 2 " RMSEC RZ, RMSECV R% RMSEC R%, RMSECV
Raw 0.91 0.677 0.75 1.173 0.94 0.675 0.70 1.575
BC 0.95 0.52 0.75 1.191 0.92 0.795 0.67 1.645
MA 0.91 0.693 0.73 1.228 0.89 0.942 0.67 1.643
MSC 0.97 0.381 0.77 1.136 0.96 0.579 0.71 1.568
SNV 0.96 0.579 0.71 1.568 0.97 0.457 0.73 1.500
SG 0.91 0.691 0.74 1.214 0.91 0.833 0.69 1.606
D1 0.94 0.731 0.73 1.231 0.94 0.693 0.69 1.607
MSC+SG+D1  0.96 0.459 0.74 1.196 0.92 0.812 0.68 1.628
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Table 3- The prediction accuracy of the top performing PLS models using Vis-SWNIR spectral data
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Fig.7. The validation results for PLS models of a) Brix, and b) Moisture content using the Vis-NIR spectral data
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Table 4- The validation results for the top performing neural networks in predicting Brix and water content using Vis-
NIR spectral data
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Table 5- The accuracy of PLS models in predicting Brix and water content using dielectric spectra
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Table 6- The validation results for the top performing neural networks in predicting Brix and water content using
dielectric spectra
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Table 7- Brix and water content prediction accuracy using PLS models with data fusion methods

guesss 313 (3,8l xlanw

R%. RMSE:. R?%, RMSE R%» RMSE, LV
Variable Data fusion level ¢ ¢ ~ < - "
oS ot 079 107 065 14 065 127 6
Brix Low
oS busgle 095 092 092 066 094 074 5
Brix Intermediate
Cugb) slyie omb 069 158 052 2.01 053 201 5
Water content Low
Cugb slyons busgie 088 1 077 117 08 093 4

Water content Intermediate




YYQ L ominh B9y b Gl 5o < 5iSU1 60 (imwdinh B9y (2155l oy Kod g (2Tl (5,96

24
y =0.9116x + 1.7532
R?>=0.94
RMSE=0.74

22 |
20 |
18 |
16 | °

14 t

Predicted Brix (g/100 ml)
°
\
&
\

-~ l

12 1 1
12 14 16

18

20 22 24

Measured Brix (g/100 ml)

80 r

y =0.9844x + 1.3194
R2=0.89

nr RMSE= 0.93

77 F
76
5 F
74 F
73t
2 F
71 F

Predicted water content (%)

70 1 1 1 1
70 71 72 73 74

75

76 77 78 79 80

Measured water content (%)

ok lgime (0 (S p Hlade (Ll Lawgio pdaw 033 345 PLS (cla Jso (i el ol =Y S8
Fig.7. The validation results for PLS models with intermediate fusion level in predicting a) Brix and b) Water content
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