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Abstract

This paper is aimed at greenhouse tomato nitrogen detection using hyperspectral imaging combined with
three dimensional laser scanning technology. This technology extracts the nitrogen hyperspectral feature
image and the plant three dimensional morphological characters, to achieve the rapid quantitative analysis
of nitrogen in tomato. The characteristic spectrum of nitrogen was extracted, and the mean intensity
characteristic of the image feature was obtained. Then based on the acquisition of the tomato
hyperspectral image data cube at different nitrogen levels, the sensitive region stepwise regression
combined with correlation analysis was performed. Based on the acquired three dimensional laser
scanning data of tomatoes, the stem diameter, the plant height and other biomass characteristics of
different nitrogen levels were obtained by establishing the spatial geometric model of tomato three
dimensional point cloud. A multi-feature fusion model for tomato nitrogen detection was established by
partial least square regression. The results showed that the R? in the constructed model was 0.94, with the
accuracy significantly better than that of the single feature model established by using hyperspectral
image and three dimensional laser scanning.
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INTRODUCTION

Currently, the cultivated agriculture land area in China has already been 3.8 million hectares, among which the
tomato planting area is 1.86 million hectares, and the production has reached nearly a third of the world
output [1]. As a result, tomato is regarded as an extremely important vegetable crop. Globally, the most
limiting crop growth factor is nitrogen (N) availability [2]. In addition, the demand for tomato by the growing
population requires increase in the resource use efficiency of N for the crop [3]. However, lack of advanced
scientific nutrition regulation and control method, the nitrogen fertilizer use efficiency of greenhouse tomato
is only 35% less than a half of the developed countries [4, 5]. Nitrogen (N) fertilizer is an important component
in plant interaction because it is part of the chlorophyll molecule, which gives the green color to the plants [6,
7]. In tomato production it has significant effect on the yield and quality [6]. Furthermore, it affects the tomato
content of substances soluble in juice [8]. Besides, a good crop N nutritional status enhances drought
tolerance of the crop [9]. Therefore, it is of practical significance to accurately monitor the information of
tomato growth process and realize the precise control which is based on the requirements feedback of crop
growth.

There are already many research achievements about the hyperspectral remote sensing, visual image and
other crop nitrogen non-destructive testing method. These techniques have successfully replaced the
traditional manual and chemical assay, because of the advantages of being rapid, timeliness with no influence
on the crop growth [10-13]. But most of the studies only focused on the nitrogen nutrition diagnosis of the
reflection characteristics differences which is led by the nitrogen enrichment and the paucity. The different
nitrogen quantity will directly lead to diversity of the biomass, stem diameter and plant height. Therefore, such
parameters can also be used as an effective feature for the inversion of crop nitrogen. Compared with the
traditional visual image and the contact measurement method, 3D laser scanning can simultaneously obtain
the overall morphology of the plant. In addition, the accuracy is also higher. The technology can further realize
accurate extraction and analysis of integrated crop growth characteristics. In this study, the idea of combining
hyperspectral imaging and 3D laser scanning technology was put forward. The tomato leaf scale hyperspectral
image features, which were led by the nitrogen enrichment and the paucity, and the canopy scale biomass,
plant height, stem diameter, morphological characteristics and differences would be fully utilized. Through the
use of multi-scale and multi-feature information fusion in quantitative analysis of nitrogen in tomato, the
detection accuracy of tomato nitrogen nutrition were effectively improved, to provide a scientific basis for the
precise management of the water and fertilizer facilities.

MATERIALS AND METHODS
Samples Cultivation

The experiment was carried out in the Jiangsu University Provincial Key Laboratory of Modern Agricultural
Equipment and Technology from September 2014 to December 2014. In order to realize the precise control of
nitrogen in tomato, non-soil culture was used. Under the condition of ensuring the balance of other nutrient
elements, the control of nitrogen was carried out to obtain the tomato samples with different nitrogen levels.

The test variety was Tomato Co 903. Nutrient solution according to Yamazaki formula[14], the samples was
divided to 5 groups with different nitrogen treatment: N1, N2, N3, N4 and N5. The concentration (mass
fraction) of N in the formula was 0%, 50%, 100%, 150% and 200% respectively. There were 10 plants for each
treatment, with the total of 50 plants.

Experimental Methods
Multi-spectral images acquisition and transaction

The hyperspectral image data acquisition system was used to capture hyperspectral image data of tomato
leaves[15], with the exposure time being 900 ms, and the scanning speed 1.25 mm/s, which ensured the
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image's clarity and non distortion. Then, Black and White field calibrations were conducted, with the intensity
range set in 0--4000. The hyperspectral image data acquisition is based on Cube Spectral software platform.
The spectral data sampled in 390.8 ~ 1050.1 nm, with a resolution of 1.3 nm synchronously acquire the high
spectral image data cube composed of 512 different spectral bands in the sampling interval. The Data was
processed using ENVI V4.0 software platform.

Tomato growth information scan and data acquisition

| 5 Powersupply |

4 Handy scan
three dimensional
(EXA scan)
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3 Fire wire

2 Fire wire cable

adapter

Figure 1. The 3D laser scanner which is composed of computer, Handy scan 3D (EXA scan), FireWire adapter,
FireWire cable, power supply and other components.

The three-dimensional shape of tomato was obtained using the handheld self positioning 3D laser scanner. As
shown in Figure 1, the 3D laser scanner is composed of computer, Handyscan3D (EXA scan), FireWire adapter,
FireWire cable, power supply and other components. This instrument works at a speed of 25 measurements
per second, with the resolution of 0.05 mm, the precision of 0.04 mm and the shooting range of 300 mm. It's
field depth of vision is £150 mm, and the laser cross regionis 210 mm x210 mm.

When scanning, first of all, the reflection target points with the diameter of 6 mm should be pasted on the
tomato and the pot. The shape of the tomato plant is complex, so that every two adjacent points should be
controlled at a distance no more than 20 mm. Then, the calibration board was measured with a three
dimensional laser scanner to calibrate the sensor parameters. In order to ensure the clarity of the 3D shape
model, it was set, by test analysis, as follows: the laser power was 65%, the shutter time was 7.2 ms, the
resolution was 0.5 mm. One by one, the three dimensional data of all the tomato samples would be obtained
through the handheld scanning method.

Plant nitrogen determination

The samples were determined by using the method of determination of nitrogen content and analyzed by
AutoAnalyzer3 (AA3) continuous flow analyzer. The nitrogen content would be calculated by formula (1)[16].

- © L 100%
mx (1—w) D

where, N stands for nitrogen content (%) of the test samples; ¢ for the sample liquid instrument observation
(mg); m for the weight of the test sample (mg); w for water content (%) of the test samples.
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RESULTS AND ANALYSIS
Hyperspectral image feature extraction and analysis of tomato nitrogen
Image background segmentation

ENVI software was used in this study in order to obtain tomato leaf hyperspectral images, through the
analysis of the threshold of the target image and background. Finally the 476 nm image was chosen based on
the bimodal method to finish the threshold segmentation, with the threshold of 187. The binary target image
is inverted by gray scale inversion after segmentation and filled the residual to remove isolated noise. On this
basis, the original image pixels are multiplied with those of the binary target image, the hyperspectral image
sequences of tomato sample could be obtained

Nitrogen characteristic spectrum extraction

In order to reduce the redundancy and improve the efficiency of the feature, the sensitive interval stepwise
regression method[17] was used to select the characteristics of nitrogen. Previous studies showed that the
tomato nitrogen sensitive range is mainly at the 390 ~ 471 nm, the 520 ~ 581 nm and the 610 ~ 673 nm
spectral region[18]. The stepwise regression is a method that chooses variables based on their effect on the
significant degree of nitrogen content.

The stepwise regression criterion adopted in this study is that the entered variable should be retained when
condition of F > 3.10 established, it should be excluded when condition of F < 1.80 established. The relation
expression of R2 > 0.5 should be ensured, and the number of variables in each group is not more than 4.
According to the regulation, the regression equation of each interval is obtained as:

Nygoapm = 0.98+4.03AG,, +17.31AG, ,, — 6.38AG,  + 27.64AG,, (2)

Ni0-s03m =1.56—6.53AGq,; +12.21AG, o +9.36 AGygs +5.63AG, 5

Ngyo-cram =1.29+31.56 AG,,.—8.77AG, ,, +5.41AG,, "

Type: AGi (interval i: 390 ~ 700 nm) for hyperspectral image gray-scale variables; Nj (interval j: 390 ~ 471 nm,
520 ~ 581 nm, 610 ~ 673 nm) for nitrogen content in high sensitive spectral interval j predictive value.

On this basis, through the correlation analysis, finally the gray mean of the 454, 549, 556 and 663 nm image
were selected as the nitrogen hyperspectral image characteristics.

Nitrogen characteristics expression and quantification

Figure 2 shows the tomato leaves characteristic image at 549 nm wavelength for four different nitrogen levels.
It can be seen that the gradient of gray level is more obvious with the increase of nitrogen level. At specific
wavelengths, the average gray level of the image can be used to represent the distribution of reflection
intensity in the tomato sample region. The algorithm of the mean value of the gray scale is as follows:

N
AG =21 (x,y)
N i=1 (5)

Type: AG represents the tomato leaf image gray level at the sensitive wavelength, and N represents the
number of pixels in the whole image (i=1,2,...N). f(x,y) represents the gray value of each pixel (x,y).

1377



20080

N5 (b) N4 () N3 (d) N2 () N1

Figure 2. The tomato leaves characteristic image at 549 nm wavelength for four different nitrogen levels
showing the different gradient of gray level.

Based on the variables obtained for the mean characteristic of tomato nitrogen hyperspectral image gray in
different spectral bands, and the PLS method, the nitrogen detection model was established using the 25
samples from the total of 50 tomatoes:

N =1.75+7.81AG,,, + 22.96AG,,, — 27.21AG,,, +10.13AG,,, ©

Using the remaining 25 samples for prediction analysis, the correlation coefficient of the model is 0.91 and the
root mean square error is 0.66, which indicates that the hyperspectral image features can be used for
detecting the tomato nitrogen with an improved accuracy.

Group form feature extraction and analysis of tomato nitrogen
3D scanning data preprocessing

In order to overcome the problems of noise produced by the reflection interference of objects around the
sample, and the scan vulnerability during the 3D laser scanning the Geomagic qualify reverse engineering
software was used to repair the model, and to obtain accurate scanning model. For the data repair, the
Geomagic qualify software is needed to convert the tomato model which is composed of the triangle to the
point cloud, to remove unwanted noise points. Then, transform the 3D point cloud to a surface model
composed of triangles with encapsulation, to fill the holes existing on the surface of the tomato. Finally, the
model of tomato was smoothed. Figure 3 (a) and (b) are the top view, the main view of the original three-
dimensional data; figure 3 (c) and (d) are the data repaired. The repaired data effectively eliminated
interference noise, and made the 3D data continuous.
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Figure 3. The main view of the original three-dimensional data, (a) top view and (b) front view. The view for
repaired data that effectively eliminated interference noise, and made the 3D data continuous, (c) repaired top
view, and (d) repaired front view.

Group form feature extraction of tomato nitrogen

In this study, the volume, plant height and stem diameter of tomato were extracted by establishing spatial
geometric model of point cloud data.

Volume calculation

Using a number of small cubes to fit the shape of tomato (Figure 4), the tomato region consists of cubes with
the specification of axaxa (the edge length of the cubes is less than the thickness of tomato leaves).

The volume of tomato was obtained by calculating the number of effective cubes. This algorithm does not
need to consider the geometry of the tomato. What is required is just to determine the number and
effectiveness of cube cells. In this case, the effective cube represents the physical portion of the tomato and
the invalid cube represents the portion of the volume of the tomato. The formula for calculating the volume of
tomato is given by:

S, =aaM,

V= Zn:Sk = Zn:aaMi
i=1 i=1

)

(8)

where, V is tomato volume, Sk is the cross section area of tomato, a is cube side length, M is effective pixel
grid.
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Figure 4. The cube for the tomato region obtained from the algorithm with specification of axaxa, and
showing that the edge length of the cubes is less than the thickness of tomato leaves.

Based on the measured value of the volume of tomato and the fresh weight of tomato, a model of biomass
detection based on 3D scanning data was established as:

B, =1.07+0.93V o

where, Bm is the biomass of tomato. The correlation coefficient of the model is 0.97 and the root mean square

error is 0.32. The accurate retrieval of biomass characteristics can be realized by using the model obtained
from tomato plants volume combined with biomass.
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Plant height calculation

To determine the maximum value of Zmax and the minimum value of Zmin along Z-axis direction, the
coordinates of point cloud data at any point of f(x, y, z), is required. Note that, at the maximum value of Zmax,
the coordinates point is f(x1, y1, z1), and at the minimum value of Zmin, the coordinates point is f(x2, y2, z2).
The plant height Ph can be obtained by calculating the distance between the two using the following formula:

Ph = Zmax _Zmin = Zl _Zz (10)

Stem diameter calculation.

From the beginning at 4 cm from the bottom along the plant height direction, 3 tomato plant stem cross
sections were intercepted at every 5 mm interval. The diameter of each cross section is calculated, and the
tomato plant stem diameter was determined by the mean.

The tomato stem image comprises a layer of dots cloud. Finding out the maximum values and the minimum
values along the X-axis and Y-axis respectively in the X-Y plane, as xmax, xmin, ymax and ymin, the diameter of
this cross section can be calculated. Equation 11 was used for the stem diameter calculation as follows:

S, =3 [Otmer — Konin )1+ [(Yirme — Yoo )1/6
i1 (11)

where, Sc is the tomato stem diameter; ximax and ximin are the maximum and minimum values in the X axis
direction on the cross section images of the i layer (i=1,2,3); yimax and yimin are those values in the Y axis
direction.

Based on the growth characteristics obtained for the nitrogen in tomato, the nitrogen detection model of
tomato growth characteristics was established with 25 of the samples out of the total of 50 tomatoes:

N =0.64—0.35S, +0.08P, +0.012B_ )

Correlation coefficient of 0.92 and root mean square error of 0.79 were obtained for the model.The results
show that the crop features can be used for the detection of tomato nitrogen. However, the nitrogen is just
one of the several main factors that affect the crop growth. Therefore, it is difficult to achieve the ideal effect
relying solely on single growth characteristics for nitrogen diagnosis.

Nitrogen multi-feature fusion model establishment

This study is based on the characteristics of hyperspectral images obtained from 454, 549, 556, and 663nm, as
well as the growth characteristics of stem diameter, plant height and biomass. Using partial least squares
regression (PLSR) [19] for information fusion, the tomato nitrogen multi-feature detection model was
established. In order to overcome the scale differences between variables, equation (13) was used firstly to
normalize the two different types of the characteristic variables:

X = (% = Xain ) /Yoo — Yoin) (13)

where, x is the characteristic value of the feature vector; i is the serial number (i=1,2,3...); xmax and xmin are
the maximum and the minimum characteristic value of the samples in the feature vectors.

The partial least squares correlation analysis (PLS) was carried out by 4 image features and 3 long potential
features using the data from 25 samples obtained simultaneously at the sample collection. The relationship
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between the components of PLS and the nitrogen content of the leaves was established and the PLS nitrogen
regression model based on the original variable was obtained.

N =—4.15+8.23AG,,, +15.36AG,,, + 27.91AG,.,

—31.85AG,,+3.52S, —3.78P, +0.29B_ "

While to validate the model by using the 25 samples; the correlation coefficient between the predicted value
and the measured value was 0.94 and the root mean square error was 0.48. It shows that the prediction
accuracy of the model is significantly improved by the fusion of hyperspectral images and growth features.

)

Measured value of nitrogen (%)

I " A

0 1 2 3 ! 5

Predicted value of nitrogen (%)

Figure 5. The chart for the correlation between the predicted values of nitrogen and chemical analysis
measured values of nitrogen.

CONCLUSION

This study was aimed at quick and nondestructive detection of tomato nitrogen, based on the technology of
hyperspectral imaging combined with 3D laser scanning. The nitrogen feature image and the response
regularity of the tomato growth parameters at seedling stage under different nitrogen conditions were
obtained. The characteristic wavelengths of tomato nitrogen of 454, 549, 556, 663nm were selected by the
sensitive interval stepwise regression method and self-adaptive band selection method. The three-dimensional
morphology of tomato was obtained based on the three-dimensional laser scanning technology. The spatial
geometric model was built to extract the shape characteristic parameters such as stem diameter, plant height
and biomass. A multi scale and multi-feature fusion detection model of nitrogen in tomato was established by
PLSR method and the precision of the model R2 reached 0.94. The extracted features and selected models can
provide a scientific basis for the environmental control which is based on the feedback of crop growth.
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