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Abstract: Spatiotemporal scale information of cotton plant height is closely related to cotton yield, and can provide a basis for
irrigation, fertilization and topping of cotton in the field. In order to realize rapid monitoring of plant height during cotton
growth period, this research obtained visible images of cotton initial bud stage, full bud stage and flowering stage by mounting
an Unmanned Aerial Vehicle and splices them to obtain its Digital Surface Model. The mean plant height of cotton in each
sampling area was calculated by combining the DSM difference method and the sample statistical method of the region of
interest to generate a high-level distribution map of cotton plant height with soil background removed. The results showed
that the extraction method of plant height of cotton based on DSM difference method is stable (R* of cotton in three periods is
higher than 0.750, RMSE is less than 5 cm; plant height model R?=0.849 of cotton in the whole growth period). Therefore,
DSM difference method can be used to achieve rapid and effective acquisition of cotton plant height, which is of great
significance to guiding field cotton management. Finally, the vector files of pure cotton vegetation generated by the cotton
TRVI vegetation index threshold method were used to crop the cotton DSM difference images, retaining the areas of only
cotton vegetation in the test area, and generating the plant height class distribution maps of cotton at the first bud, full bud and
flowering stages, so as to provide a theoretical basis for topping, irrigation and fertilization operations of cotton in the field.
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1 Introduction

Cotton is a major cash crop in the world™, a commodity
involving two major industries, textile and agriculture, and the
main source of income for 100 million cotton farmers in China.
In recent years, cotton planting area has significantly decreased in
China. Complex cotton planting and management procedures,
high cost and long growth period are the main reasons for the
decrease of cotton planting area. Rapid non-destructive
monitoring of crop growth and accurate prediction of yield are
necessary means to achieve accurate management of field crops.
How to carry out accurate and effective field cotton management is
of great significance to the development of cotton industry.

Remote sensing technology obtains electromagnetic wave
information of vegetation radiation and reflection by means of
sensors in a non-contact way to realize monitoring and
identification of targets!?. At present, remote sensing monitoring
applications in agriculture mainly include pest identification®*,
weed monitoring®7), soil composition monitoring®®, crop quality
identification”®*? and crop growth monitoring™>!¥.  Plant height
is an important parameter for monitoring crop growth trend. Plant
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height information of crops is closely related to its own lodging
resistance, biomass and yield information®*®!. Obtaining plant
height of cotton by Unmanned Aerial Vehicle (UAV) remote
sensing technology is of great significance to guide farmers in field
cotton topping operation. At present, the common extraction
methods of plant height of crops are mainly realized by ground
remote sensing technology and aerial remote sensing technology.
Bendig et al. succeeded in obtaining barley plant height through
UAV visible remote sensing platform and established regression
model between barley plant height value and barley biomass™”;
Yaxiao Niu obtained the point cloud data in the maize image by
using Pix4DMapper software based on the visible remote sensing
platform independently developed, and successfully extracted the
plant height information of maize, R> and RMSE are 0.90 and
0.12 m, respectively. The regression model of maize biomass was
built by combining the plant height obtained from point cloud data
with the vegetation index of visible band, and good results were
obtained™®!.

Traditional monitoring of crop plant height based on ground
remote sensing data often requires professional field sampling to
obtain remote sensing data of crops. This method is limited by
physical and human conditions and has certain limitations in
estimating crop yield in a wide range of fields. At present, the
resolution of satellite remote sensing data for civilian use is low,
and the rainy weather will cause strong interference to the
acquisition of satellite data. Therefore, the advantage of satellite
data monitoring can not be brought into play in field-scale
production estimation.  With the rapid development of UAV
remote sensing technology, its speed and flexibleness, high
resolution of acquiring remote sensing images is very suitable for
the research related to growth monitoring and yield prediction of
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cotton®®.  Therefore, in this research, the UAV platform was
selected for research related to cotton growth monitoring.

Nowadays, crop growth monitoring and yield estimation based
on UAV remote sensing technology are mainly realized by mounting
multi-spectral and hyperspectral sensors on UAV) platform. Jinya
Su et al.?®! have put forward an automatic rust detection framework
by integrating UAV remote sensing, multispectral imaging and
U-Net deep learning network; Jinya Su et al.”? have developed an
automatic yellow rust detection system using a random forest
classifier based on the marked unmanned aerial multispectral
images. But UAVs with hyperspectral and multispectral sensors
are difficult to apply in general scientific research institutes and
universities because of their high pricel??, frequent maintenance
and tedious data processing in the later stage, and even more
difficult to popularize for ordinary farmers. Currently, most
UAVs in the mainstream market are equipped with visible light
cameras. Compared with multi-spectral and hyperspectral cameras,
visible cameras contain less band information, but they are
characterized by high resolution, low cost and easy maintenance.
Due to the complex vegetation characteristics of cotton, there are
few researches on cotton plant height extraction from UAV visible
images. Therefore, this study carried out the relevant research on
cotton plant height monitoring on UAV, and generated the plant
height level distribution image of cotton vegetation, in order to
provide a theoretical basis for cotton field management.

Based on the existing technical approaches, the research
objectives were:

(1) To establish an index threshold method for cotton
vegetation coverage extraction model;

(2) To establish cotton plant height extraction model based on
DSM difference method using cotton visible light image;

(3) To obtain generate high-level plant height distribution map
of cotton in each period by using vector file.

2 Materials and methods

2.1 Experimental Design

In this research, eleven varieties of cotton cultivated by the
Cotton Research Center of Shandong Province were studied, and
remote sensing image data were acquired by using the UAV of the
Mavic 2pro in five periods: bare ground, initial bud, full bud,
flowering and boll stages. The plant heights of cotton at the initial
bud, full bud and flowering stages were extracted by Digital
Surface Model (DSM) differential method, and the plant heights
obtained by DSM differential method were verified by using the
ground-measured cotton plant heights to verification the plant
height model of cotton, and the generated cotton vector files were
cropped to generate the plant height distribution map of pure cotton
vegetation for topping, irrigation and fertilization operations of
cotton in the field. The research content and technical route of
this research were shown in Figure 1.

The experimental field is located in Linging Cotton Research
Institute of Shandong Cotton Research Center, northwest of
Shandong Province, and belongs to continental monsoon climate.
eleven kinds of cotton planted in the test area are high-yield and
lodging-resistant high-quality varieties independently cultivated by
Shandong Cotton Research Center. The area of the test field is
about 1333 m2  In order to alleviate the influence of terrain on
cotton seeding and irrigation, before cotton seeding, laser grader is
used to carry out remediation.  The sowing method is
machine-seeding with 0.78 m row spacing and 0.10 m plant
spacing. The method is non-film planting with 4 rows per variety

and 3 random repeats. In order to facilitate geometric correction
of cotton visible image and acquisition of ground data in the later
period, ground control points need to be set during aerial
photography. The ground control points are composed of four
geometric reference boards (80 cm x 80 cm black and white grid
boards). Real-time kinematic (RTK) carrier phase difference
technology is used to record the longitude, latitude and elevation
information of the center points of four reference plates. The
ground data acquisition method uses standard sample acquisition,
i.e. placing a red flag as the marker of ground sampling points in
the corresponding sampling point area, which facilitates data
acquisition in the test area for several periods and establishes the
connection between remote sensing image of UAV and ground data.
The coordinates of the control points were shown in Table 1 and
the top view of the test site is shown in Figure 2.
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Table 1 Coordinates of ground control points

Position Latitude Longitude Altitude
Py 36.803228 115.694449 24.463
P2 36.803408 115.694450 24.461
Ps3 36.803407 115.695096 24.501
Pa 36.803227 115.695096 24.453

2.2 Data Acquisition
2.2.1 Remote Sensing Data Acquisition

Visible light images of bare cotton fields (filmed on May 22,
2019), initial bud stage (filmed on June 22, 2019), full bud stage
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(filmed on July 03), flowering stages (filmed on July 13, 2019)
and boll stage (filmed on July 26, 2019) were obtained by UAV
Mavic 2pro during the test. The RTK equipment is the module of
Dajiang spirit 4rtk version, and its hovering accuracy is 1 cm + 1
ppm horizontally and 1.5 cm + 1 ppm vertically. The mobile
DJIGO 4 software was used to test the UAV performance
parameters and to plan the route of the test area through Artizure
software after making sure there are no errors.  Altizure Software
is the most well-known modeling tool in China at present. It can
work at high altitude with UAV and plan one ortho-jet route and
four inclined routes at the same time. It also has the settings of
automatically adjusting the cloud platform angle, taking photos
independently, automatically recording flight progress, changing
power and flying continuously, adjusting overlap, inclination angle,
flying speed, etc., and customizing camera model.  Support
domestic coordinate correction and other functions. In order to
ensure effective splicing of subsequent Cotton Remote Sensing
images, the bypass and heading overlap in the route were set at
90%, the flight height of UAV was set to be 30 m above ground.
Before route planning, ensure that UAVs on the route were not
disturbed by high-voltage wires, trees, towers and other objects.
In order to ensure sufficient lighting conditions and small shadow
area, UAV visible light data collection is generally carried out
around 12:00 noon. According to the light intensity, set the
exposure time and aperture size of the camera through debugging,
as shown in Table 2, to obtain the best image quality.

Table 2 Parameter setting of UAV Mavic 2pro aerial
(manual setting)

2.2.2 Obtaining the measured data of ground cotton

(1) Measurement of cotton plant height data

The cotton plant height in the test area was acquired by tape.
In order to reduce the influence of cotton growth on plant height
extraction, the cotton plant height data collection was carried out
on the same day as the UAV aerial data collection. The height
from the canopy to the surface of four cotton plants with similar
growth in each sampling area was measured with tape. The area
of each sampling area was 6 m?, and four cotton plants with
uniform growth were selected.  The average plant height of 4
cotton plants was taken as the observation value of plant height in
the experimental plot.
2.3 UAV visible light images stitching

In the above five stages, 385 visible light images of cotton in
each stage were obtained by using UAV mavic2pro. The area of
single image taken by UAV was limited, and image stitching can
obtain the remote sensing image of the whole test area. Agisoft
PhotoScan Professiona software was selected to stitch the images
of five periods of cotton, and finally generate Digital Orthophoto
Map (DOM) and DSM of the test area. This software is a UAV
aerial photography processing software developed in Russia.
According to the latest multi-view three-dimensional reconstruction
technology, It can process images of various formats, and has the
functions of image mask addition and distortion elimination. It can
process route vulnerability data smoothly and generate professional
photogrammetric data?®?®! through a fully automatic process.
The image splicing process is as follows:

(1) Import the visible cotton images captured by UAV aerial
photography into the software, and eliminated the images taken
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Figure 3  Stitching process of visible light images of cotton acquired by UAV
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2.4 Extraction of remote sensing factors
2.4.1 Construction of visible light vegetation index

In order to reduce the influence of shadow on vegetation
coverage extraction in full bud, flowering and boll stages of cotton,
the spectral characteristics of cotton, soil and shadow in full bud
orthophoto images obtained by UAV were analyzed. For each
feature, 80 representative regions were obtained, and the
eigenvalues (including maximum, minimum, average and standard
deviation) of the above three features in red, green and blue bands
were calculated. The average value was selected as the overall

shadow by a single band. Therefore, this research constructs a
scatter map of two combinations of red, green and blue gray values
of cotton flower, soil and shadow. As shown in Figure 4, the
vegetation index was constructed based on the obvious boundary
between cotton and soil scattered points, in which the green part
represents cotton vegetation, the blue part represents shadow, and
the yellow part represents soil.
Table 3 Cotton vegetation, soil and shadow pixel value
difference in blue, green and red bands

Pixel value in blue  Pixel value in green  Pixel values in red

difference index of the three bands of the three ground objects, and Feat band band band
- . . eature
the standard deviation was introduced to check the fluctuation T
range of each band.  The statistical results were shown in Table 3 ¢ Mean  Sendard  Mean  Stndard  Mean  Standard
Y ' ' value  deviation  value  deviation value  deviation
| It C‘:‘: bEIseer; fr(;m Tgblej ;ha;the gray valugs of(;:ottrt]on and Cotton 95.891 35193 134135 36198 64071 31715
softIn the blue ban a_n re a_n . VWere crossed, and the gray Soil  197.736  19.260  167.807  19.904  127.390  22.280
values of cotton vegetation and soil in the green band are crossed.
- s . . Shadow 58.200 12962  57.058 11127  44.067  10.948
It was difficult to distinguish cotton vegetation from soil and
25(}“ 1 ' ' ' I- 250_ ' 'l 'l 1 I_ 25{]” L L 'l 1 I—
® Cotton vegetation ® Cotton vegetation
® Shadow ® Shadow
200 4 Soil L 2004 | Soil F 200 4 L
2 g L2 ]
g 150 - L §: 150 F g 150 - -
E % b 3
= 100 L 2 100 < 1004 i
s = g ]
& C S
50 L 50 4 L 50 4 @ Cotton vegetation | [
: ] o Shadow
Soil
0 +——rrrrrr—r—rTrr Ty 0+ LIS S S i e B S B e S i 0 T T T T T
0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250
Blue band grayscale Blue band grayscale Red band grayscale
a. Blue & green band grayscale b. Blue & red band grayscale c. Red & green band grayscale
Figure 4  Scatters of cotton, soil and shadow
From Figure 4, it can be seen that there were obvious dividing TH I 9341
N - . . Ln ! ! [} " ] :
lines in the 2 scatter plots with red & green as the characteristic JEERE , i :
values and cotton, soil and shadow as the indicated quantities. it il i-t, 113
Cotton was basically distributed at the top left of the boundary line, 1 El 08 5 i | ; H §
. R . . . 3 3
and soil and shadow were basically distributed at the bottom right | E £ 848 11 B . | :
of the boundary. The scatter coordinates of the boundary lines i i } i ] i
were extracted by visual interpretation, and 50 boundary points 44 ' : ’
were read on the two scatter maps for fitting to obtain the Lt '
expressions of the feature combination parameters, and the fitting 11 it N ,
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the formula was shown in (1), and the gray-scale image was shown
in Figure 6.

TRVI=G-0.899R-22.623
and the gray image was shown in Figure 6.
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Figure 5 Fitting results of TRVI vegetation index

Figure 6 Grayscale images of TRVI

242  Extraction of cotton vegetation coverage based on
vegetation index threshold method

Researchers based on the DOM and DSM generated from the
UAV images have explored the changes of vegetation coverage
more accurately on the landscape scale, thus greatly reducing the
phenomenon that vegetation coverage is overestimated or
underestimated. Most of the methods used are threshold method
and vegetation index method. OTSU algorithm is an efficient
binarization algorithm proposed by Japanese scholar OTSU in 1979.
It is an adaptive threshold determination method for image
segmentation and is the optimal segmentation in the sense of least
squares. Its basic principle is to assume that the detection image
is composed of foreground and background parts. The threshold
value is selected by statistical calculation, so that the threshold can
distinguish foreground and background to the maximum extent.
However, its disadvantage is that it is very sensitive to noise and
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target size, and only produces good segmentation results for images
with single peak of inter-class variance. Based on TRVI gray scale
image, draw its gray scale histogram as shown in the Figure 7.

It can be seen from the graph that the gray histogram shows
three peaks, and the interference area has peaks on the gray
histogram. As shown by the TRVI gray histogram, it is not
possible to separate the soil from the vegetation by the Otsu
method. Therefore, this study proposed a threshold vegetation
index method.
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Figure 7 Gray Histogram of TRVI

The vegetation index threshold method combines the
intersection method of vegetation index time series diagram and the
sample statistical method. According to the intersection method
of vegetation index sequence diagram!®?, the crop experimental
area was composed of vegetation and soil. With the continuous
growth of crops, the number of vegetation pixels in the
experimental field was increasing, and the increase of the number
of vegetation pixels came from the decrease of the number of soil
pixels.  Then the intersection of vegetation index of high
vegetation coverage area and low vegetation coverage area can be
used as the threshold of crop vegetation coverage extraction. The
sample statistical method® carries out statistical analysis on the
basis of visual interpretation, and then determined the extraction
threshold of crop vegetation coverage. If the test area in a certain
period was supervised and classified into vegetation and soil, the
statistical histogram of vegetation index of soil and vegetation was
calculated respectively, and the intersection of vegetation index
was used as the extraction threshold of crop vegetation coverage, it
had good effect!?®). According to the histogram characteristics of
visible band vegetation index of cotton vegetation and soil, the
classification threshold of cotton vegetation and soil pixel was
determined by combining supervised classification and vegetation
index, and the determined threshold was used to extract cotton
vegetation coverage. The specific process was shown in Figure 8.

| DOM images |
¥

| Preprocessed DOM imge
¥

| Construction of TRVI vegetation index | SVM supervised

! classification
| Statistical histogram of vegetation index |4—‘
| Extracting vegetation index threshold |
I Extraction of vegetation coverage ]

Figure 8 Flow chart of cotton FVC Extraction based on
vegetation index threshold method

With the continuous growth of cotton, there were a lot of

shadows in the visible light remote sensing image of the
experimental area after the cotton initial bud stage, and the
environment of the experimental field became more complex. If
only the thresholds determined by the growth stage of cotton at the
first bud stage were used for the extraction of vegetation cover at
the bloom, flowering and boll stages of cotton, there will be large
errors. The extraction threshold of vegetation coverage
determined by the combination of supervised classification and
vegetation index was only used for the extraction of vegetation
coverage in the growth stage of cotton and the initial bud stage, and
the extraction threshold of vegetation coverage determined in the
full bud stage was used for the extraction of vegetation coverage in
the full bud stage, flowering stage and boll stage.

In order to improve the efficiency of extracting the threshold of
cotton vegetation coverage by combining supervised classification
and vegetation index, some regions were cut on the orthophoto
images of the test area at the initial and full bud stages of cotton for
support vector machine supervised classification. Support Vector
Machine (SVM) is a new statistical machine classification method
proposed by Vapnic, which can effectively solve the problems of
small sample, nonlinear and high dimension, and has strong
generalization ability®®”.  The confusion matrix method is a
supervised classification method proposed by Congalton in 1991.
The confusion matrix can not only calculate the total accuracy,
Kappa coefficient index and other indicators representing the
overall accuracy'!, but also calculate the producer accuracy, user
accuracy and other indicators representing the classification effect
of a single category. The confusion matrix can be used as a
high-quality classification method. Therefore, it was suggested to
be the standard method for the accuracy test of remote sensing
classification.

The process of SVM supervised classification is as follows.

(1) The original orthophotos of the cotton test field at the early
bud stage and the full bud stage were spliced, and 80 sample
regions of cotton and soil on the orthophotos of the test field were
selected as training sets for support vector machine supervised
classification by the region of interest method (ROI) on the spliced
images, respectively.

(2) The separability of the selected samples was calculated.
Generally, the two parameters of the separability are between 0 and
2. If the separability between samples is higher than 1.9, it means
that the sample has good separability and is qualified. According
to the ENVI software, the separability of samples at the initial bud
stage was 1.997, and that at the full bud stage was 1.9986.

(3) The experimental fields were classified by SVM, and the
same Radial Basic Function was used as kernel function.

(4) Eighty cotton and soil samples from another area of the test
field were selected for confusion matrix validation, and the support
vector machine classification results are shown in Figure 9, where
the white part indicates soil and the green part indicates cotton
vegetation.

(5) Using confusion matrix to verify the classification accuracy
of cotton, the overall classification accuracy of cotton in initial bud
stage is 99.412%, Kappa coefficient is 0.990, the overall
classification accuracy of cotton in full bud stage is 95.517%,
Kappa coefficient is 0.990. The verification results of the
confusion matrix at the initial bud stage are shown in Table 4, and
the verification results of the confusion matrix at the full bud stage
are shown in Table 5. From the verification results of the
confusion matrix, it can be seen that the SVM supervised
classification of cotton has achieved good results.
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Flgure 9 Support vector machlne classification results of cotton
during the early bud and full bud stages

Table 4 \Verification results of confusion matrix for cotton
SVM classification during initial budding period

Tyoe Soil Cotton Total samples  User accuracy
yp Jpixel  /pixel Ipixel 1%
Soil 25259 275 25534 99.96
Cotton 11 24995 25006 98.92
Total samples/pixel 25270 25270 201480

Producer accuracy/% 99.96 98.91

Table 5 \Verification results of confusion matrix for cotton
SVM classification during budding period

Type Soil Cotton Total samples  User accuracy
P fpixel  Ipixel Ipixel 1%
Soil 18949 190 19139 99.83
Cotton 51 30680 30731 99.01
Total samples/pixel 19000 30870 201480

Producer accuracy/% 99.73 99.38

The vegetation index values of soil and cotton vegetation were
taken as abscissa, and the number of pixels was taken as ordinate.
The statistical histogram of soil and cotton vegetation were drawn.
The intersection of the histogram of cotton vegetation and soil 2
vegetation index under the coordinate system were taken as the
classification threshold of cotton vegetation and soil.  The
statistical histogram of 2 vegetation index were shown in Figures
10 and 11.

The vegetation cover extraction thresholds for the TRVI of
cotton at the initial bud stage determined by the above vegetation
index threshold method were -0.082; the vegetation cover
extraction thresholds for the cotton at the full bud, flowering and
boll stages were —4.861. The vegetation cover extraction
thresholds for the corresponding periods of cotton determined in
the above cropped images were used for the vegetation cover
extraction of the whole experimental area. The results of
vegetation cover extraction for cotton at the initial bud stage, full
bud stage, flowering stage and boll stage obtained by using the
method of Equation (2) were shown in Table 6.

FVC — NCOHDn (2)
Ncotton + Nsoil
where, Ngoon— Statistics of cotton pixels; Ny, —Statistical number

of soil pixels.
Table 6 Extraction of cotton FVC based on TRVI threshold

Cotton growth stage Vegetation coverage/%
Initial bud stage 29.0538
Full bud stage 55.9569
Flowering stage 78.70
Boll stage 91.7446

In this research, TRVI vegetation index threshold method was

selected to extract the vegetation coverage of cotton in four periods,

and the extraction results were shown in Figure 12.
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3 Results and discussion

3.1 Extraction of cotton plant height based on DSM difference
method

Since DSM was generated based on remote sensing data
collected in different periods, in order to ensure that it is under the
common reference coordinate system, the ground control point
method was used to stitch the images while the field was leveled by
laser grader before planting. Leveling the field is not only
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beneficial to field management such as fertilization and irrigation
in the later stage of cotton, but also can ensure the accuracy of the
DSM difference method to extract the height of cotton plants.
Geometric errors will inevitably occur in the image splicing
process of cotton in the later stage. Elevation difference
calculation in Arcmap software was calculated with coordinates as
corresponding points. The existence of geometric errors will
affect the extraction accuracy of plant height by DSM difference
method. Smooth bare ground can minimize the error of cotton
plant height extracted by DSM difference method. Before cotton
emergence, the test area was bare soil area to acquire its UAV
visible image. The obtained UAV visible images were spliced by
Agisoft PhotoScan Professiona software combined with ground
control point to generate DSM in the test area, which was marked
as DSM, and used as the reference surface of cotton plant height by
DSM difference method. DSM of cotton initial bud stage, full
bud stage and flowering stage were obtained by the same method,
marked as DSM1, DSM, and DSMj3 respectively. The difference
between DSM; (1,2,3) and DSM, was calculated in Arcmap
software to obtain the plant height of cotton, as shown in formula

3).
H;=DSM;-DSM, 3)
The extraction principle of plant height was shown in Figure

13.
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Figure 13 The principle of cotton plant height extraction

Visible images of test area acquired at bare ground, initial bud
stage, full bud stage and flowering stage were spliced and cut with
ground control point GCP to generate corresponding DSM.
Elevation statistics histogram of cotton in four stages were shown
in Flgure 14.
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Figure 14 DSM distribution maps of cotton in four periods
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Figure 15 DSM statistical histograms of cotton in four period

From the DSM grayscale images and DSM statistical
histograms of four periods of cotton, it can be seen that the DSM
values of the experimental area in the bare ground period were
concentrated around the elevation of the ground control points, and
the image was a steep single peak shape. It can be seen that the
terrain of the cotton bare ground period was flat, which was
consistent with the results of the experimental area before cotton
sowing. The DSM statistical histograms of cotton at initial bud
stage, full bud stage, and flowering stage basically conform to the
bimodal characteristics, because the cotton DSM images were
composed of cotton vegetation and soil, so the DSM statistical
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histograms of cotton at the above three stages show obvious
bimodal distribution, and with the growth of cotton, the number of
cotton pixels in the statistical histograms increases continuously,
which conformed to the growth characteristics of cotton in the
corresponding period. Therefore, the DSM image in Figure 13
can be used to extract the plant height of cotton in three periods.
The plant height of cotton was calculated by using the
difference between the DSM of initial bud stage, full bud stage and
flowering stage and the DSM of bare ground stage in the
experimental area. The whole process was carried out in ArcMap
software. The DSM difference calculation results of four cotton

stages were shown in Figure 16. The DSM difference calculation
results of corresponding periods in the sampling area were counted
by the way of region of interest, and the mean value of the
statistical results was taken as each sampling area.
height of cotton in three periods is shown in Figure 16.
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Figure 16 Calculation results of Cotton DSM difference

3.2 Verification of cotton plant height extraction accuracy
based on DSM difference method

Before cotton emergence, the test area was a bare soil area, and
its UAV visible images were acquired, and the acquired UAV
visible images were stitched by Agisoft PhotoScan Professiona
software combined with ground control points to generate DSM of
the test area and marked as DSMO, which was used as the reference
plane for cotton plant height extraction by DSM difference method.
After the visible images were obtained by aerial photography, the
difference between the coordinates of the correction plate under
GPS and those under RTK was calculated, and if its position
deviation was less than 5 cm, the DSM generated by its stitching
was proved to be accurate.

It can be seen from Figure 17 that the height of cotton plants
in the ground observation stage, from the initial bud stage to the

full bud stage of cotton growth stage, showed a rapid growth trend,

and the growth rate of cotton plant height from the full bud stage
to the flowering stage decreased. The growth rate of cotton
plant height from full bud stage to flowering stage was
significantly higher than that from initial bud stage to full bud
stage. From the above analysis results, it can be seen that the
average plant height of cotton in the sample unit obtained by DSM
difference method is a quantitative expression of cotton canopy

plant height, but there is still a certain deviation from the ground
observation value. Figure 18 shows the distribution of the
difference between the mean plant height of the sample units
observed on the ground and the mean plant height extracted from
the DSM difference method.
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Figure 17 Line chart of cotton plant height statistical

It can be seen from Figure 18 that there is a certain deviation
between the plant height of cotton extracted by DSM difference
method in three periods and the ground observation plant height.
The specific performance is that the plant height extraction error of
cotton flowering period is the largest, followed by the full bud
stage, and the plant height extraction error of cotton initial bud
stage is smaller.  Cotton is a multi branch crop. The cotton pixel
extracted from DOM is a mixed pixel, not only the highest part of
cotton canopy. Therefore, the cotton plant height extracted by
DSM difference method is a comprehensive plant height of mixed
pixel The overall plant height of cotton in full bud stage extracted
by DSM difference method is lower than that observed on the
ground, which is the main reason for the error of plant height
extracted in full bud stage; from full bud stage to flowering stage,
due to a lot of field management work such as irrigation, weeding
and fertilization, the land in the field is not smooth, and the terrain
under the corresponding cotton plant is increased, so it is necessary
to use the DSM difference method The plant height extracted by
DSM difference method was significantly higher than that observed
on the ground.
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b
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T
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Initial budding Full bud Flowering
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Figure 18 Distribution of cotton plant height extraction error

In order to more clearly compare the extraction effect of plant
height of different varieties of cotton based on DSM difference
method at different growth stages, the ground observation plant
height was selected as the true value, and the DSM difference
method was verified by R?, RMSE and nRMSE evaluation indexes.
The verification results of cotton initial bud stage, full bud stage
and flowering stage were shown in Figure 18.

It can be seen from Figure 19 that the determination coefficients
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of cotton plant height in three periods extracted by DSM difference
method are all greater than 0.75, the corresponding RMSE are all
less than 5 cm, and the fluctuation range of NRMSE in three
periods is small, which indicates that DSM difference method has
better plant height estimation ability, and can be used to complete
the work of cotton plant height extraction in initial bud stage, full
bud stage and flowering stage.
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Figure 19 \Verification results of cotton plant height extraction
accuracy based on DSM difference method

In order to test the overall monitoring ability of cotton plant
height from initial bud stage to full bud stage by DSM difference
method, combined with different varieties and different growth
stages, the fitting models of cotton growth stages of initial bud
stage, full bud stage and flowering stage were constructed.
Under the regression relationship, R? = 0.8489, RMSE = 8.3539,
NRMSE =13.22% were calculated. The results showed that the
fitting effect between the predicted value and the actual value in
the three growth periods of cotton was better. The linear results
of cotton plant height in three growth periods are shown in
Figure 20.
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Figure 20  Fitting results of cotton plant height extraction based
on DSM difference method and Ground Observed Plant Height

When using DSM difference method to obtain four plant
heights of cotton, it is found that the extraction accuracy of cotton
plant height is greatly affected by the mosaic accuracy of cotton
image in each period and the division of region of interest of
samples. This chapter summarizes that if the alignment precision
and point cloud generation control options are ultra-high precision
in the process of cotton image stitching, the image DSM precision
of cotton stitching is higher. When selecting the region of interest
of cotton, it can be selected according to the degree of light and
dark consistency in the gray image of cotton DSM difference,
which can effectively reduce the extraction error of cotton plant
height.

3.3 Distribution map of cotton plant height

After extracting the plant height of cotton at initial bud stage,
full bud stage and flowering stage by DSM difference method, in
order to see the growth trend of cotton in each period more clearly
and intuitively, and facilitate farmers’ field irrigation and
fertilization operation, it is of great significance to generate the
spatial distribution of cotton plant height in each growth period.
Before the generation of cotton plant height distribution map, the
vector file of vegetation coverage extracted by TRVI combined
with vegetation index threshold method was generated. The
vegetation vector files of cotton initial bud stage, full bud stage and
flowering stage were converted into regions of interest for
vegetation clipping in DSM gray image, and the pixel value outside
the vegetation was set to 0. Then the spatial distribution map of
plant height at initial bud stage, full bud stage and flowering stage
of cotton was generated (as shown in Figure 21).

It can be seen from Figure 21 that the field soil has been
removed from the cotton vegetation, and the soil value is 0,
showing white; the plant height of cotton in the initial bud stage is
mainly concentrated in the range of 0.2~0.4 m, which is consistent
with the actual cotton growth height; the plant height of cotton in
the full bud stage is mainly concentrated in the range of 0~0.5 m
and 0.5~0.7 m, which is slightly lower than the actual field cotton
growth height; the plant height of cotton in the flowering stage is
mainly concentrated in the range of 0.7~0.9 m Although the plant
height of full bud stage and flowering stage extracted by DSM
difference method has a certain deviation, it has a good fitting
effect with cotton plant height. Therefore, the plant height grade
distribution map of cotton in three stages can provide a reference
for field cotton management.
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4 Conclusions

The visible images taken by UAV were used to obtained DOM
and DSM stitched, and the vegetation cover extraction model and
cotton plant height extraction model were established respectively
based on DOM and DSM. The conclusions are as follows.

(1) The visible images of cotton at each period taken by UAV
were stitched to obtain its orthophoto, and based on this, the
vegetation index Red-green characteristic vegetation index, TRVI,
was constructed, and the cotton vegetation cover extraction model
was established based on the vegetation index threshold method.
The support vector machine classification results were used as true
values, and R?, RMSE and nRMSE were used as evaluation indexes
to verify the accuracy of cotton vegetation cover. The results
showed that the cotton vegetation cover extraction model worked
best at the flowering and boll stages (R*=0.9942 and R?=0.9775),
and the R? of the remaining periods were higher than 0.8, and the
model worked well.  Finally, the model extracted that the
vegetation cover of cotton in the four periods were 29.05%, 55.96%,
78.70% and 91.74%, respectively.

(2) A cotton plant height extraction model based on DSM
difference method was established using visible light images. The
DSM differential method was used to obtain the plant height
parameters of cotton at the first budding stage, the full bud stage and
the flowering stage, and the results extracted by the DSM
differential method were verified by using the actual measured plant

height of cotton in the field. The results showed that the plant
height extraction model based on DSM difference method had the
best extraction effect on flowering stage (R*=0.8373), and the R? of
early bud and full bud were greater than 0.78, which was better.

(3) The cotton plant height class distribution maps generated by
combining the TRVI vegetation index threshold method and DSM
difference method in the experimental area can provide field
managers with an understanding of the growth condition of cotton
and provide guidance for subsequent management.

Although the developed framework has been initially validated
through experiments and its good results have high accuracy, but
there is still much room for future research, as summarized below.

(1) The accuracy of cotton plant height extracted by DSM
difference method at initial bud stage, full bud stage and flowering
stage is greatly affected by image mosaic technology. In the
future, ground control points will be added, and the accuracy of
image mosaic can be improved.

(2) The cotton plant height class distribution map generated in
this study can be further used to guide the cotton topping work.
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