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The use of Unmanned aerial vehicles (UAVs) for pesticide spraying is a cost-effective way
to control crop pests and diseases. The effectiveness of this method relies on the
deposition and distribution of the spray droplets within the targeted application area.
There is a critical need for an accurate and stable detection algorithm to evaluate the
liquid droplet deposition parameters on the water-sensitive paper (WSP) and reduce the
impact of image noise. This study acquired 90 WSP samples with diverse coverage through
field spraying experiments. The droplets on the WSP were subsequently isolated, and the
coverage and density were computed, employing the fixed threshold method, the Otsu
threshold method, and our Genetic-Otsu threshold method. A comprehensive comparison
was undertaken to assess the performance and accuracy of these three methods. The
results demonstrate that the proposed Genetic-Otsu method significantly diminishes
detection errors in liquid droplet deposition parameters. The relative errors of droplet
density in the few, medium, and massive droplet groups are 2.7%, 1.5%, and 2.0%,
respectively. The relative errors of droplet coverage are 1.5%, 0.88%, and 1.2%,
respectively. These results are better than the other two algorithms. the proposed
algorithm effectively identifies small-sized droplets and accurately distinguishes adjacent
droplets even in massive droplet groups, demonstrating excellent performance. Overall,
the Genetic-Otsu algorithm offered a reliable solution for detecting droplet deposition
parameters on WSP, providing an efficient tool for evaluating droplet deposition
parameters in UAV pesticide spraying applications.
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Abstract

The use of Unmanned aerial vehicles (UAVs) for pesticide spraying is a cost-effective way to
control crop pests and diseases. The effectiveness of this method relies on the deposition and
distribution of the spray droplets within the targeted application area. There is a critical need for
an accurate and stable detection algorithm to evaluate the liquid droplet deposition parameters on
the water-sensitive paper (WSP) and reduce the impact of image noise. This study acquired 90
WSP samples with diverse coverage through field spraying experiments. The droplets on the WSP
were subsequently isolated, and the coverage and density were computed, employing the fixed
threshold method, the Otsu threshold method, and our Genetic-Otsu threshold method. A
comprehensive comparison was undertaken to assess the performance and accuracy of these three
methods. The results demonstrate that the proposed Genetic-Otsu method significantly diminishes

detection errors in liquid droplet deposition parameters. The relative errors of droplet density in
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the few, medium, and massive droplet groups are 2.7%, 1.5%, and 2.0%, respectively. The relative
errors of droplet coverage are 1.5%, 0.88%, and 1.2%, respectively. These results are better than
the other two algorithms. the proposed algorithm effectively identifies small-sized droplets and
accurately distinguishes adjacent droplets even in massive droplet groups, demonstrating excellent
performance. Overall, the Genetic-Otsu algorithm offered a reliable solution for detecting droplet
deposition parameters on WSP, providing an efficient tool for evaluating droplet deposition
parameters in UAV pesticide spraying applications.

Key words: UAV; Droplet extraction; WSP; Deposition parameters; Genetic algorithm; Otsu
threshold method;

Introduction

The chemical control method is one of the crucial means to manage crop diseases and pests,
ensuring food security(Ratnadass et al. 2011). According to data from the Food and Agriculture
Organization of the United Nations (FAQO), approximately 3,319,054 tons of pesticides were used
globally on average each year over the past decade, with China alone using around 302,830.8 tons
of insecticides annually, accounting for 9.12% of the world's annual average pesticide usage.
Unmanned aerial vehicles (UAVs) in plant protection, as a highly efficient and versatile spraying
tool, have gradually become the mainstream spraying equipment in agricultural production (He
2018). Research indicates that the deposition distribution of spray droplets on the target is a key
indicator for evaluating the quality of UAV spraying (Shan et al. 2021; Zheng et al. 2021).
Assessing the droplet deposition distribution is of significant importance in optimizing UAV
operational parameters, enhancing pesticide utilization efficiency, and ensuring effective control
of plant diseases and pests (Hou et al. 2019; Soheilifard et al. 2020).

Currently, there are two main methods for detecting the parameters of droplet deposition: direct
detection method and indirect detection method (Srinivasarao et al. 2021; Yongjun et al. 2017).
The direct detection method usually employs tracer substances, instead of pesticides, for spraying
on crops. Subsequently, the tracer substances are washed off from the plants or leaves using

distilled water or organic reagents, and the droplet deposition amount is determined through
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spectroscopic analysis and other techniques (Palma et al. 2023; Wang et al. 2021; Yuan et al.
2012). Nevertheless, the direct detection method is characterized by intricate operational
procedures, and high costs, and is not conducive to rapid field testing (Wang et al. 2019). The
indirect detection method refers to the use of artificial media such as water-sensitive paper (WSP)
and copperplate paper instead of leaves, which are placed in the spray area to collect droplets. By
analyzing the deposition parameters of droplets on the sampling media, the deposition status of
droplets in the spray area can be indirectly assessed (Sies et al. 2017; Yang et al. 2022). Compared
to direct detection methods, utilizing media such as WSP for detecting droplet deposition
characteristics is more convenient, cost-effective, and provides superior detection results (Salyani
et al. 2013; Wang et al. 2019). Therefore, it is widely employed in the assessment of droplet
deposition characteristics.

To rapidly and accurately detect the droplet deposition parameters on WSP, some scholars have
proposed image processing-based methods for assessing droplet parameters on WSP. In 2016,
Ferguson et al. designed a WSP droplet analysis application named SnapCard for smartphones.
Through a comparison with five other image-processing software tools, they showed that
SnapCard could efficiently quantify droplet coverage without requiring costly software or intricate
laboratory procedures(Ferguson et al. 2016). In 2019, Ozliioymak et al. introduced an image
processing software integrated with a WSP conveyor belt system. Through adjustments in nozzle
types, spraying agents, and conveyor belt speeds to replicate field spraying scenarios, they
determined the spray deposition area. This software facilitated rapid evaluations of spray coverage
and droplet quantities(Ozliioymak & Bolat 2020). In 2021, Bruno et al. presented a new image
analysis software named Dropleaf, which indirectly assessed pesticide coverage by analyzing
droplet areas on WSP(Brandoli et al. 2021). However, these methods are less reliable in extracting
very small droplets and are sensitive to image noise, hindering the accurate assessment of droplet
deposition parameters.

To enhance the accuracy of detecting droplet deposition parameters and minimize the influence of
image noise on their precision, this study suggests a droplet extraction method with superior
stability and effective segmentation performance. By combining the genetic algorithm and Otsu
thresholding method, this approach substantially mitigates the impact of noise on the algorithm,
facilitating the efficient extraction of droplets on WSP and leading to precise evaluation of droplet

deposition parameters. Through a comparative analysis of the performance of commonly used
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droplet extraction algorithms with the proposed algorithm on WSP containing three distinct levels
of droplet deposition, the effectiveness of the algorithm presented in this study is further validated.
Materials and methods

Spraying platform

The UAV employed in this study is the 3WQFTX-101S intelligent electric multi-rotor plant
protection UAV manufactured by Henan Anyang Quanfeng Aviation Plant Protection Technology
Co., Ltd., utilized as the spraying platform (Fig. 1). Table 1 shows the key performance parameters
of this multi-rotor plant protection UAV, featuring a spraying system comprising four XR TEEJET
1100115VS pressure nozzles with spray angles of 80° and 110°.

Experimental design

The experiment took place at the Anyang Institute of Technology in Anyang City, Henan Province.
A vacant area measuring 30mx10m was designated as the spraying zone. Throughout the
experiments employing the spraying platform, WSP was placed symmetrically along both sides of
the UAYV flight path, with five sampling points on each side, amounting to a total of 10 sampling
points. The spacing between WSPs on one side in the vertical flight direction was 0.4m. The flight
path and sampling point configuration are depicted in Fig. 2. Three different flight speeds (2 m/s,
3 m/s, and 4 m/s) were utilized for the spraying experiments to gather sample data at various
coverage. For each speed setting, the flight altitude remained constant at 2m, the spray width was
fixed at 4m, and the total flow rate of the four nozzles was maintained at 2.36 L/min. The spray
test was repeated three times with the same WSP layout under the same speed conditions to ensure
test accuracy.

Sample collection and processing

After the UAV completed the spraying operation for 10 minutes, the WSP samples were sealed
and dried using labeled kraft paper envelopes. Subsequently, all the WSPs were scanned using an
HP SCANJET G4050 high-definition image scanner to obtain sample images. Finally, the

collected 90 WSP images were categorized based on the droplet pixel area (PA) into massive
droplets group (40 000 < PA <90 000), medium droplets group (12 000 < PA < 40 000), and few

droplets group (PA < 12 000). Fig. 3 displays the WSP sample images of these three droplet

groups, which will be used for the subsequent analysis of droplet deposition parameters.
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Evaluation metrics for droplet deposition effectiveness

Droplet coverage and droplet density are critical metrics for evaluating deposition uniformity and
are essential for accurately assessing spray quality (Lv et al. 2019). Droplet coverage represents
the ratio of the total area covered by all droplet particles deposited on the target surface to the total

area of the target surface. The formula for evaluating droplet coverage is as follows:

As
€=+ %x100% #(1)
Ap
Where C is the droplet coverage; Ag is the total area of droplets; and Ap is the area of WSP.
The droplet density refers to the number of droplets deposited on a unit area of the target surface.

The evaluation index formula is as follows:

N
D =+ x100% #(2)

Where D is the droplet density; N is the number of droplet particles on the target; and A is the area
of WSP.

Fixed threshold segmentation methods

The fixed threshold method is a widely adopted image processing technique utilized in the fields
of image segmentation, contour extraction, and feature extraction(Qi et al. 2022). This method
operates by setting a fixed threshold and analyzing the gray-level distribution characteristics of the
image. The algorithm scans each pixel value in the image, comparing it with the pre-defined
threshold. Pixels exceeding the threshold are set to the maximum gray level value, while pixels
below the threshold are set to the minimum gray level value, resulting in image binarization. The

basic idea is as follows:
255 f(x,y) =T

G eyl =10 faxy <1 *G
Where T is the fixed threshold, f (x, y) is the pixel point gray value.
Otsu threshold segmentation methods
The Otsu thresholding method, known as the maximum between-class variance method, is a
widely employed image binarization segmentation algorithm (Xu et al. 2011). The core principle
of the Otsu algorithm is to compute the intra-class variance and inter-class variance of the image
at various thresholds to identify the optimal threshold that maximizes the inter-class variance.
Initially, the algorithm classifies each pixel in the image based on its grayscale value.

Subsequently, it calculates the probabilities of pixels being categorized as foreground and
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background separately, along with the cumulative mean of the target grayscale level. The
algorithm then determines the optimal threshold value by maximizing the inter-class variance
between the foreground and background. Assuming a threshold value of k, the expression for the

cumulative mean m of the gray level K is:
k 255

I3 - k . I3
Py= Zi _ Opl’PZ = Zi L Zi _oPt #(4)where p; is the probability of the grayscale
value and being i, P, is the probability of a pixel being assigned to the background region, P, is

the probability of being assigned to the target region.

(mg * Py -m)*

2
o°(k) = max # (5)
() 0<k<z2s5 Plx*P2

Where mg represents the average grayscale value of the entire image, 6% (k)is the maximum
inter-class variance, and K is the optimal threshold value.

Threshold segmentation method based on the Genetic-Otsu algorithm

The genetic algorithm is a stochastic global search optimization method inspired by natural
selection and genetic processes in biological systems (Mirjalili 2019). Commencing with an initial
population, the genetic algorithm utilizes a combination of random selection, crossover, and
mutation operations to iteratively generate a population of individuals that exhibit improved
adaptation to the prevailing environment. This evolutionary process enables the population to
navigate towards more advantageous regions within the search space, gradually converging
towards a subset of individuals that are optimally aligned with the environmental conditions.

The genetic algorithm is adept at globally searching for optimal solutions, irrespective of the
mathematical characteristics of the problem. It is especially effective for tackling complex, multi-
parameter, and nonlinear problems. The application of the Genetic-Otsu algorithm in extracting
droplets from WSP is exemplified in Fig. 4.

Morphological processing

Morphological processing stands out as a highly utilized technique in the realm of image
processing. Its basic idea is to use a special structuring element to measure or extract the
corresponding shapes or features in the input image, to further analyze the image and recognize

objects (Chanda 2008). This method is commonly used in the preprocessing and postprocessing
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of images and is an effective image enhancement technique. It comprises essential operations such
as erosion, dilation, opening, and closing.

Erosion operation is a process that "shrinks" the foreground area in an image, which can be used
to eliminate edges and noise, making the image edges smoother. Dilation is a process that
"expands" the foreground area in an image, making the image structure more complete. The
opening operation begins with erosion followed by dilation, aiming to reduce noise and refine
image edges. This process helps in smoothing irregularities and improving image quality.
Conversely, the closing operation starts with dilation followed by erosion. This operation fills
holes in the image and improves image segmentation. By closing small breaks in the image
structure, this operation enhances the continuity and completeness of image features. (Zhang
2009).

In this study, the droplets on the WSP were extracted, and it was observed that there were many
holes inside the droplet contours after threshold segmentation. This could affect the accuracy of
droplet parameter calculation. To address this issue, a morphological closing operation was applied
to optimize the segmented image, resulting in more complete and accurate droplet contours. Fig.
5 compares the effects of droplet contours before and after threshold segmentation and
morphological closing operation.

Data processing and analysis

In this study, the actual values of droplet coverage and density were determined by manually
measuring and calculating the area and quantity of droplet contours for 90 WSP samples using
Adobe Photoshop 2024 software. To enhance the visualization of data distribution and trends,
OriginLab 2021 software was employed for graph plotting, and subsequent statistical analysis was
conducted. During the one-way analysis of variance, Tukey's method was utilized to assess the
differences between various treatments at a significance level of 0.05.

Results

Evaluation results of droplet Coverage

Droplet coverage is one of the important indicators for evaluating the effectiveness of drone
spraying. It reflects the uniformity and effectiveness of droplets on the target. Accurate detection
of droplet coverage is crucial for optimizing drone parameters and improving pesticide utilization

efficiency.
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Fig. 6 shows the relative errors of three threshold segmentation algorithms at different droplet
groups. The results indicate that, across the three groups, the Genetic-OTSU threshold method
proposed in this study has lower segmentation errors and better extraction performance compared
to the fixed threshold method and the Otsu threshold method. Specifically, in the few droplets
group, the extraction performance of the three methods is comparable, and there is no significant
difference in the relative error of droplet coverage results.

In the medium droplets group, the Genetic-Otsu threshold method proposed in this study yields
significantly lower relative errors in droplet coverage compared to the fixed threshold method and
the Otsu threshold method, with an average error of only 0.9% compared to manually calculated
results. The average relative errors in droplet coverage obtained by the fixed threshold method and
the Otsu threshold method do not show significant differences, with the Otsu threshold method
slightly outperforming the fixed threshold method.

In the massive droplets group, the extraction performance of the fixed threshold method is poor,
showing a significant difference in relative error compared to the Otsu threshold method and the
Genetic-Otsu threshold method, with a relative error of 4.7%. Conversely, both the Gene-Otsu
threshold method and the conventional Otsu threshold method exhibit high segmentation accuracy
in massive droplet groups, with no significant discernible difference between the two methods.
The proposed algorithm in this study has a lower relative error compared to the Otsu threshold
method, with only a 1.2% relative error.

Evaluation results of droplet density

Droplet density is an important evaluation indicator for the effectiveness of drone spraying and a
key factor in determining the effectiveness of pesticide control. Fig. 7 shows the relative errors of
three threshold segmentation methods at different densities. The results indicate that across the
three droplet groups, the Genetic-Otsu threshold method proposed in this study demonstrates
outstanding extraction performance and outperforms both the fixed and traditional Otsu threshold
methods in calculating droplet density.

In the few droplets group, the relative error of droplet density obtained using the fixed threshold
method is significantly higher than that of the Otsu threshold method and the Genetic-Otsu
threshold method, with an error of up to 19.7%. The results of the Otsu threshold method and the
Genetic-Otsu threshold method are comparable, with no significant difference. In the medium and

the massive droplet groups, there are significant differences in the relative errors of droplet density
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among the three methods. The Genetic-Otsu threshold method has the lowest average error in
droplet density, followed by the Otsu threshold method, while the average relative error of the
fixed threshold method is above 10%, indicating poorer performance.

Visualization of droplet Extraction performance

Fig. 8 illustrates the extraction results of three droplet extraction algorithms in three droplet groups.
The results indicate that, across the three droplet groups, the fixed threshold method and the
traditional Otsu threshold method both struggle to extract small-sized droplets. In contrast, across
the three droplet groups, the Genetic-Otsu method proposed in this study shows effective
extraction of small droplets and demonstrates superior extraction performance.

In addition, as the droplet deposition density increases, the fixed threshold method and the Otsu
threshold method are prone to identifying adjacent droplets as a single droplet, leading to higher
calculation errors in droplet deposition parameters. In contrast, the Genetic-Otsu threshold method
proposed in this study exhibits excellent droplet extraction performance in all three droplet groups.
This algorithm not only can effectively extract small-sized droplets but also can differentiate
adjacent droplets, thereby enabling accurate calculation of droplet deposition parameters.
Discussion

The genetic algorithm is a global search algorithm that can extensively explore the solution space
and avoid getting trapped in local optima. In this study, the problem of droplet extraction is
regarded as an optimization problem, aiming to find a suitable segmentation threshold that can
achieve the best segmentation effect for the image. Subsequently, the genetic algorithm is
employed to search for this optimal threshold. By performing random selection, crossover, and
mutation operations on candidate thresholds, the genetic algorithm continuously explores the
solution space and eventually identifies the most suitable threshold. Due to its parallelism and
robustness, the genetic algorithm can largely overcome some limitations of traditional algorithms
and produce satisfactory results, especially in complex image scenarios or in the presence of
significant image noise.

Moreover, once the algorithm extracts the outlines of droplets, the presence of glare phenomenon
on the liquid droplets leads to the generation of numerous holes in the extracted droplet outlines,
consequently diminishing the coverage of the liquid droplets. In this study, employing dilation
followed by erosion operations enables the effective filling of small holes within the outlines,

ensuring precise extraction of the liquid droplet outlines. This approach capitalizes on the attributes
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of morphological operations to adeptly tackle contour defects induced by glare, thereby enhancing
the overall accuracy of liquid droplet outline extraction.

By utilizing a genetic algorithm to optimize the threshold selection process of the Otsu method,
more accurate and stable results have been obtained at different coverage rates. Additionally, the
use of morphological processing can better address the issue of extracting droplet contours in
complex scenes. This comprehensive approach can enhance the overall algorithm performance,
providing more precise and stable information on liquid droplet deposition parameters for
subsequent applications.

Conclusion

To accurately reflect the distribution of droplet deposition in the sprayed area after drone spraying,
this study developed a droplet deposition parameter evaluation method based on a genetic
algorithm and Otsu thresholding method and conducted experimental verification. The main
research findings are as follows:

(1) In the calculation of droplet coverage and density, the Genetic-Otsu thresholding method
proposed in this study outperformed both the fixed thresholding method and the Otsu thresholding
method across three droplet groups. The average errors in droplet coverage and density were found
to be 1.5% and 2.7% for the few droplets group, 0.88% and 1.8% for the medium droplets group,
and 1.2% and 2.0% for the massive droplets group. These results demonstrate lower segmentation
errors and improved extraction performance with the Genetic-Otsu method as compared to the
other threshold methods.

(2) The Genetic-Otsu thresholding method proposed in this study can effectively extract small-
sized droplets, at high densities, and can accurately segment agglomerated droplets, significantly
improving the algorithm's accuracy.

In summary, the Genetic-Otsu thresholding method proposed in this study can effectively extract
the droplet contours on WSP, achieve an accurate evaluation of droplet deposition parameters, and

provide an efficient detection method for evaluating droplet deposition parameters.

ADDITIONAL INFORMATION AND DECLARATIONS

This work was supported by the National Natural Science Foundation of China(No0.32201659) and
Shenzhen Startup Funding (No. QD2023014C). The funders had no role in study design, data

collection and analysis, decision to publish, or preparation of the manuscript.

Peer] reviewing PDF | (2024:04:99549:0:0:NEW 13 Apr 2024)


FGRIESANG
Comentário do texto
What were these errors pointed out in relation to?
What was the basic/correct information based on to make the comparison possible?

FGRIESANG
Comentário do texto
For this statement, I would like to see some figure of the method acting on a WSP, showing the background with some spots of drops with complex morphology and the droplets identified by the method.


PeerJ

301
302

303
304

305

306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323

324

325
326
327
328
329
330
331
332
333

Competing Interests

The authors declare no competing financial interest.

Author Contributions:

Yanhua Meng conceived and designed the experiments, performed the experiments, authored or
reviewed drafts of the paper, and approved the final draft.

Xinchao Liu analyzed the data, performed the experiments, authored or reviewed drafts of the
paper, and approved the final draft.

Xintao Du performed the computation work, prepared figures and/or tables, and approved the final
draft.

Yifan Zhang analyzed the data, prepared figures and/or tables, and approved the final draft.

Wei Chen analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
paper, and approved the final draft.

Rui Sun analyzed the data, conceived and designed the experiments, authored or reviewed drafts
of the paper, and approved the final draft.

Yuxing Han conceived and designed the experiments, authored or reviewed drafts of the paper,

and approved the final draft.

Data Availability Statement

The data that support the findings of this study are available from the corresponding author upon

reasonable request.

Reference

Brandoli B, Spadon G, Esau T, Hennessy P, Carvalho ACPL, Amer-Yahia S, and Rodrigues-Jr JF.
2021. DropLeaf: A precision farming smartphone tool for real-time quantification of
pesticide application coverage. Computers and Electronics in Agriculture 180.
10.1016/j.compag.2020.105906

Chanda B. 2008. Morphological Algorithms for Image Processing. IETE Technical Review 25:18
- 19.

Ferguson JC, Chechetto RG, O’Donnell CC, Fritz BK, Hoffmann WC, Coleman CE, Chauhan BS,
Adkins SW, Kruger GR, and Hewitt AJ. 2016. Assessing a novel smartphone application
— SnapCard, compared to five imaging systems to quantify droplet deposition on artificial

Peer] reviewing PDF | (2024:04:99549:0:0:NEW 13 Apr 2024)



PeerJ

334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378

collectors. Computers  and  Electronics in  Agriculture 128:193-198.
10.1016/j.compag.2016.08.022

He X. 2018. Rapid Development of Unmanned Aerial Vehicles (UAV) for Plant Protection and
Application Technology in China. QOutlooks on Pest Management 29:162-167.
10.1564/v29 aug 04

Hou C, Tang Y, Luo S, Lin J, He Y, Zhuang J, and Huang W. 2019. Optimization of control
parameters of droplet density in citrus trees using UAVs and the Taguchi method.
International  Journal of Agricultural and Biological Engineering 12:1-9.
10.25165/j.1jabe.20191204.4139

Lv M, Xiao S, Tang Y, and He Y. 2019. Influence of UAV flight speed on droplet deposition
characteristics with the application of infrared thermal imaging. International Journal of
Agricultural and Biological Engineering 12:10-17. 10.25165/j.1jabe.20191203.4868

Mirjalili S. 2019. Genetic Algorithm. Springer International Publishing, 43-55.

Ozliioymak OB, and Bolat A. 2020. Development and assessment of a novel imaging software for
optimizing the spray parameters on water-sensitive papers. Computers and Electronics in
Agriculture 168. 10.1016/j.compag.2019.105104

Palma RP, Cunha J, and de Santana DG. 2023. Leaf Sample Size for Pesticide Application
Technology Trials in Coffee Crops. Plants (Basel) 12. 10.3390/plants12051093

Qi JI, Yang H, Kong Z, and Zhao F. 2022. A review of traditional image segmentation methods.
5th International Conference on Computer Information Science and Application
Technology (CISAT 2022).

Ratnadass A, Fernandes P, Avelino J, and Habib R. 2011. Plant species diversity for sustainable
management of crop pests and diseases in agroecosystems: a review. Agronomy for
Sustainable Development 32:273-303. 10.1007/s13593-011-0022-4

Salyani M, Zhu H, Sweeb RD, and Pai N. 2013. Assessment of spray distribution with water-
sensitive paper. Agricultural Engineering International: The CIGR Journal 15:101-111.

Shan C, Wang G, Wang H, Xie Y, Wang H, Wang S, Chen S, and Lan Y. 2021. Effects of droplet
size and spray volume parameters on droplet deposition of wheat herbicide application by
using UAV. International Journal of Agricultural and Biological Engineering 14:74-81.
10.25165/j.1jabe.20211401.6129

Sies MF, Madzlan NF, Asmuin N, Sadikin A, and Zakaria H. 2017. Determine spray droplets on
water sensitive paper (WSP) for low pressure deflector nozzle using image J. IOP
Conference Series: Materials Science and Engineering 243. 10.1088/1757-
899x/243/1/012047

Soheilifard F, Marzban A, Ghaseminejad Raini M, Taki M, and van Zelm R. 2020. Chemical
footprint of pesticides used in citrus orchards based on canopy deposition and off-target
losses. Sci Total Environ 732:139118. 10.1016/j.scitotenv.2020.139118

Srinivasarao A, Khura TK, Parray RA, HI, Kushwaha, and Mani I. 2021. Spray droplet deposition,
collection, and analysis techniques: A review.

Wang L, Song W, Lan Y, Wang H, Yue X, Yin X, Luo E, Zhang B, Lu Y, and Tang Y. 2021. A
Smart Droplet Detection Approach With Vision Sensing Technique for Agricultural
Aviation Application. [EEE Sensors Journal 21:17508-17516. 10.1109/jsen.2021.3056957

Wang L, Yue X, Liu Y, Wang J, and Wang H. 2019. An Intelligent Vision Based Sensing
Approach for Spraying Droplets Deposition Detection. Sensors (Basel) 19.
10.3390/s19040933

Peer] reviewing PDF | (2024:04:99549:0:0:NEW 13 Apr 2024)



PeerJ

379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396

397

Xu X, XuS§,JinL, and Song E. 2011. Characteristic analysis of Otsu threshold and its applications.
Pattern Recognition Letters 32:956-961. 10.1016/j.patrec.2011.01.021

Yang W, Li X, Li M, and Hao Z. 2022. Droplet deposition characteristics detection method based
on deep learning. Computers and  Electronics in  Agriculture  198.
10.1016/j.compag.2022.107038

Yongjun Z, Shenghui Y, Lan Y, Hoffmann C, Chunjiang Z, Liping C, Xingxing L, and Yu T.
2017. A novel detection method of spray droplet distribution based on LIDARS.
International Journal of Agricultural and Biological Engineering 10:54-65.
10.25165/j.ijabe.20171004.3118

Yuan X, Zhou Z, Ji R, Zhang J, Li H, Hu K, and Qi L. 2012. Study on the Environment Effects on
the Tracers Fadeaway in Spraying Deposite Tests. Sensor Letters 10:550-554.
10.1166/51.2012.1883

Zhang D. 2009. Extended Closing Operation in Morphology and Its Application in Image
Processing. 2009 International Conference on Information Technology and Computer
Science. p 83-87.

Zheng L, Cao C, Chen Z, Cao L, Huang Q, and Song B. 2021. Efficient pesticide formulation and
regulation mechanism for improving the deposition of droplets on the leaves of rice (Oryza
sativa L.). Pest Manag Sci 77:3198-3207. 10.1002/ps.6358

Peer] reviewing PDF | (2024:04:99549:0:0:NEW 13 Apr 2024)



PeerJ

Figure 1

Quanfeng Aviation 3WQFTX-101S Intelligent Electric Multi-rotor Plant Protection UAV
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Figure 2

Field sampling point set up
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Figure 3

Example of the WSP image group
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Figure 4

Threshold segmentation method based on Genetic-OTSU algorithm
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Figure 5

Comparison between before and after morphological closing treatment

Peer] reviewing PDF | (2024:04:99549:0:0:NEW 13 Apr 2024)



PeerJ Manuscript to be reviewed

Figure 6

Results of droplet coverage for the three methods

(a) Relative error of droplet coverage for the three methods on the few droplet groups. (b)
Relative error of droplet coverage for the three methods on the medium droplet groups. (c)
Relative error of droplet coverage for the three methods on the massive droplet groups. (d)
Mean relative error of droplet coverage for the three methods on the three droplet groups.
Different lowercase letters indicate significant differences among different treatments at the

0.05 level by Tukey's test.
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Figure 7

Results of droplet density for the three methods

(a) Relative error of droplet density for the three methods on the few droplet groups. (b)
Relative error of droplet density for the three methods on the medium droplet groups. (c)
Relative error of droplet density for the three methods on the massive droplet groups. (d)
Mean relative error of droplet density for the three methods on the three droplet groups.

Different lowercase letters indicate significant differences among different treatments at the

0.05 level by Tukey's test.
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Figure 8

Results of the three droplet extraction methods
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Table 1l(on next page)

Main performance parameters of the UAV
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1
Main parameters Value
Size (m) 1.37*1.37*0.65
Spraying height (m) 1-3
Spraying width (m) 3-5
Volume of medicine box (L) 10
Number of nozzles 4
Drone quality (kg) 12+1
Maximum load (L) 10
Spraying flow rate (L/min) 1.92-2.36
Nozzle type XR TEEJET 1100115VS
2
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