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Abstract

:

Precision agriculture relies on the rapid acquisition and analysis of agricultural information. An emerging method of agricultural monitoring is unmanned aerial vehicle low-altitude remote sensing (UAV-LARS), which possesses significant advantages of simple construction, strong mobility, and high spatial-temporal resolution with synchronously obtained image and spatial information. UAV-LARS could provide a high degree of overlap between X and Y during key crop growth periods that is currently lacking in satellite and remote sensing data. Simultaneously, UAV-LARS overcomes the limitations such as small scope of ground platform monitoring. Overall, UAV-LARS has demonstrated great potential as a tool for monitoring agriculture at fine- and regional-scales. Here, we systematically summarize the history and current application of UAV-LARS in Chinese agriculture. Specifically, we outline the technical characteristics and sensor payload of the available types of unmanned aerial vehicles and discuss their advantages and limitations. Finally, we provide suggestions for overcoming current limitations of UAV-LARS and directions for future work.
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1. Introduction


China has the largest population of about 1.4 billion in the world, and it also ranks first in agricultural population of about 600 million. Agriculture is the most important industry in China. At present, China produces 25 percent of the world’s food and feeds around 19 percent of the world’s population with only 7 percent of the world’s arable land. For a long time, farming in China has been a labor-intensive industry. In recent decades, the Chinese government has been paying close attention to agricultural science and technology, leading to a high growth rate in China’s output of various agricultural products and enhancing the transformation from traditional to modern agriculture.



Agricultural remote sensing is a process of systematically monitoring and analyzing agricultural multi-factors using remote sensing technology such as satellites, manned aircraft and unmanned aerial vehicles (UAVs) [1]. Since agricultural remote sensing was introduced to China in the 1970s, it has rapidly outstripped traditional agricultural monitoring to become one of the primary methods of quickly and accurately obtaining agricultural information, and its application in this field continues to grow exponentially [2]. While an advantage of satellite remote sensing is its ability to collect data over a large spatial scale, long revisit periods, cloud occlusion, and high acquisition cost limit its practical application in fine-scale agricultural monitoring [3]. Similarly, ground-based sensing platforms have the limitations of poor mobility and inability to monitor multiple plots simultaneously. UAVs, commonly known as unmanned aircraft systems (UAS) or drones, can be used to overcome these shortcomings [4]. UAVs are a quickly evolving technology and the use of unmanned aerial vehicle low-altitude UAV remote sensing (UAV-LARS) in precision agriculture is currently an area of great research interest and development [5].



UAV-LARS uses a traditional UAV as an aerial platform to carry various sensor payloads including digital cameras and multispectral and hyperspectral high-resolution aerial imaging cameras [6]. Advancements in UAV navigation and obstacle avoidance technology and the development of modularized, light-weight sensor payloads enable real-time target positioning. Decision-making assistance by some on-board software further supports their applications in precision agriculture. The key advantages of operational flexibility, strong timeliness, higher spatial resolution of imagery and lower operational costs have widened the scope of UAV-LARS application in agricultural monitoring [7]. According to the Association for Unmanned Vehicle Systems International (AUVSI), 80% of UAVs will be utilized for agricultural purposes in the coming years [3]. Therefore, there is no doubt that UAVs may play a crucial role in the development of the agricultural sector.



A number of surveys concerning UAV-LARS have been published in the literature. Zhang and Kovacs [8] provided an insight on the devices by defining the application of UAV-LARS in precision agriculture ten years ago. Radoglou-Grammatikis et al. [3] analyzed in detail 20 cases including UAV-based crop monitoring applications. The methodology adopted, the proposed UAV architecture, the UAV type, as well as the UAV technical characteristics and payload for each application were examined. Considering the rapid evolution of UAV-LARS, Xiang et al. [9] presented a specific review of recent advances in technologies and applications. Some research reviewed specific applications of UAV-LARS in the field of forestry [10,11], natural resource management and environment [12]. However, most studies were carried out in developed countries such as Japan, Greece, U.K., and the U.S.A., while there is no systematic review of UAV-LARS including its development history, recent developments in technology of UAV image processing, and its agricultural application in China.



At present, UAV-LARS plays a crucial role in precision agriculture and is developing rapidly in China, so it is essential to take a comprehensive survey to gain a clear understanding of the current status of UAV-LARS. We hope this review could provide an overall picture of recent developments of UAV-LARS in China and help guide the direction of future research. In this review, we provide an in-depth overview of the agricultural research applications of UAV-LARS and specifically detail the (1) history of UAV-LARS development (Section 3), (2) composition of the UAV-LARS platform (Section 4) and research trends (Section 5), (3) scope of UAV data post-processing (Section 6), (4) agricultural research applications of UAV-LARS (Section 7), (5) current limitations of this method (Section 8), and (6) conclusions and potential for future agricultural application of UAV-LARS (Section 9).




2. Methodology


Systematic literature review (SLR) is a type of review that analyzes multiple research studies through a systematic process. In this paper, an SLR was performed to state the UAVs application in various scenarios of agricultural monitoring in China and explore the limitations. We first introduced the general procedures for literature analysis: formulating the question, identifying studies, statistical analysis, and reporting the results. Literature search is the most vital step of the methodology. Thus, electronic literature search of related studies indexed in the China National Knowledge Infrastructure (CNKI) was then conducted using keywords. The CNKI is the largest Chinese digital library with an integrated collection of journals, master’s and doctoral theses, conference papers, newspapers, yearbooks, reference books and other literature resources. Next, the selected studies were combined and analyzed to address specific topics including development history of UAV-LARS, UAV image processing issues, and new applications and research trends. Moreover, the limitations of UAV-LARS were also explored to gain a clearer panorama and to promote further progress. Finally, the main conclusions were gathered up, and future work was prospected. The various steps are as follows:




	
Identification of the need of review



	
Inclusion criterion



	
Identification of keywords



	
Literature collection



	
Literature management



	
Information extraction and analysis



	
Summary and future prospect









3. History of UAV-LARS Development in China


3.1. Exploratory Stage (1982–2000)


The UAV industry in China began later than that in other developed countries such as the U.S.A and Japan. Prior to the 1980s, Nanjing University of Aeronautics and Astronautics and Beijing University of Aeronautics and Astronautics designed a UAV remote sensing prototype. However, this UAV was primarily used in military applications [13]. In 1982, Northwest Polytechnic University developed four D-4 prototypes and two sets of ground equipment for multi-purpose UAVs [14], marking the beginning of civil UAV remote sensing. During this period, UAV-LARS was mainly used in aerial mapping and physical prospecting, with few applications in the agricultural sector.




3.2. Initial Stage (2001–2011)


Development of UAV-LARS technology for agricultural monitoring began in the early 21st century. The Soil and Fertilizer Research Institute of Chinese Academy of Agricultural Sciences first carried out a UAV-LARS experiment in Shanghai Jiangfeng farm in 2004, digitizing land boundaries, measuring plot area, identifying crop species, and analyzing crop growth [15]. Subsequently, UAVs equipped with digital cameras were increasingly used to quantify land use and land cover change [16], investigate medicinal plant resources [17], collect paddy field information [18], and monitor crop diseases [19]. At this point, UAVs became an important part of agricultural remote sensing monitoring.




3.3. General Application Stage (2012–2020)


As the UAV industry chain in China developed, so too did the stability and maneuverability of the UAV platform. The domestic UAV market grew by an order of magnitude: for example, the multi-rotors produced by DJI-Innovations Technology Co., Ltd. (DJI company, Shenzhen, China) dominated the industry with >70% of the global market share and >90% of the domestic market share. Applications in agriculture, forestry, land surveying and mapping, disaster rescue and other industries rapidly accelerated the development of UAV-LARS technology in China [13]. In agricultural monitoring, field extraction, soil nutrient inversion, crop growth monitoring, yield prediction, crop stress, crop phenotypic analysis and farmland water management based on UAV-LARS, collected data are now widely used.





4. Technical Details of the UAV-LARS Platform


4.1. System Architecture


The UAV-LARS is a new type of aerial remote sensing system that uses a UAV as aerial platform to carry sensor payloads such as digital, multispectral, and hyperspectral cameras. These sensors acquire high-resolution images providing accurate information from low altitudes with less interference from clouds, making the UAV-LARS a flexible, efficient remote sensing tool, and it can be repeatedly deployed for data acquisition [20]. The system architecture of a UAV is generally designed for particular tasks. The UAV weight should be first considered for an efficient use in terms of energy; the UAV has to be as light as possible. In order to get sufficient flight time, a powerful propulsion system must be included. The maneuverability and obstacle avoidance function are two important characteristics for safe and autonomous flight. In addition, the software system of UAV should be strictly designed for a high performance.



In general, the basic UAV-LARS system is composed of a flight system, a mission load system and a ground control system (Figure 1). Further down, other UAV modules such as autopilot, inertial navigation system, imaging sensor and its mounting, and route planning software are considered critical. There are a wide variety of shapes and configurations of drones.




4.2. Types of UAVs


There are many types of UAV systems that differ in size, weight, load, power, and endurance time. In agricultural remote sensing, UAVs are used which typically weigh less than 116 kg, that is, belonging to the “small” (≤15 Kg) or “light” (≤7 Kg) UAV classes, and fly lower than 1000 m, falling into either low altitude (100–1000 m) or ultra-low altitude (1–100 m) categories [21]. While there are many flight mechanisms for UAVs, the most popular types for remote sensing are fixed-wing, rotary-wing, and unmanned helicopter (Table 1). Depending on flight mechanisms, UAVs are divided into civilian and military use [22]. Most of the agricultural remote sensing monitoring tasks are carried out by civilian UAVs, mainly composed of fixed-wing UAVs and industrial rotor-wing UAVs, which can fly according to the set route and hover at different altitudes, driven by four to eight propellers. Multirotors are increasingly used since they are naturally more agile, compact and easier to launch than fixed-wing UAVs. X-frame and H-frame are two main types of multirotors designed for different flight behaviors. X-frame is a symmetric air frame and guarantees a higher stabilization than H-frame, which also has a higher payload capacity.



With the rapid increase in expertise and growth of agricultural aviation information technology, the number of consumer-grade UAVs in China has increased explosively over the last few years. The DJI Company, for example, has developed small and light UAVs that can carry a variety of sensor equipment based on different UAV configurations, flight control systems, and payload and endurance time (Table 2). The high cost performance and advanced technology of these UAV products promote the rapid development of UAV industry applications.




4.3. Payload


Based on different agricultural monitoring mission requirements, a range of sensors can be mounted on the UAV platforms. Depending on the UAV’s payload lift capabilities, these sensors can include high resolution CCD digital cameras, light optical cameras, multispectral cameras, hyperspectral cameras, thermal cameras, polarization load and light detection and ranging (LiDAR) systems, among others (Table 3). For agricultural use, it is preferable to have a small, light payload to enhance precision and performance. Increasingly, integrate sensors that perform multiple functions are being developed. Payloads differ in the type of imaging sensor they contain, the spectral band width collected and the resultant image amplitude size. For example, digital cameras and multispectral sensors are most frequently used because of their low cost and multiple available options. Hyperspectral cameras and LiDAR are also used in agricultural applications to obtain crop height, biomass, and leaf area index (LAI) [23].





5. Agricultural UAV-LARS Literature Statistics


We conducted an SLR of UAV-LARS applications for agricultural monitoring in China from 1995 to 2019. A total of 1955 peer-reviewed studies were identified using the search terms “agriculture”, “UAV”, “spectrum”, and “low-altitude remote sensing” in the CNKI literature database. The number of scientific papers published demonstrated a trend of rapid growth over recent years (Figure 2). Most of the research focusing on UAV-LARS was performed since 2012, and accounts for 76.6% of the total literature published during the period of 2016–2019. We now see an average annual number of 374 UAV publications, reflecting an increasing adoption of UAVs technology being applied to agricultural monitoring. Keyword frequency statistics by using the theme visualization tool in the CNKI literature database indicated that the keywords such as “vegetation index”, “remote sensing image” and “hyperspectral” appear frequently in the identified 1955 papers (Figure 3), further reinforcing the current scientific interest in agricultural UAV-LARS applications.




6. UAV Image Processing


Image processing is the prominent concern regarding UAV-LARS. UAV images have high resolution, a high overlap degree, large data volume and small phase amplitude. However, due to the UAV weight restrictions and therefore the types of sensors that can be carried, there remain limitations in data collection such as low pose accuracy, large rotation angle, and image distortion. In the early days, traditional photogrammetry was used to correct UAV image geometry and aerial triangulation; this has since been replaced by algorithms in professional UAV image processing software. These algorithms integrate radiometric calibration, geometric correction, and matching and splicing, etc. to generate point cloud models [37]. These models input UAV sensor data and output digital orthophoto maps (DOMs) and digital elevation models (DEMs). UAV software (for example, Pix4Dmapper (Pix4D SA, Lausanne, Switzerland), PhotoScan (Agisoft LLC, St. Petersburg, Russia), Smart3D (Bentley Systems, Inc., Exton, PA, USA), ImageSation SSK (Intergraph Corp., Huntsville, Alabama, USA), ERDAS/LPS (Intergraph Corp., Huntsville, Alabama, USA) and OneButton (Research System Inc., Manassas, VA, USA) is popular because they are accessible and easy to implement [9]. Chinese software programs including PixelGrid (Chinese Academy Of Surveying And Mapping, Beijing, China), DPGird (Wuhan University, Wuhan, China), DPMatrix (Wuhan University, Wuhan, China), FlightMatrix (Wuhan Visiontek Inc., Wuhan, China), GodWork (Wuhan University, Wuhan, China), MAP-AT (Chinese Academy Of Surveying And Mapping, Beijing, China), Cloud-AT (Guangzhou Remote Sensing Information Technology Co., Ltd., Guangzhou, China), and Heli-Mapping (Wuhan University, Wuhan, China) are also gaining in popularity. Of these, Pix4Dmapper is one of the most highly optimized and accurate estimators. Other researchers maintain that the spectral reflectance and coefficient of variation of PhotoScan mosaic images are more consistent with the original single image than Pix4Dmapper and generate a more accurate DEM and DOM, making it more advantageous in agricultural applications [38].



Most methods of matching and mosaicking UAV images are based on scale invariant feature transform (SIFT) matching algorithms proposed by Lowe [39]. The SIFT features improve in previous approaches by being largely invariant to changes in scale, illumination, and local affine distortions [40]. The SIFT algorithm has the advantages of high matching accuracy, and good tolerance to light and micro angle changes. However, with large image volumes, time efficiency is low due to the complexity of the algorithm [41]. Some studies have optimized the SIFT algorithm, such as by using bidirectional matching or random sample consensus (RANSAC) algorithms [42]. However, most UAV image matching and mosaicking methods are relatively simple and suitable for images with small rotation (rotation angle <15°) or offset (<5–10 pixel) [43]. Recently, new UAV image processing methods have been introduced. These methods match images based on feature points, and search the best stitching line with a dynamic programming algorithm to obtain seamless and uniform color stitching using image fusion methods [44]. For example, Jia et al. [45] proposed a non-minimum value suppression method based on image sharpening to adaptively modify the sampling step size. This increased the number of feature points and matched logarithms by 77.5% and 15 pairs respectively, which is more suitable for low contrast remote sensing image mosaic.




7. UAV-LARS Application in Agriculture


The development of UAV technology and concomitant decline in costs accelerated the wide-spread adoption of UAVs for agricultural monitoring. UAV-LARS information acquisition methods, including photographing, spectral inversion and spectral integration, are used to study farmland dynamics, crop growth, pest and weed stress, disaster assessment, farmland water and fertilizer environment. We elaborate on these different applications below.



7.1. Dynamic Monitoring of Cultivated Land


China is a developing country where agriculture forms the basis of the national economy. As such, cultivated land represents economic output and food security. Understanding the distribution, quality, and dynamic changes in cultivated land is crucial for formulating land use policy. At present, UAV monitoring is used in small- and medium-sized cultivated areas to quantify changes in plot size, shape, and crop planting type. Crop monitoring is essential to identify the most profitable crop planting regime. The earliest research using UAVs to monitor cultivated land in China was performed by Ma et al. [46], who used a Canon EOS 300D (Canon Inc., Tokyo, Japan) digital camera equipped UAV to conduct a land resource survey in Wuming county, Guangxi Province. More recently, UAV-LARS technology was used as part of the Third National Land Survey to evaluate cultivated land in Gulang county, Gansu Province [47]. UAV tilt photogrammetry and object-oriented classification technology were used to reduce the influence of surrounding ground features on the boundary of cultivated land, enabling accurate discrimination of cultivated land and planting characteristics based on perspective conversion [48]. Yu et al. [49] compared UAV images with different spatial and temporal resolutions, heading and lateral overlap and demonstrated that the UAV images with 6 cm spatial resolution could satisfactorily classify small-scale land use in agricultural parks. UAV RGB images can also be analyzed to determine vegetation index, texture and shape information and thereby separate cultivated land without planting crops with an overall accuracy of 89.2% [50].




7.2. Crop Growth Monitoring


Crop growth monitoring involves the measures of changes in crop growth, vegetation cover, and element content. UAV-based crop growth monitoring has the potential to provide information for yield estimates and agricultural management decisions. As previously noted, much of previous work in UAV-based precision agriculture has been focused on estimating important agricultural attributes in staple or other widely grown crops (that is, rice, wheat, maize, etc.)



Many researchers currently use UAVs equipped with high-definition and multi-spectral cameras to quantify numerous crop-related vegetation indices (that is, normalized difference vegetation index (NDVI), enhanced vegetation index (EVI), difference vegetation index (DVI), ratio vegetation index (RVI), soil regulated vegetation index (SRVI), green normalized vegetation index(GNVI), water band index (WBI), chlorophyll absorption ratio index (CARI), photochemical reflectance index (PRI) and red edge vegetation stress index (RVTI) [51]). This can be accomplished by combining the use of UAVs with methods of spectral angle mapping, maximum likelihood classification, wavelet fusion algorithm, Fisher discriminant analysis, and support vector machines to extract crop parameters (that is, crop emergence rate, plant height, biomass, nitrogen content, and chlorophyll content) during different growth periods. Using a Canon PowerShot G16 digital camera (Canon Inc., Tokyo, Japan) and an ADC Lite multispectral sensor (Tetracam Inc., Chatsworth, CA, USA) on a multi-rotor UAV, Gao et al. [52] performed univariate and multivariable LAI inversion models on images of soybean plots, demonstrating that the bulging stage was the best time for soybean LAI inversion, and NDVI linear regression modelling could predict real-time soybean growth. Pei et al. [53] established a high-precision inversion model for the growth period of wheat by analyzing the correlation between comprehensive growth parameters extracted from UAV images. Other studies have shown that high-resolution UAV images of corn fields taken at different growth stages can be used to generate highly accurate measures of LAI [54] and that digital and multispectral UAV images contain data necessary to accurately estimate rice yield [55].



Helge [56] was the first to use frame type hyperspectral imagery from UAVs to study crop growth; Chinese scholars quickly followed suit. Qin et al. [28] demonstrated that UAV hyperspectral images could be used to calculate the total nitrogen content of rice leaves using a linear estimation model based on the ratio spectral index from the first derivative of 738 and 522 nm spectral reflectance. Infrared thermal imaging systems and micro LiDAR systems mounted on UAV platforms can also be used to obtain the growth information of crops, but these methods have limitations (for example, very expensive, low signal-to-noise ratio of images, and blurred edge of object) [57].




7.3. Monitoring Soil Water and Fertilizer in Cultivated Land


Soil water and fertilizer are essential for crop growth and yield, and new applications for monitoring these factors using UAV-LARS are under active development.



Soil moisture content (SMC) determines soil aggregate structure and nutrient status, and managing SMC in cultivated land through appropriate irrigation can improve soil conditions during critical crop growth periods and thereby improve the crop yield and quality. Wang et al. [29] developed a regional farmland SMC hyperspectral quantitative estimation model that uses UAV hyperspectral sensor data, providing a new method for remote sensing monitoring of SMC. Other researchers have calculated the crop water deficit index (strongly related to SMC) based on thermal infrared imaging, which can reveal the spatial distribution of crop water deficit [58]. Furthermore, thermal infrared images taken by the UAV can be used to calculate the water temperature comprehensive index (the sum of crop water stress index, canopy relative temperature difference and surface relative temperature difference) and quantify SMC at different soil depths [33].



Soil carbon matter (SOM) content is an important indicator of soil fertility. The visible near infrared (NIR) spectral band contains important information regarding hydrogen groups in SOM [59]. Using UAV equipped with multi-spectral and hyper-spectral sensors, Wang [60] built an empirical model that can effectively calculate SOM in cultivated land. This model factors in the relationships between flight altitude, imaging width, pixel scale, monitoring model, and monitoring accuracy by using wavelet transform, principal components analysis and partial least squares methods in a multi-scale diagnosis of farmland SOM content. This approach can be used to overcome the issue of low accuracy in SOM inversion. Guo et al. [61] used hyperspectral UAV data to create an SOM estimation model for paddy soil based on the original reflectance ratio index, which reduced the influence of soil background (e.g., water and straw) on the SOM calculation, substantially improving estimation accuracy. Overall, however, the complexity of the SOM structure and composition, soil type, soil moisture, straw mulching, terrain and other factors makes it difficult to build a high-precision model based on UAV images and further research and refinement in this area is necessary.




7.4. Diseases, Insect Pests and Weeds Identification


Diseases, insect pests, and weeds significantly restrict crop yield. According to the Food and Agriculture Organization of the United Nations (FAO), diseases and insect pests in China account for an annual average loss of 30% total yield [62,63]. The spectrums of afflicted and healthy crops differ substantially due to physiological changes in cell structure, pigment, water content, LAI and biomass caused by disease spots, wilting, defoliation, necrosis, slow growth and other characteristics. Generally, the reflectance in the visible light (400–760 nm) region from infected plants is higher than that from healthy ones, while the reflectance in the near-infrared (760–1000 nm) range is lower from infected plants [64], which demonstrates the “blue shift” phenomenon. Furthermore, slightly different spectral responses to different diseases, insect pests and weeds are presented [57,65]. For example, Ma et al. [66] showed that the best spectral characteristics for monitoring the degree of harm of the Chinese chestnut red mite are low position and red edge, and the determination coefficient exceeded 0.6. The blue shift of the characteristic wavelength could be found in mild red mite pest using these two characteristics. Tian et al. [67] showed that the rate of rice roll leaf had significant negative correlation with the spectral reflectance at the green (560 nm), red-edge (717 nm) and NIR (840 nm) bands and positive correlation with the spectral reflectance at the red (668 nm) band. The rate of roll leaf was also negatively correlated with NDVI and DVI.



Multi-spectral and hyper-spectral sensor-equipped UAV can be used to monitor crop diseases, insect infestations, and weeds. Hyper-spectral images have higher spectral resolution than multi-spectral images and can capture detailed information on spectral properties, giving this tool a wider application in agricultural monitoring. Diseases such as wheat stripe rust disease have been identified based on the photochemical vegetation index PRI using hyperspectral UAV imaging [68]. An optimal index model of this disease was developed based on UAV imaged reflectance of wheat canopies [14]. Wang et al. [69] designed a small multi-rotor UAV system to identify rice disease with high accuracy, which effectively reduced the influence of complex background such as rice leaf occlusion, rice panicle adhesion, and illumination in natural environment. For insect pests, Cui [70] used the Chichi information criterion (AIC) to select characteristics of cotton field mites from remote sensing data that enable the identification of mite damage in real time. Low-altitude imaging (DJI M100 equipped with a Zenmuse 100 PTZ camera (DJI company, Shenzhen, China)) in conjunction with convolution neural network analysis has also been used to identify grass weed categories and to evaluate weed density [71]. Further studies found that an image resolution of 0.29 cm was optimal for high accuracy weed detection in cotton fields [72]. While the identification of diseases and weeds (that is, discrimination of healthy vs. unhealthy crops) by UAV-LARS is a common practice, classification accuracy still needs to be improved. Due to camouflage and migration of pests coupled with the complex field environment (that is, background), crop pests remain difficult to identify [57].




7.5. Natural Disaster Assessment


After agricultural disasters such as heavy rainfall, gale and hail, UAV-LARS can quickly procure images to accurately determine the extent of crop loss. With high efficiency and low cost, UAV-LARS has become a foundation component of agricultural insurance estimation. At present, the distinguishment of plant lodging by UAV is most studied. Multiple methods including color and texture features, maximum likelihood classification, and image segmentation network methods are used to recognize the lodged corn, wheat, cotton, and rice and to identify the afflicted area [73,74,75,76,77]. Gan et al. [78] built a waterlogging disaster recognition model based on the difference of corn canopy height calculated using UAV-LiDAR data. To date, research into agricultural natural disaster assessment using UAV-LARS in China has been concentrated on the plain, and the monitoring accuracy remains low.





8. Existing Problems


8.1. Endurance Capability


UAVs are equipped with multiple sensors, and are limited by lithium battery capacity and the UAV power weight ratio, and the endurance time of UAV is usually limited to 30 min. Even under low load conditions, this endurance time generally does not exceed 60 min, significantly limiting the single flight monitoring area. Multiple batteries are needed for large-scale remote sensing monitoring, increasing the cost, reducing the convenience of field operation, and overall limiting the development of UAV-LARS in agricultural applications [79]. As an example, the maximum safe endurance time for a UAV equipped with a Zenmuse X3 camera (247 g) (DJI company, Shenzhen, China) is about 20 min. When the flight altitude is 120 m and the overlap degree of UAV images is 70–80%, only 40–50 ha can be monitored in a single flight. If the payload weight increases, the monitoring area decreases further. Solving the endurance time limitation is a pressing issue for the development of the UAV industry. Future breakthroughs in fuel cell technology (such as hydrogen fuel, graphene battery, etc.), power management chip technology, hollow wireless charging, and other technologies will be important for continuing to expand UAV applications.




8.2. Safety of Air UAV Operation


In 2008, “civil UAV pilot management regulations of China” implemented rules regarding UAV piloting. These regulations agree that only a UAV with an empty weight of less than 4 kg or a takeoff weight of less than 7 kg that flies at an altitude of less than 120 m can be operated by a pilot without a UAV license. Regulations and legislation regarding UAV use are still not perfect, which is becoming an increasing issue as the number of civil UAVs in China rises rapidly. The “unregistered flight” phenomenon (flight without UAV flight license or legal identity) has caused security risks such as disturbing aviation order. In addition, complex geographical environments, climate perturbations, and power grid structures can lead to UAV explosion accidents, resulting in economic losses and social security threats. UAV pilots should strictly follow the “Basic flight rules of the people’s Republic of China”, “Civil UAV air traffic management measures” and other laws and regulations and make sure to apply in advance, plan reasonably, and operate with certificates in order to maximize the safety of the UAV operation. The civil UAV supervision department should also establish and improve their systems of supervision and clearly identify clearance and no-fly zones designated by the regulatory department, enabling further development of UAV applications in agricultural monitoring.




8.3. Monitoring Effectiveness


The majority of images procured by UAVs are irregular and real-time return has not yet been realized. Complex data processing and analysis can be conducted using professional software, but this method is not optimal for users that require immediate monitoring results. In addition, the huge amount of data requires a large storage space. With the development of 5G mobile communication technology, we may be able to improve the transmission bandwidth of the UAV data link to improve UAV data long-distance and low delay returns. Moving forward, commonly-used algorithms for agricultural remote sensing monitoring require more thorough refinement to develop the interactive processing program. Finally, new developments will ideally enable real-time and conventional operation to be carried out on UAVs based on the characteristic band or band combination calculation, providing accurate and efficient analysis of agricultural information [80].





9. Conclusions and Prospects


UAV-LARS is a new type of high spatial and temporal resolution sensor application of information monitoring technology. In this article, the development history, data processing, current application and future prospective of UAV-LARS has been systematically reviewed. With the on-going development of UAV technology and the rapid growth of the UAV industry, UAV-LARS provides various degrees of research and application in crop growth monitoring, yield prediction, and disaster monitoring in China. By analyzing the spatiotemporal dynamic changes of UAV images, crop growth and environmental information can be obtained in real time. It is clear that limitations of the technology exist, such as low payload, short endurance time and a narrow area for image collection. Despite all this, UAV-LARS has significant advantages over ground-based survey and satellite-based monitoring including high mobility, low cost, near real-time application, and the ability to provide high-precision crop sample and fine texture information for precision agriculture. Overall, this method provides a promising platform for effective management of crops, soil, fertilization and irrigation.



Agricultural monitoring based on UAV-LARS started relatively late in China, however, it is foreseeable that in the near future, the applications will proliferate depending on the flexibility associated with accurate and low-cost products. Given the complexity of application scenarios, UAV-LARS urgently needs to realize intelligence and automation (e.g., a multi-agent UAV swarm [81]). The research and development of UAV or UAV group self-charging, autonomous take-off and landing, automatic obstacle avoidance, intelligent tracking, regular cruise, real-time return, automatic image interpretation and other technologies will further improve the application level of low-altitude remote sensing in agricultural monitoring.
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Figure 1. Composition of the unmanned aerial vehicle low-altitude remote sensing (UAV-LARS) monitoring system. 
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Figure 2. Publication trend of UAV-LARS applications in agricultural monitoring of China (1995–2019). 
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Figure 3. Top ten high-frequency words of UAV-LARS applications in agricultural monitoring of China (1995–2019). 
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Table 1. Characteristics of unmanned aerial vehicles (UAVs) for agricultural remote sensing monitoring.
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	Category
	Benefits
	Limitations





	Fixed-wing
	Long endurance

Large load

Fast flight speed

Large operation range
	Takeoff needs run-up

landing needs glide

No hovering capability



	Multirotor
	Fly horizontally and vertically

Vertical takeoff and landing

Hovering at a given location Autonomous navigation

Simple structure
	Short endurance time

Small load

Poor resistance to harsh environment



	Unmanned helicopter
	Vertical takeoff and landing

Hovering at a given location

Flight stability
	Complex wing structure

High maintenance cost
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Table 2. Comparison of small multirotor UAVs (<15 kg) of the DJI company.
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	Type
	No. of

Propellers
	Fuselage Weight

(Kg)
	Endurance Time

(min)
	Payload

(Kg)
	Price Range

(U.S.D)





	M210
	4
	4.8
	38
	2.3
	5000–15,000



	M600Pro
	6
	9.1
	38
	6.0
	4999–15,000



	S800
	6
	3.7
	16
	2.5
	1800



	S900
	6
	3.3
	18
	4.9
	1300



	S1000
	8
	4.4
	15
	5.6
	3400
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Table 3. Different types of sensors used in agricultural monitoring.
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	Sensor
	Type
	Characteristics
	Memory

(Mb/Min)
	Price

(U.S.D)
	Software
	Citations





	Digital camera
	DJI ZENMUSE Z3 (DJI Technology Co., Ltd., Shenzhen, China), Canon 5DMark II (Canon Inc., Tokyo, Japan), Nikon D800E (Nikon Corp., Tokyo, Japan), SONY α7r (Sony Corp., Tokyo, Japan), PhaseOne IQ180 (PhaseOne Corp., Copenhagen, Denmark), PhaseOne iXM (PhaseOne Corp., Copenhagen, Denmark),

Hasselblad H6D-100c (F. W. Hasselblad and Co., Gothenburg, Sweden)
	Pixel: 10–100 million,

Frame: small and middle size,

Weight: 100–2500 g
	50–2000
	900–35,000
	Pix4D Mapper (Pix4D SA, Lausanne, Switzerland),

Photoscan (Agisoft LLC, St. Petersburg, Russia),

OneButton (Research System Inc., Manassas, VA, USA)
	[24]



	Multispectral imager
	Parrot Sequoia (Parrot Inc., Paris, France),

Micasense RedEdge (MicaSense Inc., Seattle, WA, USA),

Tetracam ADC (Tetracam Inc., Chatsworth, CA,

USA),Cubert S128 (Cubert GmbH, Ulm, Germany),

DJI multispectral carema (DJI Technology Co., Ltd., Shenzhen, China)
	High automation, Staring imaging,

Weight: 30–700 g,

Spectral range: 400–1100 nm
	800–4000
	5000–16,000
	Pix4D Mapper, Photoscan,

OneButton,

ICE (Microsoft Corp., Redmond, WA, USA)
	[25,26,27]



	Hyperspectral imager
	Cubert UHD185 (Cubert GmbH, Ulm, Germany),

Headwall Nano-Hyperspec (Headwall Photonics Inc., Fitchburg, WI, USA),

SENOP-RIKOLA (Senop Oy, Kangasala, Finland),

Gaiasky-mini (Sichuan Dualix Spectral Imaging Technology Co., Ltd., Chengdu, China)
	Spectral range: 350–2500 nm,

Spectral sampling interval: 0.4–4.5 nm,

Spectral resolution: 4–10 nm,

Spectral numbers: 100–400,

Weight: 400–2000 g
	600–3000
	70,000–150,000
	Pix4D Mapper,

Photoscan,

OneButton;

ICE
	[28,29,30]



	Thermal infrared imager
	DJI XT TIRcamera (DJI Technology Co., Ltd., Shenzhen, China),

VuePro 640R (FLIR Systems Inc., Wilsonville, OR, USA),

FLIR Camera Tau2 (FLIR Systems Inc., Wilsonville, OR, USA),

FLIR Thermo CAM SC3000 (FLIR Systems Inc., Wilsonville, OR, USA),

Optris PI450 (Optris GmbH, Berlin, Germany)
	Spectral range: 3.5–13.5 μm,

Spatial resolution: 640 × 512 pixels,

Temperature resolution: 0.05 °C, Temperature range: −20–100 °C,

Spatial resolution: <10 cm
	3–100
	10,000–15,000
	Pix4D Mapper,

Photoscan
	[31,32,33,34]



	LiDAR
	Riegl VUX-1 (Rigel Laser Measurement Systems GmbH, Wien, Österreich)
	Weight: 3600 g,

Wavelength: 1550 nm,

Spot diameter: 25 mm
	1000–60,000
	150,000–200,000
	LiDAR360 (Beijing Digital Green Earth Technology Co., Ltd., Beijing, China),

CloudStation (YellowScan company, Montpellier, France)
	[35,36]
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