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Abstract

:

The introduction of multiple unmanned aerial vehicle (UAV) systems into agriculture causes an increase in work efficiency and a decrease in operator fatigue. However, systems that are commonly used in agriculture perform tasks using a single UAV with a centralized controller. In this study, we develop a multi-UAV system for agriculture using the distributed swarm control algorithm and evaluate the performance of the system. The performance of the proposed agricultural multi-UAV system is quantitatively evaluated and analyzed through four experimental cases: single UAV with autonomous control, multiple UAVs with autonomous control, single UAV with remote control, and multiple UAVs with remote control. Moreover, the performance of each system was analyzed through seven performance metrics: total time, setup time, flight time, battery consumption, inaccuracy of land, haptic control effort, and coverage ratio. Experimental results indicate that the performance of the multi-UAV system is significantly superior to the single-UAV system.
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1. Introduction


Owing to the development of unmanned aerial vehicle (UAV) technology, there have been diverse studies on their applications in the agriculture field, which has the greatest potential for UAVs. According to the Association for Unmanned Vehicle Systems International (AUVSI), 80% of the commercial market for UAVs is expected to be occupied by agricultural UAVs in the future [1]. The reason why agricultural UAVs are popular is because they are expected to play an important role in overcoming some of the challenges of modern agriculture. In particular, an innovative agricultural UAV system is inevitable to ensuring the sustainability of agricultural productivity, which has become difficult to maintain because of climate change, and to meet the growing demand for agricultural products as the world’s population increases. Currently, agricultural UAVs are operated mainly for pest control and monitoring numerous crops such as soybean, corn, vegetables, and rice. However, agricultural UAVs are expected to be used for soil and field survey, sowing, spraying, monitoring, irrigation, growth evaluation, mapping, remote sensing, reconnaissance and transportation [2].



By introducing a UAV into traditional agriculture, working hours and labor requirements have been significantly reduced, and the efficiency of agricultural works has improved significantly [3]. However, because a UAV uses a limited battery as its main power source, it is more efficient to use a multi-UAV system, than the current system of a single UAV, to perform agricultural works [4,5,6]. For example, a single UAV is used for agricultural works such as spraying or monitoring a large farmland; however, it is very inefficient because it requires considerable time and energy. In contrast, when using a multi-UAV, it is possible to carry out cooperative works at the same time (collaboration) or individual agricultural tasks on the assigned farmland (division of labor). As a result, it is possible to complete the agricultural tasks quickly on a large farmland. In others, when using multiple UAVs to find diseased crops, the accuracy of the agricultural tasks is also being increased or equal because there are overlapping areas between the mission areas of each UAV. Although the accuracy of the agriculture task may be superior for a single UAV with a well-planned path, it is greatly influenced by the path planning algorithm. Therefore, the multi-UAV system is more efficient in many ways than the single-UAV system currently in use.



However, when analyzing the existing application of UAV system for agriculture (see, for instance, [7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22]), most studies execute agricultural tasks using a single UAV with an autonomous control. There are few studies on the use of the multi-UAV system in performing agricultural works; thus, it is only at the advanced stage of research [19,21,23]. In [19], an autonomous system for use in inspections for precision agriculture based on the use of single and multiple UAVs was developed. In addition, in [21], precision agricultural technology based on the deployment of a team of UAVs that are able to take georeferenced pictures in order to create a full map by applying mosaicking procedures for post-processing was studied. Although [19,21] used the multi-UAV system for agricultural tasks, they used the centralized controllers through commercial software or a number of computers and did not perform a quantitative evaluation as the number of UAVs increased; thus, they overlooked the ease of the swarm controllers used.



Even if a multi-UAV system is used in agriculture, the most important factor is that the ease of control must be met such that a single operator can easily control multiple UAVs similar to controlling a single-UAV system. In our previous study [24], we developed a distributed swarm control algorithm and implemented a multi-UAV system into the simulator such that a single operator can easily control the multiple agricultural UAVs. Additionally, we argued that the agricultural task with a swarm control algorithm that efficiently and safely controls the multiple UAVs allows the operator to control the multiple UAVs more easily and intuitively and maximize the efficiency of agricultural works. To achieve this, this paper extends the previous study [24,25] by quantitatively evaluating the performance of multi-UAV systems with the proposed algorithm in agricultural scenarios.



For the agricultural scenarios, the remote sensing that represents the task of the agricultural UAV has been set as a benchmark test in this study, and the reason why remote sensing is a representative task is explained in detail in Section 2. In the evaluation, we focused on the ease with which the operator can control the multiple UAVs and improve the efficiency of agricultural works when performing remote sensing tasks using the developed agricultural multi-UAV system. Therefore, the experimental cases are divided into the use of a single-UAV system and the use of a multi-UAV system from the viewpoint of the number of UAVs. Furthermore, we compare the experimental cases by applying an automatic control method and remote-control method from the viewpoint of control. In other words, we perform a total of four experimental cases (single-UAV system using automatic control, hereafter, referred to as Auto-Single-UAV; multi-UAV system using automatic control, hereafter, referred to as Auto-Multi-UAV; single-UAV system using remote control, hereafter, referred to as Tele-Single-UAV; and multi-UAV system using remote control, hereafter, referred as to Tele-Multi-UAV) for remote sensing tasks. Finally, a total of seven performance metrics (total time, setup time, flight time, battery consumption, inaccuracy of land, haptic control effort, coverage ratio) were defined to describe and predict the performance of an agricultural UAV system.




2. Review about the Application of UAV in Agriculture


In order to apply the multi-UAV system with distributed swarm control algorithm for agriculture, it is necessary to confirm the type of agricultural UAV to be used and the type of agricultural task to be carried out. Therefore, in this section, the studies that utilized the existing agricultural UAV system are investigated and analyzed in Table 1.



Table 1 reveals an increasing interest in UAVs in the field of agriculture in recent years, and most agricultural UAVs currently in use are single-UAV systems except for [19,21]. The main research areas are remote sensing [7,8,10,13,17,18,20,22], mapping [7,8,11,15], and monitoring [9,12,14,19,26], and it is not yet used in various areas such as sowing and harvesting. Furthermore, the research for irrigation and pest control is on the rise nowadays [16,27,28]. In particular, the remote sensing task is the most widely used task of research for agricultural UAVs and is a basic task achieved by attaching additional hardware or controllers at any time. For this remote sensing, A. Barrientos et al. developed a path planning algorithm and performed the area coverage task [21]. As a result, in this study, the remote sensing task was set as a benchmark test because it is the basis for all agricultural tasks.



In sensors, RGB cameras [13,14,15,19], thermal cameras [7,8], and multi-spectral cameras [7,8,9,10,11,12,17,18,20,22] are used. Recent studies focused on agricultural UAVs through image processing, including preprocessing, onboard-processing and post-processing; thus, it is widely used in camera sensors. In addition, a spraying system was installed in the UAV for control, or a related sensor and controller was used in [13,16]. In particular, almost all UAVs are equipped with inertial measurement unit (IMU), pressure sensor and global positioning system (GPS) in common, and it is expected that agricultural UAVs for fully autonomous navigation using IMU and image processing will be developed in the future.



Recently, agricultural UAVs are mainly multi-copter type UAVs, and the fixed-wing type [7,18] or helicopter type [16,20] UAV that was used in the past is gradually disappearing. The reason for the increase in multi-copter type UAV is that the structure is simple, the noise and vibration are small, and it is easy to move and store by folding the frame. It also has the advantage of not requiring a large space for takeoff and landing; however, it also has a problem of low payload and flight time. One of the ways to solve this problem is to use multiple UAVs [29,30].



However, most agricultural UAV systems do not have a multi-UAV system and are still being developed to address the limitations of a single-UAV system [31]. In the case of research using multi-UAV, the completion time of the mission is remarkably shortened, and the efficiency of the work is greatly improved [21]. Taking this advantage into consideration, the agricultural multi-UAV system is essential for automation and unmanned technology of future agriculture, and it is considered as one way to solve the food shortage problem. In the case of Swarm Robotics for Agricultural Applications (SAGA) projects in Europe, for more details, see [32], agricultural swarm robotics is studying to prepare for the fourth industrial revolution and to build precision agriculture and smart farm [33]. Another project, Mobile Agricultural Robot Swarms (MARS), aimed to develop small and stream-lined mobile agricultural robot units to fuel a paradigm shift in farming practices. Recent research trends are focusing considerable attention on multi-robots and swarm robotics; furthermore, multiple agricultural UAVs are expected to become the core of future agricultural technology.



Therefore, the proposed agricultural multi-UAV system based on the distributed swarm control algorithm is a necessary study for the future agricultural technology, and quantitative evaluation of developed system contributes to the performance evaluation of the agricultural UAV system which has not been examined previously.




3. The Control of Multiple UAV System


3.1. UAV Dynamics


We consider N quadrotor-type UAVs with 3-DOF Cartesian positions that are denoted by    p i  ∈  R 3   ,   i = 1 , 2 , . . . , N  . Flight control of UAVs is derived from the following under-actuated Lagrangian dynamics equation in   S E ( 3 )   [34]


   m i    p ¨  i  = −  λ i   R i   e 3  +  m i  g  e 3  +  δ i   



(1)






   J i    w ˙  i  + S  (  w i  )   J i   w i  =  γ i  +  ζ i   



(2)




with the following attitude kinematic equation


    R ˙  i  =  R i  S  (  w i  )   



(3)




where    m i  > 0   denotes mass,    p i  : =  [  p 1  ;  p 2  ; … ,  p N  ]  ∈  R  3 N     denotes the Cartesian center-of-mass position represented in the north-east-down (NED) inertial frame    { O }  : =  {  N O  ,  E O  ,  D O  }   ,    λ i  ∈ ℜ   denotes thrust control input,    R i  ∈ S O  ( 3 )    denotes the rotational matrix describing the body frame   B : = {  N B  ,  E B  ,  D B  }   of UAV w.r.t. to the inertial frame   { O }  , g is the gravitation constant,    e 3  =   [ 0 , 0 , 1 ]  T    denotes the basis vector representing the down direction and representing that thrust and gravity act in the D direction,    J i  ∈  ℜ  3 × 3     denotes the UAV’s inertia matrix with respect to the body frame   { B }  ,    w i  ∈  R 3    denotes the angular velocity of the UAV relative to the inertial frame   { O }   represented in the body frame   { B }  ,    γ i  ∈  R 3    denotes the attitude torque control input,    δ i  ,  ζ i  ∈  R 3    denote the aerodynamic perturbations, and   S  (  w i  )  :  R 3  → s o  ( 3 )    denotes the skew-symmetric operator defined such that for   α , β ∈  R 3  , S  ( α )  β = α × β  . For typical UAV flying,    δ i  ,  ζ i  ≈ 0  .




3.2. Distributed Swarm Control


In the previous study [24], we developed the following distributed swarm control on each UAV, for the ith UAV,


    p i  ˙   ( t )  : =  u i u  +  u i f  +  u i o   



(4)




where the meaning of the three control inputs    u i u  ∈  R 3  ,  u i f  ∈  R 3    and    u i o  ∈  R 3    represents the velocity terms of the UAV.



3.2.1. UAV Control


The first velocity term,    u i u  : =  {  u i a  ,  u i n  ,  u i t  }  ∈  R 3    denotes a control input that directly controls the UAV and represents a velocity control input according to the control method. Normally, the UAV control method mainly uses the following three methods: the method of fully autonomous driving (  u i a  ); the method of driving on a certain path specified by the operator (  u i n  ); the method of teleoperation by the operator in real time (  u i t  ). In the case of   u i a  , the position of the UAV    x ^  t   at time t, given the previous k positions   x  t − k : t − 1    and the corresponding laser measurements   b  t − k : t   , is as follows:


    x ^  t  = argmax  p  (  x t  ∣  x  t − k : t − 1   ,  b  t − k : t   )  ,   u i u  =   x ˙  t   



(5)




where    x t  =  (  x t  ,  y t  ,  z t  )   . We briefly review the control of autonomous UAVs and refer the reader to [35] for further details. In this study, because there are many limitations to apply to farming in the case of   u i a  ,   u i n   was set as an automatic control method and   u i t   was set as a remote control method. Additionally,   u i n   and   u i t   are discussed in detail in Section 3.3 and Section 3.4.




3.2.2. Formation Control


The second velocity term,    u i f  ∈  R 3    denotes a control input to avoid a collision among UAVs, preserves connectivity, and achieves a certain desired formation as specified by the desired distances    d  i j  c  ∈  R +   ∀ i = 1 , … , N ,  and  ∀ j ∈  N i   , as defined by


   u i f  : = −  ∑  j ∈  N i      ∂  φ  i j  f   ( ∥   p i  −  p j     ∥ 2  )  T    ∂  p i     



(6)




where   φ  i j  c   denotes a certain artificial potential function to create an attractive action if    ∥   p i  −  p j   ∥ >   d  i j  c   , a repulsive action if    ∥   p i  −  p j   ∥ <   d  i j  c   , and a null action if    ∥   p i  −  p j   ∥ =   d  i j  c   .




3.2.3. Obstacle Avoidance Control


The final velocity term,    u i o  ∈  R 3   , is expressed by the following equation as a control input based on a potential field that allows multiple UAVs to avoid obstacles through a certain distance threshold:    D o  ∈  R +   


   u i o  : = −  ∑  r ∈  O i      ∂  φ  i r  o   ( ∥   p i  −  p r o    ∥ )  T    ∂  p i     



(7)




where   O i   denotes the set of obstacles of the ith UAV with an obstacle point   p r o   that corresponds to the position of the rth obstacle in the environment, and   φ  i r  o   denotes a certain artificial potential function that produces a repulsive action if    ∥   p i  −  p r o   ∥ <   D o   , and a null action if    ∥   p i  −  p r o   ∥ ≥   D o   . When the distance between the UAVs and the obstacles becomes closer to   D o  , then the repulsive potential function increases to infinity.



Here, we briefly reviewed the distributed swarm control architecture and refer the reader to [24] for further details.





3.3. Autonomous Control


Automatic control of UAV through a ground station uses the navigation control based on GPS waypoint. The navigation control uses PID controller when UAV is in GUIDED mode, as defined by


   u i n   ( t )  =  K P   ( t )   e i   ( t )  +  K I  ∫  e i   ( t )  d t +  K D   d  d t    e i   ( t )   



(8)




where    r i  ∈  R 3    denotes the target position,    e i   ( t )  =  r i  −  p i    denotes the position error between target point and UAV, and    K P  ,  K I  ,   and   K D   are the gain values of the navigation controller, respectively.



In (8), the UAV follows the target point preset by the operator, and the position error decreases gradually. Here, the velocity of the UAV changes according to the position error. However, because the performance of the navigation controller changes depending on the gain value, appropriate values must be set through tuning.




3.4. Teleoperation


The teleoepration uses the haptic device to control the UAV. Therefore, we consider a 3-DOF haptic device for master as modeled by the following nonlinear Lagrangian dynamics equation [36]


  M  ( q )   q ¨  + C  ( q ,  q ˙  )   q ˙  = τ +  f h   



(9)




where   q ∈  R 3    denotes the configuration of the haptic device (e.g., the position of end effector),   M  ( q )  ∈  ℜ  3 × 3     denotes the positive-definite/symmetric inertia matrix,   C  ( q ,  q ˙  )  ∈  ℜ  3 × 3     denotes the Coriolis matrix, and   τ ∈  R 3   ,    f h  ∈  R 3    denote the control input and human forces, respectively.



The velocity term,    u i t  ∈  R 3   , represents the teleoperation command for the desired velocity input of the UAV that is directly controlled by the operator by using the configuration of the haptic device q


   u i t  = Λ q   ∀ i  



(10)




where   Λ ∈  R +    denotes a constant scale factor used to match different scales between q and the UAV desired velocity   u i t  , and   q ∈  R 3    denotes the position of end effector. In (10), multiple UAVs with an unbounded workspace can fly without the limitations of workspace by controlling the desired velocity by using the configuration of the haptic device with a bounded workspace.





4. Experimental Design


4.1. Remote Sensing Task


In this experiment, we set the remote sensing for the agricultural task as shown in Figure 1, and the reason for setting this task is explained in Section 2. The experiment is the operation of sensing using UAV with mounted sensors for a predetermined test area, and the experimental procedure includes the whole process from setup time before takeoff to landing after a flight time of mission. The starting point of the remote sensing task is the position where the UAV was originally located at the base station, and this point is also set as the ending point.



Experimental progress is required for the operator to control the agricultural UAV system based on the distributed swarm control algorithm while performing the remote sensing through the sensor attached to the UAV. In addition, the operator was required to look at the formation of the UAV from the remote site or to control it by looking at the camera screen mounted on the UAV. At this time, there is no reference path for the remote sensing tasks, and the UAV is remotely controlled by the intuitive judgment of the operator or is automatically controlled by setting a suitable waypoint. The time at which the UAV was landing properly was set as the criterion for the end of the experiment and the success of the experiment. Here, the operator decided to terminate the experiment by judging the moment when the UAV landed successfully.



Experiments consisted of four cases consisting of Auto-Single-UAV, Auto-Multi-UAV, Tele-Single-UAV and Tele-Multi-UAV. In the case of multi-UAV cases, a total of three quadcopters was used for remote sensing. When automatic control is used, the UAV is automatically controlled by specifying the GPS-based waypoint using ground control station (GCS). However, in the case of teleoperation, the operator controls the UAV by controlling the haptic device. In other words, the experimental cases are defined by



	
Auto-Single-UAV:   i = 1  ,     p i  ˙   ( t )  : =  u i n   



	
Auto-Multi-UAV:   i = 3  ,     p i  ˙   ( t )  : =  u i n    where the target position    r i  ∈  {  r 1  ,  r 2  ,  r 3  }   



	
Tele-Single-UAV:   i = 1  ,     p i  ˙   ( t )  : =  u i t   



	
Tele-Multi-UAV:   i = 3  ,     p i  ˙   ( t )  : =  u i t  +  u i f  +  u i o   






In the case of Tele-Multi-UAV, it is a multi-UAV system applying our proposed distributed swarm control algorithm. A total of three trials were performed for each case and a total of 12 trials were performed in agricultural experiments.




4.2. Performance Metric


We used a total of seven performance metrics to evaluate the performance of agricultural UAV systems. The performance metrics are mainly focused on the control effort of the operator and the performance of the system for the agricultural task, and total time, setup time, flight time, battery consumption, inaccuracy of land, haptic control effort, and coverage ratio were used as the metrics.



Definition 1.

Total timeis the completion time during the agricultural task as defined by


    P  T T   : =  ∫   t 0    t c   d t   



(11)




where   t 0   is the start time,   t c   is the completion time of the agricultural task.





Definition 2.

Setup timeis defined as the time that the operator prepares before the UAV executes the agricultural task,


    P  S T   : =  ∫   t 0    t s   d t   



(12)




where   t s   is the time that UAV takes off to perform the agricultural task.





Definition 3.

The metric for theFlight timeis


    P  F T   : =  P  T T   −  P  S T     



(13)









Definition 4.

Battery consumptionis defined as


    P  B C   : =    ∫   t 0    t c    B  c o n s u m e d    ( t )  d t   B  t o t a l    ×  100   



(14)




where   B  t o t a l    is the total amount of batter and   B  c o n s u m e d    is the consumption of the battery.





Definition 5.

The metric for theInaccuracy of landis


    P  I L   : = ∥  p i   (  t 0  )  −  p i   (  t c  )  ∥   



(15)









Definition 6.

Haptic control effortis defined as the total distance of haptic device moved by operator shown in below,


    P  H C   : =  ∑  t = 0    t c  − 1   ∥ q  ( t + 1 )  − q  ( t )  ∥   



(16)




where   q ( t )   is the configuration of the haptic device.





Definition 7.

Coverage ratiois defined as


    P  C R   : =    A  c o v e r e d    ( t )    t  ×   A  u n i t     ×  100   



(17)




where   A  c o v e r e d    is the area covered by the sensor mounted on UAV, and   A  u n i t    is the area covered by sensor per time.





  P  T T   ,   P  S T   , and   P  F T    are basically the most important time factors for the UAV to perform agricultural tasks. As the value of these metrics increases, it implies that energy and costs for agricultural task increase. Therefore, the smaller the value of   P  T T   ,   P  S T   , and   P  F T   , the better the performance of the system. Similarly, the lower the value of   P  B C   ,   P  I L    and   P  H C   , the lower the energy consumption of the UAV, the lower the error of the landing, and the lower the control effort of the operator. However, the values of   P  C R    indicate the performance of the remote sensing tasks; therefore, the higher the value, the better the performance.




4.3. Experimental Setup


The experimental environment was built to allow the UAV to control and communicate with ROS on the notebook of the 16.04 LTS version Ubuntu. In the experiment, a remote sensing task is performed while recording a real-time image by attaching an RGB camera to the UAV. The experimental environment is shown in Figure 2 and the experiment was carried out on a clear day with low geomagnetic coefficient. The UAV used in the developed system was a quadcopter type UAV (3DR SOLO), which is suitable for remote sensing because of low vibrations. As shown in Figure 3, the UAV is basically composed of a frame and battery, a GPS receiver and a flight controller (FC), a camera, an IMU consisting of an accelerometer, a gyroscope, and a magnetic field, supplementary battery that supplies power to the onboard computer, onboard computer for controller, and a printed circuit board (PCB) for connection between the UAV and onboard computer. The payload of this UAV is 450 g, and it flies without problems when all the components are connected; in this state, it can fly up to 20 min.



For the distributed system, we constructed a multi-UAV system using the above UAV, and the developed system consists of a number of UAVs and a base station. As shown in Figure 4, the base station consists of a PC with a ROS-based controller and a haptic device, which is used as the master device for teleoperation, a wireless adapter, and a router for the user datagram protocol (UDP) communication. Here, each PC and the onboard computer mounted on the UAV communicate with each other through a router and exchange data, thereby constructing a distributed system. It is also possible to construct a centralized system easily using this system configuration.



Communication basically used UDP communication and changed the default port of each UAV to avoid interference between UAVs. After changing the default port of the UAV, we set up the onboard computer to automatically connect to the router’s network used in this experiment. Therefore, when the UAV is booted, it is automatically located on the same network with a computer without any configuration and recognizes and communicates with each other through different IP address and ports. The channel used 2.4 GHz frequency, and the optimum channel was set to receive the data out of interference.




4.4. Data Acquisition and Analysis


During the experiment, we recorded the local position, global position, linear velocity, angular velocity, battery state, and heading value of the UAV, as well as the experiment time, position and force of the haptic device, and the raw date of sensors at 1000 Hz in the ground station. All data were transferred from UAV to the ground station through Micro Air Vehicle Communication Protocol (MAVLink), and we monitored the data via rostopic, which is command-line tool for displaying debug information about ROS topics, including publishers, subscribers, publishing rate, and ROS Messages, and stored it using rosbag, which is a set of tools for recording from and playing back to ROS topics.





5. Experimental Results


Figure 5 shows the results of one flight trial. We performed a statistical analysis of performance metrics after all experiments (3 trials per case, 12 trials in total), which are summarized in Table 2.



5.1. Total Time


Because   P  T T    is the sum of   P  S T    and   P  F T   , a detailed evaluation should identify two metrics. However,   P  T T    is one of the most important factors when evaluating the system, because it shows intuitively the completion time of the remote sensing task. In addition, a smaller   P  T T    reduces the overall energy consumption and saves the cost of operating the system.   P  T T    is the highest for Auto-Single-UAV and lowest for Tele-Multi-UAV in experiment results. Additionally,   P  T T    is less in the teleoperation method than in the automatic control method, and the multi-UAV system is less   P  T T    than the single-UAV system. In detail,   P  T T    decreased by 31.1 s from 96.2 s (Auto-Single-UAV) to 65.1 s (Tele-Single-UAV) and decreased by 46.2 s from 78.8 s (Auto-Multi-UAV) to 32.6 s (Tele-Multi-UAV).



When using the multi-UAV system, the decrease was 17.4 s from 96.2 s (Auto-Single-UAV) to 78.8 s (Auto-Multi-UAV) and 32.5 s from 65.1 s (Tele-Single-UAV) to 32.6 s (Tele-Multi-UAV). Moreover, when comparing the proposed Tele-Multi-UAV and Auto-Single-UAV, experimental results show that   T T   for Tele-Multi-UAV is approximately 66.1% (from 96.2 s to 32.6 s) lower than Auto-Single-UAV.




5.2. Setup Time


  P  S T    is what an operator does before the UAV performs an agricultural task, which is related to the operator’s control effort aspect. No matter how good a system is, it is not good if the control effort of the operator is significant. Therefore,   P  S T    is a very important metric and should be considered when developing a system. In experiments,   P  S T    is the highest at 64.5 s (Auto-Multi-UAV) and   P  S T    is the lowest at 13.5 s (Tele-Single-UAV). The tendency is that   P  S T    is less when using teleoperation method compared to automatic control method; however, when the multi-UAV system is used,   P  S T    increases more than the single-UAV system. Quantitatively,   P  S T    decreased by 35.2 s from 48.7 s (Auto-Single-UAV) to 13.5 s (Tele-Single-UAV) and decreased by 45.6 s from 64.5 s (Auto-Multi-UAV) to 18.9 s (Tele-Multi-UAV). However,   P  S T    increased from 48.7 s (Auto-Single-UAV) to 64.5 s (Auto-Multi-UAV) in 15.8 s and from 13.5 s (Tele-Single-UAV) to 18.9 s (Tele-Multi-UAV) in 5.4 s.



Most importantly,   P  S T    of Tele-Multi-UAV compared to Auto-Single-UAV was reduced by 61.2% (from 48.7 s to 18.9 s). Additionally,   P  S T    of Tele-Multi-UAV compared to Tele-Single-UAV was increased by 39.9% (from 13.5 s to 18.9 s).   P  S T    for Auto-Multi-UAV increased by 32.4% (from 48.7 s to 64.5 s) compared to Auto-Single-UAV. This result means that the use of multiple UAVs unconditionally increases the work efficiency; however, the operator’s control effort and fatigue increased even more. However, this result is heavily influenced by the user interface (UI), controller and feedback [37,38].




5.3. Flight Time


  P  F T    is the time that UAV travels for agricultural task and is directly related to the energy consumption of UAV. In other words,   P  F T    is the working time of UAV, and the smaller the   P  F T   , the shorter the working time and the less energy consumption. However, it can vary greatly depending on the gain value of the velocity control input. The experimental results show that   P  F T    is the lowest for Tele-Multi-UAV (13.7 s) and the highest for Tele-Single-UAV (51.6 s). However, there is no significant difference between Tele-Multi-UAV (13.7 s) and Auto-Multi-UAV (14.3 s). Considering Auto-Single-UAV (47.5 s) and Tele-Single-UAV (51.6 s),   P  F T    increase when the teleoperation is used rather than automatic control.



It is seen that   P  F T    is significantly reduced when using multiple UAVs rather than a single-UAV system. In the case of Auto-Single-UAV and Auto-Multi-UAV, the decrease was 33.2 s (from 47.5 s to 14.3 s). Additionally, in the case of Tele-Single-UAV and Tele-Multi-UAV, the decrease was 37.9 s (from 51.6 s to 13.7 s). Obviously, the case of Tele-Multi-UAV had a 71.2% (from 47.5 s to 13.7 s) decrease in   P  F T    compared to Auto-Single-UAV in the experiment. These results indicate that using a multi-UAV system can save the battery by reducing   P  F T    over a single-UAV system.




5.4. Battery Consumption


The UAV typically consumes considerable battery power when flying;   P  B C    is similar to the   P  F T   . This metric is very important as an intuitive indicator of the potential for solving the battery shortage problems facing current agricultural UAVs. Therefore, the smaller the   P  B C   , the better the performance of the agricultural UAV system.



In experiments,   P  B C    is the smallest at 1.2% for Tele-Multi-UAV and the largest at 4.2% for Tele-Single-UAV. The difference between Tele-Multi-UAV and Tele-Single-UAV is 3.0%; however, if   P  F T    is longer, the difference in   P  B C    increases even more. Additionally,   P  B C    decreased by 2.3% from 3.9% (Auto-Single-UAV) to 1.6% (Auto-Multi-UAV) when using the multi-UAV system. Furthermore, in the case of Tele-Multi-UAV, the results show that   P  B C    is 2.6% (from 1.2% to 3.9%) less than Auto-Single-UAV. As a result, it is more efficient to use multiple UAVs than to use a single UAV, because when nth UAV performs the agricultural task, the agricultural area is divided by n, and each UAV performs an agricultural task only on   1 / n   areas. However, if we proceed to the same accuracy of agricultural task for a given farmland, the teleoperation method consumes much more   P  B C    than the automatic control method. This is because the control is limited when the operator performs teleoperation on the remote site.




5.5. Inaccuracy of Land


  P  I L    is not an index related to the performance of agricultural task; however, it is an element that affects the performance of the system. This metric is set to determine the accuracy of landing and is a very important performance metric when the base station is a narrow or dangerous area or when the UAV lands on the unmanned ground vehicle (UGV). Therefore, this metric must be considered to build smart farming in the future.



  P  I L    is the highest for Auto-Multi-UAV (19.3 cm) and lowest for Tele-Single-UAV (8.3 cm) in experiment results. The reason for this is that the disturbance can not be ignored when performing the experiment in an outdoor environment, and error is particularly affected by GPS, which is considered to be inaccurate because of the performance of the device or the weather and wind. Generally,   P  I L    tends to increase when using multiple UAVs. In detail,   P  I L    increased 1.3 cm from 18.0 cm (Auto-Single-UAV) to 19.3 cm (Auto-Multi-UAV) and increased 5.5 cm from 8.3 cm (Tele-Single-UAV) to 13.8 cm (Tele-Multi-UAV). The reason why    P I  L   increases when using multi-UAV is because signal disturbance occurs. Additionally,   P  I L    decreased by 23.3% (4.2 cm) from 18.0 cm (Auto-Single-UAV) to 13.8 cm (Tele-Multi-UAV). However, this result is reversed when using a more accurate and expensive GPS receiver.




5.6. Haptic Control Effort


  P  H C    numerically shows the control input of the operator when using the teleoperation. In order to more precisely measure the control effort of the operator, it is necessary to measure the input force; however, in this study,   P  H C    is regarded as a general control effort (e.g., see [39]). Experimental results show that   P  H C    is significantly reduced when using a multi-UAV system than when using a single-UAV system. Quantitatively,   P  H C    decreased by 15.8 cm from 31.1 cm at Tele-Single-UAV to 15.3 cm at Tele-Multi-UAV.



As a percentage, the control effort at Tele-Multi-UAV tended to decrease by 50.9% (from 31.1 cm to 15.3 cm) in the experiment compared to Tele-Single-UAV. The reason for this is that when using a single-UAV system, basically it is necessary to carry out multiple flying and agricultural tasks, and therefore, the effort of the operator to control the haptic device is inevitable. These results indicate that using the multi-UAV system rather than a single-UAV system, as opposed to   P  S T   , reduced the operator’s control effort.   P  H C    can be regarded as a limitation of teleoperation rather than automatic control; however, if the proper haptic feedback adds to the operator, the UAV can be controlled almost without operator’s control input, similar to automatic control [40].




5.7. Coverage Ratio


  P  C R    yields the performance of the agricultural task by calculating the covered area at the same time. This metric should be considered when developing a system as a very important indicator along with   P  T T    in performing agricultural works. No matter how fast   P  T T    is, if   P  C R    is low, the efficiency of the agricultural task will be low. Therefore,   P  C R    represents the simultaneous covered area of the agricultural UAV system. In the experiment, the recording was done for the test area through the RGB-camera mounted on UAV. As a result,   P  C R    of a single-UAV system is only one-third of the performance compared to a multi-UAV system. In particular, when multi-UAV system is used,   P  C R    is increased by as many as the number of UAVs; thus, it offers a much better performance.





6. Discussions


Table 3 summarizes the experimental results on the comparison between single and multiple systems and the comparison between automatic control and teleoperation. The results show the increase and decrease in teleoperation based on the single-UAV system when Single → Multi and automatic control when Auto → Tele.



6.1. Single vs. Multiple


Currently, a method for solving the problems of battery and payload shortage in an agricultural UAV system is to use a multi-UAV system. Using multiple UAVs requires more time to set up and extra initial cost; however, it brings about results such as improved accuracy of agricultural task, reduced working time, and reduced operator’s control efforts. As a result, agricultural multi-UAV systems are regarded as better systems than single-UAV systems. However, it is necessary to thoroughly confirm that it has acceptable performance before introducing the agricultural multi-UAV system. Therefore, in this subsection we will quantitatively evaluate and analyze the single-UAV system and multi-UAV system.



First, if Multi-UAV is used,   P  T T    is reduced by 18.1% at Auto-UAV and reduced by 50.0% at Tele-UAV. These results show a clear reduction in   P  T T    for Multi-UAV, which improves the efficiency of agricultural works. Although three UAVs were used in this study, the agricultural multi-UAV system based on distributed swarm control showed better performance as the number of UAVs increased and the farmland became larger. However, experimental results show that   P  S T    increases with Multi-UAV. An 32.4% and a 39.9% increase in Auto-UAV and Tele-UAV were confirmed, respectively. These values are disadvantages of the multi-UAV system; however, it is a more efficient system because multiple UAVs are controlled with a few   P  S T   . Generally, to control three UAVs, a   P  S T    of three times is required. However, if the operator controls the multi-UAV with additional   P  S T    of only 30.0%∼40.0%, the agricultural works are economically beneficial. First,   P  S T    is greatly influenced by UI; thus,   P  S T    is significantly reduced if human-centered GUI and PUI are developed.



Even though   P  S T    increases, multiple UAVs reduce   P  F T    of each UAV through collaboration. This is the main reason why   P  T T    decreases even if   P  F T    increases. In the experimental results, Auto-UAV and Tele-UAV decreased by 69.8% and 73.5%, respectively. Because three UAVs are used for Multi-UAV, theoretically it should be reduced by approximately 66.0%. However, in the experiment, it is confirmed that it is lower than the reference value (66.0%), which means that the energy of the UAV is further reduced. Furthermore, because   P  F T    decreases,   P  B C    is reduced, and the experimental results show that   P  B C    is reduced by 59.3% (Auto-UAV)∼70.5% (Tele-UAV) when three UAVs are used. As a result, it is considered that the multi-UAV system overcomes the battery shortage problem of current agricultural UAV systems. Therefore, no matter how vast the area of farmland is, multiple UAVs collaborate to perform agricultural tasks without encountering battery shortage.



Even though   P  I L    tends to increase when using Multi-UAV, this metric is subject to a change by other factors. For example, in the case of Auto-UAV,   P  I L    is greatly influenced by GPS. However, GPS varies with device resolution, wind, weather, and geomagnetic factors. In the case of Tele-UAV,   P  I L    can be greatly influenced by UI because the operator directly watches the UAV or the camera mounted on the UAV for takeoff and landing. Interestingly, experiments show that   P  H C    decreases when using multiple UAVs. This metric is only for Tele-UAV, which decreased by 50.9% in the experiment. These results are related to   P  F T   , because the area allocated to each UAV is reduced; thus, it is natural that   P  H C    is reduced. Unlike   P  S T   ,   P  H C    decreases as UAV increases; thus, it is advantageous to use agricultural multi-UAV systems based on the distributed swarm control.



Finally,   P  C R    is significantly improved. When multiple UAVs are used,   P  C R    increases (200.0%); thus, accuracy of remote sensing also increases, which lead to an increase in the efficiency of the farming.   P  C R    clearly shows that the accuracy of the agricultural works when using Multi-UAV is improved.



As a result, when using the multi UAV system, a little   P  S T    is required because it offers improved results in almost metrics (   P  T T   ,  P  F T   ,  P  B C   ,  P  H C   ,  P  C R    )   . In other words, Multi-UAV reduces the time, cost and operator’s environment, including the control effort in agricultural works. In addition, the battery shortage problem and low payload are easily solved, which are the current challenges of agricultural UAVs.




6.2. Autonomous vs. Teleoperation


The use of automatic control when controlling an agricultural UAV saves much control effort on the operator side. However, there are many limitations to applying the automatic control to actual farming, and there are moments when the teleoperation command of the operator is needed. Additionally, when teleoperation is used, it offers a better performance in working duration than automatic control. Each control method has advantages and disadvantages, and it is necessary to quantitatively evaluate the performance of the system.



  P  T T    decreased by 32.3% (Single-UAV) and 58.7% (Multi-UAV) when Tele-UAV was used. Additionally, experimental results show that Tele-UAV has excellent performance in terms of   P  S T   . In particular,   P  S T    is reduced by 72.2% (Single-UAV) to 70.7% (Multi-UAV) compared to Auto-UAV, and the simulation is also reduced by 81.3% (Single-UAV) to 82.1% (Multi-UAV). These results mean that there is nothing to set in the case of Tele-UAV; however, in the case of Auto-UAV, a long   P  S T    is required because it is necessary to specify the path to each UAV. Unusually,   P  F T    increased for Single-UAV but decreased for Multi-UAV in the experiment results. However, the teleoperation method basically requires more   P  F T   . The reason for this result in the experiment was that when using Tele-Multi-UAV, the operator did not control the UAV carefully and this carelessness caused the low accuracy of the agricultural task by flying fast. However, Auto-UAV running on GPS based waypoints is accurate and faster.



For other metrics,   P  B C    is similar to   P  F T    as mentioned above. In   P  I L   , the results shows excellent performance when using Tele-UAV than using Auto-UAV. These results are due to the fact that GPS is interfered with the outdoor environment and is very variable. It means that performance is worse, and the UAV is dangerous when using Auto-UAV where GPS is not accurate. Particularly, it is a great advantage of Auto-UAV that the operator does not need   P  H C   . However, Auto-UAV has the disadvantage that while the UAV is in flight, it is comfortable because the operator has no control effort, but it takes a lot of   P  S T   . Additionally, there is no difference between Auto-UAV and Tele-UAV, because   P  C R    represents the simultaneous covered area.



Determining which control method is the better one depends on which performance metric is the priority; however, if time (  P  T T   ,   P  S T   ) is important, Tele-UAV is better than Auto-UAV. However, Auto-UAV is a good method, given the working time (  P  F T   ), energy consumption (  P  B C   ), and the fatigue of the operator (  P  H C   ).





7. Conclusions


In this study, we developed an agricultural multi-UAV system using quadcopters based on the distributed swarm control algorithm. To evaluate the developed system and proposed control algorithm, in this experiment, the remote sensing was set as the benchmark test. Thereafter, using the agricultural multi-UAV system, the performance evaluation was performed through four experiment cases consisting of Auto-Single-UAV, Auto-Multi-UAV, Tele-Single-UAV, and Tele-Multi-UAV. A total of seven metrics were used to evaluate the performance, and the experimental results show that the multi-UAV system improved the performance obtained with a single-UAV system. As a result, the developed agricultural multi-UAV system with the distributed swarm control solves the problem of battery shortage and reduces working time and control effort. Most importantly, using the agricultural multi-UAV system improves the efficiency of agricultural work.
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Figure 1. The concept of the remote sensing tasks including sensing area, which the area covered by the camera mounted on the unmanned aerial vehicle (UAV). There is no reference path, and the point where the UAV is located in base station is set as the starting point and the ending point, and the UAV is controlled using the automatic controller and the remote controller according to the operator’s judgment. (a) Case of single UAV (b) Case of multiple UAVs. 
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Figure 2. Experimental setup for experiments: Unmanned aerial vehicle (UAV) performs remote sensing task in the test area (a) case of Auto-Single-UAV (b) case of Auto-Multi-UAV (c) case of Tele-Single-UAV (d) case of Tele-Multi-UAV. 
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Figure 3. Quadcopter type unmanned aerial vehicle: 3DR SOLO. We attached additional hardware to the 3DR SOLO and performed a remote sensing task. The left picture is from the top view and the right is the bottom view of the 3DR SOLO. 
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Figure 4. Scheme of multiple unmanned aerial vehicle (UAV) system: Robot operating system (ROS) based distributed system. For this, additional onboard computers were mounted on the UAV and wireless router was used for communications. In addition, the ROS based controller is mounted not only on the computer but also on the UAV. 
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Figure 5. Experimental results of remote sensing for each case: Flight trajectory for one trial. (a) case of Auto-Single-UAV (b) case of Auto-Multi-UAV (c) case of Tele-Single-UAV (d) case of Tele-Multi-UAV. 
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Table 1. Datasheet explaining reference, objective, agricultural task, UAV type, control method, sensors, and target crop for a recent study using an agricultural UAV.






Table 1. Datasheet explaining reference, objective, agricultural task, UAV type, control method, sensors, and target crop for a recent study using an agricultural UAV.





	Reference
	Objective
	Task
	UAV
	Control
	Sensors
	Crop





	B.Allred et al. [7]
	Evaluation of VIS, NIR, and TIR imagery for drainage pipe mapping
	Remote Sensing and Mapping
	Single Fixed-wing type UAV
	Ground Control Station (Auto)
	Multi-spectral camera, thermal camera
	Corn, Soybeans



	L. G. Santesteban et al. [8]
	To estimate the instantaneous and seasonal variability of plat water status
	Remote Sensing and Mapping
	Single X8 type UAV
	Ground Control Station (Auto)
	Multi-spectral camera, thermal camera
	Vineyard



	F. A. Vega et al. [9]
	To determine the capability of an UAV system to acquire multi-temporal images
	Monitoring
	Single Quadcopter type UAV
	Ground Control Station (Auto)
	Multi-spectral camera
	Sunflower



	P. Tokekar et al. [10]
	To study the problem of maximizing the number of points visited by the UAV
	Remote Sensing
	Single Octocopter type UAV + Single UGV
	Ground Control Station (Auto)
	Multi-spectral camera
	Field



	J. Torres-Sánchez et al. [11]
	To report an innovative procedure for a high-throughput and detailed 3D monitoring of agricultural tree plantations
	Mapping
	Single Quadcopter type UAV
	Remote Control (Teleoperation)
	Visible-light camera, Multi-spectral camera
	Olive plantation



	A. Noriega et al. [12]
	Development of a path planning method to minimize the time required to scan a field
	Monitoring
	Single Octocopter type UAV
	Ground Control Station (Auto)
	Multi-spectral camera
	Field



	B. H. Alsala et al. [13]
	To describe a modular and generic system that is able to control the UAV using computer vision
	Remote Sensing
	Single Quadcopter type UAV
	Ground Control Station (Auto)
	RGB camera, Ultrasonic, Spraying system
	Weed



	R. Jannoura et al. [14]
	Evaluation of crop biomass using true colour aerial photographs
	Monitoring
	Single Hexacopter type UAV
	Remote Control (Teleoperation)
	RGB camera
	Pea, Oat



	M.P. Christiansen et al. [15]
	Designing and testing a UAV mapping system for agricultural field surveying
	Mapping
	Single Quadcopter type UAV
	Ground Control Station (Auto)
	RGB camera, LiDAR
	Wheat



	B. S. Faiçal et al. [16]
	To propose a computer-based system that able to adapt the UAV control rules
	Spraying
	Single Helicopter type UAV
	Ground Control Station (Auto)
	Spraying control system
	Field



	J. Torres-Sánchez et al. [17]
	To describes the specifications and configurations of a UAV for site-specific weed management
	Remote Sensing
	Single Quadcopter type UAV
	Ground Control Station (Auto)
	Point-and-shoot camera, Multi-spectral camera
	Sunflower



	P. J. Zarco-Tejada et al. [18]
	Development of methods for leaf carotenoid content estimation, using an UAV
	Remote Sensing
	Single Fixed-wing type UAV
	Ground Control Station (Auto)
	Multi-spectral/Hyper-spectral camera
	Vineyard



	D. Doering et al. [19]
	Development of an autonomous system to perform inspections for agriculture based on the use of multiple UAVs
	Monitoring
	Multiple Quadcopter type UAV
	Ground Control Station (Auto)
	RGB camara
	Field



	H. Xiang et al. [20]
	Development of an automatic aerial image georeferencing method for an UAV platform
	Remote Sensing
	Single Helicopter type UAV
	Ground Control Station (Auto)
	Multi-spectral camera
	Field



	A. Barrientos et al. [21]
	Practical experimentation with an integrated tool to create a full map using multiple UAVs
	Area Coverage and Path Planning
	Multiple Quadcopter type UAV
	Ground Control Station (Auto)
	IMU, Pressure sensor, GPS
	Vineyard



	J. A. Arroyo et al. [22]
	To propose a model to estimate Nitrogen nutrition level in crops using agricultural UAV
	Remote Sensing
	Single Quadcopter type UAV
	Ground Control Station (Auto)
	Multi-spectral camera
	Corn
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Table 2. Experimental results for each case and performance metric.
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	Metric
	Auto-Single-UAV
	Auto-Multi-UAV
	Tele-Single-UAV
	Tele-Multi-UAV





	  P  T T    [s]
	96.2
	78.8
	65.1
	32.6



	  P  S T    [s]
	48.7
	64.5
	13.5
	18.9



	  P  F T    [s]
	47.5
	14.3
	51.6
	13.7



	   P  B C       [ % ]   
	3.9
	1.6
	4.2
	1.2



	  P  I L    [cm]
	18.0
	19.3
	8.2
	13.8



	  P  H C    [cm]
	0.0
	0.0
	31.1
	15.3



	   P  C R       [ % ]   
	100.0
	300.0
	100.0
	300.0










[image: Table] 





Table 3. Experimental results: comparison between single-UAV system and multi-UAV system and comparison between automatic control method and teleoperation method. For example, Auto-UAV and Single → Multi,   r e s u l t =   ( A u t o − M u l t i − U A V ) − ( A u t o − S i n g l e − U A V )   A u t o − S i n g l e − U A V   ×  100  .






Table 3. Experimental results: comparison between single-UAV system and multi-UAV system and comparison between automatic control method and teleoperation method. For example, Auto-UAV and Single → Multi,   r e s u l t =   ( A u t o − M u l t i − U A V ) − ( A u t o − S i n g l e − U A V )   A u t o − S i n g l e − U A V   ×  100  .





	
Metric

	
Auto-UAV

	
Tele-UAV

	
Single-UAV

	
Multi-UAV




	
Single → Multi

	
Single → Multi

	
Auto → Tele

	
Auto → Tele






	
  P  T T    [s]

	
−18.1%

	
−50.0%

	
−32.3%

	
−58.7%




	
  P  S T    [s]

	
+32.4%

	
+39.9%

	
−72.2%

	
−70.7%




	
  P  F T    [s]

	
−69.8%

	
−73.5%

	
+8.6%

	
−4.7%




	
   P  B C       [ % ]   

	
−59.3%

	
−70.5%

	
+9.1%

	
−21.0%




	
  P  I L    [cm]

	
+7.1%

	
+66.8%

	
−54.0%

	
−28.4%




	
  P  H C    [cm]

	
0.0%

	
−50.9%

	
+

	
+




	
   P  C R       [ % ]   

	
+200.0%

	
+200.0%

	
0.0%

	
0.0%
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